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FOREWORD Welcome to the 7th edition of MS-2 Asphalt Mix Design Methods. 2014 marks the 55th year of continuous publication of our mix design manual that has become the industry standard for the design of asphalt mixtures. This manual remains a practical guide based on proven technologies, incorporating the most current information available at the time of this writing. Yet this edition offers significantly expanded explanation and guidance relative to our previous mix design manuals. AASHTO, ASTM and other published standards are referenced wherever applicable in addition to important research findings. It is intended for mix designers, pavement engineers, lab personnel and others involved in asphalt mixtures. It is formatted for easy use as an engineering textbook or as a laboratory workbook. This edition represents a major shift from our previous mix design manuals by covering all methods in one comprehensive manual. It replaces the 6th edition of MS-2 (focused on the Marshall and Hveem methods) and our SP-2 manual (dedicated to Superpave mix design procedures and analysis). While Superpave has become the predominant method in the United States, Marshall and Hveem are still utilized in parts of the U.S. and certainly around the world. These three methods plus Stone Matrix Asphalt (SMA), Open Graded Friction Course (OGFC), with or without Reclaimed Asphalt Pavement (RAP), Recycled Asphalt Shingles (RAS), Warm Mix Asphalt (WMA) and others all share commonalty in their governing principles, fundamental properties, testing procedures and analysis. For this reason it made sense to merge MS-2 and SP-2 into one manual. Topics are presented in the logical progression of mix design steps. Chapters 1 through 5 apply across all mix design methods; covering mix behavior, material selection, batching, specimen preparation, binder absorption, specific gravity testing, volumetric calculations, data interpretation and more. Chapter 6 covers the unique aspects of the Superpave system, while chapter 7 does the same for Marshall and chapter 8 does the same for Hveem. Chapters 9 through 11 are again generic for all dense graded mixes and design methods; covering moisture sensitivity, performance testing and the use of recycled materials. Chapter 12 discusses the many specialty type mixes utilized for unique applications, and chapter 13 wraps up the manual with guidance on verifying the JMF once field production starts. MS-26, The Asphalt Binder Handbook, is the primary reference on asphalt binders, while our MS-4, The Asphalt Handbook, is a comprehensive manual on the use of asphalt. We believe this MS-2, 7th edition will serve the industry well for many years as the most thorough and current go-to-reference on asphalt mix design.
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1.0



General Asphalt pavements are the predominant pavement type in the world. Asphalt is used for all types of applications—from residential streets to expressways, from parking lots to harbor facilities, from mastic roofing decks to water reservoir barriers, and from bike paths to airport runways. Depending on traffic, climate, available materials and the location within the pavement structure, the type of mix selected and mix design criteria will be different. Moisture sensitivity tests and, more recently, performance tests are being added to better determine the final design mixture. Successful mix design requires understanding the basic theory behind the steps and following the intent of the written instructions. It also includes having the proper training in laboratory techniques and effectively interpreting the results of laboratory tests. This manual was prepared with these goals in mind. It contains the latest information for the design of asphalt paving mixtures to meet the demands of modern traffic conditions and to ensure optimal performance of asphalt pavements.



1.1



Asphalt and hot mix defined In different parts of the world, the term “asphalt” has different meanings. For instance, in Europe, asphalt is synonymous with what is called Hot Mix Asphalt (HMA) or Asphalt Concrete (AC) in the U.S. And the term “bitumen” in Europe is synonymous with asphalt, asphalt cement or asphalt binder in the U.S. In this manual we will use “asphalt binder,” “asphalt cement” and “bitumen” interchangeably to identify the liquid binder. Likewise, we will often use the terms “asphalt,” “asphalt mixture,” “hot mix asphalt” and “warm mix asphalt” to identify the mixture of aggregate and binder. 1.2



Classifications of mixes Asphalt mixtures may be produced from a wide range of aggregate combinations, each having its own particular characteristics suited to specific design and construction uses. Mixtures consist of a combination of aggregate uniformly mixed and coated with asphalt binder. To dry the aggregates and to obtain sufficient fluidity of asphalt binder for proper mixing and workability, both the aggregate and the asphalt binder must be heated before mixing—hence the term “hot mix.” Dense-graded asphalt mixes



A dense-graded asphalt mix has a well-distributed aggregate gradation throughout the entire range of sieves used. It is the most commonly specified type of mix and can be used in the base, intermediate layers and surface of a pavement structure. Superpave, Marshall and Hveem are methods of designing dense-graded mixes.   Chapter 1   Introduction  1



Open-graded asphalt mixes



An open-graded layer is an asphalt mixture designed to have a large volume of air voids (typically 18 to 22 percent) so that water will readily drain through the pavement layer. It is used as an Open-Graded Friction Course (OGFC) to provide a skid-resistant pavement surface and as a porous base layer (also called Asphalt Treated Permeable Base, or ATPB) to provide for positive drainage under either an asphalt or Portland cement concrete pavement surface. Gap-graded or Stone Matrix Asphalt (SMA)



Gap-graded or SMA is an asphalt mixture with a high-coarse aggregate content (typically 70 to 80 percent), a high asphalt content (typically more than 6 percent) and a high-filler content (approximately 10 percent by weight). The result is a durable mixture that has excellent stone-on-stone contact and that is very resistant to rutting. Warm Mix Asphalt (WMA) is not a mix type, but refers to any mix produced at lower temperatures using a variety of technologies while maintaining the workability required to be successfully placed. Many other specialty mixtures exist, and are described in chapter 12. It is essential that the mixing facility produce the mix as similar as possible to the mix design, which is the purpose of chapter 13. 1.3



Objective of a mix design The objective of a mix design is to determine the combination of asphalt cement and aggregate that will give long-lasting performance as part of the pavement structure. Mix design involves laboratory procedures developed to establish the necessary proportions of materials for use in the asphalt mixture. These procedures include determining an appropriate blend of aggregate sources to produce proper gradation of mineral aggregate and selecting the type and amount of asphalt cement to be used as the binder for that gradation. Welldesigned asphalt mixtures can be expected to serve successfully for many years under a variety of loading and environmental conditions. The mix design is just the starting point to assure that an asphalt pavement layer will 2  Chapter 1  Introduction



perform as required. Together with proper construction practice, mix design is an important step in achieving well-performing asphalt pavements. In many cases, the cause of poorly performing pavements has been attributed to a poor or inappropriate mix design, or is due to the production of a mixture different from what was designed in the laboratory. Correct mix design involves adhering to an established set of laboratory techniques and design criteria. These techniques and criteria serve as the design philosophy of the governing agency. They are based on scientific research as well as many years of experience in observing the performance of asphalt pavements. It is critical that these laboratory methods be followed exactly as written. Asphalt pavements perform well when they are designed, produced and constructed to provide certain desired properties. Those properties will vary based on project expectations and the position of that mix in the pavement structure. Highvolume interstate highways with a high percentage of heavy trucks will require different properties than a parking lot or driveway. The design of asphalt paving mixes, as with other engineering materials designs, is largely a matter of selecting and proportioning materials to obtain the desired properties in the finished construction product. The overall objective for the design of asphalt paving mixes is gradation of aggregates and binder content that yields a mix having: • sufficient asphalt to ensure a durable pavement; • sufficient mix stability to satisfy the demands of traffic without distortion or displacement; • sufficient air voids in the total compacted mix to allow for a slight amount of additional compaction under traffic loading and a slight amount of thermal binder expansion without flushing, bleeding and loss of stability; • a maximum void content to limit the permeability of harmful air and moisture into the mix; • sufficient workability to permit efficient placement of the mix without segregation and without sacrificing stability and performance; and • aggregate texture and hardness to provide sufficient skid resistance in unfavorable weather conditions.



The final goal of mix design is to select a unique design binder content that will achieve a balance among all of the desired properties. Ultimate pavement performance is related to durability, impermeability, strength, stability, stiffness, flexibility, fatigue resistance and workability. Within this context, there is no single asphalt content that will maximize all of these properties. Instead, an asphalt content is selected on the basis of optimizing the properties necessary for the specific conditions. 1.4



Evolution of mix design The first recorded use of asphalt in pavements was in the city of Babylon, when between the years 625 B.C. and 604 B.C., “Procession Street” near King Nabopolassar’s palace was paved. The first asphalt pavements in the United States were built in Newark, New Jersey (1870), and in Washington, D.C. (1876), on Pennsylvania Avenue. In 1908 Clifford Richardson stated that “gradations were arranged by chance, and mixes proportioned by rule of thumb and without reason.” Richardson produced the first asphalt pavement engineering textbook, The Modern Asphalt Pavement, in 1905 while working for the Barber Asphalt Paving Company. He was considered the most well-known asphalt technologist of his time. He recognized the importance of air voids (Va) and voids in the mineral aggregate (VMA). The Barber Company paved a product called sheet asphalt, a mixture of asphalt binder (from Trinidad) and clean angular sand and filler. In contrast to Barber, Frederick Warren of the Warren Brothers Company produced mixes (more like HMA) with aggregates up to 3 inches in size. Warren called this mix “bitulithic” and received its patents in 1901 and 1903. Bitulithic was improved and later marketed as Warrenite. It used large stone aggregate, tightly graded to produce a mix with minimum voids and high stability. Because of the large-size aggregates and dense gradations, bitulithic mixes required less asphalt and were thus more economical. It also allowed the use of softer binders. In 1912 the Warren brothers filed a patent infringement suit in federal court in Topeka, Kansas. The court ruled that only mixes



containing aggregates smaller than one-half inch could be produced without violating the Warren patents. This ruling was significant for the future developments in asphalt technology using smallersize mixes. Prevost Hubbard and Frederick Field of the Asphalt Institute developed a mix design procedure mainly for fine mixes. They determined a minimum Hubbard-Field stability value based on experience with pavements capable of resisting shoving. This method was developed in the 1920s and remained in wide use until the 1950s. Other mix design methods used in the 1950s were the Smith Triaxial method and the Texas Gyratory method. In the 1930s, Francis Hveem, materials and research engineer for the California Division of Highways, developed a mix design procedure that introduced the use of a kneading compactor. Hveem felt the use of the kneading compactor was more representative of the field-produced mixes that were being compacted with steel and pneumatic-tire rollers. Additionally, Hveem recognized the need to have a mechanical test to evaluate the performance of the mix. That need led to the development of the Hveem Stabilometer, which is used to evaluate the ability of the mix (mainly the aggregate structure) to resist the shear forces applied by the traffic. The Marshall Mix Design procedure was developed in the 1930s by Bruce Marshall of the Mississippi Highway Department. His belief was that laboratory compaction must produce a density that represents the in-place density after traffic. His recommendation was to select the asphalt content that produced the highest density, while checking stability and flow to assure minimum acceptable levels were met. World War II resulted in the need for runway construction in remote areas. This required a mix design procedure that used simple portable laboratory equipment. The U.S. Army Corps of Engineers adapted the Marshall method to design pavements that would support the increase in aircraft wheel loads and tire pressures of the new aircraft. In the early 1950s, the initiation of the National Highway System saw state highway departments expanding the construction of high-volume roadways. It modified the Corps of Engineers procedures to design mixtures for highway   Chapter 1   Introduction  3



pavements. Prior to the introduction of Superpave in the early 1990s, approximately 75 percent of state highway agencies were using the Marshall Mix Design procedure. From 1987 to 1993, the Federal Highway Administration (FHWA) sponsored, and the Transportation Research Board (TRB) administered, the $150 million Strategic Highway Research Program (SHRP). The purpose of SHRP was to develop performance-based technology and specifications that would result in significant improvements in the way highways were designed and built to address the effect of increasing traffic on the nation’s highway infrastructure. Approximately $50 million of the SHRP funding was used to support an asphalt research program. The result of this research was the Performance Grading (PG) system for binders and a new mix design system called Superpave (SUperior PERforming Asphalt PAVEments). The first projects designed with Superpave technology were built in the early 1990s, and the procedure quickly became the standard procedure for the design of HMA pavement mixtures in the U.S. and Canada. The Superpave mix design method uses a gyratory compactor to make test specimens and volumetrics to determine the optimum binder content. Moisture resistance, and in some cases, performance testing are included to verify the suitability of the designed mixture. 1.5



The structure of this manual This manual goes chapter by chapter through materials, sample preparation, moisture sensitivity and mixture testing, volumetrics and mix performance testing as shown in Figure 1.1. Other considerations and specification requirements are added in each section, as appropriate. For heavy-duty pavements, performance testing for rutting resistance and fatigue characteristics



4  Chapter 1  Introduction



are sometimes included after/during moisturesensitivity testing (see chapter 10). Depending on the specific purpose of the mix, other gradings have been used with great success, such as gap-graded and open-graded aggregate compositions. The design philosophy and construction procedures of these mixes are different because of the additional void space incorporated between the larger particles. For such specialty mixes, refer to chapter 12. Aggregate Selecon Chapter 3
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FIGURE 1.1  Basic Mix Design Flow Chart



FAIL



CHAPTER 2



Mixture Behavior



2.1 Objectives of asphalt paving mix design . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.2 Desired properties considered for mix design . . . . . . . . . . . . . . . . . . . . . . . . . 7 2.3 Volumetric characteristics of asphalt mixtures . . . . . . . . . . . . . . . . . . . . . . . . . 12



2.1



Objectives of asphalt paving mix design A properly designed asphalt mixture provides a balance of engineering properties and economics that ensures a durable pavement that satisfies both its users and owners. Care should be exercised to consider the intended function of the pavement both overall and in terms of the specific location within the pavement structure where the mixture will be applied. Thus, for a surface layer it may be wise to use a mixture whose properties differ from those of a bottom or intermediate layers, each of which may also differ from the others. The overall objective for the design of asphalt paving mixes is selecting the gradation of aggregates and proportioning of asphalt that yields a mix having the desirable properties listed in chapter 1, section 1.3. 2.1.1  Asphalt binder behavior



Three asphalt binder characteristics are important in asphalt mixture behavior: temperature susceptibility, viscoelasticity and aging characteristics. Asphalt’s properties are temperature susceptible—asphalt is stiffer at colder temperatures. That is why a specified test temperature historically accompanies almost



every asphalt binder and mixture test. Without specifying a test temperature, the test results are not effectively interpreted. For the same reason, asphalt binder behavior is also dependent on time of loading—asphalt is stiffer under a shorter loading time. The dependence of asphalt binder behavior on temperature and load duration means these two factors can be used interchangeably. That is, fast-loading rates can be simulated by low temperatures. With the advent of the Performance Graded (PG) system, specifying a single temperature for a particular test became obsolete. Rather than specifying a test temperature for a physical property, a desired property parameter was set and the temperature that achieved the desired value was then determined via the prescribed test method. This was a fundamental change in binder testing philosophy. It allowed asphalt to be graded for the expected environmental conditions. Tests were incorporated in the PG system to reflect high temperature (rutting), low temperature (thermal cracking) and binder aging (fatigue) behaviors. Asphalt binder is a viscoelastic material because it simultaneously displays both viscous and elastic characteristics. At high temperatures (e.g., greater than 200°F), asphalt cement acts almost entirely as a viscous fluid, displaying the consistency of a lubricant such as motor oil. At very low temperatures (e.g., below freezing), asphalt binder behaves mostly like an elastic solid, rebounding to its original shape when loaded and unloaded. At the intermediate temperatures found in most pavement systems, asphalt cement has characteristics of both a viscous fluid and an elastic solid. Asphalt is chemically organic and reacts with oxygen from the environment. Oxidation   Chapter 2   Mixture Behavior  5



changes the structure and composition of the asphalt molecules. Oxidation causes the asphalt to become more brittle, leading to the term “age hardening.” Oxidation occurs more rapidly at higher temperatures and higher in-place air voids. A considerable amount of hardening occurs during HMA production, when the asphalt cement is heated to facilitate mixing and compaction. That is also why oxidation is more of a concern when the asphalt cement is used in a hot, desert climate. The characteristics of asphalt cement under varying temperatures, rates of loading and stages of aging determine its ability to perform as a binder in the pavement system. More details on the PG and traditional testing methods are found in chapter 3. Even more explanation is available in the AI publication MS-26, The Asphalt Binder Handbook. 2.1.2  Mineral aggregate behavior



A wide variety of mineral aggregates is used to produce asphalt mixtures. Natural aggregates including sand have been simply mined from river or glacial deposits and used without further processing to manufacture HMA. These are often called bank-run or pit-run materials. Processed aggregate has been mined, quarried, crushed, separated in distinct size fractions, washed or otherwise processed to achieve certain performance characteristics of the finished HMA. Synthetic aggregate is any man-made material that is not mined or quarried and is often an industrial byproduct, such as blast furnace slag.



Occasionally, a synthetic aggregate will be included to enhance a particular performance characteristic of the HMA. For example, slag is sometimes used as a component to improve the skid resistance properties of HMA. Regardless of the source, processing method or mineralogy, aggregate must provide enough shear strength to resist permanent deformation. When a mix is overloaded, a shear plane develops, and aggregate particles slide past each other (see Figure 2.1), resulting in permanent deformation. Along this plane, the shear stress exceeds the shear strength of the mixture. Aggregate shear strength is critically important in HMA because it provides the mixture’s primary rutting resistance. Aggregate has relatively little cohesion. Thus, shear strength is primarily dependent on the resistance to movement, or inter-particle friction, provided by the aggregates. Angular, roughtextured aggregates provide more resistance than rounded, smooth-textured aggregates (see Figure 2.2). When a load is applied, the aggregate structure tends to be stronger because the load (confining pressure) holds the aggregate tighter together and increases shear strength. Even though an angular piece and rounded piece of aggregate may possess the same material strength, angular aggregate particles tend to lock together, resulting in a stronger mass of material. Rounded aggregate particles tend to slide past each other. The internal friction improves the ability of aggregate to interlock and create a mass that is almost as strong as the individual pieces.



shear plane



Before Load FIGURE 2.1  Shear Loading Behavior of Aggregate
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After Load



To ensure a strong aggregate blend for HMA, aggregate properties that enhance internal friction are typically specified. Normally, this is accomplished by specifying a certain percentage of crushed faces for the coarse portion of an aggregate blend and the fine aggregate angularity for the fine portion. In addition, the amount of natural sand in a blend is often limited because natural sands tend to be rounded, with poor internal friction. 2.1.3  Asphalt mixture behavior



When a wheel load is applied to a pavement, the primary stresses that are transmitted to the HMA are vertical compressive stress, shear stress within the asphalt layer and horizontal tensile stress at the bottom of the asphalt layer. The HMA must be internally strong and resistant to compressive and shear stress to prevent permanent deformation within the mixture. The material must also have enough tensile strength to withstand tensile stress at the base of the asphalt layer to resist crack initiation, which results in fatigue cracking after many load applications. Tensile strain at the edge of high pressure radial tires can cause top down cracking. The asphalt mixture must also resist contraction stresses from rapidly decreasing temperatures or extremely cold temperatures. While the individual properties of HMA components are important, asphalt mixture behavior is best explained by considering asphalt cement and mineral aggregate acting together. One way to understand asphalt mixture behavior is to consider the primary asphalt pavement distress types that engineers try to avoid: permanent deformation, fatigue cracking and low temperature cracking. These are the distresses analyzed during mix design.



Angular Aggregate



2.2



Desired properties considered for mix design 2.2.1  Resistance to permanent deformation—stability



Permanent deformation results from the accumulation of small amounts of unrecoverable strain (small deformations) from repeated loads applied to the pavement. Wheel path rutting is the most common form of permanent deformation. Resistance to permanent deformation is provided by designing and constructing a stable HMA pavement that will resist shoving and rutting under traffic. It will maintain its shape and smoothness under repeated loading. An unstable pavement develops ruts and shows other signs of mixture shifting. Resistance to permanent deformation depends primarily on the internal friction provided by the aggregate particles and to a lesser extent the cohesion provided by the asphalt binder. Interparticle friction among the aggregate particles is related to the shape and surface texture of both the fine and the coarse aggregate and the characteristics of the aggregate gradation. Cohesion results from the bonding ability and the stiffness characteristics of the asphalt binder. A proper degree of both inter-particle friction and cohesion in a mix prevents the aggregate particles from being moved past one another by the forces exerted by traffic. The use of more angular aggregate particles with rougher surface texture will increase the stability of the mix. Cohesion increases as the stiffness of the asphalt binder increases or when the pavement temperature decreases. The degree to which internal friction versus cohesion influences a mix’s resistance to permanent deformation varies from mix to mix.



Rounded Aggregate



FIGURE 2.2  Aggregate Stone Skeleton
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original proﬁle asphalt layer weak subgrade or underlying layer



subgrade deformation



FIGURE 2.3  Rutting from Weak Subgrade



Two primary causes of rutting are subgrade failure and inadequate mix stability. First, deformation can occur in the subgrade or underlying layers such as base or sub-base rather than the asphalt layers (see Figure 2.3). It is typically caused by poor in situ subgrade quality or condition required for the pavement structure



FIGURE 2.4  Rutting from Weak Mixture



8  Chapter 2  Mixture Behavior



and loading conditions. Stiffer paving materials may reduce this type of rutting, but it is better to correct the subgrade or underlying layer instability. In the case of an unstable mix, the deformation is limited to the asphalt layer and will result in an upheaval at the edge of the rut (see Figure 2.4). While this might suggest that rutting is an asphalt



FIGURE 2.5  Fatigue (Alligator) Cracking



binder problem, it is more correct to address rutting by considering the combined mineral aggregate and binder properties and through gradation and volumetric proportioning. Asphalt mixture shear strength is mainly increased by selecting an aggregate that has a high degree of internal friction—one that is angular, has a rough surface texture and is graded to develop particleto-particle contact. When a load is applied to the mixture, the aggregate particles lock tightly together and function more as a large, single, elastic mass. If improving the aggregates does not give sufficient improvement in mixture shear strength, a stiffer binder and/or a modified binder may be selected. 2.2.2  Fatigue resistance



Fatigue resistance is the pavement’s resistance to repeated bending under wheel loads (traffic). The result of a fatigue failure is fatigue cracking, often called alligator cracking (see Figure 2.5). This



type of cracking occurs when the pavement has been stressed to the limit of its life by repeated load applications. Although fatigue cracking is primarily related to an insufficient pavement thickness, air voids and asphalt binder properties have a significant effect on fatigue resistance. As the percentage of air voids in the pavement increases, either by design or by lack of compaction, pavement fatigue resistance is drastically reduced. Research and practice have shown that the use of a polymer-modified asphalt binder can significantly improve the fatigue resistance of an HMA mixture. The thickness and strength characteristics of the pavement and the support of the subgrade also have a major impact upon pavement life and preventing fatigue or load-associated cracking. Thick, well-supported pavements deflect less under-traffic loading than thin or poorly supported pavements. Therefore, they have longer fatigue lives. For a perpetual pavement design, the   Chapter 2   Mixture Behavior  9



endurance limit (the strain level below which the material will not fail in fatigue) may never be reached. Fatigue cracking typically initiates at the bottom of an asphalt layer and migrates toward the surface. This is the result of the high-tensile strain at the bottom of the HMA layer. In recent years, fatigue cracking has been observed to begin at the top of the pavement and to migrate down. This cracking is due to hightensile strains in the surface of the HMA. It is generally thought that thin HMA pavements experience fatigue cracking that starts at the bottom of the HMA and that thick HMA pavements experience fatigue cracking that starts at the HMA surface where it is more easily dealt with. Methods to overcome fatigue cracking are: • adequately account for the number of heavy loads during design; • use thicker pavements; • provide adequate subgrade drainage; • use pavement materials that are not easily weakened by moisture; FIGURE 2.6  Low-Temperature Cracking
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• use HMA that is resilient enough to withstand normal deflections; and • use a modified binder. Only selection of resilient materials can be strictly addressed during materials selection and mix design. The HMA must have enough tensile strength to withstand the applied tensile stress at the base of the asphalt layer, and be resilient enough to withstand repeated load applications without cracking. Thus, HMA must be designed to behave like an elastic material to overcome fatigue cracking. This is accomplished by placing an upper limit on the asphalt cement’s stiffness properties, since the tensile behavior of HMA is strongly influenced by the asphalt cement. Simply put, soft asphalts have better fatigue properties than hard asphalts. 2.2.3  Low-temperature cracking



Low-temperature cracking (see Figure 2.6) normally occurs when the temperature at the surface of the pavement drops sufficiently to



produce thermally induced stress in the HMA layer that exceeds the tensile strength of the asphalt mixture. The result is transverse cracks that are perpendicular to the roadway centerline and are often equally spaced. These cracks start at the surface and work their way downward. The magnitude, rate of cooling, frequency of the low-temperature occurrences and the stiffness of the asphalt binder are the major factors affecting the severity of the cracking. Low-temperature cracking can be the result of a single event or repetitive cycles of cold temperatures that result in a fatigue type of failure in the mixture. In general, the solution to this problem is the proper choice of binder. Using highly absorptive aggregates, or aggregates with high dust content, can aggravate low-temperature cracking. 2.2.4  Moisture resistance—impermeability



A major durability problem is associated with moisture damage, commonly referred to as “stripping.” This typically is the result of water in combination with repeated traffic loadings, causing a scouring effect as the water is pushed into and pulled out of the voids in the pavement. Stripping involves water or water vapor getting between the asphalt film and the aggregates, thereby breaking the adhesive bond between the aggregate and the asphalt binder film. This will “strip” the asphalt from the aggregate. The best line of defense against stripping is having sufficient binder in the mix and constructing an impermeable mat by achieving sufficient compaction. Pavement failure due to stripping occurs in two stages: (1) stripping failure, and (2) the structural failure of the pavement under traffic. If stripping within the pavement becomes excessive, severe pavement deformation and failure will occur as the result of repeated loading. The failure of the pavement under traffic will generally occur in stages. The first stage will be a staining of the surface from fines. A local failure is followed by alligator cracking and potholes or by extensive rutting of the pavement in the wheel paths. Moisture-susceptible aggregates can be used provided they are treated with anti-stripping additives. A thorough discussion of moisture sensitivity of mixtures is provided in chapter 9.



2.2.5 Durability



The durability of an asphalt pavement is the ability to resist factors such as aging of the asphalt, disintegration of the aggregate and stripping of the asphalt film from the aggregate. These factors result from weather, traffic or a combination of the two. Generally, the durability of a mixture can be enhanced by three methods: • designing the mix using a dense gradation of moisture-resistant aggregate; • maximizing the asphalt film thickness on the aggregate; and • compacting the mixture to be impervious (which may be as low as 5 percent in-place air voids, depending on nominal maximum aggregate size and gradation). Asphalt film thickness is related to the asphalt content, absorption characteristics of the aggregate and aggregate gradation. Thick asphalt films do not age and harden as rapidly as thin films. Also, increased film thickness effectively seals off a greater percentage of interconnected air voids in the pavement, making it difficult for water and air to penetrate. A certain percentage of air voids must remain in the pavement to allow for expansion of the asphalt in hot weather. A dense gradation of sound, tough, moistureresistant aggregate contributes to pavement durability. It provides closer contact among aggregate particles, enhancing the impermeability of the mixture. A sound, tough aggregate resists disintegration under traffic loading. 2.2.6  Skid resistance



Skid resistance is the ability of an asphalt surface to minimize skidding or slipping of vehicle tires, particularly when the roadway surface is wet. For good skid resistance, tire tread must be able to maintain contact with the aggregate particles and not ride on a film of water on the pavement surface (hydroplaning). Pavement skid resistance is typically measured at 40 miles per hour (65 kilometers per hour) with a standard tread tire under controlled wetting of the pavement surface. A rough pavement surface with many little peaks and valleys will have greater skid resistance than a smooth textured surface. Best skid resistance is obtained with rough-textured aggregate in an   Chapter 2   Mixture Behavior  11



open-graded mixture with an aggregate of about ⅜-inch (9.5 mm) to ½-inch (12.5 mm) maximum size. Besides having a rough surface, the aggregates must resist polishing (smoothing) under traffic. Calcareous aggregates (limestones) polish more easily than siliceous aggregates (quartz). Unstable mixtures that tend to rut or bleed present serious skid-resistance problems.



on workability. Because the temperature of the mix affects the viscosity of the asphalt, a temperature that is too low will make a mix unworkable and a temperature that is too high may make it tender. Asphalt grade may also affect workability, as may the percentage of asphalt in the mix.



2.2.7 Workability



Volumetric characteristics of asphalt mixtures When a mix design is conducted in the laboratory, the mix is analyzed to determine its probable performance in a pavement structure. Volumetric analysis is typically conducted on all mixtures regardless of the particular mix design methodology employed. The volumetric analysis focuses on the following five characteristics of the mixture and the influence those characteristics are likely to have on mix behavior: • mix density; • design air voids; • voids in the mineral aggregate; • voids filled with asphalt; and • asphalt content.



Workability describes the ease with which a paving mixture can be placed and compacted. Mixtures with good workability are relatively easy to place and compact; those with poor workability are difficult to place and compact. Changing mix design parameters, aggregate source and/or gradation can improve workability. However, mixes that are more workable are generally more prone to permanent deformation. Caution needs to be exercised to ensure a proper balance for a pavement’s intended use. Harsh mixtures (mixtures containing a high percentage of coarse aggregate and/or low asphalt content) have a tendency to segregate during handling and may be difficult to compact. To make a mixture more workable, the aggregate gradation can be adjusted by increasing the proportion of natural sand versus crushed fines or increasing the asphalt content of the mix. Care should be taken to ensure that the rutting resistance of the mix is not compromised in order to provide a workable mix. Many high-strength mixtures are harsh and difficult to compact. Too high a filler content can also affect workability, causing the mix to become gummy. Workability is especially important when hand placement and raking (luting) around manhole covers, sharp curves and other obstacles are required. It is important that mixtures used in such areas be workable. Mixtures that can be too easily worked or shoved are referred to as tender mixes. Tender mixes are too unstable to place and compact properly. They are often caused by: • a shortage or excess of mineral filler; • excessive medium-size sand; • smooth, rounded aggregate particles; and/or • moisture in the mix. Although not normally a major contributor to workability problems, asphalt does have some effect 12  Chapter 2  Mixture Behavior



2.3



2.3.1  Mix density



The density of an asphalt mixture is defined as the mass of mix per unit of volume. Two different mix densities are typically determined during the design and construction of an asphalt pavement. The bulk density and maximum density are measured during the mix design phase of the project using specified procedures discussed in further detail in chapter 4. Both values are needed to calculate the design air void content of laboratory-compacted samples when conducting a mix design. The bulk density can also be determined on in-place pavements. The bulk in-place density is typically determined by obtaining and measuring cores or through the use of other test methods. The density of mix compacted on the roadway is compared to the maximum density of the mix to determine the in-place (field compacted) air voids. Measurement of in-place air voids is very important because high density of the finished pavement (reduction of in-place air voids) is essential for lasting pavement performance. Mixture density and air void content are directly related.



2.3.2  Air voids



The durability of an asphalt pavement is a function of the air void content of the in-place HMA pavement. The lower the air voids, the less permeable the mixture becomes. An air void content that is too high provides passageways through the mix that allow damaging air and water to enter. An air void content that is too low can lead to rutting, shoving, flushing or bleeding. The air voids in a paving mixture (see Figure 2.7) are small pockets of air between the asphaltcoated aggregate particles. A certain percentage of air voids is necessary in the finished HMA to allow for additional compaction under traffic and a slight amount of asphalt expansion because of temperature increases. In general, the design air void level in a laboratory-compacted sample of HMA is 4 percent. For special uses, a lower or higher design air void content may be specified. Job specifications usually require that, for densegraded mixes, pavement compaction achieve an air void content of less than 8 percent to minimize permeability. 2.3.3  Voids in the mineral aggregate



Given that mix designs typically aim for 4 percent air voids, voids in the mineral aggregate (VMA) must remain high enough to achieve an adequate asphalt film thickness, which results in a durable



asphalt pavement. HMA mixtures with belowminimum VMA values will have thin films of asphalt and will provide an HMA pavement with low durability. Therefore, reducing asphalt content by lowering VMA is actually counterproductive and detrimental to pavement quality. 2.3.4  Voids filled with asphalt



Voids Filled with Asphalt (VFA) is the percentage of inter-granular void space between the aggregate particles (VMA) that contains or is filled with effective binder (see Figure 2.7). VFA is used to ensure proper asphalt film thickness in the mix. If it is too low, the mix will have poor durability, or if it is too high, the mix can be unstable. The acceptable range of VFA varies depending upon the traffic level. Higher traffic requires a lower VFA because mixture strength and stability are a greater concern. Lower traffic requires a higher range of VFA to increase HMA durability. A VFA that is too high, however, may yield a tender mix and cause bleeding. 2.3.5  Asphalt content



The optimum asphalt content of a mix is highly dependent on aggregate characteristics such as gradation and absorption. Aggregate gradation is directly related to optimum asphalt content. The finer the mix gradation, the greater the total



FIGURE 2.7  Voids in a Compacted HMA Mixture
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surface area of the aggregate will be, and the greater the amount of binder that will be required to uniformly coat the particles. Conversely, coarser mixes have less total aggregate surface area and demand less asphalt. The relationship between aggregate surface area and optimum asphalt content is most pronounced when mineral filler containing high percentages of particles passing the No. 200 (0.075 mm) sieve is part of the mix. Variations in the amount and the size of mineral filler at a constant asphalt content will cause changes in mix properties, resulting in mixes with too little or too much asphalt. Small increases in filler content will use up additional asphalt and produce a dry, unstable mix. Small decreases have the opposite effect. Too little filler results in a mixture that is too rich. An abundance of very
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fine (less than 10–20 µm) particles in the filler is expected to act as an asphalt extender, resulting in a mix that seems to have too much asphalt. Two terms in asphalt mix technology are used to express the methods of asphalt content: total asphalt content and effective asphalt content. Total asphalt content is the amount of asphalt that must be added to the mixture to produce the desired mix qualities. Effective asphalt content is based on the volume of asphalt not absorbed by the aggregate— it is asphalt that effectively forms a bonding film on the aggregate surfaces. Aggregate absorption is critical in determining optimum asphalt content because enough asphalt must be added to the mix to allow for absorption while still coating the aggregate particles with an adequate film.
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The different types of asphalt mixtures are primarily made up of asphalt binder and mineral aggregates. Additionally, based on the local materials available, traffic loading and climate, other ingredients (or additives) may be required in the asphalt mixture, such as mineral fillers, fibers, liquid anti-strips, lime and/or recycled products. All quality pavements should be engineered to contain requirements for the following items: • properly selected asphalt binder grades for the climate and traffic; • aggregate characteristics including material quality and gradation; • HMA volumetric requirements; and • HMA performance criteria, if warranted. This chapter will look at mixture types, asphalt binders, aggregates, aggregate gradations, aggregate blending and aggregate batching. 3.0



Mixture types 3.0.1 General



Dense-graded, flexible mixtures are generally divided into three major categories dependent upon their specific use: surface mixtures, binder or intermediate mixtures and base mixtures. Mixtures are typically designed with layer thickness, availability of aggregates and local history in



mind. The maximum size aggregate is generally largest in the base, smaller in the intermediate (also referred to as “binder”) course and the smallest in the surface course. However, this practice is not universal and it is not uncommon for a single mixture to be used for all of the layers. Nevertheless, any properly designed HMA mix can generally serve at any level in the pavement. Moreover, surface course mixtures may become “binder” mix if it is subsequently overlaid, so strength requirements should not be compromised regardless of the location of the mix within the pavement. Generally, there is no single, uniform standard set of HMA classifications used by the various public agencies. There are similarities with respect to mixture types, but the geographic availability of materials and different climatic design requirements have led to various identifications. Each agency usually has its own designation for identifying various mixture types. While most HMA mixtures have a typical design use, these mixes offer a wide range of performance characteristics and there is substantial overlap of mixture application. Recommendations on the minimum thickness for a single lift of dense-graded asphalt mixtures are four times the nominal maximum aggregate size (NMAS) for all mixtures with the exception of “fine” graded mixtures that may be placed at three times the NMAS. Historical pavement thickness guidelines of two times the “top size” are inappropriate for NMAS-defined gradations and are susceptible to poor pavement performance. Regardless of the mixture classification, the same degree of design, production and construction control procedures should be used to ensure proper performance of the pavement.   Chapter 3   Materials Selection and Aggregate Batching  15



3.0.2  Surface course mixtures



Surface course mixes must be designed to have sufficient stability and durability to both carry the anticipated traffic loads and to withstand the detrimental effects of air, water and temperature changes. In general, surface mixtures have greater asphalt content than binder or base mixtures due to their greater surface area and the higher VMA requirements of smaller maximum aggregate size mixtures. The nominal maximum aggregate size is one size larger than the first sieve to retain more than 10 percent of the material. Maximum aggregate size (MAS) is one size larger than nominal maximum’s size. Nominal maximum aggregate sizes for surface mixes generally vary from ⅜ to ¾ inch (9.5 to 19 mm). The choice of nominal maximum aggregate size is often predicated on the desired surface texture, with a smaller maximum aggregate size producing a smoother, tighter surface. Figure 3.1 illustrates both a fine



and coarse grading for a ½-inch (12.5 mm) NMAS Superpave mixture. 3.0.2.1   Open-Graded Friction Course considerations



A special type of surface mixture used for reducing hydroplaning and increasing skid resistance is an open-graded friction course (OGFC), also known as a porous friction course (PFC) or popcorn mix. The function of this mixture is to provide a free-draining layer that permits surface water to migrate laterally through the mixture to the edge of the pavement by maintaining in-place air voids at levels of 18 percent or higher. It is important that OGFC mixes are designed to not trap the moisture in the mix. The open-graded mixture also provides a skid-resistant surface as its coarse texture provides excellent friction between the pavement and the tire, while reducing noise. OGFCs contain a relatively high asphalt content,



FIGURE 3.1  Example of Fine and Coarse 12.5-mm Superpave Gradations
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using a ⅜- to ½-inch (9.5 to 12.5 mm) NMAS, with few aggregate fines to produce the opengraded mixture. Typically lift thicknesses are two to three times the NMAS. The mixes are placed only to facilitate rapid removal of surface water and with a minor improvement to the pavement’s structure. OGFC surfaces should be removed prior to any subsequent overlays being placed. Figure 3.2 shows the gradation of a typical ½-inch (12.5 mm) open-graded friction course. Additional guidance on the design of OGFCs can be found in Section 12.3. 3.0.2.2  Stone Matrix Asphalt considerations



Stone Matrix Asphalt (SMA) is a unique surface mixture that has been gaining favor with pavement engineers for use on high-volume



roadways and intersections, as well as other areas where heavy loads may be expected. SMA is a durable, rut-resistant mixture that relies on stoneon-stone contact from a gap-graded aggregate skeleton—typically ⅜- to ½-inch (9.5 to 12.5 mm) NMAS (see Figure 3.3)—for strength, and a relatively high percentage of asphalt binder— often polymer-modified—for durability. To minimize drain down at elevated temperatures, a mastic is typically created using mineral filler and fibers in combination with the asphalt binder. The design air voids for an SMA are similar to densegraded asphalt. In addition to their inherent strength, SMA surfaces are quieter and they have less spray than dense-graded pavements. Additional information on SMA is found in section 12.4.   Chapter 3   Materials Selection and Aggregate Batching  17
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3.0.2.3  Ultrathin bonded wearing course considerations



Ultrathin bonded wearing (UTBW) courses are yet another surface mixture that deserves special attention. (Please see chapter 12 for additional guidance on the design of ultrathin bonded wearing courses.) An ultrathin bonded wearing course is typically ⅜ to 1 inch of a gap-graded asphalt concrete intended to correct minor defects and improve ride while reducing noise. These are usually a part of a pavement preservation program for use on structurally sound materials. Ultrathin overlays are a single layer of HMA placed on a heavy asphalt emulsion layer or membrane. This emulsion is typically polymer modified, although unmodified materials have been used successfully. It is applied 18  Chapter 3  Materials Selection and Aggregate Batching



at a rate of about 0.20 ± 0.07 gallons per square yard (0.85 ± 0.3 liters per square meter). This heavy membrane seals small cracks and helps to adhere the overlay to the existing pavement. The grade of the asphalt binder, as with other pavement designs, is chosen based on the climate and traffic parameters for the project location. Nominal maximum aggregate size ranges from No. 4 to ½ inch (6.2 to 12.5 mm), with ⅜ inch being the most popular choice. Specialty equipment is required to place both the emulsion and the HMA in a single operation. The concept of the ultrathin bonded wearing course is that the heavy shot of asphalt membrane is wicked up, during construction, partially into the voids of the gap-graded mix.



3.0.3  Binder course mixtures



Binder mixes are often used as an intermediate layer between the surface mixture and the underlying asphalt mix or granular base. Binder mixes typically have a larger NMAS of ½ to 1.5 inches (19 to 38 mm), with a corresponding lower asphalt content. Binder and base mixes are often used interchangeably in pavement design and construction. Where heavy wheel loads are involved, a typical binder mix for highway construction can be used as a surface mix if a coarser surface texture will not be a concern. This approach has often been used in port facilities using heavy cargo-handling vehicles, in logging yards that use large log-handling vehicles, and for truck-unloading and industrial areas with high percentages of heavy trucks. Larger aggregate mixes (with less asphalt and sand contents) are often more resistant to the scuffing action of tight-radius, power steering turns. Asphalt base mixes can be placed directly on the compacted subgrade or over a granular base. Base mixes are characterized by larger aggregate sizes that range up to 3 inches (75 mm). The relative asphalt content will be lower due to the larger maximum aggregate size and its smaller surface area. It is common, however, for a base mix to be designed to slightly lower air voids than the upper layers to ensure a greater amount of binder in the mix to assist in resisting the tensile strain it will encounter while in service. Maximum aggregate sizes for base mixtures are often established by the locally available material. Base mixes can also be designed with an open gradation to facilitate drainage of water that may eventually enter the pavement structure. Such open-graded base mixtures, or Asphalt Treated Permeable Base (ATPB) mixes, are designed to provide an interconnecting void structure, using 100 percent crushed materials with maximum aggregate sizes of about 1.5 to 3 inches (38 to 75 mm). Positive, free drainage must be incorporated in the overall pavement design with these layers. See section 12.3 for more information. 3.1



Asphalt binder A typical asphalt paving mixture consists of 4–7 percent asphalt binder. In the late 19th century, the penetration of asphalt with a weighted #2



sewing needle was introduced as an option for characterizing asphalt cements. ASTM adopted its first standard for this test in 1903 (ASTM D-5). The penetration grading system, refined over time, continues to be used in many locations worldwide. Additional grading systems were also developed. The next noteworthy system was the viscosity grading method (AC) developed by the Asphalt Institute and the Federal Highway Administration in the late 1950s. The AC system was further modified into the AR system by western U.S. states. These were the dominant grading systems in the United States until the development of the Performance Graded (PG) System as part of the Superpave research of the late 1980s into the ‘90s. The PG System continues to undergo refinement as producers and agencies seek to properly classify today’s highly engineered asphalt cements. This has most recently led to the introduction of the Multiple Stress Creep Recovery (MSCR) test. For most mix designers, determining the specific binder to be utilized on the project will have already been determined before the mix design phase. For more binder specification, selection and testing information, see Asphalt Institute’s MS-26. 3.2



Mineral aggregate Pavement experts from around the world have worked with industry to better shape the future of aggregate production based on aggregate properties that are important for long-term pavement performance. Since aggregate properties play an essential role in overcoming permanent deformation, much effort has been directed toward developing two categories of aggregate properties: consensus properties and source properties. Fatigue cracking and low-temperature cracking are less affected by aggregate characteristics. It is important to thoroughly understand the impacts of aggregate gradation for these distresses, and they shall be discussed throughout this manual. Chapter 5, section 5.12, contains a process called “Selecting a Design Aggregate Structure.” This procedure can be very helpful in determining aggregate combinations that will meet or optimize mix design parameters. A mix design may consist of simply verifying a previously performed design to a full investigative   Chapter 3   Materials Selection and Aggregate Batching  19



process dealing with many diverse aggregate materials and sources in search of an optimal combination of aggregates and binders. Regardless of the type of mix design being performed, actual data from field-produced stockpiles should accompany samples submitted in order for the designer to accurately determine the characteristics of the final mix. Samples used in the mix design must be representative of the materials produced and scheduled to be utilized on the project. Mix design samples that do not reasonably represent the average stockpile values for gradation or other properties listed in this section will result in a production mix substantially different than the mix design, in essence invalidating the mix design. The following aggregate properties should be evaluated by comparing the mix design data with available production data. 3.2.1  Consensus aggregate properties



Certain aggregate characteristics are critical to well-performing HMA and have been widely acknowledged by a wide range of industry experts. These characteristics are called the “consensus”



properties and are as follows: coarse aggregate angularity (CAA), fine aggregate angularity (FAA, flat and elongated particles (F&E), and clay content (SE value). The criteria for these consensus aggregate properties are based on traffic level and position within the pavement structure. Materials near the pavement surface subjected to high traffic levels require more stringent consensus properties. The criteria are intended to be applied to a proposed aggregate blend rather than individual components. However, many agencies currently apply such requirements to individual aggregates so undesirable components can be identified. The consensus properties are detailed in Table 3.1. 3.2.1.1  Coarse aggregate angularity



Coarse aggregate angularity (CAA) ensures a high degree of aggregate internal friction for rutting resistance by specifying a minimum percentage of angular particles in the asphalt mixture. The test method is ASTM D 5821, “Determining the Percentage of Fractured Particles in Coarse Aggregate.” The test method determines the



TABLE 3.1  Aggregate Consensus Property Requirements



Design ESALs1 (In Millions)



Coarse Aggregate Angularity (CAA) (Percent), minimum



Uncompacted Void Content of Fine Aggregate Angularity (FAA) (Percent), minimum



Sand Equivalent (SE) (Percent), minimum



Flat and Elongated3 (F&E) (Percent), maximum



40



–



< 0.3



≤ 100 mm 55/–



> 100 mm –/–



≤ 100 mm –



> 100 mm –



0.3 to < 3



75/–



50/–



40



40



40



10



3 to < 10



85/80



60/–



45



40



45



10



10 to < 30



95/90



80/75



45



40



45



10



≥ 30



100/100



100/100



45



45



50



10



2



notes:



1. Design ESALs are the anticipated traffic level expected on the design lane over a 20-year period. Regardless of the actual design life of the roadway, determine the design ESALs for 20 years to choose the appropriate aggregate criteria. 2. 85/80 denotes that 85 percent of the coarse aggregate has one or more fractured faces and 80 percent has two or more fractured faces. 3. Criterion based upon a 5:1 maximum-to-minimum ratio. 4. Flat and elongated criteria do not apply to 4.75-mm NMAS mixes. 5. For 4.75-mm NMAS mixtures designed for traffic levels < 0.3 M ESALs, the minimum Uncompacted Void Content (FAA) is 40. 6. For 4.75-mm NMAS mixtures designed for traffic levels ≥ 0.3 M ESALs, the minimum Uncompacted Void Content (FAA) is 45. If less than 25 percent of a layer is within 100 mm of the surface, the layer may be considered to be below 100 mm for mixture design purposes. 20  Chapter 3  Materials Selection and Aggregate Batching



percentage of aggregate pieces larger than the #4 sieve (4.75 mm) meeting specified angularity criteria, either by mass or particle count. The reporting format gives both the percentage of aggregate with one or more fractured faces and with two or more fractured faces. For example, a reported value of “85/80” indicates that 85 percent of the sample has one or more fractured faces and 80 percent has two or more fractured faces. Table 3.1 gives the required minimum values for coarse aggregate angularity as a function of traffic level and position within the pavement. 3.2.1.2  Fine aggregate angularity



Fine aggregate angularity (FAA) ensures a high degree of fine aggregate internal friction and rutting resistance. It is defined as the percent of air voids present in loosely compacted aggregates smaller than the #8 sieve (2.36 mm). The test method specified is AASHTO T 304, “Uncompacted Void Content of Fine Aggregate.” This property is influenced by particle shape, surface texture and grading. Higher void contents typically mean more fractured faces. In the test procedure, a sample of fine, washed and dried aggregate is poured into a small calibrated cylinder through a standard funnel (see Figure 3.4). By measuring the mass of fine aggregate (F) in the filled cylinder of known volume (V), the void content can be calculated as the FIGURE 3.4  Fine Aggregate Angularity Apparatus



difference between the cylinder volume and fine aggregate volume collected in the cylinder. The fine aggregate bulk (dry) specific gravity (Gsb) is used to compute the fine aggregate volume. Table 3.1 gives the required minimum values for fine aggregate angularity (Uncompacted Void Content of Fine Aggregate) as a function of traffic level and position within the pavement. 3.2.1.3  Flat and elongated particles



Flat and elongated particles (F&E) is the percentage by mass or by particle count of coarse aggregates that have a maximum-to-minimum dimension ratio greater than 5:1 (or other ratio, depending on the agency specification). Flat and elongated particles are undesirable because they have a tendency to break during construction and under traffic and they tend to reduce VMA. The test procedure used is ASTM D4791, which deals with flat and elongated particles, and is performed on coarse aggregate larger than the #4 sieve (4.75 mm). The procedure uses a proportional caliper device (see Figure 3.5) to measure the dimensional ratio of a representative sample of aggregate particles. In Figure 3.5, the aggregate particle is first placed with its largest dimension between the swinging arm and fixed post at position (A). The swinging arm then remains stationary while the aggregate is placed between the swinging arm and the fixed post at position (B). If the aggregate passes through this gap, then it is counted as a flat and elongated particle. Maximum values for flat and elongated particles specified in AASHTO M 323 are given in Table 3.1. 3.2.1.4  Clay content (sand equivalent)



Clay content, more commonly described as sand equivalent (SE), is a percentage of clay material measured on the aggregate fraction that is finer than a #4 sieve (4.75 mm). It is measured by AASHTO T 176, “Plastic Fines in Graded Aggregates and Soils by Use of the Sand Equivalent Test (ASTM D2419).” A sample of fine aggregate is mixed with a flocculating solution in a graduated cylinder and agitated to loosen clayey fines present in and coating the aggregate (see Figure 3.6). The flocculating solution forces the clay material into suspension above the granular aggregate. After a settling period,   Chapter 3   Materials Selection and Aggregate Batching  21



FIGURE 3.5  Measuring Flat and Elongated Particles



the cylinder height of suspended clay and settled sand is measured. The sand equivalent value is computed as the ratio of the sand to clay height readings, expressed as percentage. In essence, this determines how sandy the fine aggregate fraction is. 3.2.2  Source aggregate properties



In addition to the consensus aggregate properties, certain other aggregate characteristics are critical. However, critical values of these properties could not be reached by consensus because needed values are source specific. Consequently, a set of source properties is recommended. Specified values are established by local agencies. While these properties are relevant during the mix design process, they may also be used for source acceptance control. Those properties are toughness, soundness and deleterious materials. 3.2.2.1 Toughness



Toughness tests estimate the resistance of coarse aggregate to abrasion and mechanical degradation during handling, construction and in-service. The most common toughness test is the Los Angeles Abrasion test (AASHTO T 96) or ASTM (C131 or 22  Chapter 3  Materials Selection and Aggregate Batching



C535) which measures the percent loss of material from the coarse aggregate fraction of a standardized test sample. It is performed by subjecting the coarse aggregate, usually larger than the #8 sieve (2.36 mm), to tumbling and the impact and grinding by steel spheres. The test result is the mass percentage of coarse material lost during the test due to the mechanical degradation. The maximum allowable loss value is typically a range from 30 to 45 percent. The higher the value, the more friable the coarse aggregate, and the greater the breakdown (degradation) of the aggregate from quarrying through stockpiling, HMA manufacturing and under the rollers. The lower the value, the better the skid resistance and tire chain wear resistance of the pavement. Another test for toughness is Micro-Deval (AASHTO T 327 or ASTM D6928). Micro-Deval is similar to LA Abrasion except that the drum is much smaller and the sample size is 30 percent of that for the L.A. Abrasion test. Also, the aggregate is soaked in water before the test and water is used in the drum during the test. The test has been adopted by some agencies as a replacement for the Los Angeles Abrasion test.



FIGURE 3.6  Sand Equivalent Test



3.2.2.2 Soundness



Soundness tests estimate the resistance of aggregates to in-service weathering. The most common test is Soundness of Aggregate By Use of Sodium Sulfate or Magnesium Sulfate (AASHTO T 104 or ASTM C88) which measures the percent loss of material from an aggregate blend. It can be performed on both coarse and fine aggregate. The test is performed by exposing an aggregate sample to repeated immersions in saturated solutions of sodium or magnesium sulfate followed by oven drying. One immersion and drying is considered one soundness cycle. During the drying phase, salts precipitate in the permeable void space of the aggregate. Upon re-immersion, the salt rehydrates and exerts internal expansive forces that simulate the expansive forces of freezing water. The test result is total percent loss over various sieve intervals for a required number of cycles. Maximum loss values typically range from 10 to 20 percent for five cycles. Magnesium sulfate testing is typically more aggressive than



sodium sulfate testing. It is typical for magnesium sulfate loss to be greater than sodium sulfate loss on the same aggregate. 3.2.2.3  Deleterious materials



Deleterious materials are defined as the mass percentage of contaminants such as clay lumps, shale, wood, mica and coal in the blended aggregate. The most common deleterious materials test is Clay Lumps and Friable Particles in Aggregate (AASHTO T 112, ASTM C142). The analysis can be performed on both coarse and fine aggregate. The test is performed by wet sieving aggregate size fractions over specified sieves. The mass percentage of material lost as a result of wet sieving is reported as the percent of clay lumps and friable particles. A wide range of criteria for maximum allowable percentage of deleterious particles exists. Values range from as little as 0.2 percent to as high as 10 percent, depending on the exact composition of the contaminant.   Chapter 3   Materials Selection and Aggregate Batching  23



3.2.3 Gradation



It has long been established that the gradation of the aggregate is one of the factors that must be carefully considered in the design of asphalt paving mixtures. The purpose for establishing and controlling aggregate gradation is to provide a sufficient volume of voids in the asphalt-aggregate mixture to accommodate the proper asphalt film thickness on each particle and provide the design air void system to allow for thermal expansion of the asphalt within the mix. Minimum voids in the mineral aggregate (VMA) requirements have been established that vary with the nominal maximum aggregate size to help assure the correct volume of effective binder exists for each mix type. The gradation of each aggregate material utilized in a mixture should be conducted using the washed sieve analysis procedures designated in AASHTO T 11 and T 27 or ASTM C117 and C136 to properly account for the -200 material. The results should be reported as an accumulative percent passing each respective specified sieve size and reported to the nearest whole percent passing. The exception is the percent passing the #200 sieve (0.075 mm), which should always be calculated and reported to the nearest 0.1 percent passing as shown in Table 3.2. Typically, multiple stockpiles of aggregate are blended to meet the final specified requirements. A washed sieve analysis must be performed on every aggregate ingredient to be utilized in the mixture in order to calculate the final aggregate blend in the mixture to be designed. Most aggregate specifications are based on the final blend of the mixture. Calculating a blended gradation, assuming all aggregate fractions have a similar Bulk Specific Gravity (Gsb): P = (A × a) + (B × b) + (C × c) + . . . where,



P = the blended percent passing for a given sieve A,B,C, = t he percent passing a sieve for an individual stockpile a,b,c, = proportion of stockpile to be added in the blend, where total = 1.00.



The above-mentioned gradation and blending operations result in an aggregate size distribution based on percentage of mass. Volumetric properties 24  Chapter 3  Materials Selection and Aggregate Batching



Washed Sieve Analysis U.S. Standard Weight % % Sieve Number Retained Retained Passing 1 ½” 0.0 0.0 100.0 1” 0.0 0.0 100.0 ¾” 0.0 0.0 100.0 ½” 64.0 3.7 96.3 3 ⁄8” 111.1 6.5 89.8 #4 156.0 9.1 80.7 #8 201.1 11.7 68.9 #16 329.9 19.3 49.6 #30 266.1 15.5 34.1 #50 212.1 12.4 21.7 #100 198.8 11.6 10.1 #200 98.0 5.7 4.4 100 mm). The following criteria, in Table 6.1, are applied to the final aggregate blend rather than individual components. 6.1.2.2  Source aggregate properties



The Superpave mix design system also allows for aggregate characterization of what are called source properties. These “source properties” are requirements specific to local areas because of the variety of aggregate types available in different geographic areas, and are not broad, all-inclusive requirements like Superpave consensus properties. Source property tests are typically specified to



TABLE 6.1  Superpave Aggregate Consensus Requirements



Coarse Aggregate Angularity (Percent), minimumc AASHTO T 335 (CAA)



Uncompacted Void Content of Fine Aggregate Angularity (Percent), minimum AASHTO T 304 (FAA)



≤ 100 mmf



> 100 mmf



≤ 100 mm



> 100 mmf



Sand Equivalent (Percent), minimum AASHTO T 176 (SE)



< 0.3



55/-



-/-



-d



-



40



-



0.3 to < 3



75/-



50/-



40e



40



40



10



3 to < 10



85/80b



60/-



45



40



45



10



10 to < 30



95/90



80/75



45



40



45



10



≥ 30



100/100



100/100



45



45



50



10



20-Year Design ESALsa (in millions)



Flat and Elongatedc (Percent), maximum ASTM D4791 (F&E)



notes:



a Design ESALs are the anticipated project traffic level expected on the design lane over a 20-year period. Regardless of the actual design life of the roadway, determine the design ESALs for 20 years and choose the appropriate Ndesign levels. b 85/80 denotes that 85 percent of the coarse aggregate has one or more fractured faces and 80 percent has two or more fractured faces. c This criterion does not apply to 4.75-mm nominal maximum aggregate size mixtures. d For 4.75-mm nominal maximum aggregate size mixture designed for traffic levels below 0.3 million ESALs, the minimum Uncompacted Void Content is 40. e For 4.75-mm nominal maximum aggregate size mixture designed for traffic levels equal to or above 0.3 million ESALs, the minimum Uncompacted Void Content is 45. f If less than 25 percent of a construction lift is within 100 mm of the surface, the lift may be considered to be below 100 mm for mix design purposes. 66  Chapter 6  Superpave HMA Mix Design System



20-Year Design Equivalent Single Axle Loads (ESALs in millions)



Los Angeles Abrasion (Max. %) AASHTO T 96



Sodium or Magnesium Sulfate Soundness (Max. %) AASHTO T 104



Deleterious materials* Clay Lumps/ Lightweight Friable Particles Particles AASHTO T 112 AASHTO T 113



< 0.3



45



25
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