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ABSTRACT 

 

The national highway network is vital to promote social and economic development in the United 

States; thus, it is essential to guarantee its durability. Better durability of asphalt concrete (AC) 

pavements would translate into less maintenance and repair, better ridership quality, and reduced 

environmental impacts. However, in the current design practice for AC materials, little attention is 

given to study AC performance and its implications for future durability. Additionally, budget and 

ecological constraints are continually requiring of pavement engineers to include increasing 

amounts of alternative materials into AC mixes; their impact on future mix performance, however, 

might not be captured by current testing approaches. Therefore, improving the tools available to 

assess AC durability is crucial.  

 

This research studied the laboratory performance of a high-quality Stone Matrix Asphalt (SMA), 

designed by the Danish Road Directorate, and that of a conventional Illinois dense-graded mix, 

blended with different dosages of rejuvenator to enhance its performance. The effect of short-term 

aging on the rejuvenated AC blends was also considered in this research. This study focused on 

assessing the cracking and rutting potential of the studies mixes using the Illinois Flexibility Index 

Test (I-FIT) and the Hamburg Wheel Track Test (HWTT). Additionally, mix stiffness and moisture 

damage susceptibility were evaluated using the output data from I-FIT and HWTT, respectively. 

The tests results were analyzed using the Illinois Balance Mix Design (I-BMD) approach to 

evaluate the tradeoffs between flexibility and rutting improvements.  
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This study found that adding rejuvenator to AC does improve its flexibility characteristics; 

however, the impact becomes less significant with increasing dosage. However, the flexibility index 

(FI) exhibited by the SMA was the highest amongst the mixes considered in this study. Aging 

negatively affects FI, but its impact is somewhat limited. Regarding rutting resistance both types of 

mixes exhibited similar final rut depths; however, at higher dosages of rejuvenator the dense-graded 

AC mix becomes excessively soft and experiences rapid failure. Rutting resistance was found to be 

much more sensitive to the effects of both aging and rejuvenation that FI. Analysis of the moisture 

susceptibility data revealed that the SMA and the un-modified dense-graded AC mixes were less 

impacted by moisture damage compared to AC mixes with higher dosages of rejuvenator.   
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CHAPTER 1: INTRODUCTION 

1.1 Background 

The highway network is a crucial component of the national transportation infrastructure, playing 

a pivotal role on promoting economic development and growth across the country by allowing 

access to natural resources, decreasing transportation cost for goods, and facilitating the movement 

of people to and from production centers (1). However, shrinking budgets, increasing user demand, 

higher construction and maintenance costs, and a complicated political landscape, have increased 

the strain on an already aging road network in the USA.  The American Society of Civil Engineers 

(ASCE) 2017 Infrastructure Report Card, rates the USA road network as ‘D’ which translates into 

a ‘Poor/at Risk’ condition (2). 

 

Major factors cited by the ASCE Infrastructure Report Card were overcrowding, underfunding, and 

poor serviceability; these factors translate into more frequent and prolonged congestions, increasing 

the man-hours lost by American workers, estimated at 42 hours per driver per year. Higher 

congestion also leads to higher transportation costs, depreciating the cost of goods. For the USA, it 

is estimated that by 2030 road congestion could mean a 44% increase in the cost of doing business 

(3). Finally, congested roads reduce the fuel efficiency of vehicles and increase the concentration 

of air pollutants in high traffic areas. 

 

Ensuring an adequate level of serviceability for the nation’s roads is in the best interest of 

government agencies and users. However, limited funding is always a lurking challenge that 

transportation professionals encounter when devising plans for road construction, preservation, and 

rehabilitation; this highlights the importance of pavement durability. The more a road can last 
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without the need of significant repair or maintenance, the less funding it will require during its 

service life, and the more resources can be made available for improving other sections of the 

network.  

 

Asphalt concrete (AC) is the most used construction material for highway paving projects; it has 

been the material of choice for road paving due to its low initial construction cost, faster 

construction expediency, excellent friction and sound qualities, and its easiness for rehabilitation 

and recycling. AC is a mixture of stone aggregates and liquid asphalt. The aggregate matrix 

compromises 94-95 percent of the total mixture weight and supplies a skeleton that provides the 

bulk of the load-bearing capacity. Asphalt coats the aggregate particles to retain them together, and 

protects them from weathering effects; it contributes 5-6 percent of the total weight of the AC 

mixture.  

 

For a pavement structure, AC is usually used in the upper layers of the structure, leaving it exposed 

to higher stress levels and harsher environmental conditions which will eventually induce the 

development of distresses on the pavement. Pavement distress can be defined as deterioration or 

distortion of the pavement material which indicates a decline in the surface condition or the overall 

structural load-carrying capacity of the pavement (4). Surface condition distresses for AC pavement 

are related to a reduction in road functionality regarding ride quality, noise, and safety; but they do 

not necessarily affect the load-carrying capacity of the structure. Alternatively, structural distresses 

are related to a decline in the overall bearing capacity of the structure, negatively impacting the 

longevity of the road. Two of the most common structural distresses are cracking and permanent 

deformation.   
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For AC, cracking occurs when there is a separation of pavement particles, there are different 

classifications of AC pavement cracks, including fatigue cracking, low temperature cracking, and 

block cracking; each of them with their own initiation mechanism (5, 6). Binder modification, 

aggregate gradation changes, increased binder content, usage of AC layers with crack control 

properties, are some of the topics that have been studied to control the cracking of AC pavement’s 

(7, 8). Permanent deformation is associated with rutting formation along the wheel path, which 

develops gradually as vehicle repetitions accumulate. Stronger aggregate, stiffer binders, polymer 

modification, lower binder contents, have been some of the AC variables that can be used to 

improve rutting performance (9, 10). 

 

1.2 Problem Statement 

To improve the durability of AC, different research efforts have been focused on utilizing better 

quality materials, developing better standards, and improving design methodologies. However, 

there still a knowledge gap between balancing the effects of mix design modifications with the 

inclusion of non-standard materials such as additives and recycled materials, and their impact on 

rutting and cracking resistance. In general, improving one of these characteristics will negatively 

affect the performance of the other. With a better understanding of how different mix design 

variables, such as gradation type, binder grade, amount of recycled materials, and aging, affects AC 

pavement rutting and cracking potential, practitioners will be able to balance the performance of 

AC mixtures better, resulting in more durable and long-lasting pavements.  
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1.3 Research Objective and Scope 

This study intends to expand the understanding of how performance-based tests can be used to 

study mix durability regarding rutting and cracking potential. In particular, this research focuses on 

the following objectives: 

 

• Investigate the effects of short-term aging on mix performance, and evaluate the 

effectiveness of using recycling agents as a strategy to improve the durability of AC.  

• Evaluate the performance of high-quality AC materials such as Stone Matrix Asphalt 

(SMA) as compared to conventional AC mixes. 

• Assess the influence of mix design variables, aggregate size, binder type and content, and 

air voids, on expected AC performance.  

• Study the applicability of a balance mix design approach as a tool to evaluate AC 

performance.  

 

In this study, mix durability was studied considering cracking and rutting laboratory performance. 

Cracking means the formation of a discontinuity in the material, for this research cracking 

susceptibility was evaluated using the Illinois Flexibility Index Test (I-FIT). Additionally, from the 

I-FIT output, a secant modulus was obtained and used as an indicator of AC stiffness before crack 

propagation. Rutting refers to the formation of a depression along the wheel path on the surface of 

the pavement, the Hamburg Wheel Track Test (HWTT) was used to assess the rutting potential of 

the various AC materials studied. Also, using the HWTT output, a moisture susceptibility analysis 

was included in this study due to its potential influence on both cracking and rutting potential, and 

its overall impact on mix durability.  
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Traditionally, mix design methods are primarily based on achieving a predetermined set of 

volumetric parameters. In this study, a balanced mix design was used. Balance mix design is a 

methodology that evaluates AC performance on multiple modes of distresses simultaneously. The 

I-FIT and HWTT results were compared using the Illinois Balance Mix Design (I-BMD) approach 

to study the applicability of this method as a tool to evaluate AC durability.  
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CHAPTER 2: CURRENT STATE OF KNOWLEDGE 

2.1 Asphalt Concrete Mix Design 

For centuries, asphalt has been used as a construction material due to its adhesive and waterproofing 

characteristics; however, its application for roadway construction, where is used as a blend of 

asphalt and mineral aggregates, has started more than a century ago and followed the introduction 

of the automobile. An asphalt concrete (AC) mixture, also referred to as Hot-Mix Asphalt (HMA), 

consists of liquid asphalt (binder), fine and coarse aggregates (sand and gravel), and optional 

additives that can be used to improve its engineering properties. The purpose of mix design is to 

select the optimum amount of asphalt content for a desire aggregate blend, meeting a predefined 

criterion. This section reviews the historical design methods that have been used in the United 

States, together with the current design practice, and the various methods to evaluate AC 

performance.  

 

2.1.1 Hveem Method 

In the late 1920’s, mix design in California relied on the determination of the appropriate amount 

of asphalt based on the judgment of an experienced engineer who would know how a mix with the 

correct amount of asphalt should look. To overcome the subjectivity of the engineer's judgment 

method, in 1927 F. N. Hveem was assigned by the California Division of Highways to develop a 

procedure that could determine the adequate amount of asphalt for any aggregate gradation. The 

final blend should deliver a “hard and smooth” road surface that will not deform under traffic (11).  
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The Hveem method consists of obtaining an initial estimate for the optimum ‘Asphalt Binder Ratio’ 

(12) and testing the stability and cohesion properties of the proposed mix. These results are used to 

evaluate the compliance of the mix against predetermine specification (13). The stability test 

consists of subjecting a cylindrical specimen to vertical loading and measuring the horizontal 

deformation based on the lateral pressure that the specimen induces to an enveloping fluid. The 

deformation experienced by the specimen is correlated with the vertical and horizontal pressures to 

obtain a ‘Stabilometer Value’. The cohesion test relies on applying a constantly increasing bending 

moment, to a specimen until breakage. The amount of mass used to generate the moment required 

to break the specimen is recorded and correlated with the specimen dimensions to obtain a 

‘Cohesion Value’.  

 

The Hveem design method was an early effort to correlate future AC field performance to 

laboratory testing results. One of the main advantages of the Hveem design method was that it could 

discriminate between different mixes based on their simulated performance with the stabilometer 

test. However, the stability test was more related to internal friction properties of the aggregate 

structure, and asphalt content, than to the binder grade properties (14). Additionally, the testing 

equipment was considered somewhat expensive and not portable. Finally, essential mixture 

volumetric properties related to mixture performance, such as air voids, were not routinely 

determined. The combination of these factors was believed to have caused ‘dry’ mix designs, with 

low asphalt contents, resulting in poor AC durability (15). 
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2.1.2 Marshall Method 

Bruce G. Marshall originally developed the Marshall Method during the 1940’s working with the 

Mississippi State Highway Department, and the U.S. Army Corps of Engineers later refined it. The 

principal motivation for the development of this method was to establish a mix design procedure 

that uses simple and readily available test equipment to evaluate volumetric and strength related 

properties of AC mixes (16). The practicality of the Marshall method made it the most widely used 

mix design procedure in the United States for many decades, and it still used in many countries 

around the world.  

 

Marshall method relies on preparing multiple mix samples at different asphalt contents and 

evaluating the mix design regarding following properties: stability, flow, density, voids in the 

mineral aggregate (VMA), voids filled with asphalt (VFA), and total air voids (AV). The final 

design is selected at the optimum asphalt content that satisfies all the criteria for the different mix 

properties (17).  

 

One of the main advantages of the Marshall method is that it tries to balance volumetric 

requirements (AV, VMA, VFA, density) with performance-related testing (stability and flow). 

Stability and flow are measured by subjecting a small unconfined cylindrical specimen to uniaxial 

loading until breakage. Stability is taken as the maximum load sustained by the sample, and it has 

been correlated to the strength of the material. Flow is recorded as the amount of deformation 

undergone by the specimen before failure, and it is an indication if the mix is overly asphalted or 

not (18).  
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Despite its success and broad adaptation, the Marshall method is not without its shortcomings. 

Specimen preparation relies on compacting samples using a blow hammer that compacts the 

material with impact action, which is not representative of actual field compaction (15). 

Additionally, it has been shown that the specimens’ surface texture alters the uniformity of the load 

applied from the Marshall strength test (14). Also, the test has had poor correlation to the actual 

permanent deformation resistance of the mixes, and may not be able to classify the mixes 

accordingly (19). The aforementioned shortcomings of the Marshall method are believed to have 

resulted in the design of binder-rich AC mixes which lead to the so-called ‘Rutting Epidemic’ on 

US roads during the 1980’s (15, 20–22). The Strategic Highway Research Program (SHRP) 

spearheaded the development of a new mixture design method, Superpave, to alleviate the rutting 

problem present across the nation.  

 

2.1.3 Superpave System 

Superpave is a result of a 150 million dollars research effort under SHRP with the final goal of 

improving the performance of highway infrastructure. One of the areas is optimizing AC mixture 

resistance to permanent deformation, fatigue cracking, and low temperature cracking. The system 

consists of three interrelated areas: (1) performance-graded asphalt binder specification and tests; 

(2) aggregate quality criteria; and (3) a mixture design based on volumetric properties, using a 

gyratory compactor, together with performance evaluation (20).  

 

The development of Performance Grade (PG) binder grading, was one of the most significant 

outcomes from the Superpave development. Before the PG system, binder grading relied on 

empirical methods such as penetration testing, or viscosity classification which did not capture 
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useful engineering qualities of the binder; additionally, there was little or no consideration for 

temperature and aging effects on binder behavior (23). The battery of test used on the PG system 

measures the performance of the binder at different aging stages, original, short-term, and long-

term; and it also assesses different engineering properties, construction workability, rutting 

potential, fatigue and thermal cracking potential. The main advantage of the PG system is 

facilitating asphalt binder testing at extreme temperatures related to those expected during service 

and evaluate performance at various stages of its life (24). Figure 2.1 summarizes the type of tests 

and aging conditions at which they are conducted; where: RV – Rotational Viscosity, DSR – 

Dynamic Shear Rheometer, DTT – Direct Tension Test, BBR – Bending Beam Rheometer, RTFO 

– Rotational Thin Film Oven, PAV – Pressurized Aging Vessel.  

 

In the case of mineral aggregates, Superpave has so-called ‘consensus’ properties which are 

determined by expected traffic conditions; such properties include angularity, flat and elongated 

particles, and clay content. Also, characteristics related to the source of the aggregate source are 

also evaluated, such as toughness, soundness, and deleterious materials. Regarding aggregate 

gradation, Superpave uses a 0.45 power gradation chart and provides control points and a restricted 

zone to avoid the use of undesirable gradations, which can result in tender mixes (25).  
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Figure 2.1 Asphalt PG system tests (15) 

 

The third major component of Superpave is about AC design. The overall objective of the method 

is to develop a well-performing, workable, and durable mixes; this is achieved by attaining required 

volumetric properties, using the adequate amount of compaction corresponding to expected traffic 

level, and evaluating mix performance (26). For volumetrics, the fundamental variables are design 

air voids (AVdes), voids in the mineral aggregate (VMA), voids filled with asphalt (VFA), and the 

Dust-to-Binder ratio (27).  AVdes refers to entrapped air within the AC mix and is a measure of mix 

density; it is commonly used as 4% for design purposes. VMA is the space within the aggregate 

structure that is available to accommodate the binder, minimum values for VMA are given 

depending on the gradation size. VFA is the percentage of the volume of the VMA that is occupied 

by the effective binder (VBE), and its value range is dependent of the expected traffic level at which 

the mix would be subjected. Dust-to-Binder ratio influences the total amount of aggregate surface 

area and the amount of permeability of the AC mix. The ratio is the relationship between the weight 

of the aggregate finer than 75μm to the weight of the effective binder in the mix. Satisfying the 

requirements for these volumetric properties should be achieved at the adequate compaction effort, 
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measured by the design number of gyrations of the Superpave Gyratory Compactor (SGC); the 

design gyrations is related to the expected service-life traffic level (28).  

 

Achieving the required volumetrics at the design gyration level is influenced by the aggregate 

gradation, mineral source, and binder content in the mix; all these variables have been correlated to 

mix performance (29). Finally, once the AC volumetric requirements are satisfied, Superpave 

includes the evaluation of potential mix performance using a moisture susceptibility test (30).  

 

The original conceptualization of Superpave included further evaluation levels dependent on traffic 

intensity, from Level 1 to Level 3 (31). Level 1 was based on volumetric mix design. Level 2 

included performance tests which measure engineering properties. Level 3 added a full set of 

materials characterization testing. In current Superpave practice, only level 1 design is fully 

implemented; while from levels 2 and 3 only moisture susceptibility, and to some extent permanent 

deformation evaluation, are included in current practice.  

 

The adoption of Superpave mix design method did aid in reducing the amount of rutting presence 

in the US, which was related to AC mixes designed with the Marshall method; however, the national 

road network now faces a widespread problem of pavement cracking (29). To overcome the 

problems regarding pavement cracking, while maintaining adequate rutting characteristics, recent 

research efforts have been moving towards design methodologies that incorporate performance 

prediction, such as balance mix design that considers both rutting and cracking of the AC mixes.  
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2.1.4 Balance Mix Design 

The introduction of Superpave method led to AC mix designs with lower asphalt content and 

coarser aggregate matrices, reducing rutting occurrence. However, these type of mixes brought their 

own set of challenges, namely, early-age cracking, poor workability and compatibility, and overall 

reduce durability. These three problems are interrelated since a poorly workable mix is difficult to 

compact, resulting in higher air voids, which bring higher permeability and age hardening, reducing 

cracking resistance (32). A practical solution could be to merely add more binder since it has been 

shown that AC mixes rich in asphalt binder significantly improve their workability, durability, and 

cracking resistance. However, adding more binder induces higher costs and negatively impacts 

permanent deformation resistance (33). Additionally, new designs are not only using the traditional 

components, but there is an increasing usage of recycled materials, additives, and fibers. The impact 

of alternative components on AC performance might not be adequately evaluated by volumetric 

analysis only.  

 

To address these new challenges, there is a renewed research interest in establishing design criteria 

that not only assesses mix volumetrics but also evaluates laboratory mix performance. Balance mix 

design (BMD) is defined as “AC mix design using performance tests on appropriately conditioned 

specimens that address multiple modes of distress taking into consideration mix aging, traffic, 

climate and location within the pavement structure” (34). It is a topic of current research focus as 

highlighted by the National Cooperative Highway Research Program project 20-07 (35), and 

multiple efforts from state agencies (36, 37). 
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The principle of BMD relies on evaluating the laboratory performance of the proposed mix design, 

using laboratory tests that have been related to future field performance against known distress 

types such as rutting and cracking. For Rutting, HWTT is the most common performance test 

already adopted by many state agencies. For cracking, however, multiple tests can be used, the 

selection of any of them depends on the specific crack initiation mechanism and environment of 

interest (38).  

 

There are three main approaches for the implementation of BMD, (1) volumetric design with 

performance verification, (2) performance-modified volumetric design, and (3) performance design 

(34). Performance verification follows Superpave design, based on AASHTO M323 (27), but 

incorporates performance testing criteria that the proposed mix must pass or it should be redesigned. 

Performance-modified refers to designing a mix following M323, and if the performance tests 

results are not satisfactory, adjustments to the volumetric proportion should be made. Performance 

design relies entirely on performance test results to select the adequate binder content for the mix. 

Figure 2.2 shows a workflow summarizing the steps for the three approaches.  
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Figure 2.2 Mix design workflow for the different BMD approaches (JMF = Job Mix Formula) 

 

BMD promises to bridge the gap between the known effects of volumetric variables on AC 

durability with laboratory testing that relate mix performance to distress resistance in the field. The 

central challenge for BMD implementation is to broaden the correlation of laboratory testing results 

to actual field performance and to define an adequate cracking test, or set of tests, that tackles the 

needs of each agency and contractor involved.  

 

2.2 Asphalt Concrete Durability 

AC durability can be defined as the ability of compacted AC to maintain its structural integrity 

when exposed to environmental effects and traffic loading. AC durability is affected by mechanical 

responses of materials, interactions between structure and materials, and the influence of non-load 
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related mechanisms such as oxidative aging and moisture damaged (39). This section presents some 

of the principal distress types and mixture properties that affect AC durability.  

 

2.2.1 Pavement Cracking 

Cracking occurs when there is a separation of pavement particles; it is a primary mode of distress 

on pavements, and widespread cracking presence is usually a trigger for pavement maintenance or 

rehabilitation (40). The four fundamental modes of cracking initiation on AC pavements are 

thermal, reflection, and fatigue, including near surface. 

 

Thermal cracking, which is usually transverse to the direction of traffic, is caused by tensile stress 

formation in the AC due to low temperatures cooling cycles. The contractions induced by cooling 

result in thermal tensile stress development in the restrained surface layer, and it is highest in the 

longitudinal direction of the pavement (41); hardening/aging of the AC mix exacerbates the 

cracking potential of the layer. 

 

Reflective cracking is one of the main distresses for asphalt overlays. Existing joints or cracks on 

underlying layers can induce reflection cracking primarily by stress concentration phenomena, and 

secondarily, by allowing excessive deflection at the crack (42). 

 

Fatigue cracking initiates at the bottom, middle, or top of AC layer and propagates with repeating 

cycles; it first reflects on the surface as short longitudinal cracks in the wheel path that then quickly 

spread and become interconnected, forming a net type cracking pattern on the surface. This type of 

cracking is generated by the continuous bending of the AC layer which generates tensile stresses at 
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the bottom of the layer until a crack is initiated; with repetitive loading, the crack grows until it 

reaches the surface (43).Some of the mechanisms causing crack formation are shearing of the AC 

near the surface where the tire contact stresses are relatively high. Severe aging of the AC surface 

resulting in extreme stiffness that, in combination with high contact stresses, induce cracks adjacent 

to the tire edge (44). 

 

Traditional design methods that relied on volumetrics analysis provided some level of certainty 

against crack-related durability issues, mainly by controlling density and the amount of effective 

binder; however, new AC mix designs have become more intricate due to the incorporation of 

recycled materials, recycling agents, binder additives, and warm-mix asphalt technologies. The 

effect of these material types on AC goes beyond adjusting volumetrics, which highlights the 

importance of incorporating a balance mix design approach.  

 

2.2.2 Pavement Rutting 

Pavement rutting is associated with the formation of a channel type depression along the wheel 

path. This type of distress reduces the pavement serviceability and creates hazardous driving 

condition since the accumulation of water on the wheel-path ruts can create hydroplaning 

conditions (43).  Rutting can be the result of AC densification, plastic shear deformation, or a 

combination of both (45).  

 

Rutting is developed across multiple stages. The first stage is post-compaction consolidation which 

appears in the early-life of the payment, and it is driven by the reduction of air voids within the 

matrix of the material. The effect of post-compaction consolidation subsides when the density of 
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the AC reaches a point where the material structure becomes stable. Plastic deformation drives the 

second and third stages and occurs after the post-compaction consolidation effect has settled. The 

second stage is characterized by a constant increase of rut depth with increasing number of load 

repetitions; this section is commonly referred as the ‘Stable Zone’ or ‘Creep Phase’. The third and 

final stage, presents rapid rut progression as the structural integrity of the material is compromised; 

this stage is known ‘Failure Zone.’ The moisture presence accelerates the appearance of the third 

stage by inducing particle stripping.  

 

Major factors affecting permanent deformation are the pavement structure (layer thicknesses and 

quality), traffic load and volume, initial field compaction, and environmental effects such as 

moisture and temperature (46). There has been extensive research to improve the permanent 

deformation resistance of AC. Using stronger aggregate, stiffer binder types, polymerized asphalt, 

or lower binder contents, are some of the strategies that have been proven to improve the rutting 

resistance of AC (47–49). However, one of the preeminent variables that have contributed to 

reducing AC permanent deformation has been the addition of recycled materials such as reclaimed 

asphalt pavement (RAP), and recycled asphalt shingles (RAS). These materials possess severely-

aged asphalt which is much stiffer than the binder grades with which AC is usually prepared. 

Adding even moderate amounts of aged asphalt to AC increases the overall binder stiffness of the 

mix which in turns reduces permanent deformation susceptibility (32, 50, 51). 

 

2.2.3 Moisture Susceptibility 

Moisture damage is defined as the loss of strength and stability caused by the active presence of 

moisture, and it severely affects the durability of pavements. Using additives or modifiers is the 
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most common technic used to mitigate the potential for moisture damage (52). Moisture damage is 

not considered as a failure mode by itself, but rather is a condition that accelerates the appearance 

of other types of distresses. Moisture presence in AC induces the separation of the asphalt film from 

the aggregate particles causing stripping. The widespread presence of stripping reduces the 

cohesive and adhesive characteristics of the AC pavement layer, diminishing its structural capacity 

and distress resistance (53). 

 

In the current Superpave mix design methodology, moisture susceptibility evaluation is one of the 

few performance tests that are required for every design. Moisture damage is evaluated via the 

tensile strength ratio (TSR), which is the relationship between the indirect tensile strength of 

conditioned (water saturation, and freeze-thaw cycle) and un-conditioned specimens (30). Another 

way to assess the moisture susceptibility of AC is to evaluate the stripping inflection point (SIP). 

The SIP, which believed by some as related to stripping, is obtained at the intersection of creep 

slope and the stripping lines obtained from the rut progression curve of the HWTT results (54). 

 

2.3 Asphalt Concrete Aging 

Asphalt binder is an organic compound which naturally oxidizes with time; this oxidation is what 

is known as aging (55). It has been documented that when asphalt binder is aged, there is a change 

in its chemical group's composition; there is an increase in the asphaltene fraction while the 

aromatic portion decreases (56). Asphalt binder undergoes a rapid increase (“initial spurt”) in 

viscosity during the first stages of aging, and then the rate settles at a constant rate (steady state) 

(57). This effect has been attributed to the fact that asphalt binder’s more volatile parts react first, 

and the less reactive groups experience oxidation reaction later (58). This change in chemical 
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groups can be measured using Infrared (IR) spectroscopy, where an increase in the carbonyl 

chemical functional group may be observed (59). As the carbonyl group presence increases, it 

suggests a higher concentration of asphaltenes in the binder (60). 

 

The increase of asphalt binder hardiness with age, or age hardening, turn the material stiffer and 

more brittle, making it prone to cracking, reducing the overall durability of the pavement. In the 

field, it has been well documented that age hardening is increased when there is high permeability 

of the pavement (29). When there is high in-place permeability, there is an increased presence of 

air and water which will generate higher rates of oxidation with the asphalt coating, accelerating 

the pace of age hardening. Another aspect that affects the age hardening process is the binder film 

thickness that coats the individual aggregate particles; in general, AC mixes with thinner binder 

films have been shown to be more susceptible to oxidation, and consequently display poor 

durability, as compared to mixes with ticker binder films (32).  

 

In addition to the natural age hardening that AC undergoes while in service, the increasing amount 

of recycled asphalt materials such as RAP and RAS adds a considerable amount of age-hardened 

asphalt to new AC mixes. Although the primary motivations to add recycled materials are 

economical, since asphalt binder is the most costly component of AC, or environmental, by 

reducing the amount of virgin material requirements, multiple studies have acknowledged that the 

incorporation of these age-hardened materials increase the stiffness and brittleness of AC (9, 51, 

61–63). Rejuvenators have been introduced to counterbalance the detrimental effects of aging on 

AC.  
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2.3.1 Rejuvenators for Asphalt Concrete 

To restore some of the mechanical properties of asphalt binder that have been lost due to aging, it 

is common to blend recycled asphalt with recycling agents known as rejuvenators. If the appropriate 

amount of rejuvenator is added and adequately mixed, the recycled asphalt binder may meet the 

target performance grade (PG), resulting in improved cracking resistance of the AC mixture without 

adversely affecting its resistance to rutting (64). In general, rejuvenators are assumed to act by 

replenishing the volatiles and light bitumen fractions that have been lost during the life of the 

recycled pavement. The recovery of the mechanical properties of binder-rejuvenator blends is 

commonly attributed to the restoration of the asphaltene-maltene ratio (65). Some of the most 

common sources for rejuvenators are either low viscosity waste materials or  ‘Engineered’ products 

(66). Table 2.1 summarizes the types of rejuvenators by chemical source. 

 

The interaction dynamics between rejuvenators and asphalt binder have mostly been studied at a 

binder level by assessing the mechanical and chemical properties of the binder-rejuvenator blends 

(67–70); this method permits the understanding of how much different recycling agents can 

improve the condition of aged asphalt binder. However, in practice, rejuvenators are used directly 

into AC mixes, by combining it with RAP material at the mixing plant (50), as a surface treatment 

(71), or as an additive while performing in-place recycling (72).  
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Table 2.1 Types of AC rejuvenators (73) 

Category Examples Description 
 Waste Engine Oil (WEO)  

Paraffinic Waste Engine Oil Bottoms (WEOB) Refined used 

Oils Valero VP 165® lubricant oils 

  Storbit ®    
 Hydrolene ® Refined crude oil products 

Aromatic  Reclamite ® with polar aromatic oil 

Oils Cyclogen L ® components 

  ValAro 130A ®   

Naphthenic SonneWarmix RJ TM Engineered hydrocarbons 

Oils Ergon HyPrene ® for asphalt modification 
 Waste Vegetable Oil  

Triglycerides & Waste Vegetable Grease Derived from vegetable 

Fatty Acids Brown Grease oils 

  Oleic Acid   

Tall SylvaroadTM RP1000 Paper industry byproducts 

Oils Hydrogreen ®    

 

Understanding the blending quality and rejuvenator diffusion is a research area that has attracted 

research attention (66, 74). Since the amount of rejuvenators used on AC is low compared to the 

main components of a mix, usually 5% to 10% of binder weight which would represent a 0.25% to 

0.60% component by total weight of the mix, a meaningful effect on the total volumetric properties 

of the mix is not expected. However, mix performance can be significantly altered. Applying 

performance-based analysis approaches such as BMD could improve the effectiveness of how 

rejuvenators are used. 

 

2.4 Stone Matrix Asphalt 

Stone Matrix Asphalt (SMA) is a tough, stable, rut-resistant, gap-graded mixture that relies on 

stone-to-stone contact to provide strength, and a binder and filler-rich mortar to provide durability 

(75). SMA provides better performance in wet weather as it produces lower splash and spray 
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between the tire and wet pavement; also, SMA shows reduced noise levels, compared to traditional 

dense-graded mixes (76).  

 

Some of the distinctive features of SMA are a gap-gradation, that maximizes stone-on-stone contact 

(reducing rutting potential); high-quality aggregates that minimize particle breakage; and a rich 

mastic blend created by high filler and binder content (77). Due to its premium qualities, SMA has 

been used to improve the overall durability of AC pavements, and its superior performance, in terms 

of low rutting potential and high cracking resistance, has been documented by multiple studies (77–

80). 

 

SMA can be produced and compacted using the same type of equipment used for conventional AC. 

However, better quality aggregate, higher binder and filler contents, and the used of fiber to avoid 

drainage, increase the production cost of SMA (81, 82). 
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CHAPTER 3: RESEARCH METHODOLOGY 

3.1 Experimental Set-Up 

The necessity to estimate future AC mix performance, and the incorporation of increasing amounts 

and types of non-standard materials, such as recycled materials, additives, or modifiers; are industry 

trends that have motivated the re-evaluation and updating of AC mix design methods. Balance mix 

design holds the promise of facilitating the understanding of mixture performance. However, the 

test results used for a balance mix design analysis must be interpreted within a set of boundaries 

related to extensive materials testing results, highlighting the relevance of expanding the testing 

matrix available by including different types of mix designs and testing conditions. 

 

The experiment carried in this study has the objective of evaluating the practicality of using the 

Illinois Balance Mix Design (I-BMD) approach as a discrimination tool to decide what type(s) of 

AC mixes possess the highest durability potential by studying the cracking and rutting potential of 

various mix types, and the effect of various aging conditions, density levels, and rejuvenator 

dosages. Two types of AC mixes were evaluated in this study, a traditional dense-graded mix, and 

an SMA. Based on the previous research described in Chapter 2, it is expected that the SMA would 

have superior performance compared to a dense-graded mix. However, there are not many studies 

which directly compare SMA versus dense-graded mixes using a balance design approach.  

 

Since the amounts of rejuvenator used in AC are usually low compared to the main mixture 

ingredients, a significant effect on volumetric properties is not expected; thus, a mix blended with 

rejuvenator might still satisfy traditional Superpave criteria, but the impact on mix durability is less 

evident. A key advantage of I-BMD is that it can assess the impact that non-standard materials, 
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which do not tend to influence mix volumetrics significantly, have on mix performance. To that 

end, this study also evaluated the effect of using different rejuvenator dosages on AC performance. 

The rejuvenated mix samples performance was compared to the results of the unmodified sample. 

Also, a comparison between Un-Aged (UA) and Short-Term-Aged (STA) samples was performed 

to evaluate the performance progression of AC mixes having rejuvenators with aging.  

 

The concept of BMD is based on evaluating AC performance using laboratory tests that assess mix 

characteristics that tend to go in opposite directions when some of the mix design variables are 

altered, or when recycled materials or additives are added. Therefore, the most commonly used 

approach for BMD implementation is to evaluate mix performance regarding cracking and rutting 

potential simultaneously. For the I-BMD analysis in this study, the Illinois Flexibility Index Test 

(I-FIT) was used for cracking susceptibility evaluation, and the Hamburg Wheel Track Test 

(HWTT) was used for assessing potential rutting. Additionally, a stiffness measure, based on the 

concept of secant modulus, which can be obtained from the I-FIT output, and a moisture 

susceptibility indicator, using SIP values obtained from HWTT, were included in the analysis to 

expand the performance characterization of the AC mixes.  

 

3.2 Testing Materials 

The materials used in this study comprehend two types of AC mix designs, a traditional dense-

grade type, and an SMA. The SMA had three alternative mixture designs, and the dense-grade mix 

had a single mix design. The rejuvenator used in this study is a commercially available product. 

Only one AC mix type and one rejuvenator were used in this study to evaluate the effectiveness of 

the I-BMD approach in evaluating AC mixtures’ performance.  
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3.2.1 Stone Matrix Asphalt Designs 

Three SMA’s were analyzed in this study. These mixes were obtained from the Danish Road 

Directorate (DRD), who used them in their research project “CO2 emission reduction by 

exploitation of Rolling Resistance (RR) modeling of pavements” (COOEE). The COOEE project 

was initiated in 2011 in Denmark with the goal to establish the technical background to develop 

pavement types that minimize RR. The objective of minimizing RR from the tire-pavement 

interaction is to reduce the power demand to vehicles, which will require less fuel burning, reducing 

CO2 emissions coming from the transportation sector (83). The COOEE project mixes were 

developed to produce a durable surface course and to minimize their RR properties. Their aggregate 

size and the type and amount of filler have been optimized to reduce the movement of stone particles 

while maintaining adequate mix texture and workability (84). Assessing mix durability, was not the 

central objective of the DRD project.  

 

The mixes studied in this project were designed by the Scandinavian contractor NCC Roads A/S 

using the Marshall method; they are identified as SMA8 Ref, SMA8 COOEE, and SMA6 COOEE. 

Table 3.1 presents the main mix design parameters, Table 3.2 illustrates the particle size 

distribution, and Figure 3.1 shows the design gradation for each of the AC mixes. The original mix 

designs are attached in Appendix A.  
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Table 3.1 Mix-design variables of COOEE project 

Variable/Mix Type SMA8 Ref SMA8 COOEE SMA6 COOEE 

NMAS1 (mm) 8 8 6 

Binder Type2 PEN 70/100 PMB 40/100-75 PMB 40/100-75 

Binder Content3 (%) 7.0 7.4 7.9 

Air Voids4 (%) 2.7 2.5 2.4 
1 NMAS: Nominal maximum aggregate size 
2 PEN: Penetration grade (un-modified); PMB: polymer-modified binder, PEN grade 
3 Binder content as per design 
4 Air voids as per design 

 

Table 3.2 Particle-size distributions for COOEE mixes 

Sieve Size (mm) SMA8 Ref SMA8 COOEE SMA 6 COOEE 

11.2 100 100 - 

8 93 95 100 

5.6 54 60 96 

4 38 46 64 

2 25 32 24 

1 18 23 18 

0.5 14 18 15 

0.25 11 14 13 

0.125 9 12 12 

0.063 8 10 10 

 

The testing performed on the SMA’s was carried on Plant-mix lab-compacted (PMLC) specimens. 

Test specimens for mixes SMA8 Ref and SMA8 COOEE were prepared at two air-voids levels 

(AV): 4.5% ± 0.5%, and 6.0% ± 0.5%; specimens for SMA6 COOEE were only prepared at 6.0% 

± 0.5%. Air void levels were decided based on after-construction density levels from the field test 

sections in Denmark. After construction, field cores were extracted to evaluate the densification 

after paving. For mixes SMA8 Ref and SMA8 COOEE, the average AV obtained was 4.5%, while 

for SMA6 COOEE the average was 6.0%. Therefore, mixes SMA8 Ref and SMA8 COOEE were 

tested at 4.5% air voids in line with their after-paving densification, and at 6.0%, for comparison 
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with SMA6 COOEE, which was only evaluated at 6.0%. It is important to mention that, in general, 

SMA performance tests are commonly done on specimens at 6.0% AV (75). 

 

 

Figure 3.1 Design gradations for COOEE mixes 

 

The binder types used for the design of the DRD mixes were classified using the traditional PEN 

grade system. Since binder grade has a significant influence on mix performance, it was essential 

to obtain the PG grade of the binders so that the interpretation of the mix tests results could be more 

consistent.  

 

The background for the PG system was introduced in Chapter 2, and it follows the standard 

specification ASTM D6373 (85). For this study, only dynamic shear rheometer (DSR) and bending 

beam rheometer (BBR) tests were performed. The Multiple Stress-Creep Recovery (MSCR) test 

was also performed, following ASTM D7405 (86). The primary outcomes of the test are the 

nonrecoverable compliance (Jnr), the percent recovery (%R), and the nonrecoverable compliance 

difference (Jnr, diff). Jnr has been shown to be a better indicator of permanent-deformation resistance, 
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%R is used as an indication of the degree and type of polymer modification of the binder, and Jnr, 

diff may be used to assess the stress sensitivity of the binder (87). All binder tests were performed 

on fresh binder samples. Figure 3.2 summarizes the battery of tests performed on the SMA 

materials. 

 

 

Figure 3.2 Set of tests for COOEE mixes 

 

3.2.2 Dense-Graded Mix 

The dense-graded AC mix used in this study was designed per the Superpave method, using 50 

gyrations and an NMAS of 9.5 mm; hence, the mix is identified as “N50”. The binder type and 

content are PG 64-22 and 5.9%, respectively. This mix, which is commonly used in the region, was 

supplied by a local contractor in Champaign County, IL. It has a moderate amount of RAP, 15%, 

and no RAS. The mix was also selected to study the effect of rejuvenation and aging on mix 

durability. Testing was also performed on PMLC specimens. The mix was stored in sample bags 

containing 20 to 25 kgs each. The air void target range for the specimens was 7.0% ± 0.5%, which 

is a common practice for laboratory testing of initial pavement performance. A copy of the original 

mix design is presented in Appendix A. 
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For this study, three mix-rejuvenator blends were prepared by adding 3%, 6%, and 9% of 

rejuvenator by weight of the total binder content, recycled and virgin binder, as reported in the mix 

design. The rejuvenator was directly poured into hot loose mix batch and stirred using a mechanical 

mixer. The blending of the rejuvenator was carried after the loose mix samples were split and had 

completed 1.5-hr of conditioning in a forced-draft oven at a temperature of 135°C ± 3°C. After 

blending, the samples were reintroduced into a forced-draft oven for an additional 30 minutes to 

complete a 2-hr conditioning cycle, which was intended to allow the mix to achieve the compaction 

temperature range. The described blending methods were devised to achieve a better mixing and 

dispersion of rejuvenator in the mix. The test results of the different blends were compared to a 

control blend, which contained no rejuvenator.  

 

To evaluate the effect of STA, after various rejuvenator dosages were blended, additional material 

samples were kept for an additional 2 hours on a forced-draft oven at a temperature of 135°C ± 

3°C, which is the temperature specified in AASHTO R30 for AC short-term conditioning (88). 

Figure 3.3 presents a flowchart summarizing the specimen preparation and conditioning methods.  
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Figure 3.3 Specimen preparation steps, R = Rejuvenator 

 

3.2.3 Rejuvenator Characteristics 

The rejuvenator used in this study was a paraffinic distillate solvent extract with the appearance 

and viscosity of a dark brown lubricating oil. Chemically, it is composed of different hydrocarbons; 

with aromatic hydrocarbons being the primary component (>75%). It is also virtually free of 

asphaltenes, which are the particles that have been more closely related to increasing binder 

stiffness. A high aromatic fraction and a low concentration of asphaltenes are characteristics that 

made it attractive for its inclusion in this study. A technical specification from the manufacturer is 

attached in Appendix A.  
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3.3 Illinois Flexibility Index Test (I-FIT) 

The Illinois Flexibility Index Test (I-FIT) was developed by researchers at the Illinois Center for 

Transportation (ICT) at the University of Illinois at Urbana–Champaign as a scientific and practical 

fracture test capable of screening AC mixes for cracking potential based on an index based on 

fracture mechanics principles (63). 

 

The test is in accordance of AASHTO TP124 protocol (89), and consists of fabricating a semi-

circular specimen with a central notch on its base, mount it on roller supports and loading it from 

the top by applying a monotonic displacement rate of 50 mm/min. The test stops once the recording 

load gets to 10% of the peak load. Table 3.3 shows the test parameters and Figure 3.4 presents the 

primary outputs from the test, respectively. The secant modulus value indicates the stiffness of the 

material before crack propagation and is defined as the ratio between 50% of peak load and the 

displacement at that point. Flexibility Index (FI) can be obtained using Equation 1. In general, 

higher values of FI indicate higher resistance to cracking propagation. 

 

𝐹𝐼 = 𝐴 ∗
𝐺𝑓

𝑎𝑏𝑠(𝑚)
     (1) 

 

where: 

FI = flexibility index 

Gf = fracture energy, defined as the area under the load-displacement curve (J/m2) 

m = slope of the tangent obtained at the inflection point of the post-peak curve (kN/mm)  

A = unit conversion and scaling coefficient, taken as 0.01.  
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Table 3.3 Specimen and test parameters for I-FIT test 

I-FIT Parameters 

Specimen Thickness (mm) 50 ± 1 

Specimen Diameter (mm) 150 ± 1 

Notch Length (mm) 15 ± 1 

Notch Width (mm) 1.5 ± 0.05 

Loading Rate (mm/min) 50 

Test Temperature (°C) 25 

 

 

Figure 3.4  Typical outcome from I-FIT test, after Ozer et al. (63) 

 

3.4 Hamburg Wheel Track Test (HWTT) 

Hamburg Wheel Track Test is a standard test to evaluate the permanent deformation susceptibility 

of AC mixes. The HWTT is performed in accordance with AASHTO specification T324 (90). The 

test subjects two pairs of AC samples, with 150 mm in diameter and 62 mm in thickness, to a 

cyclical loading from a rolling-wheel device; while tested specimens are submerged in a 50 °C 
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water bath. A total of 2 sets, each consisting of 2 pills, were tested for each conditioning 

combination. Figure 3.5 shows an example of the HWTT output and its main components.  

 

The objective of the test is to measure the depression (in mm) formed on the specimens after a 

predefined number of passes or to record the number of passes that were necessary to achieve a 

predefined maximum depression level. Lower depression measurements, or the higher number of 

passes, are indicators that the mix is more rutting resistant. AASHTO T324 also indicates that as 

part of the HWTT output it is possible to obtain the Stripping Inflection Point (SIP), which may be 

used as a parameter to discriminate the moisture susceptibility of the mix. SIP is measured at the 

intersection of the ‘Creep Slope’ and ‘Stripping Slope’; which are obtained by linear interpolation 

within the linear sections of the ‘Creep Phase’ and ‘Stripping Phase’, respectively. SIP is reported 

as the number of passes at the intersection point and can be obtained using Equation 2. Higher 

values of SIP indicate less moisture susceptibility of the test material. 

 

𝑆𝐼𝑃 =  
𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡(𝑠𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒)−𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡(𝑐𝑟𝑒𝑒𝑝 𝑝ℎ𝑎𝑠𝑒)

𝑠𝑙𝑜𝑝𝑒(𝑐𝑟𝑒𝑒𝑝 𝑝ℎ𝑎𝑠𝑒)−𝑠𝑙𝑜𝑝𝑒(𝑠𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔 𝑝ℎ𝑎𝑠𝑒)
    (2) 
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Figure 3.5 Typical outcome HWTT 

 

3.5 Balance Mix Design 

Researchers at the ICT at the University of Illinois at Urbana–Champaign has applied the concept 

of Illinois Balanced Mix Design (I-BMD) to improve the screening of high and low-performance 

AC mixes (63, 91, 92). Their approach consists of analyzing two types of interaction plots, a 2-D 

plot between FI and rut depth, and a 3-D plot combining FI, rut depth, and secant modulus. Both 2-

D and 3-D plots combine results from I-FIT and HWTT into four performance quadrants, while 

values are checked against secant modulus threshold as a check for mixture stiffness in the 3-D 

plot. The inclusion of secant modulus is recommended as it has been found to be an adequate proxy 

for mixture stiffness, and it does not require additional testing since it is readily available from I-

FIT data (92). The performance quadrants are defined as:  

 

QI. Stiff and flexible: mixes with adequate cracking (flexible) and rutting (stiff) resistance. 

QII. Soft and flexible: mixes with good crack resistant (flexible) but high rutting potential 

(soft). 
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QIII. Stiff and brittle: low rutting potential (stiff) but prone to cracking (brittle).  

QIV. Soft and unstable: low cracking and rutting resistance.  

 

The secant modulus range was selected to be between 2 and 10 kN/mm (11.4 to 57.2 kip/in). 

For FI, a minimum of 8 was considered acceptable, but, for high-performance mixes such as SMA, 

a minimum FI of 10 was taken as the minimum threshold. The maximum acceptable rut depth is 

12.5 mm at 10,000 passes for the N50, and for the SMA mixes, the maximum rut depth allowed 

was taken at 7.5 mm at 20,000 passes. The quadrants’ definitions and thresholds are based on 

previous work carried at ICT (61–63, 91, 92). It is important to notice that threshold levels should 

be adjusted for local materials and conditions.  
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CHAPTER 4: TESTS RESULTS, ANALYSIS, AND DISCUSSION 

4.1 SMA Performance 

This section presents the results from the experimental testing performed on the COOEE SMA 

materials. These mixes showed remarkably high FI values, small rut depths after 20,000 passes 

from HWTT, and little to no moisture susceptibility based on SIP values. However, only SMA6 

COOEE falls within the proposed secant modulus range of 2 to 10 kN.  

 

4.1.1 Binder Grading 

Table 4.1 summarizes the results obtained from the PG grading test for the binder samples. The 

final PG grade for the PEN 70/100 binder was PG64-28 (S), and for the PMB 40/100-75 PG82-16 

(S); “S” refers to “Standard Traffic” according to AASHTO classification. The PEN binder stiffness 

[S(t)], from BBR test, was above the allowed threshold of 300 MPa; however, the m-value 

parameter, which relates to the relaxation properties of the binder, was 13% above the minimum 

required value, an indication that the binder has excellent flexibility properties. 

 

MSCR test results indicate that the polymer modified binder is more resistant to permanent 

deformation. The PG82-16 exhibits considerably lower non-recoverable compliance, 73.5% and 

37.5% lower, at 0.1 and 3.2 kPa stress levels, respectively. Additionally, the %R, at both stress 

levels, for the modified binder was considerably higher than that for the unmodified binder. Higher 

recovery rates are expected for modified binders. Regarding stress sensitivity, both samples have a 

nonrecoverable stress difference, Jnr, diff, below the specified threshold of 75%; however, the PG64 

has a lower Jnr, diff, compared to the PG82. This finding could be explained by the fact that the PG64 
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already experiences relatively high levels of nonrecoverable compliance at 0.1 kPa, with the 

difference between low and high-stress levels at only 10.5%. In both cases, Jnr is above 3.0 kPa-1. 

By contrast, PG82 has a 42.4% difference, and in both cases, Jnr is well below 3.0 kPa-1. The Jnr, 3.2, 

for both binders, is higher than 2.0 and lower than 4.5, which makes them fall within the 

classification of “Standard Traffic”.  

 

Table 4.1 PG grading test results 

Test 
PEN 70/100 PMB 40/100-75 

Temp [°C] Result Temp [°C] Result 

DSR on Original1 Binder     
Complex Shear Modulus, G* [kPa] 64 1.2 82 1.2 

Phase Angle, δ [deg] 64 87.3 82 59.8 

G* / sin(δ) [>1.0 kPa] † 64 1.2 82 1.4 

DSR on RTFO2 Residue     
Complex Shear Modulus, G* [kPa] 64 2.7 82 2.5 

Phase Angle, δ [deg] 64 84.5 82 65.3 

G* / sin(δ) [>2.2 kPa] † 64 2.7 82 2.7 

DSR on PAV3 Residue     
Complex Shear Modulus, G* [kPa] 22 4,470.8 37 305 

Phase Angle, δ [deg] 22 53.1 37 43.3 

G* • sin(δ) [<5,000 kPa] † 22 3,576.8 37 209 

BBR on PAV Residue     
Stiffness, S(t) [<300 MPa] † -18 325 -6 55.1 

Slope, m-value [>0.300] † -18 0.336 -6 0.302 

MSCR on RTFO Residue     
Jnr at 0.1kPa, Jnr,0.1 [kPa-1] 64 3.305 82 0.884 

Jnr at 3.2kPa, Jnr,3.2 [kPa-1] 64 3.651 82 2.284 

Recovery at 0.1 kPa, %R0.1 [%] 64 2.5 82 59.6 

Recovery at 3.2 kPa, %R3.2 [%] 64 0.6 82 21.4 

Stress Sensitivity, Jnr,diff [kPa-1] 64 10.5 82 42.4 
1 Original: unaged binder, tested on parallel plate geometry: 25 mm diameter, 1 mm gap 
2 RTFO: Rolling Thin Film Oven, short-term aged binder, tested on parallel plate geometry: 25 mm 

diameter, 1 mm gap 
3 PAV: Pressurized Aging Vessel, long-term aged binder, tested on parallel plate geometry: 8 mm 

diameter, 2 mm gap. PAV aging is performed on RTFO aged binder samples.  
† PG thresholds by ASTM D6373-16  
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4.1.2 I-FIT Performance 

Figure 4.1 shows the average load-displacement curves obtained from the I-FIT test. The reference 

mix appears to be the first to experience fracture propagation since the location of the peak loads 

for both AV% levels occurs earlier in the displacement scale. For the COOEE mixes, SMA6 has 

greater peak load, and it occurs at lower displacement than that for SMA8. The change in AV% has 

an impact on the peak load achieved in the test; for both SMA8 Ref and SMA8 COOEE, the 

reduction in peak load due to increased AV% is on the range of 10%. In general, a lower peak load 

implies a strength reduction of the material; which may be validated by analyzing values of secant 

modulus presented in Table 4.2. Secant modulus values decrease when air voids are increased. The 

secant modulus values are higher for SMA8 Ref, followed by SMA6 COOEE, and SMA8 COOEE 

being the mix with the lowest values.  

 

 

Figure 4.1 Average load-displacement curves for SMA 
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Table 4.2 summarizes the I-FIT output, including Coefficients of Variability (CoV). SMA8 

COOEE showed the highest FI values regardless of AV% level. Compared to the reference material, 

SMA8 COOEE has higher binder and filler content, which improves the mastic quality; this 

translates into higher fracture-energy values and low slope values. The combination of these two 

effects, high fracture energy, and small slope, translates into higher FI values for SMA8 COOEE, 

indicating that this mix design is less susceptible to cracking. Compared to SMA6, SMA8 has a 

larger aggregate size, which could retard crack propagation. Since a crack propagates around larger 

size aggregate, it requires more time to travel through the particles, compared to the path around 

smaller size aggregate. This variable depends on the mix having tough and high-quality aggregate, 

as is the case for these mixes. 

 

Table 4.2 Summary of I-FIT output  

 
 Average CoV [%] 

Mix 
Reps1 

[#] 

Peak Fracture Secant 

Slope FI 

Peak 

Load 

[kN] 

Fracture 

Energy 

[J/m2] 

Secant 

Modulus 

[kN/mm] 

Slope FI Load Energy Modulus 

[kN] [J/m2] [kN/mm] 

SMA8 

Ref - 

4.5AV 

6 2.513 2774 3.00 0.942 30.4 21.1 15.9 20.8 20.1 23.9 

SMA8 

Ref - 

6.0AV 

15 2.299 2526 2.52 0.958 27.9 10.4 8.9 19.8 27.6 25.5 

SMA8 

COOEE 

- 4.5AV 

8 2.388 3285 1.81 0.891 38.7 10.5 9.8 11.7 24.2 24.1 

SMA8 

COOEE 

- 6.0AV 

13 2.191 2936 1.77 0.728 41.1 9.3 11.4 10.7 15.9 17.1 

SMA6 

COOEE 

- 6.0AV 

9 2.541 3110 2.46 0.957 33.8 9.3 7.2 13.8 22.3 21.9 

1Reps: number of replicates 
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All three mixes exhibited relatively high values of fracture energy and FI as compared to the results 

reported elsewhere (63, 93), and to those of the results obtained from testing on the dense-graded 

mix, results which are presented in the next section. The prime factor influencing the high FI is the 

low slope values (< 1.000 for all mixes). The slope is an indicator of crack-propagation speed, and 

lower values indicate that the material is more resistant to crack propagation. The AV% level 

appears to have an impact on the different outputs of the I-FIT test, but without a clear trend, FI 

decreases with increasing AV% for SMA8 Ref, but FI increases with increasing AV% for SMA8 

COOEE. The effect of AV% has been presented in other studies (94, 95). 

 

4.1.3 HWTT Performance 

Figure 4.2 presents the progression of rut depth with increasing number of wheel passes for the 

three SMA. The best-performing mix was SMA6 COOEE, with only 3.6 mm rut depth after 20,000 

passes. Mix SMA8 Ref exhibited the highest rut depth and showed significant sensitivity to 

increased air voids. There was a 65% increase in rut depth between the 4.5% and 6.0% AV% 

specimens, indication that the mix might be highly susceptible to post-compaction densification. 

Additionally, the linear ‘Creep Phase’ from SMA8 Ref appears to be considerably shorter at 6.0% 

AV%, and there was an evident presence of the perceived a ‘Stripping Phase’. In contrast, SMA8 

COOEE experienced only a 16% increase in rut depth, with increased AV%, from 4.4 to 5.1 mm.  

 

It is important to notice that both COOEE mixes have a final rut depth, after 20,000 passes, below 

the maximum threshold of 7.5 mm. This threshold was established as a maximum for high-

performance mixes based on previous research (62). Also, both COOEE mixes did not exhibit a 

‘Stripping Phase’, as the linear segment of the ‘Creep Phase’ for both mixes extended all the way 
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to 20,000 passes; which could be interpreted as another indicator of the high-performance nature of 

these mixes.  

 

 

Figure 4.2 Rut-depth progression vs. Number of passes, 50°C test temperature 
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Table 4.3 summarizes the moisture susceptibility analysis for the three SMA. 
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Table 4.3 Moisture susceptibility summary from HWTT output 

 Creep Phase Stripping Phase  

Mix 

Type 

Initial 

Pass 

Ending 

Pass 
Slope Intercept 

Initial 

Pass 

Ending 

Pass 
Slope Intercept 

SIP 

[# Passes] 

SMA8 

Ref - 

4.5AV 

2,000 >20,000 N/A N/A >20,000 >20,000 N/A N/A >20,000 

SMA8 

Ref - 

6.0AV 

2,000 13,000 0.000434 4.72782 18,000 20,000 0.000662 1.90893 12,357 

SMA8 

COOEE 

- 4.5AV 

2,000 >20,000 N/A N/A >20,000 >20,000 N/A N/A >20,000 

SMA8 

COOEE 

- 6.0AV 

2,000 >20,000 N/A N/A >20,000 >20,000 N/A N/A >20,000 

SMA6 

COOEE 

- 6.0AV 

2,000 >20,000 N/A N/A >20,000 >20,000 N/A N/A >20,000 

 

The SIP value for SMA8 Ref – 6.0AV, was obtained by defining the stripping phase of the mix 

between 18,000 and 20,000 passes. However, the initial point of this phase was chosen arbitrarily 

by visually analyzing the data and deciding which was the most appropriate point that marked the 

beginning of the steady-state of the stripping phase. AASHTO T324 does not provide clear 

guidance on how to decide where does the steady-state for either the creep or stripping phases 

begins. The lack of guidance has been identified as a significant drawback for using HWTT to 

predict moisture susceptibility performance (96–98). The lack of guidance can have a significant 

impact in the calculations of SIP values; case in point is SMA8 Ref – 6.0AV for which changing 

the beginning of the stripping phase from 18,000 to 17,000 passes its SIP value changes from 12,357 

to 13,286, a 7.5% difference.  
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4.1.4 I-BMD Analysis 

Figure 4.3 presents the interaction plot for all the AC mixes in this study. The thresholds for the 2-

D I-BMD analysis were based on the high-performance limits discussed in Chapter 3; a minimum 

FI of 10, and a maximum rut depth of 7.5 mm at 20,000 passes. It is evident that both COOEE 

mixes have significantly high FI values, higher than what is usually experienced with AC mixes in 

the United States. This finding could be explained by the higher amount of asphalt content, 

modified binder, and high-quality filler that results in a rich mastic. Also, these mixes exhibited 

low rut depth, as is expected for SMA designs. These two factors, made the COOEE mixes to be 

classified as stiff and flexible, regardless of AV%. The combination of high flexibility, low rutting 

potential, and low moisture susceptibility, indicate that both types of COOEE mixes could exhibit 

better durability in the field if produced and constructed adequately. 

 

 

Figure 4.3 FI and rut depth interaction plot for SMA 
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Figure 4.4 shows the expanded 3-D I-BMD plot by adding the secant modulus criterion. In this 

plot, a red color indicates that the data point failed either FI or rutting, yellow color indicates data 

points that passed both FI and rutting but have secant modulus value outside the range; blue color 

indicates compliance with the three criteria. The light-green shaded borders represent the threshold 

limits for QI, the rest of the quadrants are not explicitly delimited to avoid overcrowdedness. SMA8 

COOEE, which showed the highest flexibility values, fell outside the proposed range of 2 to 10 

kN/mm, indicating that the high FI values obtained are due to a relatively softer mix. Adding secant 

modulus as a third performance criterion is recommended since it does not require additional 

testing, the data is available from the I-FIT test output, and its inclusion could identify potentially 

overly soft or stiff mixes (92). 

 

 

Figure 4.4 3-D I-BMD interaction plot SMA mixes 
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4.2 Rejuvenation and Aging Effects 

This section presents the results from the experimental testing performed on the N50 mix. Adding 

rejuvenator to the N50 mix showed that it positively affects flexibility, and negatively impacts 

rutting resistance. The increasing effect on flexibility becomes less relevant with increasing 

dosages; but, for rutting, it becomes more dominant. The short-term aging condition appears to 

have a more substantial influence on rutting resistance than on flexibility.  

 

4.2.1 I-FIT Performance 

Figures 4.5 and 4.6 show the load-displacement curves for the UA and STA samples. The reduction 

of peak-load magnitudes and an overall flattening of the post-peak curves is a clear indication that 

higher dosages of rejuvenator induced a stronger softening effect on the material. The softening 

effect can be interpreted as the overall decrease in stiffness of the material, which can be seen in 

the decreasing peak loads and flattening slopes of the post-peak part of the curves. In absolute 

terms, UA blends experienced a 53% drop in peak-load magnitude between the control mix (0% 

rejuvenator) and the 9% blend; STA blends experienced a 46% between the same two conditions.  

 

Table 4.4 summarizes the primary results from I-FIT along with their respective CoV. Regarding 

fracture energy, there is no consistent trend concerning increased rejuvenator dosage. Fracture 

energy values go up from 0% to 3% but then experience an overall decrease in both UA and STA 

conditions; this could indicate that fracture energy alone may not be a suitable parameter to 

differentiate between AC mixes as has been shown by previous research (61, 63, 95, 99). 
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Figure 4.5 Load-displacement curves for UA samples 

 

 

Figure 4.6 Load-displacement curves for STA samples 
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higher absolute slope values indicate an AC mix that experiences faster crack propagation, while 

lower values are related to slower crack propagation. Table 4.4 shows that with increasing 

rejuvenator application there is a reduction in slope values, with the steepest decline happening 

between 0% and 3%. Regarding the effect of STA, there is an increase in slope values, with the 

highest relative difference between conditions presented on the specimens with 9% rejuvenator, 

with a difference close to 42%.  

 

Table 4.4 Output from I-FIT test, R = Rejuvenator 

 
 

 Average CoV [%] 

Blend Condition 
Reps1 

[#] 

Peak 

Load 

[kN] 

Fracture 

Energy 

[J/m2] 

Secant 

Modulus 

[kN/mm] 

Slope FI 

Peak 

Load 

[kN] 

Fracture 

Energy 

[J/m2] 

Secant 

Modulus 

[kN/mm] 

Slope FI 

0% R UA 18 4.27 1602 9.37 5.56 3.0 4.6 9.7 13.0 15.0 20.3 

(Control) STA 14 4.32 1558 9.49 5.59 2.9 4.4 5.9 15.9 17.9 18.9 

3% R UA 10 3.20 1838 6.12 2.42 7.9 7.3 7.2 22.0 19.5 20.6 

  STA 14 3.30 1710 6.67 2.89 6.0 5.8 6.7 15.0 12.2 16.4 

6% R UA 10 2.53 1701 4.60 1.78 9.9 10.9 14.3 11.4 15.7 25.3 

  STA 14 2.59 1586 4.69 2.00 8.4 13.2 9.7 18.9 23.2 30.7 

9% R UA 12 1.99 1389 3.50 1.17 12.0 6.4 8.9 10.6 13.4 13.8 

  STA 15 2.34 1593 3.90 1.65 10.7 17.5 13.7 25.3 41.8 30.8 
1Reps: number of replicates 

 

FI is obtained by combining the values of fracture energy and slope. In this case, there is an overall 

trend of increasing FI with higher rejuvenator dosages; this reflects the effectiveness of using a 

rejuvenator to improve the potential cracking resistance of AC. The most significant jump in FI is 

experienced between 0% and 3% specimens, and as higher dosages are used, the FI improvement 

becomes of less relative impact. Although the CoV for FI is greater than fracture energy, the ability 

of FI to discriminate the effect of the rejuvenator content and aging is evident.  
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4.2.2 HWTT Performance 

Figures 4.7 and 4.8 show the rut depth progression against the number of passes for UA and STA 

samples, respectively. Evaluating the entire span of the test, both types of conditioning show higher 

values of rut depth with increasing levels of rejuvenation; this effect was more pronounced for UA 

samples. At the lowest concentration of 3% rejuvenator, there was a significant increase in rut depth 

progression compared to the control blend, and after 20,000 passes it was barely above the 

maximum threshold of 12.5 mm. On the other hand, for the STA samples, only at 9% rejuvenator 

concentration a severe rutting deterioration occurred. It should be expected that adding rejuvenator 

to the AC mix would reduce its permanent deformation resistance since the rejuvenator softens the 

asphalt binder in the mix.  

 

STA conditioning reduced the rutting experienced by the different blends, judging from the 

extended steady-state portion of the creep phase. For the blends with 3% and 6% rejuvenator, this 

effect was strong enough that the blends switched from having an evident stripping phase in the 

UA condition to not exhibiting stripping under STA condition. Additionally, the stiffening that the 

binder-rejuvenator blend sustained during STA made the post-compaction consolidation phase of 

the mixes less significant. For UA conditions post-consolidation induced a rut depression close to 

2.5 mm, whereas for STA condition the consolidation experienced was only of the magnitude of 

1.8 mm, about half of that from UA specimens. 
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Figure 4.7 Rut-depth progression for UA samples 

 

 

Figure 4.8 Rut-depth progression for STA samples 
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performed at 10,000 passes since there was rut progression data available for all blends, and at this 

point, the effect of any potential stripping presence would be more apparent. Figure 4.9 presents 

the rut depth after 10,000 passes for all AC blend types. The plot shows a direct relationship 

between increasing dosage and rut depth; with a significant increase when 9% rejuvenator was 

added. On the other hand, STA samples showed a much smaller and constant increment between 

the different concentration levels, which could be related to the steady-state creep phase extension 

that STA appears to have induced in the blends.  

 

 

Figure 4.9 Final rut depth at 10,000 passes, all blends 
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evident on the decreasing magnitude of their respective SIP values, ranging from 17,079 for the 3% 

blend to 7,070 to the 9% blend. Short-term aging mitigated the softening impact of the rejuvenator, 

to the point that only the 9% blend continued to experience a stripping phase during the test, but 

even then, the SIP value reported is on the further side of the scale, at 15,450. Table 4.5 summarizes 

the result of the stripping point analysis.  

 

Table 4.5 Moisture susceptibility for N50 samples 

 Creep Phase Stripping Phase  

Mix 

Type 

Initial 

Pass 

Ending 

Pass 
Slope Intercept 

Initial 

Pass 

Ending 

Pass 
Slope Intercept 

SIP 

[# Passes] 

0% 

UA 
2,000 >20,000 N/A N/A >20,000 >20,000 N/A N/A >20,000 

0% 

STA 
2,000 >20,000 N/A N/A >20,000 >20,000 N/A N/A >20,000 

3% 

UA 
2,000 12,000 0.000213 3.11051 19,000 20,000 0.001622 -20.9545 17,079 

3% 

STA 
2,000 >20,000 N/A N/A >20,000 >20,000 N/A N/A >20,000 

6% 

UA 
1,000 7,000 0.000470 2.36357 16,000 17,000 0.003026 -32.5499 13,658 

6% 

STA 
2,000 >20,000 N/A N/A >20,000 >20,000 N/A N/A >20,000 

9% 

UA 
1,000 5,000 0.000695 2.76074 9,000 11,000 0.003109 -14.3122 7,070 

9% 

STA 
2,000 8,000 0.000279 2.78740 18,000 20,000 0.001802 -20.3545 15,450 

 

4.2.3 I-BMD Analysis 

Figure 4.10 presents the 2-D interaction plot for all AC mixes in this study, and Figure 4.11 shows 

the expanded 3-D interaction plot integrating secant modulus. The color scheme for the 3-D plot is 

the same as the one described in section 4.1.4 regarding Fig. 4.4. 

 

In the 2-D diagram, both control AC mixes, aged and unaged, fell within the undesirable quadrant 

QIII, stiff and brittle. As the rejuvenator dosage increased, the AC mix became more flexible, it 
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achieved higher FI values, but at 9% this softening effect was so excessive that mix becomes 

undesirably soft. From the 3-D plot, the secant modulus decreased with increasing rejuvenator 

dosage, but it appears to be the least sensitive variable to it. It is evident that the use of the 

rejuvenator, and aging condition, impact the location of the AC mix on the I-BMD plot. 

 

 

Figure 4.10 2-D Interaction plot between rut depth and FI 
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Figure 4.11 3-D Interaction plot between rut depth, FI, and secant modulus 

 

Aging showed that it reduces flexibility and rutting potential, but this effect is not proportional to 

each property. At 9% dosage, the STA samples switched from being above the 12.5 mm rutting 

threshold to being below it, by experiencing a 67% reduction in the final rut depth at 10,000 passes, 

from 16.9 to 5.5 mm. However, the reduction in FI between 9% UA, and 9% STA amounts only to 

an 11% drop; highlighting how adding rejuvenator to an AC mix could improve its durability 

regarding cracking resistance, without suffering significant reductions in rutting resistance, if the 

aging condition is considered. Similar high drops in final rut depth and relatively smaller drops in 

FI, between UA and STA samples, were observed for the other rejuvenated dosages, as shown in 

Table 4.6. Secant modulus increased between the two conditions, but the effect was less evident. 

Ultimately, an optimum rejuvenator dosage could be obtained to provide a durable AC mix; for the 

case of the N50 mix, the most appropriate dosage appeared to be 6% since both UA and STA 

samples fall to comply with the three criteria. 



55 
 

 

Table 4.6 Changes in I-BMD criteria between UA and STA samples, all dosages 

Mix 

Type 
FI 

Rut @  

10,000 Passes 

[mm] 

Smod
1

 

[kN/mm] 

Δ% FI 

(decrease) 

Δ% Rut 

(decrease) 

Δ% Smod 

(increase) 

0% UA 3.0 3.3 9.4 
3.3% 15.2% 1.3% 

0% STA 2.9 2.8 9.5 

3% UA 7.9 5.2 6.1 
24.1% 25.0% 9.0% 

3% STA 6.0 3.9 6.7 

6% UA 9.9 8.0 4.6 
15.2% 48.8% 2.0% 

6% STA 8.4 4.1 4.7 

9% UA 12.0 16.9 3.5 
10.8% 67.5% 11.4% 

9% STA 10.7 5.5 3.9 
1 Smod: Secant Modulus 
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4.3 Combined I-BMD Analysis 

From the analysis and discussion presented in this Chapter, it is clear that the SMA materials from 

the Danish Road Directorate exhibited superior performance regarding potential cracking and 

permanent deformation resistance, along with low moisture damage susceptibility; these 

characteristics highlight their high durability potential. Alternatively, a commonly used dense-

graded mix (N50) from the mid-Illinois region presented low FI values in its original condition, 

suggesting weak cracking resistance. However, the N50 mix presented little rutting and no 

indication of moisture damage during the HWTT. 

 

By adding an adequate amount rejuvenator to the N50 mix, it was demonstrated that it is possible 

to improve the cracking resistance characteristics of the mix, without overly damaging its 

permanent deformation and moisture damage resistance characteristics. In this context, it was of 

interest to carry a performance comparison between the various N50 blends against the different 

types of SMA. The performance comparison was achieved by combining the data from both types 

of mixes into an expanded 2-D I-BMD diagram. Ten thousand passes were selected as the analysis 

point for rut depth to be consistent with the criterion used for the N50 analysis.  

 

Figure 4.12 presents the expanded 2-D I-BMD diagram incorporating the thresholds used for 

regular mixes to define the four quadrants (FI = 8, Rut = 12.5 mm) and adding a ‘High-

Performance’ sub-quadrant (QI-HP) within QI using more stringent criteria (FI = 10, Rut = 7.5 

mm). Also, the secant modulus criterion is incorporated using a color scheme. Red indicates a 

failure in FI or rut depth. Yellow points are compliant with FI and rut depth, but secant modulus is 

outside the desired range. Green means compliance with all three criteria and location within QI. 



57 
 

Blue also indicates conformity with all the criteria, but the location is within the most desirable QI-

HP.  

 

 

Figure 4.12 Expanded 2-D I-BMD diagram, comparing SMA mixes and N50 blends 
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performing SMA. The FI values for N50 are only capable of reaching the QI-HP boundary of 10 
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Regarding moisture damage susceptibility, it was found that only one type of SMA and four N50 

blends experienced a potential stripping phase, therefore SIP values were only obtained for these 

materials. Figure 4.13 shows the materials that possibly have potential stripping and their respective 

SIP values. Interestingly, this comparison suggests that the second worst mix, concerning potential 

moisture damage, is SMA8 Ref – 6.0AV; however, this might be a counterintuitive assessment 

from the rut progression curves presented in Figure 4.14.  

 

The progression curves show that the different N50 blends have a clear stripping phase; they show 

a clear distinction between the steady-state creep phase and the increased rate of change for the rut 

depth afterward. On the other hand, the appearance of the stripping phase for SMA8 Ref – 6.0AV 

is less clear, and it would seem that the rate of change of rut depth in this region for the SMA 

is not as rapid as for the N50 blends.  

 

 

Figure 4.13 SIP values for mixes exhibiting ‘Stripping Phase’ 
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Figure 4.14 Rut depth progression curves for mixes exhibiting potential ‘Stripping Phase’ 
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arbitrary related to deciding where do the creep and stripping phases start and end; which could 

lead to significant differences in SIP values. To reduce the uncertainty involving SIP values a more 

objective approach could be to identify the point at which the curvature of the rut progression line 

changes from negative to positive, in essence, identify the inflection point of the curve.  

 

An adequate mathematical model that describes the rut depth relation with the number of passes is 

needed to calculate the inflection point of the curve. Different agencies have used high-order 

polynomials as fitting models. However, it has been documented that this approach might not 
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To improve comparison accuracy between for SMA8 Ref – 6.0AV and the N50 blends, the method 

described by Yin et al. (96) was adopted to evaluate the moisture susceptibility of the AC mixes 

presenting a stripping stage; their model to described rut depth progression is defined by Equation 

3. The proposed method introduces a stripping number (SN) parameter that indicates where the 

stripping phase initiates; SN is found at the inflection point of the second derivative of Equation 3. 

The expression for SN is described by Equation 4. Similarly to SIP, higher SN values imply less 

potential moisture damage susceptibility of the material. 

 

𝑅𝐷𝐿𝐶 = 𝜌 ∗ [ln (
𝐿𝐶𝑢𝑙𝑡

𝐿𝐶
)]

−
1

𝛽
     (3) 

where: 

RDLC = rut depth at a certain number of load passes (mm) 

LC = number of load passes 

LCult, ρ, and β = model coefficients 

 

𝑆𝑁 = 𝐿𝐶𝑢𝑙𝑡 ∗ exp (−
𝛽+1

𝛽
)     (4) 

where: 

SN = stripping number (# passes) 

LCult, and β = model coefficients from Equation 3 

 

Figure 4.15 display the final SN values obtained for the AC mixes presenting potential stripping. 

Contrary to what was concluded from analyzing only the SIP values in Figure 4.13, the SN trend 

shows that SMA8 Ref – 6.0AV has much better moisture resistance characteristics than the N50 

blends. The change in conclusion, caused by changing the analysis approach, goes more in line with 
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the characteristic of the SMA since it contains more binder content and fewer air voids than the 

N50 mix.  

 

 

Figure 4.15 SN values for mixes that exhibit a potential ‘Stripping Phase’ 
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CHAPTER 5: SUMMARY, FINDINGS, CONCLUSIONS, AND 

RECOMMENDATIONS 

5.1 Summary 

Limited financial resources, reduced availability of raw materials, and environmental concerns have 

renewed the interest in improving the durability of AC pavements. It has been well documented 

that high-performance mixes such as SMA may improve the overall durability of flexible 

pavements. However, cost and strict material requirements to design high-performance AC mixes 

could be prohibitive for most paving projects. Therefore, it is necessary to improve AC durability 

for conventional designs, such as dense-graded mixes. This study presents the performance results 

from I-FIT and HWTT, and their implications for durability, for novel types of SMA, designed by 

the DRD, and for a conventional Illinois dense-graded mix blended with various dosages of 

rejuvenator to enhance its characteristics. The findings, conclusions, and recommendations of this 

study are presented in this Chapter. 

 

5.2  Findings 

The study resulted in the following findings on the durability assessment of the SMA provided by 

the DRD: 

• The COOEE mixes are distinguished by the strong, polymer-modified binder, high asphalt 

content, and the type and amount of filler used. Binders used in the new mixes were graded 

as PG82-16 (S) as compared to PG64-28 (S) used in reference mix (SMA Ref).  
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• COOEE mixes exhibited exceptionally high FI values, suggesting low cracking 

susceptibility. Also, both mixes suffered low rut depths after 20,000 passes of HWTT, 

compared to SMA Ref; indicating a strong permanent-deformation resistance.  

• None of the COOEE type mixes showed evidence of potential moisture damage 

susceptibility within the constraints of the HWTT. Only SMA8 Ref at 6% air voids 

developed the initial stages of a stripping phase.  

• Except for SMA8 Ref – 6.0AV, a change in compaction density did not appear to influence 

the performance of any of the SMA materials significantly. 

• On an I-BMD analysis, both COOEE materials were classified as stiff and flexible; 

underscoring their high-performance potential. However, when adding a stiffness criterion 

using secant modulus, only SMA6 COOEE fell within the boundaries of all three 

parameters.  

 

The following findings were observed for the analysis of the dense-graded mix (N50) when it was 

blended with different dosages of rejuvenator, and subjected to short-term aging: 

• The original mix (control), returned low values of FI, close to 3, suggesting that using this 

mix could jeopardize pavement durability regarding cracking distresses.  

• Adding a rejuvenator increased the FI values of N50, which is a positive effect. The rate of 

increase, however, was not constant and its influence diminished as the dosage increased. 

• Secant modulus was reduced with increasing dosage of rejuvenator, but this effect was small 

compared to the other variables. 

• On the other hand, higher rejuvenator dosages negatively affected rutting resistance, and 

this effect continued to grow as the amount of rejuvenator was increased. 
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• Regarding potential moisture damage susceptibility, increasing amounts of rejuvenator 

diminished the potential stripping resistance of the AC mixes. While the control mix only 

presented a steady-state creep phase, with increasing dosage, the mix quickly developed a 

stripping phase.  

• FI values of the AC mixed decreased with simulated short-term aging conditions, slightly 

increased secant modulus, and improved rutting and potential moisture resistance. The most 

sensitive variable was rutting.  

 

From performing a combined analysis of the SMA and N50 materials, the following findings were 

noted: 

• Increasing the amount of rejuvenator dosage did improve the performance the of the N50 

mix, and at 6% it fell within the desirable QI quadrant on an expanded 2-D I-BMD diagram; 

however, the flexibility gains were not enough to get into the best QI-HP quadrant, which 

is where the SMA materials were located.  

• Regarding potential moisture resistance, the initial assessment based on interpreting SIP 

values for the mixes that exhibited a stripping phase showed that the SMA8 Ref – 6.0AV 

was the second mix type, only in front of the N50 9% UA. 

• By applying a model fitting method to assess moisture susceptibility, it was found that the 

SMA8 Ref – 6.0AV had better moisture resistance since its SN value was three orders of 

magnitude higher than those of the different N50 blends.  
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5.3 Conclusions 

Based on the discussion and findings presented in this study, the following conclusions are made: 

• SMA showed performed well against potential rutting and crack propagation; indicating 

that pavements constructed with these materials should exhibit superior durability since low 

cracking and permanent-deformation distresses would be expected. Additionally, there is 

little indication that the mixes would have potential moisture damage.  

• Applying the I-BMD approach on a 2-D and 3-D showed that adding rejuvenators did 

improve the flexibility of the N50 mix. However, its effect became less significant as the 

dosage was increased. The opposite effect was experienced for potential rutting resistance; 

highlighting the importance of incorporating an I-BMD analysis to mix performance 

criteria.  

• 6% rejuvenator by weight of the binder content, appears to be the optimal dosage regarding 

acceptable FI and rut depth, and without experiencing excessive behavior changes between 

UA and STA conditions. 

• Although the analysis of SIP values has been adopted by different agencies, this study 

showed that the method is prone to significant differences due to the inconsistencies of 

defining the limits of the creep and stripping phases. An analysis based on model fitting 

appears to return more consistent results and should be further explored.  
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5.4 Recommendations for Future Research 

From the results of this study, the following topics have been identified as research areas that could 

help on the advancement of performance-based testing and analysis for AC: 

• I-BMD proves to be a powerful tool to discriminate between the performance of different 

AC mix types. However, refining the boundaries for the criteria of the tests is essential to 

raise the credibility of the method, and should be correlated to field performance.  

• In this study, homogeneity of rejuvenator-mix is assumed, but this is an unrealistic scenario 

that could influence test outcomes and should be an area for future research.  

• Additional recycling agents and modifiers for AC must be investigated.  

• Further research into the application of model fitting methods to assess moisture resistance 

is recommended to improve the accuracy and consistency of the results.  
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APPENDIX A: SMA AND N50 MIX DESIGNS 

 

Figure A.1 Mix Design for SMA8 Ref 
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Figure A.2 Mix Design for SMA8 COOEE 
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Figure A.3 Mix Design for SMA6 COOEE 
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Figure A.4 Mix Design for N50 


