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Executive Summary  
 

According to various reports published by the Federal Highway Administration (FHWA), almost 

49.4 percent of vehicle miles traveled on the federal-aid highway system could not meet the 

established standard of good ride quality and almost 18 percent even failed to qualify for the 

“acceptable level” of riding quality. It was also emphasized that the condition of pavements has a 

direct and considerable impact on the vehicle operating costs and the entire transportation 

infrastructure performance (Keenan et al., 2012, USDOT, 2013). Thin overlays have been recently 

considered as one of the preservation strategies which have been increasingly used to improve 

pavement performance and maintain acceptable ride quality in a cost-effective manner.  

Thin overlays are popular primarily due to their ability to improve ride quality and aesthetics at a 

cost much lower than conventional overlays. According to conducted surveys, many construction 

agencies have been using thin overlays not only because of the benefits they might provide but 

mostly because of their cost effectiveness. However, there is a great deal of non-uniformity in the 

guidelines in definition and thickness selection of thin overlays. Thin overlays are usually not 

considered a structural component of a pavement system. Therefore, material and thickness 

selection is rather arbitrary, resulting in a wide range of service life for thin overlays.   

This research project aims at developing a mechanistic approach first to understand the mechanics 

of thin overlays and to provide guidance to agencies to select materials and thickness for thin 

overlay applications. The mechanics of thin overlays are complicated due to complex stress states 

as a result of direct exposure to non-uniform tire contact stresses and environmental loadings. The 

loading within the surface layers can be primarily in compression and shear. There is no 

experimental method for asphalt mixtures to relate such field responses. Simple mechanistic 

models, including layered elastic or viscoelastic and 2-D axisymmetric finite element, may not 

describe the mechanics and physics of this problem. Therefore, the three-dimensional (3-D) finite 

element (FE) modeling approach was chosen in this study. The 3-D FE models were coupled with 

domain analysis instead of the critical point strain method. In addition, micromechanical modeling 

was used to incorporate mixes failure characteristics in the 3-D FE analysis.  

A numerical analysis matrix was prepared to investigate major variables affecting thin overlay 

performance. These factors include thickness, mixture type, existing pavement condition, and 

removal of the deteriorated layers. Thin overlays are assumed to vary in thickness from a minimum 

value of 0.75 in to a maximum of 2 in. One stone mastic asphalt (SMA) with PG 70-22 binder and 

a dense-graded mix utilizing PG 64-22 and includes 20% recycled asphalt shingle (RAS) were 

used. A few inches are usually milled off from the surface before placing the thin overlay; 

therefore, analysis is usually conducted after an inch is reduced from the thickness of the asphalt 

layer directly beneath the thin overlay. This allows for a more realistic simulation of the actual 

design practice on the field.  

Initially, traditional critical point response analysis was conducted using the results of 3-D FE 

models. According to the outcome of this analysis, it was found out that the longitudinal strains 

are always greater than transverse strains at the bottom of the overlay system that includes thin 

overlays and the rest of the asphalt concrete (AC) layers. Thin overlays up to 2 in are under heavy 
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influence of compression and shear type of stresses. For all the critical responses studied, as part 

of the overall pavement system, a decrease in values was observed with an increase in the thickness 

of the thin overlay. The structural contribution of thin overlays was manifested as a reduction in 

the vertical strains on top of the subgrade. However, point stress and strain analysis were found to 

be inadequate to describe complex stress and strain states within thin overlays. Hence, resulted in 

inconclusive service life predictions for thin overlay treatments. 

As an alternative approach to the critical point stress or strain analysis, the domain analysis method 

was utilized to better understand the mechanics of thin overlays. The domain analysis method 

utilized was recently introduced by Gamez et al. (2018). Flexible pavement responses to tire 

loading, obtained using advanced FE models, are presented within nine subdomains.  A scalar 

damage indicator is determined, which is unique to a pavement structure (layer thickness and 

material properties) and loading configuration (tire type, axle load, tire–inflation pressure). The 

domain method provided a more representative response spectrum covering the nine subdomains. 

Domain analysis method was used to represent different materials with distinctive failure 

characteristics or existing deteriorated layers prior to thin overlay application. When the effect of 

deterioration was considered in the existing AC section, it was found out that shear strains increase 

considerably for most of the zones in AC layers beneath the overlay. The increase was, however, 

more significant at the bottom of the AC section. 

Finally, the outcome of the numerical analyses was used to predict the thin overlay service life. 

Four overlay thickness and 14 mixture types were considered in this study. A correlation developed 

between the service life and the pavement characteristics; with allowable service lives ranging 

from seven to approximately 15 years. 
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CHAPTER 1 - INTRODUCTION 

1.1 INTRODUCTION 

Thin overlays are considered one of the commonly used preservation techniques on low- 

and high-volume roads. Thin asphalt overlays are commonly used to increase the functional 

performance and durability of asphalt pavements, thus facilitating a smooth ride without increasing 

the structural capacity of pavements. The definition of thin overlay may vary among the states 

according to recent surveys. Surveys data reveal disagreements on the value of what is considered 

appropriate thickness by various agencies for thin overlays (Figure 1-1). For instance, many 

agencies do not define these overlays as a “thin “or “non-thin” asphalt overlay. Variations are also 

observed in the evaluation of average service life by various agencies; values for service life vary 

from seven to 11 years. The factors resulting in such a wide range may include traffic, weather, 

existing pavement conditions (extent and severity of distress) at the time of overlay construction, 

and the use of varying quality standards when thin overlays are placed on interstate highway 

projects versus secondary and local roads (Watson and Heitzman, 2014). 

  

Figure 1-1 Definition of overlay thickness response by various agencies (Watson and Heitzman 

2014). 

Effective implementation of a preservation strategy with strategic planning and timing of 

activities, including thin asphalt overlays, can go a long way in ensuring the longevity of pavement 

at a cost lower than major rehabilitation costs. Thin asphalt overlays are generally more 

economical than relatively thicker dense-graded layers when applied at the right time and 

conditions (Watson and Heitzman, 2014). Thin layers at the pavement surface allow pavement 

engineers to overlay more lane-miles with the same resurfacing budget. As a result, thin overlays 

are often reported to have lower life-cycle costs than other available types of pavement 

preservation solutions (Table 1-1). 
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Table 1-1 Summary of Expected Lives and Costs for Preservation Treatments (Wang et al., 2012) 

Preservation Treatment 
Average Service Life 

(Years) 

Cost Per Lane-Mile 

($) 

Thin overlay 8.4 14,600 

Double chip seal 7.3 12,600 

Micro-surfacing 7.4 12,600 

Slurry seal 4.8 6,600 

 The National Asphalt Pavement Association (NAPA) information series 135 provides a 

detailed and updated summary of thin asphalt overlays, emphasizing the shift of focus from new 

pavement construction to more wide-scale maintenance and rehabilitation activities (Newcomb, 

2009). Selection of pavement maintenance/preservation activities is project based, but agencies 

often have a set of activities designed for the lifetime of different pavement types. NCHRP 

Synthesis Report 222 summarizes three main approaches based on the pavement preservation 

activity selected, namely pavement condition analysis, priority assessment models, and network 

optimization models (Zimmerman, 1995). The report concludes that the most important basis for 

treatment selection is finding the technique that most effectively addresses the deficiencies of 

existing pavement. Efficiency is quantified mostly on the basis of total cost incurred, typical 

service life of the treatment, and life-cycle costs. Additional factors used in the evaluation of 

pavement choices include pavement condition, functional classification, and type of overlaid 

existing pavement (Watson and Heitzman, 2014). 

 According to a 1999 AASHTO survey conducted by the Lead States Team on Pavement 

Preservation, thin asphalt overlays were presented as the most popular preventive maintenance 

treatment for asphalt and composite pavements (AASHTO, 2009). This observation has led to an 

increase in the number of studies on the materials, design, and construction of thin overlays which 

not only focus on optimizing pavement preservation strategies, but also on the development of 

new technologies and improved materials to help extend the service life of pavements; works by 

Cooley and Brown (2003), Walubita and Scullion (2008), and Chou et al. (2008) are only a few 

examples.  

Two major distresses that have been observed in thin asphalt overlays are reflective and 

thermal cracking. Thermal cracks develop as a result of high cooling rates and/or low pavement 

temperature resulting from changes in the weather. Damage is triggered when the thermal stresses 

exceed the strength and fracture resistance of the mix in the overlays. Overlays are also exposed 

to cracking due to traffic loading and temperature variations at the joints and cracks in the 

underlying pavement layer. As a result, reflective cracks are generated in the overlay which 

provides a path for water to penetrate inside the pavement structure, thus leading to roughness, 

spalling, etc.  (Son and Al-Qadi, 2014).  

Different evaluation methods have been proposed for the design of thin asphalt overlays 

under various conditions. The earliest technique involved empirical models in which a threshold 

was created with respect to the existing conditions in order to design certain aspects of pavement. 

Empirical methods are often limited to the conditions (traffic, environment, and materials) where 
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they are developed and cannot be easily generalized to the situations where any one of these 

conditions are outside the expected range. Therefore, the use of empirical method to design and 

understand thin overlay behavior is restricted. To overcome this issue, mechanistic empirical 

pavement design methods were developed in the 1990s (Thompson and Elliott, 1985; Thompson, 

1996; Smith et al. 1986). Along with the nationwide attempt to develop a mechanistic empirical 

method to design new pavements, the concept was also applied to major maintenance treatment 

techniques such as overlays. An attempt by Texas Transportation Institute (TTI) was made to 

develop mechanistic empirical rutting and reflection cracking models for overlay design and 

analysis which were thereafter integrated in an asphalt overlay thickness design and analysis 

system (Zhou et al., 2009). Different analytical approaches, ranging from the simple closed from 

solutions to the complex FE models, have been developed to-date to effectively understand the 

performance of different combinations of overlays in the construction of composite pavements. 

However, none of these mechanistic methods were applied to the thin overlays as they are 

considered non-structural components of pavement structure. 

1.2 PROBLEM STATEMENT 

Despite the progress in developing advanced methods to design new pavements and 

understand pavement’s structural response to make more accurate predictions, our understanding 

of how thin overlays behave is limited. There is no mechanistic based design method so far 

developed for thin overlays. There is number of difficulties and complexities that could be 

attributed to the lack of use of proper mechanistic analysis methods in the case of thin overlays. 

First of all, surface layers are under direct exposure to tire contact stresses, temperature, and aging 

gradients. All of these factors can generate a complex 3-D stress and strain field much more 

different than the rest of the layers where the mechanistic design methods often extract critical 

response. Therefore, classical structural analysis methods such as the layered elastic or 2-D FE 

used in the design of flexible pavements may not capture the mechanics of thin overlay behavior. 

Therefore, our understanding of near-surface failure primarily taking place within the thin overlay 

is limited.    

 Due to the lack of understanding and proper design methods, thickness of thin overlays is 

often determined based on mix type (governed by minimum or maximum lift thickness that can be 

constructed by the selected mix design) or past experiences. Therefore, there exists a wide range 

of service life expected from thin overlays as reported in the literature. It is imperative to improve 

our understanding of the factors affecting the performance of thin overlays to make more efficient 

designs that improve the service life of thin overlays. Therefore, this study proposes the use of 

advanced modeling techniques to understand the behavior of thin overlays and develop tools to 

predict the performance of thin overlays more accurately.   

1.3 RESEARCH OBJECTIVE AND SCOPE 

The principal objective of this study was to investigate the structural response of thin 

overlays using mechanistic methods. The ultimate aim of the project was to provide state highway 

agencies with objective tools to make a decision with respect to the design of thin asphalt overlays. 

For this purpose, certain design variables, including overlay thickness, mix characteristics, existing 

condition of pavement structure before overlay application were considered and their impact on 

asphalt overlays was evaluated. Because thin asphalt overlay consists of the pavement layer which 
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is directly affected by exterior stresses, the analysis was performed on the micro as well as macro 

scales considering mix heterogeneity and non-uniform, 3-D contact stresses.  

In order to accomplish the ultimate goal of the study, a multi-scale modeling approach was 

developed. The research scope includes the following: 

 Local materials scale micromechanical modeling of selected asphalt concrete (AC) mixes 

to quantify contribution of microscale features to cracking of thin overlay mixes (Volume 

I) 

 Global scale pavement modeling to evaluate mechanics of thin overlays and failure 

mechanisms with consideration of microscale features obtained from the micromechanical 

modeling (Volume II) 

 Laboratory testing to provide input to both modeling stages at micromechanical local and 

global pavement scale (Volumes I and II) 

1.4 RESEARCH TASKS AND METHODOLOGY 

The study consisted of modeling tasks at the micromechanical scale and global pavement 

scale. There are various types of laboratory tests conducted to provide input to the modeling 

efforts. The experiments included dynamic shear rheometer for complex modulus of binders, direct 

tensile testing equipment for binder-mortar adhesion property, and complex modulus testing of 

AC mixes. Subsequently, results obtained at small scale are projected on to the global scale using 

linear viscoelastic functions to maintain computational efficiency. The computational models at 

the continuum level can generate efficient responses for different variables that may be critical for 

thin asphalt overlay performance.  

1.5 ORGANIZATION OF THE REPORT 

Chapter 1 provides the introduction and objectives of the project. Chapter 2 provides 

detailed review of the literature in the field of thin asphalt overlays characterization. A detailed 

summary of the experimental, empirical as well as computational methods is also provided. 

Thereafter, information about the experimental programs conducted for this study and the mixes 

used for analysis is given in Chapter 3. Results of the 3-D pavement FE model with and without 

thin overlays are presented in Chapter 4. Values of certain critical responses along the depth of the 

pavement structure are generated and studied to gauge the impact of certain variables affecting the 

performance of thin asphalt overlays. Chapter 5 presents the domain analysis technique and its 

results for this project. Finally, Chapter 6 highlights the importance of the failure criteria defined 

for any pavement problem.  
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CHAPTER 2 - LITERATURE REVIEW 

A thin surface pavement can be defined as either a single or multiple application 

bituminous surface treatment or a layer of hot-mix asphalt less than 2 in thick over an unbound 

base (Anderson et al. 2014). Thin asphalt overlays are useful among the maintenance/pavement 

preservation treatments due to various reasons. One of their most attractive features is that they 

are generally more economical than thicker, dense-graded layers (Watson and Heitzman, 2014). 

Thin layers also allow pavement engineers to overlay more lane-miles using the same weight 

material. Lower life-cycle costs of thin overlays demonstrating satisfactory performance have led 

to their use as a standard practice across agencies. A 2012 survey on pavement preservation 

treatments in cold regions found that in conditions of heavy studded tire usage, crack sealing, 

patching, and thin overlays are the most common treatments used (Zubeck et al., 2012). Apart 

from the usage of traditional dense-graded AC layers, various other specialty mixes have also been 

developed.  

 

 

Figure 2-1 Typical cross section of a surface treatment (Anderson et al., 2014). 

According to the survey conducted as part of NCHRP Synthesis Report 222, it was found 

out that the average service life of a thin overlay constructed in the prescribed situations ranges 

from seven to 11 years (Watson and Heitzman, 2014). The attributes generally responsible for this 

outcome could be traffic, weather, existing pavement condition (and level of distress) at the time 

of overlay construction, and the use of different quality standards when thin overlays are placed 

on interstate projects versus secondary and local roads (Watson and Heitzman, 2014). This may 

be because most pavement structural design procedures facilitate a wearing surface with some 

structural value, whereas thin overlays do not provide any structural potential to the pavement. 

Hence, no structural design methods are directly applicable where thin overlays are constructed.  

 In the NCHRP survey, 61% of the agencies mentioned using thin-surfaced pavements 

because they had the lowest first cost for a hard-surface pavement, while 54% indicated their 

Existing Deteriorated 

Pavement 

(Varying Thickness) 

AC Surface Course  (0.75-2 in) 

Soil Subgrade (6 in are treated/compacted) 

Base Course  

(Granular or Stabilized) 

(3-6 in) 
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selection was based on budget limitations. Survey results were consistent, indicating that 91% of 

local government agencies stated that a thin-surfaced pavement was all they could manage on a 

restricted budget and 81% of the states pointed out that they chose thin-surfaced pavements 

because of low initial costs. Furthermore, only 60% of the agencies indicated that they based the 

thickness and structural design of their pavements on experience and not on a published procedure. 

This percentage was fairly consistent at all levels, except at the federal level (Geoffroy, 1998).  

2.1 FACTORS AFFECTING THIN ASPHALT OVERLAY CONSTRUCTION  

Performance of thin asphalt overlays can be affected on a major or minor scale by any of 

the following (Watson and Heitzman, 2014; Newcomb, 2009; Geoffroy, 1998; Eshan, 2009):   

1. Existing pavement condition and extent/severity of distresses 

2. Traffic loads and volumes 

3. Environmental and climatic conditions (e.g., dust control, temperature, moisture, etc.) 

4. Material availability and selection  

5. Subgrades and drainage 

6. Use of recycled materials 

7. Construction quality 

Design and material selection criteria for maintenance treatments including thin overlays 

may include some or all of the following considerations (Newcomb, 2009):  

1. Provides a smooth surface 

2. Increases frictional resistance 

3. Reduces noise at tire–pavement interface when fine-graded mixtures are used 

4. Increases safety 

5. Reduces agency maintenance costs 

6. Reduces vehicle operating and maintenance costs 

7. Reduces the amount of moisture entering the pavement structure 

8. Eliminates or reduces the loss of surface aggregate 

9. Availability of local materials and work force skilled in applying materials 

10. Maintains grade and slope geometry with little environmental impact 

11. Can be recycled 

12. Can be easily maintained 

13. Increases cost effectiveness 

14. Minimizes life-cycle costs 

The immediate benefits of improvement in performance with a thin asphalt overlay are the 

improvement in ride quality, pavement condition, decreased noise level, and in some cases, 

friction. Labi et al. concluded that the direct gain in ride quality ranges from 18 to 36% decrease 

in the International Roughness Index (IRI); 5 to 55% reduction in rut depth; and 1 to 10% 

improvement in the pavement surface condition rating (Labi et al., 2005). It was also reported in a 

FHWA study that thin asphalt rubber overlays in the Phoenix area resulted in noise reduction by 

5dB (FHWA, 2005). Chou et al. studied thin overlays which were 2 in or less and found out that 

the range of expected performance was quite stable among different projects and did not seem to 

be affected significantly by varying climate and traffic levels (Chou et al., 2008). It was also 
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concluded that overlays of asphalt pavements apparently last longer than those placed on either 

concrete or composite pavements. Belshe et al. analyzed the thin asphalt rubber open-graded 

overlays in Arizona and deduced that they hold the potential for prolonging the jointed concrete 

pavement life by reducing the curling stress in the concrete slabs by reducing the temperature 

differential in the pavement (Belshe et al., 2007). Bausano et al. observed that the thin asphalt 

overlays maintain a high level of service in comparison to chip seals and crack sealing (Bausano 

et al., 2004). Overall, thin overlays can be regarded among the most promising preservation 

method as far as ascertaining performance improvement and longevity are concerned.  

2.2 THIN OVERLAY PAVEMENT DESIGN 

Thickness is considered one of the major design parameters for thin asphalt overlays. In 

order to select a specific thickness for thin overlays, the factors responsible can be ranked in the 

decreasing order of importance: traffic volume, truck volume, classification of the road, costs, 

public policy, and ease of implementation. As such, it is practically impossible to come up with a 

universal plan or chart to easily pick a thickness for a given situation because the fundamental 

aspects affecting the design themselves vary greatly over the length and life of pavement. The most 

practical strategy is thus to compare a pavement design with the design and performance of 

previously constructed treatments and make an up-to-date engineering decision with respect to the 

adequacy of the design. As seen in various studies, agencies have actually provided their opinion 

regarding the measures that can be taken to improve the performance of thin asphalt overlays 

(Geoffroy, 1998; Watson and Heitzman, 2014). One practice is selecting the right candidate project 

for thin asphalt overlay construction. Sometimes thin overlays are used in mill-and-fill operations 

to cover up badly cracked pavements, simply because funding is insufficient to enable additional 

structures or perform the rehabilitation needed. In cases like these, not much reliability can be 

attached to the expected service life of the pavement. Thin overlays should be applied before the 

actual structural failure of the existing pavement starts and should not be placed over a rutted and 

structurally unsound pavement. In the case that all of these best practices are followed in 

conjunction with the existing condition, thin overlays can very well be expected to have a 

reasonable service life. 

The general practice for classifying and selecting the thickness of thin overlays varies from 

state to state. In Alaska, for instance, the minimum thickness for an asphalt overlay is 2 in. Several 

other states define a thin overlay to be no more than 1 in. Some agencies consider 1-1.5 in as a 

conventional overlay instead of a thin bituminous surface treatment (Geoffroy, 1998). A number 

of agencies did not have a well-defined range for the thickness of thin asphalt overlays because 

the thickness allowed depends on the mix type used for surfacing. However, 86% of the 

respondents define thin asphalt overlays as surface courses placed no more than 1.5 in thick. In a 

study conducted by Lee et al., pavement response models were developed based on the idea that 

wearing course must not be considered a structural layer due to the relatively minimal thickness 

of the layers (Cewe, 1966 and Lee et al., 2007).  

In a report by Barker et al., a detailed study of factors that help determine the thickness 

criteria of asphalt surface and base layers in airfield pavements was conducted (Barker et al., 2011). 

The fundamental concept behind the CBR-BETAmin method was the development of a rational 

thickness design procedure using high quality materials in the asphalt and base courses to minimize 

rutting. This is made possible when the shear stresses in the granular base and sub-base have a 
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threshold value which is a function of layer strength. As a result, the design procedure adopted by 

the authors was simply based on the load-related aspects of the problem, i.e., limiting the shear 

stresses in the granular base layer. Similarly, the procedure for determining the base course 

required thickness was based on further reducing the stress to a limited value at the top of the sub-

base. However, when the existing pavements are overlaid, the thickness of the overlay probably 

varies more than the thickness of a layer in a new pavement. During construction and particularly 

during layer compaction, air and mix temperature are important and critical for the construction of 

thin AC layers (Brown et al., 2004 and 2005). Thin AC layers tend to cool faster, thus rendering 

compaction more difficult. This restriction also places a limitation on the minimum thickness 

normally prescribed for thin asphalt overlay construction on the field.   

2.2.1 Mix Design Criteria  

Gap-grade SMA is considered the best performer as compared with conventional dense-

graded mixes even in high traffic heavy load conditions. Commonly used SMA have 12.5 NMAS, 

whereas mixes with 0.37 and 0.18 in NMAS are increasingly used. The common and best practice 

for thin overlays mixes include the use of high polymer-modified asphalt binders at higher content 

(6-8.5%) in a fine and preferably gap-graded mixes. The mixes for such applications commonly 

have high VMA and lower design air voids to increase asphalt binder film thickness. High quality 

aggregates with low absorption is preffered. The use of additives such as lime and silicon dioxide 

(for moisture resistance and friction, respectively) can also improve the performance of thin 

overlay asphalt mixes considerably (Walubita et al, 2008).  

2.2.2 Material Requirements 

In general, the materials used can be selected same as those used for the thicker structural 

surface layers. The only difference is the use of a smaller NMAS for aggregates. However, it was 

shown that the type of aggregate may also affect the performance. In a study by Kansas State 

University, it was concluded that the thin overlay mix prepared with crushed gravel aggregates 

perform better t than that prepared with crushed limestone (Rahman et al., 2011). In a study by 

Texas DOT, granite mixes displayed superior performance in comparison to limestone mixes 

(Walubita et al, 2008). In a recent study by the TTI, it was found that using smaller, high-quality 

aggregate (e.g., Grade 5) results in thinner overlays and increases the longevity of the pavements 

(Pavement Preservation Journal, 2014 and  Wilson et al., 2012). Further evaluation also showed 

that the pavements constructed using such high-quality aggregates demonstrated better rut and 

crack resistance. Using thinner overlays in this respect can lead to a net saving of about 30% per 

square yard in the road maintenance budgets. Also, thin overlays with 0.75 in thickness could also 

last longer than the 2 in overlays with these modifications in material specifications (Pavement 

Preservation Journal, 2014). 

As far as binder is concerned, a high binder grade and content (around 6-8% for thin 

overlay mixes) is commonly used. The use of RAP or RAS is generally limited or not allowed by 

agencies in OGFC or SMA. Only Alabama allows as much as 15% RAP in SMA. Evaluation 

studies by Alabama DOT found out that high RAP could increase the mix tensile strength values 

but would reduce the fatigue life. Also, using high RAP may result in an increase in the potential 

for low temperature cracking; however, another study in Georgia resulted in no major affect even 

when 30% RAP was used in AC mixes (Watson and Heitzman, 2014 and  Watson et al., 2008a). 

Texas also reported promising results with the cracking development within acceptable limits after 
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using RAP in AC mixes (Newcomb, 2009). Table 2-1 presents an overview of different mixes 

used in thin overlay mixes: 

Table 2-1. Thin AC Overlay Mix Properties (Sauber, 2009). 

Types of Thin AC Surface Mixes: 

 Dense-graded systems (HPTO) 

 Open-graded systems (OGFC and AR-OGFC) 

 Gap-graded systems (SMA and SMAR) 

 Ultra-thin systems (Novachip) 

Properties of Dense-Graded Mixes: 

 Dense-graded mixes – Continuously graded, Superpave. high performance thin overlay 

(HPTO) 

 Open-graded mixes – 15-22% voids, fibers and polymer or crumb rubber. Used to reduce 

splash and spray, improve high speed friction and reduce tire noise 

 Gap-graded mixes – SMA and SMAR mixes (0.37 in and 0.49 in). Ultra-thin systems 

(Novachip) 

2.2.3 Laboratory Compaction Level (Ndesign) 

For a long time, many agencies have used the Superpave specified gyration level for 

laboratory compaction as specified in AASHTO M 323. However, it is recommended that, 

especially in the case of thin asphalt overlays, an agency define the locking point of the aggregate 

structure in its AC mixtures and subsequently use that number of gyrations as its Ndesign level while 

maintaining the same binder type. The locking point can generally be defined as the first instant at 

which the specimen height remains the same for three successive gyrations. It was confirmed by 

the Georgia DOT that the locking point density correlated well with the on-field density (Watson 

et al., 2008b). It was also observed that the AC mixes designed at 60 gyrations had almost twice 

the fatigue life as those designed with 110 gyrations (Watson and Heitzman, 2014). 

2.3 THIN OVERLAY MIX TYPES 

Thin overlay SMA with 0.37 and 0.49 in NMAS are considered superior candidates among 

the commonly used alternative mix designs. These can be very cost effective as they can potentially 

last more than 20 years without resurfacing (Newcomb, 2009). Dense- and fine-graded 0.18 in or 

0.37 in NMAS mix has also been used by various agencies. In a study by National Center for 

Asphlat Technology (NCAT), no difference was observed in the rutting resistance of the coarse 

and fine-graded Superpave mixes (Frank, 2013; Luelmo et al., 1971; West et al., 2006 and Kandhal 

et al., 2002). In addition, besides its early inception in Europe, SMA has gained reputation as a 

viable option. Finer AC mixes were found to be rut resistant, could be placed in thinner layers, and 

were less permeable than coarser mixes thus making them good candidates for thin overlays 

(Cooley and Brown, 2003). Agencies have also used OGFCs for thin layer construction to 

effectively reduce the temperature differential between the top and bottom of the slab (Watson et 

al., 2004). Another study in New Jersey reported that OGFC mixes deliver the most benefit for the 

least cost with a very good performance at wet friction numbers, ride quality, and cost effectiveness 

(Bennert et al., 2005). OGFC pavements along with the pavements with crumb rubber are observed 
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to be the quietest one-third of the entire conglomerate of the different kind of pavements (Rymer 

and Donavan, 2009). 

2.4 EVALUATION TECHNIQUES FOR ASPHALT OVERLAYS 

The methodologies used to evaluate thin asphalt overlays can be divided as mechanistic 

empirical (M-E) methods, experimental and field assessments, and computational and theoretical 

techniques. Mechanistic empirical models have been used to define the performance parameters 

of pavements for different applications. Various models have also been developed for asphalt 

overlays to characterize the reflective cracking phenomenon as early as 1932. Using different 

variables, several models have been created to-date, including empirical, extended multi-layer 

elastic, equilibrium-based equations, FE plus traditional fatigue equation based, FE plus fracture 

mechanics, crack band, non-local continuum damage mechanics-based and cohesive crack/zone 

models (Table 2-2). On the other hand, experimental efforts to characterize thin asphalt overlays 

can be at a large scale (on-field or with field extracted cores in the lab) or at a comparatively 

smaller scale (which might include tests on small amounts of AC mixes, binder, or aggregate 

alone).  

In the laboratory, the Hamburg wheel tracking test equipment orasphalt pavement analyzer, 

and Texas overlay tester have been used for rutting and reflective cracking characterization, 

respectively. Indirect tensile tests and dynamic creep tests have also been used quite often (Cooley 

and Brown, 2003; Scullion et al., 2009 and Xie et al., 2005). No standard performance testing 

protocol is applied for thin overlay mixes. In recent years, with the increasing emphasis on 

balanced mix designs, various types of cracking tests were developed.  

Interlayer mixes generally used in conjunction with the overlays were found ineffective as 

far as their tendency to prevent reflective cracking (Kim et al., 2009). However, in order to reduce 

the time and effort spent on experiments, various analytical approaches ranging from the simple 

closed form solutions to the complex FE models were used to understand the performance of 

different kinds of overlays in the construction of composite pavements. For example, Zhu et al. 

developed a 2-D micromechanical discrete element model based on Particle Flow Codes for 

evaluating the interlayer damages for an AC layer over Portland cement concrete (PCC) pavement 

(Zhu and Jia, 2009).  

Baek et al. also utilized the usability of computational techniques by incorporating a linear 

viscoelastic model and bilinear cohesive zone model in a FE model to analyze continuum and 

fracture properties of AC overlays with and without sand mix interlayer which can be used to 

control reflection cracking in pavements (Baek and Al-Qadi, 2011). It was finally concluded that 

the sand mix interlayer increased the resistance to reflective cracking by a factor of 1.17 to 2.45 

on account of the interlayer’s high fracture toughness. A number of research initiatives were also 

undertaken with different combinations of overlays. Cable et al. performed a comparative study of 

results from FE models and field outputs for a case of white topping over asphalt pavements (Cable 

et al., 2005). Inconsistency of results was attributed to experimental errors and localized 

differences in the material properties on test sites.  

Based on the aforementioned studies, it was concluded that overlay thickness is the most 

important factor in defining overlay performance, followed by the thickness of the existing AC 
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layer. A brief summary of the different types of models devised in different researches over time 

is given in Table 2-2:  

Table 2-2 Available Mechanistic Empirical Models  

Category Researchers Approach/Objective Major Variables 

Empirical 

models 

Hall et al. 

(1989) 

To predict the total length of medium 

and high severity reflection cracks in 

AC overlays 

ESALs, thickness, 

age, freezing 

index, measure of 

PCC condition 

NCHRP 1-37 

A Project 

(2007) 

% of cracks in overlays as a function 

of time 

Time, regression 

coefficients 

Extended multi-

layer linear 

elastic models 

Eckman (1990) Usage of MOEBIUS software - 

VanGurp and 

Molenaar 

(1989) 

Usage of FE modeling and BISAR 

Effective modulus 

values for the 

overlay 

Equilibrium 

equations based 

models 

McCullough 

and Seeds 

(1982) 

Equilibrium equations to estimate 

stress and strains in overlay 
- 

FE plus 

traditional 

fatigue equation 

based models 

Coetzee and 

Monismith 

(1979) 

2D FE to study stresses around a 

crack with and without  SAMI1 
- 

Chen et al. 

(1982) 

2D linear plain strain FE under 

moving loads 
- 

Francken and 

Vanelstraete 

(1992) 

2D FE to study effect of interface 

systems on overlays 
- 

Kim et al. 

(2009); Kim 

and Buttlar 

(2002) 

3D nonlinear FE for critical 

responses in asphalt overlays 
- 

Sousa et al. 

(2001) 

Mechanistic empirical based overlay 

design method for reflective cracking 
- 

FE plus fracture 

mechanics 

models 

Jayawickrama 

and Lytton 

(1987) 

Repetitive crack propagation 

calculation until cracks stops growing 

or reaches the overlay surface 

No. of days and 

calibration factors 

Owusu-Antwi 

et al. (1998) 

Number of load repetitions to 

propagate a crack through an overlay 

Thickness, SIF, 

material constants 

Al-Qadi et al. 

(2003) 

Design model to predict service life 

using LEFM 

Thickness, 

modulus 

Crack band 

models 

Joseph et al. 

(1987) 

2D plain strain FE model to study 

effect of various treatments on 
- 

                                                 
1 Stress Absorbing Membrane Interlayer 
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decreasing low temperature reflection 

cracking 

Non-local 

continuum 

damage 

mechanics based  

Wu et al. 

(2006) 

Implicit gradient formulation to 

replace local with non-local strains to 

characterize reflection cracking 

- 

Cohesive 

crack/zone 

model 

The use of cohesive crack model by different researchers under monotonic 

loading. More work needed for impact under repeated loading. 

2.5 COST/ BENEFIT EVALUATION OF THIN OVERLAYS 

In a survey by Wang et al., on comparing the different pavement preservation treatments, 

it was found that although thin asphalt overlays can be the most costly alternative with higher 

initial construction costs, they provided the greatest increase in pavement life (Wang et al., 2012; 

Newcomb, 2009 and Chou et al., 2008). A synthesis performed for the Montana DOT by Cuelho 

et al. summarized survey responses for expected service life and cost per lane-mile for several 

types of preventive maintenance treatments (Cuelho et al., 2006). Based on survey results, thin 

overlays extended pavement life by an average of 5.4 years, chip seals by 1.9 years, crack seals by 

1.7 years, and slurry seals by 1.1 years. Bausano et al. used the PMS data collected on 240 

preventive maintenance projects since 1992 by conducting a reliability-based analysis to determine 

the life expectancy (performance) of five different PM fixes including non-structural thin overlays 

(Bausano et al., 2004). The reliability value for non-structural bituminous overlay was relatively 

constant up to year 3, which then dropped at a fast rate. However, it was still high at year 6 (78%). 

These results were in agreement with MDOT’s guidelines according to which life extension for 

thin overlays is around 5-10 years. For the pavements subjected to surface milling with a non-

structural bituminous overlay, reliability value was close to 100% for the first 4 years. In both 

cases, a distressed pavement was not observed from year 1 to year 4-5.  

Another study by Oregon found that thin asphalt overlays were the most cost-effective 

treatment on a life-cycle basis especially for heavy traffic conditions (Parker, 1993). But at the 

same time, survey responses showed a large variation in the service life of pavements. Some other 

comments from the survey suggested reasons for wide fluctuations in service life could be 

environmental conditions, changes in the construction quality standards (interstate versus 

secondary tracks), regional variations in the material and construction quality, and roads requiring 

rehabilitation identified as only mill and fill because of cost and other factors.  

Seven DOTs reported that the thin asphalt overlays surpassed their expectations. Mixes, 

such as permeable friction course and ultra-thin bonded friction course were used. On the other 

hand, several agencies stated that thin asphalt overlays failed to perform as expected. In the two 

wet climate regions and in the dry no-freeze climate regions, agencies stated that significant 

instances of failure were observed. Three DOTs gave reasons for possible failure which included 

loopholes in pavement rehabilitation selection technique, construction, or traffic load estimation. 

In Massachusetts, it was noted that selection of the right treatment for the right pavement is a 

considerable factor in addition to surface preparation and application of adequate tack coat. In 

Georgia, reflective cracking was listed as a major concern for thin lift overlays. A recent 

comparison by Tennessee in the bid prices of micro-surfacing and thin asphalt overlays revealed 

that thin asphalt overlays are comparable in price to the micro-surfacing preservation treatment 

practice (Watson and Heitzman, 2014).   
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CHAPTER 3 - EXPERIMENTAL PROGRAM 

3.1 MATERIAL DETAILS  

The study utilized various AC mixes from some of the ongoing or completed projects at 

the Illinois Center for Transportation (ICT) of the University of Illinois at Urbana-Champaign 

(UIUC). Asphlat concrete mixes from different categories were selected and used for various 

purposes in the study. Table 3-1 provides a brief summary of the AC mixes considered: 

Table 3-1 Asphlat concrete Mix Types Used for Thin Asphalt Overlay Project 

Project Detail/ Task Mix Properties Selection Criteria 

R27-128  

Testing Protocols to Ensure 

Performance of High Asphalt 

Binder Replacement (ABR) Mixes 

Using RAP and RAS2 (Al-Qadi et 

al., 2015) 

 

Objective: Development of a cost-

effective cracking test.  

 

Project Status: Completed  

N-90 Coarse Graded 

(control mixes)  

Binder PG = 64-22 

NMAS = 0.37 in 

 

This AC mix is well characterized 

utilizing several tests, including 

fracture, modulus, flow, and fatigue, 

as well as micromechanical 

characterization3 (using Digital 

Image Correlation [DIC])  

Specimens from FHWA’s 

Accelerated Loading Facility (ALF) 

tested specimens (Ozer et al., 2018) 

 

Objective: Evaluate the effect of 

RAP and RAS field accelerated-

loading fatigue behavior.  

Project Status: 

Completed 

Lane 1:  

Binder PG = 64-22 

NMAS = 0.49 in 

 

Lane 3:  

Binder PG = 64-22 

NMAS = 0.49 in 

Data from accelerated pavement 

testing are available, as well as data 

on loss in modulus and micro 

cracking damage. In addition, effect 

of aging on AC mixes was analyzed 

and extensive DIC test results And 

effect of AC air void content are 

available. AC mix performed 

significantly diffretent; especially 

lanes 1, 3 and 11, which performed 

relatively best, worst, and 

intermediate, respectively. 

                                                 
2 Recycled Asphalt Pavement (RAP) and Recycled Asphalt Shingles (RAS) 
3 More details in section 4.2 
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R27-42 
Development of an Economical, 

Thin, Quiet, Long-lasting, and High 

Friction Surface Layer (Al-Qadi et 

al., 2013) 

 

Objective: Development of new, 

cost effective, and locally available 

ACs for wearing courses.  

 

Project Status:  

Completed 

SMA:  

Binder PG = 70-22 

NMAS = # 4 (3/16 in) 

Field sections of alternative high-

friction AC surfaces with varying 

overlay thicknesses.  

The properties of the aforementioned three AC mix are presented in detail in Table 3-2:  

Table 3-2 Asphalt Concrete Mix Specifications for the Lab-Prepared Specimens 

      

Project Name/Other Detail R27-128 
ALF 

 (Lane 1) 
ALF 

(Lane 3) 
R27-42 

Property Value 

Bulk specific gravity, Gmb 2.392 2.632 2.631 - 

Binder specific gravity, Gb 1.03 1.03 1.03 1.03 

Maximum specific gravity, Gmm 2.496 2.734 2.742 2.454 

Binder (%) 6.0 5.3 5.2 7.3 

VMA (%) 15.3 16.3 16.3 18.5 

VTM (%) 4.2 3.7 4.0 4.0 

VFA (%) 72.7 77.1 75.1 78.4 

ABR (%) 0.0 0.0 20 0.0 

3.2 MODULUS CHARACTERIZATION  

Complex modulus of each one of the AC mixes used in this study was determined. The 

modulus values were used directly as input into the FE simulations. Experimental data for the 

complex modulus were derived from other projects conducted at ICT or elsewhere (Al-Qadi et al., 

2015). Testing was conducted in accordance with the AASHTO TP 79-15 to determine the linear 

viscoelastic properties of the selected AC mixes. Tests were either conducted using the Interlaken 

Hydraulic Testing Machine or similar hydraulic driven loading frames. Superpave Gyratory 

Compactor was used to produce cylindrical samples of about 6-in diameter and 7.1-in height. 

Asphalt concrete cylinders were then cored out and cut to a diameter between 3.9 and 4 in and a 

height ranging from 5.8 to 6 in. Air void content was generally kept at 7 ± 0.5%. In order to 

measure the axial displacement of these specimens, three 2.75-in extensometers were placed on to 

the surface.  AASHTO TP 79-15 testing standard was followed for specimen conditioning and 

testing at temperatures of 14°F, 40°F, 70°F, 100°F, and 130°F. At each of these temperatures, 
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modulus testing was conducted at five frequencies, 25, 10, 5, 1, 0.5, and 0.1 Hz, in the indicated 

order. Average microstrain value at each temperature and frequency was maintained between 50 

and 75. Appendix A provides a comparison of master curves of the AC mixes. The master curves, 

which represent linear viscoelastic constitutive relationship of these AC mixes, were used as inputs 

to the FE models.  

3.3 ANALYSIS MATRIX 

Major focus was given to evaluating the impact of parameters which generally affect the 

performance of thin asphalt overlays using FE modeling. The analysis matrix given in Table 3-3 

was used throughout the project. Three AC mixes, ALF Lane 1 (L1), ALF Lane 3 (L3) and R 27-

42, were used. Four different thicknesses, 0.75 in, 1.0 in, 1.5 in, and 2.0 in, were applied for each 

material. W and W’ in the last row of the figure represent the original pavement structure and the 

one with a reduced AC layer (by milling off 1 in), respectively.  

 

Table 3-3. Simulation matrix to include 4 overlay thickness, 3 mixes and pavement surface 

condition scenario 

Thickness Mixtures 
ID for No Milling 

Scenario 

ID for 1-in Milling 

Sceanario 

0.75 

ALF Lane 1 (A1) 

ALF Lane 3 (A3) 

R27-42 (R) 

 

75A1, 75A3, 75R 75A1’, 75A3’, 75R’ 

1.0 1A1, 1A3, 1R 1A1’, 1A3’, 1R’ 

1.5 15A1, 15A3, 15R 15A1’, 15A3’, 15R’ 

2.0 2A1, 2A3, 25R 2A1’, 2A3’, 25R’ 

 

Thin overlay maintenance strategy is commonly recommended only when there is a fair 

amount of deterioration in the existing asphalt pavement wearing course. Hence, it is necessary to 

take into account in the analyses the effect of milling any of the pavement structure when thin 

overlays are applied after removal of deteriorated surface layer.   
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CHAPTER 4 - MECHANICS OF THIN ASPHALT OVERLAYS 

This chapter introduces the FE model development and results of pavements with varying 

thickness of thin overlays. Three-dimensional FE modeling of pavements was used to evaluate the 

stress-strain fields within the thin overlays to understand the failure mechanisms. In addition, the 

contribution of thin overlays to overall structural capacity was investigated. Different materials 

were used as thin overlays with distinct modulus characteristics.   

4.1 PAVEMENT 3-D FE MODEL 

Three-dimensional FE models were developed for pavements with thin overlays. The 

objective of this numerical simulation was to characterize critical response parameters within thin 

overlays. These critical responses were used in models to predict permanent deformation and 

cracking. They critical responses are generally affected by environment, base support and 

underlying layer conditions, AC mixture properties, layer thicknesses, and layer densities. The 

effect of these variables were considered in the simulation. 

4.1.1 Pavement 3-D FE Model Development 

In the current pavement design model (Mechanistic Empirical Pavement Design Guide or 

MEPDG), a layered elastic analysis is used to obtain mechanistic responses assuming an 

axisymmetric model, linear elastic materials, uniform and static loading, circular contact area, and 

simplified layer interaction. However, the pavement model used for this research includes features 

such as linear viscoelastic AC, nonlinear cross-anisotropic base layer for thin pavement (and linear 

elastic behavior for both base and subgrade for thick pavements), dynamic analysis and 

measurement of 3-D contact stresses or loads (Hernandez et al., 2016). Linear viscoelastic material 

properties take into account the impact of temperature and loading variations on the pavement 

structure. In contrast to the conventional static loading conditions, an implicit dynamic analysis 

can efficiently account for the regular moving nature of the non-uniform, 3-D traffic loads across 

the pavement sections. As a result, an effective combination of 3-D contact loading in conjugation 

with viscoelastic AC and stress-dependent granular layers, appropriate representative of layer 

interaction, and temperature profiles along the AC layer were used in this study (Yoo et al., 2006). 

A 3-D pavement FE model with the wheel path and infinite boundary elements to simulate far-

field behavior is shown in Figure 4-1. The pavement model used for analysis in this study is the 

result of continued efforts by various researchers at ICT over the years (Elseifi et al., 2006; Yoo 

et al., 2006; Al-Qadi and Yoo, 2007; Al-Qadi et al., 2008; Hernandez et al., 2016) 

Figure 4-1 shows a plan view for the pavement model with three different zones 

highlighted as follows: 1) wheel path, 2) transition zone, and 3) infinite elements. The difference 

in mesh density was applied to account for sensitive responses under the wheel path. In fact, mesh 

sensitivity was carried out for each dimension in the plan view with respect to several variables 

including the maximum longitudinal and transverse tensile strains at the bottom of the AC, 

maximum surface strain, maximum vertical shear strain in each layer, and maximum vertical strain 

in each layer (Hernandez et al., 2016). Tire loading was represented by contact stresses in the 

vertical, longitudinal, and transverse directions. The continuous moving load was numerically 

implemented by specifying an increasing and decreasing amplitude of the contact load upon entry 

and exit on elements in the FE model, respectively. This provided a realistic simulation of a traffic 
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load traversing the pavement surface. To define the interface between different layers, a tied 

contact was used to simulate full bonding between AC layers, elastic slip between AC-to-base 

layers and coulomb friction model for the base-to-subgrade interfaces. Considering the 

aforementioned parameters, analysis matrix was developed and used in Abaqus for pavement 

modeling (Abaqus, 2014). Two pavement structures (introduced in the next section), with varying 

thin asphalt overlay thicknesses (0.75 in, 1 in, 1.5 in and 2 in), different material properties, and 

varying loading conditions were considered. 

 

Figure 4-1 Three-dimensional and plan views of FE model. 

4.1.2 Pavement Structures 

For this research, one pavement structure simulated an interstate highway, referred to as a 

“thick” pavement structure. Two scenarios were considered for thin overlay pavement: 

Application of thin overlays on top of the existing surface, and application of thin overlays after 

milling 1 in from the existing pavement surface.  

 

Figure 4-2 Thick pavement structure considered in this study. 

X L1 L2L1L2

L

bB

B1

B1

B2

B2
z

x

Wheel path

Transition
Zone

Infinite

Elements



18 

 

4.1.3 Tire Loading 

For the loading cases, the 3-D contact stresses, provided by the Michelin Americas 

Research Company for a separate study at ICT, were used (Al-Qadi et al., 2016). The data were 

generated with respect to tire characteristics, such as applied load, tire-inflation pressure, type, life, 

size, and centrifugation. Two different loading cases were applied: wide-base tire and dual-tire 

assembly. Basic information for the two cases is given in Table 4-1 as follows:  

Table 4-1 Tire Loading Details 

Case Loading Cases 
Applied Load 

(kip) 

Inflation Pressure  

(psi) 

L1 
Wide-base tire   

Ref W445 
8.5 100 

L2 
Dual-tire assembly  

D275 
8.5 100 

4.2 PAVEMENT 3-D FE MODEL ANALYSIS RESULTS 

To evaluate the impact of various parameters on the performance of thin asphalt overlays, 

a pavement structure with a specific loading condition was assumed. Dual-tire assembly with a 

nominal width of 10.8 in, applied load of 8.5 kips and an inflation pressure of 100 psi was 

considered. Critical responses studied are the following: 

 Tensile strains along longitudinal and transverse directions at the bottom of the thin overlay 

layer (ɛ11AC, ɛ33AC);  

 Tensile strains along longitudinal and transverse directions on the surface (11Surf, 33Surf); 

 Vertical strains in the thin overlay, base and subgrade (22AC , 22Base, 22Subg);  

 Vertical shear strains in the thin overlay, base and subgrade (23AC , 23Base, 23Subg).  

Normally, tensile surface strains are related to the near-surface fatigue cracking while those 

at the bottom of the AC layer are associated with bottom-up fatigue cracking. Vertical strains in 

each layer affect the permanent deformation behavior of the pavement structure. Figures 4-3 to 4-

6 compare the responses for different thicknesses of the thin overlay for the two different AC mix 

types.  
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Figure 4-3  Critical responses predicted for the case of thin overlays with ALF (Lane 3) and R 

27-42 AC mixes and a thin overlay thickness of .75 in. 

 

 

 

 

 

 

ALF (L 3) ALF (L 3) ALF (L 3) 

R 27-42 R 27-42 R 27-42 

ALF (L 3) ALF (L 3) ALF (L 3) 
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Figure 4-4 Critical responses predicted for the case of thin overlays with ALF (Lane 3) and R 27-

42 AC mixes and a thin overlay thickness of 1.0 in. 

 

   

 

   

Figure 4-5 Critical responses predicted for the case of thin overlays with ALF (Lane 3) and R 27-

42 AC mixes and a thin overlay thickness of 1.5 in. 

 

 

ALF (L 3) ALF (L 3) ALF (L 3) 

R 27-42 R 27-42 R 27-42 

R 27-42 R 27-42 R 27-42 

 



21 

 

   

   

Figure 4-6 Critical responses predicted for the case of thin overlays with ALF (Lane 3) and R 27-

42 AC mixes and a thin overlay thickness of 2.0 in. 

Figures 4-7 to 4-9 show the variation of three different responses for four values of 

thickness for the thin overlay AC layer. Along the depth, as would be expected, compressive 

strains change to tensile trajectory. Vertical strains at top of the subgrade layer are significantly 

higher than those at bottom of base or AC layers due to the layer material properties. Longitudinal 

strains changed orientation at interfaces. The longitudinal strains were found to be greater than 

transverse strains at the bottom of the overlay layer in all cases. It should also be noted that the 

values obtained for the responses at the bottom of thin overlay layer were generally low.  

 

 

ALF (L 3) ALF (L 3) ALF (L 3) 

R 27-42 R 27-42 R 27-42 
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Figure 4-7 Critical responses for the thin overlays using ALF AC mixes. 

Results for various critical responses for the thin AC overlay of the ALF mixes are 

presented in Figure 4-9. In the figure plots, the vertical axis represents the values of critical 

responses in µ at the base of thin overlay layer (ac), surface (surf), base (base), subgrade (sub), 

and the legend denotes the thickness of thin overlay layer with the specific mix type. As expected, 

higher vertical strains were calculated over subgrade where the overlay was the thinnest. As 

overlay thickness increased, the vertical pressure on the subgrade decreased. Transverse strains 

were very low at the bottom of the thin overlay layer while those on the surface were significantly 

higher in compression due to contact stresses. The overlay is not thick enough to develop tensile 

strains at the bottom. A similar behavior was observed in the thin SMA overlay  as shown in Figure 

4-8. A comparison of the ALF L3 and SMA is shown in Figure 4-9 for strains developed within 

the thin overlay. Due to modulus difference, responses varied slightly; however, a similar pattern 

with varying structures was observed for both materials.  
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Figure 4-8 Critical responses for the thin SMA overlays. 

 

 

Figure 4-9 Comparison of transverse and vertical strains for different AC mixes and thin overlay 

thicknesses. 

After analyzing the presented results, the following observations are made:  

1. The effect of AC modulus properties on the thin AC overlay responses appeared to be 

minimal even though two distinct mixes were used in the simulations. This indicates that 

the response analysis with linear viscoelastic characterization may not explain the 

0

10

20

30

40

50

60

e33,ac e33, surf e22,ac e22,base e22,sub e23,ac e23,base e23,sub

in



75R 1R 15R 2R

0

5

10

15

20

25

30

35

e33, surf e22,ac

in



75A3 1A3 15A3 2A3 75R 1R 15R 2R



24 

 

differences in the performance of thin overlays. Failure characteristics such as strength and 

cracking of materials have to be incorporated into the analysis.  

2. In contrast, a change in thin AC overlay thickness impacted the responses; especially in 

the lower layers of the structure. This manifests the structural contribution of thin overlays.  

3. The strain response within thin overlays is mainly governed by compression and shear 

strains. The low thickness of the thin overlay results diminishing bending type tensile 

strains. This suggests that conventional experimental characterization and modeling 

methods relying on tensile cracking and fatigue damage may not be applicable to the 

analysis and design of thin overlays. 
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CHAPTER 5 - ANALYSIS OF THIN ASPHALT OVERLAYS USING 

DOMAIN ANALYSIS METHOD 

As presented in Chapter 4, the FE analysis of a pavement with a thin overlay was conducted 

using traditional point stress and strain analysis. Traditional point stress or strain analysis was 

successfully used to translate critical pavement responses to pavements service life. However, 

point response analysis generally suffer for near-surface analysis of pavements where the 3-D 

complex stress and strain fields prevail due to non-uniform nature of tire contact stresses. Due to 

the relatively limited AC thickness of thin overlays to withstand vehicular and environmental 

loading, it is necessary to utilize a different approach.  The domain analysis method was introduced 

recently to alleviate the problems emanating from traditional point response analysis (Gamez et 

al., 2018). The domain analysis is a volumetric analysis of the critical subregions in a pavement 

structure through a normalized scale parameter representing the multi-axial stress and strain state 

evolving in each region.   

5.1 DESCRIPTION OF THE DOMAIN ANALYSIS CONCEPT   

First of all, the underlying critical stresses and strains for any case are calculated from the 

FE pavement model as explained in Chapter 4. However, because the subdomain of the entire 

pavement model would be considered, it was necessary to study in full detail the stress state of an 

individual element. For any element, the stress states are characterized by normal and shear 

components in the Cartesian coordinate system or by principal stresses and strains along with the 

principal axes. Equations (5.1) and (5.2) define the hydrostatic (𝑝𝜎) and shear (𝑞𝜎) stresses 

calculated using the principal stresses. Similarly, equations (5.3) and (5.4) represent the hydrostatic 

and shear strains. 

𝑝𝜎 =
1

3
(𝜎1 + 𝜎2 + 𝜎3) (5.1) 

𝑞𝜎 = √
1

2
((𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎1 − 𝜎3)2) (5.2) 

𝑝𝜀 =
1

3
(𝜀1 + 𝜀2 + 𝜀3) (5.3) 

𝑞𝜀 = √
2

9
[(𝜖1 − 𝜀2)2 + (𝜀2 − 𝜀3)2 + (𝜀1 − 𝜀3)2] (5.4) 

where: 𝜎1 = maximum principal stress, 𝜎2 = intermediate principal stress, 𝜎3 = minimum principal 

stress, 𝜀1 = maximum principal strain, 𝜀2 = intermediate principal strain, and 𝜀3 = minimum 

principal strain. 

 Using these definitions, the subdomains extracted from the pavement model were analyzed. 

These subdomains had an area of 10.7 ft2 in the 𝑥 − 𝑧 plane and to a depth of 39.3 in into the 

subgrade layer. The location of these domains is in the center of the wheel path and the critical 

loading step was assumed to be when the tire is in the middle of the path (. Initially it was 
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considered that the 2-D plane for analysis was situated in the middle of the length of the pavement 

model. But studies showed that for a moving tire, maximum stresses and strains might not be 

exactly in the middle of the tire footprint. These behaviors could be attributed to the viscoelastic 

nature of the AC mixes, which cause the strain response to follow the loading profile with a delay. 

As a result, the location of the maximum values of each critical response studied might vary in the 

FE subdomain. For this purpose, a volume averaging method was used to incorporate all possible 

values of the 3-D sample size.  

 The steps to perform domain analysis are described in details in the following section. 

Briefly, the procedure includes the following steps: 

1. Calculate multi-axial stress and strain states using the FE analysis in each subregion;  

2. Discretize the pavement domain to identify critical zones;  

3. Extract principal values of stresses and strains in each element included in the subregions; 

4. Compare stress and strain states with respect to a pre-defined failure criterion often 

described using principal stresses; and 

5. Combine the failure potential of critical regions to obtain a scalar that indicates the level 

of damage potential.  

5.1.1 Domains Defined in the Thin Asphalt Overlay Layer 

For the thick pavement cases studied in this project, horizontal and vertical boundaries 

were defined for the subdomains only in the AC section of the pavement structure. A maximum 

horizontal limit equal to the thickness of the thin asphalt overlay was defined in each case. For the 

base and subgrade layers, a horizontal boundary was defined at 3.9 in from the top and bottom of 

each layer. Further, nine sub-zones were created within these larger domains to capture and analyze 

in details the near-surface and other critical layers. 

 

Figure 5-1 Zones created for each 2-D layer in the longitudinal direction. 
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For the thin overlay layer, the vertical boundary for the near-surface subdomains was 

determined around the rounded depth of the first FE in that layer. On the other hand, the horizontal 

boundary was defined by the tire width and an additional 1.9 in in the left and right directions. A 

clear depiction of the zones created for each 2-D layer in the traveling direction is provided in 

Figure 5-1. For the subdomains defined, hydrostatic and shear stresses and strains were calculated 

by obtaining principal values at the centroid of each FE. Figure 5-2 shows a typical 𝑝𝑞 -diagram 

derived in the stress domain for the case when thickness of the thin overlay layer is 1 in (with very 

low temperature profile in the pavement structure). The two other plots at the bottom panel of 

Figure 5-2 describe the shear and mean stress indicators for that particular case. According to the 

results presented in Figure 5-2, the layer is under the effect of compressive mean stresses (negative 

p values) and nearly equivalent magnitudes of shear stress indicator (q values). Which are 

intensified under each tire rib.  

 

Figure 5-2 Stress distributions in the thin asphalt overlay. 

In Figure 5-2, as would be expected, the maximum stress and strain values would be 

obtained near the surface of the pavement structure. High compressive and shear forces were 

evident from the purple triangle markers (pointing to the left) spread largely on the compressive 

side of the plot and the green markers depicting high shear values. It was expected that with the 

increasing thickness of the overlay, compressive stresses should diminish and turn to tensile 

stresses. However, since the thickness of thin overlay does not exceed 2 in in this study, the overlay 

could always be assumed under heavy influence of compressive and shear type of stresses. It 

should be noted that in order for all results to be presented for domain analysis in this project, tire 

load was positioned directly in the middle of the wheel path. More details are provided in Section 

5.2. 
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5.1.2 Domain Parameters 

Principal values of stresses or strains should be obtained and shear (q) and mean stress (p) 

indicators should be calculated for any domain analysis problem. However, in order to accurately 

map the 𝑝-𝑞 values into the space of the failure envelope, the values in Cartesian coordinates need 

to be transformed into polar coordinates. For this purpose, the values of the following parameters 

were extracted from the original plots:  

1. Absolute magnitude of the vector drawn from the point of origin to the exact location of 

any coordinate on the plot; 

2. Angle 𝜃 between the vector and the horizontal axis. 

 

Figure 5-3 Polar plots generated from the Cartesian p-q plots. 

The failure envelope shown by a red line in Figure 5-3 was also generated accordingly. 

The polar coordinate system was divided into 30 different sectors by defining the six radii and 

seven angle boundaries (0,
𝜋

6
,

𝜋

3
,

𝜋

2
,

2𝜋

3
,

5𝜋

6
, 𝜋). As the distance from the failure plane to any data 

point in the response point cloud was very critical in this analysis, a parameter was devised in 

direct correlation with the position of any particular stress/strain point. Weight factors for each of 

the 30 sectors in the polar coordinate system were defined. If the distance from the failure envelope 

to the midpoint of a specific sector is ‘d’, then the reciprocal ‘r’ is given as 1/d. Consequently, the 

sector closest to the failure envelope would have the highest value of the reciprocal. A weight 

factor, wi, was then calculated by normalizing the reciprocals to the maximum reciprocal. 

Therefore, the sector nearest to the failure envelope had a weightage of 1.0. Using the value of 

these weights and the vector magnitude, the point cloud for any zone could be condensed into one 

single cumulative value. Using this concept, the following analysis generated values of cumulative 

responses for comparison. It should be noted that the weight factors were applied to the responses 

lying only within the envelope and the values of wi remain constant for the individual sectors 

(irrespective of the geometry or loading parameters for any given case).  

5.1.3 Failure Criteria Defined for Domain Analysis  

According to Shin et al., in particulate materials shear properties are the most critical; 

whereas in bulk materials, tensile and hydrostatic are the defining parameters. Modified Drucker-
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Prager Cap Model (MDPC) has been used extensively as the constitutive model to describe the 

particulate materials in many fields of engineering (Shin et al., 2015). The major variables in the 

MDPC model are parameters defining elastic behavior, shear failure surface, the cap parameters 

(the cap aspect ratio, R, and the transition surface parameter, ), which outline the shape of the 

cap and the transition surface, and the hydrostatic pressure vs. the inelastic volumetric strain 

relationship which controls the movement of the cap. Parameters R and are considered the most 

significant variables in the MDPC model.  

 Modified Drucker-Prager model defines the yield surfaces in the 𝑝𝑞 plane where 𝑝 is 

normally the mean stress (pressure) and 𝑞 is the Mises-equivalent shear stress. As shown in Figure 

5-4, there are three surfaces in the MDPC model: 1) the Drucker-Prager shear failure surface, 2) 

an elliptical cap limiting the hydrostatic pressure, and 3) a smooth transition zone between the 

failure surface and the cap.  

 

Figure 5-4 Yield surfaces of the MDPC Model in the pq -plane (Shin et al., 2015). 

The Drucker-Prager shear failure surface is defined by the following: 

 𝐹𝑠 (𝑝, 𝑞) = 𝑞 − 𝑝 𝑡𝑎𝑛𝛽 − 𝑑 = 0 
(5.5) 

where: 𝛽 = angle of friction, and 𝑑 = cohesion intercept. 

Moreover, the cap and transition yield surfaces are calculated as follows: 

 

 

𝐹𝑐 =  √(𝑝 −  𝑝𝑎)2 + [
𝑅𝑞

(1 + 𝛼 + 𝛼/𝑐𝑜𝑠𝛽)
]

2

− 𝑅(𝑑 + 𝑝𝑎𝑡𝑎𝑛𝛽) = 0 

 

(5.6) 

 

𝐹𝑡 =  √(𝑝 −  𝑝𝑎)2 + [𝑞 − (1 −
𝛼

𝑐𝑜𝑠𝛽
)(𝑑 + 𝑝𝑎𝑡𝑎𝑛𝛽)]

2

− 𝑅(𝑑 + 𝑝𝑎𝑡𝑎𝑛𝛽) = 0 (5.7) 
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𝑝𝑎 =  

𝑝𝑏 − 𝑅𝑑

1 + 𝑅 𝑡𝑎𝑛𝛽
 (5.8) 

where: 𝑅 = ratio of the horizontal span of the cap on the hydrostatic axis to the original cap height 

(when the transition surface does not exist) and is called the cap aspect ratio, 𝛼 = cap parameter 

that defines the smooth transition surface between the Drucker-Prager shear failure surface and the 

cap and controls only the cap surface, and 𝑝𝑏 = mean effective yield stress and defines position of 

the cap. 

It can be observed from Figure 5-5 that the material behaves elastically when the stress 

state of the specimen lies within the region defined by the three surfaces.  However, as soon as the 

stress state reaches the shear failure surface, specimen fails by shear action. A new yield surface 

is created when the critical stress responses reach the cap, in accordance with the hardening law 

which allows additional plastic deformation after the yielding of the concerned materials before 

the ultimate failure state depicted by the failure surface. At this point, the stress state is on the 

surface of the moving cap because logically it cannot lie anywhere outside the yield surface. 

Consequently, when the stress state reaches a failure surface which lies inside the cap, the cap 

contracts to the stress state on the failure surface. As a result, the position of 𝑝𝑏 decreases, thus 

implying a reduction in the inelastic volume strain (or the dilation of the material) according to the 

hardening law. This dilation stops when the contracting cap reaches the stress state of the failure 

surface.  

  
(a) Caps at two different R values at a given stress state 

when is zero 
(b) Effect of the variation of for a constant R value 

Figure 5-5 Parametric study to analyze the impact of R and 𝛂 in MDPC Model (Shin et al., 2015) 

Shin et al. evaluated the effect of changes in the parameters R and (Shin et al., 2015). 

Figure 5-5(a) shows that a given q value is achieved at a smaller strain value when R is small. 

However, the same q value can be attained albeit at a larger strain value with a larger R. Thus, the 

change in R value is actually only having an impact on the positioning of the cap in order to attain 

the ultimate shear stress level. As such, R is determined to have no impact on the maximum shear 

stress level that can be achieved in a specimen. As for the effect of variable , Figure 5-5 (b) shows 
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that for a larger , the cap is considerably squeezed, which creates issues as when it lowers the 

ultimate failure state excessively. In conclusion, it is recommended that R be determined in 

experimental schemes by taking the value of as 0. The value should be set as small as possible 

unless the results from the MDPC analysis does not produce a converged solution. For the current 

project, values of parameters used for the MDPC model are given in Tables 5-1 and 5-2. 

Table 5-1 Failure Surface Parameters for the Stress Domain (Gamez et al., 2018) 

Failure Surface 

Parameter 

Pavement Layer 

AC Base Subgrade 

𝛽 40° 35° 30° 

𝑑 [ksi] 1.17 0.0058 0.004351 

𝑅 0.25 0.25 0.25 

𝛼 0.73 0.88 1.15 

 

Table 5-2 Failure Surface Parameters for the Strain Domain (Gamez et al., 2018) 

Failure Surface 

Parameter 

Pavement Layer 

AC Base Subgrade 

𝛽 50° 45° 45° 

𝑑 [𝜇𝜀] 100.0 100.0 100.0 

𝑅 0.69 0.70 0.67 

𝛼 0.32 0.26 0.36 

5.2 DOMAIN ANALYSIS APPLICATION TO THIN ASPHALT CONCRETE 

OVERLAY 

Two different materials from the ALF (Lane 3) and R 27-42 projects were used for thin 

AC overlays. In this section, domain analysis results for the eight different base cases are 

presented.  

 As shown in Figure 5-1, nine different subdomains were created within the thin overlay 

extracted from the main pavement structure. A standard location of the 2-D layer right at the 

middle of the wheel path was considered to evaluate the impact of thin overlay design parameters 

such as thickness and AC mix type. Failure envelope properties were considered the same as given 

in Tables 5-1 and 5-2 for all cases.  

Figure 5-6 depicts a comparison of the cumulative strain values calculated using the ALF 

project mix properties. The first digit in the legend indicates the thickness of the overlay; the letter 

indicates that the project (A is for ALF project). The digit following the letter shows if Lane 1 or 

3 from the ALF project is taken into account. The quote mark demarcates whether the effect of 

deterioration of existing pavement is considered or not (the “‘” sign indicates 1-in milled of 

existing pavement prior to overlay).  

For any given pavement structure, it is expected that the zone closest to the surface should 

experience the highest possible stresses or strains in compressive mode. Very high and localized 
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compressive and shear stress values due to direct contact with the loads on surface were observed 

in Zone Z2. On the other hand, Zone Z5 showed a large increase in compressive stresses in 

comparison to any other zones. Zone Z8 has largely high values of shear stresses. The remaining 

six zones on either side of the pavement are not as nearly critical as the three zones right underneath 

the loading contact area. The figure also shows the effect of thickness on each zones’ cumulative 

strain values. A clear reduction in Z5 strain values is observed with increasing thickness; however, 

the other zones do not show a consistent reduction with increasing thickness. This can be attributed 

to the accuracy of FE solution in the elements of subdomains at the surface and bottom (Z2 and 

Z8) where there could be insufficient number of integration points to describe stress and strain 

fields. When the sections with and without milling are compared, an increase in the strain response 

is observed for the sections where thin overlay was applied after milling (sections with quote mark 

‘). 

 

Figure 5-6 Cumulative strain results for the ALF material. 

Similarly, Figure 5-7 shows the results for the domain analysis conducted on R27-42 AC 

mix type for the original pavement structure without milling. Cumulative strain values decrease as 

the thin overlay thickness increases from .75 in to 2 in. The critical zones are under the influence 

compressive and shear stresses.  
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Figure 5-7 Cumulative strain responses for R27-42 mix. 

It is noticed that reliable domain analysis results could not be obtained for some of the 

subdomains within the thin overlays. This could be due to insufficient integration points and mesh 

refinement especially for the elements on the surface. Therefore, the domain analysis was extended 

to additional cases where the thin overlay constitutes one subdomain (with Zones Z1, Z2, and Z3) 

and other subdomains remain within the rest of existing AC layers. The total domain depth is made 

of all of AC layers, including thin overlay and exiting AC layers (thin overlay + AC2 (1.9 in) + 

AC3 (1.9 in ) + AC4 (9.8 in)). Iterations were also performed considering 1-in milled surface. One 

such mean strain plot for the R 27-42 mixes is shown in Figure 5-8. As shown in Figure 5-8, for 

R 27-42 AX mixes, Zone Z2 has a thickness of 0.75 in and the full domain has a thickness of 14.5 

in. In this case, the domain analysis would allow the structural contribution of thin overlays (if 

any) as discussed in the next section.  

 

Figure 5-8 Mean strain responses for the AC mix R 27-42 at 0.75-in overlay.  
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5.2.1 Thin Overlay Contribution to the Pavement Structure 

The domain analysis was modified to cover the entire AC layers with the near-surface 

subdomains (Z1, Z2, and Z3) assigned to thin overlay. This is necessary to determine and evaluate 

more precisely the profile of the responses developed when a thin overlay is laid on the surface. A 

typical contour profile of the responses captured is shown in Figure 5-9.  

 

Figure 5-9 Normal and shear strain responses for R 27-42 AC mix with 0.75-in thick overlay. 

It is clear from the plot that Zone Z2 which comprises the thin overlay section has the high 

compression and shear strains. Quite similarly, Zone Z3 has compressive responses within the layer. 

However, strains gradually transformed from compressive to tensile as depth increased within the 

domain. Zone 6 primarily demonstrates tensile strain behavior. The zones lying at the bottom of the 

domain (at the bottom of AC structure) has high shear and tensile strain values. These values could 

be compared to a case where there is no thin overlay on the surface (a reference case). After a visual 

comparison of the strain values in Figures 5-9 and 5-10, it is quite evident that the pavement without 

thin overlay has higher values of the compressive strains. In addition, the shear strains in general are 

much higher.  

.75” Overlay 
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Figure 5-10 Normal and shear strain responses for the pavement structure without thin overlay 

(R27-42 AC mix). 

In order to evaluate the impact of increase in thickness of thin overlays on the strain responses 

within the subdomains, a comparison of contour profiles for one of the mixes with increasing 

thickness values is presented in Figure 5-11. The results for the smallest thickness of overlay is 

presented in Figure 5-9 for the same mix. With an increase in the thickness of the overlay, 

compressive as well as shear strains in the overlay (zone Z2) are decreased. Normal strains are 

decreased in Zone Z5 too, but there is a gradual increase in the shear components observed in Zone 

Z5. This behavior of shear strains continued as the thickness of the overlay kept increasing. Tensile 

and shear forces are decreased in the region at the bottom of the defined domain (in Regions Z8 and 

Z9). Zone Z6 also shows a slight decrease in the tensile forces. To summarize, almost all the critical 

responses show a decrease in value with increasing overlay thickness, except for an increase in the 

shear strains at the zone constituting the middle part of the AC structure.  
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Figure 5-11 Contour plots for different overlay thicknesses. 

 Figure 5-12 compares the contour profiles of domains with and without 1 in removal from 

the existing AC layer.  

 

Figure 5-12 Strain profile comparison of the pavement structures (a) with and (b) without a 1-in 

milling of the original AC layer surface when 0.75-in thick AC is applied. 

From Figure 5-12, almost all major zones analyzed show an increase in the shear strains 

when 1 in is milled from the existing pavement. While this increase is minimal for the surface zone 

(Z2) and a slightly higher for zone Z5, it is significant for the bottom Zone Z8. In addition, some 

regions in the Zones Z5 and Z6 of Figure 5-12 (b) experience an increase in compressive strains 

as compared to those in Figure 5-12 (a).  

Figure 5-13 shows results for the same thin overlay AC mix and increasing overlay 

thickness for a pavement with existing deterioration in the surface layer. A major reduction in the 

shear and mean components of compressive and shear strains were noticed with increasing 

thickness except an increase in shear strains in some regions of Zone Z5.  
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Figure 5-13 Critical responses for different overlay thicknesses. 

 

It is, therefore, concluded that although the magnitude of response changes, the pattern of 

variation of responses for a single mix is almost the same within varying thicknesses of overlays. 

Hence, a similar analysis was conducted using the ALF (Lane 3) AC mix.  

 

Figure 5-14 Cumulative strain results for the R 27-42 and ALF AC mixes. 
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Cumulative strain results from the domain analysis are shown for the two mixes in Figure 

5-14. The results showed the zoning scenario where surface subdomains (Z1, Z2, and Z3) remained 

completely within the thin overlay, and the rest of the subdomains were within the existing AC 

layers. Figure 5-14 shows that Zone Z8 at the bottom of the pavement structure has greater 

cumulative strain values than any of the other zones. Variation in these values within the zone does 

not correspond to overlay thickness change. The middle zone, which has a lower strain magnitudes, 

does not follow a specific pattern of change. Hence, with the exception of the overlay area, the 

structural contribution of thin overlays appears to be insignificant. Although values are slightly 

greater for the R27-42 mix in some zones, the values are material-independent.  

In summary, although the initial stress or strain response does not significantly change 

when two different materials are used, pavement performance can be drastically different if the 

damage potential of these two materials are different. This is a limitation of some of the 

mechanistic models considering only linear elastic or viscoelastic properties.  Further evaluation 

of critical responses using the concept of failure envelope (as described earlier) is presented in the 

next chapter.  

 The change in overlay thickness did not seem to change the variation of the strains in 

different zones with respect to each other; however, a reduction in the maximum strains at the 

bottom zone of the AC layer are observed with the increasing overlay thickness. This is consistent 

with critical point analysis presented in Chapter 4. Therefore, based on the results of the 

mechanistic analysis presented, it can be concluded that presence of thin overlays may have some 

influence on structural capacity of flexible pavements. In addition, changing the thickness of the 

thin overlay has significant impact on the responses within the overlay which may initiate and 

govern the failure before bottom-up fatigue cracking occurs.   
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CHAPTER 6 - BRIDGING PAVEMENT AND MICROMECHANICAL FE 

MODELS 

One of the major objectives of this research project was to develop a computationally 

efficient method to link micromechanical features of AC (introduced in Volume I) and thin overlay 

response and mechanisms of failure as presented in this volume. The domain analysis method 

introduced as a concept to consider the failure criteria of the pavement sections with a thin surface 

layer. In the domain analysis technique, a fictitious failure envelope is designed to define the 

failure characteristics of the AC mixture used in the overlays. However, to develop a more realistic 

scenario, it is necessary that the envelope reflect the actual failure behavior of the mixes studied 

in this project. In this regard, it is technically appropriate to obtain these values from either some 

actual laboratory or field experimental results or values derived from simulations created using 

FEs methods. The micromechanical model was developed for a commonly used fracture test and 

was presented in Volume 1 Report of this project. The intent of the micromechanical models is to 

evaluate the cracking potential for the AC mixes used in the pavement analysis and domain 

method. Therefore, the scenario that the failure surface used in the domain method could be altered, 

based on the cracking potential of AC mixes determined using micromechanical simulations, is 

presented in this chapter. The concept of polar plots is presented and the impact of the parameters, 

used to define a failure envelope, on the critical responses.  

6.1 POLAR PLOT AND FAILURE ENVELOPE CONCEPT 

The failure envelope and its development, as part of the domain analysis method, is 

presented in Chapter 5. Defining a failure envelope requires determination of the mode in which a 

particular stress or strain value might yield or in other words starts developing inelastic strains. 

Failure envelope should ideally be determined using proper experimental techniques. Each AC 

mixture, depending on some volumetric, micromechanical features, or loading conditions may 

have different failure potentials. Considering some changes in the failure envelope, the impact of 

the position of the failure envelope on the cumulative strain values in different zones could be 

studied.  

The domain introduced in Section 5.2 was considered. In this case the thin overlay was 

subdivided into different subregions. For the ALF Lane 3 AC mix at a thickness of 1 in, polar plots 

for the thin overlay layer with different properties were generated. The analysis was conducted by 

keeping the failure envelope properties as presented in Chapter 5. However, as the weight factors 

for different sectors on the polar plot remained the same, the position of the point cloud to the 

envelope was altered by simply changing the maximum limit of the horizontal axis in order to 

study the impact of changes in the defined material damage potential. As a result, this can be 

implemented as a change in the position of the failure envelope indicating a material with different 

damage capacity for each case. Four different axis limits with a fixed failure envelope are presented 

in Figure 6-1. It can be noticed that as the failure envelope shrinks, the cloud of stress points get 

closer to the failure surface indicating higher potential of damage.  
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Figure 6-1 Sensitivity analysis for the failure criteria defined in 1-in thick overlays illustrating 

the variations in the failure potential of a material (A: lowest damage potential and D: highest 

damage potential). 

The corresponding value of the cumulative strains for each zone for the four different cases 

of failure envelop is given in Table 6-1. As expected, with the failure envelope moving closer to 

the cloud of points, cumulative strain values exhibit a significant increase and approach a value of 

1.0. 

Table 6-1 Cumulative Strains for the Cases Defined in Figure 6-1 

Case Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 

A 0.14 0.0 0.19 0.0 0.14 0.0 0.06 0.08 0.06 

B 0.24 0.0 0.33 0.0 0.24 0.0 0.11 0.13 0.11 

C 0.71 0.0 1.0 0.0 0.71 0.0 0.33 0.4 0.33 

D 0.74 0.0 1.03 0.0 0.74 0.0 0.34 0.41 0.34 

Figure 6-2 shows the results for the analysis carried out for the two different thin overlay 

AC mix types (R 27-42 and ALF Lane 3). The effect of existing damage in the AC2 layer (1.9 in 

existing surface layer) was also accounted for. 

 

 

A B 

C D 
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Figure 6-2 Polar plot analysis for two different AC mixes without and with the impact of existing 

damage to the AC layer. 

where: 

Case 1 = ALF Lane 3 AC mix without the damage in existing AC Layer 

Case 2 = ALF Lane 3 AC mix with damage in existing AC Layer 

Case 3 = R 27-42 AC mix without the damage in existing AC Layer 

Case 4 = R 27-42 AC mix with damage in existing AC Layer 

Corresponding cumulative strain values for all the four cases are given in Table 6-2. 

Table 6-2 Cumulative Strains for the Cases Defined in Figure 6-2 

Case Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9 

1 0.35 0.37 0.48 0.45 0.35 0.37 0.37 0.50 0.37 

2 0.36 0.37 0.49 0.47 0.36 0.37 0.40 0.53 0.4 

3 0.36 0.38 0.48 0.42 0.36 0.38 0.37 0.50 0.37 

4 0.36 0.37 0.49 0.44 0.36 0.37 0.40 0.53 0.40 

The values in Table 6-2 confirm the initial assumption of this analysis that the value of 

weight factors remained the same for all the sectors since pavement structural response was not 

significantly altered due to overlay thickness change and different material modulus. As the point 

cloud for the pavement structure did not drastically change in position, the cumulative strain values 

1 2 

3 4

D 
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presented in the table are not different from each other. However, a change in the failure envelope 

properties for any one of the cases made a remarkable difference in the cumulative strain values 

calculated. For example, Figure 6-3 shows the effect of change in failure envelope properties for 

the thin overlay with ALF Lane 3 AC mix properties and an existing damaged AC2 layer. 

              

              

Figure 6-3 Sensitivity analysis for the failure criteria defined for the ALF Lane 3 AC mix type 

considering deterioration in the existing AC layer. 

Comparing Figures 6-2 and 6-3 shows that an increase in the values of cumulative strains 

was observed when a change in the failure criteria was made and the point cloud moved closer to 

the envelope defined. An additional observation regarding the responses recorded for different 

zones could also be made. In Chapter 5, it was shown that Zones Z2, Z5 and Z8, out of all the nine 

separate zones, displayed the highest variation in the critical response values as per the contour 

plot.  

6.2 SENSITIVITY OF RESPONSE TO CHANGES IN FAILURE ENVELOPES  

For the purpose of comparing changes to the polar plot for a certain thickness of the thin 

overlay and a fixed failure envelope, the approach adopted in preceding sections was sufficient. 

However, in order to carry out a more robust analysis across different thicknesses of the overlay, 

simply changing the axis limits produces inconclusive and unreliable results. To solve this 

problem, a fixed value is kept for the horizontal axis limit and the properties of the failure envelope 

are changed. In this project, no actual experimental or field results were available to obtain failure 

properties for a particular mix, therefore, a hit and trial method was adopted to manually generate 

different envelopes. In this process, values were assumed for the basic envelope parameters for 
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every case, signifying the damage capacity of a specific overlay material. Table 6-3 gives basic 

attributes of the different cases considered.  

Table 6-3 Properties of Different Failure Envelopes in the AC Layer for Strain Domain 

Failure Surface 

Parameter 
Case 1 Case 2 Case 3 Case 4 

𝛽 50° 50° 50° 50° 

𝑑 [𝜇𝜀] 5.0 20.0 50.0 100.0 

𝑅 0.30 0.30 0.30 0.69 

𝛼 0.15 0.32 0.32 0.32 

For all the four cases in Figure 6-4, the failure envelope is visibly seen expanding farther 

from the 𝑝-𝑞 point cloud as shown. 

  
Case 1 Case 2 

  
Case 3 Case 4 

 

Figure 6-4 Different failure envelopes generated for the thin overlay analysis. 

As seen in Figure 6-4, all four cases theoretically represent four different thin overlay 

materials for a specific overlay thickness. It should be kept in mind that the input details in the 

Drucker-Prager Cap Model involved the influence of elastic behavior, shear failure surface, cap 

parameters (R and α), hydrostatic pressure, and the inelastic volumetric strain relationship. 

However, the subdomain analysis conducted in the previous chapter showed that the tensile and 

compressive distresses were more significant in comparison with the shear forces for a pavement 

with thin asphalt overlay. For the purposes of this analysis, a failure envelope as shown in Figure 

6-5 was developed for the four cases. 
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Figure 6-5 Modified failure envelope generated for the thin overlay analysis. 

To figure out the actual impact of each case, cumulative strain values for a full AC section 

along a single 2-D layer were compared. Figure 6-6 compares the strains in different zones of one 

of the 2-D layers in the traveling direction for a thin overlay thickness of 1 in. This layer was 

selected based on the maximum value of the cumulative strains generated in a layer calculated on 

the basis of equation (9) as follows: 

 
𝐶𝜀𝑐𝑎𝑠𝑒  =  

∑ ∑ ∑ |(𝑝𝑞)𝝈,𝜺|
𝑗𝑙

𝑎𝑗𝑙 ∗ 𝑤𝑖
𝑠
𝑖=1

𝑒
𝑗=1

𝑧
𝑙=1

𝐴𝑧
 (6.1) 

where: 𝐶𝜀𝑐𝑎𝑠𝑒 = cumulative stress/strain of the specific load case 

|(𝑝𝑞)𝜎,𝜀|
𝑗𝑙

 = vector magnitude of the element 𝑗 for a total of 𝑒 elements within the zone 𝑙 

for a total of 𝑧 zones 

𝑎𝑗𝑙 = area of element 𝑗 within zone 𝑙 

 𝑤𝑖 = weight of the specific sector 𝑖 for a total of 𝑠 sectors 

 𝐴𝑧 = total area of zone 𝑧 

In the previous analysis, the 2-D plane for calculating the strains was situated at the mid-

length of the subdomain structure. However, a comparison of 𝐶𝜀𝑐𝑎𝑠𝑒 values for the 2-D planes in 

the traveling direction showed that the maximum strain states occurred right behind the middle of 

the tire footprint. This might be caused by the viscoelasticity of AC layers which results in a delay 

between the loading and related strain response.   
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 Figure 6-6 Comparison of strains in Zones Z1, Z2 and Z3. 

The ‘t’ and ‘b’ in the legend represent the “top” and “bottom” of a given zone. It was 

observed that the strain values decreased from Case 1 to 4. Similar comparisons for other zones 

are made in Figures 6-7 and 6-8.  

 

Figure 6-7 Comparison of strains in Zones Z4, Z5 and Z6. 

0

1

2

3

4

5

6

7

8

9

2D_ACZ1t 2D_ACZ1b 2D_ACZ2t 2D_ACZ2b 2D_ACZ3t 2D_ACZ3b

C
u

m
u

la
ti

v
e 

S
tr

ai
n

 V
al

u
e 

(
)

Case 1 Case 2 Case 3 Case 4

0

1

2

3

4

5

6

7

8

2D_ACZ4 2D_ACZ5 2D_ACZ6

C
u

m
u
la

ti
v
e 

S
tr

ai
n
 V

al
u
e 

(
)

Case 1 Case 2 Case 3 Case 4



46 

 

  

Figure 6-8 Comparison of strains in Zones Z7, Z8 and Z9. 

Zones Z4 to Z6 also show a response reduction from Cases 1 to 4. A similar pattern of 

variation was observed for the bottommost Zones Z7 to Z9. As mentioned in Chapter 5, maximum 

strains were generated in Zones Z2, Z5, and Z8. Based on this analysis, it could be suggested that 

the material represented by Case 1 for a specific overlay thickness was the one with the highest 

damage potential. Similar conclusions were made for other thicknesses of the thin AC overlay as 

well. Figures 6-9 and 6-10 provide the values of overall strains in the 2-D pavement section and 

3-D strains below the AC layer, respectively. 

    

Figure 6-9 Comparison of overall strains in the 2-D pavement section. 
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Figure 6-10 Comparison of 3-D strains below the AC layer. 

As a result, Case 1 material with the highest value of strains might represent an overlay 

structure with the least service life. Table 6-4 gives the numerical values of maximum cumulative 

strains for a 2-D layer for different cases and overlay thicknesses.  

Table 6-4 Maximum Cumulative Strain ( Values for a 2D Layer in The Traveling Direction 

 
Case 1 Case 2 Case 3 Case 4 

Overlay Thickness (in) 

0.75 163 130 96 87 

1.0 141 115 89 81 

1.5 130 106 81 74 

2.0 113 93 74 68 

In confirmation with the theoretical assumptions of a failure envelope made earlier, Case 

1 had the highest value of strains. Also, in accordance with the conclusions made in Chapter 5, the 

thickest overlay had the least value of strains. If it were considered that the case with minimum 

strains had the highest service life (L), then the respective L values would be easily mapped out.  

6.3 SERVICE LIFE ESTIMATION  

Based on information in the literature, the service life of thin overlays ranges from 7 to 11 

years. Therefore, if the case with least thickness and worst material is given an ‘L’ value of seven 

years, then rest of the values for L would be mapped accordingly. Table 6-5 shows a clear 

progression in the service life values as the thickness of thin overlay increases. With the increasing 

thickness of the thin overlay and better AC mix type used, the pavement requires less frequent 

maintenance. The values range from a minimum of seven to a maximum of approximately 15 
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years, see Figure 6-11. If the case with the highest service life is considered the Best (B) performer, 

then the rest would be indicated as Worst (W) or Intermediate (I(1) and I(2)) performers.  

Table 6-5 Expected Service Lives (L) for Different Cases 

 
Case 1 Case 2 Case 3 Case 4 

Overlay Thickness (in) 

0.75 7.0 8.5 11.2 12.4 

1.0 7.9 9.5 12.1 13.2 

1.5 8.5 10.2 13.3 14.3 

2.0 9.7 11.6 14.4 15.5 

 

Figure 6-11 Service life vs. thin overlay thickness for different material types. 
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CHAPTER 7 - FINAL REMARKS 

A mechanistic evaluation of thin overlay as a pavement preservation treatment method is 

presented. A three-dimensional (3-D) finite element (FE) pavement model was developed to 

understand mechanics of thin overlays and their overall contribution to pavement system. The 3-

D FE model was coupled with the domain analysis to better understand potential failure 

mechanisms in thin overlays as well as to incorporate various mixture characteristics to overlay 

performance. In order to incorporate asphalt concrete (AC) mixture characteristics other than 

modulus, a micromechanical model was developed for the AC mixes commonly used in surface 

overlays and modeled using a fracture test. The micromechanical model development and analysis 

results for various AC overlay mixes were presented in Volume 1 Report of this project. The AC 

mixes’ fracture characteristics were determined using the micromechanical models. The output of 

micromechanical models was used to bridge microscale modeling to the 3-D FE pavement models 

to predict overlay life cycle. The following findings may be drawn from this study:  

1. Based on critical point stress and strain analysis,  the longitudinal strains are always greater 

than transverse strains at the bottom of the overlay as well as other AC layers.  

2. Thin overlays up to 2 in are usually under compression and shear type stresses.  

3. As thin overlay thickness increase, the pavement responses decrease, suggesting the 

structural value of thin overlays.   

4. Point stress and strain analysis is inadequate to describe complex stress and strain states 

within the thin overlays. Therefore, analysis results may be inconclusive to predict thin 

overlay service life.   

5. The effect of material modulus properties on the thin AC overlay responses appeares to be 

minimal. Hence, failure characteristics of materials may need to be incorporated into the 

analysis.  

6. Using domain analysis, a uniform decrease in the cumulative strains in the overlay section 

(zone Z2) was observed with the increasing thickness of the overlay. In general, high 

compressive and shear strains were observed in the surface AC layers. A shift from 

compressive to tensile behavior was noticed in the AC layers below the surface overlay.  

7. Deterioration in existing AC layers was considered. In that case, shear strains increased 

considerably for most of the AC layer zones  beneath the overlay. The increase was, 

however, more significant at the bottom of the AC section.  

8. Using the range of service lives expected from thin overlays and domain analysis output, 

it was demonstrated that allowable service lives can be between 7 to approximately 15 

years with the thickest overlay and strongest AC mix type having highest value of service 

life.  



50 

 

The following conclusions are made:  

1. Current experimental methods used to characterize AC mixes may not be adequate to 

describe the structural response and damage occurring in thin overlays.  

2.  It is recommended to utilize domain analysis in lieu of critical point responses. Domain 

analysis allows better characterization of complex stress and strain states within the thin 

overlays. In addition, it allows the incorporation of material’s failure characteristics that 

can be used in predicting the thin overlay service life. 

3. Domain analysis shows that the thickness of thin AC overlays can govern the responses 

within the thin overlay and, therefore, would be a dominant factor in pavement 

performance. 
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APPENDIX A: SUMMARY OF MIXES USED  

 

 

Figure 0-1  Curves for the AC layers below thin AC overlay. 
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Figure 0-2 Master curve for the R27-42 AC mix type. 

 

Figure 0-3 Master curve for ALF (Lane 3) AC mix type. 
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APPENDIX B: PATH ANALYSIS RESULTS FOR 3D PAVEMENT FE 

MODELS 

 

 

Figure B-1 Mix: R 27-42, Case: 0.75 in overlay thickness. 
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Figure B-2 Mix: R 27-42, Case: 1.0 in overlay thickness. 
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Figure B-03 Mix: R 27-42, Case: 15.0 in overlay thickness. 
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Figure B-4 Mix: R 27-42, Case: 2.0 in overlay thickness. 
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Figure B-05 Mix: ALF Lane 3, Case: 0.75 in overlay thickness. 



64 

 

 

Figure 0-6 Mix: ALF Lane 3, Case: 1.0 in overlay thickness. 
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Figure 0-7 Mix: ALF Lane 3, Case: 15.0 in overlay thickness. 
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Figure B-08 Mix: ALF Lane 3, Case: 2.0 in overlay thickness. 
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APPENDIX C: PAVEMENT DOMAIN ANALYSIS RESULTS (STRAINS) 

USING 3D FE MODELS 

 

Figure 0-1 Mix: R 27-42, Case: 0.75 in overlay thickness.  

 

Figure 0-2 Mix: R 27-42, Case: 1.0 in overlay thickness. 
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Figure 0-3 Mix: R 27-42, Case: 15.0 in overlay thickness. 

 

 

Figure 0-4 Mix: R 27-42, Case: 2.0 in overlay thickness. 
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Figure 0-5 Mix: R 27-42, Case: 0.75 in overlay thickness (with a reduced thickness of the AC 

section). 

 

 

Figure C-6 Mix: R 27-42, Case: 1.0 in overlay thickness (with a reduced thickness of the AC 

section). 
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Figure C-07 Mix: R 27-42, Case: 15.0 in overlay thickness (with a reduced thickness of the AC 

section). 

 

 

Figure C-8 Mix: R 27-42, Case: 2.0 in overlay thickness (with a reduced thickness of the AC 

section). 
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Figure C-9 . Mix: ALF Lane 3, Case: 0.75 in overlay thickness.  

 

 

Figure C-010 Mix: ALF Lane 3, Case: 1.0 in overlay thickness. 
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Figure C-11 Mix: ALF Lane 3, Case: 15.0 in overlay thickness. 

 

 

Figure C-12 Mix: ALF Lane 3, Case: 2.0 in overlay thickness. 
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Figure 0-13 Mix: ALF Lane 3, Case: 0.75 in overlay thickness (with a reduced thickness of the 

AC section). 

 

 

Figure 0-14 Mix: ALF Lane 3, Case: 1.0 in overlay thickness (with a reduced thickness of the 

AC section). 
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Figure 0-15 Mix: ALF Lane 3, Case: 15.0 in overlay thickness (with a reduced thickness of the 

AC section). 

 

 

Figure C-16 Mix: ALF Lane 3, Case: 2.0 in overlay thickness (with a reduced thickness of the 

AC section). 
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