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[bookmark: EXCUTIVE_SUMMARY][bookmark: _Toc92870334][bookmark: _Toc178241001]Executive Summary

Over the last three decades, pavement engineers have collected a substantial amount of construction and field data, one of the most notable achievements being the creation and ongoing development of the Long-Term Pavement Performance (LTPP) database. This database encompasses detailed information on 2,581 pavement sections across various U.S. states, territories, and Canadian provinces, including data on climate, traffic, pavement structure, construction history, and pavement performance. In addition to the LTPP, State Highway Agencies (SHAs) have developed their own Pavement Management System (PMS) databases, which store design information, construction history, and field performance data crucial for making informed decisions in pavement construction and management.
Despite the vast amount of data available, there has been insufficient research focused on leveraging these resources to develop predictive models for innovative paving materials. These materials, which include Stone Matrix Asphalt (SMA), warm mix asphalt, modified asphalt binders, and environmentally friendly options that incorporate recycled materials such as Recycled Asphalt Pavement (RAP), Recycled Asphalt Shingles (RAS), and waste plastic, have been increasingly adopted across the United States. However, the systematic organization and analysis of data related to these materials remain underdeveloped.
The primary objective of this project is to perform a comprehensive data mining effort on the existing pavement data, particularly focusing on innovative paving materials. The research seeks to collect, organize, and analyze data from the LTPP database to develop predictive models that can assess pavement performance, material properties, and the effects of traffic and maintenance. The ultimate goal is to provide highway agencies with the tools needed to improve pavement design, maintenance, and management practices, thereby enhancing the durability and life-extension of transportation infrastructure.
This project employed several methodologies to identify the use of modified binders within the LTPP database. The analysis involved using direct information from the database and reviewing state specifications. The findings revealed limitations in data availability and consistency, underscoring the need for improved data management practices within the LTPP framework.
A detailed review of the specifications for Performance Grade (PG) binders across different regions of the United States was conducted to understand the regional variations and their impact on pavement performance. The report highlighted how different states employ various PG binders to optimize performance, durability, and cost-effectiveness. For instance, the Northeastern states face significant temperature variations and often use binders like PG 64S-22 and PG 64E-22 for standard and high-performance applications, respectively. In contrast, the Southern states, which experience high temperatures and humidity, often utilize PG 76-22 PMA (Polymer Modified Asphalt) for areas requiring greater temperature resistance.
In the Midwest and Western regions, the diversity of PG binders is influenced by climatic conditions and performance needs, with modified binders such as PG 64-22 and PG 70-28 being common in the Midwest, and rubber-modified binders being prevalent in Western states like Nevada and New Mexico for enhanced performance in extreme conditions. The report also detailed the application and experience of modified binders across various U.S. states and Canadian provinces, revealing a growing interest and confidence in the potential benefits of these materials.
The research further delved into the LTPP database, utilizing both the Standard Data Release (SDR) and Analysis-Ready Materials Dataset (ARMAD) methods to identify pavement sections with modified binders and evaluate their performance. The analysis of these datasets has provided valuable insights into the use of modified binders in asphalt pavements across North America. The research also highlighted gaps in data coverage and the challenges of evaluating these binders due to inconsistencies in data collection and reporting.
The findings of this project emphasized the importance of ongoing research and collaboration among transportation agencies to optimize the use of modified binders in pavement engineering. The recommendations include further standardization of data collection practices within the LTPP framework and continued exploration of innovative materials to ensure the long-term sustainability of pavement infrastructure.
In conclusion, this project provided a comprehensive evaluation and prediction of the performance of innovative paving materials through systematic data mining of the LTPP and PMS databases. The outcomes of this research will serve as a valuable resource for highway agencies, supporting their efforts to enhance the design, maintenance, and management of pavement infrastructure, ultimately leading to more durable and sustainable transportation systems.
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Chapter 1 [bookmark: Chapter_1.__Introduction][bookmark: _Toc92870335][bookmark: _Toc178241002]  Introduction


1.1 [bookmark: 1.1_Problem_Statement][bookmark: _Toc92870336][bookmark: _Toc178241003]Problem Statement 
Over the past three decades, pavement engineers have amassed a considerable amount of construction and field data, culminating in one of the most significant achievements in the field: the establishment and continuous development of the Long-Term Pavement Performance (LTPP) database. This extensive database houses detailed information on 2,581 pavement sections across 90 U.S. states, territories, and Canadian provinces. The LTPP database is a rich resource, containing comprehensive data on various critical factors, including climate conditions, traffic loads, pavement structures, construction histories, and the performance of these pavements over time. Such an extensive compilation of data has provided invaluable insights into the long-term behavior of pavement materials and structures under diverse conditions.
In parallel to the LTPP, local State Highway Agencies (SHAs) have been proactive in collecting their own sets of data, focusing on design information, construction histories, and field performance outcomes to build their Pavement Management System (PMS) databases. These PMS databases have become instrumental in guiding pavement construction and management decisions at the state level. They allow agencies to monitor pavement conditions, predict maintenance needs, and optimize the allocation of resources to ensure the longevity and safety of road networks. Recognizing the strategic importance of data-driven decision-making, the Federal Highway Administration (FHWA) has highlighted asset management, including inspection, maintenance, and emergency response for urban infrastructure, as a key area for future development. This recognition underscores the growing importance of comprehensive data collection and analysis in the effective management of the nation's infrastructure (FHWA 2018).
In recent years, the wealth of data housed within these databases has prompted researchers to apply advanced data mining techniques and machine learning algorithms to develop predictive models for pavement performance. For instance, in 2022, the research team behind this proposal extracted 2,699 data points from the LTPP database and successfully developed a ThunderGBM-based ensemble learning model to predict pavement rideability deterioration (Song et al. 2022). This model represents a significant step forward in leveraging data-driven intelligence to anticipate pavement issues before they manifest. Similarly, other researchers have applied artificial intelligence technologies to forecast pavement distress, with notable studies by Ziari et al. (2015), Kaya et al. (2020), and Marcelino et al. (2021) contributing to the growing body of knowledge in this area. However, these studies have predominantly focused on conventional hot mix asphalt (HMA) materials, which limits the applicability of the developed models to these traditional materials.
Since the early 2000s, there has been a concerted effort among pavement engineers to explore and implement new asphalt mixtures that are both more durable and sustainable than conventional HMAs. These efforts have led to the deployment of various innovative materials across numerous states. For example, Stone Matrix Asphalt (SMA), characterized by its gap-graded aggregate skeleton and high binder content, has been extensively used on heavily trafficked highways (Celaya and Haddock 2006). Beyond the use of different aggregate structures, a variety of additives and modifiers have been introduced into asphalt binders to improve the compatibility and performance of these mixtures. Warm mix asphalt and highly modified asphalt binder (HiMA), the latter typically containing more than 5% modifier by weight, are examples of these advanced materials (Liu 2010, Liu and Liu 2019). In response to growing environmental concerns, there has also been an increased focus on incorporating recycled materials into asphalt mixtures. This includes the use of recycled asphalt pavement (RAP), recycled asphalt shingles (RAS), and waste plastic, which not only improve the sustainability of paving materials but also contribute to waste reduction efforts.
As these innovative materials are implemented, the corresponding construction and performance data have been systematically added to both the LTPP and state PMS databases. For example, in 2021, the Missouri Department of Transportation (MoDOT) collected performance data from test sections containing HMAs modified with ground tire rubber and varying contents of waste plastic (Rath et al. 2023). Despite the collection of such valuable data, there has been a noticeable lack of systematic efforts to organize this information and develop performance prediction models tailored to these innovative paving materials. This gap in research is particularly concerning given the growing adoption of these materials and the need to understand their long-term performance.
This study proposed to address this gap by conducting systematic data mining on the application of innovative paving materials, utilizing both the LTPP and local state PMS databases. The research team created a comprehensive database that includes detailed design, construction, and performance data for these innovative mixtures. By doing so, the study aims to provide an insight that will aid in the selection, design, and management of more durable and sustainable pavement materials, ultimately contributing to the advancement of pavement engineering and infrastructure management.

1.2 [bookmark: _Toc92870337][bookmark: _Toc178241004]Objectives 
The primary objective of this study is to conduct a comprehensive evaluation of innovative paving materials using data from the LTPP database. The research aims to systematically identify, collect, organize, and analyze data related to the use of modified asphalt binders, focusing on their performance characteristics, applications, and regional variations across different states. By cross-referencing the LTPP data with state-level specifications, the study seeks to provide a clearer understanding of the factors that influence the performance and durability of modified binders in real-world conditions. This includes evaluating the impact of traffic loads, climatic conditions, and material composition on pavement life and effectiveness. Furthermore, the research will emphasize the cost-effectiveness and environmental benefits of using modified binders, particularly in enhancing pavement longevity and reducing maintenance needs. In addition, recommendations will be made to improve the consistency and reliability of data collection and reporting practices within the LTPP framework, facilitating more informed decision-making in future research and practical applications.
1.3 [bookmark: 1.3_Expected_Contributions][bookmark: _Toc178241005]Methodology 
To accurately identify the use of modified binders within the LTPP database, the following methods were employed:
1. Direct Information Retrieval from the LTPP Database: This method involved extracting specific data related to modified binders directly from the LTPP database. The process required identifying relevant criteria and codes associated with modified binder usage within the dataset. These codes were carefully analyzed to locate pavement sections that utilized modified binders. However, this approach faced challenges due to the potential for incomplete or outdated records within the database. To mitigate these limitations, the research team employed a systematic review of the available data, ensuring that all relevant sections were identified despite the inconsistencies in record-keeping. The thorough cross-referencing of binder-related codes and project details within the LTPP dataset was critical in capturing the extent of modified binder usage across various pavement sections.
2. Cross-Referencing with State Specifications and Reports: To complement the information retrieved from the LTPP database, the research included a comprehensive review of state-level specifications. State highway agencies often maintain detailed records specifying the materials and techniques used in their pavement projects, including the types of binders. By cross-referencing these state documents with the LTPP data, the study was able to identify additional instances of modified binder usage that may not have been fully captured in the LTPP database alone. This method also provided insights into regional variations and practices in binder selection, offering a broader perspective on the application and performance of modified binders across different states.

The analysis concluded that a combination of these two methods is necessary to achieve a comprehensive understanding of the use and performance of modified binders in pavement applications. Further efforts to standardize data collection and reporting within the LTPP framework are recommended to enhance the accuracy and utility of the database for future research and practical applications.
The LTPP database provides valuable insights into the use of modified binders in asphalt pavements across North America. However, the limitations identified in data availability and consistency highlight the need for improved data management practices. The findings underscore the importance of ongoing research and collaboration among agencies to better understand and optimize the use of modified binders in pavement engineering.
1.4 [bookmark: _Toc102844363][bookmark: _Toc102844364][bookmark: _Toc102844365][bookmark: _Toc102844366][bookmark: _Toc102844367][bookmark: _Toc102844368][bookmark: _Toc102844369][bookmark: _Toc102844370][bookmark: _Toc102844371][bookmark: _Toc102844372][bookmark: _Toc102844373][bookmark: _Toc102844374][bookmark: _Toc102844375][bookmark: _Toc102844376][bookmark: _Toc102844377][bookmark: _Toc102844378][bookmark: _Toc102844379][bookmark: _Toc102844380][bookmark: _Toc102844381][bookmark: _Toc102844382][bookmark: _Toc102844383][bookmark: _Toc102844384][bookmark: _Toc102844385][bookmark: _Toc102844386][bookmark: _Toc102844387][bookmark: _Toc102844388][bookmark: _Toc102844389][bookmark: _Toc102844390][bookmark: _Toc102844391][bookmark: _Toc102844392][bookmark: _Toc102844393][bookmark: _Toc102844394][bookmark: _Toc102844395][bookmark: _Toc102844396][bookmark: _Toc102844397][bookmark: _Toc102844398][bookmark: 1.4_Report_Overview][bookmark: _Toc102844399][bookmark: _Toc178241006]Organization of the Report
This report is organized into six chapters, each detailing a specific aspect of the research. Chapter 1 provides an introduction, including the problem statement, objectives, methodology, and the organization of the report. Chapter 2 offers a definition and background, covering the designation, sample preparation, testing procedures, performance characteristics, benefits, and performance-driven criteria of the materials studied. Chapter 3 focuses on specifications, discussing the various Performance Grade (PG) binders and their application across different regions of the United States. Chapter 4 delves into the LTPP database, analyzing the use of modified binders, and the identification of relevant pavement sections. Chapter 5 presents a discussion of the findings, including insights and limitations. Finally, Chapter 6 concludes the report with a summary of the key outcomes and recommendations for practical application and further study.
This study aims to evaluate the performance of modified binders within the LTPP database, focusing on their impact on pavement performance across varying environmental and traffic conditions. While modified binders are central to this research, they are also representative of a broader category of innovative paving materials that are increasingly being adopted in modern pavement construction. These materials, including RAP, RAS, and warm-mix asphalt, share common goals: enhancing pavement durability, reducing environmental impacts, and improving cost-effectiveness.
By selecting modified binders as the focus of this research, the study provides a pathway to understanding the broader implications of innovative materials in pavement performance. The next chapter will delve deeper into the specifics of modified binders, outlining their composition, testing procedures, and performance characteristics. This will establish the technical foundation for assessing their role, not just as individual materials, but as part of the larger effort to innovate and improve sustainable paving practices.


Chapter 2 [bookmark: Chapter_2.__Literature_Review][bookmark: _Toc92870340][bookmark: _Toc178241007]  Definition and Background


[bookmark: _Toc178241008]2.1 Introduction 
In line with the objectives introduced in Chapter 1, this chapter focuses on modified binders—one of the most widely studied and applied innovative materials in pavement engineering. Modified binders, including polymer-modified binders (PMB) and highly polymer-modified binders (HPB), have been selected for this study due to their proven ability to improve pavement performance by addressing key issues such as rutting, cracking, and fatigue. However, these binders are not the only innovative solutions available; they represent a larger category of materials, such as RAP, RAS, and other sustainable options, that are being explored and implemented to advance pavement technology.
By understanding the properties and benefits of modified binders, we gain insight into the broader potential of innovative materials to meet the demands of modern infrastructure. This chapter will provide the necessary background on modified binders, setting the stage for a deeper evaluation of their application and potential within the context of sustainable and long-lasting pavement solutions.
Modified asphalt binders have been created using a variety of advanced technologies to improve the properties of traditional asphalt, making them better suited for specific project needs, including different traffic volumes and various climatic conditions (Yang et al. 2013, Sulyman et al. 2014, Li et al. 2017, Habbouche et al. 2020). Over the past 50 years, these improvements have involved adding materials such as polymers, ground tire rubber, chemical agents like acids, and even recycled substances like engine oils. These enhancements are designed to increase the asphalt’s strength, flexibility, resistance to deformation, and overall durability.
Among these innovations, high polymer binders (HPBs) are particularly noteworthy. HPBs are a specialized type of asphalt binder that contain significantly higher levels of polymers (Peng et al. 2019), with Styrene-Butadiene-Styrene (SBS) being one of the most used. The high polymer content in HPBs is intended to greatly enhance the performance of asphalt mixtures. In contrast to standard polymer modified binders, which have lower polymer content, HPBs are specifically engineered to offer superior resistance to rutting, cracking, and other types of pavement deterioration that occur under severe conditions. This makes them especially valuable for use in areas with heavy traffic loads, such as highways and urban streets, as well as regions with extreme temperature variations.
The advantages of HPBs go beyond just durability. These binders help extend the overall lifespan of pavements by preserving their structural integrity and smoothness over longer periods, even when subjected to harsh environmental conditions (Yildirim 2007, Wu et al. 2024). Additionally, the improved flexibility and elasticity of HPBs enable pavements to better absorb and disperse the stresses caused by traffic and temperature fluctuations, thereby reducing the need for frequent and extensive maintenance. However, these benefits come with certain drawbacks, such as higher initial costs and more complicated handling during construction (Bagui et al. 2012, Wang et al. 2017, Almusawi et al. 2023). Despite these challenges, the long-term benefits of HPBs, including lower maintenance costs and extended pavement life, make them an appealing choice for many transportation agencies.

[bookmark: _Toc178241009]2.2 Designation
The resistance of asphalt concrete (AC) mixtures to permanent deformation, such as rutting, typically requires a stiff binder with low binder content, whereas resistance to various forms of cracking (fatigue, top-down, block, and thermal) needs a more flexible binder and higher binder content. The use of modified asphalt binders allows transportation agencies to design balanced mixtures that can effectively resist both types of distresses, ensuring long-term durability by reducing moisture damage and aging susceptibility (Habbouche et al. 2018).
Figure 2.1 illustrates the typical behavior of neat, modified, and ideal asphalt binders across anticipated temperature ranges over their lifespan in a pavement structure, as documented by the Illinois Department of Transportation (2005). Neat asphalt binders are easier to produce and construct but may experience rutting at high temperatures due to their softer nature, fatigue cracking at intermediate temperatures due to lack of flexibility, and thermal cracking at low temperatures due to brittleness. In contrast, modified asphalt binders, although more difficult to produce and requiring higher construction temperatures, offer improved performance by exhibiting less rutting at high temperatures, reduced fatigue cracking at intermediate temperatures, and decreased thermal cracking at low temperatures due to their stronger and more ductile properties. The ideal asphalt binder, which would provide optimal resistance to all three modes of distress, does not currently exist, as achieving a perfect balance across all temperature ranges remains unattainable. 

[image: This figure is a line graph showing the relationship between binder stiffness and temperature for three types of asphalt binders: Neat, Ideal, and Modified. The x-axis represents temperature conditions, labeled from left to right as "Pavement low temperature," "Pavement intermediate temperature," "Pavement high temperature," and "Mixing & placing temperature." The y-axis represents the stiffness of the binder, ranging from "Harder" at the top to "Softer" at the bottom.

Three lines are plotted:

The red line labeled "Neat" shows a linear decrease in stiffness as temperature increases.
The green line labeled "Modified" shows a steeper decrease initially, becoming less steep as the temperature increases, representing better resistance to temperature changes compared to the neat binder.
The blue line labeled "Ideal" demonstrates a non-linear pattern, with stiffness decreasing steadily at first, then less sharply as temperatures increase, indicating an optimal performance across a range of temperatures.
The figure illustrates how different binders perform under varying temperatures, highlighting the enhanced performance of modified binders over neat binders.]
[bookmark: _Toc178241042]Figure 2.1. Diagram of typical asphalt binder behavior throughout the pavement lifecycle (Habbouche et al. 2018)
Highly modified binders are characterized by their high polymer content, typically ranging from 7.5% by weight of the binder (TWB). This is significantly higher than the standard polymer content in typical polymer-modified asphalts (PMAs), which usually contain around 3% polymer. The increased polymer content results in a dense polymer network within the asphalt, which significantly improves its mechanical properties and resistance to various forms of distress.
The performance characteristics of highly modified binders include enhanced elasticity, improved tensile strength, and greater resistance to temperature fluctuations. These properties make them less susceptible to rutting and cracking, thus extending the service life of pavements. For instance, binders with a polymer content sufficient to produce grades such as PG 76-22 are commonly used in regions with extreme temperature variations or heavy traffic​.
Figure 2.2 illustrates the performance of different asphalt binders over time, measured by the Present Serviceability Index (PSI). It shows that pavements with high performance (HP) highly modified asphalt binders maintain a higher PSI, indicating better condition and durability, compared to those with traditional polymer-modified and non-polymer modified asphalt binders. The HP binders exhibit the least deterioration, suggesting they are more effective in maintaining pavement quality and extending the pavement's service life. 

[image: This figure is a line graph showing the percent serviceability index (PSI) of asphalt binders over time. The x-axis represents the "Year," while the y-axis represents the "Percent Serviceability Index (PSI)."

The graph includes three sets of curves, each representing a different type of asphalt binder:

The orange dashed line represents "Non-Polymer Modified Asphalt Binder (HMA)." This line shows a steep decline in serviceability over time, indicating a quicker reduction in performance.
The blue dotted line represents "Traditional Polymer-Modified Asphalt Binder (HMA)." This line shows a moderate decline in serviceability with some recovery, illustrating maintenance interventions before another drop.
The green solid line represents "High Performance (HP) Highly Modified Asphalt Binder (HMA)." This line shows a slower and more gradual decline, indicating sustained high performance over a longer period compared to the other binders.
The figure illustrates the performance longevity of different binders, with the High Performance (HP) Highly Modified Asphalt Binder showing superior long-term serviceability.]
[bookmark: _Toc178241043]Figure 2.2. Comparative performance of asphalt binders over time based on PSI


Figure 2.3 illustrates the impact of recalibrating the structural coefficient for PMA mixes according to the AASHTO 1993 Guide. PMA mixes generally have a layer coefficient of 0.44. However, some states, such as Alabama, have recalibrated this coefficient to account for the performance benefits of polymer modification. In Alabama, for example, the structural coefficient was increased to 0.54, with a standard deviation of 0.08 for mixes containing 2-3% polymer. This adjustment has resulted in approximately an 18% reduction in the required asphalt concrete (AC) layer thickness for equivalent design traffic and serviceability. Additionally, higher polymer content in modified binders can further increase the AC structural coefficient, enabling further reductions in layer thickness while still maintaining or enhancing pavement performance (Habbouche et al. 2021).

[image: This figure compares two pavement sections: Section S9 (Control) with a 178 mm (7 inch) Standard Hot Mix and Section N7 with a 145 mm (5 ¾ inch) Highly Modified Hot Mix.

Section S9: Three layers of asphalt with thicknesses of 32 mm, 70 mm, and 76 mm, using PG 76-22 and PG 67-22 binders.
Section N7: Three layers of asphalt with thicknesses of 32 mm, 57 mm, and 57 mm, all using 7.7% SBS-modified binder.
Both sections are placed on a 150 mm Dense Graded Crushed Aggregate Base and Test Track Soil. The figure emphasizes the reduced thickness required for the highly modified binder section.]
[bookmark: _Toc178241044]Figure 2.3. Pavement design for NCAT sections N7 and S9.

[bookmark: _Toc178241010]2.3 Sample Preparation and Testing Procedures
The preparation and testing of highly modified binders involve several critical steps to ensure consistent quality and performance. The process begins with heating the binder to a specific temperature to facilitate thorough mixing with the polymer. The mixture is then poured into pre-heated containers, such as aluminum or glass test tubes, and placed in a controlled environment, typically an oven or water bath, at around 163°C (325°F) for a specified duration, usually 48 hours.
After the storage period, the samples are cooled and analyzed for uniformity. One common test is the ring-and-ball softening point test, which measures the temperature at which the binder softens (Zhu et al. 2021). This test is crucial for assessing the distribution of the polymer within the binder and determining its separation tendency. A low difference in softening points between different sections of the sample indicates a well-blended binder with minimal separation.

[bookmark: _Toc178241011]2.4 Performance Characteristics and Benefits
The incorporation of various polymers in asphalt binders leads to a substantial improvement in their overall performance. This enhancement is primarily due to the formation of an elastomeric network within the binder, which imparts a range of advantageous properties to the asphalt mixture:
· Elastic Response: The elastomeric network enables the binder to exhibit a highly elastic response under load. This characteristic is particularly beneficial at elevated service temperatures, where traditional, unmodified binders might behave more like viscous fluids. In such cases, the polymer-modified binder retains its elasticity, helping to maintain the structural integrity of the pavement and reducing the likelihood of rutting and other forms of deformation.
· Improved Adhesion and Tensile Strength: The presence of the elastomeric network also significantly enhances the adhesive properties and tensile strength of the asphalt binder. This improved adhesion ensures a stronger bond between the asphalt binder and the aggregate, leading to a more cohesive and durable pavement structure. The increased tensile strength further helps the binder to resist cracking and deformation, particularly under high traffic loads and in environments with fluctuating temperatures.
· Reduced Temperature Susceptibility: One of the key benefits of the elastomeric network is its ability to reduce the binder’s susceptibility to temperature changes. This results in a more consistent performance across a wider range of temperatures, minimizing the risks associated with thermal expansion and contraction. By maintaining its properties in both hot and cold conditions, the polymer-modified binder helps prevent common temperature-related issues such as thermal cracking in cold weather and rutting in hot weather.

[bookmark: _Toc178241012]2.5 Performance-Driven Criteria
As Table 1 demonstrates, most agencies defined HP binders based on binder-rheology-related parameters and characteristics rather than the percentage of polymer content. There is a strong emphasis on performance-oriented criteria, focusing on how the binders perform under specific conditions rather than their composition alone. High elasticity and recovery are crucial attributes for good pavement performance, particularly under heavy, stress-concentrated, or slow-moving traffic loads. These properties help HP binders withstand severe stress and deformation, making them ideal for challenging traffic and environmental conditions.


[bookmark: _Toc178241645]Table 2.1. Summary of agency specifications for HP asphalt binders and mixtures (Habbouche et al. 2021)
	Agency
	Standard/Test Method
	Properties/Comments

	Alabama
	AASHTO M 332, AASHTO T 350
	PG 76E-22 reported as PG 88-22, R3.2 ≥ 90%

	Alaska
	AASHTO M 320 and M 332, AASHTO T 350, AASHTO T 315, ATM 420
	PG 64E-40, Jnr, 3.2 < 0.1 kPa-1 and R3.2 ≥ 95% at 64°C, G*.sinδ < 5,000 kPa at 0°C after PAV, Abrasion of HMA by the Prall test, Prall loss < 20 cm3

	Florida
	AASHTO T 332, AASHTO T 350, AASHTO T 315
	PG 76E-22, Jnr, 3.2 < 0.1 kPa-1 and R3.2 ≥ 90% at 76°C, G*/sinδ ≤ 1,0 kPa and δ < 75° at 76°C on original, G*.sinδ < 5,000 kPa at 26.5°C after PAV 

	Georgia
	AASHTO T 332, AASHTO T 350
	PG 76E-22 reported as PG 82-28, Jnr, 3.2 < 0.1 kPa-1 and R3.2 ≥ 90% at 76°C

	Iowa
	AASHTO M 332, AASHTO T 350
	PG 64-34E+ reported as PG 76-34, R3.2 ≥ 90% at 64°C

	Kentucky
	AASHTO M 320 and M 332, AASHTO T 350
	PG 76E-22 reported as PG 82-22, R3.2 ≥ 90% at 76°C

	Maryland
	AASHTO T 332, AASHTO T 350
	PG 76E-28, Jnr, 3.2 < 0.1 kPa-1 and R3.2 ≥ 90% at 76°C

	Minnesota
	AASHTO M 320, AASHTO T 301
	PG 76-34, Re ≥ 90%

	Missouri
	AASHTO T 332, AASHTO T 350
	PG 76E-22, Jnr, 3.2 < 0.1 kPa-1 and R3.2 ≥ 90% at 76°C

	Newfoundland and Labrador
	AASHTO M 320, AASHTO T 301
	PG 64-34, Re ≥ 60%

	New Hampshire
	AASHTO M 320, AASHTO T 301
	PG 76-34, Re ≥ 90%

	New Jersey
	AASHTO T 332, AASHTO T 350
	PG 64E-22, Jnr, 3.2 < 0.3 – 0.5 kPa-1 at 64°C + depends on the applications and mixture requirements

	New York
	AASHTO M 332, AASHTO T 350
	PG 76E-28, Jnr, 3.2 < 0.5 kPa-1 and R3.2 ≥ 55% at 76°C

	Ohio
	AASHTO M 320, OH DOT TM 429 (as AASHTO T 301)
	PG 88-22 reported as PG 88-22M, Re ≥ 90%

	Oklahoma
	AASHTO T 332, AASHTO T 350
	PG 76E-28, R3.2 ≥ 95% at 76°C

	Oregon
	AASHTO M 320, AASHTO T 301
	PG 76-28, Re ≥ 90%

	Tennessee
	AASHTO M 332, AASHTO T 350
	PG 76E-28, Jnr, 3.2 < 0.1 kPa-1 and R3.2 ≥ 90% at 76°C

	Utah
	AASHTO M 320, AASHTO T 301
	PG 76-34, Re ≥ 90%

	Vermont
	AASHTO M 320, AASHTO T 301
	PG 76-34, Re ≥ 90%

	Virginia
	AASHTO T 332, AASHTO T 350
	PG 76E-28(HP), Jnr, 3.2 < 0.1 kPa-1 and R3.2 ≥ 90% at 76°C

	Washington
	AASHTO M 320, AASHTO T 301
	PG 76-34, Re ≥ 90%

	Wisconsin
	AASHTO M 332, AASHTO T 350, AASHTO T 315
	PG 58E-34, Jnr, 3.2 < 0.5 kPa-1 and R3.2 ≥ 75% at 58°C, G*.sinδ < 6,000 kPa at 16°C after PAV + depends on the applications and mixture requirements




[bookmark: _Toc178241013]2.6 Usage and Application
Overall, the use of modified binders in asphalt mixtures offers significant advantages in terms of durability and performance. These binders are particularly suited for applications where high resilience and long-term performance are critical, making them a valuable component in modern pavement design and construction.
Figure 2.4 provides an overview of a survey conducted in September 2019 via email, targeting U.S. states and Canadian provincial agencies. The survey content covered questions on various aspects, including material specifications, usage, design, performance, constructability, quality control, environmental restrictions, research efforts, costs, benefits, and lessons learned. The response rate was nearly 37%, with 23 responses received from 22 U.S. agencies and one Canadian agency. The survey’s significance lies in providing the first comprehensive look at the usage of HP binders and mixtures across North America (Habbouche et al. 2021).
The survey revealed that 11 U.S. agencies, collectively referred to as Group A, have practical experience with HP binders and mixtures. These agencies have implemented these materials in their pavement projects, demonstrating a commitment to exploring advanced asphalt technologies. The states included in Group A are Alabama (AL), Florida (FL), Georgia (GA), Iowa (IA), Maryland (MD), New Jersey (NJ), New York (NY), Ohio (OH), Vermont (VT), Virginia (VA), and Wisconsin (WI). This group represents a diverse geographical distribution, suggesting a wide range of environmental conditions and application scenarios (Habbouche et al. 2021).
Furthermore, this survey illustrated 10 more U.S. agencies, classified as Group B, also have experience with HP binders and mixtures. These agencies have either utilized HP materials or conducted field trials to evaluate their performance. Group B includes the states of Alaska (AK), Kentucky (KY), Minnesota (MN), Michigan (MI), New Hampshire (NH), Oklahoma (OK), Oregon (OR), Tennessee (TN), Utah (UT), and Washington (WA). The inclusion of these states expands the understanding of HP binder usage across different climatic zones and traffic conditions (Habbouche et al. 2021).
Combining Groups A and B, a total of 21 agencies have either used or conducted field trials with HP AC mixtures. This significant number indicates a growing interest and confidence in the potential benefits of HP binders. The survey findings highlight that most of these agencies are located in the eastern United States. This regional concentration may reflect specific regional needs, such as the requirement for materials that can withstand varying temperature extremes and heavy traffic loads, commonly encountered in the eastern part of the country. The data underscores the importance of HP binders in enhancing pavement performance and durability across diverse environments.

[image: This map of North America illustrates the states and provinces in the U.S. and Canada based on their survey responses. Regions shaded in dark purple represent areas that responded to the survey, while lighter purple indicates areas that did not. The map emphasizes regions in the southern and eastern U.S., where responses were more common. Notable areas like California, Florida, New York, and Quebec are shown in dark purple, whereas many western and central regions are depicted in light purple, indicating no response.]
[bookmark: _Toc178241045]Figure 2.4. Map showing survey response status of U.S. and Canadian provincial agencies (Habbouche et al. 2021)

Figure 2.5 illustrates the distribution of U.S. states based on their experience with HP binders and mixtures, as well as their participation in a related survey. States are categorized into four groups: those currently using or having previously used HP materials and responded to the survey (Group A), including Alabama, Florida, Georgia, Iowa, Maryland, New Jersey, New York, Ohio, Vermont, Virginia, and Wisconsin; those using or having used HP materials but did not respond to the survey (Group B), including Alaska, Kentucky, Minnesota, Michigan, New Hampshire, Oklahoma, Oregon, Tennessee, Utah, and Washington; states with no previous experience with HP materials but responded to the survey, like Mississippi; and states with no experience with HP materials and did not respond to the survey. The map reveals a higher concentration of experience and survey participation in the eastern U.S., particularly in the southeast and northeast regions, suggesting these areas may benefit more from the enhanced performance of HP binders. The map also identifies gaps in experience and survey participation, indicating opportunities for targeted research and outreach to promote HP material adoption in these regions (Habbouche et al. 2021).

[image: This U.S. map classifies states based on their use of Highly Polymer (HP) modified materials and their survey participation. The states are distinguished by the following colors:

Dark green: States that currently use or have previously used HP materials and responded to the survey (Group A).
Medium green: States that currently use or have previously used HP materials but did not respond to the survey (Group B).
Light green: States with no prior experience with HP materials but provided survey responses.
Cream: States with no prior experience with HP materials and did not provide survey responses.
The map highlights a concentration of dark and medium green states in the eastern and western regions, while central states are mostly cream, reflecting limited experience with HP materials and lower survey participation.]
[bookmark: _Toc178241046]Figure 2.5. U.S. map displaying agency experience with HP asphalt concrete mixtures (Habbouche et al. 2021)

According to Figure 2.6, Various U.S. states and Newfoundland and Labrador (Canada) have diverse durations of experience with HP binders, with applications tailored to local needs. States with less than 2 years of experience include Wisconsin and Maryland, while those with 2-4 years of experience are Florida, Georgia, Iowa, Vermont, and Virginia. States with more than 4 years of experience are Alabama, New Jersey, New York, and Ohio, with Newfoundland and Labrador having significant experience with high SBS polymer content. Specific applications include using HP binders in Open Graded Friction Course (OGFC) mixtures to resist raveling in Florida, high performance thin lift overlays in Iowa, dense-graded surface mixtures and Stone Matrix Asphalt (SMA) for reflective cracking in Maryland and Virginia, high polymer thin overlay mixtures, binder-rich intermediate and base courses, bridge deck waterproof surface courses, and high reclaimed asphalt pavement mixtures in New Jersey, polymer-modified stress-absorbing membrane interlayers and waterproofing bridge deck hot mix AC overlays in New York, bridge decks and intersections in Ohio, AC pavement interlayers in Wisconsin, and mitigating studded tire abrasion in Alaska and Newfoundland and Labrador. This comprehensive overview demonstrates the effectiveness and versatility of HP binders in enhancing pavement performance and addressing specific local challenges across various regions.

[image: This U.S. map depicts the duration of experience with high SBS (Styrene-Butadiene-Styrene) polymer content across various states, using different colors:
Blue: Less than 2 years of experience (WI, MD), accounting for 18%.
Red: 2 to 4 years of experience (FL, GA, IA, VT, VA), making up 45%.
Purple: More than 4 years of experience (AL, NJ, NY, OH), comprising 37%.
Green: States not categorized by experience duration.
Additionally, Newfoundland and Labrador (NL) in Canada is highlighted for having over 4 years of experience with high SBS polymer content.

The map clearly differentiates the experience levels with high SBS polymer content across regions.]
[bookmark: _Toc178241047]Figure 2.6. Experience duration with HP asphalt concrete mixtures across U.S. agencies
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[bookmark: _Toc178241015]3.1 Introduction
Understanding the diversity of PG binders is crucial for several reasons. It allows for optimized performance by ensuring the pavement meets specific demands and conditions, leading to enhanced durability and functionality. Additionally, it promotes economic efficiency by enabling the selection of cost-effective options that still meet performance requirements. Safety and reliability are also improved, as the appropriate use of PG binders results in safer, more dependable pavement surfaces, reducing the likelihood of accidents and maintenance issues. Furthermore, knowledge of PG binders ensures compliance with various regional regulations and standards, avoiding legal complications. Finally, understanding the environmental impact of different binders helps in making environmentally friendly choices, thereby reducing the negative environmental footprint of pavement projects.
The selection and development of PG binders are influenced by several key factors that vary by region. Primarily, climate and weather conditions, including temperature variations and precipitation levels, significantly impact the choice of binder, as different binders perform better under specific temperature ranges and moisture levels. Additionally, traffic load and volume play a crucial role in determining binder performance requirements, with high traffic volumes and heavy loads demanding binders that can withstand greater stress and provide durability to ensure the pavement remains functional and safe over time. Regional specifications for PG binders are developed by considering climatic considerations, traffic patterns and load, local material availability to ensure cost-effectiveness, and historical performance data to understand how binders have performed under similar conditions. State-specific research and innovations further tailor specifications to local needs, while federal and regional guidelines provide a framework for consistency and compliance. Regulatory and environmental policies ensure that the chosen materials meet safety and environmental standards. Together, these factors create a comprehensive approach to developing PG binder specifications that meet the unique needs of each region. Understanding these elements is essential for selecting the most appropriate PG binder for a given pavement project.

[bookmark: _Toc178241016]3.2 Northeastern USA
In the Northeastern United States, PG binders are selected based on the unique climatic conditions and traffic demands of each state, as highlighted in Table 3.1. The region includes states like Connecticut, Maine, Massachusetts, and others, each employing specific binder grades to ensure pavement durability and performance. The Northeast experiences significant temperature fluctuations, necessitating the use of binders like PG 64S-22 for general use and PG 64E-22, which is enhanced with SBS polymers, for more demanding applications. States such as Maine and New York also integrate crumb rubber-modified binders, like PG 58-28 CR, to boost pavement longevity.

[bookmark: _Toc178241646]Table 3.1. PG binders in the Northeastern USA
	State
	PG Binders
	Application & Comments

	Connecticut
	64S-22
	Used in standard pavement applications without the need for enhanced performance characteristics.

	
	64E-22
	This binder is modified solely with a Styrene-Butadiene-Styrene (SBS) polymer. It is used where higher performance is required.

	Delaware
	64-22
	Used for tack coat in thin lift maintenance contracts, typically less than 1 1/4 inches thick.

	
	64S-22
	

	
	64E-22
	Used in Superpave asphalt mixtures, including various types like Type C, Type B, Type BCBC, and their applications in different forms such as patching and wedge.

	
	70-22
	

	
	76-22
	

	Maine
	58-28
	General asphalt binder

	
	64-28
	

	
	Modified Binders
	Used where higher performance is required

	Maryland
	64-22
	Standard asphalt pavement binder.

	
	64S-22
	

	
	64E-22
	Open Graded Friction Course (OGFC) for improved skid resistance.

	
	64-28
	High traffic volume roads with higher performance requirements.

	
	70-28
	Heavy-duty applications like highways and roads with heavy truck traffic.

	
	WMA
	Warm Mix Asphalt applications, environmentally friendly options.

	Massachusetts
	64-28
	Standard asphalt binder for Hot Mix Asphalt (HMA) mixtures unless specified otherwise.

	
	64E-28
	When specified by contract documents for enhanced performance.

	
	58-28 CR Modified
	Used for modified asphalt with crumb rubber, often for improved durability and performance.

	
	64-28 CR Modified
	

	
	WMA
	All HMA must be modified with a WMA additive, ensuring compatibility with various types of modified binders.

	New Hampshire
	In their specifications, they did not directly mention any specific binders but instead used general requirements.

	New Jersey
	58-28
	Low-temperature performance grade binder

	
	64-22
	Standard performance grade binder

	
	64S-22
	

	
	64E-22
	Enhanced performance grade binder

	New York
	58E-34
	These PG binders are used for paving applications, and the specific type depends on the performance requirements such as traffic level and climate conditions.

	
	64S-22
	

	
	64V-22
	

	
	64H-22
	

	
	64E-22
	

	Pennsylvania
	64S-22
	Previous 19.0 mm Binder Course, cold recycled asphalt base course (CRABC).

	
	64H-22
	Previous 9.5 mm Wearing Course.

	
	64V-22
	Cold recycled asphalt base course (CRABC).

	
	64E-22
	Superpave mixes, including enhanced performance mixes.

	
	58S-28
	Cold recycled asphalt base course (CRABC).

	
	58V-28
	

	Rhode Island
	64S-28
	Dense graded hot mix asphalt (HMA) pavements for Classes 4.75, 9.5, 12.5, 19.0, and base courses.

	
	64S-22
	Dense graded HMA pavements for Class 19.0 and base courses with less than 15 percent RAP.

	
	58S-22
	Dense graded HMA pavements for Class 19.0 and base courses with 15 to 25 percent RAP.

	
	64E-28 SBS Modified
	All classes designated as "Modified".

	
	64E-28
	Friction courses and specific applications.

	
	76E-34
	Paver-placed elastomeric surface treatment (PPEST).

	
	58-28
	Rubberized asphalt chip sealing, Precoating cover aggregate for rubberized asphalt chip sealing.

	
	64-28
	General pavement construction; Precoating cover aggregate for rubberized asphalt chip sealing.

	Vermont
	58S-28
	General performance-graded asphalt binder

	
	58H-28
	High Traffic performance-graded asphalt binder

	
	58V-28
	Very high Traffic performance-graded asphalt binder

	
	58E-28
	Extremely high Traffic performance-graded asphalt binder

	
	58S-34
	Superior low-temperature performance-graded asphalt binder

	
	58H-34
	High traffic performance-graded asphalt binder for low temperatures

	
	58V-34
	Very High traffic performance-graded asphalt binder for low temperatures

	
	58E-34
	Extremely High traffic performance-graded asphalt binder for low temperatures

	Washington
	58S-22
	Used in the production of Hot Mix Asphalt (HMA) with less than 20 percent Reclaimed Asphalt Pavement (RAP) or without Recycled Asphalt Shingles (RAS).

	
	58H-22
	Suitable for HMA with moderate traffic levels or as specified in the contract.

	
	58V-22
	Used in HMA applications requiring higher binder performance for higher traffic levels.

	
	64S-28
	Used in colder climates requiring a binder that performs well at lower temperatures.

	
	64H-28
	Suitable for HMA with moderate to high traffic levels or as specified in the contract.

	
	64V-28
	Used in HMA applications requiring the highest binder performance for the highest traffic levels and low temperatures.


 



[bookmark: _Toc178241017]3.3 South/Southeastern USA
In the South and Southeastern regions of the USA, states including Alabama, Florida, Georgia, and others use PG binders tailored to their hot and humid climates, as detailed in Table 3.2. These regions prioritize binders capable of withstanding high temperatures and preventing rutting. Standard binders such as PG 58-22 and PG 64-22 are widely used, while PG 76-22 PMA is favored in areas that require extra resilience. Additionally, states like Florida and Louisiana often utilize binders modified with ground tire rubber, such as PG 76-22 ARB, to enhance the pavement’s resistance to rutting and increase its flexibility.

[bookmark: _Toc178241647]Table 3.2. PG binders in the South/Southeastern USA
	State
	PG Binders
	Application & Comments

	Alabama
	58-22
	Table No. 1 in the Asphalt Materials section

	
	
	

	
	64-22
	Table No. 2 in the Asphalt Materials section

	
	
	

	
	67-22
	Table No. 3 in the Asphalt Materials section

	
	
	

	
	76-22
	Table No. 4 in the Asphalt Materials section

	
	
	

	Arkansas
	64-22
	In moderate climates (SB, SBS, SBR are Modifiers for PG 70-22 and PG 76-22)

	
	70-22
	in warmer and hotter climates, respectively, often for highways and runways. (SB, SBS, SBR are Modifiers for PG 70-22 and PG 76-22)

	
	76-22
	

	Florida
	52-28
	Used in areas with lower temperature requirements.

	
	58-22
	Commonly used in general applications for moderate climates.

	
	67-22
	Suitable for higher temperature regions.

	
	76-22 PMA
	Used in areas requiring higher temperature resistance and increased durability. (Produced with styrene-butadiene-styrene (SBS) or styrene-butadiene (SB))

	
	76-22 ARB
	Used in applications needing additional flexibility and resistance to rutting. (Contains a minimum of 7.0% ground tire rubber (GTR) by weight and may include polymer.)

	Georgia
	52-XX
	Used in a variety of paving applications based on regional climatic conditions and performance needs.

	
	58-XX
	

	
	64-XX
	

	
	64-28 TR+
	Designed for regions with extreme temperature variations, providing a balance between high-temperature stability and low-temperature flexibility. (Minimum of 8% crumb rubber and 2% SBS)

	
	70-22 TR+
	Suitable for use in asphalt mixtures where enhanced performance in terms of elasticity and resistance to deformation is required. (Minimum of 8% crumb rubber and 2% SBS)

	
	76-22 TR+
	Used for high-performance asphalt mixtures requiring superior resistance to rutting and thermal cracking. (Minimum of 8% crumb rubber and 2% SBS)

	Kentucky
	58-22
	Used in asphalt materials to provide a workable plastic mixture. Heated separately to 300°F before combining.

	
	58-28
	Used in asphalt mixtures requiring a specific performance grade.

	
	64-22
	Used in asphalt mixtures and binders conforming to Section 806. (Used for leveling and wedging as per Subsection 403.05.)

	
	76-22 Modified
	Used in asphalt mixtures requiring enhanced performance, especially in high-temperature environments. Must have a minimum Elastic Recovery (ER) at 10°C of 70 percent.

	Louisiana
	58-28
	Required when 21-30% RAP is used in the mixture.

	
	67-22
	Used in Dense Mix, Coarse Mix, and OGFC (Open Graded Friction Course) as specified in Table 501-1.

	
	70-22 Modified
	Used in Dense Mix, Coarse Mix, and OGFC; meets PG 70-22 requirements when latex additive is blended.

	
	76-22 Modified
	Used in Dense Mix, Coarse Mix, and OGFC.

	
	82-22 Rubber Modified
	Used when 30 mesh (or finer) crumb rubber is added to a PG 67-22 material.

	Mississippi
	58-28
	Can be used in lieu of petroleum asphalt cement, Grade AC-10.

	
	67-22
	General bituminous material used in all types of asphalt mixtures.

	
	76-22
	Used in polymer modified asphalt mixtures and Open Graded Friction Course (OGFC) mixtures.

	
	82-22
	Used in polymer modified asphalt mixtures.

	North Carolina
	64-22
	Asphalt binder for tack coat, asphalt concrete base, intermediate, and surface courses.

	
	70-22
	Asphalt concrete intermediate and surface courses.

	
	76-22
	Asphalt concrete intermediate and surface courses, ultra-thin bonded wearing course (UBWC).

	
	58-28
	Used with RAP or RAS in specific conditions.

	
	70-28
	Used in ultra-thin bonded wearing course (UBWC).

	
	PMA
	For plant mix.

	Oklahoma
	58-28 (58S-28)
	General use in asphalt cement.

	
	64-22 (64S-22)
	

	
	70-28 (64V-28)
	

	
	76-28 (64E-28)
	

	
	88-28 (76E-28)
	

	South Carolina
	58-22
	Not explicitly detailed in the provided text but by using some materials like SBS they modify it for emulsion using.

	
	64-22
	Intermediate and Surface layers on Interstates; Primary and Secondary routes.

	
	76-22
	Intermediate and Surface layers on Interstates; Critical Areas; Used in Open-Graded Friction Course (OGFC)

	
	82-22
	Not explicitly detailed in the provided text.

	Texas
	58-XX
	Is used according to the requirements.

	
	64-XX
	

	
	70-XX
	

	
	76-XX
	

	
	82-XX
	

	
	64-22
	Hot-mixed, hot-laid asphalt mixtures, precoating, tack coat.

	
	76-22
	Dense-Graded Hot-Mix Asphalt, Superpave Mixtures, etc.

	
	70-22
	Substitute PG binder for original specifications.

	
	64-28
	

	
	58-28
	

	
	64-34
	

	
	58-34
	

	Virginia
	64S-22
	Surface mixes (SM-4.75A, SM-9.0A, SM-9.5A, SM-12.5A), Intermediate mix (IM-19.0A), Base mix (BM-25.0A)

	
	64H-22
	Surface mixes (SM-4.75D, SM-9.0D, SM-9.5D, SM-12.5D), Intermediate mix (IM-19.0D), Base mix (BM-25.0D), SMA mixes (SMA-9.5, SMA-12.5, SMA-19.0)

	
	64E-22
	Type E asphalt mixtures, Surface mixes (SM-4.75E, SM-9.0E, SM-9.5E, SM-12.5E), Intermediate mix (IM-19.0E), SMA mixes (SMA-9.5, SMA-12.5, SMA-19.0)

	
	76E-22
	Polymer-modified asphalt, SMA mixes

	
	76E-28(HP)
	High polymer binder mixes, Type E (HP) asphalt mixtures

	
	64H-16
	Used in BM-25.0D (+0.4 and +0.8) mixes.

	
	64S-22
	Used in BM-25.0D (+0.4 and +0.8) mixes with 25.0 ≤ %RAP ≤ 35.0.

	
	64H-22
	Used in BM-25.0D (+0.4 and +0.8) mixes with %RAP < 25.0.




[bookmark: _Toc178241018]3.4 Midwest USA
The Midwest USA employs a variety of PG binders, carefully chosen to address the region's climate and traffic patterns, as shown in Table 3.3. Each state, including Illinois and Minnesota, specifies binders to ensure their pavements perform well under diverse conditions. The table details the range of PG binders used, from PG 64-22 to PG 70-28, with many incorporating modifications like SBS or SBR to combat thermal cracking and rutting. The Midwest's temperature extremes necessitate this tailored approach to binder selection.
[bookmark: _Toc178241648]Table 3.3. PG binders in the Midwest USA
	State
	PG Binders
	Application & Comments

	Illinois
	46-28
	General use in hot-mix asphalt (HMA) as specified in the plans.

	
	52-28
	

	
	58-22
	

	
	58-28
	

	
	64-22
	

	
	64-28 SB/SBS Modified
	Enhanced performance characteristics for specific uses, particularly where higher resistance to rutting and cracking is required.

	
	70-22 SB/SBS Modified
	

	
	70-28 SB/SBS Modified
	

	
	76-22 SB/SBS Modified
	

	
	76-28 SB/SBS Modified
	

	
	64-28 SBR Modified
	

	
	70-22 SBR Modified
	

	
	70-28 SBR Modified
	

	
	76-22 SBR Modified
	

	
	76-28 SBR Modified
	

	Indiana
	58-28
	These binders are used in various asphalt paving projects, depending on the specific requirements of the project, such as temperature and traffic conditions.

	
	64-22
	

	
	64-28
	

	
	70-22
	

	
	70-28
	

	
	76-22
	

	
	58-28 Modified
	Modified binders are used to improve the performance of asphalt in terms of elasticity and resistance to deformation, especially in high-stress areas. (Can be modified by styrene butadiene rubber (SBR))

	
	64-22 Modified
	

	Iowa
	58-28
	Used for various types of asphalt mixtures in road construction, ensuring durability and performance under different climatic conditions.

	
	64-22
	

	
	64-34
	

	
	70-28
	

	
	58-34E+
	Used for flexible pavements, providing enhanced resistance to rutting and fatigue.

	
	64-34E+
	

	Kansas
	58-22
	Maintenance overlays

	
	64-22
	Maintenance overlays, can replace PG 58-22

	
	70-28 Modified
	Reflective Crack Interlayer (RCI)

	
	70-28 RCI Modified
	

	Michigan
	46-34
	Various pavement design temperature requirements.

	
	46-40
	

	
	46-46
	

	
	52-10
	

	
	52-16
	

	
	52-22
	

	
	52-28
	

	
	52-34
	

	
	52-40
	

	
	52-46
	

	
	58-16
	

	
	58-22
	

	
	58-28
	

	
	58-34
	

	
	58-40
	

	
	64-10
	

	
	64-16
	

	
	64-22
	

	
	64-28
	

	
	64-34
	

	
	64-40
	

	
	70-10
	

	
	70-16
	

	
	70-22
	

	
	70-28
	

	
	70-34
	

	
	70-40
	

	
	76-10
	High-temperature performance requirements.

	
	76-16
	

	
	76-22
	

	
	76-28
	

	
	76-34
	

	
	82-10
	

	
	82-16
	

	
	82-22
	

	
	82-28
	

	
	82-34
	

	
	64-28 PMA
	Asphalt binder for general paving in specified regions. (North of M-72 in the Lower Peninsula and Upper Peninsula)

	
	70-22 PMA
	Asphalt binder for general paving in specified regions. (South of M-72 (including M-72))

	
	70-28 PMA
	Asphalt binder for general paving in specified regions. (MDOT Metro Region only)

	Minnesota
	58S-28
	General use

	
	58H-28
	Used in areas with heavy traffic loads

	
	58V-28
	Used in areas with very heavy traffic loads

	
	58E-28
	Used in areas with extremely heavy traffic loads

	
	58S-34
	Used in areas requiring better performance at low temperatures

	
	58H-34
	Used in areas with heavy traffic loads and requiring better performance at low temperatures

	
	58V-34
	Used in areas with very heavy traffic loads and requiring better performance at low temperatures. (Can be Polymer Modified Emulsion membrane for ultrathin bonded wearing course)

	
	58E-34
	Used in areas with extremely heavy traffic loads and requiring better performance at low temperatures

	
	49S-34
	Used in specific conditions as indicated by the grade. (Can be used in various recycled material mixtures.)

	
	52S-34
	Used in areas requiring specific performance at low temperatures. (Can be used in various recycled material mixtures.)

	
	64S-22
	Used in areas requiring better performance at higher temperatures. (Can be used in various recycled material mixtures.)

	Missouri
	64-22
	General use in various asphalt mixtures including those with reclaimed asphalt pavement (RAP) and reclaimed asphalt shingles (RAS)​.

	
	52-28
	Used when the virgin binder ratio to total binder in the mixture is between 60% and 70%.

	
	58-28
	

	
	46-28
	Spray application and general use in asphalt mixtures. The specific spraying temperature range for this binder is noted as 260-325°F.

	
	70-22
	General use in higher temperature applications, as specified in contracts.

	
	76-22
	

	Nebraska
	58S-34
	General asphalt concrete pavements.

	
	58H-34
	High traffic roads require improved resistance to deformation.

	
	58V-34
	Very high traffic roads and intersections.

	
	58E-34
	Extreme traffic conditions such as major urban roads and heavy truck routes.

	
	XX-XX PMA
	Used in applications requiring enhanced performance such as resistance to rutting and fatigue. They must meet the MSCR specifications and incorporate elastomer modifiers like SB, SBS, or SBR.

	North Dakota
	In their specifications, they did not directly mention any specific binders but instead used general requirements.

	Ohio
	64-28
	Used in intermediate and base courses.

	
	64-22
	Used in intermediate courses and specific surface applications.

	
	58-28
	Used when a softer binder is required, such as in high RAP mixtures.

	
	64-22 SBR Modified
	Used in fine graded polymer asphalt concrete (Type B).

	
	76-22 SBR Modified
	

	
	70-22M
	Used in surface courses.

	
	76-22M
	Used in surface courses and other applications requiring high-temperature performance.

	
	88-22M
	Used in high-performance applications.

	South Dakota
	58-34
	Used in various types of asphalt pavements to meet specific performance criteria.

	
	64-28
	Typically used for surface layers in moderate climate conditions to ensure durability and performance.

	
	64-34
	Used in surface layers for improved performance in colder climates.

	
	70-28
	Utilized for heavy traffic areas to provide better resistance to rutting and thermal cracking.

	
	70-34
	Employed in areas requiring higher performance in both high and low-temperature extremes.

	Wisconsin
	Do not change the PG binder grade without the engineer's written approval. The department will designate the grade of virgin asphaltic binder in the contract, however,
the contractor may use virgin binder, modified binder, a blend of virgin and recovered binder, or a
blend of modified and recovered binder.

	
	

	
	

	
	

	
	

	
	

	
	

	
	







[bookmark: _Toc178241019]3.5 Western USA
In the Western USA, states such as Alaska, California, and Nevada select PG binders that meet the diverse climatic and traffic challenges of the region, with detailed specifications provided in Table 3.4. For instance, Alaska often utilizes PG 52-28 to cope with its cold climate, while hotter states like Arizona and California rely on modified binders such as PG 76-22 for areas with high temperatures and traffic volumes. Rubber-modified binders are also commonly used in states like Nevada and New Mexico to improve pavement performance under extreme conditions, while Utah and Washington focus on binders that balance temperature resilience and traffic load. Wyoming prefers binders like PG 76-XX to manage heavy traffic and high temperatures.

[bookmark: _Toc178241649]Table 3.4. PG binders in the Western USA
	State
	PG Binders
	Application & Comments

	Alaska
	52-28
	The entire document mentions the default PG grade if no other grade is specified.

	Arizona
	52-34
	In moderate to hot climates (TR+ variants include crumb rubber and polymer modifications.)

	
	58-28
	

	
	64-22
	

	
	70-22
	in warmer and hotter climates, respectively, often for highways and runways. (TR+ variants include crumb rubber and polymer modifications.)

	
	76-16
	

	
	76-22
	

	California
	58-22
	Used in various paving applications depending on the specific climate and traffic conditions they are designed to withstand.

	
	58-16
	

	
	64-10
	

	
	64-16
	

	
	64-28
	

	
	70-10
	

	
	58-34 Modified
	Suitable for cooler climates where low-temperature cracking is a concern.

	
	64-28 Modified
	Used in moderate climates with moderate traffic load and weather conditions.

	
	76-22 Modified
	Ideal for high-traffic areas and regions with extreme temperature variations, providing resistance to rutting and fatigue cracking.

	Colorado
	58-28
	Used in Superpave asphalt mixtures for road construction and maintenance.

	
	58-34
	

	
	64-22
	

	
	64-28
	

	
	70-28
	

	
	76-28
	

	Hawaii
	64-16
	Used for tack coat in thin lift maintenance contracts, typically less than 1 1/4 inches thick.

	Idaho
	58-28
	General use in asphalt mixtures.

	
	58-34
	Adjusted binder grade for higher low-temperature performance.

	
	64-28
	Used in Superpave HMA mixtures, general use.

	
	64-34
	Adjusted binder grade for higher low-temperature performance.

	
	70-28
	Used in Superpave HMA mixtures, heavy traffic areas.

	
	70-34
	Adjusted binder grade for higher low-temperature performance.

	
	76-28
	Used in Superpave HMA mixtures, high-stress areas.

	
	58-28 Modified
	Requires at least 50 percent elastic recovery, used in specific high-performance applications.

	
	58-34 Modified
	Adjusted binder grade for higher low-temperature performance with polymer modification.

	Montana
	64-28
	General paving use after aging in the rolling thin film oven and testing in accordance with AASHTO T 51.

	
	64-34
	

	
	70-28
	

	
	58-28
	Meets the dynamic shear requirements for original and RTFO residue for specific temperature grades.

	
	64-22
	

	Nevada
	58-28
	General use in pavement constructions where moderate climates are expected.

	
	64-16
	Used in pavements subjected to moderate temperature variations.

	
	64-22
	Suitable for pavements in areas with higher temperature fluctuations.

	
	70-16
	Typically used in high-temperature regions to prevent rutting.

	
	64-28NV
	Used in specific Nevada applications requiring additional performance criteria.

	
	76-22NV
	Modified binder used for enhanced performance in extreme temperature conditions.

	
	64-28NVTR
	Rubber-modified binder for enhanced elasticity and durability in extreme conditions.

	
	76-22NVTR
	Rubber-modified binder used in regions with severe climate to improve performance.

	New Mexico
	64-22
	Standard paving applications

	
	58-28
	Used in colder climates where lower temperatures are a concern

	
	76-22+ Modified
	High-performance applications requiring enhanced durability and resistance to rutting

	
	76-28+ Modified
	High-performance applications requiring resistance to both rutting and low-temperature cracking

	
	70-22+ Modified
	Applications requiring improved performance over standard grades

	
	70-28+ Modified
	Applications requiring resistance to both rutting and low-temperature cracking

	
	76-28R+ Modified
	Applications incorporating recycled materials, needing high resistance to rutting and cracking

	
	70-28R+ Modified
	Applications incorporating recycled materials, needing balanced performance in various conditions

	Oregon
	64-22
	These binders can be substituted for the specified grade of asphalt cement for guardrail flares, mailbox turnouts, road approaches, driveways, and non-travel lane areas of restricted widths that are less than 8 ft.

	
	64-28
	

	Utah
	58-34
	General use in hot mix asphalt (HMA) pavements for low and intermediate traffic volumes and temperatures.

	
	64-28
	Suitable for moderate climate conditions and used in a variety of HMA pavements for intermediate traffic volumes.

	
	64-34
	Designed for colder temperatures, used in HMA pavements requiring greater resistance to thermal cracking.

	
	70-22
	Used in HMA pavements designed for high temperatures and heavy traffic conditions.

	
	70-28
	Designed for areas with high temperatures and moderate traffic volumes.

	
	70-34
	Used in HMA pavements requiring resistance to both high temperatures and low-temperature cracking.

	
	76-22
	Suitable for extremely high temperatures and heavy traffic loads.

	
	76-28
	Used in HMA pavements exposed to extreme temperature ranges and heavy traffic volumes.

	Washington
	58S-22
	Used in the production of Hot Mix Asphalt (HMA) with less than 20 percent Reclaimed Asphalt Pavement (RAP) or without Recycled Asphalt Shingles (RAS).

	
	58H-22
	Suitable for HMA with moderate traffic levels or as specified in the contract.

	
	58V-22
	Used in HMA applications requiring higher binder performance for higher traffic levels.

	
	64S-28
	Used in colder climates requiring a binder that performs well at lower temperatures.

	
	64H-28
	Suitable for HMA with moderate to high traffic levels or as specified in the contract.

	
	64V-28
	Used in HMA applications requiring the highest binder performance for the highest traffic levels and low temperatures.

	Wyoming
	58-XX
	Suitable for areas with moderate temperature fluctuations. Often used in base or intermediate layers of pavements.

	
	64-XX
	Commonly used in regions with a higher range of temperatures. Typically used for surface layers due to its balance of stiffness and flexibility.

	
	70-XX
	Used in areas with high temperature ranges. Suitable for high-stress areas such as intersections and heavy traffic roads.

	
	76-XX
	Ideal for extremely high-temperature regions or areas with heavy traffic loads. Provides excellent rutting resistance.
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[bookmark: _Toc178241021]4.1 Introduction
The LTPP database serves as a vast and invaluable repository of pavement performance data gathered from a wide range of test sections across North America. Since its inception, the LTPP database has accumulated an extensive collection of information on pavement materials, structures, and their performance under diverse environmental and traffic conditions. This section of the report focuses specifically on the analysis of modified and highly modified binders within the LTPP database. The objective is to identify pavement sections where these advanced materials have been implemented. Understanding how modified binders perform in real-world conditions is crucial for advancing pavement technology and ensuring longer-lasting, more resilient roadways.
However, modified binders should be viewed as a representative of a broader category of innovative paving materials. These materials, such as RAP, RAS, and warm-mix asphalt, have been increasingly adopted in modern pavement construction. Their use aims to improve pavement durability, reduce environmental impacts, and extend service life—objectives that align with those of modified binders. Therefore, while the current analysis focuses on modified binders, it sets the stage for future studies to explore the potential of other innovative materials in enhancing pavement performance.
To accurately determine the types of binders used in various pavement sections, two primary methods are employed: the Standard Data Release (SDR) and the Analysis-Ready Materials Dataset (ARMAD). Each method offers distinct advantages for extracting and analyzing the relevant data.
The SDR is an exhaustive resource that provides detailed records of materials used in various pavement sections across North America. This file contains comprehensive data on the types of asphalt binders, their physical and chemical properties, and their specific application areas within the pavement structure. The SDR is instrumental for tracking the evolution of materials used in different roadway projects over time. It offers a historical perspective on how various binders have been selected, modified, and applied in response to changing project demands, environmental factors, and technological advancements. By leveraging the SDR, researchers and engineers can trace the use of specific binders in past and present pavement sections, thereby gaining insights into their long-term performance.
On the other hand, the ARMAD provides a streamlined and ready-to-analyze collection of data on materials used in pavement sections, with a particular focus on asphalt binders. ARMAD is designed to facilitate more efficient and detailed analysis by offering pre-processed data that is immediately accessible for performance evaluation. This dataset includes critical information on binder types, formulations, and modifications, allowing for a more in-depth examination of how different binders perform under various environmental and traffic conditions. ARMAD’s ready-to-use data structure is particularly advantageous for conducting comparative studies, identifying trends, and developing predictive models related to binder performance.
Utilizing both the SDR and ARMAD methods enables a comprehensive approach to data gathering and analysis. The SDR provides a broad, historical view of binder usage, while ARMAD offers the tools necessary for detailed, performance-focused investigations. Together, these resources empower researchers and engineers to effectively assess the suitability and longevity of different asphalt binders, particularly modified binders, in real-world applications. This dual-method approach supports informed decision-making in the selection of materials that can enhance pavement performance, durability, and overall lifecycle cost-effectiveness.
As the use of modified binders has paved the way for better pavement performance, expanding the research to include other innovative materials such as RAP and RAS will allow transportation agencies to explore their potential benefits more comprehensively. These materials, much like modified binders, hold significant promise for advancing pavement sustainability, reducing lifecycle costs, and improving the overall durability of transportation infrastructure. By incorporating them into future research frameworks and databases, we can ensure a more comprehensive understanding of innovative material applications in pavement engineering.
1. [bookmark: _Toc178241022]

[bookmark: _Toc178241023]4.2 Standard Data Release (SDR)
In the SDR method, the Material Test File and Inventory File are two resources for obtaining information about different binders in various sections of the LTPP database. The Material Test File provides detailed results from tests conducted on asphalt binders, offering insights into their properties and composition, which are crucial for evaluating binder performance. Meanwhile, the Inventory File offers a comprehensive summary of the materials used in each pavement section, including the type and grade of binders, allowing for easy identification of binder usage across different sections. Together, these files enable researchers and engineers to extract and analyze critical data on binders, supporting a deeper understanding of material performance in the LTPP database.

[bookmark: _Toc178241024]4.2.1 Material Test File
The material test file includes various experiments identified by specific codes, each detailed in Table 4.1, which helps in detecting relevant projects. For this project, which aims to investigate modified and highly modified binders within the LTPP database, particular attention should be focused on two specific codes: 6C and 7C. Code 6C corresponds to “AC Overlay with Modified Asphalt Cement on AC Pavement, No Milling”, while code 7C refers to “AC Overlay with Modified Asphalt Cement on PCC Pavement, with CPR or No Pretreatment”. These codes are necessary for the investigation, as they directly relate to projects involving modified asphalt cement overlays, which are essential for studying modified binders.


[bookmark: _Toc178241650]Table 4.1. Experiment codes and descriptions for LTPP projects (FHWA-RD-05-083, July 2005)
	[bookmark: _Toc92870358]CODE
	DETAIL

	1
	Asphalt Concrete on Unbound Granular Base

	2
	Asphalt Concrete on Bound Base

	3
	Jointed Plain Concrete Pavement (JPCP)

	4
	Jointed Reinforced Concrete Pavement (JPCP)

	5
	Continuously Reinforced Concrete Pavement (CRCP)

	6A
	Existing AC Overlay on AC Pavement

	6B
	AC Overlay with Conventional Asphalt Cement on AC Pavement, No Milling

	6C
	AC Overlay with Modified Asphalt Cement on AC Pavement, No Milling

	6D
	Multiple AC Overlays with Conventional Asphalt Cement on AC Pavement, No Milling

	6S
	AC Overlay on AC Pavement with Milling and/or Fabric Pretreatment

	7A
	Existing AC Overlay on PCC Pavement

	7B
	AC Overlay with Conventional Asphalt Cement on PCC Pavement, with CPR or No Pretreatment

	7C
	AC Overlay with Modified Asphalt Cement on PCC Pavement, with CPR or No Pretreatment

	7D
	Multiple AC Overlays with Conventional Asphalt Cement on PCC Pavement, with No Pretreatment

	7F
	AC Overlay on PCC Pavement, with Slab Fracture Pretreatment

	7R
	Intensive Concrete Pavement Restoration of PCC without Overlay

	7S
	AC Overlay on PCC Pavement with Pretreatment

	9
	Unbonded PCC Overlay of PCC Pavement

	1
	Strategic Study of Structural Factors for Flexible Pavements, new/reconstructed AC pavements

	2
	Strategic Study of Structural Factors for Rigid Pavements, new/reconstructed JPCC pavements

	3
	Preventive Maintenance of AC Pavement

	4
	Preventive Maintenance of Jointed Concrete Pavement

	5
	AC Overlay of AC Pavement

	6
	Rehabilitation of Jointed PCC Pavement

	7
	Bonded Concrete Overlay on Portland Cement Concrete Pavement

	8
	Study of Environmental Effects in the Absence of Heavy Loads

	9A
	Superpave Asphalt Binder Study (Project Level Designation)

	9C
	Superpave Asphalt Binder Study, AC Overlay on CRCP)

	9J
	Superpave Asphalt Binder Study, AC Overlay on JCP)

	9N
	Superpave Asphalt Binder Study, New AC Pavement Construction)

	9O
	Superpave Asphalt Binder Study, AC Overlay on AC Pavement)

	9P
	Pilot Superpave Asphalt Binder Study (Project Level Designation)

	10
	Warm Mix Asphalt Overlay of Asphalt Pavement



After conducting data mining, all sections classified under “AC Overlay with Modified Asphalt Cement on AC Pavement, No Milling” and “AC Overlay with Modified Asphalt Cement on PCC Pavement, with CPR or No Pretreatment” have been compiled and are presented in Tables 4.2 and 4.3. In the 6C category, the sections are distributed as follows: Arizona (1), California (15), Colorado (5), Delaware (4), Florida (1), Georgia (1), Idaho (2), Maryland (1), Mississippi (2), North Carolina (9), Ohio (2), Oklahoma (1), Pennsylvania (1), South Dakota (3), Texas (2), Virginia (16), Washington (2), Wyoming (3), and Quebec (6). For the 7C category, the sections are distributed as follows: Alabama (1), California (1), Delaware (1), Illinois (1), Iowa (17), Kansas (1), Nebraska (1), North Carolina (1), Ohio (6), Oregon (2), Pennsylvania (6), Texas (5), and Quebec (1). The numbers in brackets indicate the section numbers from the available data in the LTPP database. These tables demonstrate the widespread use of modified pavement or overlay across 24 states in the United States and Canada, reflecting its application in diverse climatic and geographical conditions. 
[bookmark: _Toc178241651]Table 4.2. Sections classified under “AC Overlay with Modified Asphalt Cement on AC Pavement, No Milling”
	STATE
	STATE CODE
	SHRP ID
	CONSTRUCTION NO
	GPS/SPS
	EXPERIMENT NO

	Arizona
	4
	6055
	3
	G
	6C

	California
	6
	7452
	3
	G
	6C

	
	
	7454
	2
	G
	6C

	
	
	2002
	6
	G
	6C

	
	
	8534
	5
	G
	6C

	
	
	8535
	5
	G
	6C

	
	
	8534
	6
	G
	6C

	
	
	8534
	4
	G
	6C

	
	
	2038
	5
	G
	6C

	
	
	8535
	4
	G
	6C

	
	
	8149
	5
	G
	6C

	
	
	7491
	4
	G
	6C

	
	
	8156
	8
	G
	6C

	
	
	2002
	7
	G
	6C

	
	
	8535
	6
	G
	6C

	Colorado
	8
	6002
	3
	G
	6C

	
	
	7781
	5
	G
	6C

	
	
	7781
	6
	G
	6C

	
	
	6002
	2
	G
	6C

	
	
	1053
	2
	G
	6C

	Delaware
	10
	1450
	4
	G
	6C

	
	
	1450
	5
	G
	6C

	
	
	1450
	6
	G
	6C

	
	
	1450
	3
	G
	6C

	Florida
	12
	4096
	2
	G
	6C

	Georgia
	13
	4096
	2
	G
	6C

	Idaho
	16
	1020
	5
	G
	6C

	
	
	1020
	4
	G
	6C

	Maryland
	24
	1634
	2
	G
	6C

	Mississippi
	28
	3087
	3
	G
	6C

	
	
	3087
	2
	G
	6C

	North Carolina
	
	1992
	2
	G
	6C

	
	
	1352
	4
	G
	6C

	
	
	2824
	2
	G
	6C

	
	
	2819
	2
	G
	6C

	
	
	1817
	5
	G
	6C

	
	
	1817
	6
	G
	6C

	
	
	1352
	3
	G
	6C

	
	
	1817
	4
	G
	6C

	
	
	2819
	3
	G
	6C

	Ohio
	39
	0111
	3
	G
	6C

	
	
	0111
	2
	G
	6C

	Oklahoma
	40
	4087
	2
	G
	6C

	Pennsylvania
	42
	1599
	3
	G
	6C

	South Dakota
	46
	0859
	5
	G
	6C

	
	
	0804
	2
	G
	6C

	
	
	0803
	2
	G
	6C

	Texas
	48
	3865
	2
	G
	6C

	
	
	3865
	3
	G
	6C

	Virginia
	51
	2004
	3
	G
	6C

	
	
	2004
	2
	G
	6C

	
	
	1417
	5
	G
	6C

	
	
	0118
	3
	G
	6C

	
	
	0124
	3
	G
	6C

	
	
	0116
	3
	G
	6C

	
	
	0159
	3
	G
	6C

	
	
	0123
	3
	G
	6C

	
	
	0122
	3
	G
	6C

	
	
	0121
	3
	G
	6C

	
	
	0119
	3
	G
	6C

	
	
	0117
	3
	G
	6C

	
	
	0115
	3
	G
	6C

	
	
	0114
	3
	G
	6C

	
	
	0120
	3
	G
	6C

	Washington
	53
	6048
	2
	G
	6C

	
	
	6048
	3
	G
	6C

	Wyoming
	56
	2017
	5
	G
	6C

	
	
	2017
	7
	G
	6C

	
	
	2017
	6
	G
	6C

	Quebec
	89
	0901
	2
	G
	6C

	
	
	A903
	2
	G
	6C

	
	
	A902
	2
	G
	6C

	
	
	A901
	2
	G
	6C

	
	
	0903
	2
	G
	6C

	
	
	0902
	2
	G
	6C




[bookmark: _Toc178241652]Table 4.3. Sections classified under “AC Overlay with Modified Asphalt Cement on PCC Pavement, with CPR or No Pretreatment”
	State
	STATE_CODE
	SHRP_ID
	CONSTRUCTION_NO
	GPS_SPS
	EXPERIMENT_NO

	Alabama
	1
	3998
	3
	G
	7C

	California
	6
	7455
	3
	G
	7C

	Delaware
	10
	5005
	4
	G
	7C

	Illinois
	17
	5843
	7
	G
	7C

	Iowa
	19
	0602
	12
	G
	7C

	
	
	0605
	11
	G
	7C

	
	
	0601
	8
	G
	7C

	
	
	0601
	7
	G
	7C

	
	
	0602
	10
	G
	7C

	
	
	0601
	10
	G
	7C

	
	
	0601
	9
	G
	7C

	
	
	0602
	9
	G
	7C

	
	
	0602
	11
	G
	7C

	
	
	0605
	12
	G
	7C

	
	
	0605
	13
	G
	7C

	
	
	0605
	14
	G
	7C

	
	
	0601
	12
	G
	7C

	
	
	0602
	13
	G
	7C

	
	
	0601
	11
	G
	7C

	Kansas
	20
	3013
	7
	G
	7C

	Nebraska
	31
	4019
	7
	G
	7C

	North Carolina
	37
	3008
	5
	G
	7C

	Ohio
	39
	4018
	3
	G
	7C

	
	
	9006
	5
	G
	7C

	
	
	3801
	4
	G
	7C

	
	
	9006
	4
	G
	7C

	
	
	3801
	3
	G
	7C

	
	
	5003
	4
	G
	7C

	Oregon
	41
	5006
	2
	G
	7C

	
	
	5008
	2
	G
	7C

	Pennsylvania
	42
	1606
	4
	G
	7C

	
	
	1614
	5
	G
	7C

	
	
	1623
	3
	G
	7C

	
	
	1614
	6
	G
	7C

	
	
	1623
	4
	G
	7C

	Texas
	48
	5154
	5
	G
	7C

	
	
	5335
	3
	G
	7C

	
	
	5154
	6
	G
	7C

	
	
	5154
	4
	G
	7C

	
	
	5274
	3
	G
	7C

	Quebec
	89
	3015
	10
	G
	7C



[bookmark: _Toc178241025]4.2.2 Inventory File
The Inventory File contains detailed records of asphalt binders used across various pavement sections, organized within a comprehensive database that includes multiple tables. The “INV_PMA_ASPHALT” table provides extensive information such as section identification numbers, state codes, construction numbers, layer numbers, asphalt binder grades, additional binder grade details, and sources of the binders. This content of this table is further illustrated in Table 4.4, which includes various parameters like Asphalt Grade (100%), Source (87.55%), Asphalt Specific Gravity (76.01%), Original Asphalt Viscosity at 140°F (66.30%) and 275°F (56.59%), Original Penetration at 77°F (68.86%), Original Ductility at 77°F (12.45%) and 39°F (0.55%), Lab Viscosity at 140°F (35.71%) and 275°F (9.34%), Lab Ductility at 77°F (25.46%) and 39°F (0.55%), and Lab Penetration at 77°F (18.32%) and 39°F (0.73%). The percentages represent the availability of the data from the possible data entries. 
Additionally, the “INV_MODIFIER” table contains information about the types of modifiers used in different sections, with the asphalt cement modifier codes presented in Table 4.5. From the “INV_PMA_ASPHALT” table, different grades of asphalt can be extracted, each associated with a specific code representing a particular asphalt binder, as detailed in Table 4.6. This combined information is defined for tracking and analyzing the performance and characteristics of different binders used in construction and maintenance, making it a valuable resource for researchers and engineers.
Following an extensive data mining process, it was determined that only the sections listed in Table 4.7 of the report involved the use of modifiers within the LTPP database. This table specifically highlights those pavement sections where modified binders were employed, providing a focused subset of data for further analysis. The identification of these sections is crucial as it allows researchers to concentrate their efforts on evaluating the performance and effectiveness of modified asphalt binders, enabling a more targeted investigation into their impact on pavement durability and longevity under various conditions. By isolating these sections, the study can yield more precise insights into the benefits and challenges associated with the use of modifiers in asphalt pavements, contributing to the broader understanding of how these materials influence pavement performance over time.
[bookmark: _Toc178241653]Table 4.4. Content of “INV_PMA_ASPHALT” table
	[bookmark: _Hlk174564748]Information
	Percent

	ASPHALT_GRADE
	100

	ASPHALT_GRADE_OTHER
	1.83

	SOURCE
	87.55

	SOURCE_OTHER
	37.73

	ASPHALT_SPECIFIC_GRAVITY
	76.01

	ORIG_ASPHALT_VISCOSITY_140
	66.30

	ORIG_ASPHALT_VISCOSITY_275
	56.59

	ORIG_PENETRATION_77
	68.86

	ORIG_DUCTILITY_77
	12.45

	ORIG_DUCTILITY_39
	0.55

	ORIG_DUCTILITY_TEST_RATE
	0.00

	ORIG_PENETRATION_39
	2.93

	ORIG_RING_BALL_SOFTENING_PT
	1.47

	LAB_AGE_TEST_PROC
	48.72

	LAB_AGE_TEST_PROC_OTHER
	4.03

	LAB_VISCOSITY_140
	35.71

	LAB_VISCOSITY_275
	9.34

	LAB_DUCTILITY_77
	25.46

	LAB_DUCTILITY_39
	0.55

	LAB_DUCTILITY_TEST_RATE
	0.18

	LAB_PENETRATION_77
	18.32

	LAB_PENETRATION_39
	0.73

	LAB_RING_BALL_SOFTENING_PT
	0.37

	LAB_WEIGHT_LOSS
	10.62

	RECORD_STATUS
	100.00

	Average
	27.76



[bookmark: _Toc178241654]Table 4.5. Different modifier in LTPP database (FHWA-RD-05-083, July 2005)
	Material
	Code

	Stone Dust
	01

	Lime
	02

	Portland Cement
	03

	Carbon Black
	04

	Sulfur
	05

	Lignin
	06

	Natural Latex
	07

	Synthetic Latex
	08

	Block Copolymer 
	09

	Reclaimed Rubber
	10

	Polyethylene
	11

	Polypropylene
	12

	Ethylene-Vinyl Acetate
	13

	Polyvinyl Chloride
	14

	Asbestos
	15

	Rock Wool
	16

	Polyester
	17

	Manganese
	18

	Other Mineral Salts
	19

	Lead Compounds
	20

	Carbon
	21

	Calcium Salts
	22

	Recycling Agents
	23

	Rejuvenating Oils
	24

	Amines
	25

	Fly Ash
	26

	Other
	27



















[bookmark: _Toc178241655]Table 4.6. Asphalt grade codes in LTPP database (FHWA-RD-05-083, July 2005)
	Asphalt Cements
	Code

	AC-2.5
	01

	AC-5
	02

	AC-10
	03

	AC-20
	04

	AC-30
	05

	AC-40
	06

	AR-1000 (AR-10 by AASHTO Designation)
	07

	AR-2000 (AR-20 by AASHTO Designation)
	08

	AR-4000 (AR-40 by AASHTO Designation)
	09

	AR-8000 (AR-80 by AASHTO Designation)
	10

	AR-16000 (AR-160 by AASHTO Designation)
	11

	200-300 pen
	12

	120-150 pen
	13

	58-100 pen
	14

	60-70 pen
	15

	40-50 pen
	16

	Other Asphalt Cement Grade
	17



















[bookmark: _Toc178241656]Table 4.7. Pavement sections utilizing modified binders identified in the LTPP database
	SHRP_ID
	STATE
	CONSTRUCTION_NO
	LAYER_NO
	ASPHALT_MODIFIER_TYPE

	6002
	Colorado
	1
	4
	2

	1004
	Georgia
	1
	5
	2

	1004
	Georgia
	1
	3
	2

	1004
	Georgia
	1
	4
	2

	7075
	Montana
	1
	4
	2

	7076
	Montana
	1
	4
	2

	7075
	Montana
	1
	5
	2

	1060
	Texas
	1
	6
	2

	1004
	Utah
	1
	3
	2

	1017
	Utah
	1
	3
	2

	1007
	Utah
	1
	6
	2

	1007
	Utah
	1
	4
	2

	1006
	Utah
	1
	5
	2

	1006
	Utah
	1
	3
	2

	2037
	Wyoming
	1
	3
	2

	6060
	Arizona
	1
	5
	3

	1036
	Arizona
	1
	3
	3

	3104
	Tennessee
	1
	3
	5

	1028
	Tennessee
	1
	3
	5

	1028
	Tennessee
	1
	4
	5

	1028
	Tennessee
	1
	5
	5

	1004
	Utah
	1
	3
	7

	1006
	Utah
	1
	3
	8

	1020
	Idaho
	1
	4
	25

	2017
	Wyoming
	1
	3
	25

	1001
	New Hampshire
	1
	6
	27

	1030
	North Carolina
	1
	4
	27

	1817
	North Carolina
	1
	4
	27

	2819
	North Carolina
	1
	4
	27

	2825
	North Carolina
	1
	4
	27

	3011
	North Carolina
	1
	2
	27

	1645
	North Carolina
	1
	5
	27

	1802
	North Carolina
	1
	4
	27

	1006
	North Carolina
	1
	5
	27

	1992
	North Carolina
	1
	4
	27

	1028
	North Carolina
	1
	4
	27

	1024
	North Carolina
	1
	4
	27

	2824
	North Carolina
	1
	4
	27

	1049
	Texas
	1
	6
	27

	1049
	Texas
	1
	5
	27

	1007
	Wyoming
	1
	3
	27



[bookmark: _Toc178241026]4.3. Analysis-Ready Materials Dataset (ARMAD)
Table 4.8 provides a comprehensive list of the specific tables that have been created within the ARMAD database. Collectively, these tables encompass over one million records, illustrating the extensive nature of the data collection. Additionally, the number of records in the ARMAD tables is expected to grow significantly with the future integration of the SPS-10 laboratory testing data into subsequent SDRs. This planned incorporation will enhance the database's depth and utility, offering even more detailed insights for researchers and engineers.

[bookmark: _Toc178241657]Table 4.8. Content of analysis-ready materials dataset (ARMAD)
	No.
	Table Name
	Description

	1
	ANALYSIS_TST_UNBOUND
	Representative properties of unbound base, subbase, and subgrade materials.

	2
	ANALYSIS_TST_UNBOUND_SUPPORT
	Support information for the unbound base, subbase, and subgrade material properties.

	3
	ANALYSIS_TST_PCC
	Representative properties of PCC materials.

	4
	ANALYSIS_TST_PCC_SUPPORT
	Support information for the PCC material properties.

	5
	ANALYSIS_TST_AC
	Representative properties of AC materials.

	6
	ANALYSIS_TST_AC_SUPPORT
	Support information for the AC material properties.

	7
	ANALYSIS_TST_AC_ESTAR
	AC dynamic modulus data generated from an analysis study (Kim et al. 2011). No support table presently exists.

	8
	ANALYSIS_TST_AC_CREEP_COMP
	AC creep compliance testing properties.

	9
	ANALYSIS_TST_AC_CRCOM_SUPPORT
	Support information for the AC creep compliance values.

	10
	ANALYSIS_TST_ACT
	Representative properties of ATB base and subbase testing materials.

	11
	ANALYSIS_TST_ACT_SUPPORT
	Support information for the ATB base and subbase material properties.

	12
	ANALYSIS_TST_PCT
	Representative properties of CTB base and subbase materials.

	13
	ANALYSIS_TST_PCT_SUPPORT
	Support information for CTB base and subbase materials.

	14
	ANALYSIS_TST_TR
	Representative properties of treatment layers.

	15
	ANALYSIS_TST_TR_SUPPORT
	Support information for treatment layer types.

	16
	ANALYSIS_TST_EF
	Representative properties of EF layers.

	17
	ANALYSIS_TST_EF_SUPPORT
	Support table for EF layers.



Among all the tables in the database, the “ANALYSIS_TST_AC” table represents a comprehensive collection of analytical data related to asphalt cements. This table includes various parameters such as material codes, descriptions, complex modulus values, phase angles, viscosities, penetration rates, air voids, aggregate properties, and other critical characteristics essential for detailed analysis of asphalt performance. The percentage values indicate the availability of each data parameter from the possible entries. Table 4.9 illustrates these detailed parameters, highlighting the breadth and depth of the data collected.
[bookmark: _Toc178241658]Table 4.9. Analysis of asphalt cement in ARMAD
	Information
	Percent

	MATL_CODE
	100.00

	DESCRIPTION
	100.00

	ESTAR_LINK_GROUP
	25.84

	DSR_COMPLEX_MODULUS_TANK
	0.23

	DSR_COMPLEX_PHASE_ANGLE_TANK
	0.03

	DSR_COMPLEX_MODULUS_RTFO
	0.18

	DSR_COMPLEX_PHASE_ANGLE_RTFO
	0.03

	DSR_COMPLEX_MODULUS_PAV
	0.18

	DSR_COMPLEX_PHASE_ANGLE_PAV
	0.03

	IDT_AVERAGE
	10.95

	IDT_TEST_TEMPERATURE
	10.95

	IDT_LOADING_RATE
	78.48

	ABSOLUTE_VISC_140_F
	13.31

	KINEMATIC_VISC_275_F
	13.33

	IDT_POISSON_USED
	14.95

	POISSON_RATIO_TEST_TEMP
	78.48

	AIR_VOIDS_AVG_WP
	4.07

	AIR_VOIDS_AVG_NWP
	6.27

	ONE_AND_HALF_PASSING
	14.70

	ONE_PASSING
	14.65

	THREE_FOURTHS_PASSING
	14.66

	ONE_HALF_PASSING
	14.54

	THREE_EIGHTHS_PASSING
	14.54

	NO_4_PASSING
	14.65

	NO_10_PASSING
	14.58

	NO_40_PASSING
	14.58

	NO_80_PASSING
	14.58

	NO_200_PASSING
	14.65

	ASPHALT_CONTENT_MEAN
	13.75

	MAX_SPEC_GRAVITY
	14.96

	BSG
	4.92

	THERMAL_CONDUCTIVITY
	78.48

	HEAT_CAPACITY
	78.48

	SUR_SHORTWAVE_ABSORP
	78.48

	COEF_THERMAL_CONTRACTION
	78.48

	AGGR_SPEC_GRAVITY
	78.48

	BINDER_SPEC_GRAVITY
	78.48

	VOIDS_MINERAL_AGGR
	3.12

	VOIDS_FILLED_ASPHALT
	3.08

	CREEP_COMP_LINK
	6.54

	PROJECT_LAYER_CODE
	64.85

	Average
	28.92



Chapter 5 [bookmark: _Toc178241027]Discussions


[bookmark: _Toc178241028]5.1 Overview
This section starts by providing a comprehensive summary and analysis of the specifications from various DOTs, with a particular focus on the types of asphalt binder modifications adopted across different states. The discussion explores the rationale behind these modifications, the materials and technologies used, and the specific conditions under which they are applied. By understanding the variation in DOT practices, we can gain insight into regional preferences and the effectiveness of different modification strategies in addressing local pavement challenges.
Following the review of DOT specifications, the focus shifts to the data available within the LTPP database. This portion of the report critically examines the advantages and disadvantages of the database, identifying key areas where the data is robust as well as where it falls short. One of the major concerns highlighted is the noticeable gap in the LTPP database regarding detailed information on modified and highly modified binders. This lack of data poses significant challenges for researchers and engineers attempting to evaluate the long-term performance and benefits of these materials. The discussion will delve into the implications of these data gaps, considering how they limit the ability to conduct comprehensive analyses and draw reliable conclusions about the effectiveness of modified binders.
Moreover, this section will discuss the impact of the missing data on the broader pavement research community, including how it hampers efforts to develop predictive models and make informed decisions about pavement design and maintenance. By addressing these shortcomings, the report aims to emphasize the need for more comprehensive data collection and suggest areas for future improvement in both the LTPP database and other related datasets. This expanded discussion underscores the critical importance of accurate and complete data in advancing the understanding and application of modified and highly modified binders in pavement engineering.

[bookmark: _Toc178241029]5.2 Comparison of DOT Specifications for Asphalt Binder Modifications
The selection of asphalt binders and their modification has become a pivotal element in pavement design to address regional climatic challenges, traffic demands, and specific performance requirements of modern infrastructure. The U.S. Department of Transportation across various states has established tailored specifications for asphalt binder modifications, reflecting the diverse environmental conditions and operational needs. According to Chapter 3 data, these specifications vary significantly across different U.S. regions, including the Northeastern, South/Southeastern, Midwest, and Western United States, each designed to optimize pavement performance under local conditions.

[bookmark: _Toc178241030]5.2.1 Regional Influences on Asphalt Binder Specifications
The selection and modification of asphalt binders are strongly dictated by regional factors, including climate, traffic loads, and past performance experiences. Each state's DOT specifications are tailored to optimize the performance of pavement materials under the specific environmental and operational conditions they face. For example, regions that experience extreme temperature fluctuations—such as cold winters and hot summers—require binders that offer both superior resistance to rutting in high temperatures and cracking in low temperatures. Conversely, areas characterized by heavy traffic volumes, particularly from large vehicles, demand binders that are engineered for enhanced durability, stress resistance, and long-term resilience under constant load.
These regional requirements not only shape the choice of modified binders but also highlight the potential for expanding the use of innovative materials such as RAP and RAS. As with modified binders, these materials must be selected and optimized based on the unique environmental and traffic conditions of each region to ensure their effectiveness. By tailoring the specifications for both traditional and innovative materials, DOTs can meet local performance goals while simultaneously pursuing sustainable, cost-effective solutions for long-lasting pavement infrastructure.

5.2.1.1 Northeastern United States
The Northeastern region of the U.S. is characterized by harsh winters, significant freeze-thaw cycles, and high precipitation levels. These factors necessitate the use of asphalt binders with superior thermal cracking resistance and durability.
· Common Specifications: Chapter 3 data indicates that states such as New York, Pennsylvania, and Massachusetts frequently specify PG 64S-22 for standard applications. For higher performance requirements, PG 64E-22 modified with SBS polymer is utilized, providing enhanced elasticity and resistance to deformation. Additionally, New York and Maine incorporate crumb rubber-modified binders (e.g., PG 58-28 CR) to improve the flexibility and longevity of pavements under extreme temperature conditions.
· Key Applications: These modified binders are often employed in high-stress areas such as urban roads, highways, and bridges, where long-term performance and reduced maintenance are critical. The use of SBS and crumb rubber modifications specifically addresses issues related to low-temperature cracking, a common challenge in this region.

5.2.1.2 South/Southeastern United States
The South/Southeastern U.S. faces a different set of challenges, including high temperatures, humidity, and heavy rainfall, which can lead to significant rutting and moisture damage if not properly managed.
· Common Specifications: In this region, Chapter 3 data highlights that DOTs such as those in Florida, Louisiana, and Georgia frequently specify PG 76-22 ARB, a binder that includes ground tire rubber (GTR) for enhanced flexibility and rutting resistance. Alabama and Georgia use a range of binders from PG 58-22 for general applications to PG 76-22 for high-temperature conditions. The inclusion of modifiers like SBS and crumb rubber is crucial for maintaining pavement integrity under the intense heat and heavy traffic typical of this region.
· Key Applications: These binders are primarily used in areas prone to rutting, such as interstate highways, urban roads, and heavy-traffic corridors. The modified binders offer improved performance in both high-temperature stability and moisture resistance, making them essential for the long-term durability of pavements in this region.

5.2.1.3 Midwest United States
The Midwest is known for its broad temperature range, from frigid winters to hot summers, requiring binders that can withstand thermal stresses and maintain performance across seasons.
· Common Specifications: According to Chapter 3 data, states like Illinois, Indiana, and Minnesota often use PG 64-22 and PG 70-28, with modifications such as SBS or SBR to enhance resistance to thermal cracking and rutting. Missouri DOT specifies PG 64-22 for general paving applications and PG 70-22 for areas requiring higher temperature resistance. Additionally, binders like PG 58-28 Modified are used in high-stress applications, where enhanced elasticity and durability are critical.
· Key Applications: These binders are commonly used in regional highways, arterial roads, and other critical infrastructure where the balance between flexibility in cold conditions and stiffness in hot conditions is vital. The inclusion of polymer modifications ensures that the pavements can resist cracking and rutting, even under the region's extreme weather conditions.

5.2.1.4 Western United States
The Western U.S. encompasses a wide range of climates, from the cold, wet conditions of the Pacific Northwest to the hot, arid environments of the Southwest. As a result, binder specifications in this region are diverse and tailored to local needs.
· Common Specifications: For example, Chapter 3 data shows that Alaska uses PG 52-28, a binder suitable for its cold climate, while California and Nevada employ modified binders such as PG 76-22, designed for high temperatures and heavy traffic. In Nevada, rubber-modified binders like PG 64-28NVTR and PG 76-22NVTR are specified for their superior performance in extreme temperatures, preventing rutting and cracking. Arizona uses a range of binders, including PG 70-22 with crumb rubber and polymer modifications, to address the challenges posed by high heat and heavy traffic loads.
· Key Applications: In Alaska, binders like PG 52-28 are used in general paving applications where cold weather resilience is critical. Meanwhile, in California and Arizona, the focus is on preventing rutting and thermal cracking under high temperatures and heavy traffic, especially in major highways and urban areas. Rubber-modified binders are increasingly used in these states for their enhanced performance characteristics, especially in hot climates.

[bookmark: _Toc178241031]5.2.2 Analysis of DOT Specification Variations
The variation in DOT specifications across these regions reflects the need for region-specific solutions to address local climatic and traffic conditions. Chapter 3 data underscores that while some binders, such as PG 64-22, are commonly used across multiple regions, their modifications differ significantly to meet regional demands. For example:
Thermal Stress Management: In cold regions like the Northeastern and Midwest U.S., binder modifications focus on reducing thermal cracking, with polymers like SBS providing the necessary flexibility. Conversely, in the South and Southwest, the emphasis is on rutting resistance, with rubber modifications offering enhanced performance under high temperatures.
Traffic Load Considerations: High-traffic areas, regardless of region, require binders that can withstand repeated loading without deformation. States in the South and West often specify high-performance binders like PG 76-22 with polymer and rubber modifications, while Northeastern and Midwestern states may use a combination of high and low-temperature grades to balance performance across seasonal variations.
Environmental and Regulatory Compliance: Environmental considerations, such as the inclusion of recycled materials, also play a significant role in binder specification. For instance, many states have incorporated crumb rubber or other recycled materials into their binders to meet sustainability goals, as seen in the use of PG 76-22 ARB in Florida and Louisiana.
All in all, The DOT specifications for asphalt binder modifications across the United States are a testament to the regional diversity in climate, traffic demands, and environmental challenges. The data from Chapter 3 reveals that Northeastern states emphasize thermal cracking resistance, while the South/Southeastern states focus on rutting resistance and moisture management. The Midwest balances between thermal flexibility and high-temperature performance, and the Western states employ a wide range of modifications to address both hot and cold extremes.
Understanding these regional specifications is critical for developing tailored solutions that not only meet local performance requirements but also extend the lifespan of pavements, reduce maintenance costs, and enhance safety. As binder technology continues to evolve, it is likely that DOT specifications will increasingly integrate advanced materials and sustainability considerations, further optimizing pavement performance across the diverse landscapes of the United States.

[bookmark: _Toc178241032]5.3 Assessment of LTPP Database Coverage on Modified Binders
The LTPP database is a comprehensive resource that has amassed substantial data on pavement performance across North America since its inception. It contains detailed information on various pavement materials, structures, and their behavior under different environmental and traffic conditions. However, while the database provides significant value for research and decision-making, there are notable limitations in its coverage of modified asphalt binders.
Although the database includes data on modified binders, the extent and consistency of this information are not as thorough as might be required for a complete evaluation of their performance. Key gaps include insufficient data on the long-term behavior of modified binders in various climatic regions and under different traffic loads. Additionally, there is a lack of standardized reporting on the use of modified binders, leading to inconsistencies in data quality and comparability across different pavement sections.
This assessment highlights both the strengths and weaknesses of the LTPP database when it comes to modified binders. While it serves as a valuable starting point for understanding their impact on pavement performance, the limited and sometimes fragmented nature of the available data constrains the depth of analysis that can be performed. These gaps point to the need for enhanced data collection practices and expanded research efforts to improve the understanding of modified binders’ long-term performance.
Furthermore, expanding the scope of the database to include other innovative materials such as RAP and RAS could provide a more comprehensive understanding of their role in sustainable pavement performance. By broadening the database to better encompass a range of emerging materials, future research will be better equipped to evaluate the effectiveness of innovative paving solutions, thus advancing the field of pavement engineering.

[bookmark: _Toc178241033]5.3.1 Data Sources for Modified Binders
The LTPP database provides two primary methods for obtaining information on modified binders: the SDR file and the ARMAD. The SDR file contains detailed records of materials used in various pavement sections, including asphalt binder types, physical and chemical properties, and specific application areas, offering a historical perspective crucial for understanding long-term performance trends. ARMAD, on the other hand, provides a streamlined, pre-processed dataset focused on material, including critical information on binder types, formulations, and modifications, making it particularly useful for comparative studies, trend analysis, and the development of predictive models related to mixture performance.

[bookmark: _Toc178241034]5.3.2 Coverage and Limitations
While the LTPP database contains data on binders, its coverage is not comprehensive. As analyzed in Chapter 4, only a limited number of sections within the LTPP database involve the use of modified binders. The database does identify sections with modifiers such as SBS polymer, crumb rubber, and other additives, but these are relatively scarce compared to the total number of pavement sections cataloged. Tables in the document highlight specific sections utilizing modified binders, emphasizing the limited scope of available data for analysis.
The Inventory File within the SDR method provides a more detailed breakdown of the asphalt binders used in different sections, including their grades, sources, and specific properties. However, the data is often incomplete or lacks sufficient detail, particularly concerning modified binders. This data gap poses significant challenges for researchers attempting to evaluate the long-term performance and effectiveness of these materials.
Additionally, sections classified as 6C or 7C refer to construction numbers associated with years following the initial project, but all binder information pertains only to the first construction. This means that even if modified binders were used for overlaying in these later sections, the binder information linked to that specific construction number is inaccessible. This further complicates the ability to analyze the impact of modified binders in subsequent pavement projects.

[bookmark: _Toc178241035]5.3.3 Implications for Research and Pavement Performance
The gaps in the LTPP database regarding modified binders limit the ability to conduct comprehensive analyses and draw reliable conclusions about their performance. Without sufficient data on the use and performance of modified binders, it becomes difficult to develop robust predictive models or to fully understand the benefits and drawbacks of these materials under various conditions.
Moreover, the limited data hampers efforts to evaluate the long-term cost-effectiveness and durability of modified binders, which are critical factors for transportation agencies when making decisions about pavement materials. As a result, there is a need for improved data collection practices within the LTPP framework to ensure that future research can better address these knowledge gaps and support the optimization of pavement materials.
The assessment of LTPP database coverage on modified binders reveals that while valuable data is available, it is not comprehensive enough to fully support the analysis and optimization of these materials. The limited coverage restricts the ability to evaluate the long-term performance of modified binders, which is essential for advancing pavement technology. To overcome these challenges, further efforts to standardize data collection and enhance the comprehensiveness of the LTPP database are necessary. Such improvements will enable more effective research and contribute to the development of more durable, cost-effective, and sustainable pavement solutions.
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[bookmark: _Toc178241037]5.3.4 Identifying Gaps in Data: Challenges in Evaluating Modified Binders
The LTPP database, encompassing 2,581 pavement sections, faces considerable challenges in evaluating modified binders due to notable data gaps. Out of these sections, only 38 provide detailed information on modified binders, representing a mere 1.47% of the total. The data available for analyzing modified binder is sparse and uneven, making it difficult to conduct thorough assessments.
Among the available sections, different modifiers such as lime, synthetic latex, block copolymer, and reclaimed rubber are documented, but their usage is minimal. For instance, Table 4.5 of the report lists various modifiers found in the LTPP database, but the number of sections using these modifiers remains limited. Additionally, Table 4.7 identifies the specific pavement sections utilizing these modifiers across different states. For example, lime (modifier code 2) is used in several sections across Colorado, Georgia, Montana, Texas, Utah, and Wyoming. Similarly, synthetic latex (modifier code 8) and block copolymer (modifier code 9) are found in a few sections in states such as Arizona, Tennessee, and Utah. However, these sections collectively represent only a small subset of the total LTPP database, highlighting the limited scope for comprehensive analysis.
A significant challenge in evaluating modified binders is the lack of information on the PG of the binders in the LTPP database. Despite the importance of PG grading in determining binder suitability, no PG data is provided for any section in the database. Additionally, even if we attempt to estimate the PG grades based on binder viscosity, the data is insufficient. As shown in Table 4.4, which details the “INV_PMA_ASPHALT” table, critical parameters such as original viscosity at 140°F and 275°F are only available for 66.30% and 56.59% of sections, respectively. The overall availability of relevant data across all parameters averages only 27.76%. This insufficiency prevents any reliable estimation of PG grades, further complicating efforts to evaluate binder performance.
In conclusion, the LTPP database suffers from significant data gaps, particularly regarding modified and highly modified binders. The limited number of sections with detailed information, combined with the absence of PG grade data and the inadequacy of viscosity data, presents substantial obstacles to advancing pavement research. These gaps, as highlighted in Tables 4.4, 4.5, and 4.7, underscore the need for improved data collection methodologies to better capture the performance characteristics of these materials. Addressing these shortcomings is essential for enabling more robust analyses and supporting the broader adoption of innovative pavement materials.

[bookmark: _Toc178241038]Chapter 6. Conclusions and Recommendations


[bookmark: _Toc178241039]6.1 Conclusion
This study has provided a comprehensive analysis of the LTPP database and state specifications, with a particular focus on the performance of innovative paving materials such as modified binders. Despite the extensive data housed in the LTPP database, significant gaps remain that limit the ability to fully evaluate the use and long-term performance of these materials.
One of the key findings is that while a survey indicates that 21 agencies are using modified binders, this usage is not fully reflected in the LTPP database for the current project. Additionally, although all DOTs specify different types of modified binders in their state specifications, these are often not documented within the LTPP database, creating a significant gap in the available data.
Furthermore, modified binders should be seen as representatives of a broader range of innovative materials, including RAP and RAS, which are increasingly adopted in pavement engineering. Expanding research to include these materials would provide a more holistic understanding of their potential benefits for improving pavement performance and sustainability.
The evaluation is also complicated by the classification of sections under codes 6C and 7C, which refer to construction numbers associated with years following the initial project. However, all binder information in the LTPP database pertains only to the first construction phase. This means that even if modified binders were used in overlays in these later sections, the binder-specific information for those subsequent constructions remains inaccessible. The absence of data on later construction phases further hinders the ability to assess the long-term impact of modified binders.
In addition, a lack of collaboration between PMS and the LTPP database has been identified as a critical challenge. Improved coordination between state-level PMS data collection efforts and the LTPP would ensure that comprehensive and consistent data on modified binders and other innovative materials are captured. This would enable a more complete analysis of material performance and support more effective predictive modeling.
In conclusion, addressing these data gaps—both in the coverage of subsequent construction phases and in fostering stronger collaboration between PMS and LTPP—will be essential to unlocking the full potential of the LTPP database. By viewing modified binders as a gateway to exploring broader innovative materials, and by improving data-sharing practices, the industry can advance toward more durable, sustainable, and cost-effective pavement infrastructure.

[bookmark: _Toc178241040]6.2 Recommendations
To address the identified limitations and enhance the utility of the LTPP database, the following recommendations are proposed:
· Comprehensive Data Inclusion: The LTPP database should be expanded to capture detailed information on all modified binders used across various phases of pavement projects, including overlays and subsequent construction activities. This will enhance the depth and scope of data available for performance evaluation.
· Standardized Documentation: A uniform system for documenting the use of modified binders should be implemented across all state agencies. Consistent reporting will ensure that the data in the LTPP database is complete, comparable, and reliable across different regions, improving performance assessments.
· Integration of Survey Data: Data from state and agency surveys on the use of modified binders should be incorporated into the LTPP database. This will provide a more accurate and current reflection of practices being implemented across various states.
· Expansion of Data Collection: The LTPP database should expand its collection efforts to include more detailed records of binder properties, modifications, and performance grades, particularly for sections categorized under codes like 6C and 7C. This will improve the tracking and evaluation of modified binders over time.
· Ongoing Research and Expansion to Innovative Materials: In addition to filling the data gaps on modified binders, future research should extend to other innovative materials such as RAP and RAS. Continuous research should focus on understanding the long-term performance of these materials and developing predictive models that incorporate expanded data for more accurate pavement performance predictions.
By implementing these recommendations, the LTPP database can evolve into a more powerful resource for advancing pavement technology, leading to the development of more durable, cost-effective, and sustainable infrastructure solutions.
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