
 

 

 

 

ABSTRACT 
 

 

ADAMS, JAVON MARCELL. Development of a Performance-Based Mix Design and 

Performance-Related Specification for Chip Seal Surface Treatments. (Under the direction of 

Dr. Y. Richard Kim). 

 

 

This dissertation presents the research efforts made in developing a performance-

based mix design and performance-related binder specification for chip seal surface 

treatments. Extensive literature review, in addition to meetings and discussions with 

bituminous pavement professionals nationwide, reveals that in existing chip seal surface 

treatment design practice there is a clear lack of performance-based design principles, as well 

as an absence of performance-related specifications for selecting asphalt emulsion material 

for use in constructing chip seal surface treatments. Existing methods of design and emulsion 

specification for chip seals are based on empirical or outdated methods, and lack chip seal 

performance data to substantiate the methods. This dissertation research involved the 

development a performance-based mix design procedure and a performance-related emulsion 

specification for chip seal surface treatments that was validated using both laboratory and 

field performance. 

This dissertation presents a new performance-related mix design method for chip seal 

surface treatments. Chip seal surface treatments are composed of two main components: 

asphalt emulsion and aggregate. The design of these components represents the balance that 

will dictate the performance of the chip seal surface treatment under traffic loading. 

Therefore, the two main elements of this developed mix design method include the 

determination of an optimal aggregate application rate (AAR) using a modified board test, 

and determination of an optimal emulsion application rate (EAR) using the laser profiler 

developed during the research. The board test used in the Kearby chip seal mix design 

method has been modified to yield the least variable and most representative AAR to obtain a 

single layer of aggregate, and is also used in the determination of the optimum EAR. The 

main concept used in the determination of the optimal EAR is that the initial embedment 

depth of the aggregate particles should be 50% of the total depth. The 50% embedment 



 

 

concept is validated by the aggregate loss and bleeding test results obtained from the third 

scale Model Mobile Loading Simulator (MMLS3). This validation study used granite 78M 

and lightweight aggregate with CRS-2L emulsion, which are the typical materials 

predominately used for chip sealing in North Carolina, to fabricate the chip seal specimens in 

the laboratory. Three different gradations with vastly different performance uniformity 

coefficients (PUCs) were used for each of the two aggregate types. An optimal AAR for each 

gradation was determined using the modified board test. Field validation sections were 

constructed in order to validate the performance of the chip seal mix design under field 

laboratory and environmental conditions. 

Additionally, this research presents the development of performance-related 

specification parameters and relationships to be utilized in the selection of the asphalt 

emulsion for chip seal treatments. Chip seal treatments are designed to improve the condition 

of the surface layer while mitigating the deterioration of the overall pavement structure. 

Asphalt binder is one of the key elements of a chip seal treatment, and the material properties 

of the selected asphalt binder will ultimately have a direct effect on the performance of the 

surface treatment under field conditions. Although it is well known that the properties of 

asphaltic binders are critical to the performance of chip seal, current specifications for 

asphaltic binders used in chip seals are empirical in nature and do not use binder properties 

that are related directly to the performance of chip seals. The urgent need to develop 

performance-related specifications (PRS) for asphalt binders used in chip seals has resulted 

in these efforts in specification development. In this dissertation, the relationship between 

critical material performance parameters of the asphalt binders used in chip seal treatments, 

and the performance of those binders in true chip seal mixtures was determined. Threshold 

values were found that will allow asphalt binder material testing to determine if an emulsion 

will provide adequate performance when utilized in constructing a chip seal mixture, under 

certain field traffic loading and environmental conditions. A long-term field validation plan 

is outlined for the validation of the developed PRS. 
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1. BACKGROUND 

1.1 Research Needs and Significance 

Over the last decade, great emphasis has been placed on pavement preservation 

nationwide. One of the most cost-effective preservation treatments is the chip seal. A chip 

seal is an asphalt surface treatment formed by applying emulsified asphalt and aggregate. 

Chip seal surface treatments provide a durable surface layer that protects the existing 

pavement surface from water infiltration and environmental aging/oxidation effects. 

Additionally, a safety benefit of chip seal surface treatments is that it adds skid resistance to 

the road surface by increasing the roughness of the surface. Chip seal surface treatments are 

currently used worldwide, and in North Carolina where the research is being conducted, over 

50% of the paved road miles are covered by a chip seal surface treatment. During the course 

of conducting this chip seal research, the existing chip seal test methods and design 

procedures were reviewed and evaluated carefully. The review of existing design procedures 

revealed a clear need for a new chip seal design procedure that can encompass newer 

materials and is based on performance. Specifically, the existing design methods do not take 

into consideration lightweight materials, or the use of polymer-modified emulsion, which are 

used nationwide in current chip sealing practice.  

The earliest design procedure for chip seal treatments was developed by Hanson 

(Hanson 1934, 1935). His design methodologies are used in all the major chip seal designs in 

current use. In North Carolina, the most generally accepted chip seal design methods are the 

Kearby method and the McLeod method. Although a few North American agencies have 

developed their own formal design procedures that are not based on either method, most use 

either an empirical design method or no formal method at all (Gransberg 2005). The two 

main existing mix design methods for chip seals, Kearby (1953) and McLeod (1969), have 

not been refined in years.   

The purpose of the developed mix design procedure is to provide a systematic 

analytical method for engineers to design consistent chip seal mixes while ensuring 

satisfactory performance under field traffic and environmental conditions. The mix design 
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seeks to provide effective quantitative methods and techniques for determining the 

appropriate AAR and EAR for the chip seal surface treatment to be constructed.  

Chip seal treatments (or chip seal mixture) are an effective means of improving surface 

quality and extending the service life of pavements. Chip seal treatments are treatments that 

are applied to a large surface area of an existing roadway to slow future deterioration and 

maintain or improve the roadway’s functional condition (without increasing its structural 

capacity). The chip seal mixture of materials that make up the surface treatment is constituted 

of a layer of asphalt emulsion, along with a single layer of aggregate; which is then 

compacted and is subjected to traffic loading conditions. The design of chip seal treatments 

has undergone significant developments over the past two decades, particularly in South 

Africa, France, Australia, New Zealand, and the United States. In the United States, these 

treatments have become increasingly important as tools for highway agencies to use in 

response to the aging and deterioration of the nation’s road network.  

The quality of an asphalt emulsion, a primary constituent of a chip seal mixture, is 

directly related to the performance expected from the chip seal mixture (which is formed 

when the emulsion interacts with the aggregate during chip seal construction. The most 

commonly used forms of asphaltic binder in chip seals are cationic rapid setting asphalt 

emulsions. An asphalt emulsion is a combination of asphalt binder, water, emulsifying agent, 

and in some cases, a polymer. Although it is well known that the properties of the asphaltic 

binder are critical to the performance of the chip seal surface treatment, current specifications 

for asphaltic binders used in chip seals are empirical in nature and do not use binder 

properties that are related directly to the performance of the chip seal treatment. For example, 

emulsion residue is graded based on the so-called penetration system, a system that was 

phased out for hot mix asphalt (HMA) binders in the United States in the 1960s and almost 

completely abandoned by the mid-1980s. 

In order to develop a fundamental framework for binder selection, the following steps 

should be taken: 

 

 Define the most relevant causes of failure for specific applications; 
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 Differentiate between construction-related and material-related in-service failures;  

 Understand the mechanism(s) associated with the most important failures; and  

 Select a test system to measure the binder properties that are related to each type of 

failure.  

Performance-related specifications (PRS) that specify quality in terms of long-term 

performance will help in the selection of the proper binder for a specific application. 

Although such PRS have been developed for the constituents of HMA mixtures used in 

pavements, PRS are not readily available for binders used in chip seal treatments. The urgent 

need for such PRS for binders used in chip seal treatments is clearly shown in the responses 

to surveys conducted by Johnston and King (2008). The survey results strongly suggest the 

need to develop a climate-driven, performance-related grading system for asphalt emulsions 

used in surface treatment applications. The survey responses also provide information 

regarding the long-term vision held by many professionals who work with chip seals and 

other surface treatments. These expectations include: 

 

 A high temperature grade based on climate and traffic to prevent rutting and bleeding;  

 Low and intermediate temperature grades based on climate to prevent  aggregate loss; 

 

1.2 Research Objectives 

The overall objectives of the research herein are to: 

 

 Develop a performance-based chip seal mix design method that can evaluate 

lightweight and granite aggregate types, as well as modified emulsions.  This design 

method should resist the critical distress types observed for chip seal surface 

treatments (i.e., aggregate loss and bleeding), and be practical and capable of being 

utilized efficiently by field pavement personnel. 

 Develop a performance-related specification for chip seal treatments that provides a 

direct relationship between the key quality characteristics of asphaltic binders and 

chip seal mixture performance. 
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 Validate the developed chip seal mix design and performance-related specification 

parameters using both laboratory and field performance testing. 

 

To accomplish these objectives, an extensive review of existing literature was conducted, 

followed by rigorous laboratory and field experimental work to develop the research 

outcomes detailed in this dissertation. 

2. LITERATURE REVIEW – PERFORMANCE-BASED MIX DESIGN FOR CHIP 

SEALS 

Over the years, continuous efforts have been made by state highway agencies (SHAs) 

and government agencies worldwide with regard to pavement preservation. Preventive 

maintenance, implemented via chip seal surface treatments, has increased steadily as cost-

effective measures to extend the life of pavements have become a high priority. Therefore, it 

is imperative for the agencies that utilize this surface treatments alternatives, and optimize 

their usage, to extend the service life, decrease life cycle costs and increase safety. In a 

previous study (Ksaibati et al. 1996) directed at evaluating the use of surface treatments in 

the United States, twenty-five highway agencies rated their surface treatments as good, seven 

(including the North Carolina Department of Transportation, or NCDOT) rated their chip 

seals as average, and three rated them as fair. Not a single highway agency considered its 

chip seal operations to be excellent. Several agencies, including those in Minnesota, Virginia, 

South Dakota, Wyoming, and Saskatchewan in Canada, recognized the need to improve 

overall pavement performance and therefore invested funds into evaluating their surface 

treatment operations (Ksaibati et al. 1996, Roque et al. 1991, Shuler 1986). 

Originally, chip seals were used exclusively for the construction of low traffic volume 

roads, but with advances in emulsion quality, construction techniques, and overall knowledge, 

chip seals have evolved into a maintenance alternative that can be successful for both low 

and high traffic volume pavements (Gransberg 2005). 

The intended purpose of a chip seal is not to improve the structural capabilities of the 

pavement section, and therefore, they should not be applied to roads that exhibit severe 
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distress. Any structural deficiencies must be remedied prior to the application of a chip seal. 

However, various triggers, such as surface wear, decreased skid resistance, and water 

infiltration, serve to initiate the selection and construction of a chip seal. In North America, 

physical evidence of distress and water infiltration constitutes the most common triggers for 

the necessity of chip seals (Gransberg 2005). 

In this section, major distress types in chip seals are first reviewed because the objective 

of a chip seal mix design method is to select materials and application rates properly to 

ensure satisfactory performance of a chip seal over its design life within the available 

resources and the performance is primarily governed by these distresses. Also reviewed in 

this section are existing chip seal mix design methods. 

 

2.1 Distresses in Chip Seal Surface Treatments 

2.1.1 Aggregate Loss 

Aggregate loss, also commonly referred to as raveling, is one of the most critical chip 

seal failure distresses. Generally, most of the aggregate loss of a chip seal occurs during the 

initial traffic passes once a road is newly opened to traffic. Other major causes of aggregate 

loss include excessive aggregate application, poor traffic control during construction, 

inadequate embedment of the aggregate particles into the emulsion (due to hard binder 

material, or insufficient compaction), poor aggregate gradation qualities, and excessively 

dusty aggregate (Shuler 1990, Gransberg 2005). Aggregate loss issues due to construction 

problems usually occur within a few months, and a chip seal with this type of problem should 

be repaired rather than resealed because a reseal alone will not normally last the expected life 

of the chip seal (Transit New Zealand 2005).  

The aggregate properties used in the surface treatment, such as gradation, shape, 

moisture condition, and dust, play a major role in aggregate retention. Also, the McLeod 

procedure (McLeod 1969) recognizes that some of the cover aggregate will be forced to the 

side of the roadway by the initial passing vehicles while the newly sprayed seal coat is still in 

its initial curing phase. The amount of aggregate that is whipped off in this manner is related 

to the speed and number of vehicles on the new seal coat. To account for this occurrence, a 
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traffic whip-off factor is included in the aggregate design equation. Reasonable values to 

assume are 5% for low volume residential types of traffic and 10% for higher speed 

roadways, such as county roads (McHattie 2001). 

In addition, aggregate loss reduces the frictional characteristics of the pavement 

surface, which can result in the loss of skid resistance and cause other associated problems, 

such as bleeding (Jackson et al. 1990). Although aggregate loss can occur within the wheel 

path, it is most common in the areas outside of the wheel path where aggregate embedment is 

not as deep due to less traffic loading (Senadheera and Khan 2001). 

Early aggregate loss is a phenomenon that occurs under early traffic loading on a 

newly constructed chip seal surface. Different binders have varying resistance to early 

aggregate loss when loaded. Though construction and mixture design factors have a large 

effect on early aggregate loss, this performance characteristic is also shown to be affected 

significantly by the emulsion type that is used (Lee 2007). 

Low temperature aggregate loss can occur when the pavement temperature drops and 

the asphalt binder becomes brittle. In this brittle state, the binder can become less able to 

withstand the force of traffic loading, which can lead to the loss of aggregate particles from 

the chip seal. This phenomenon occurs both at night when the temperature tends to drop, and 

during the cold winter season. Researchers have identified that low temperature raveling is a 

primary distress in chip seal surface treatments (Walubita et al. 2005). This phenomenon is 

related directly to the residue characteristics of the binder used in constructing the chip seal. 

 

2.1.2 Stripping 

Stripping is defined as the loss of the adhesive bond between the asphalt binder and 

the aggregate. When stripping occurs, the binder generally migrates to the surface and leads 

to a loss of texture depth and a decrease in the frictional characteristics of the treatment 

surface. Essentially, trapped moisture is generally responsible for stripping in chip seal 

treatments. Moisture trapped within the chip seal air voids, and within the porous aggregate, 

separates the bond between the asphalt binder and the aggregate particles (Colas Solutions 

2010). This phenomenon leads to a loss of cover aggregate and can lead to other distress 
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types in the chip seal treatment. In short, stripping is raveling that is induced through the 

combined effects of moisture and traffic, and is therefore referred to as wet raveling. Some 

documents that discuss chip seal surface treatments utilize the term stripping to describe dry 

raveling. For this research, aggregate loss that can be attributed to moisture damage under 

loading is considered as stripping. 

 

2.1.3 Debonding 

The most common failure modes associated with chip seals are streaking (the 

debonding of the existing surface and the new chip seal), flushing/bleeding, and the loss of 

cover aggregate. Streaking is caused by the failure to apply asphalt uniformly inch by inch 

across the road surface, as shown in Figure 2.1. Streaking is usually caused by the asphalt 

sprayer’s nozzle being clogged or inoperable during the emulsion spraying phase of 

construction. With regard to debonding failure, a new chip seal may not have a good bond 

with an existing roadway surface after construction. This debonding can occur for various 

reasons, including the presence of high amounts of dust (fine content) on the existing surface, 

the existing surface being wet or too cold, or the asphalt being too hard. Normally, this 

failure to establish a good bond with the existing surface causes a problem on a small area of 

only a few square inches to a few square feet. Occasionally, however, a few square yards or 

even the entire surface treatment can fail for these reasons (McLeod 1969). A typical 

debonding failure of a chip seal is shown in Figure 2.2. 
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Figure 2.1.  Example of streaking of a chip seal after construction. 

 

 

 

 
Figure 2.2.  Example of typical debonding in a chip seal. 

 

 

 

2.1.4 Bleeding 

Another major long-term distress that appears in chip seals is bleeding, also referred 

to as flushing (as seen in Figure 2.3). This failure is often caused by the application of 

excessive asphalt in the mix design phase, which causes the excess asphalt to rise out of the 

cover aggregate onto the road surface. The phenomenon of bleeding can also occur due to the 

deep embedment of aggregate into the chip seal or existing pavement surface (Gransberg 

2005). Bleeding may also result from aggregate loss at high temperatures due to significant 
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softening of the residual binder which can lead to binder stretching beyond its elastic limit 

under traffic loading. The main issue with bleeding is the loss of skid resistance associated 

with the distress, which in turn significantly decreases the overall safety of the road as well 

as the effectiveness of the chip seal (McLeod 1969, Gransberg 2005). The reduction in 

surface texture associated with bleeding is the foundation on which the New Zealand chip 

seal deterioration model is based. The New Zealand specifications indicate that the texture 

depth after a one-year inspection is the most accurate indication of the performance of the 

chip seal over its expected life. The chip seal is said to have reached the end of its design life 

when its texture depth drops below 0.9 mm on a road where vehicles reach speeds higher 

than 70 km/h on average (Transit New Zealand 2002). 

 

 

 
Figure 2.3.  Example of partial bleeding failure. 

 

 

 

Bleeding is characterized by the appearance of a reflective black surface on the chip 

seal (Roque 1991). In the latter scenario, aggregate particles dislodge from the chip seal and 

expose the underlying surface that is coated by the asphalt residue and produces the 

characteristic shiny surface. Bleeding most often occurs in the wheel path of the roadway 
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where the treatment undergoes the most frequent and consistent loading (SHRP 1993). 

Figure 2.4 illustrates bleeding in a chip seal surface treatment. 

 

 

 

 
Figure 2.4.  Bleeding due to heavy truck traffic and hot weather (Lawson et al. 2007). 

 

 

 

2.1.5 Flushing 

Flushing is the migration of the asphalt binder to the pavement surface at high 

temperatures, causing a reduction in the surface texture depth of the treatment. Throughout 

the chip seal literature, the terms bleeding and flushing are used interchangeably to describe 

two separate phenomena. Therefore, it is important to define the ways these terms are 

interpreted and used for the purposes of this research. Both bleeding and flushing involve the 

same basic performance mechanism, which is the reason the terms are often loosely 

substituted for each other. Both distresses involve excess binder filling the voids and 

permeating through to the surface. The difference between the two distresses is the 

underlying cause for the excess binder (Lawson et al. 2007). Figure 2.5 illustrates an example 
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of a flushed chip seal surface treatment. Like bleeding, the primary problem associated with 

flushing is the loss of skid resistance. 

 

 

 
Figure 2.5.  Example of a flushed pavement surface (Lawson et al. 2007). 

 

 

 

2.1.6 Cracking 

Cracks that develop in chip seal surface treatments allow water to infiltrate the 

underlying pavement layers, which can compromise the structural integrity of the pavement 

system. This infiltration of water into the pavement system can lead to shear failure and 

permanent deformation in the asphalt surface treatment over time. Cracking in chip seals 

often occurs during the winter season, but these cracks can, in some instances, self-heal in the 

summer. However, if the asphalt base layer is exposed to moisture, pavement failure can 

occur at accelerated rates (Transit New Zealand 2005).  

Cracking is a broad term that includes multiple types of mechanisms, such as fatigue, 

thermal/shrinkage, and reflective cracking. Although long-term aged binder performance 

under repeated loading can be considered a form of fatigue, it is believed that fatigue 

cracking is not a performance characteristic often exhibited in chip seal surface treatments 
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due to the thin layer of the chip seal itself (Epps et al. 2005). Thermal/shrinkage cracking, 

also called transverse cracking, is thought to be significant in chip seals because such 

cracking is related to environmental effects caused by contraction of the asphalt pavement 

under cold weather conditions. Thermal/shrinkage cracking is associated most closely with 

the properties of the asphalt binder residue in the chip seal. Researchers consider transverse 

cracking to be related more to the underlying pavement structure than to the surface 

treatment itself that provides no structural strength (Walubita et al. 2005). However, some 

binders have material properties that are more resistant to thermal cracking than others. 

Another form of cracking that occurs in chip seal surface treatments is reflective cracking, 

whereby cracks from the underlying surface migrate up through the surface treatment. One of 

the main features of chip seals is their ability to help mitigate reflective cracking on the 

pavement surface. The ability to retard reflective cracking is related to the binder material 

properties of the surface treatment. 

 

2.1.7 Rutting 

In multilayer chip seal surface treatments, such as triple seals, permanent deformation 

can occur under repeated loading in the wheel path. This permanent deformation is referred 

to as rutting. The main problem associated with rutting is that during rainy conditions the rut 

fills with water, which can lead to dangerous hydroplaning issues for vehicles. Structural 

deficiencies in the underlying pavement layers can also lead to rutting on the asphalt 

pavement surface. Any structural deficiencies of the existing pavement surface should be 

corrected prior to fabricating a chip seal at a given location. However, rutting resistance can 

be related to material properties of the binder, as the recoverable strain, or high temperature 

viscosity of the binder, relates to the rate and overall depth of rutting.  

 

2.1.8 Loss of Skid Resistance 

Loss of skid resistance associated with an existing asphalt surface is one of the 

common road conditions that trigger the need for a new surface treatment. One of the major 

roles of surface treatments, in general, is to provide an increase in skid resistance (Gransberg 
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2005). Existing surface conditions that indicate that the existence of a potential safety hazard 

include bleeding and rutting, among others. 

Skid resistance changes as a function of time. Usually, skid resistance increases in the 

first two years following construction as the asphalt is worn away by traffic, then decreases 

over the remaining life of the pavement as the surface aggregate becomes more 

polished. Skid resistance tends to increase in winter when wet and cold weather roughens the 

surface, and tends to decrease in the summer. This seasonal variation in skid resistance is 

significant and should be taken into account when considering the skid resistance of 

respective locations. Additionally, it is believed that the winter recovery in skid resistance is 

not enough to balance out the summer polishing of the road surface (Jayawickrama and 

Thomas 1998, Hunter 2000). 

 

2.2 Factors Affecting Chip Seal Performance 

2.2.1 Aggregate and Emulsion Application Rates 

One of the most important components of chip seal design and construction is the 

selection of appropriate application rates. In particular, the application of an excessive 

amount of aggregate can be problematic in chip seal field construction. If too much aggregate 

is applied, excess aggregate is whipped off by rapidly moving traffic, which creates a safety 

hazard and wastes materials. An incorrect assumption often made regarding the over-

application of aggregate is that the excess aggregate can simply be swept off the surface, 

leaving the correct application quantity in place. Although it is reasonable to assume that 

some traffic whip-off will occur during the initial traffic loading, lack of care and the 

application of excessive aggregate can be detrimental, resulting in at least two major forms of 

distress, pavement distress and vehicular distress. 

Pavement distress occurs when more than one layer of aggregate is present and the 

excess aggregate on the surface is forced into the layer below. This action causes the 

aggregate in the first layer to dislodge, therefore leading to loss of aggregate. This 

dislodgement, in addition to creating early aggregate loss, can potentially lead to flushing 

issues as well (Shuler 1990). When large quantities of aggregate are applied, the small stones 
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adhere and the large stones are likely to be brushed off (Benson and Gallaway 1953), which 

affects the grading of the aggregate layer as well. It has been reported that an excess of 

aggregate material is often more detrimental than a slight shortage of aggregate, in that with 

an excess of cover material the amount of fines applied is also increased (Kearby 1952). 

 

2.2.2 Aggregate Gradation 

Aggregate gradation also plays an important role in the design, construction, and 

ultimately the performance of chip seals. Ideally, the specified gradation should be such that 

the texture of the seal is consistent. Tight gradation bands, which ensure a uniformly graded 

aggregate with minimal fines and dust, are desirable for an effective treatment. The literature 

and field surveys indicate that single-sized aggregate with less than 2% fine passing the No. 

200 sieve is considered ideal (Gransberg 2005). One advantage of using a single-sized 

aggregate in a chip seal is that it maximizes the contact area between the tire and the seal 

surface. This contact increases the frictional area, and in effect, improves the skid resistance 

as long as the emulsion application rate (EAR) is appropriate (Herrin et al. 1968).  

Ideally, the aggregate should be as close to uniform size as possible and be 

economically reasonable, so that the surface treatment has a single aggregate layer. If there is 

a significant difference between the largest and the smallest particles, the asphalt film may 

completely cover the smaller aggregate and thus prevent the proper embedment of the larger 

particles. As a general rule, the largest size aggregate in a surface treatment should be no 

more than twice the smallest sized aggregate, with a reasonable allowable tolerance for both 

oversize and undersize to allow for economical surface treatment production (The Asphalt 

Institute 1964). As the magnitude of the tolerance is increased (for budgetary reasons), it is 

believed that overall performance quality is decreased. Therefore, depending on the 

economic conditions, it may be favorable to have higher initial construction costs and obtain 

close to one size of aggregate that performs well rather than have lower initial construction 

costs with poor performance. Such poor performance will ultimately lead to high annual 

maintenance expenses (McLeod 1960). Therefore, state agencies must find a balance 

between the two alternatives. 
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Additionally, Benson and Gallaway (1959) found that an increase in the fine content 

from 0 to 30% of the total aggregate causes 10% more aggregate loss. This gradation issue is 

tied directly to economic considerations, because aggregate costs increase as the gradation 

requirements for chip seal construction become more restricted. However, in the case where 

two aggregates are otherwise the same in price and quality, the aggregate that has the 

uniform gradation is preferred. 

Kandhal (1987) also reports a reduction in the aggregate retention capabilities of a 

surface treatment with the use of graded aggregate. These graded stones contain additional 

smaller particles that tend to fill the voids between large particles and, thus, may not become 

effectively embedded into the applied asphalt. 

2.2.2.1 Performance Uniformity Coefficient (PUC) 

The aggregate PUC is a performance indicator of aggregate gradation and gives an 

indication of the uniformity, or lack thereof, of the aggregate source being analyzed. In chip 

seal surface treatments, gradations that are more uniform perform better than those that are 

less uniform in terms of the aggregate loss and bleeding failure criteria. Therefore, the PUC 

of the aggregate source will have an effect on the bleeding and aggregate loss performance of 

the chip seal surface treatment being constructed (Lee and Kim 2009).  

The concept of the PUC is founded on principles that are based on McLeod’s chip 

seal failure criterion. Essentially, McLeod’s premise that 70% embedment is the ideal 

embedment for chip seal surface treatments is implemented in the PUC definition. The PUC 

is the ratio of the percentage passing at a given embedment depth (PEM) to the percentage 

passing at twice the same embedment depth (P2EM) in a sieve analysis curve, as shown in the 

following equation: 

𝑃𝑈𝐶 =
𝑃𝐸𝑀

𝑃2𝐸𝑀

                                                                                              (1)    

The PEM value represents the bleeding failure criterion, and the P2EM value represents 

the aggregate loss failure criterion with regard to the gradation. The PEM value is defined as 

the percentage passing that corresponds to 70% (with the subscript ‘E’ in the equation 

standing for ‘embedment’) of the median particle size on the gradation curve. The P2EM value 
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is defined as the percentage passing that corresponds to 1.4 (or two times the embedment 

depth, E, of 0.7) times the median particle size, with the median particle size defined as the 

particle size of which 50% of the gradation passes through the sieve. In the case of a chip 

seal, the PEM value should be low, because a low percentage of the gradation passing at the 

bleeding failure criterion indicates that the aggregate particles in that range of the gradation 

are larger and less susceptible to bleeding than smaller particles would be. Conversely, for 

the P2EM criterion, if the value is high, the percentage of aggregate particles that do not meet 

the aggregate loss criterion is low, and therefore less aggregate loss is expected.   

 

 

 
Figure 2.6.  Explanation of PUC parameter. 

 

 

 

Figure 2.6 visually displays the concept behind the PUC. In theory, if the aggregate is 

embedded in emulsion up to 70% of its median (M) particle size, the particles that are 

smaller than 0.7M will be submerged completely in the emulsion and, therefore, will 

experience bleeding. Ideally, then, the smaller particles should be larger than 0.7M to avoid 

bleeding. Conversely, the particles that are bigger than 1.4M are likely to be lost when 

trafficked because they will be less than 50% embedded after trafficking. In this case, the 

larger the coarse aggregate particles, the more likely aggregate loss will occur. 

Thus, the closer the PUC value is to zero for a particular aggregate gradation, the 

more uniformly the aggregate is graded. In other words, the PEM value that is closer to 0% 

and the P2EM value that is closer to 100% indicate a uniform gradation that corresponds to 

improved chip seal performance; that is, these values indicate less bleeding and a smaller 

amount of aggregate loss, respectively. 
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2.2.3 Material Selection for Chip Seal  

Material selection for chip seal design and construction generally is based on product 

availability, aggregate/emulsion quality, and the climate of the potential construction site. 

Aggregate selection is a function of geological availability and the distance that the aggregate 

must be transported. The existing pavement surface, the size of the job, the aggregate 

gradation, and local climate must be taken into consideration for the asphalt selection process 

(Gransberg 2005). Typically, aggregate that is positively charge is used with negatively 

charged emulsion, and vice versa. As aggregate is often based on geological availability, the 

charge (anionic or cationic) of the emulsion is selected to fit the aggregate. 

There are a few main emulsion types typically used in a chip sealing application.  

Generally, rapid setting (RS) binders are used for chip sealing, as the curing characteristics of 

this binder best match the construction and traffic opening timeline for this surface treatment 

type. Typical emulsions used for chip sealing include, CRS-2P, CRS-2L, and CRS-2. CRS 

stands for “cationic rapid setting”, and the number “2” represents the viscosity of the binder 

(1 or 2 are the typical viscosity grades with a 2 representing a higher viscosity). The “P” and 

“L” designation represent polymer and latex binder modification, respectively. CRS-2P and 

CRS-2L are differentiated from CRS-2 in that they are modified binders to improve the 

performance capabilities of the material. CRS-2P is a polymer modified binder. The polymer 

used is usually a Styrene-Butadiene-Styrene (SBS) polymer for CRS-2P emulsion. While 

CRS-2L is a latex modified product. The polymer and latex modification in these binders is 

intended to improve the aggregate retention capabilities of the binder as the polymer 

modification improves the elastic range of the material under loading and help resists 

cohesive failure and improves the binders strain resistance. In some cases, HFRS-2 (high 

float rapid setting) and HFRS-2P (polymer modified high float rapid setting) emulsions are 

used. These high float emulsions are often used in Canada and in situations where very low 

temperatures are expected, as the high float emulsions are not as brittle at low temperatures 

due to the use of soft binders. Also, as these materials have a gel structure that prevents flow 

at higher temperatures, thicker films of binder can typically be applied to aggregates in chip 

sealing which helps with retention. 
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The emulsion type selected for a chip seal construction is dependent upon a few main 

factors. One factor is the traffic demand (ADT) on the roadway where the chip seal will be 

applied. Most often, modified binders are used in more critical traffic applications with 

higher volumes, while unmodified binders are used in lower traffic volume settings. Another 

factor is cost, as certain polymer modified binders are more expensive to acquire than 

unmodified binders. Lastly, availability based on location and the ability of the local 

emulsion suppliers to provide quality material factors into the decision on which emulsion 

type is used for chip sealing. 

The specifications for chip seals in North Carolina call for granite (No. 78M for the 

aggregate size) and CRS-2 or CRS-2L/2P (latex/polymer-modified emulsion) for the 

emulsion type (NCDOT Standard Specifications for Roads and Structures 2002). The most 

commonly used size of aggregate for a single seal is a nominal maximum aggregate size 

(NMAS) of 3/8 in. (9.525 mm) (Gransberg 2005). Lightweight aggregate is also used often 

as the aggregate material in chip seal construction in North Carolina because it provides a 

highly skid-resistant surface, good color contrast to improve visibility in daylight and at night, 

a surface that reduces paint striping maintenance, and it completely eliminates windshield 

damage caused by flying loose aggregate, which is a major concern associated with chip seal 

surface treatments (Epps et al. 1974). 

 

2.3 Chip Seal Mix Design Methods 

The earliest mix design procedure for chip seals was developed originally by F. M. 

Hanson (1934/35) in New Zealand. The fundamentals of his mix design methodology are 

incorporated in all of the major chip seal mix design methods that are currently used 

worldwide. The newest mix design method to be developed is the 2004 Chip Seal Design 

Guide from New Zealand (also known as the New Zealand method). In North America, the 

modified Kearby method and McLeod method are the most widely used chip seal mix design 

methods (Gransberg 2005). A summary of the Hanson, modified Kearby, McLeod, and 2004 

New Zealand design methods are provided in the Table 2.1. 
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Table 2.1.  Summary of Existing Mix Design Methods 

 Modified Kearby McLeod 
2004 New 

Zealand 

Factors for 

AAR  

 Board test  Aggregate gradation 

 Flakiness index 

 Bulk-specific gravity 

of aggregate 

 Loose unit weight of 

aggregate 

 Wastage  

 Aggregate 

gradation 

 Flakiness 

index 

 Bulk-specific 

gravity of 

aggregate 

 Wastage  

Factors for 

EAR  

 AAR 

 Bulk-specific 

gravity of 

aggregate 

 Loose unit 

weight of 

aggregate 

 Traffic 

correction  

 Surface 

condition 

correction 

 Seasonal 

adjustment  

 Percentage of 

residual asphalt 

in emulsion 

 Aggregate gradation 

 Flakiness index 

 Traffic correction  

 Bulk-specific gravity 

of aggregate 

 Loose unit weight of 

aggregate 

 Surface condition  

 Aggregate absorption  

 Percentage of residual 

asphalt in emulsion 

 Traffic volumes 

 Aggregate 

gradation 

 Flakiness 

index 

 Average daily 

traffic (ADT) 

 Percentage of 

heavy 

commercial 

vehicles per 

day 

 Texture depth 

 Soft substrate 

 Absorptive 

surfaces 

 Steep grades 

 Aggregate 

shape 

 Traffic 

volumes 

Embedment 

depth 

Variable in terms of 

chip seal mat 

thickness and 

aggregate type 

65-80% 35% 

Lightweight 

aggregate  
Considered in EAR Not considered Not considered 

Multilayer 

Seals 
N.A. 

Available with empirical 

guideline 

Available with 

empirical guideline 
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Hanson Method 

The Hanson method was designed originally for cutback liquid asphalt, and it is based 

on the average least dimension (ALD) parameter of the aggregate source used in the mix. 

The ALD is calculated by using calipers on a representative amount of the aggregate source 

(at least 200 pieces or more) to obtain a value that represents the aggregate layer in 

essentially its rolled, compacted state. Hanson observed that when aggregate is dropped from 

an aggregate spreader onto newly applied fresh asphalt, the voids between the aggregate 

particles are approximately 50%, meaning 50% of the available aggregate voids are filled 

with emulsion. His theory was that when the layer is compacted, this value is reduced to 

30%, and it is reduced further to 20% when the aggregate is compacted under traffic loading, 

as displayed in Figure 2.7. Hanson specified the percentage of voids to be filled by residual 

asphalt to be between 60% and 75%, depending on the type of aggregate and traffic level 

(Hanson 1934). 

 

 

 
Figure 2.7.  States of embedment of chip seals (Hanson 1934). 
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2.3.1 2004 New Zealand Method 

The Hanson method, over time, has evolved into the 2004 New Zealand Design 

Method. This method was developed as a performance-based chip seal design method that 

considers the aggregate loss during the first winter after construction as well as the chip seal 

voids reduction model (Transit New Zealand 2005). One of the major difficulties involved in 

the design of material application rates, which is addressed in the 2004 New Zealand 

Method, is non-uniformity of the substrate. The 2004 New Zealand employs a substrate 

correction factor using the sand circle (sand patch) test for the texture depth of the substrate 

and the ball penetration test to measure the substrate hardness. The ball penetration test 

involves measuring the penetration that a 19 mm ball bearing makes in a sample of the 

substrate after the ball is struck one time with a Marshall hot mix-compaction hammer (The 

Asphalt Institute 1997). New Zealand reports that, for its location, typical ball penetration 

values for reseal surfacing are in the range of 2 to 3 mm. In cases where the ball penetration 

value is greater than 5 mm, the substrate is deemed to be too soft for a chip seal to be 

constructed. Soft substrates are said to occur when the resealing is over a previous chip seal, 

or when an asphalt or pavement repair has not fully cured or hardened. The problem with 

substrate softness is that it can lead to a deeper embedment of the aggregate than if the 

surface treatment was constructed on a hard substrate. This problem increases the likelihood 

of premature flushing of the surface.  

 

2.3.2 McLeod Method 

Throughout the 1960s, McLeod (1969) developed a chip seal design procedure based 

partially on Hanson’s previous work in the field, and also based on empirical relationships 

and observations of his own. His method covers both single and multilayer surface treatments 

and determines the quantity of aggregate, quantity and type of asphalt, and rate of asphalt 

application. These quantities are determined based on several equations McLeod developed 

(1969). 

The equations used to determine the quantity of aggregate needed for a given surface 

treatment course are based on the assumption that 80% of the aggregate will ultimately be 
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embedded into the pavement, the aggregate is single-sized (with a slight modification to the 

equation for graded aggregate), and the aggregate will ultimately be arranged so that the 

thickness of the aggregate layer is equal to approximately the ALD of the aggregate source. 

With this method, additional consideration must be given to the type of aggregate, type of 

supporting layer, climatic variations, etc. 

The equation used to determine the quantity of asphalt emulsion also is based on 

several assumptions. One assumption is that 20% of the total surface treatment will be 

comprised of asphalt (80% embedment of aggregate). Also, it is assumed that the aggregate 

is single-sized, as with the determination of the aggregate quantity (also containing a 

modification to the equation for graded aggregate). Lastly, the temperature during 

measurement is 60°F (otherwise the value must be adjusted). 

The appropriate asphalt type and grade to be used depends on the aggregate size and 

surface temperature at the time of application, and are determined by a chart developed by 

McLeod. The Asphalt Emulsion Manufacturers Association and the Asphalt Institute have 

adapted and furthered McLeod’s work by providing recommendations for asphalt types and 

grades for various aggregate gradations, and for correction factors to the AAR based on 

existing surface conditions. 

 

2.3.3 Kearby Method 

One of the initial efforts in the United States toward a chip seal mix design was made 

by Jerome P. Kearby (1953). Kearby developed a design method that determines both the 

amounts and types of asphalt and aggregate for single seal surface treatments. Kearby’s work 

resulted in the development of a monograph that provides an asphalt cement application rate 

in gallons per square yard for the input data of average thickness, percentage of aggregate 

embedment, and percentage of voids (Kearby 1953). Kearby recommends the use of a 

uniformly graded aggregate by outlining eight grades of aggregate based on gradation and 

associated average spread ratios. He also recommends that the combined flat and elongated 

particle content not exceed 10% of any aggregate gradation requirement. Furthermore, the 

Kearby method accounts for the effects of existing pavement conditions and traffic volume 
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on the optimal aggregate embedment depth. The percentage of embedment should be 

increased for hard aggregate and reduced for soft aggregate in the case of chip seals being 

constructed on an existing hard surface. For chip seals under heavy traffic, the percentage of 

embedment should be decreased, along with the use of large-sized aggregate particles; and 

under low volume traffic, the percentage of embedment should be increased, with the use of 

mainly medium-sized aggregate particles. 

 

2.3.4 Modified Kearby Method 

In 1974, Epps and his associates proposed a further change to the design curve 

developed by Kearby for use in chip seals by incorporating the use of synthetic aggregate 

such as lightweight aggregate (Epps et al. 1974). Based on the high porosity of synthetic 

aggregate, Epps et al. proposed a curve showing approximately 30% more embedment than 

the Benson–Gallaway curve (Benson and Gallaway 1953). The rationale for this increase is 

that high friction lightweight aggregate may turn over and subsequently ravel under traffic. In 

a separate research effort, Epps et al. (1980) continued the work done in Texas by Kearby 

(1953) and Benson and Gallaway (1953) by undertaking a research program to conduct field 

validation of Kearby’s design method. During this study, it was observed that the Kearby 

design method predicted lower asphalt application rates than those used in the Texas practice, 

and so the Epps study proposed two changes to the design procedure. The first one was a 

correction to the asphalt application rates based on the level of traffic and existing pavement 

conditions. The second change justified the shift of the original design curve proposed by the 

Kearby and Benson-Gallaway methods, as suggested for lightweight aggregate (Epps et al. 

1974). Since then, practitioners and researchers have labeled this design approach the 

modified Kearby method. 

In this method, the aggregate application rate (AAR) is determined using the 

laboratory board test method whereby only one aggregate layer is placed in a ½ yd2 area. The 

dry loose unit weight and the bulk-specific gravity of the aggregate are determined and used 

to convert the amount of aggregate to cover the ½ yd2 area to an AAR in the field. The test 

board is made of plywood with sides framed by 12 mm (1/2 in.) molding strips. The asphalt 
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application rate is determined by an equation that includes the traffic level (vehicles per day 

per lane), the existing surface conditions, the residual quantity of asphalt in the emulsion or 

cutback, and field factors based on field experience. 

According to the study conducted by Epps (1974) on chip seals with lightweight 

aggregate, the modified Kearby method appears to be the most effective methodology for the 

prediction of the AAR. 

3. LITERATURE REVIEW – PERFORMANCE-RELATED SPECIFICATION FOR 

CHIP SEALS 

The current specification for the selection of binders for chip seal construction is based 

on testing that measures material properties that are not related to the performance of chip 

seal mixtures (Vijaykumar et al. 2012). The development of a performance-related 

specification for chip seals seeks to address these shortcomings by directly relating binder 

tested material properties to chip seal mixture performance. 

An extensive literature review was conducted consulting existing information that is 

relevant to asphalt binders used in chip seal treatments. The literature review examined 

published and unpublished reports, contacts with public and private agencies, industry 

organizations, and other domestic and foreign sources, and aimed to establish the following 

factors for the research: 

 

 Performance parameters critical for chip seals 

 Factors and mechanisms that affect the performance of chip seals 

 Critical emulsion and residual binder properties that relate to the performance 

measures for chip seal 

 Test methods and equipment that measure the determined critical emulsion and 

residual binder properties 

 Capabilities and limitations of the chip seal binder and mixture test methods and 

equipment to evaluate the effects of the critical factors on performance 
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The literature review began by evaluating the materials utilized in chip seals in order to 

identify the most common materials that are used in chip seal construction for different 

locations and environmental conditions. 

 

3.1 Asphalt Binder Material Selection for PRS Development 

In 2005, Gransberg and James authored NCHRP Synthesis 342, Chip Seal Best 

Practices (2005). In this synthesis, the authors consider the asphalt binder materials used for 

chip seals in the United States and Canada. Thirty-one states responded with specific grades 

they used, as shown in Figure 3.1. 

Figure 3.1 shows that CRS-2P/L and CRS-2 emulsions are the most widely used 

asphalt emulsions for chip seals. CRS-2h (high viscosity) emulsion also is reported as used 

by four states. High-float emulsions, specifically HFRS-2 (High Float Rapid Setting) and 

HFRS-2P (polymer modified High Float Rapid Setting), are reported as used by some states. 

In Canada, the use of high-float emulsions is much more prevalent. Specifically, eight of the 

ten provinces surveyed reported the use of high-float emulsions at average daily traffic 

(ADT) levels up to 20,000 vehicles per day. 
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Figure 3.1.  Asphalt binder grades used in chip seals (Gransberg and James 2005). 

 

 

 

3.2 Performance Parameters for Chip Seals 

In order to carry out the objectives of this research, it is first necessary to identify the 

types of distresses that occur in chip seal treatments and then, from this list of possible 

distresses, identify those that are most critical and most appropriate for developing the PRS. 

The critical distresses have been identified for each surface treatment type through a 

literature review and via feedback from chip seal industry experts. 

 

3.2.1 Chip Seal Distresses 

The distresses that have been identified as occurring in chip seals are listed below. The 

following paragraphs describe each distress. 
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 Flushing 

 Cracking 

 Rutting (multiple seals) 

 

Full descriptions for each of these distresses are provided in the literature review 

presented previously in Section 2.1 of this dissertation. 

 

3.3 Chip Seal Performance Parameters Influenced By Binder Properties 

From the literature review, as well as information gleaned from preservation 

professionals, a list of key emulsion performance characteristics has been compiled as they 

relate to chip seal surface mixture performance. These performance characteristics are 

defined, outlined, and prioritized in this section.  

 

3.3.1 Determination of Critical Distresses 

The following performance characteristics (or distresses) are prioritized and ranked based 

on the literature review conducted for chip seal surface treatments as well as survey 

information collected from government highway agencies and asphalt surface treatment 

practitioners. The performance of chip seal surface treatments will be evaluated based on the 

following performance characteristics ranked from most important to least important: 

 

1) Raveling 

2) Bleeding and Flushing 

3) Cracking 

4) Stripping 

5) Rutting 

 

For this prioritization, raveling is considered as one distress across multiple conditions 

(i.e., at all temperature ranges, wet and dry conditions, as well as long and short term loss), 

even though the mechanisms governing the distress are different at different temperatures 
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and moisture conditions. Also, bleeding and flushing are combined in the previous list 

because existing literature and practice do not make a clear distinction between the two, as 

the physical manifestation of the bleeding and flushing are the same. The justification for 

these rankings is given in the subsequent sections of this report. 

 

3.3.1.1 Survey Results Considered in Performance Characteristic Rankings 

In 2005, Gransberg surveyed various pavement maintenance agencies regarding chip 

seal performance. These agencies were asked to rank the most common distresses that were 

observed during construction of chip seal surface treatments. Table 3.1 provides the results of 

this survey. 

From these survey results, it is seen that bleeding is the most common distress 

observed in all of the countries included in the survey. This distress is followed by streaking 

(which is a construction-related and not a material-related distress), and corrugation. 

Corrugation is a distress that occurs due to shoving in the pavement surface in areas of traffic 

starts and stops (i.e., intersections). Corrugation is associated with the strength and design of 

the underlying pavement layers but not necessarily the characteristics of the chip seal 

directly. Among the critical material-related distresses, significant cracking and raveling are 

reported by the survey respondents. One item of note is that the number of cracks reported 

includes all forms of cracking, and no distinction is made between the specific types of 

cracking referred to by the respondents. Thus, from these survey results the material-related 

distresses are ranked accordingly: bleeding, cracking, then raveling.  
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Table 3.1.  Survey Results of Most Common Distresses in Chip Seal Surface Treatments 

(Gransberg and James 2005) 

 U.S. Canada Australia 
New 

Zealand 

South 

Africa 

United 

Kingdom 
Total 

Bleeding 54 9 4 2 1 1 71 

Streaking 43 5 0 1 0 1 50 

Corrugation 41 2 1 0 0 0 44 

Cracking 30 5 3 2 0 0 40 

Raveling 24 8 1 2 1 1 37 

Transverse 

Joints 
29 4 0 0 0 0 33 

Longitudinal 

Joints 
17 3 1 0 1 0 22 

Potholes 4 6 2 0 0 0 12 

 

 

 

Table 3.2.  In-house Chip Seal Construction Issues Survey Results (Gransberg and James 

2005) 

Issue U.S. Canada Australia 
New 

Zealand 

South 

Africa 

United 

Kingdom 
Total 

Early 

Raveling 
18 3 0 1 0 0 22 

Early 

Flushing 
15 1 1 1 0 0 18 

Flushed 

Intersections 
14 2 0 1 0 0 17 

Flushed 

Patches 
9 2 1 1 0 1 14 

Raveling 

Patches 
5 1 0 1 0 1 8 

Raveling – 

Evenings 
4 2 0 0 0 0 6 
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Table 3.3.  Contracted Chip Seal Construction Issues Survey Results (Gransberg and James 

2005) 

Issue U.S. Canada Australia 
New 

Zealand 

United 

Kingdom 
Total 

Early Raveling 25 6 0 1 0 32 

Flushed 

Intersections 
15 4 0 1 0 20 

Early Flushing 13 3 2 2 0 20 

Flushed Patches 13 3 1 1 1 19 

Raveling – 

Evenings 
6 3 0 0 0 9 

Raveling 

Patches 
1 1 0 0 1 4 

 

  

From the same surveyed group, pavement maintenance agencies were asked about the 

primary performance issues that occurred for those agencies that constructed chip seals in-

house as well as those that subcontracted their chip seal construction operations.  The above 

tables present the survey results. The information presented in these tables indicates that, 

among the issues related to the construction of chip seal surface treatments, flushing and 

raveling are deemed to be the most important.  

Additional information with regard to chip seal performance is found in NCHRP 

Synthesis 342. For this report, a survey was conducted to assess the key distresses identified 

from visual performance ratings in North America. Figure 3.2 presents the results of this 

survey. 
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Figure 3.2.  Most common distress modes identified by survey respondents to NCHRP 

Synthesis 342 (Gransberg and James 2005). 

 

 

 

In this survey, 81% of the survey respondents identified bleeding as the most 

common distress, 67% stated that raveling was the most prevalent problem, and 49% 

identified both bleeding and raveling as distresses occurring equally in chip seal surface 

treatments. This survey provides further support for ranking bleeding and raveling as the 

most critical performance characteristics in chip seal surface treatments. 

Additionally, a survey conducted by the University of Wisconsin-Madison (UWM) 

on behalf of the Emulsion Task Force (a subcommittee of the Pavement Preservation Expert 

Task Force) sought to determine the distress modes related to asphalt surface treatments. In 

this survey, 29 respondents with expertise in this area (17 industry professionals, 4 members 

of academia, 7 state agency employees, and 1 federal employee) provided feedback. The 

surveyed group identified chip loss, bleeding, and binder cracking as the three main modes of 

failure in chip seal surface treatments. 

Survey results obtained from various sources, such as those presented herein, are 

strongly reflected in the aforementioned overall ranking of performance characteristics 

associated with chip seal surface treatments. 
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3.3.1.2 Literature Review Findings for Performance Characteristic Rankings 

In addition to these survey results, the literature review conducted further solidifies 

the rankings of the performance characteristics. For instance, other research efforts state that 

chip seal deterioration occurs as a result of bleeding, raveling, and oxidation of the binder, 

which leads to cracking (Sprayed Sealing Guide 2004, Epps et al. 2001). The New Zealand 

chip seal guidelines support this concept as they directly identify texture loss and cracking as 

the main sources of chip seal failure. More specifically, texture loss as a failure source is 

defined as premature binder rise, flushing, bleeding, or aggregate loss (Transit New Zealand 

2005). Among these critical performance characteristics identified by the literature, bleeding 

and raveling are still widely considered to be the two most problematic distresses in chip seal 

surface treatments for ranking purposes (Benson and Gallaway 1953, Holmgren et al. 1985). 

With the surveys and a variety of examples from the literature clearly identifying 

bleeding, aggregate loss, and cracking as the three most critical performance characteristics 

in chip seal surface treatments, the literature review for this study sought to identify other 

distress characteristics that are relevant to chip seal performance. Rutting also has been 

identified as a relevant performance characteristic in chip seal surface treatments, although 

the literature review and survey information do not support this distress being as critical as 

bleeding, aggregate loss, or cracking. This omission in the literature of rutting as a critical 

distress is likely due to the fact that rutting applies only to thick chip seal surface treatments, 

such as triple seals. Also, permanent deformation performance often is related to the 

structural strength of the underlying pavement layers, which is not always a material-related 

performance issue. However, rutting in triple seal surface treatments can be related to binder 

properties, and therefore can occur independently of the underlying pavement layers’ 

structural strength.  

Lastly, stripping has been acknowledged as a significant performance characteristic in 

chip seal surface treatments. Stripping can occur both in the early stages and in the later 

stages of a chip seal’s useful life. If the asphalt in the surface treatment is displaced by water 

during wet conditions under traffic loading, a loss of aggregate will result (Khandal and 

Stroup-Gardiner 1998). In many surveys and documents, aggregate loss due to moisture 
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damage in the seal and aggregate loss caused by other mechanisms are combined, i.e., there 

is no clear delineation between wet and dry aggregate loss. However, for asphalt concrete, 

the effects of moisture-induced processes are defined separately from non-moisture-induced 

processes, and it is believed that the industry would be better served by similarly delineating 

dry and wet aggregate loss performance. It is for this reason that stripping (wet raveling) and 

dry raveling are considered as two separate distresses, even though the net effect is the same 

(loss of cover aggregate). Efforts to reduce moisture susceptibility traditionally have involved 

adding anti-stripping agents to the asphalt binder prior to emulsification. Furthermore, 

laboratory evidence suggests that certain polymer-modified asphalts are effective in reducing 

stripping characteristics (Shuler 1998). 

 

3.3.1.3 Distress Summary 

From the survey results and literature review conducted, it is clear that bleeding and 

aggregate loss are the most critical performance characteristics associated with chip seal 

surface treatments. Aggregate loss is ranked as the most critical performance characteristic 

for chip seal surface treatments because the loss of aggregate particles are directly hazardous 

to vehicles, and also leads to bleeding (ranked as the second most critical distress) in the chip 

seal as bare (bled) spots result from excessive aggregate loss. Additionally, other distresses 

such as stripping and early raveling are associated with the aggregate retention capabilities of 

the chip seal surface treatment. 

4. PERFORMANCE TESTS AND ANALYSIS METHODS 

4.1 Mixture Performance Tests and Analysis Methods 

This section summarizes the specimen fabrication process, test methods, and data 

analysis methodology utilized for this research.   

4.1.1 ChipSS Sample Fabrication Procedure 

The process of fabricating chip seal samples in a laboratory setting involves 

simulating the chip seal construction process as closely as possible. The North Carolina State 
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University (NCSU) research facilities contain various tools to replicate the chip seal sample 

construction process. These resources are discussed in detail in the following sections. 

The first step in constructing chip seal specimens in the lab is to obtain a felt disk in 

the desired size/shape of the chip seal specimen to be fabricated. In the case of this research, 

these felt disks were 305 mm x 356 mm on which 305 mm x 178 mm samples were 

fabricated. In order to make the 305 mm x 178 mm samples on the felt disk, a template was 

created and placed on top of the sample during the emulsion spraying process to ensure 

consistent dimensions and rates for each sample replicate. The template ensures that the 

emulsion reaches only the desired area. In addition, in order to apply the emulsion to the felt 

disk in a manner that simulates the emulsion being sprayed from the truck in the field, a paint 

spray gun is used. It is recommended that this paint gun shoot at a rate of, or exceeding, 5.4 

gallons per hour (ideally a rate of 7.2 gallons/hour would be used to spray polymer-modified 

emulsions, which are more viscous). Lastly, a weight scale is used to monitor the amount of 

emulsion that has been sprayed onto the felt disk (to ensure accurate emulsion application 

rates during sample fabrication). The emulsion spraying process is depicted in Figure 4.1. 

 

 

 
Figure 4.1.  Chip seal emulsion spraying procedure. 

 

 

 

The figure above shows the first step in the sample fabrication process, which is the 

emulsion being sprayed onto the felt disk with a template over the felt disk to control the 
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shape and size of the chip seal specimen. Following this step, the felt disk with newly applied 

emulsion is then positioned underneath the chip seal spreader (ChipSS). The automated 

aggregate spreader is displayed in Figure 4.2. 

 

 

 
Figure 4.2.  ChipSS aggregate spreading procedure. 

 

 

 

Figure 4.2 shows the process of spreading the aggregate onto a felt disk after the 

initial application of emulsion. Figure 4.2 (d) shows the aggregate being spread by the 

ChipSS across the felt disk.  After the application of the emulsion onto the felt disk (in the 

178 mm x 305 mm area), only the section of the felt disk covered by emulsion will retain 

aggregate, and the excess is swept off by a small brush. Through this process a single layer of 

aggregate is obtained that completely covers the specimen.  

(a) Filled aggregate into hoper (b) Ready to spread aggregate on the felt disk

(c) Spreading aggregate on the felt dsik (d) Spread aggregate on the felt disk
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Prior to the beginning of sample fabrication, the aggregate spreading machine is 

calibrated to drop the amount of aggregate required to achieve the desired AAR for the 

sample being fabricated to ensure the desired rate is applied. The AAR is controlled by two 

parameters: the box and drum speeds. The box speed is the speed at which the box moves 

across the sample, and the drum speed is the speed at which the rotating drum (located inside 

the aggregate hopper) rotates and drops the aggregate. At lower box speeds, more aggregate 

is dropped onto the sample, and vice versa at high speeds. At lower drum speeds, less 

aggregate is dropped out of the hopper, and vice versa for high drum speeds. Using these 

concepts, the AAR can be controlled effectively during specimen fabrication. 

After the aggregate is applied, and the excess outside of the designated sample area is 

swept away, the aggregate weight is measured (to determine the exact amount of aggregate 

that was applied), and the sample is compacted. The compaction device is shown in Figure 

4.3. 

 

 

 
Figure 4.3.  Image of chip seal sample compactor. 

 

 

 

The compactor shown in Figure 4.3 is used to compact the chip seal specimen 

directly after the aggregate is applied to the hot emulsion. This machine simulates the 

compactor that follows behind the aggregate truck in the field. Specifically, the compactor 

shown in Figure 4.3 is used in conjunction with a rubber mat in order to replicate a 
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combination roller (a combination of steel wheel and pneumatic tires), which has been found 

to be the most effective type of roller in the field. This procedure is necessary because the 

steel supplies great compaction force, while the rubber material helps minimize the breaking 

of chips that occurs when the steel wheel is used alone for compaction.   

The compaction procedure involves three compaction passes across the horizontal 

face of the sample, and the additional compaction passes perpendicular to the first three 

passes. This compaction procedure is repeated for each sample fabricated in the lab to ensure 

a consistent and effective compaction of the aggregate into the emulsion layer. 

Following compaction, the newly fabricated sample is then cured in the oven 

undisturbed at 35C for 24 hours to allow the sample to cure. After the curing period is 

complete, the sample fabrication is complete, and the sample is ready to be tested. 

 

4.1.1.1 Complete Temperature Control during Chip Seal Specimen Fabrication 

In order to eliminate temperature as a variable in fabricating and testing chip seal 

specimens in the lab, it is important to be able to control the temperature throughout the 

entire specimen fabrication process. Such control is vital because it ensures that each sample 

is subjected to the same temperature during the fabrication. Pivotal to achieving this level of 

temperature control is a closed facility that can host the fabrication process. A facility has 

been constructed for sample fabrication that is a 16 ft. by 8 ft. greenhouse made of wood and 

polycarbonate glass. This greenhouse, pictured in Figure 4.4, ensures a consistent 

temperature for the specimens during the sample fabrication process.   
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Figure 4.4.  Greenhouse for temperature control during specimen fabrication. 

 

 

 

A few modifications were made to the greenhouse to increase its efficiency in 

maintaining a consistent fabrication temperature. One major adjustment is the addition of a 

heating solution in order to heat and maintain the temperature in the greenhouse. Also, 

insulating foam was applied in all crevices and small openings of the greenhouse to limit heat 

loss in the greenhouse during specimen fabrication.  
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Additionally, an oven is used to ensure that the 24-hour curing temperature of 35°C 

for newly created samples is consistent. Further, a temperature chamber and thermocouple 

ensure that the MMLS3 machine retains a constant temperature during the testing of chip seal 

specimens. The emulsion is stored in a large oven at 140°F until it is needed for sample 

fabrication.  

 

4.1.2 Mixture Performance Test Methods 

4.1.2.1 Third-Scale Model Mobile Loading Simulator (MMLS3)  

The third-scale model mobile load simulator (MMLS3) simulates the traffic loading 

conditions experienced by asphalt surface treatments under field traffic loading. The MMLS3 

applies repeated wheel loads to the asphalt surface at a constant and accelerated rate (990 

wheel loads applied every 10 minutes) and causes the surface treatment to respond similarly 

to its response in the field. The machine itself consists of a rotating drum that drives a train of 

buggies across a test sample mounted beneath the machine. The train includes a total of eight 

buggies, four of which have third-scale wheels (relative to standard dual tire wheels). A 

maximum of three samples (356 mm length per sample) can be secured underneath the 

MMLS3 for testing at one time. The cumulative sample length of 1,067 mm is the effective 

loading length for the MMLS3. With a wandering width of 178 mm, the effective MMLS3 

loading area is 7,467 mm. The MMLS3 test procedure and equipment are shown in Figure 

4.5. The one departure from the picture shown in Figure 4.5 (d) is that the top of the MMLS3 

temperature chamber is covered during testing to maintain the test temperature.  

 



52 

 
Figure 4.5.  MMLS3 test preparation: (a) installation of specimens on steel base, (b) side 

view of MMLS3, (c) positioning the MMLS3 in the temperature chamber, and (d) complete 

MMLS3 test setup. 

 

 

 

For MMLS3 testing, specimens are fabricated through a procedure that closely 

simulates the surface treatment fabrication in the field. This procedure is described in Section 

4.1.1. The test method allows for complete temperature control between approximately 10°C 

and 60°C using an environmental chamber and cooling/heating unit.  

A straightforward methodology has been developed for running the MMLS3 test. 

Specimens are first secured underneath the MMLS3 machine using screws or clamps to fix 

the specimens to the base, and then the test temperature is set on the heating unit control box. 

After allowing adequate time for the temperature to reach its target, green and red buttons on 

the control box are pressed to start and stop the machine, respectively. Wandering is utilized 

for aggregate loss testing, but tests such as rutting do not use this feature.  

(b)(a)

(d)(c)
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Loading is checked regularly using a load cell that can measure the load magnitude 

applied by each wheel as it passes over the test samples. In addition, the tire pressure is fixed 

at 105 psi in order to ensure consistent loading from tire to tire. Adjustments to the springs on 

the wheeled buggies allow for fine tuning the applied load. The height of the machine is 

carefully adjusted so that the buggies apply a load that is expected during actual trafficking. 

Bolted mounting steel plates ensure that samples can be mounted for testing in a repeatable 

manner.  

 

 MMLS3 for Raveling Evaluation 

The aggregate retention performance of chip seal surface treatments is assessed using 

the MMLS3 test method. In these tests, measurements of aggregate loss are taken at 10, 20, 

40, 80, and 160 minutes in order to study both short-term and long-term raveling. Taking the 

measurements involves stopping the machine, removing the specimens from the base, and 

measuring the weight of the specimen as a function of loading time. In these tests, the 

MMLS3 is allowed to wander. The wandering occurs over a width of 178 mm and over a 

time span of 10 minutes. Thus, in 10 minutes the machine traffics all parts of the sample 

evenly. For this reason, no measurements are taken at a time interval less than 10 minutes 

because the sample would not have been evenly trafficked.  The test is typically run at 25°C, 

however aggregate loss tests can be run at different temperatures ranging anywhere between 

10°C to 60°C, only limited by the temperature range of the associated temperature chamber 

and heating/cooling unit. 

 

 MMLS3 for Bleeding and Flushing Evaluation of Chip Seals 

The MMLS3 testing machine is also used to evaluate bleeding and flushing in chip 

seal treatments. The same process of specimen fabrication and sample mounting used in the 

aforementioned aggregate loss procedure for MMLS3 is followed for the bleeding and 

flushing evaluation. The test temperature for bleeding and flushing analysis was 50°C for all 

of the mix design performance testing; while the testing temperature was varied to simulate 

different temperatures in the PRS developmental testing detailed herein. The MMLS3 
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bleeding test was carried out after first conducting a 120-minute aggregate loss test at 25°C.  

Since bleeding in chip seal is also a function of lost aggregate which can lead to bare spots in 

the surface treatment, the ability of the chip seal to resist aggregate loss also contributes to 

bleeding resistance. At the completion of the aggregate loss test, the samples were 

conditioned for one hour at 50°C to reach the equilibrium testing temperature, and then were 

loaded by the MMLS3 for three hours. This process simulates the bleeding of chip seals 

during the summer months in the field. Performance is quantified using digital analysis of 

images taken before and after the three-hour loading period. Figure 4.6 presents the digital 

image processing flowchart.  

 

 

 
Figure 4.6.  Image processing procedure for chip seal specimens: (a) original scanned 

specimen image, (b) identification of bled area, (c) image processing, and (d) bleeding input 

into Matlab software for pixel-based processing. 

 

 

 

As shown in Figure 4.6, the chip seal sample was scanned after high temperature 

MMLS3 testing. To scan the specimen surface without disturbing the chip seal surface, the 

scanner is turned upside down and mounted over the specimen at a fixed height. The areas of 

the image where bleeding had occurred were identified and extracted from the original image 

c) Image input into Matlabb) Bleeding extracteda) Original image
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into a new layer. The extracted bleeding layer is then processed via Matlab code designed to 

determine the percentage of the image area that is black (or bled). The percentage of bleeding 

for the specimen is obtained simply by dividing the area of bleeding on the chip seal 

specimen by the total area of the specimen. The percent bleeding is automatically output 

from the Matlab processing as the percentage of black pixels to white pixels in the specimen 

area. 

 

 MMLS3 for Multi-Layered Chip Seal Rutting Evaluation 

Rutting can be defined as the accrual of irrecoverable strains, or plastic deformation, 

within the wheel paths of a pavement. Rutting can occur in thick multilayer chip seal surface 

treatments (e.g. double and triple seals) and can manifest itself as either a lateral 

displacement of the asphalt-aggregate mixture, and/or as the material consolidates under 

traffic loading. Rutting, like bleeding, is evaluated at high temperature conditions (at 

pavement temperatures of approximately 50°C and higher). Samples are mounted beneath the 

MMLS3, conditioned to the proper testing temperature, and then tested for up to 17,820 

cycles (i.e. 3 hours of continuous loading). During these experiments the wandering feature 

of the MMLS3 is set to off. This means the sample is trafficked in a single area of the 

sample, while other areas outside of the wheel path remain untrafficked. The difference in 

height between the trafficked area and untrafficked area is used to determine the rut depth. 

The rut depth is measured periodically using a laser profiler, which measures the transverse 

profile of the pavement surface in at least five areas on the specimen to obtain an average rut 

depth for the whole sample at the time of measurement.  

Figure 4.7 shows the cross-sectional image of an MMLS3 traffic-loaded specimen. 

This illustration helps explain the rutting mechanism associated with chip seal surface 

treatments. Volume densification of the chip seal material and shear flow cause rutting and 

permanent deformation in the chip seal under MMLS3 traffic loading, which can be seen in 

Figure 4.7. The changed density and shear flow create a rut in the chip seal structure, even 

though the triple seal is a relatively thin asphalt layer of approximately 25 mm. 
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Figure 4.7.  Cross-section of a triple seal specimen after MMLS3 loading (Lee 2007). 

 

 

 

Figure 4.8 shows the laser scan data from a typical cross-section of a triple seal before 

and after the MMLS3 rutting test is conducted. In the figure, various areas of interest in the 

direction transverse to traffic are defined. The area identified as the trafficked area is the 

wheel path of the MMLS3. The shear flow area represents the area of the specimen on either 

side of the rut. Figure 4.8 shows the humps that are created as the material is displaced due to 

the shear flow of the material under MMLS3 loading. The average profile value within the 

trafficked area is calculated to obtain the rut depth. That is, the rut depth is determined by 

measuring the difference between the highest point on the side humps and the average of the 

profiles of the trafficked area.  
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Figure 4.8.  Schematic diagram of the laser scanned cross-section of a triple seal. 

 

 

 

4.1.2.2 Vialit Test 

The Vialit adhesive test uses both gravity and impact to measure the aggregate 

retention capabilities of a chip seal. The test method is published as British Standard 

EN12272-3 (2003), and is relatively simple to perform. A sample can be fabricated using 

either the ChipSS method or via an alternative procedure such as that suggested in ASTM 

D7000. The only difference between the procedure described previously and the standard 

ASTM D7000 method is that, instead of fabrication on felt paper, the Vialit samples are 

fabricated on 203 mm x 203 mm square steel plates. All Vialit samples used in this research 

were fabricated using the ChipSS method described earlier.  Like the MMLS3 test samples, 

the Vialit test samples are cured at 35°C for 24 hours before testing. Prior to the test, but after 

curing the samples, a flip-over test is conducted (ASTM D7000). The purpose of this test is 

to remove any excess aggregate from the surface. In this procedure, the sample is turned at a 

90° angle, and the entire area of the specimen is brushed lightly once with a soft-bristle 
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brush. This process simulates the sweeping and removal of excess aggregate in field 

construction. 

After the flip-over test, the samples are weighed and conditioned to the desired test 

temperature. Once a sample has been fully conditioned to the target temperature, it is turned 

180° and placed face down in the Vialit adhesion apparatus, shown in Figure 4.9. A steel ball 

(500 ± 5 g) is then released from its resting position so that it falls vertically 500 mm and 

strikes the back of the sample plate. The most complex part of the test is ensuring that the 

ball is dropped onto the plate, then reloaded into the holding position above the specimen and 

then dropped two more times within the 10-second time limit required for a valid test. After 

all of the drops have been completed, the sample is reweighed to determine the amount of 

aggregate that was lost during the test.  

 

 

Figure 4.9.  Vialit test apparatus. 
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4.1.2.3 Modified Sweep Test 

The modified sweep test is a test method developed for this research to simulate 

aggregate loss performance in asphalt surface treatments. The test method is a derivative of 

the ASTM D7000 sweep test. The test differs from the standard ASTM D7000 sweep test in 

two ways: 1) a hard rubber wheel is used to apply the load instead of the standard brush head, 

and 2) the sample fabrication using the ChipSS procedure as described in Section 4.1.1. For 

testing, the sample is loaded beneath a Hobart A120 mixer that rotates at a set speed and time 

duration (mixer type, speed, and duration are the same as used in the ASTM D7000 test 

procedure). This wheel head has the same allowance for free-floating vertical movement of 

19+/-1 mm specified for the sweep head, as specified in the ASTM D7000 specification. 

After testing, the mass of lost aggregate is quantified. A photograph of the hard rubber wheel 

head modification is shown in Figure 4.10.   

The test is designed to evaluate aggregate loss/stripping performance of specimens at 

different temperatures. The test is used for low temperature testing at below 0°C, as the test is 

quick and can be setup and run consistently in under 90 seconds next to a temperature 

chamber. This allows samples that have been conditioned to lower test temperatures for 24 

hours to have minimal fluctuation from the target temperature during testing.  

 

 

 
Figure 4.10.  Hard rubber loading wheel for modified sweep test. 
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4.1.3 Chip Seal Analysis Methods 

4.1.3.1 Mean Profile Depth (MPD) Surface Texture Analysis 

 In Chipsealing in New Zealand, Transit New Zealand defines the MPD as: 

 

(1 ) (2 )

2

Peak level st Peak level nd
MPD Averagelevel


 

     (2) 

 The various chip seal parameters that make up Equation (2) are shown schematically 

in Figure 4.11. The peak level is defined as the maximum point along the profile of the chip 

seal surface. For the MPD analysis, conducted using data obtained from the laser profiler, 

each line of laser data (containing 97 mm of data per laser line) is analyzed using this MPD 

equation. The Peak level (1st) is the maximum point along the 1st half of each 97 mm of data, 

while the peak level (2nd) is the maximum point along the 2nd half of that same 97 mm of 

data. The average level is the average of all of the points along the 97 mm of profile scan 

data. Because the laser used in the presented research is a line laser (meaning that at each 

instant during the full scan duration, a line of data is captured) this 97 mm of data is fixed. A 

full laser scan on a chip seal is made up of numerous instantaneous 97 mm line scans. Further 

details regarding the laser and the procedures used in this research are explained in the next 

section. In the diagram, the MPD indicates the roughness (i.e., macro-surface texture) and 

aggregate exposure depth of the chip seal. Roughness is important, because it provides the 

skid resistance and friction needed for vehicles to brake adequately. The aggregate exposure 

depth is important because it is directly related to the aggregate embedment depth, which is 

the most important factor controlling aggregate loss and the bleeding performance of chip 

seals. A small MPD value indicates the likelihood of bleeding and skid resistance problems. 

A large MPD value soon after construction indicates the possibility of excessive aggregate 

loss and, therefore, bleeding due to aggregate loss. 
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Figure 4.11.  Schematic diagram for the mean profile depth determination (Transit New 

Zealand 2005). 

 

 

 

4.1.3.2 Three Dimension Laser Surface Texture Profiler 

The three-dimensional (3-D) laser profiler used in this study is shown in Figure 4.12 

during field testing. This 2100 x 1500 mm profiler employs the RoLine line laser, produced 

by LMI Selcom. This laser has been used successfully in developing RoboTex, a 3-D laser 

sensor technique for the measurement of the surface texture of concrete pavement, under the 

sponsorship of the Federal Highway Administration. In accordance with the ASTM E 1845 

specification for calculating pavement macrotexture profile depth, the laser measures the 

distance between the laser sensor and the pavement surface in both the longitudinal and 

transverse directions of the pavement and produces a 3-D map of the pavement surface 

texture. More specifically, the laser scans a 97 mm line on the pavement surface in the 

longitudinal direction and obtains one distance measurement per millimeter along that 97 mm 

line. The laser line then moves in 1 mm increments in the transverse direction, perpendicular 

to the wheel traffic direction, and takes another 97 mm line and continues scanning in this 

manner until it reaches the end of the travel length of the field section or specimen. The 

resulting data, separated into 1 mm increments along the 97 mm line, provides an accurate 

picture of occurrences at the macroscopic level of the surface of both the field sections and 
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laboratory test specimens used in this study. Lastly, wheel path data are extracted from the 

full set of measurements taken in the transverse direction. Only the wheel path data are used 

for the MPD analysis because the non-wheel path data are based on the variable loading that 

is experienced by the areas outside of the wheel path. Figure 4.13 schematically presents the 

laser scanning procedure. 

 

 

 
Figure 4.12.  Photo of the 3-D laser profiler scanning a chip seal field section. 
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Figure 4.13. Schematic diagram of the laser scanning procedure: (a) for a field section and 

(b) for a MMLS3 sample. 

 

 

 

From the laser procedure, 3-D data are obtained that are then manipulated to determine 

the MPD for that particular field section or specimen. This procedure involves taking the raw 

data from the scan of a particular section or specimen and determining the overall value of 

the MPD using the MPD equation. That is, the height information collected from each 97 

mm line is used to determine the MPD value for that line of the scan data. This operation is 

repeated every 1 mm in the transverse direction to determine the MPD values for numerous 

97 mm scans along the transverse direction of the pavement. Then, all of the 97 mm MPD 

values are averaged to obtain a final MPD value for that section or specimen. 

 

4.2 Binder Material Performance Test Methods  

A comprehensive evaluation of chip seal performance characteristics, as they relate to 

binder properties used in constructing the treatment, requires that the material is considered 

in terms of three phases: as an emulsion, as an un-aged or short-term residue, and as an aged 

or long-term residue. This section includes a discussion on test methods utilized to measure 

the critical short and long-term binder properties. 
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Asphalt emulsions for use in chip seal treatments currently are produced to meet the 

specifications of three standards, depending on whether the emulsion is cationic, anionic or a 

polymer-modified cationic. These standards used for asphalt emulsion production are: 

 

 ASTM D977 – Standard Specification for Emulsified Asphalt (covers 13 emulsion grades) 

 ASTM D2397 – Standard Specification for Cationic Emulsified Asphalt (covers seven 

emulsion grades) 

 AASHTO M316-99 – Polymer Modified Cationic Emulsified Asphalt (for CRS-2P and 

CRS-2L) 

 

As a subset of the above production standards, several additional standard test methods 

exist for fresh asphalt emulsions and emulsion residue (ASTM D244), most of which are 

empirical in nature. Although these methods have been used successfully for decades to 

produce asphalt emulsions for chip seal treatments, they do not evaluate the critical asphalt 

emulsion and residue properties that are directly related to distresses in the field. 

The concept of selecting emulsions based on the critical failure mechanisms that impact 

the functionality of a chip seal was first introduced by Bahia et al. (2008). Bahia proposed 

that test methods for asphalt emulsions and emulsion residue should be selected to address 

specific surface treatment distresses realized in the field at high, intermediate, and low 

temperatures and that those are affected by the choice of emulsion. The same study also 

suggests that test methods should take into account the expected climatic conditions and 

traffic volume. 

 

4.2.1  Asphalt Emulsion Residue Recovery Methods 

The development of performance-based specifications for asphalt emulsion residue is 

dependent on the ability to recover asphalt residue that has performance characteristics 

similar to those of residue cured under field conditions. 

Many test methods are currently available for the recovering of asphalt emulsion 

residue. These methods are carried out using either distillation or evaporation processes, 
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whereby the water in the emulsion is evaporated from the residue. The distillation methods 

include the procedures specified in ASTM D6997, ASTM D7403, BS EN 1431, the Belgian 

Method (Procedure 08-34), and the Spanish Method (NLT 147) (Gueit et al. 2007). The 

evaporation methods include ASTM D6934, California test methods 330 and 331, hot oven 

(with nitrogen blanket), stirred can (with nitrogen purge), stirred airflow (under a nitrogen 

blanket), and moisture analyzer methods (Gueit et al. 2007). A detailed description of these 

methods is provided in Transportation Research Board Circular Number E-C122 as well as in 

the corresponding ASTM standards. These methods are all carried out at temperatures above 

100℃. However, such high temperatures have the potential to significantly alter or damage 

the polymer network in the emulsion residue (Takamura 2000). Thus, emulsion residues 

recovered at such temperatures do not possess characteristics similar to those cured in the 

field, and therefore, these methods are not appropriate for asphalt emulsion residue recovery 

(Hanz et al. 2010, Kadrmas 2010). 

A test procedure that recovers emulsion at low temperatures has been recently 

developed and approved as an ASTM standard. ASTM D7497-09, Standard Practice for 

Recovering Residue from Emulsified Asphalt Using Low Temperature Evaporative 

Technique, has two procedures, Methods A and B. Method A was developed under a Federal 

Lands Study (King et al. 2010) to allow for characterization of modified emulsions under 

conditions similar to those experienced in the field. The test specifies curing an emulsion 

film approximately 2 mm thick on a silicone mat for 24 hours at 25οC, and subsequent curing 

for 24 hours at an elevated temperature. It has been reported that Method A preserves the 

polymer network, removes all of the water, and does not cause significant aging to the 

material (Hanz et al. 2009, Kadrmas 2009).  

Method B of ASTM D7497 was developed by the Texas DOT and reduces the curing 

time by decreasing the film thickness of the emulsion for recovery. The method requires 

curing a thin film approximately 0.381 mm in thickness on a silicone baking mat. A wet film 

applicator designed to produce a wet film thickness of 0.381 mm is used to control the film 

thickness of the residue. The emulsion is cured in the oven at 60°C for 6 hours. After 

recovery, the residue is collected from the mat and transferred to a sample container by 
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rolling the film off the silicone mat using a glass rod. To verify whether Method B has a 

similar ability to preserve the structure of polymer- and latex-modified emulsions as Method 

A, Kadrmas tested and compared the rheological properties (G*/ sin δ) of both polymer- and 

latex-modified cationic emulsion residue recovered using both methods (Kadrmas 2010). 

Results show that both methods produce similar results.  

Method B will be used for residue recovery for this research because it requires less 

time to recover the residue and allows for large amounts of residue to be recovered. 

 

4.2.2 Bitumen Bond Strength (BBS) Test (AASHTO TP-91) 

The BBS test is a pneumatic adhesion test adapted from the paint and coatings 

industry (ASTM D4541). However, the testing device and procedure have been modified and 

developed in recent research efforts to evaluate the curing rate of asphalt emulsions (Miller et 

al. 2010) and moisture damage in conventional and modified hot asphalt binders as well 

(Meng 2010, Moraes et al. 2011). The existing BBS test protocol requires that a bond be 

prepared between an aggregate substrate and the binder under controlled conditions of 

temperature and humidity. A 20 mm diameter pull-out stub with an opening thickness 

underneath of 0.8 mm is affixed to the binder. The pull-out stub thickness controls the 

thickness of the binder on the aggregate substrate. The pull-out stub is subjected to normal 

force using a pneumatic adhesion tensile testing instrument (PATTI) quantum gold testing 

unit produced by Semicro and M. E. Taylor Engineering, Inc. The maximum force required 

to detach the pull-out stub from the binder is recorded by a computer equipped with a 

LabView-based software interface for data collection and analysis. The parameter measured 

is the bond strength, defined as the maximum pull-off pressure exerted by the machine. 

Figure 4.14 shows the device used in the BBS test.  
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Figure 4.14.  Schematic of the BBS test apparatus to measure the force required to remove a 

pull-out stub affixed to an aggregate substrate.   

 

 

 

The BBS test is used to establish the minimum cohesive/adhesive bond strength of an 

uncured emulsion, as it relates to the ability of that binder to resist early aggregate loss 

during traffic loading after the chip seal is initially exposed to traffic. The BBS test is also 

used to evaluate the cohesive/adhesive strength of residual asphalt binder in order to evaluate 

potential raveling that occurs in service during the months following construction. Testing 

and sample preparation are carried out following the provisional AASHTO TP-91 standard. 

The test is also used to evaluate moisture damage of asphalt emulsion residues. To evaluate 

moisture damage using the BBS test, the wet bond strength of samples conditioned in water 

is evaluated to determine the moisture susceptibility of binders. 

Moisture damage can also cause loss of aggregate in service if the bond established at 

the aggregate-binder interface is not durable. The chemical reaction between the binder and 

aggregate in a chip seal mixture is affected by the presence of moisture.  Carboxylic acids 

present in asphalt binder have high polarity and adhere firmly to dry aggregate.  However, 

these acids have a tendency to detach easily from the aggregate in the presence of moisture 

(Robertson 1991). Potential mechanisms for raveling in service include adhesive failure at 
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the asphalt/aggregate interface and cohesive failure within the asphalt binder. To assess the 

potential for these failure mechanisms to occur, the BBS test is employed. 

 

4.2.3 Multiple Stress Creep and Recovery (MSCR) Test 

Current specifications for high temperature performance characteristics of asphalt 

emulsion residue are based on traditional methods, such as the penetration (ASTM D5) and 

the ring-and-ball softening point (ASTM D36) tests. However, these test methods are no 

longer used to characterize the performance of HMA binder as a result of the 1987 - 1993 

Strategic Highway Research Program (SHRP), which documented the many shortcomings of 

these methods. To prevent bleeding or rutting, a residual asphalt binder should have high 

stiffness values and elasticity at high temperatures to resist permanent deformation.  

Several researchers (Hanz et al. 2010, King et al. 2010, Hanz et al. 2011) have 

proposed the use of the multiple stress creep and recovery (MSCR) test in the dynamic shear 

rheometer (DSR), as specified in AASHTO TP70, for evaluating the potential for critical 

high temperature distresses in chip seals (e.g. bleeding and rutting). The MSCR test is 

designed to evaluate the binder’s elastic response when the binder is subjected to ten cycles 

of stress and recovery at two stress levels (0.1 kPa and 3.2 kPa).  The parameter to be 

measured from the MSCR test is non-recoverable creep compliance (Jnr) which is defined as 

the unrecovered shear strain divided by the applied shear stress. 

Asphalt binders used in chip seal treatments are subjected to high traffic stresses because 

the treatments are thin and are exposed directly to traffic loading. The MSCR test allows the 

option to evaluate binder damage resistance properties under high stress conditions 

(represented by the 3.2 kPa stress level) similar to those experienced by the chip seals in the 

field. In addition, the test has been found to give an accurate characterization of the 

percentage of recovery (recoverable strain) and non-recoverable creep compliance (Jnr) of 

polymer-modified asphalts (King et al. 2010). Binders with low non-recoverable creep 

compliance have been reported to be more resistant to deformation, flow, and bleeding than 

those with high non-recoverable creep compliance (Bahia et al. 2001, D'Angelo 2007). It is 

reported in the literature (Transit New Zealand 2005, SANRAL 2007) that binders with high 
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elastic recovery and low non-recoverable creep compliance tend to be less susceptible to 

bleeding because they can return to their original shape after loading. Therefore, the MSCR 

test will be used in identifying emulsion residues that may be susceptible to high temperature 

distresses in the field. Previous results found in the reviewed literature indicate that the 

MSCR test is able to differentiate between emulsion types and the effects of modification 

(King et al. 2010). 

5. PERFORMANCE-BASED MIX DESIGN FOR CHIP SEAL SURFACE 

TREATMENTS 

5.1 Performance-Based Mix Design Framework 

The chip seal mix design method incorporates aggregate analysis, volumetric 

calculations, and detailed 3-D laser profiler scan data in order to determine the AAR/EAR 

that will ensure quality chip seal performance in field applications. The flow diagram 

displayed in Figure 5.1 shows an overview of the steps for determining the appropriate chip 

seal mix design. 
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Figure 5.1.  New mix design framework. 

 

 

 

5.1.1 Modified Board Test Background, Procedure, and Test Results 

The AAR to be used for the construction of chip seal surface treatments in the mix 

design procedure is determined by a modified board test analysis. The origins of the board 

test come from the modified Kearby method that recommends using a 1 yd2 (or 

approximately 837,127 mm2) board in the field to determine the amount of aggregate 

required to fill a specific area with a one stone coverage of that particular aggregate (Kearby 

1953). The aggregate should be spread evenly and in a well-lit area to ensure that a second 

layer of aggregate is avoided or, if detected, removed. It is important to fill up all the empty 

spaces of the board to ensure that the proper AAR is determined and that the aggregate 
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particles are packed tightly together as they would be in a chip seal surface treatment. Once a 

single stone coverage of aggregate is achieved, the aggregate is then weighed, and the AAR 

is calculated for that particular aggregate.   

Further analysis was conducted to determine the board size that is appropriate to 

determine the optimal AAR for a chip seal surface treatment. This analysis was undertaken to 

ensure that the size of the board would not have an effect on the AAR found during testing. 

Four different sizes of board were manufactured and used: 900 mm by 900 mm, 660 mm by 

508 mm, 508 mm by 305 mm, and 305 mm by 127 mm. The largest board size (900 mm by 

900 mm) is about 1 yd2 and is approximately the size of the field board test used in the 

Kearby Design Method where the board test originated. The AAR obtained from each board 

test was examined as a function of the size of the board used. Eighteen board tests were 

conducted for each board size to ensure that the sample size was large enough that an 

appropriate final AAR could be determined for each board test area. A single gradation of 

granite 78M aggregate was used for all the board testing to ensure that there was no gradation 

effect. The results of this study are shown in Figure 5.2. 
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Figure 5.2.  Board test area vs. AAR analysis. 

 

 

 

The results shown in Figure 5.2 show all the AAR replicates (represented by 

open/unfilled circles) for each board size as well as the average AAR of those board test 

replicates (closed/filled circles). From the figure, it can be seen that for the granite 78M 

aggregate, the asymptotic optimal AAR is around 15.5 lbs/yd2 for the aggregate (dry 

aggregate) used in this study. From the data, it can be seen that the smallest board (305 mm 

by 127 mm) shows large amounts of variation in the AAR. Therefore, even with a large 

number of replicates, the resultant average AAR for any given board size is significantly 

different from the asymptotic AAR found using large board test areas. Essentially, using a 

board that is too small can lead to overestimation of the optimal AAR and aggregate loss due 

to second-layer aggregate that is not embedded properly in the emulsion layer. Further, the 

AAR decreases as the board test area increases up to a certain point, and the AARs from the 

three largest boards are essentially the same. Conversely, for the 18 replicates, the 900 mm 

by 900 mm board (the largest board near 1 yd2) properly identifies the optimal AAR, but it 
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shows a significant amount of variation. It can be seen that the second largest board (508 mm 

by 305 mm) shows the lowest variation among the 18 samples. Therefore, for that size, the 

optimal AAR could be found using significantly fewer replicates while still providing the 

appropriate asymptotic AAR. This is relevant because for practical purposes, the fewer the 

board test replicates needed to find the optimal AAR, the better.  Further analysis displayed 

in Figure 5.3 at the determined optimal board test size (508 mm by 305 mm) reveals that only 

three replicates of the modified board tests are necessary to reach the asymptotic optimal 

AAR value, and even after just two replicates the average AAR is well within the acceptable 

range of the optimal AAR. 

 

 

 
Figure 5.3.  Average AAR for 508 mm by 305 mm board test replicates. 

 

 

 

5.1.1.1 Modified Board Test Optimal AAR Determination 

Using the developed modified board test, the optimal AAR is determined to be 15.5 

lbs/yd2 for the granite 78M aggregate. The modified board test was also used to determine 
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the optimal AAR for the lightweight aggregate included in the study. The optimal AAR for 

the lightweight aggregate was determined to be 6.7 lbs/yd2. By using the modified board test, 

a consistent aggregate layer can be obtained that is fully representative of the ideal single 

layer chip seal aggregate structure. This final aggregate layer determined by the modified 

board test is devoid of second layer aggregate which would cause excess aggregate loss, and 

in the case of the proposed mix design to be outlined in this paper, an over-calculation of the 

design emulsion application rate needed for proper retention of aggregate. Likewise, the 

modification to the board test size delivers an improvement on the overall accuracy of the 

AAR determination found using the original Kearby developed board, as the variability 

decreases significantly with the modified board size. 

 

5.1.2 Algorithm for the Determination of the Design Emulsion Application Rate 

5.1.2.1 Volumetric Calculations for Determining Design EAR 

The method of determining the optimal EAR for chip seal surface treatments involves 

a volumetric mix design procedure used in conjunction with the 3-D laser profiler board test 

analysis. Essentially, the goal of this analysis is to determine the amount of emulsion 

required to ensure satisfactory chip seal surface treatment performance in conjunction with 

the design optimal AAR, as determined by the board test. 

The first step in determining the EAR is to determine all the volumes associated with 

each phase of the chip seal (using air voids not yet filled with emulsion). The simple chip 

seal phase diagram is composed of two phases, aggregate and air; that is, the diagram 

indicates the aggregate particles and voids within the chip seal surface treatment. On the 

mass side of the phase diagram, the weight is completely that of the aggregate. This weight 

of the aggregate (Wagg) is found from the weight determined by the modified board test that is 

performed in the initial step of the mix design procedure. On the volume side of the phase 

diagram, the three variables that must be determined are the total volume (Vtotal), volume of 

air (Vair), and the volume of aggregate (Vagg). The relationship of the three volume terms is 

displayed in Equation (3). 
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 air total aggV V V         (3) 

 With the weight of the aggregate found, the density of the aggregate must be found 

in order to determine the volume of aggregate based on the board test’s optimal AAR for the 

chip seal surface treatment. The density of the aggregate can be determined using the 

procedure detailed in ASTM C127 -07, which provides the standard test method for density, 

specific gravity, and absorption of coarse aggregate, as well as in ASTM C128-07, which 

gives the standard test method for density, specific gravity, and absorption of fine aggregate. 

This density value then is inserted into the volume of aggregate equation, Equation (4), to 

find the volume of aggregate for the mix design. 

 

agg
agg

agg

W
V


         (4) 

where agg = density of aggregate. 

 

5.1.2.2 Determination of Density of Granite 78M and Lightweight Aggregate 

As mentioned in the previous section, the specific gravity/density of the aggregate is 

found for the granite 78M aggregate in accordance with the procedure described in ASTM 

C127-07 and C128-07. Because the volume of aggregate in the mix design is sensitive to the 

specific gravity, the procedure was repeated multiple times to ensure that the correct specific 

gravity was used to represent the granite 78M aggregate. The results of this testing found an 

average specific gravity of 2.48 for the granite 78M aggregate. 

From these results, the specific gravity of 2.48 was used in the mix design for the 

granite 78M aggregate to determine the volume of aggregate. It is important that this number 

is correct, because if this value is inaccurate, it will lead to miscalculation of the true volume 

of the aggregate. That is, a misrepresentation of the volume of the aggregate in the mix 

design calculations will cause the volume of emulsion that is needed to fill the subsurface 

voids to be calculated incorrectly, thus jeopardizing the effectiveness of the mix design.   
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For the lightweight aggregate, the original manufacturer of the 5/16 inch (7.94 mm) 

lightweight aggregate used in this research, Carolina Stalite, had extensive specific gravity 

testing data available. The specific gravity test results obtained from Carolina Stalite yields 

an average specific gravity of 1.63 for the lightweight aggregate. 

 

5.1.2.3 Determination of the Mix Design Total Volume 

The next step is to determine the total volume (Vtotal) of the chip seal surface 

treatment. The total volume is found using the 3-D laser profiler to perform a laser scan on 

the aggregate during the board test. Multiple scans of multiple board tests were performed for 

research purposes just to ensure that the proper Vtotal was captured and that the variance from 

test to test was not an issue. 

 

 

 
Figure 5.4.  Schematic of aggregate board test (profile view). 

 

 

 

Figure 5.4 shows the profile view of the aggregate structure during the board test 

analysis phase of the mix design. During the board test, a one stone coverage is maintained 

across the aggregate layer, and the aggregate is lightly compacted so as to be oriented in a 

realistic and natural post-construction state. Scanning the aggregate in this state using the 3-D 

laser profiler provides a representative profile of the aggregate surface. The surface profile 

obtained is shown in red in Figure 5.4. The laser profiler provides a precise representation of 

the surface profile of the aggregate to an accuracy of 0.1 mm. This accuracy is fine enough to 

capture even the intricacies of the complex aggregate structure adequately. This accuracy is 

pivotal because the aggregate surface heights are used in the determination of the total 

volume. With regard to the scan procedure, the board (shown in grey) is scanned prior to the 

aggregate being placed on the board in order to provide the bottom baseline profile 



77 

(horizontal line in blue) for analysis. Using these two profiles, the various heights along the 

aggregate profile can be found by finding the difference between the two scans. From these 

height measurements, the area of the aggregate and subsurface air voids can be found by 

using the trapezoidal rule at 0.1 mm intervals underneath the curve for the 3-D laser scan 

data. The areas of the respective trapezoids are then summed to find the total area under the 

curve of the function or dataset. Once the area is found, the total volume can be calculated 

using the formula in Equation (5).   

1

.
n

total

i

V Area from bottom profile to surface profile X Dist between scans


    

    

(5) 

In the equation n is the number of scans performed on the board test aggregate 

structure, and the distance between scans (1 mm) represents the scan resolution of the laser as 

it moves across the board test aggregate. It should be noted that the total volume includes the 

aggregate and air voids that are present between the board and the surface profile, as shown 

in Figure 5.4. Essentially, one complete scan of a board test aggregate structure includes a 

number of scans to cover the whole area of the board. 

The 3-D laser profiler can obtain a scan every 0.1 mm for the complete length of the 

board in the x-direction (with each scan being 97 mm wide in the y-direction with 1 mm 

between data points); then the laser moves in the x-direction without overlapping the 

previously scanned area. Next, the laser profiler scans the length of the board again, moving 

in the x-direction for the complete length of the board. This process is repeated until the 

entire area of the board is scanned.  

At this point in the mix design process, the total volume (Vtotal) and the volume of 

aggregate (Vagg) have been found. Therefore, the volume of air (Vair) can be calculated using 

Equation (3), as discussed previously.  

 

5.1.2.4 Handling of Zero Laser Data in the Scan Analysis 

Occasionally, as is the case with many laser systems data points are lost and 

erroneously read as zero data points in the resulting Excel output after laser scanning. This 
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occurrence does not happen often enough to negate the accuracy and validity of the laser 

scan data, as less than 3% of data is lost in error. The zero (lost) data points that do occur, 

however, are not left as zero data points in the analysis in order to ensure maximum 

accuracy. Allowing these data points to be read as zero would cause an underestimation of 

the total volume in the aggregate structure during the analysis of the scan of the board test. 

Therefore, in the data analysis of the scans, the zero data points are converted using 

conditional if/then statements for each zero data point to the nearest prior nonzero data point 

in the dataset.  

Figure 5.5 gives a visual description of the way the Excel if/then macro coding 

handles lost (zero) laser scan data points. The solid outlined arrows represent data points 

(heights) that are recorded properly by the laser. The dash outlined arrow represents a lost 

data point that the laser read as a zero data point (or a height of 0 mm). Essentially, the Excel 

macro coding includes a conditional statement that checks each data point to ensure that the 

data point height is not 0 mm. If a data point is zero, the program will automatically take the 

height of the nearest previous nonzero data point. This nearest nonzero (not lost) data point is 

represented by the dotted arrow to the immediate left of the dashed arrow in Figure 5.5. So, 

in the figure, the dashed arrow would assume the height of the last arrow that is not dashed. 

The distance between the data points is 0.1 mm, so the difference in the heights between the 

lost data point and the last nonzero data point is always going to be extremely small. An 

extremely small percentage of the data points are lost, but this has been accounted for to 

ensure the analysis is as accurate and consistent as possible.   More specifically, the number 

of lost data points, or extreme outliers, for each scan was well below the maximum limit of 

10% specified for valid macro-texture depth analysis in ASTM E1845. 
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Figure 5.5.  Graphic representation of lost laser data point conversion. 

 

 

 

The algorithm that accounts for lost data points also serves another more critical 

function in the laser scan volumetric analysis. This other function of the algorithm is to 

ensure that the total volume is not underestimated when analyzing the board test scans by 

accounting for the additional volume of air required in between the aggregate particles that is 

to be filled with emulsion in the design. The previous statement is best explained using a 

graphic representation, as shown in Figure 5.6.   

 

 

0.5L

 
Figure 5.6.  Visual description of 50% embedment assumption. 
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Figure 5.6 shows two aggregate particles (two circles) separated by an empty space, 

thus representing the potential space between any two aggregate particles in the aggregate 

board test. The red arrows represent the laser scan as it crosses the aggregate and records 

height data at each position. At each position the laser reaches the tip of the solid outlined 

arrow, which in between the two aggregate particles reaches all the way down to the empty 

board itself, as seen in the figure.  

If one simply uses the laser scan data for the analysis without the algorithm, the data 

from the laser scan at each position in the empty space between the aggregate particles would 

read as zero (recorded as the height from the board). That is to say, the total volume 

measured in the empty space between aggregate particles would be zero, and the total 

volume would not include any volume of air between non-contacting aggregate particles; air 

volume which should ultimately be filled with emulsion to avoid an underestimation of the 

EAR in the design . Thus, an algorithm is needed to account for this potential 

underestimation. The conditional statement utilized earlier to handle the lost (zero) laser data 

points also serves this purpose. In Figure 5.6, all of the laser points in between the two 

aggregate particles (designated by the short solid outlined arrows underneath the horizontal 

solid bar) are converted from zero height data points (or points where the laser hits the board 

because no aggregate is present) to the height of the last measured nonzero data point 

(symbolized by the clear dotted arrow to the immediate right of the aggregate in Figure 5.6). 

Each of the solid outlined arrows are then analyzed as if they were the dash outlined arrows 

that take on the height of the last measured nonzero data point at approximately 50% of the 

height of the aggregate to the left in Figure 5.6.  Therefore, whenever blank space is present 

between aggregate particles, the side (about midway on the particle, depending on the 

aggregate shape) of the aggregate particle where the last data point was scanned will be the 

height of the emulsion in between the two aggregate particles that the analysis assumes. 

Thus, the volume in between the aggregate particles is not underestimated and seen as empty 

space, but rather is seen as additional total volume (or air volume) that will later be filled 

with emulsion up to 50% of the aggregate height in the volumetric analysis. 
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5.1.2.5 Explanation of 50% Embedment Depth Concept 

With the volume of air known, the total amount of emulsion needed to fill the 

available air voids, as needed, is calculated. It is assumed that by filling the available voids in 

the chip seal, the estimated embedment depth is approximately 50 percent.  Figure 5.7 further 

explains how filling the subsurface void space attains 50% embedment of the aggregate. 

Whereas Figure 5.6 and its associated discussion describe the way that the empty space 

between aggregate particles is filled to 50% embedment, Figure 5.7 clarifies the way that 

filling the subsurface air voids, as described earlier, results in an approximate 50% 

embedment. 

 

 

 
Figure 5.7.  Simple geometric explanation of 50% embedment concept. 

 

 

 

If the two circles shown in Figure 5.7 are taken to be two uniform aggregate particles 

and the grey space in between them is representative of the applied emulsion, it can be seen 

that if all the available subsurface voids are filled, 50% embedment of the aggregate is 

attained; with embedment being defined as the emulsion height divided by the aggregate 

height. In the realistic case where aggregate particles vary in size, this example becomes an 

approximation. Nonetheless, this concept serves as an adequate method to approximate 

embedment, because the mix design method accounts for the changing shapes and 

dimensions of the aggregate particles through the rigorous laser scanning and subsequent 

analysis of the aggregate structure.   

Furthermore, large-scale performance testing was conducted (discussed later in this 

dissertation) using various EARs to account for varying embedment depths. Therefore, this 
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assumption that filling the available subsurface voids translates to 50% embedment depth 

does not affect the main recommendation with regard to the mix design determination of an 

optimal EAR that ensures low aggregate loss/bleeding performance in field situations.  As 

aggregate loss and bleeding performance are the critical performance measures for chip seal 

surface treatments, the mix design will ultimately be validated directly against those 

measures. 

 

5.1.2.6 Determination of the Optimal Mix Design EAR 

The equation for the final emulsion volume (Vemulsion) to be used in the construction of 

chip seal surface treatments is shown in Equation (6). 

emulsion air agg abs pvmt absV V V V           (6)  

Equation (6) includes the volume of air (Vair), the volume of emulsion absorbed into 

the aggregate (Vagg-abs), and the volume of emulsion absorbed into the existing pavement 

surface itself (Vpvmt-abs). By adding the Vagg-abs and Vpvmt-abs terms, the emulsion absorption that 

would lead to an underestimation of the EAR is taken into account, which avoids 

unnecessary aggregate loss in the performance of the chip seal.  

The Vagg-abs is based on the absorption values for the various aggregates used in chip 

seal construction. The McLeod method suggests a correction factor of 0.02 gal/yd2 if the 

aggregate absorption is at or above 2%, as determined using ASTM C-127 and C-128 

protocols. If the aggregate absorption is below 2%, then no adjustment is made.   

The granite 78M and lightweight aggregates used for determining the performance of 

the proposed chip seal mix design procedure were found to have an absorption percentage 

below 1.5%, so no adjustment was made for aggregate absorption (Vagg-abs), and Vagg-abs is set 

to zero in Equation (6). 

 

5.1.2.7 Determining the Emulsion Volume Absorbed Into the Pavement 

Vpav-abs is defined as the volume of emulsion that is absorbed into the existing 

pavement surface during chip seal construction. Determining this volume is only relevant in 

certain cases (such as a very rough or under-embedded chip seal surface), but during the first 
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phase of chip seal construction if the amount of sprayed emulsion that is absorbed into the 

existing pavement is not taken into account an underestimation of the optimal EAR could 

occur. For the proposed chip seal mix design, this parameter is found using the laser profiler 

and analysis of the laser scan data. This method determines the available voids in the existing 

surface below a certain reference level, and the amount of emulsion needed to fill those 

spaces is then determined. The following figures visually describe the ways the amount of 

absorbed emulsion into the existing pavement surface can found. 

 

 

 
Figure 5.8.  Profile of existing asphalt surface. 

 

 

 

The process of determining the existing pavement surface absorption begins with a 3-

D laser scan of the surface of a chip seal, as shown in Figure 5.8. Essentially, the concept 

behind this method is to determine the amount of surface voids below a certain reference line 

in the existing chip seal surface. The appropriate reference line determined by the researcher 

is the average of all of the peaks of the existing surface. If the highest peak is used to set the 

reference, the existing surface will be overestimated in most places, and the EAR is likely to 

be too high. Conversely, if just an overall average of the data is used, the reference line 

would be too low and, therefore, might not be high enough to fill the existing surface voids. 

Therefore, it was decided to use the average of the peaks of the existing surface to determine 

the reference level. This reference level is symbolized by the horizontal line in Figure 5.8. 

From the figure, it can be seen that the voids (white space below the horizontal reference 

line) above the existing surface, but below the reference line, are to be filled while excluding 

the surface voids above the reference line. 

In order to find the reference line, the first step is to find all of the peaks for the 

existing surface. After scanning the surface using the 3-D laser, height information, such as 
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that which forms the profile view shown in Figure 5.8, is known. From there, a three-point 

slope technique is used to find the peaks, such as those displayed in Figure 5.9. 

The three-point slope technique involves taking a running slope of the data for each 

consecutive three points in order to use the change in slope to determine when a “true” peak 

has occurred. The three-point slope technique is used to avoid the addition of overly 

localized peaks in the peak analysis. Using this method, all the peaks, as shown by the small 

circles in Figure 5.9, are identified and averaged to determine the peak average reference 

line. 

 

 

 
Figure 5.9.  Visual analysis of surface absorption technique. 

 

 

 

With the overall peak average determined, the difference between the overall peak 

average and each individual height in the dataset is then found using the formula shown in 

Equation (7).  

Newdata point i overall peak average old data point i       (7) 

where i = 1……n and n = the number of data points in the whole dataset. 

With the new reference established, the analysis seeks to determine the area (and 

ultimately the volume) associated with the dashed area below the reference line in Figure 5.9 

while omitting the white outlined aggregate area from the analysis. This part of the analysis 

uses a conditional statement that excludes the white outlined aggregate area from the total 

volume calculation.   

At this point in the analysis, the trapezoidal rule is used to determine the area of all 

the dashed absorbed areas in Figure 5.9 throughout the whole scan. This area then is 

converted to volume by assuming that each scan profile is 1 mm thick (into the page), 

because this thickness is the space between each line scan using the 3-D laser profiler, and 
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the sum of all the absorbed volumes is thereby found. This number, in mm3, is then 

converted into gal/yd2 so that the appropriate adjustments can be made.   

It should be noted that this method for measuring the absorption of the existing 

surface will not account for any excessive porosity that is present in the existing surface as 

the laser captures macro-texture and not micro-texture.  Due to the viscosity of emulsions, it 

is not clear if significant amounts of emulsion would be lost into even a highly porous 

surface; as emulsion loss due to highly porous surfaces has not been identified as a 

significant issue for field practitioners. Additionally, for the performance testing aspect of 

this research, to be discussed later, the existing surface absorption adjustment factor is not 

added to the mix design optimal EAR because the chip seal specimens used for the validation 

testing were fabricated on felt disks with no significant surface absorption. 

Alternatively, in situations where the laser profiler is not available for determining the 

existing surface absorption, an existing qualitative visual method can be applied to determine 

the correction factor that can account for surface absorption in the field. For this method, the 

engineer or field construction supervisor visually observes the condition of the existing 

pavement surface texture prior to construction and categorizes it into one of the five 

categories provided in the McLeod method listed in Table 5.1. Depending on the category in 

which the existing surface is placed upon inspection, the appropriate correction factor from 

the McLeod method is then applied to the final design EAR.  

 

 

Table 5.1.  McLeod Method’s Qualitative Existing Pavement Surface Correction Factor 

(McLeod 1969) 

Existing Pavement Surface Texture Correction (in gal/yd2) 

Black, flushed asphalt surface -0.06 

Smooth, nonporous surface -0.03 

Slightly porous, oxidized surface 0.00 

Slightly pocked, porous, oxidized surface +0.03 

Badly pocked, porous, oxidized surface +0.06 
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5.1.2.8 Determination of Final Mix Design Optimal EAR 

Once all the aforementioned volume parameters are calculated, the final Vemulsion to be 

used in the chip seal construction can be determined. Keep in mind that all of the volume 

parameters calculated previously should be considered based on the same area for which they 

were determined. 

Using granite 78M aggregate gradation B (with a PUC of 33.33%) as an example, 

after each scan a mix design EAR is determined using the analysis procedure discussed 

earlier. The final mix design EAR for each of the 11 board test replicates is determined and 

averaged to obtain an overall final mix design EAR of 0.18 lbs/yd2, with a standard error of 

0.011 gal/yd2 for a sample size of 11 replicates. 

Performing this number of tests and analyses is not practical outside of most research 

situations, but was performed in this research study to ensure the general accuracy and 

statistical significance of the procedure. This amount of variability observed is deemed to be 

reasonable considering the slight variation in the aggregate rate from board test to board test, 

which leads to slightly different design EARs for the respective board test.   

Table 5.2 and Table 5.3 present the final mix design EAR values as a function of the 

gradation for the granite 78M and lightweight aggregate sources, respectively. The gradation 

variation is represented in terms of the PUC.  

 

 

Table 5.2.  Final Mix Design EAR vs. Gradation for Granite 78M Aggregate 

Gradation % PUC Design EAR (gal/yd2) 

A 17.1 0.21 

B 33.3 0.18 

C 50.8 0.17 
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Table 5.3.  Final Mix Design EAR vs. Gradation for Lightweight Aggregate 

Gradation % PUC Design EAR (gal/yd2) 

A 15.9 0.23 

B 31.3 0.21 

C 45.5 0.18 

 

 

 

The trend from the mix design results shown in Table 5.2 and Table 5.3 indicates that as the 

PUC increases and aggregate uniformity decreases, the design EAR decreases. Thus, 

gradation A should allow for the highest EAR without bleeding, which also maximizes its 

ability to retain aggregate. Therefore, as expected the most uniform gradation, gradation A is 

the best gradation for chip seal construction followed by gradation B, then C, as uniformity 

in the aggregate gradation is well known to significantly improve chip seal performance. This 

finding is confirmed in the performance testing aspect of the research that is discussed later 

in Section 5.2. 

 

5.1.2.9 Additional Site Specific Mix Design Adjustments 

 Aggregate Penetration 

As discussed in the literature review, aggregate penetration is an issue when the 

existing pavement substrate surface is unusually soft. Constructing a chip seal on a substrate 

surface that is too soft can lead to premature flushing of the chip seal surface. Aggregate 

penetration can be tested using the ball penetration test that is specified by TNZ P/17: 2002 

(New Zealand specification for bituminous reseals). As recommended in the New Zealand 

specification, chip seals should not be constructed on a surface with a ball penetration test 

value greater than 5 mm for the aforementioned premature flushing reason. Currently, the 

mix design does not adjust for ball penetration values between 0 and 5 mm, although a 

decrease in binder, as suggested in cases where the ball penetration value is around 3 to 4 

mm, should be considered based on engineering experience (New Zealand 2005). However, 

this issue is not known to be a significant for chip seal practitioners in North America.  
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 Steep Grades 

The engineer should be cautious when constructing chip seals on a steep grade 

(especially an uphill grade), because slow-moving heavy vehicles can cause premature 

flushing on the surface treatment as the truck tires pick up binder from the chip seal surface 

(New Zealand 2005). A slight reduction in the binder application rate would help remedy this 

problem at sites with steep grades. Currently, the mix design does not include an adjustment 

factor for steep grades.  This adjustment should be made based on engineering experience. 

 

5.2 Validation of Mix Design Method via Performance Testing 

5.2.1 Experimental Design 

The purpose of performance testing validation is to determine if the proposed mix 

design procedure designs a chip seal that performs well in terms of aggregate loss and 

bleeding performance criteria, based on the design EAR and AAR. Thus, the performance 

testing results should provide verification of the mix design model and its determined rates 

for the respective material combinations. Table 5.4 gives an overview of the experimental 

design conducted to assess the performance of the chip seal mix design method. 

 

 

Table 5.4.  Full Factorial Combinations of Aggregate and Emulsion. 

  
Granite 78M 

(AAR = 15.5 lbs/yd2) 

Lightweight 

(AAR = 6 lbs/yd2) 

  Grad. A Grad. B Grad. C Grad. A Grad. B 
Grad. 

C 

CRS-

2L 

0.1 

gal/yd2 
x x x X x x 

0.15 

gal/yd2 
x x x X x x 

0.2 

gal/yd2 
x x x X x x 

0.25 

gal/yd2 
x x x X x x 

0.3 

gal/yd2 
x x x x x x 

 



89 

The first step in the experimental design involves the use of optimal AARs for both 

the lightweight and granite 78M aggregates used in the research. As previously mentioned, 

the optimal AARs are found using the modified board test described earlier in this document. 

These rates are 15.5 lbs/yd2 and 6 lbs/yd2 for the granite 78M and lightweight aggregate 

types, respectively. For each aggregate type, the gradation was varied using the PUC as the 

representative measure of the gradation. During the sample fabrication process, each sample 

was made using batched aggregate to control the gradation for that particular sample set. For 

both types of aggregate, the B gradation is the natural gradation of the aggregate. Gradations 

A and C are both reasonable gradation intervals from the original. The same PUC was not 

used for the lightweight and granite aggregates because the natural gradation of the two types 

is slightly different. Nonetheless, the PUCs of both types of aggregate are close and show 

similar variation between gradations.  

Further, the emulsion type used for these experiments is CRS-2L, which is cationic 

rapid setting (CRS) latex-modified emulsion. CRS-2L emulsion was used in this study as it 

was the main emulsion type utilized in North Carolina chip seal design. The emulsion rates 

were varied enough to capture the differences in performance as the emulsion rates change 

from dry of optimum (0.1 gal/yd2) to wet of optimum (0.3 gal/yd2) conditions. For each 

particular aggregate type/gradation/emulsion rate combination, a minimum of six replicates 

was fabricated to ensure that each condition was captured with statistical significance in the 

performance analysis. All samples were tested for aggregate loss and bleeding performance 

using the MMLS3 testing procedures (2-hour traffic loading at 25°C for aggregate loss and 3 

hours at 50°C for bleeding) described earlier.  

 

5.2.2 MMLS3 Aggregate Loss Performance Test Results 

One critical performance characteristic measured by the MMLS3 is aggregate loss. 

The MMLS3 testing procedure involves a two-hour aggregate loss test conducted at 25°C. 

Prior to the test, the specimen is weighed to determine its weight prior to loading (i.e., at zero 

loading time). After mounting the samples and allowing the temperature chamber to reach 

the desired temperature, testing can begin, and the MMLS3 loading is applied for 15 minutes. 
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Then, the test is stopped, and the specimens are removed from underneath the MMLS3 and 

weighed. This process is repeated at the cumulative testing times of 45 and 120 minutes. 

Thus, at the end of the two-hour test, specimen weights are available at 0, 15, 45, and 120 

minutes. The testing and measurement is stopped after two hours because at the time, 

aggregate loss is no longer occurring in the seal under MMLS3 traffic loading as the 

aggregate loss vs. time trend always displays asymptotic behavior (Lee 2007). Thus, the 

specimen weights are used to determine the aggregate loss for each specimen under MMLS3 

traffic loading. 

Figure 5.10 and Figure 5.11 show the results of the testing for the granite 78M and 

lightweight aggregates, respectively. Each data point represents six replicate samples for 

each EAR/AAR combination. Each data point represents the final average cumulative 

aggregate loss for each sample condition after being tested for two hours under MMLS3 

traffic loading.  

 

 

 
Figure 5.10.  Aggregate loss performance of granite 78M aggregate. 

 

 

 

0.0%

2.0%

4.0%

6.0%

8.0%

10.0%

12.0%

14.0%

0.00 0.10 0.20 0.30 0.40

%
 A

g
g

re
g

a
te

 
L

o
s
s

EAR (gal/sq yd)

Gradation A

Gradation B

Gradation C



91 

0.0%

1.0%

2.0%

3.0%

4.0%

5.0%

6.0%

7.0%

0.00 0.10 0.20 0.30 0.40

%
 A

g
g

re
g

a
te

 L
o

s
s

EAR (gal/sq yd)

Gradation A

Gradation B

Gradation C

 
Figure 5.11.  Aggregate loss performance of lightweight aggregate. 

 

 

 

The findings in Figure 5.10 and Figure 5.11 show the effect of gradation on the 

aggregate loss potential in chip seals. The aggregate retention performance is the best with 

gradation A and the worst with gradation C. The reason for these findings is that gradation A 

is the most uniform gradation (i.e. has the lowest PUC) which improves chip seal aggregate 

loss performance, while gradation C is the least uniform (i.e., has the highest PUC). Thus, a 

strong relationship exists between the aggregate gradation (captured by the PUC parameter) 

and the aggregate loss performance of the chip seal surface treatment. This finding validates 

the use of the PUC as an indicator for chip seal performance.  

The aggregate loss versus EAR relationship is plotted separately for each gradation in 

Figure 5.12 and Figure 5.13 for the granite 78M aggregate and the lightweight aggregate, 

respectively. The horizontal dashed line in each graph indicates the maximum allowable 

aggregate loss (10%) criterion established by the Alaska Department of Transportation 

(McHattie 2001). Figure 5.12 and Figure 5.13 show that, for all three gradations, as the EAR 

increases, the aggregate loss decreases which is the expected outcome. The more emulsion in 

the chip seal specimen, the better the aggregate retention performance (i.e. lower % 

aggregate loss) as the aggregate embedment depth is higher and better for retaining aggregate 

particles. The second observation to be made from these two figures is that the lightweight 
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aggregate shows better aggregate retention performance than the granite 78M aggregate for 

all three gradations. The superior aggregate loss performance of the lightweight aggregate is 

due to its more uniform natural aggregate gradation as well as the enhanced ability of the 

latex-modified emulsion to hold lighter weight aggregate than the granite aggregate. Also, 

the lower density of the lightweight aggregate, as shown by the lower specific gravity values 

for lightweight provided earlier in Section 5.1.2.2, makes the aggregate particles easier to 

retain under traffic loading conditions. 
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Figure 5.12.  Aggregate loss performance of granite 78M aggregate: (a) Gradation A, (b) 

Gradation B, and (c) Gradation C. 
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Figure 5.13.  Aggregate loss performance of lightweight aggregate: (a) Gradation A, (b) 

Gradation B, and (c) Gradation C. 
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the bleeding tests for the granite 78M and lightweight aggregates are displayed in Figure 5.14 

and Figure 5.15, respectively.  
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Figure 5.14.  Granite 78M aggregate bleeding performance. 
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Figure 5.15.  Lightweight aggregate bleeding performance. 
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Figure 5.14 and Figure 5.15 show that gradation clearly effects the bleeding potential 

in chip seals.  Gradation A (with the lowest PUC values) requires the highest EAR to exhibit 

bleeding/flushing for both the granite and lightweight aggregates; while gradation C (with the 

highest PUC values) bleeds at the lowest EAR which is undesirable comparative to gradation 

A. In a chip seal, designers would like to apply as much emulsion as possible to improve 

aggregate retention, without initiating bleeding/flushing due to excess binder application, as 

is the case with gradation A. The reason systematically varying the gradation (or PUC) has 

the definitive effect on chip seal performance shown in Figure 5.14 and Figure 5.15 for both 

granite and lightweight aggregate can be explained by the PUC definition as described in 

Section 2.2.2.1. The numerator (PEM) of the PUC definition (as defined in Equation 1) is 

indicative of the effect of the aggregate gradation on the bleeding potential of a chip seal. 

The lower the percent passing at the sieve size that is 70% of the median particle size for the 

aggregate gradation, or the more aggregate particles that are large enough to be retained at 

that sieve, the less susceptible the aggregate will be to bleeding. As those aggregate particles 

are large enough to not become submerged in the residual binder once the final embedment 

depth of approximately 70% is reached after long-term traffic loading. Conversely, a higher 

percentage of aggregate particles smaller than that sieve size (or passing the 0.7M sized 

sieve) would increase bleeding susceptibility. 

Next, the results for each gradation are plotted individually in Figure 5.16 and Figure 

5.17 against the mix design optimum rates for the granite 78M and lightweight aggregates, 

respectively. In Figure 5.16 and Figure 5.17, the optimal EARs determined by the developed 

mix design method are shown as the dashed line under the “Design Optimum” label. 
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Figure 5.16.  Verification of optimal EAR for granite 78M aggregate: (a) Gradation A, (b) 

Gradation B, and (c) Gradation C. 
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Figure 5.17.  Verification of optimal EAR for lightweight aggregate: (a) Gradation A, (b) 

Gradation B, and (c) Gradation C. 
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From the bleeding performance tests it can be seen that, as expected, as the emulsion 

rate increases, the likelihood of the sample bleeding increases as well. Further, it can be seen 

that each gradation has an EAR level above which the percentage of bleeding increases 

dramatically, as signified by the spike in bleeding seen in each curve. The optimal EAR 

based on bleeding performance is determined to be the point immediately before that spike in 

bleeding occurs.  Overall, the figures show that the developed mix design provides a design 

EAR that yield as much emulsion material as possible, which minimizes the possibility of 

aggregate loss, without raising the likelihood of bleeding. 

Another observation to be made is that the mix design optimal EAR decreases as the 

gradation moves from A to B to C (or as aggregate becomes less uniform). This trend is 

supported by the bleeding test performance results, shown in Figure 5.16 and Figure 5.17, 

which further validate the premise that gradation has an effect on chip seal performance.   

As expected, at extremely low EARs, bleeding does not occur, regardless of the 

gradation, because not enough emulsion is present to induce bleeding. Conversely, at high 

EARs, the chip seal will bleed for most gradations, as displayed in Figure 5.14 and Figure 

5.15. Thus, for all gradations to converge at 0.1 and 0.3 is a logical occurrence. Also, all 

general trends with regard to the EAR and gradation effects on bleeding performance are the 

same for both the granite 78M and lightweight aggregate types. 

 

5.2.3.1 Investigation into Bleeding Performance of Granite Aggregate Gradation B 

Further investigation into the bleeding performance results for the granite 78M 

gradation B (the natural gradation of the aggregate) was needed since the design optimum 

EAR determined using the mix design is close to the EAR where the bleeding potential 

increases drastically, as shown in Figure 5.18. Therefore, additional testing was conducted to 

ensure that the chip seal specimens do not exhibit high measured % bleeding exactly at the 

design optimum EAR of 0.18 gal/yd2. The CRS-2L emulsion used for this additional testing 

was obtained from the same emulsion company that provided the CRS-2L emulsion used in 

the original testing. The only difference between these two emulsions is that they were 

obtained at different times, albeit from the same supplier using the same formulation. As the 
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properties of the base asphalt manufacturers use in their emulsion formulation can change 

over time (even when the same PG grade of base binder is used in the emulsion formulation 

as in this case), the two CRS-2L emulsions are shown separately in the results. However, no 

existing research has been conducted that determined that any difference in the original base 

asphalt, due to natural variability in crude oil source from which the base asphalt is refined, 

has any significant effect on performance in chip seal. The asphalt supplier reported that the 

base asphalt for both CRS-2L emulsions acquired for this research are the same original PG 

grade (PG64-22), and that there have been no major changes in the emulsion formulation or 

fabrication method. The original emulsion is denoted at CRS-2L-1 while the emulsion used 

for the additional investigation into bleeding performance is designated as CRS-2L-2. The 

additional testing was conducted on MMLS3 specimens fabricated at EAR’s of 0.15, 0.18, 

and 0.21 gal/yd2; at the design optimum AAR of 15.5 lbs/yd2. 

 

 

 
Figure 5.18.  Bleeding vs. EAR for granite 78M gradation B shown along with the mix 

design optimum EAR. 
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Figure 5.19.  Bleeding vs. EAR for granite 78M gradation B with additional testing. 
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compaction and curing process) using the research developed 3d laser profiler and the data 

was analyzed for surface texture (or MPD). In addition to observing the long term field 

performance of the sections, the research sought to determine if a unique relationship exists 

between the MPD and the traffic volume regardless of the length of time the chip seal is 

exposed to traffic. This required laser scanning on the day of construction, after sweeping 

(chip seals are typically swept a few days after construction), and a few weeks after 

construction in order to capture the time and long term loading effects.  

Additionally, the research team extracted samples from the field and ran MMLS3 tests 

on the field constructed chip seal specimen. This MMLS3 data was used to determine if a 

relationship existed between the change in surface texture (i.e. MPD) as function of field 

traffic loading, and the change in MPD under MMLS3 loading. Both granite 78M aggregate 

and lightweight aggregate were used in constructing these sections. The granite and 

lightweight are the same aggregate used in the laboratory validation of the mix design and is 

Gradation B (or the natural gradation of the aggregate). 

A single emulsion (CRS-2L, a latex polymer-modified emulsion) was used for all the 

sections. CRS-2L was selected as the single emulsion type for this research because this 

emulsion is used extensively in chip seal construction in North Carolina chip seal 

construction. Due to the widespread usage of CRS-2L for chip seals in North Carolina, 

emulsion material availability to the NCDOT chip seal construction team was a key factor in 

the developed field experimental design. Therefore, the addition of a second emulsion 

material type was outside the constraints of the field research. All the aggregate and emulsion 

materials were taken from the same sources at the same time to ensure consistency in 

construction. The field sections were constructed using techniques and procedures based on 

research performed by Epps et al. (Epps 1981) as well as procedures found in the standards 

and specifications for chip seal construction used by the North Carolina Department of 

Transportation (NCDOT 2002). 
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5.3.1 Field Traffic Analysis and Conversion 

Traffic data were collected in Franklinton, NC by the NCDOT at the locations where 

field test sections were constructed: NC 96 south of SR 1632/Canady Drive and SR 1623 east 

of NC 96. Data were collected using traffic counters for eight twenty-four hour periods each 

quarter. Wheel path data from the field were obtained specifically in the lane where the test 

sections were constructed for each location. Field traffic count data for each vehicle class 

were converted into equivalent wheels based on the FHWA vehicle axle factors by 

multiplying the count of each vehicle class by the FHWA average number of axles for that 

class. A summary of the traffic count data for one of the field sections is shown in Table 5.5. 

 

 

Table 5.5.  Field Traffic Counts and FHWA Vehicle Axle Configurations 

FHWA 

Class Count of Class Sum of Axles 

Avg. # of 

Axles 

4 39015 85277 2.186 

5 144920 289840 2 

6 51154 153462 3 

7 3194 12776 4 

8 74334 273274 3.676 

9 440740 2203700 5 

10 5065 30575 6.037 

11 17305 86525 5 

12 7600 45600 6 

13 1049 7343 7 

 

 

 

The vehicle counts were recorded according to the FHWA vehicle class for each 

passing vehicle. Each axle equals one equivalent wheel pass when considered from a static 

location for the purposes of this analysis. The number of vehicles from each class that passed 

the test section is shown in the table. With exactly one tire loading the chip seal per axle, the 

number of applied field wheel loadings is the same as the number of axles that traffic loaded 

the chip seal section. With the number of field loadings known, the comparison could be 
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made between the laser measurements from field sections and the MMLS3 loaded chip seal 

specimens that were extracted from those same sections. Figure 5.20 shows the FHWA 

vehicle classes used in the traffic study and subsequent research analysis. 

 

 

 
Figure 5.20.  FHWA vehicle class description. 

 

 

 

Vehicle weights were not recorded for the traffic study performed by the NCDOT due 

to a lack of resources. Essentially, the NCDOT decided that because chip seal failure is not 
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based on structural strength, the specific weight of each vehicle was not deemed worth the 

significant costs associated with collecting that information in this study.  

 

5.3.2 Effect of MMLS3 versus Field Traffic Loading 

Both granite and lightweight aggregate were used to construct the sections included in 

this MPD study of the effect of MMLS3 versus field traffic loading. The sections were 

constructed by the NCDOT chip seal and road oil crew who is responsible for the chip 

sealing in NCDOT Division 5. The characteristics of the chip seal sections constructed for 

the research are shown in Table 5.6. 

 

 

Table 5.6.  Characteristics of the Chip Seal Sections Used in This Study 

Section 

No. 

AADT (in 

vehicles) 
Aggregate Type 

AAR* 

(lbs/yd2) 

EAR* 

(gal/yd2) 

1 4500 Granite 78M 22.0 0.27 

2 4500 Lightweight 8.8 0.19 

3 4500 Lightweight 9.3 0.24 

4 1000 Granite 78M 21.8 0.27 

5 1000 Lightweight 7.7 0.25 
*AAR = Ignition test measured Aggregate Application Rate; EAR = Ignition test measured Emulsion Application Rate 

 

 

 

In the table, the aggregate type of each section and the measured aggregate and 

emulsion application rates are shown. The measured material application rates were found 

using the ignition oven test procedure (in accordance with the ASTM D6307 specification) 

with chip seal samples extracted from the field during the field research effort. In the ignition 

oven procedure, the residual binder is burned from the chip seal at high temperatures and the 

remaining aggregate can be measured directly. Also through ignition testing, the EAR can be 

determined as the mass that is burned off during testing. Through this process, the measured 

EAR for the field sections was found. 

As mentioned previously, the field sections were scanned using the three dimensional 

laser on different days to determine the change in texture depth (MPD) as a function of the 
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traffic load.  The traffic that passed the section was counted by NCDOT, and converted to 

equivalent wheel passes using the FHWA vehicle classification system. The traffic data was 

obtained and counted by vehicle class and the typical axle configuration of the vehicle class 

was used to convert the traffic to equivalent wheel passes.  

Likewise, the MMLS3 was also used on samples of the field constructed chip seal 

specimens. These samples were laser scanned after a set number of MMLMS3 wheel 

applications. The MPD was found from these laser scans, and the change in MPD was 

observed as a function of traffic load (or equivalent wheel passes).   

Figure 5.21 shows the MPD changes under field traffic and MMLS3 loading for two 

field sections. 

 

 

 
Figure 5.21.  MPD changes under MMLS3 vs. field traffic loading for: Section 1 (a) Section 

2 (b), Section 3 (c), Section 4 (d), and Section 5 (e). 

(a)

(d)

(b) (c)

(e)
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The data shows that the MPD data under MMLS3 loading are statistically the same in 

almost all cases for different field traffic loading of 5000 AADT and below, and for both the 

lightweight and the granite sections. These results indicate that a reasonably strong 

correlation exists between the MMLS3 and field traffic loading for chip seal surface 

treatments with regard to changes in surface texture depth (MPD) during loading.  While 

only the first few weeks of field data is shown in the figure, MPD data was obtained for a 

whole year in the field sections to ensure the asymptotic MPD value was similar between the 

field and MMLS3 loadings. The sections included in this analysis have varied rates between 

sections as well as different material types, yet the MMLS3 and field traffic loading still 

show a strong correlation at different numbers of equivalent wheel passes. To give more 

significance to this analysis, the change in MPD (texture depth) reaches asymptotic behavior 

after a few days of traffic (for an AADT of approximately 5000 vehicles), and after less than 

two weeks (for an AADT of approximately 1000 vehicles). The MMLS3 which is an 

accelerated loading machine loads specimens at a rate of 990 wheel passes every 10 minutes. 

The MMLS3 reaches asymptotic behavior in terms of the change in texture depth after about 

2 hours. Also, the asymptotic MPD value is the same for both loading methods (i.e. there is 

no statistical significance in the difference between the mean MPD) This means after about 2 

hours of testing, the MMLS3 simulates 1-2 weeks of field traffic in regard to the change in 

surface texture depth of the chip seal. Thus, these results exhibit the strength of MMLS3 with 

regards to simulating the field traffic effect on asphalt surface treatments. 

 

5.4 Field Validation of Performance Based Mix Design 

For the validation of the performance based mix design, a chip seal treatment was 

constructed on Knightdale Eagle Rock Rd. in Knightdale, North Carolina to assess the 

performance under field traffic and environmental conditions. The performance of the section 

constructed using the developed performance-based mix design procedure was evaluated 

throughout the 1st year in-service to determine if the sections performed acceptably. For this 

research, the NCDOT bituminous paving crew constructed a 500 ft. chip seal section using 

the EAR/AAR found from the performance-based mix design procedure developed in this 
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dissertation research. For this construction effort, the same granite 78M aggregate type used 

for laboratory validation of the mix design was used in the field validation section. Likewise, 

the CRS-2L emulsion used to fabricate the field sections was obtained from the same 

emulsion supplier as used in lab testing.  

The section was constructed on roadway with an ADT of approximately 2000 vehicles. 

The section location was selected so that outside sources of variability that could affect 

section performance (e.g., existing distresses, driveways, road curvature, significant grade 

changes, etc.) did not influence the experiment. Specimens were extracted after construction 

from each section in order to ensure the measured application rates for the section is known. 

This rate verification was completed using the ignition oven test on the extracted specimens, 

as described previously in Section 5.3.2.  The section was found to have a measured AAR 

and EAR that is approximately the same as the target emulsion and aggregate application 

rates determined by the developed mix design procedure, and therefore was deemed suitable 

for mix design validation purposes. The performance of this section was monitored, as shown 

in Figure 5.22 through Figure 5.24, to evaluate the performance-based mix design to 

determine if sections constructed using the developed mix design will exhibit satisfactory 

performance in terms of bleeding and aggregate loss under field traffic loading. 
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Figure 5.22.  Close-up image within the wheel path of a chip seal section showing no bare 

spots or evidence of excessive aggregate loss. 

 

 

 

 
Figure 5.23.  Longitudinal image of the chip seal field section after sweeping; showing no 

early signs of bleeding within the first week of traffic loading. 
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Figure 5.24.  Longitudinal image of CRS-2L field validation section after one year in service 

showing no evidence of bleeding or aggregate loss issues. 

 

 

 

From Figure 5.22 it can be observed that the field validation sections did not exhibit 

excessive aggregate loss leading to bare spots in the pavement surface. Figure 5.23 exhibits 

that flushing did not occur due to over-application of emulsion during construction. As 

flushing is defined as the application of too high of an emulsion rate, signs of a flushed 

service would be evident shortly after construction. Likewise, Figure 5.24 shows that no 

bleeding occurred as a result of two summers of high temperature traffic loading on residual 

binder in the chip seal. From Figure 5.22, it can be seen that the chip seal retained sufficient 

surface roughness to ensure acceptable skid resistance for braking vehicles. If 

bleeding/flushing had occurred the residual asphalt would have risen to the surface of the 

chip seal decreasing the surface texture depth, and the roadway would have a smooth, shiny 

black surface, which is not observed in the longitudinal views of this section. The findings 

from this field validation effort shows that the developed mix design for chip seal surface 

treatments performed acceptably under field traffic and climatic conditions, as it did in 

laboratory testing. 
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5.5 Performance-Based Mix Design Conclusions 

The research detailed here presents a performance-related chip seal mix design method to 

be used for constructing effective chip seal surface treatments that perform well with regard 

to the major performance criteria for a chip seal (i.e., aggregate loss and bleeding). This mix 

design method provides design EARs and AARs for the various aggregate and asphalt 

material types that are used in the construction of single layer chip seal surface treatments. 

This design method uses the modified board test to determine the optimal AAR that is 

needed to cover the pavement surface with a single layer of given aggregate; and the 50% 

initial embedment depth concept based on the surface texture measurements of the board test 

using the laser profiler. The following conclusions can be drawn from this research: 

 

 The modified board test using a more practically sized 305 mm by 508 mm board 

yields the least statistical variance in measured AAR with statistically the same 

design AAR being determined as found using larger boards. This board test 

determined AAR is representative of the ideal single layer chip seal aggregate 

structure for performance. 

 The laser profiler and associated algorithms developed accurately capture the 

distance, area, and volume of the chip seal surface treatment. 

 Aggregate gradation has a definite effect on the aggregate loss and bleeding 

performance of chip seals. 

 MMLS3 aggregate loss and bleeding tests conducted on chip seals composed of two 

different aggregate types (granite 78M and lightweight) and CRS-2L emulsion 

suggest that the optimal design EAR determined from the 50% initial embedment 

criterion provides the maximum allowable amount of asphalt binder without causing 

bleeding and, therefore, validates the 50% initial embedment concept as the critical 

mix design criterion. 

 The reduction in MPD caused by MMLS3 loading is similar to that under field traffic 

loading when one MMLS3 wheel pass is equated with one pass of an axle in field 

traffic.  
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 In general, the MPD values obtained under MMLS3 loading are similar to those 

obtained under field traffic loading, thus allowing the translation of the laboratory 

MMLS3 data to the field response data as it relates to surface texture depth. 

 The findings from the field validation section shows that the developed mix design 

for chip seal surface treatments works under field traffic and climatic conditions. 

 The developed mix design gives agencies constructing chip seals a tool to accurately 

assess the mix design needs of their specific construction materials. 

6. DEVELOPMENT OF A PERFORMANCE-RELATED SPECIFICATION (PRS) 

FOR CHIP SEALS 

One of the primary constituents of a chip seal treatment is asphalt binder. Although it is 

well known that the properties of the asphaltic binder are critical to the performance of the 

chip seal treatment, current specifications for these binders are empirical in nature and do not 

use binder properties that are related directly to the performance of chip seal treatments. For 

example, emulsion residue is graded based on the so-called penetration system, a system that 

was phased out for hot mix asphalt (HMA) binders in the United States in the 1960s and 

almost completely deserted by the mid-1980s.   

Performance-related specifications (PRS) that specify asphalt material quality in terms 

of performance will help in the selection of the proper binder for a specific application. 

Although such PRS have been developed for the constituents of HMA mixtures used in 

pavements, PRS are not readily available for binders used in chip seal treatments. The urgent 

need for such PRS for binders used in chip seals is clearly shown in the responses to surveys 

conducted by Johnston and King (2008). The survey results strongly suggested the need to 

develop a climate-driven, performance-related grading system for asphalt emulsions used in 

surface treatment applications such as chip seals.  

The research findings detailed in this chapter correlate binder material properties to 

critical chip seal mixture performance measures to develop a PRS for the grading of asphalt 

emulsions.  The PRS will include test methods for evaluation of both the emulsion and 
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residual binder phases of the asphalt material. The emulsion phase is representative of the 

asphalt material state prior to the completion of the curing process before all water has 

evaporated from the system; while the residual binder phase is representative of the 

remaining asphalt binder material after the curing process is complete and all water has 

evaporated. As chip seal treatments experience traffic loading during both the emulsion and 

residual binder phases, it is vital that the proposed test methods capture the performance 

characteristics critical for each phase in the life of the asphalt material. The developed PRS 

also accounts for the climatic and traffic loading conditions that the chip seal treatment will 

experience during the anticipated life of the seal. 

 

6.1 Test Materials for Chip Seal Specification Development 

In order to develop a PRS for chip seal treatments, a nationally representative set of 

asphalt emulsions were required for testing and evaluation. To determine the major asphalt 

emulsion suppliers who would supply material for this research effort, the Asphalt Emulsion 

Manufacturers Association (AEMA) was consulted to provide recommendations on suppliers 

to include in this study.   

One major consideration in selecting the final list of suppliers was to ensure that, 

collectively, these companies were representative of the emulsion suppliers providing asphalt 

material to chip seal projects in different regions across the United States. Therefore, in 

selecting the group of emulsion suppliers for this study, the included group should currently 

provide emulsion for in-service chip seal projects in as many states/regions as possible. This 

was important because the research requires commercial grade emulsion formulations being 

used in chip seals performing under a wide variety of climatic and traffic conditions.   

Additionally, each supplier was required to meet certain requirements for their materials 

to be included in the study. The supplier was expected to: 

 

 Provide standard emulsion formulations used for in-situ chip seal construction 

projects nationwide.  In this case, “standard emulsion” refers to the typical emulsion 

formulation that has not been enhanced or augmented specifically for this research. 
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 Own a laboratory mill for emulsion production. 

 Retain original base asphalt used in the emulsion formulations for the research  

 Maintain constant emulsion chemistry for all materials provided for the research.  

 

Ultimately, seven emulsion manufacturers were identified to provide emulsion for this 

research effort. Supplier names are not provided herein intentionally as agreed upon in the 

terms and conditions for participation in the study. 

Each standard asphalt emulsion is a commercial-grade emulsion that has been utilized in 

existing chip seal construction projects in the United States. These standard emulsions, when 

used in a properly designed chip seal mixture, are expected to exhibit acceptable performance 

in certain climatic and traffic conditions. Essentially, the specification is not expected to be 

so prohibitive that asphalt emulsion formulations that are performing well in existing in-situ 

chip seal projects nationwide cannot meet and pass any part of the specification at any 

temperature or traffic level. Therefore, it was expected that most of these standard materials 

pass the lowest traffic level of the developed PRS at certain temperatures, as these asphalt 

binders have been utilized satisfactorily for existing chip seal treatments in-service nationally 

at some traffic level. However, the PRS establishes the necessary asphalt material 

performance limits such that the appropriate binders are identified for use in each climatic 

and traffic condition where chip seal construction will occur. 

Also, included in the experimental plan were the so called “poor performing” emulsions. 

Poor performing emulsions were defined as an emulsion that has been modified to exhibit 

inferior performance compared to that supplier’s standard emulsion product, while still 

meeting the current emulsion specification requirement. It is important to note that poor 

performing emulsions were not formulated to be poor performing with regard to all of the 

performance characteristics tested in the PRS. The modifications to the standard formulation 

that made the emulsion poor performing were left up to the emulsion supplier’s discretion. 

The individual manufacturers of the poor performing emulsions supplied brief details of the 

modification they made to their standard formulation for that emulsion type and the specific 

characteristic(s) for which they expected poor performance. In cases where the supplier 
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performance modification is relevant to the test results, the poor performing emulsion will be 

highlighted in the results and analysis.  

For this research, a single granite aggregate source was utilized for all chip seal 

specimens fabricated to ensure aggregate effects (e.g. gradation, nominal maximum 

aggregate size, fractured faces, flakiness, etc.) do not compromise the quality of the test data. 

This aggregate source was obtained at the beginning of the research effort and stored for use 

throughout the entire study. 

 

6.1.1 Emulsion Material Acquisition Plan 

Once the final emulsion suppliers were selected, and each supplier formally agreed upon 

the terms of inclusion into the study, the next step was to systematically execute the emulsion 

acquisition plan. This emulsion acquisition plan involved the following decisions, each of 

which are discussed in detail in the subsequent sections: 

 

 Which emulsion types should be included in the development of the PRS? 

 Which supplier to obtain each emulsion from? 

 Schedule for delivery of emulsion to laboratory for testing. 

 

6.1.1.1 Selection of Emulsion Types 

It was important for developing the PRS to include emulsion types in the research that 

are representative of the emulsion types utilized nationwide. In determining which emulsion 

types to obtain, and how many of each emulsion type was needed, survey information from 

Gransberg and James (2005) was utilized to ensure a nationally representative subset of 

emulsions was selected.   
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Figure 6.1.  Asphalt binder grades typically used in chip seals. 

 

 

 

Initially, the total number of emulsions that could be acquired and tested within the 

research timeline was determined. Next, the survey data showing the number of states using 

each type of emulsion for chip seals was converted to the percentage of states surveyed that 

use each emulsion type. This was accomplished by simply taking the number of states using 

each emulsion and divided by the total number of surveyed state responses. Finally, the total 

number of emulsions to be tested by the research team was multiplied by the percent usage of 

each emulsion type, and rounded to the nearest whole number, to determine the number of 

each emulsion type that would be acquired for the research. 

 

6.1.1.2 Allocation of Emulsion Types by Supplier 

After establishing the number and type of emulsions needed for the study, the 

emulsions that each supplier would produce needed to be determined. One critical factor in 

allocating the selected emulsion types to each emulsion supplier was to be sure each 

company was only asked to fabricate emulsions they typically formulate and have provided 

for in-service projects. This was done to avoid asking an emulsion supplier to formulate an 
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emulsion they have neither the materials nor experience formulating for in-service chip seals. 

For this task, the research team obtained a list of the emulsion types that each supplier 

typically formulates for in-service chip seals projects. This information, along with the 

number of emulsions that each company stated they were capable of providing, was used to 

determine the final list of emulsions to be provided by each supplier.   

 

6.1.1.3 Emulsion Delivery Schedule 

For the delivery of emulsions, it was important to not receive all of the emulsions at 

once, as this would result in the test data being biased due to wide variability in the storage 

time prior to testing of the fresh emulsion properties. The risk of receiving too many 

emulsions at once is that these materials might not be tested in a timely manner resulting in 

some emulsion breaking or experiencing significant changes in material properties over time. 

To minimize this potential effect, a maximum storage time of two weeks was targeted for 

fresh emulsions prior to testing and specimen fabrication. Next, the conservative number of 

fresh emulsions and mixture specimens that could be fabricated within two weeks of 

emulsion arrival was determined. Taking into account the entire experimental design and all 

of the test methods to be conducted for each emulsion, the number of emulsions that could be 

obtained at any one time was determined. Using this information, the emulsion delivery 

schedule was developed and communicated to all of the emulsion suppliers to ensure 

consistent storage conditions and testing of the emulsions throughout the project. Emulsions 

were received in 5 gallon increments for testing, and were stored in calibrated forced-draft 

ovens for the entirety of their storage life during laboratory testing. 
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6.1.2 Final Asphalt Material List 

The final list of emulsions obtained for this research is provided below: 

 CRS-2 (A) 

 CRS-2P (A) 

 HFRS-2P (A) 

 CRS-1 (B) 

 CRS-1H (B) 

 RS-1 (B) 

 CRS-2P/L (C) 

 HFRS-2 (C) 

 CRS-2 (E) 

 CRS-2P (E) 

 CRS-2P-HP (E) 

 CRS-2 (F) 

 CRS-2L (F) 

 CRS-2 (NC) 

 CRS-2L (NC) 

 PP-CRS-2 (A) 

 PP-HFRS-2 (C) 

 PP-CRS-2P (E) 

 

The letter in parentheses following the emulsion name in the list designates the emulsion 

company who supplied the material for testing in this project. The “PP” designation before 

the emulsion name indicates that the emulsion manufacturer intentionally made this emulsion 

to be “poor performing” in some way. This list of 18 emulsions includes the 14 emulsion 

types initially acquired for the research as well as an additional four emulsion types that were 

later obtained for additional testing conducted during the research effort. 

 

6.2 Traffic Designations for Chip Seal PRS 

Since the performance of chip seal treatments is dependent upon the traffic conditions 

which it is subjected to, the developed PRS establishes material test limits for grading 

binders according to the expected traffic demand at the proposed site of construction. The 

recent recommendation in the chip seal draft AASHTO specification from the Federal 

Highway Administration (FHWA) Pavement Preservation Emulsion Task Force (PPETF) 
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suggested that chip seals be categorized into three different traffic classes. The developed 

PRS utilized these PPETF recommended traffic volumes to define traffic classes for grading 

chip seal binders. The three traffic classes for the developed PRS, categorized by average 

annual daily traffic (AADT) volume (in vehicles), are the following: 

 

 Low Traffic = 0-500 AADT 

 Medium Traffic = 501-2500 AADT  

 High Traffic  >2500 AADT 

 

These traffic volumes are considered to be conservative as chip seals are constructed in 

the United States at AADT’s well over 20,000 vehicles in some locations. One main reason 

why these traffic values should be conservative is that while the binder properties that 

makeup the developed PRS are very important for the performance of the chip seal, there are 

other factors that need to be considered carefully in chip seal construction, especially in high 

traffic situations. Aggregate with a highly uniform gradation, at least 2 crushed faces, high 

durability (as measured by the Los Angeles Abrasion Test), and low dust proportion (< 2% 

passing No. 200 sieve), should be used in higher traffic situations. Also, the performance 

based mix design should be used to ensure appropriate initial embedment in design. Lastly, 

optimal construction practices (e.g. optimized roller types/patterns, proper traffic opening 

time and sweeping protocol, etc.) should be utilized to ensure construction quality. Therefore, 

with all of the other factors which can adversely affect chip seal performance, the use of 

conservative traffic designations leaves some factor of safety for locations where the best 

materials and practices are not available and utilized for chip seal construction. 

 

6.3 PRS Binder Grade Naming Designation 

As with the hot mix asphalt (HMA) binder PG specification, the developed chip seal 

specification will grade binders using a performance grading system consisting of a high and 

low temperature grade. The chip seal PRS grade will also use a single letter traffic 

designation to denote the AADT range at which the binder is graded to perform acceptably. 
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In the developed chip seal PRS an example of a binder name is CRS-PG64-22M, which is 

defined as follows: 

CRS = Cationic Rapid Setting –the binder type designation denotes the charge, 

specialty float type if any(i.e. high float), and setting rate for the binder. 

PG = Performance Grade 

64 = Average Annual 7-day Maximum Pavement Surface Temperature (in Celsius) 

-22 = Minimum Pavement Surface Temperature (in Celsius) 

M = Medium Traffic Designation - traffic categories are low (L), medium (M), or high 

(H) in the PRS. 

 

6.4 Chip Seal Specimen Fabrication for the Development of the PRS 

All specimens were fabricated using the ChipSS fabrication procedure detailed 

previously in Section 4.1.1, and using the performance-based mix design described in 

Chapter 5. For each test conducted at each climatic condition, multiple replicate specimens 

were fabricated to ensure that the results are statistically significant. All specimens were 

fabricated at the same aggregate application rate at 15 lbs/yd2 as determined by the 

performance based mix design modified board test for the single granite aggregate source 

used consistently throughout this research. Likewise, the performance based mix design was 

used to determine the appropriate EAR at which emulsions should perform acceptably. By 

using the material application rates from the performance-based mix design, design related 

issues are removed from the analysis.   

Additionally, in order to remove any variability due to differences in the residual 

asphalt between different emulsion types, all specimens in the development of the PRS were 

fabricated to have the same residual asphalt rate after curing of the emulsion. A summary of 

the residual asphalt contents for all emulsions included in the study, and the corresponding 

emulsion application rates that result in an equivalent residual asphalt amount after curing, is 

shown in Table 6.1.  

  



121 

Table 6.1.  Residual Asphalt Contents for Chip Seal Emulsions 

Emulsion Name 

Residual 

Asphalt 

Content 

(%) 

Equivalent 

Emulsion 

Rate  

(in gal/yd2) 

Equivalent 

Emulsion 

Rate  

(in grams) 

CRS-2 (NC) 63 0.19 36 

CRS-2 (F) 64 0.19 35 

PP-CRS-2 (A) 60 0.20 37 

CRS-2 (A) 60 0.20 37 

CRS-2L (NC) 69 0.18 33 

CRS-2L (F) 66 0.18 34 

CRS-2L/P (C) 68 0.18 33 

PP-CRS-2P (E) 63 0.19 36 

CRS-2P (A) 62 0.20 36 

CRS-2P (E) 67 0.18 34 

HP-CRS-2P (E) 68 0.18 33 

PP-HFRS-2 (C) 62 0.20 36 

HFRS-2 (C) 65 0.19 35 

HFRS-2P (A) 60 0.20 37 

CRS-1 (B) 62 0.20 36 

CRS-1H (B) 60 0.20 37 

RS-2 (B) 62 0.20 36 

 

 

 

In the table, the emulsion rates have been rounded to the nearest 0.01 gal/yd2 and 1 

gram, respectively. The residual asphalt content from the CRS-2L emulsion used in the 

validation of the performance based mix design detailed in Chapter 5 was 67%. The rate for 

each emulsion type was slightly adjusted in order to ensure the same residual asphalt content 

was achieved after curing, as shown in Table 6.1. After curing, all specimens are left with a 

residual asphalt content of 0.12 gal/yd2 for an unbiased comparison of binder performance. 

This residual asphalt content was found by multiplying the performance validated design 

EAR of 0.18 gal/yd2 by the residual asphalt content of 67% for that emulsion, as the resultant 

residual asphalt content yielded acceptable performance in terms of both aggregate loss and 

bleeding. While the change in EAR between emulsions is minimal, keeping the residual 

asphalt amount consistent eliminated a potential variable from the residual asphalt based 

analysis in the development of the PRS. If the difference in residual asphalt contents between 
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binders was neglected, specimens fabricated with some binders would have higher residual 

asphalt remaining after curing than other binders, which might have biased the performance 

data. 

 

6.4.1 Single Seal and Triple Seal Specimen Fabrication for PRS Development 9-50 

For high temperature analysis, multi-layered chip seals were used in order to capture 

both bleeding and rutting performance with the same specimens. Multi-layered seals are 

often used on higher traffic arterials, and also areas where light cracking has occurred. 

Bleeding and rutting for the fabricated specimens were measured as described in Section 

4.1.2.1. For this high temperature performance study, triple seal specimens were fabricated 

using the mix design optimum rates for each of the three layers of chip seal and traffic loaded 

using MMLS3 at the test temperature consistent with the climatic condition being evaluated. 

Meanwhile, for testing at intermediate temperatures single seal Vialit specimens were 

fabricated in order to capture the aggregate loss performance of the seals.  These specimens 

were designed in accordance with the performance-based mix design procedure detailed 

earlier in this dissertation for consistency and elimination of design variance.   

Multiple replicates were fabricated in each study condition (i.e. emulsion type, test 

temperature, and traffic level) in order to evaluate the statistical significance of the results.  

For each condition, the average performance is shown in each figure in this dissertation, and 

the standard deviation, standard error, and other statistical measures were computed to ensure 

the statistical significance of the findings. 

 

6.5 Chip Seal PRS Development – High Temperature  

6.5.1 High Temperature PRS Framework Concept 

For determining the high temperature grade for the chip seal PRS, the same concept is 

used as in the Superpave PRS for hot mix asphalt. The average annual 7-day maximum 

pavement surface temperature is used to determine the high temperature PRS design 

temperature in this developed PRS for chip seals. The average annual 7-day maximum 
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pavement temperature is defined as the average of the highest daily pavement surface 

temperatures from the 7 hottest consecutive days in a calendar year.  

For the development of the PRS limits at high temperatures, the relationship between 

the material binder properties directly relating to critical chip seal mixture performance had 

to be established. This high temperature relationship was developed with consideration for 

the effect of traffic level on performance, as the developed PRS grades binders according to 

the appropriate traffic situations for which they apply. For the development of the 

specification limits for the PRS at different traffic levels, the chip seals were subjected to a 

variety of MMLS3 traffic loads and the high temperature mixture performance was 

measured. The mixture results were then compared to the binder test (i.e. MSCR) results on 

the same asphalt materials in order to determine the appropriate specification limits at 

different traffic levels. The high temperature binder testing for this research was conducted 

by researchers at the University of Wisconsin-Madison (UWM) on the exact same chip seal 

emulsion formulations acquired for the chip seal mixture testing.   

In order to determine the equivalent MMLS3 loads corresponding to each level of 

field traffic in the PRS, a conversion based on certain assumptions was needed as the 

complexities of field traffic loading demands nationwide could not be replicated using 

MMLS3 testing in the laboratory. With the low, medium, and high traffic classes defined in 

Section 6.2 using the PPETF recommendation, a traffic conversion was utilized to translate 

field AADT for each traffic class to the equivalent laboratory MMLS3 loading conditions for 

determination of the high temperature PRS limits.  

 

6.5.2 Assumptions for Traffic Conversion for the High Temperature PRS 

In the development of the PRS at high temperatures, MSCR binder testing by UWM 

was conducted at temperatures of 46° to 70°C (at 6°C increments as in the HMA PG spec.), 

which corresponds to the high temperature grades for the PRS. The high temperature 

specification grade, and the test temperature for the binder test, is representative of the 

average annual 7-day maximum pavement temperature for the location where the chip seal 

treatment is to be constructed. This means PRS testing is conducted under climatic conditions 
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where the chip seal is most susceptible to the distress being measured; which is bleeding and 

rutting for the high temperature range. For direct comparison to the high temperature binder 

properties measured from the MSCR test, chip seal mixture specimens were also subjected to 

high temperatures up to 58°C (the maximum temperature the MMLS3 chamber is capable of 

maintaining) for all applied MMLS3 wheel loading. 

For the mixture testing using the MMLS3, bleeding and rutting performance were 

measured at 990, 2970, 9810, and 17820 MMLS3 wheel loads so the effect of traffic on high 

temperature mixture performance could be examined. These specific MMLS3 wheel 

application, at which bleeding and/or rutting measurements were recorded, correspond to 

specific testing times for the MMLS3, as summarized in Table 6.2. 

 

 

Table 6.2.  MMLS3 Loading Time vs. Applied Wheel Loads 

MMLS3 Loading Time (in minutes) MMLS3 Wheel Loads 

10 990 

30 2970 

90 9810 

180 17820 

 

 

 

In order to use the MMLS3 mixture performance test results to develop the high 

temperature specification limits at multiple traffic levels, a relationship was needed to 

correlate the AADT volumes corresponding to the low, medium, and high traffic classes (as 

summarized in Section 6.2) to the corresponding MMLS3 wheel loads for the development 

of the high temperature PRS. This conversion is summarized in Figure 6.2. 
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Figure 6.2.  Conversion of field AADT to MMLS3 equivalent wheel passes. 

 

 

 

The first step shown in Figure 6.2 was to convert field AADT to annual field wheel 

loads.  This was done by first acknowledging that for a given vehicle, each axle will 

essentially have one wheel that crosses the chip seal wheel path. The assumption is that for 

the typical car or truck the typical chip seal experiences two applied loadings on average, one 

when the front axle passes and a second when the back axle passes, as each vehicle moves 

longitudinally along the chip seal section. It should be noted that larger trucks can sometimes 

possess more than two axles, but the number of these types of trucks would vary from 

location to location so an assumption had to be made. Any necessary adjustments to the 

developed PRS to account for trucks with more than two axles will be addresses in the long 

term validation plan detailed in Section 6.10. The long term validation plan will include 

obtained vehicle counts separated by FHWA vehicle class for each field validation section 

constructed. This will provide data on the average number of axles per vehicle for further 

investigation into any additions/adjustments needed in the PRS to account for field axle 

configurations for vehicles. The AADT (in vehicles) times two wheel loads per vehicle 

equals the number of field wheel loads applied to the pavement each day. That result 

multiplied times 365 days per year yields the annual number of field wheel passes for the 

year.   

Another consideration that had to be made in order to estimate the equivalent 

MMLS3 wheel loads was that all MMLS3 applied wheel applications occur at the 7-day 

average annual maximum pavement temperature for which the binders are graded, while this 
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is not the case in for the annual field traffic.  MMLS3 specimens are tested in a climate 

controlled chamber within +/-1°C of the high temperature grade being considered. Therefore, 

when converting the field traffic to equivalent MMLS3 traffic, only the field wheel loadings 

that occurred during times where the pavement surface is exposed to maximum pavement 

temperatures were considered. The annual number of field wheel passes occurs over the 

course of the entire year at the various temperatures a location experiences within that time 

period. The field pavement temperature varies greatly from the average annual 7-day 

maximum pavement temperature for which the binder is specified. In converting field wheel 

passes to equivalent MMLS3 wheel passes for the high temperature bleeding analysis the 

loads that occur during the winter for example, which do not represent the temperature 

conditions where bleeding initiates and propagates, should not be included. Therefore, the 

number of field wheel loads need to be adjusted to capture the loads that occur during the 

times of maximum pavement temperature exposure, or the 7 hottest consecutive days of the 

year when the bleeding is most likely to initiate. This more accurately reflects the 

temperature conditions at which the MMLS3 testing was conducted in the development of 

the PRS. Thus, the number of annual field wheel loads is multiplied by 7/365 days that 

represent the average 7-day maximum pavement temperature used to determine the high 

temperature PG grade for this PRS. 

Likewise, during each day of the 7 days that constitute the average 7-day maximum 

pavement surface temperature, the temperature decreases greatly at certain times (e.g. night 

and morning hours) and therefore the maximum temperature is not maintained for 24 hours. 

Thus, assumptions needed to be made in order to estimate the exposure time of the pavement 

surface to the maximum temperatures that are represented by the high temperature grade. The 

time duration that the maximum pavement temperature is maintained can vary between 

climatic regions, and also between each of the seven different days that comprise the average 

7-day maximum pavement surface temperature in the PRS. Therefore, the assumption was 

made that the maximum pavement temperature is maintained for approximately three hours 

per day on average (typically from approximately 2-5pm based on a preliminary 

investigation into hourly air/pavement temperatures in cities such as Raleigh, Wisconsin, 
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Phoenix, and Death Valley). As the time period that the maximum pavement surface 

temperature is sustained varies as a function of location, this assumption is intended as a 

reasonable starting point for estimating the percentage of field traffic loads that occur during 

the period of daily maximum pavement temperature exposure.  

The assumptions regarding the maximum pavement temperature exposure used in 

converting field traffic to equivalent MMLS3 traffic were not made without consideration for 

the fact that bleeding can also occur at slightly lower pavement surface temperatures than the 

maximum temperature for which the binders are graded. However, in translating field traffic 

to MMLS3 traffic for the purposes of developing high temperature PRS limits, an 

approximation of the percentage of the field wheel loads that occurred at a temperature 

matching the continuous high temperature condition of the MMLS3 chamber during testing 

was used; simply to establish a starting point for the analysis to be validated in the long term 

validation plan in different climatic regions.  

The final assumption made was that each field wheel load is equal to one MMLS3 

wheel load for the purposes of this traffic conversion. This is determined to be reasonable for 

chip seal specimens under MMLS3 loading, as previous findings have clearly shown that the 

changes in surface texture in a chip seal under MMLS3 loading are similar to the change in 

surface texture in the same chip seal under field traffic loading. This is evidenced by the 

findings detailed in Section 5.3.  The change in surface texture for a chip seal is related to the 

bleeding performance in that a bled or flushed surface will exhibit less surface texture depth 

(represented by a very low MPD) than a non-bled surface. A non-bled chip seal surface will 

retain some of the natural surface texture of the aggregate structure, as the residual binder 

will not negate the surface roughness the aggregate provides. This will result in a higher 

measured MPD value and a seal with a higher skid resistance for braking vehicles. The MPD 

is reduced as a function of increased wheel applications as the aggregate reorients to its least 

dimension and is further embedded in the binder. Likewise, as residual binder is forced to the 

surface during bleeding, or if excessive aggregate loss leaves bare spots, the MPD would be 

reduced in the seal as an indicator of this distress. Similarities observed with regard to the 

change in surface texture between the lab and the field loaded specimens indicate that both 
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the field and laboratory traffic methods similarly impacted the chip seal specimen. The 

change in surface texture due to field traffic was not significantly different from the change 

in texture due to MMLS3 traffic for field AADT’s of both 1,000 and 4,500 vehicles; 

covering both medium and high traffic in the developed chip seal PRS. Therefore, the 

research team decided to use a simple ratio of one field wheel load to one MMLS3 wheel 

load assumption as a starting point for the developed PRS since the change in surface texture 

was proven to be similar between field and MMLS3 traffic within the traffic range covered 

by the developed specification. Ultimately, the true effect of field traffic on chip seal 

performance will be validated for all of the traffic categories in the PRS prior to 

implementation of the chip seal PRS. 

After completing the conversion from field AADT to equivalent MMLS3 loads using the 

aforementioned assumptions, the following number of MMLS3 loads were determined to 

correlate to the field traffic volumes (in AADT) associated with the low, medium, and high 

traffic grades in the PRS.  These traffic equivalencies are summarized below: 

 

 2970 MMLS3 wheel loads equal approximately 500 AADT  

o Representative of traffic at the low traffic upper limit 

 13125 MMLS3 wheel loads equal approximately 2500 AADT 

o Representative of traffic at the medium traffic upper limit 

 17820 MMLS3 wheel loads equal approximately 3400 AADT 

o Representative of traffic within the high traffic range 

 

These equivalent MMLS3 traffic levels were used for developing the high 

temperature binder performance limits at all three traffic levels in the PRS. Ultimately, the 

field AADT that corresponds to each traffic grade in the PRS will be validated using in-situ 

field chip seal treatments in the long-term validation plan developed in this research. 

Hereafter in this writing, the MMLS3 equivalent loads evaluated for PRS 

development will be represented by the three traffic levels of the PRS as follows: 
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 Low traffic (L): 2,970 MMLS3 wheel loads 

 Medium traffic (M): 13,125 MMLS3 wheel loads 

 High traffic (H): 17,820 MMLS3 wheel loads 

 

6.5.3 High Temperature Performance Analysis – Residual Binder vs. Mixture 

At high temperatures bleeding is the major distress type for chip seal treatments, as 

bleeding decreases the skid resistance of the roadway as the residual asphalt binder rises to 

the surface under loading; or excessive aggregate loss occurs as a result of cohesive binder 

failure which exposes bare binder spots at the surface of the seal.  Binders with superior 

elastic potential and high temperature stiffness will better resist the cohesive failure that can 

lead to aggregate loss. The developed PRS tests the residual asphalt binder in order to 

ascertain the bleeding potential of the chip seal treatment to be constructed using the tested 

binder material. Also, it is common in chip seal construction to use a multiple layer seal, such 

as a triple seal, on road surfaces that are either highly trafficked or where distresses exist in 

the underlying surface. The thicker multilayer seals are also susceptible to both bleeding and 

rutting at high temperatures. The initiation and rate of propagation of these distresses is 

directly related to the permanent strain resistance of the binder under loading. In order to 

resist permanent strains under stress loading, a binder needs to retain stiffness at high 

temperatures and exhibit sufficient elastic behavior. Therefore, the permanent strain 

resistance of the binders was evaluated against bleeding performance in the chip seal mixture 

in order to develop specification limits that characterize high temperature performance for 

the developed PRS. 

To evaluate the permanent strain resistance under stress loading of the binder at high 

temperatures, the Multiple Stress Creep and Recovery (MSCR) test is used, as specified in 

AASHTO TP-70 and described in Section 4.2.3. The evaluation parameter obtained from the 

MSCR test included in the developed PRS is the Jnr, or non-recoverable creep compliance, at 

the 3.2 kPa stress level. 

For developing the PRS limits, the MSCR test was conducted at temperatures ranging 

from 46° to 70°C (at 6° increments in accordance with the proposed specification 
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temperature grades) in order to capture the binder material performance in the high 

temperature range. Likewise, MMLS3 testing was conducted at 46°, 52°, and 58°C to capture 

the mixture performance at high temperatures. Testing was not conducted on the chip seal 

mixtures at 64°C and 70°C since the MMLS3 chamber is not capable of maintaining 

consistent testing temperatures above 60°C. The high temperature relationship was 

established between % bleeding for the mixture and MSCR Jnr for the binder between 46°C 

and 58°C. Then, based on the relationship found between Jnr and % bleeding, an 

extrapolation was used to predict the % bleeding from measured MSCR tests results at 64°C 

and 70°C since mixture testing could not be conducted at these temperatures. 

The results of the MSCR tests on the residual binders were analyzed against the chip 

seal mixture bleeding test results at low, medium, and high traffic levels. Each data point in 

the figures is the average of three MMLS3 bleeding test replicates and four MSCR test 

replicates, respectively, for a single binder type and testing temperature. A summary of the 

findings are displayed in Figure 6.3 through Figure 6.5 for each of the three traffic levels. 

 

 

 
Figure 6.3.  % Bleeding vs. MSCR Jnr at low traffic. 
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Figure 6.4.  % Bleeding vs. MSCR Jnr at medium traffic. 

 

 

 

 
Figure 6.5.  % Bleeding vs. MSCR Jnr at high traffic. 
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The figures show that at all traffic levels, and for multiple binder types, there is a 

strong correlation between the binder parameter Jnr and bleeding performance of the chip seal 

mixture. Since a unique relationship is observed between the Jnr value measured from the 

MSCR binder test at high temperatures and the % bleeding from the MMLS3 mixture testing, 

the measured Jnr value can be used as a direct indicator of chip seal mixture performance in 

the PRS. Essentially, as the Jnr value increases, the permanent strains observed in the binder 

increases. The lower the resistance to permanent deformation under loading, represented by 

an increase in the Jnr value, the higher % bleeding performance observed in the mixture. This 

bleeding occurs because the residual binder becomes more likely to lose aggregate due to 

cohesive failure within the binder due to loading stresses, and also the binder is more likely 

to be forced to the surface under repeated traffic loading. Likewise, as temperature increases, 

the measured Jnr values become higher and the chip seal mixture have higher potential for 

bleeding, as the binder becomes softer at higher temperatures. The developed specification 

determines a maximum Jnr value at different traffic levels that ensures the selected binder is 

stiff enough, and has sufficient elastic recovery capabilities, to minimize the non-recoverable 

strain experienced by the binder under traffic loading at high temperatures.   

Also, observed in Figure 6.3 through Figure 6.5 is that as the traffic level increases, 

the % bleeding observed increases for the binders. The findings show that as the traffic level 

increases, the Jnr required to meet a certain bleeding performance standard becomes lower, or 

more restrictive. For instance, observe the number of data points below say 50% at each 

traffic level; starting from the lowest traffic (Figure 6.3) where 15 out of 20 data points are 

plotted below 50% bleeding, to the highest traffic level (Figure 6.5) where only 8 out of 20 

data points are below 50% bleeding for the same set of binders tested at the same 

temperatures. This finding makes sense because at a higher traffic level a binder needs to be 

more resistant to permanent strains under loading than a binder at a lower traffic level, since 

the binder under high traffic will experience greater load related stresses.   
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6.5.4 Development of Specification Limits – High Temperature 

In the development of high temperature specification limits at low, medium, and high 

traffic levels the aforementioned relationship between the material binder property Jnr and % 

bleeding for the mixture was used. For developing these limits a critical maximum allowable 

bleeding threshold of 80%, found based on previous research, was utilized to determine the 

maximum allowable Jnr value for each traffic level in the specification. 

 

6.5.4.1 Background for 80% Bleeding Limit 

In order to utilize the bleeding test results at different traffic levels in order to 

establish Jnr values for the specification, a bleeding limit was needed that clearly defines 

unacceptable performance. Bleeding test results from the dissertation by Jusang Lee (2007) 

were used, in addition to high temperature bleeding results from the mix design validation 

testing detailed in Section 5.2.3, to obtain the 80% bleeding threshold for chip seal surface 

treatments. In the bleeding study, Lee studied bleeding as a function of changes in material 

application rate at 50°C. The results from Lee’s study into bleeding performance are 

summarized in Figure 6.6. 
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Figure 6.6.  Bleeding vs. material application rates for granite and lightweight aggregate 

types and CRS-2 emulsion (Lee 2007). 

 

 

 

The 80% critical bleeding limit defines the bleeding performance that, when 

exceeded, is highly unacceptable for surface treatment performance. In Lee’s study, the 

material application rates were varied and each condition was tested under MMLS3 loading. 

The aggregate and emulsions application rates used in the chip seal design is the most critical 

factor that influences bleeding performance. Essentially, if the EAR is too high in a chip seal 

(a phenomenon referred to as flushing), the chip seal mixture will exhibit bleeding issues 

regardless of binder type. Conversely if the AAR is too low, there is insufficient aggregate to 

provide skid resistance in the surface treatments and the chip seal surface will display bare 

spots, which is another cause of bleeding. The results show that at an extremely high EAR 

and low AAR, a combination this maximizes bleeding susceptibility in chip seal mixtures, 
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the chip seals consistently exhibit bleeding performance of 80% or higher. Therefore, if a 

binder used in a well-designed chip mixture (i.e. using a performance based design to find an 

optimal EAR and AAR) has 80% bleeding or higher, it is safe to say that binder is not 

acceptable for use in that climatic/traffic loading conditions. Essentially, this 80% limit 

definitively identifies unacceptable performance in chip seal mixture testing.     

For specification purposes, the maximum bleeding threshold used in PRS limit 

determination should not be so restrictive (i.e. too low of a bleeding limit) that it fails all of 

the commercial binders included in this research at the low traffic level for typical high 

temperature grades; as all of the binders include in the PRS development are in service 

nationwide under at least the low traffic level. The 80% bleeding limit allows a relatively 

high level of confidence that any binder unable to pass this 80% bleeding limit has a very 

high risk of bleeding performance issues in the field at the tested traffic level and 

temperature.   

Conversely, the premise that a mixture exhibiting 75% bleeding, which would passes 

the 80% maximum bleeding requirement, is performing acceptably is worth further 

discussion. Here, it is important to note that the MMLS3 testing on multilayer chip seals for 

the high temperature PRS development had a harsher test condition than usual, which could 

cause increased bleeding susceptibility. For the high temperature PRS developmental testing, 

the wandering feature on the MMLS3 was turned off in order to be able to capture both 

rutting and bleeding performance simultaneously. The reason for turning off the wandering 

was so the rut depth could be measured as the height difference between the trafficked and 

un-trafficked area of the sample; while at the same time acquiring images for assessing 

bleeding performance as a function of applied wheel loads. However, by turning the 

wandering off, the specimen experiences a higher number of wheel passes in the loading area 

spanning the width of the tire.  If wandering was turned on the tire would wander across the 

entire 175 mm sample width distributing the wheel loads over 10 minutes. The effective 

loading area for this test only covers approximately 87.5 mm of the 175 mm in sample width 

with wandering off. Figure 6.7 shows the loading area of a specimen tested under MMLS3 
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loading without wandering; acquired from laser scan data of the surface of a chip seal 

specimen. 

 

 

 
Figure 6.7.  Laser scan data showing chip seal specimen in original condition and after 30 

minutes of MMLS3 loading.  

 

 

 

Due to this lack of wandering there is also less recovery time for the binder than it 

would typically experience in-service under field traffic loading where natural vehicle 

wandering in the transverse direction occurs. While the MMLS3 represents an accelerated 

loading condition (applying 990 wheel loads in just 10 minutes), the rate of loading 

experienced by the single MMLS3-tire width sized area of the chip seal specimen is even 

higher when the wandering is turned off. Under field traffic loading at high temperatures, 

asphalt binders recover during the rest period between traffic loads applied from passing 

vehicles. During this recovery, the elasticity of the binder allows it to recover from some of 

the non-permanent deformation that it experienced due to loading stress. In the MMLS3 test 
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without wandering, the binder is not allowed this recovery due to the highly accelerated 

nature of loading in the same location on the specimen. Due to these factors, a conservative 

maximum bleeding threshold was established that takes into account the possibility of higher 

magnitudes of % bleeding for MMLS3 testing than what might be observed under field 

traffic loading.  

Therefore, in developing the PRS an 80% bleeding limit was used to determine the 

high temperature limits for the MSCR binder test. By using the maximum bleeding criterion 

of 80%, (instead of a lower limit such as 50%) to define unacceptable mixture performance, 

there is increased certainty that any binder used in a well-designed chip seal mixture that 

cannot meet this bleeding threshold will be highly susceptible to bleeding issues in the field.   

In developing a specification using commercial-grade binders, caution must be taken 

to establish reasonable limits such that the PRS does not fail binders that will perform well in 

the field. It can be observed later using lab and field performance that 80% is a reasonable 

performance threshold.  The binders included in the development of the PRS are all 

commercial-grade binders which have performed acceptably in high temperature climates 

nationwide under at least a low traffic level. Thus, a majority of the commercial grade 

binders should be capable of passing the low traffic specification limit in the PRS for 

bleeding, as these materials would not be used commercially if they could not withstand at 

least the minimum traffic levels in which a chip seal is used in the specification (i.e. low 

traffic of under 500 vehicles per day). The determination of the high temperature PRS limits 

using the 80% bleeding threshold is shown in subsequent sections for low, medium, and high 

traffic levels. 

 

6.5.4.2 Low Traffic Jnr Limit 

The low traffic bleeding relationship developed at 46°, 52°, and 58°C is shown as 

measured bleeding data (symbolized using unfilled circles) in Figure 6.8 (a). For the 

development of the low traffic limit at high temperatures, the MMLS3 % bleeding vs. MSCR 

Jnr relationship was used to determine the Jnr value that corresponds to the maximum 80% 

bleeding limit. The Jnr value corresponding to 80% bleeding performance represents the 
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maximum allowable value from the MSCR test at 3.2 kPa for the low traffic level of the PRS 

at high temperatures. The relationship between % bleeding and Jnr for low traffic is shown in 

Figure 6.8 (a) along with the maximum Jnr value for low traffic corresponding to the 80% 

critical bleeding threshold. While Figure 6.8 (b) and (c) show % bleeding predicted from 

measured MSCR test results at test temperatures of 58°, 64°, and 70°C, using the established 

relationship between the binder parameter Jnr and % bleeding. 
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Figure 6.8.  a) Measured % bleeding vs. Jnr relationship at low traffic extrapolated to higher 

Jnr values, b) mixture bleeding performance predicted from measured binder Jnr values at 

58°C shown against the low traffic MSCR maximum limit, and c) mixture bleeding 

performance predicted from measured binder Jnr values at 64° and 70°C, shown against the 

low traffic MSCR maximum limit. 
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Using the 80% maximum bleeding limit for chip seal surface treatments, the 

maximum Jnr value of 8 kPa-1 was determined from the relationship at low traffic, as shown 

in Figure 6.8 (a).  This means that binders with measured Jnr values higher than 8 kPa-1 would 

fail at the test temperature, as exhibited by the binder with a Jnr over 8 kPa-1 at 58°C in Figure 

6.8 (b). However, a binder that fails at 58°C due to a measured Jnr value higher than 8 kPa-1 

could pass at a lower test temperature, as results consistently indicate that the measured Jnr 

decreases as temperature decreases for a binder.   

Based on the strong relationship between the binder parameter, Jnr, and mixture 

bleeding performance for chip seal surface treatments, the Jnr measured from the MSCR 

binder test is a strong indicator of mixture bleeding performance. An additional 11 binders 

were MSCR tested at the test temperature of 58°, 64°, and 70°C, and are symbolized in 

Figure 6.8 (b) and (c) using unfilled and filled triangles representing unmodified and 

modified binders, respectively. For these binders, the unique logarithmic relationship, shown 

in Figure 6.8 (a) correlating the binder parameter, Jnr, with % bleeding from mixture testing, 

was used to predict the % bleeding from the measured MSCR Jnr values.  These predicted 

binder bleeding performances are shown directly on the curve defining the relationship 

between Jnr and % bleeding that was used for this prediction. Figure 6.8 (b) and (c) clearly 

show that modified binders have lower measured Jnr values than unmodified binders. This is 

reasonable because the modification of the binder using polymers is known to increase 

asphalt stiffness at high temperatures, and improve the elasticity of the residual binder. This 

modification improves the binder’s resistance to permanent, or non-recoverable, strain under 

loading resulting in a lower measured Jnr value. These findings exhibit the sensitivity of the 

MSCR test to the effect of polymer modification. This improvement due to binder 

modification improves the resistance to bleeding in the mixture, as observed in the figure. 

Likewise, the overall range of Jnr values observed indicates a high sensitivity to binder type 

as well, which is critical for utilizing this test method to grade chip seal binders.   

In Figure 6.8 (b) for binders that were MSCR tested at 58°C, only 1 binder fails to 

pass the low traffic (0-500 AADT) maximum Jnr limit of 8 kPa-1. The only binder that fails to 

meet the requirement is the sole CRS-1 emulsion tested in this study; with the ‘1’ designating 
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the binder has a lower viscosity and exhibits a lower resistance to flow at higher 

temperatures. A ‘2’ designation in the binder name (e.g. CRS-2 or CRS-2P) indicates a 

higher viscosity, and these are the binders typically used for chip sealing. Therefore, the Jnr 

results indicate that this CRS-1 binder is not suitable for chip sealing at 58°C (a very 

common high temperature grade based on climate), as it fails even the lowest traffic 

designation in the PRS at that temperature with a predicted % bleeding over 80%. Figure 6.8 

(c) displays how the developed low traffic PRS limit would grade binders tested at higher 

PRS test temperatures of 64° and 70°C, respectively. Observe that at 64° and 70°C all of the 

modified binders pass the low traffic maximum Jnr limit. All of the modified binders tested at 

64°C were latex modified, while all of the binders tested at 70°C were polymer modified. 

This test temperature distinction between latex and polymer modified binders was made for 

polymer modified binders by UW researchers (the team who conducted the MSCR testing for 

this high temperature investigation). Polymer modification is known to improve the high 

temperature stiffness of the asphalt binder. Their idea was to test these stiffer polymer 

modified binders at one grade higher than the other binders in order to determine if the 

polymer modification results in acceptable Jnr values based on the PRS. Observe in Figure 

6.8 (c) that the polymer modified binder tested at a higher temperature show very similar 

performance to the latex modified binders at one temperature grade lower, and better 

performance than all of the unmodified binders tested at the lower temperature. This 

indicates that the polymer modification does effectively increase the high temperature 

stiffness, and permanent strain resistance, of the binder; as it seemingly negates the effect of 

a 6°C increase in temperature over all of the other binders tested at 64°C. Meanwhile, one 

unmodified binder fails to meet the maximum Jnr requirement for low traffic. It is important 

to note that this binder which fails to meet the low traffic Jnr requirement at 64°C does meet 

the low traffic PRS limit at a lower temperature, as it has a measured Jnr below 8 kPa-1 at 

58°C and below. All other binders pass the low traffic limit at a typical high temperature 

grade, and would be suitable for chip seal construction at their test temperatures and below; 

which makes sense as these are commercially available binder formulations being used 

throughout the United States for successful chip sealing at some level of traffic. 
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In summary, for a prospective chip seal construction site expecting low traffic with an 

average 7-day maximum annual pavement temperature of 58°C, any binder with a measured 

MSCR Jnr value lower than 8 kPa-1 at the test temperature would pass (meaning it can be 

used in these climatic and loading conditions) and be graded accordingly. Conversely, a 

binder with a measured Jnr value higher than 8 kPa-1 would fail at the test temperature and be 

deemed unsuitable for use at this temperature. 

 

6.5.4.3 Medium Traffic Jnr Limit 

For development of the medium traffic limit at high temperatures, an extrapolation of 

the MMLS3 % bleeding vs. MSCR Jnr relationship for medium traffic was used to determine 

the Jnr value that corresponds to the 80% bleeding limit. This Jnr value is the maximum 

allowable limit at the medium traffic level of the PRS at high temperatures. The relationship 

between % bleeding and Jnr for medium traffic, shown in Figure 6.9 (a), displays how the 

medium traffic Jnr limit was determined using the 80% maximum bleeding threshold.  
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Figure 6.9.  a) Measured % bleeding vs. Jnr relationship at medium traffic extrapolated with 

predicted mixture bleeding performance from measured binder Jnr values at 58°C and b) 

determination of the maximum allowable MSCR Jnr from medium traffic data trend. 

 

 

 

Figure 6.9 (b) displays how the maximum Jnr of 5.25 kPa-1 was determined for 

medium traffic in the PRS. A maximum binder Jnr of approximately 5.25 kPa-1 corresponds 

to the 80% bleeding limit for predicted mixture performance. Any binder with a measured 

MSCR Jnr lower than 5.25 kPa-1 could be used at medium traffic levels for any temperature at 

or below the test temperature, as defined by the developed PRS.  Conversely, any binder with 

a measured Jnr value higher than 5.25 kPa-1 would fail at medium traffic for the test 

temperature. However, if a binder had a Jnr higher than 5.25 kPa-1 (failing for medium 

traffic), but lower than 8 kPa-1, that binder would be graded with the low traffic designation 

for the PRS at the test temperature grade.  
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6.5.4.4 High Traffic Jnr Limit 

For development of the high traffic limit, the same approach was used as detailed 

previously for low and medium traffic. The relationship between % bleeding and Jnr for high 

traffic, shown in Figure 6.10, displays the high traffic limit along with the previously 

established low and medium traffic limits to complete the high temperature PRS. 
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Figure 6.10.  a) Measured % bleeding vs. Jnr relationship and determination of the maximum 

allowable Jnr for high traffic, (b) mixture bleeding performance predicted from measured 

binder Jnr values at 58°C, and (c) mixture bleeding performance predicted from measured 

binder Jnr values at 64° and 70°C. 
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The results in Figure 6.10 show higher magnitudes of measured and predicted 

bleeding performance than the findings displayed in Figure 6.8 and Figure 6.9 for low and 

medium traffic, respectively. This shows that as traffic increases, the bleeding potential of the 

chip seal increases. Therefore, the Jnr value corresponding to 80% bleeding becomes lower 

with increasing traffic loads. This trend is logical as a lower, more restrictive Jnr is needed as 

traffic and bleeding potential increase. Essentially, binders with lower Jnr values exhibit 

higher resistance to permanent strains under traffic loading, and are more suitable for use at 

high traffic levels where bleeding potential is the highest. At the highest traffic level in the 

specification, the maximum Jnr allowable is determined to be 3.25 kPa-1. 

Figure 6.10 (b) shows the measured MSCR results for binders tested at 58°C, and 

how these measured values would grade in the PRS. At a test temperature of 58°C, all of the 

modified binders meet the maximum Jnr limit and would grade as high traffic binders. None 

of the unmodified binders meet the high traffic limit. Current practices in chip sealing, and 

field studies conducted using both modified and unmodified binders support the premise that 

modified binders are suitable for chip sealing at high traffic levels. Conversely, performance 

issues have been observed when unmodified binders are used at high traffic levels in field 

test sections. This is exhibited in the performance of the CRS-2 field validation section 

displayed in Figure 6.22. These field sections exhibited excessive aggregate loss issues 

leading to bare spots as a result of the higher traffic loading. Excessive aggregate loss can 

lead to long term bleeding issues during high temperature traffic loading. 

Figure 6.10 (c) shows the measured MSCR test results at 64° and 70°C versus the 

developed high temperature PRS limits. The MSCR binder test results show that only two 

modified binders pass the high traffic limit at test temperatures of 64° and 70°C, respectively. 

Other binders fall into medium and low traffic classes at the test temperatures of 64° and 

70°C.  These other binders, while not passing the high traffic limit at 64° or 70°C, passed the 

high traffic limit at 58°C and could be used in high traffic situations at that temperature. At 

our highest temperature, and highest traffic situations, it is reasonable to have a specification 

limit that is restrictive to only the best performing binders as exhibited from the results in 

Figure 6.10 (c).  
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6.5.5 Rutting Performance 

In multilayer seals, rutting is also a performance measure for chip seal treatments. 

While chip seals provide no structural strength and rutting performance can be heavily 

dependent on the structural integrity of the underlying layers, resistance to rutting within the 

multilayer seal is still desirable for the seal as every millimeter of rutting contributes to issues 

that could eventually compromise the integrity of the overall pavement structure.   

Rutting performance is measured using the MMLS3 device in accordance with the 

procedure described in Section 4.1.2. Figure 6.11 shows the laser scan data from an 

untrafficked chip seal specimen and the same specimen scanned after 30 minute and 90 

minute loading times. The figure shows a neat, latex-modified, and polymer modified 

emulsion.  
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Figure 6.11.  Effect of binder modification on MMLS3 rutting performance shown after 

MMLS3 loading times of 0, 30, and 90 minutes for: (a) CRS-2, (b) CRS-2L, and (c) HP-

CRS-2P. 
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Figure 6.11 shows the effect of binder modification on rutting performance at high 

temperatures. The results show that the rate of rutting is retarded by the effect of binder 

modification. The 30 minute rutting results for both modified binders displayed in Figure 

6.11 (a) and (b) exhibit slower rut depth growth than the unmodified CRS-2, which 

immediately reaches its ultimate rut depth within the first 30 minutes of loading. From the 

MSCR binder testing in the PRS it has been observed that modified binders have lower 

measured Jnr values and exhibit less non-recoverable deformation, which is confirmed by the 

higher resistance to rutting in the chip seal mixture specimens.   

The findings from the rutting analysis are provided in Figure 6.12 and show that the 

resistance to rutting in the chip seal mixture is correlated to the high temperature binder 

parameter, Jnr.   

 

 

 
Figure 6.12.  High temperature rutting performance for modified and unmodified binders at 
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The results from rutting performance testing show that a unique relationship exists 

between rut depth and Jnr @ 3.2 kPa at multiple high temperatures. Binders that have lower 

measured Jnr values, or less residual strain after repeated creep and recovery testing, show a 

higher resistance to rutting behavior. Conversely, binders that have higher Jnr show 

significantly less resistance to rutting. The modified binders show higher resistance to rutting 

in mixtures than unmodified binders at all temperatures tested. In these materials the 

increased stiffness of the modified binder materials increases its resistance to permanent 

strains, while the increased elasticity of these materials helps them recover better under stress 

loading. These material properties of modified binders translate to better resistance to rutting 

in chip seal mixtures. 

 

6.5.6 Bleeding vs. Rutting Correlation 

For chip seal treatments, bleeding is the more critical distress for characterizing high 

temperature chip seal performance, and therefore this was the major distressed utilized in 

specification development. Nonetheless, a relationship exists between bleeding and rutting 

such that the resistance of the binder to rutting can be reasonably predicted from bleeding 

performance in the multilayers seals. It should be noted that the same specimens were used 

for bleeding and rutting in this tested. The relationship found between bleeding and rutting at 

multiple high temperatures (46°, 52°, and 58°C) for 2970 and 17820 MMLS3 wheel passes is 

shown in Figure 6.13, and indicates a clear correlation between bleeding and rutting 

performance in chip seal treatments. 
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Figure 6.13.  Correlation between bleeding and rutting at multiple high temperature grades. 

 

 

 

The results in the figure show that the same binder mechanisms govern resistance to both 

bleeding and rutting.  The high temperature stiffness of the binder as well as the elastic 

recovery capabilities of the material translate to mixture performance in terms of both 

bleeding and rut depth propagation, as observed in Figure 6.13.  
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critical early life of the seal. The initial BBS test is conducted after four hours measuring 

early raveling resistance; simulating the bond strength the seal has developed by the time the 

typical chip seal is initially opened to traffic. For chip seal treatments, it is important to 

ensure that each emulsion develops strength fast enough to avoid early aggregate loss when 

the seal is opened to traffic in the field. The next BBS test is conducted after 20 hours of 

curing, as it is important that the chip seal shows sufficient bond strength to resist late 

raveling, ensuring the seal develops sufficient bond strength to retain aggregate later in the 

critical period in the life of the seal.   

The evaluation parameter obtained from the BBS test for the chip seal PRS is the 

minimum bond strength at curing times of 4 and 20 hours. The BBS test was conducted at 

temperatures of 15° and 25°C in order to capture the emulsion material performance within 

the intermediate temperature range. The justification behind this temperature range is 

discussed in the subsequent section of this document. Likewise, Vialit mixture testing was 

conducted at the same temperatures as the BBS test to capture the correlated aggregate loss 

performance of the chip seal mixtures for each binder. The bitumen bond strength of the 

emulsion was evaluated against the aggregate loss performance of the chip seal mixture in 

order to develop specification limits that characterize intermediate temperature performance 

for the developed PRS. 

 

6.6.1 Defining the Appropriate Intermediate Temperature for Testing 

For the chip seal PRS, the intermediate temperature grade is determined by adding 

4°C to the average of the high and low temperature grades based on the climate at the 

proposed chip seal construction location. The developed chip seal PRS adopted this 

definition from the existing HMA specification for intermediate temperatures.   

BBS binder testing and Vialit mixture testing were conducted within the intermediate 

range of the specification to determine if a correlation exists between BBS and % aggregate 

loss at different temperatures. The results of this testing is shown in Figure 6.14. 
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Figure 6.14.  BBS vs. aggregate loss at intermediate temperatures of the chip seal PRS. 

 

 

 

The results show that the BBS test correlates well to aggregate loss performance in 

the mixture at both 15° and 25°C. However, at 30°C, the BBS test shows a diminished ability 

to distinguish between materials as both the modified and unmodified binders exhibit little 

differentiation in terms of BBS performance. This finding at 30°C is contrary to the 

aggregate loss results at that temperature from the mixture testing, which clearly 

differentiates between the modified and unmodified binder performance in Figure 6.14. 

Nonetheless, typical intermediate temperatures based on the PRS definition go up to around 

28°C for chip seals, so the PRS test will provide valid results within the typical intermediate 

temperature regime between 15 and 28°C, as 30°C would only apply in extreme 

circumstances. Additional BBS test results displayed in Figure 6.15 show the ability of the 

binder test to differentiate between binders at 28°C, while failing to delineate between 

binders at 30°C.    
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Figure 6.15.  BBS pull-off tensile strength plotted as a function of temperature. 

 

 

 

This testing summarized in Figure 6.15 was conducted by Hanz et al. at the 

University of Wisconsin-Madison to evaluate the BBS test within the intermediate 

temperature range for PRS development. At 25C there is a clear delineation between both 

emulsion type and curing time.   The results show that up to approximately 28°C, the test 

continues to differentiate between binders in terms of bond strength performance. However, 

at temperatures of 30°C and above, the difference in BBS test performance diminishes. This 

finding is similar to the lack of sensitivity to binder type discovered in the BBS test results 

displayed previously in Figure 6.14. Essentially, for the BBS test at temperatures of 30°C and 

above, UWM researchers hypothesized that binders fail to meet the limiting stiffness 

requirement for valid BBS testing. However, typical intermediate temperature grades in the 

developed PRS go up to approximately 28°C (the intermediate temperature grade for a 

PG70-22 binder) and below, therefore the BBS test is deemed an appropriate test method for 

testing intermediate temperature binder performance.  

 

6.6.2 Development of Curing and Moisture Conditioning Protocol for BBS 

For the development of the PRS test protocol at intermediate temperatures, studies were 

conducted in order to ensure that the proposed PRS test appropriately captures mixture test 
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performance. In development of the final PRS test protocol, the curing and conditioning 

procedures utilized to characterize early and wet raveling for the binder and mixture tests 

were evaluated. 

 

6.6.2.1 Curing Recovered Residue on Substrate vs. Curing Emulsion on Substrate 

Initially, the BBS test was conducted by researchers at the University of Wisconsin-

Madison using residue on the rock (ROR) substrate. In this method, residual binder from the 

chip seal emulsion is recovered, applied to the aggregate substrate using a heated stub, and 

conditioned for 24 hours at test temperature for BBS test specimen fabrication. The results 

using the ROR method are displayed in Figure 6.16 and Figure 6.17 for the intermediate 

temperatures of 15 and 25°C. 

 

 

 
Figure 6.16.  Aggregate loss vs. BBS at 15°C using recovered residue on rock substrate 

curing method for BBS specimen fabrication. 
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Figure 6.17.  Aggregate loss vs. BBS at 25°C using recovered residue on rock substrate 

curing method for BBS specimen fabrication.  

 

 

 

The results in Figure 6.16 and Figure 6.17 show that Vialit mixture testing captures 

the aggregate loss performance differences between modified and unmodified emulsions 

consistent with previous laboratory and field findings for chip seal treatments; as the 

modified binders show a clear reduction in aggregate loss performance. However, the BBS 

test for ROR cured specimens exhibits minimal ability to delineate between binder 

performances, and shows no correlation to aggregate loss performance of the chip seal 

mixture at either 15° or 25°C.  The issue with the ROR method is that it does not accurately 

simulate the initial bond development and chemical interaction that occurs between fresh 

emulsion and aggregate when these two materials are introduced during chip seal 

construction. Based on this, it was decided that further investigation was needed into an 

alternative curing method to more accurately simulate the initial bond development between 

the aggregate and asphalt emulsion.  

The alternative curing method attempted for fabricating BBS test specimens is called 

the curing on the rock (COR) method. This method involves curing fresh emulsion directly 
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on the aggregate substrate for 20 hours, and then conducting the BBS test. This change in 

procedure was determined to more accurately simulate the bond strength development that 

occurs between the emulsion and aggregate during the first 20 hours of interaction in a chip 

seal mixture. The results of BBS testing using this method are shown in Figure 6.18 along 

with the aggregate loss mixture performance for those same materials.  

 

 

 
Figure 6.18.  Aggregate loss vs. BBS using curing on rock (COR) substrate method for BBS 

specimen fabrication.   

 

 

 

Figure 6.18 shows a strong correlation exists between the BBS test and % aggregate 

loss in the mixture when the COR method is used to fabricate specimens for the BBS test. 

Using the COR method, the fresh emulsion is immediately placed on the aggregate substrate 

prior to start of the curing process, which simulates the natural chemical interactions between 
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the emulsion and aggregate, and a more realistic adhesive bond to formulate between the 

materials. This simulates the bond development that occurs in the mixture when the 

aggregate is spread onto the fresh emulsion during chip seal mixture construction. By 

initiating a more natural curing condition, the aggregate to residual binder interface that is 

formed for the BBS test is more representative of the interface formed within the chip seal 

mixtures, leading to better correlation between the binder and mixture test results for PRS 

development.  

 

6.6.2.2 Determination of Curing Times for BBS Test 

The curing times at which the chip seal emulsions and mixtures were tested for the 

BBS test are 4 hours and 20 hours. The four hour curing time test represents the early 

raveling susceptibility in the emulsion, or the likelihood of early aggregate loss in the chip 

seal mixture when the newly constructed chip seal is initially opened to traffic. The 20-hour 

curing time test represents the late raveling that occurs once the emulsion in the chip seal has 

cured significantly, and been allowed to develop bond strength approaching its maximum 

strength. Figure 6.19 displays findings from the dissertation by JK Im (2013) conducted 

using CRS-2L emulsion cured on the aggregate substrate using the COR method.  
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Figure 6.19.  Bond strength development for a typical chip seal emulsion as a function of 

curing time (Im 2013).  

 

 

 

These results show that after 20 hours of curing, the bond strength observed from the 

BBS test is over 90% of the maximum value obtained after 72 hours of curing. Also, the 

difference between the 20 hour and 72 hour results is almost statistically insignificant based 

on the standard error associated results. Therefore, the bond strength after 20 hours of curing 

is determined to be sufficient time to characterize late raveling in the chip seal emulsion for 

the BBS test. Selecting this curing time also ensures the specimen curing time required for 

the BBS test is practical for specification purposes. 

 

6.6.2.3 Moisture Conditioning Procedure for Wet BBS and Wet Vialit 

The wet BBS test evaluates the ability of the binder to resist moisture damage which 

causes stripping, or moisture-induced aggregate loss, in the chip seal mixture. In the PRS 

specimens for the wet BBS test will undergo the same COR method as the dry BBS test 

specimens. After fabrication, specimens undergo 4 hours of dry curing in a forced draft oven 

at the temperature specified as the intermediate temperature grade. Then, the specimen is 
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placed in a heated water bath at a temperature of 40°C, which is the temperature used to 

characterize the effect of moisture damage of asphalt binders (Moraes et al. 2011). This 

moisture conditioning lasts for 16 hours before the specimen is removed from the water bath 

and allowed to dry for 1 hour prior to testing. The premise behind waiting four hours to begin 

the moisture conditioning procedure is that this represents rainfall that occurs after 

construction in the early life of the seal prior to full bond strength development. Since chip 

seal construction should never occur in rainy conditions, the moisture conditioning procedure 

should not be started immediately after specimen fabrication. Typically, the forecast is 

monitored to attempt to finish the entire chip seal construction and open the road to traffic 

(typically after approximately four hours) while conditions remain dry. Therefore, the initial 

four hour curing stage should be completely dry for simulation of field construction 

conditions, followed by the aforementioned moisture conditioning procedure simulating 

torrential rainfall during the summer season.   

Researcher JK Im conducted wet and dry BBS tests on chip seal emulsions, and the 

following results shown in Figure 6.20 were obtained. 
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Figure 6.20.  Dry vs. wet BBS test results for chip seal emulsions. 

 

 

 

The results show the effect of moisture damage on the bond strength measured using 

the BBS test. This indicates that the moisture conditioning procedure for the wet BBS test 

effectively induces moisture damage within the binder.  For both modified and unmodified 

binders, the measured bond strength for the moisture conditioned wet BBS specimens is 

significantly less than the dry bond strength. The results show that the polymer modified 

binder (CRS-2P-E) had the highest dry bond strength and also showed the highest wet bond 

strength after moisture conditioning.  

 

6.6.3 Determination of Critical Aggregate Loss Performance Limits for Vialit Test 

In order to develop bond strength limits for the PRS, the aggregate loss limit defining 

acceptable mixture performance was needed. Two aggregate loss limits were determined 

from existing research including laboratory and field chip seal experiments. The first limit 

was the maximum allowable aggregate loss limit, for any traffic level. The Alaska DOT 

(McHattie 2001) defines acceptable field aggregate loss as 10% or less for any traffic 
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situation where a chip seal is constructed. This 10% aggregate loss limit has been found in 

previous research to effectively characterize acceptable aggregate loss performance for 

MMLS3 testing as well (Lee 2007, Lee 2009, and Adams 2011). However, previous findings 

show that Vialit tested specimens exhibit higher aggregate loss than MMLS3 tested 

specimens using identical design rates, fabrication method, and materials for both test 

methods. This trend was examined in research detailed in the NCDOT “High Traffic Volume 

Polymer Modified Emulsion” project report (Im 2013). In this research, Im found a 

relationship between MMLS3 and Vialit mixture test performance for both modified and 

unmodified binders. This relationship is summarized in the table below. 

 

 

Table 6.3.  Relationship between Vialit and MMLS3 Aggregate Loss for Chip Seal 

Emulsions (Im 2013) 

 Average 

Vialit 

Agg. 

Loss 

(%) 

Average 

MMLS3 

Agg. Loss 

(%) 

Vialit to 

MMLS3 

Ratio 

MMLS3 

Agg. Loss 

Limit (%) 

Vialit 

Agg. Loss 

Limit 

(%) 

Modified 

Emulsions 

11 8 1.375 10 - 

Unmodified 

Emulsions 

22 11 2 10 10*2 = 20 

 

 

 

These results in Table 6.3 indicate that based on the 10% MMLS3 aggregate loss 

threshold, the highest allowable equivalent Vialit aggregate loss is 20%. The results indicate 

that the unmodified emulsions are more susceptible to aggregate loss due to the impact 

loading that occurs in the Vialit testing.  Therefore, a 20% maximum aggregate loss threshold 

is used for Vialit to develop the low traffic limit in the PRS, as this is equivalent to the 10% 

aggregate loss limit established for field and MMLS3 wheel loading.  Aggregate loss should 

not exceed this 20% Vialit limit even at the lowest traffic level a chip seal is exposed to, as 

the windshield damage and reduction in skid resistance associated with excessive aggregate 

loss beyond this limit can prove to be highly hazardous. 
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The high traffic aggregate loss limit, for use in the PRS development, was found 

utilizing a combination of existing literature and research findings. In the report titled, “Chip 

Seals for High Traffic Pavements” (Shuler 1991), Shuler recommends that polymer modified 

emulsions be used in high traffic situations. Additionally, the findings of the NCDOT “High 

Volume Polymer Modified Emulsion” project (Im 2013) suggest that modified binders be 

used for chip seal surface treatments in high volume traffic situations. In the NCDOT study, 

single seal and triple seal field validation sections were constructed on the same roadway 

using both modified and unmodified emulsions. The section location experienced traffic 

volumes with an AADT of approximately 5000 vehicles (more than the 2500 AADT needed 

to meet the high traffic requirement in the PRS as detailed in Section 6.2).  The chip seal 

sections were visited after the 1st year of traffic loading for monitoring. The field validation 

sections clearly showed that the modified binders outperform the unmodified binder on the 

same high volume roadway.  The unmodified section displays significant aggregate loss, 

whereas the modified sections did not show any signs of aggregate loss. Figure 6.21 shows 

the qualitative field performance rating determined from an assessment by qualified NCDOT 

personnel of the chip seal treatments after one year of field traffic. Also, the aggregate loss 

issues observed in the unmodified section is shown in Figure 6.22. 
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Figure 6.21.  Field performance rating for high volume PME sections constructed at Chin 

Page Road with a traffic volume of 5000 AADT. 

 

 

 

  
Figure 6.22.  Longitudinal and close-up images of raveling loss issues observed at the 

unmodified CRS-2 field section on Chin Page road.  

 

 

 

These field results show the inferior aggregate retention capabilities of the section 

constructed using the unmodified binder when compared to modified binder. This finding 
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was confirmed by Vialit tests in the laboratory using the CRS-2 and CRS-2P emulsions; for 

the same aggregate used in the field construction. These Vialit tests showed a significant 

improvement in the performance of the modified binder over the unmodified binders.  The 

Vialit test results comparing modified and unmodified binders are summarized in Table 6.3. 

The results from the field clearly show that unmodified binders are not suitable for high 

traffic situations, and that the developed PRS limit for high traffic should be at a limit that 

delineates modified binders from unmodified binders. Using the findings from the mixture 

testing conducted in the PRS development, the high traffic limit could be determined. The 

Vialit test results for modified and unmodified binders at multiple temperatures is 

summarized in Figure 6.23 of the following section; indicating that 15% is the aggregate loss 

threshold that delineates performance of modified binders from unmodified binders. 

Therefore, 15% aggregate loss was selected as the aggregate loss limit for developing the 

high traffic PRS binder limit at intermediate temperatures. 

 

6.6.4 Development of Specification Limits – Intermediate Temperature 

6.6.4.1 Dry BBS vs. Aggregate Loss Relationship 

For development of the PRS at intermediate temperatures, the relationship between 

bond strength and % aggregate loss will be used to determine the critical bitumen bond 

strength (BBS) value defining acceptable performance in the chip seal mixture. The observed 

relationship between BBS and % aggregate loss is displayed in Figure 6.23 for multiple 

temperatures within the intermediate temperature range. 
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Figure 6.23.  Relationship between % aggregate loss and BBS within the intermediate 

temperature range. 

 

 

 

The results in Figure 6.23 show a strong correlation exists between the BBS binder 

parameter and % aggregate loss of the chip seal mixture at intermediate temperatures. At 

lower bond strength values the adhesion bond strength between aggregate and the emulsion, 

as well as the cohesive strength within the emulsion, is too low to resist aggregate loss under 

loading. Conversely, at higher bond strength values the emulsion shows better ability to 

retain aggregate, as a higher tensile force is required to induce failure in the binder test. 

Meanwhile, the results display that the observed linear relationship is maintained at 

significantly different temperatures of 15° and 25°C, within the intermediate temperature 

range. Figure 6.23 also shows the sensitivity of both the BBS and Vialit tests to the effect of 

emulsions modification, as the polymer and latex modified emulsions consistently show 

higher bond strength and lower aggregate loss than the unmodified emulsions. All of the 
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modified binders exhibit aggregate loss performance below 15%, while all of the unmodified 

binders display aggregate loss behavior above the 15% threshold. Thus, the BBS test exhibits 

a strong correlation with the critical mixture performance measure of aggregate loss at 

intermediate temperatures, and also effectively delineates between emulsion types which is 

critical for the PRS. These findings displayed in Figure 6.23 provide sound evidence that the 

BBS is suitable as the test method for specifying intermediate temperature performance. 

With this relationship established at intermediate temperatures, the BBS test limits can be 

established for the chip seal PRS. 

 

6.6.4.2 Development of Dry BBS Limits 

The established relationship between BBS and % aggregate loss provides the 

foundation for developing the specification limit for bond strength. For the BBS test, a 

minimum emulsion bond strength should be determined that characterizes acceptable 

performance for chip seal treatments. In accordance with the PRS framework concept of 

three traffic classes for grading purposes (e.g. low, medium, and high traffic), three minimum 

bond strength limits will be developed to define acceptable performance for the three 

different traffic classes in the PRS. 

 

 Low Traffic Bond Strength Limit 

In order to determine the low traffic minimum bond strength limit for chip seal 

emulsions at intermediate temperatures, the relationship between BBS and % aggregate loss 

is employed; along with the 20% mixture aggregate loss limit. The 20% aggregate loss limit 

established in Section 6.6.3 is used to determine the low traffic limit in the PRS because all 

chip seal mixtures should exhibit aggregate loss performance below this maximum threshold 

in order to be deemed acceptable. Therefore, the minimum bond strength value associate 

with 20% aggregate loss defines the minimum binder bond strength allowable for use in a 

chip seal mixture, even at the low traffic level. The establishment of the minimum bond 

strength value for low traffic in the PRS is exhibited in Figure 6.24. 
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Figure 6.24.  Determination of minimum BBS limit for low traffic. 

 

 

 

In the figure, the previously established 20% maximum limit for Vialit % aggregate 

loss is utilized to find the minimum bond strength associated with the 20%  aggregate loss 

threshold.  From this approach, a minimum bond strength of 400 kPa was determined as the 

binder limit for low traffic in the PRS. This bond strength limit is suitable for the low traffic 

level because, regardless of the traffic demand on a given roadway, the aggregate loss should 

not exceed a certain level due to the safety and liability issues associated with high aggregate 

loss.  The results in the figure show that when the binder bond strength measured is below 

400 kPa, mixture aggregate loss using those binders exceeds 20%, which is not acceptable 

for chip sealing. Thus, the minimum bond strength an emulsion should exhibit to be deemed 

acceptable for use in chip sealing is 400 kPa, and any emulsion with a measured BBS value 

lower than 400 kPa would fail to meet the PRS at intermediate temperature grade. 
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From Figure 6.24, it can be seen that all standard emulsions, both modified and 

unmodified, pass the low traffic limit for the intermediate temperature PRS.  This finding is 

reasonable as all of the standard emulsions utilized in this research are commercial 

formulations that are in-service nationwide. Therefore, it is expected that these emulsions are 

able to meet the low traffic limit in the PRS; meaning these emulsions are acceptable for use 

at AADT from 1-500 vehicles. The only emulsion that failed at low traffic is a poor 

performing unmodified emulsion tested at 15°C, which is symbolized by an “x” in Figure 

6.24. The difference between standard and poor performing emulsions was defined 

previously in Section 6.1 of this document. This particular poor performing emulsion was 

modified by the emulsion supplier in order to exhibit poor performance with regard to 

aggregate retention by changing the emulsifier type from the typical emulsifier used in their 

standard emulsion formulation. Also, the supplier changed the emulsifier content and used a 

very high demulsibility approaching 100%.  Demulsibility is defined as the ability to release 

water, or the rate at which a liquid separates from an emulsion. A high demulsibility results 

in an emulsion that has a very quick rate of water release (or faster curing/breaking rate). As 

a result of the emulsion breaking too fast, the bond between the aggregate and the emulsion 

is not allowed to form properly. This reduction in bond strength causes a lower measured 

BBS value and higher aggregate loss in the mixture, as observed in the poor performing 

emulsion shown in Figure 6.24. Therefore, this poor performing emulsion failing to meet the 

specification at the lowest traffic level (as it had a measured BBS value below 400 kPa) of 

the specification is expected, as this emulsion was formulated to perform unacceptably in 

terms of aggregate retention. This poor performing material had the lowest BBS value of all 

of the emulsions tested, which exhibits the BBS ability to identify poor performance in 

binder material, which is critical for the overall effectiveness of this test for specification 

purposes.    

 

 High Traffic Bond Strength Limit 

For development of the high traffic bond strength limit, the 15% high traffic 

aggregate loss limit (as defined in Section 6.6.3) along with the relationship between BBS 
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and % aggregate loss was used to determine the appropriate high traffic BBS bond strength 

limit. The development of the minimum bond strength limit for high traffic at intermediate 

temperatures is displayed in Figure 6.25. 

 

 

 
Figure 6.25.  Determination of minimum BBS limit for high traffic. 

 

 

 

Figure 6.25 shows how the minimum bond strength is derived from the 15% 

aggregate loss limit (as defined in Section 6.6.3) for high traffic at intermediate temperatures. 

The minimum bond strength for high traffic in the PRS is 800 kPa. The results show that all 

of the modified binders exhibit aggregate loss below the 15% critical Vialit aggregate loss 

limit for modified binders. Meanwhile, the unmodified binders all exhibit aggregate loss 

above 15% Vialit aggregate loss, and therefore, the BBS binder testing determines that these 
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binders are inappropriate for high traffic chip seal construction for any intermediate 

temperature grade between 15° and 25°C. 

Thus, the defined minimum bond strength limit of 800 kPa differentiates between 

modified and unmodified binders, signifying that it is an appropriate limit for high traffic in 

the PRS at intermediate temperatures.  This reasoning is supported by field chip seal 

experience which strongly indicates that modified binders should exclusively be used at high 

traffic. 

 

 Medium Traffic Bond Strength Limit 

With low and high traffic bond strength limits established for the intermediate 

temperature chip seal specification, a bond strength limit was needed to characterize 

acceptable medium traffic emulsion performance. It was determined that a reasonable 

approach was to use the average of the low and high traffic bond strengths to develop this 

limit. Based on this approach, a minimum bond strength limit of 600 kPa was determined for 

medium traffic at intermediate temperatures which is shown in Figure 6.26. This corresponds 

to 17.5% Vialit aggregate loss in the chip seal mixture, which is the average of the previously 

established low and high aggregate loss limits. 
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Figure 6.26.  Determination of minimum BBS limit for medium traffic. 

 

 

 

6.6.4.3 Development of Early Raveling Bond Strength Limits 

For developing the bond strength limits for early raveling (at four hours dry curing) 

the same mixture aggregate loss limits of 15%, 17.5%, and 20% were utilized for the 

respective limits for the three traffic classes in the PRS as were used in determining the late 

raveling (20 hours dry curing) bond strength limits. The bond strength limits determined 

from the early raveling Vialit test results at 25°C are displayed in Figure 6.27. 
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Figure 6.27.  Determination of PRS limits for the early curing BBS test conducted after 4 

hours of curing.  

 

 

 

From the results in the figure, it can be seen that a unique relationship exists between the 

BBS value measured from the binder and % aggregate measured from the mixture. This 

relationship is used to define the minimum bond strength limits at multiple traffic levels for 

the PRS.  

The following list summarizes the limits developed for early curing performance: 

 Low Traffic: AADT < 500 

o Minimum Bond Strength: 200 kPa 

 Medium Traffic: AADT 500-2500 

o Minimum Bond Strength: 250 kPa 

 High Traffic: AADT  > 2500 

o Minimum Bond Strength: 300 kPa 

While none of the binders tested for early curing exhibit 20% aggregate loss 

performance, the trend is extrapolated to predict the BBS value corresponding to 20% 
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aggregate loss threshold for the lowest traffic level. This low traffic minimum bond strength 

limit of 200 kPa indicates that after 4 hours of curing, if the emulsion has not developed at 

least 200 kPa of bond strength, it will likely have performance issues when opened to traffic 

after construction. The ultimate goal of this testing is to ensure that even as the bond strength 

develops in the early life of the seal, the chip seal should not show mixture aggregate loss 

susceptibility beyond a threshold of 20%.  This goal is independent of the curing time, with 

the minimum curing time considered in the PRS representative of an average traffic opening 

time in the field.  Therefore, even though a chip seal will show higher aggregate loss at 4 

hours than at 20 hours curing, the aggregate loss limits defining acceptable performance do 

not change. For medium and high traffic, the early curing minimum bond strength of 250 and 

300 kPa defines performance, respectively. As expected, these limits should be higher than 

the low traffic limit because higher early bond strength is required to retain aggregates that 

will experience a higher rate of traffic loading. 

For the BBS test results shown in Figure 6.27, all of the modified emulsion pass the 

specification limit at the highest traffic level, while the unmodified neat emulsion passes the 

early curing limit at medium traffic. 

6.6.4.4 Development of Wet Bond Strength Limits 

For determining the minimum bond strength limits for the wet BBS test (described in 

Section 4.1.2.2), again the aggregate loss limits of 15, 17.5, and 20% were utilized for the 

three traffic classes; which were also used in the establishment of the PRS minimum bond 

strength limits for the 4 and 20 hour curing conditions. The same mixture aggregate loss 

limits were used to define performance in all conditions because certain levels of aggregate 

loss are unacceptable regardless of the condition that causes them. The purpose of conducting 

early raveling, late raveling, and wet raveling tests is that it is important to ensure that 

emulsions do not exhibit high susceptibility to aggregate loss under any of the conditions 

typically associate with excessive aggregate loss in the field. Using aggregate loss limits to 

define the minimum wet bond strength performance for each traffic class, the PRS limits for 

the wet BBS test are determined in Figure 6.28.    
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Figure 6.28.  Determination of PRS limits for wet BBS test after 4 hours of dry curing and 16 

hours of moisture conditioning at 40°C. 

 

 

 

The following list summarizes the limits developed for wet aggregate loss performance: 

 

 Low Traffic: AADT < 500 

o Minimum Bond Strength: 200 kPa 

 Medium Traffic: AADT 500-2500 

o Minimum Bond Strength: 325 kPa 

 High Traffic: AADT  > 2500 

o Minimum Bond Strength: 450 kPa 
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The results in Figure 6.28 indicate that all of the tested binders pass the minimum wet 

bond strength limit at low traffic of 200 kPa. Only one binder, a polymer modified binder, 

passes the minimum wet bond strength limit for high traffic. 

In comparing the 20 hour dry bond strength to the 20 hour wet bond strength for these 

binders, it can be seen that moisture damage is occurring in these emulsions. 

 

 

 
Figure 6.29.  Comparison of dry and wet bond strengths for modified and unmodified 

emulsions. 

 

 

 

The results indicate that the difference between the dry bond strength and wet bond 

strength is significant. The bond strength consistently decreases as a result of the moisture 
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resistance in the polymer modified binder is that the polymer modified binder has a higher 

viscosity than the other materials.  The viscosity of the binder and presence of polymer are 

known to have an effect on the likelihood of stripping in the asphalt binder.  Asphalt binders 

with higher viscosities better resist displacement in the presence of moisture than lower 

viscosity binders; due to higher concentration of polar functionalities in modified binders 

which provide additional resistance to stripping (Bahia et al. 2007).  This commentary on the 

advantages of polymer modified binders in terms of moisture damage resistance is 

substantiated by the results of the mixture testing provided in Figure 6.28. 

 

6.7 Chip Seal PRS Development - Low Temperature 

In chip seal mixture specimen testing, it was found that at low temperatures cohesive 

failure within the binder occurs due to the brittle nature of the material when loaded at typical 

low temperature grades. However, there is currently no low temperature fracture test for 

asphalt materials that properly assesses the fracture potential of a chip seal binders for use in 

the chip seal PRS. Therefore, as with the Superpave specification for hot mix asphalt binders, 

the low temperature grade in the developed chip seal PRS is defined as the minimum one-day 

pavement surface temperature for the year, in degrees Celsius. At low temperatures, the 

developed chip seal PRS will adopt the HMA PG specification which characterizes a 

binder’s resistance to low temperature thermal cracking for long-term aged residue. Current 

specifications for the low temperature performance of hot asphalt binder makes use of the 

bending beam rheometer (BBR) test specified in AASHTO 313-02. Low temperature BBR 

properties are determined from an extrapolation of DSR test results using the time-

temperature superposition principle. Current HMA specification states that all binders should 

meet the following requirements: 

 

 S (60) < 300 MPa 

 m (60) > 0.3 MPa/s  

The first requirement is for the maximum creep stiffness, represented by the S (60) 

parameter, measured for the binder at 60 seconds. Research found that asphalt binder 
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stiffness from the BBR test at two hours loading correlated well with the thermal cracking 

performance of in-service HMA pavements (Pavement Interactive, 2011). However, two 

hours was deemed too long for a specification laboratory test, so the time needed to be 

shortened. The time-temperature superposition principle was used to allow test results from a 

shorter loading time (e.g. 60 seconds) to be utilized to estimate test results at a longer loading 

time. It was found that the BBR stiffness at 60 seconds loading time measured 10°C higher 

than the low temperature specification grade, equating to asphalt binder stiffness at 2 hours 

loading time in the field at the low temperature specification grade. Therefore, BBR stiffness 

for 60 seconds loading time is used, at a test temperature 10°C higher than the low 

temperature specification, to characterize binder stiffness at the low temperature grade. For 

example, with a PG58-22 binder the test temperature would be at -12°C, or 10°C higher than 

the low temperature specification of -22°C. For the second requirement creep stiffness is 

calculated as a function of time. The m-value parameter, called the stress relaxation modulus, 

is the slope of the master stiffness vs. time curve and measures the rate of stress relaxation 

within the binder (The Asphalt Institute 1997). 

However, it is difficult to apply this test directly to evaluation of emulsion residues as the 

quantity of residue from typical recovery methods such as the method specified in ASTM 

D7497 Method B used in the development of the chip seal PRS. The amount of residue 

obtained using this method is small which means the recovery time required to make each 

BBR beam is impractically high. Also, preparing BBR beams requires heating the material to 

temperatures well above the conditions it would experience during construction, which could 

result in unintended aging of the material. As an alternative, estimating low temperature 

performance based on intermediate temperature testing was proposed. The method was 

adapted from the SHRP program, in which it was stated that DSR shear parameters (|G*| and 

δ) measured at intermediate temperatures can be used to estimate flexural creep properties 

(i.e. S and m) at low temperatures. The estimation requires conversion from shear to flexural 

creep properties and development of shift factors to account for the differences in testing 

temperature. The test involves a frequency sweep conducted at 5°C, 10°C, and 15°C at a 

frequency range of 1 – 100 rad/s and a strain of 1%. The data is used to generate a master 
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curve to estimate G* and δ at the frequencies and test temperatures that correspond to the 

BBR conditions (loading time and temperature) of interest.   

Researchers at the University of Wisconsin-Madison, with expertise in binder testing, 

conducted low temperature testing as described above on all of the emulsions included in the 

PRS development to determine the material performance of chip seal emulsions with regard 

to the low temperature specification limits. The results are shown in Figure 6.30 and Figure 

6.31.   

  

 

 
Figure 6.30.  Stiffness (S) estimated for BBR temperature at -6°C, -12°C and -18°C. 
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Figure 6.31.  m-value estimated for BBR temperatures of -6°C, -12°C and -18°C. 

 

 

 

The low temperature test results in Figure 6.30 and Figure 6.31 show that all of the 

binders meet the low temperature S & m requirements at a test temperature of -6°C, which 

equates to meeting a PG grade of -16°C. Likewise, all of the binders meet the S limit of 300 

MPa at -12°C, while just four of the binders fail to meet the m-value limit of 0.3 at that same 

temperature. Therefore, those four binders would be graded as -16°C, since they fail to meet 

the m-value requirement at the specification temperature of -22°C. All of the other binders 

which meet the low temperature requirements at the test temperature of -12°C would be 

acceptable for use at -22°C. Only two binders, CRS-2-A, and PP-CRS-2-A meet both the S 

and m-value specification limits at -18°C, and would be graded as -28°C materials. 

 

6.8 Chip Seal PRS Summary 

A summary of the developed chip seal PRS as developed herein is provided in Table 

6.4. 
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Table 6.4.  Summary of Chip Seal PRS Limits. 

 
 

 

 

In addition to the PRS limits (summarized in Table 6.4) established in this 

dissertation, the chip seal PRS will also include fresh emulsion testing that defines the 

appropriate storage stability and emulsion properties for construction. Emulsion properties 

during construction have a major effect on the performance of asphalt surface treatments in 

the field. Asphalt emulsions used in the construction of surface treatments are multiphase 

systems that are composed of water, asphalt cement, emulsifier, and in some cases, 

modifiers. The different phases are expected to remain homogenous during storage, pumping, 

transportation, and construction. The research focuses on storage stability, sprayability, and 

drain-out to characterize the fresh emulsion properties most critical to successful storage and 

construction of chip seal surface treatments. 

Storage stability is defined as the ability of an emulsion to resist significant change in 

properties over time (Redelius 2006). An unstable emulsion may cause serious problems with 

the asphalt distribution in the emulsion, or the emulsion spraying process if the material has 

broken during storage (SFERB 2008). The storage stability of the asphalt material before and 

during construction has a direct effect on the rheological properties (e.g., viscosity) of fresh 

Distress Type Temperature Range
Performance

Parameter
Traffic Level Specified Limit

Bleeding High MSCR Jnr

Low Max Jnr: 8 kPa-1

Medium Max Jnr: 5.25 kPa-1

High Max Jnr: 3.25 kPa-1

Late Raveling Intermediate Bond Strength

Low Min. Bond Strength: 400

Medium Min. Bond Strength: 600

High Min. Bond Strength: 800

Early Raveling Intermediate Bond Strength

Low Min. Bond Strength: 200

Medium Min. Bond Strength: 250

High Min. Bond Strength: 300

Wet Raveling Intermediate Wet Bond Strength

Low Min. Bond Strength: 200

Medium Min. Bond Strength: 325

High Min. Bond Strength: 450

Thermal Cracking Low
S (60)

N/A
< 300 MPa

m (60) > 0.3
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asphalt emulsions. The rheological properties directly affect performance constructability 

parameters, such as the sprayability of the surface treatment. Thus, it is important to evaluate 

the impact of storage stability on the emulsion’s rheological properties as it relates to the 

construction of surface treatments. 

The two most important construction parameters for emulsion during chip seal 

construction are sprayability and drain-out. Sprayability is the ability of an emulsion to be 

sprayed in a uniform thickness across the surface of the existing pavement (Asphalt Institute 

2008). An emulsion that is too viscous during the spraying process will result in streaking 

and partial loss of the cover aggregate. Drain-out is defined as the ability of an emulsion to 

resist draining off the pavement surface via gravity after spraying (Bahia et al. 2008). Drain-

out can lead to premature aggregate loss due to the lack of a sufficient amount of binder that 

is needed for proper aggregate embedment. 

The emulsion testing for storage stability, sprayability, and drain-out was conducted 

at UWM, and the specification limits for these parameters were determined by the NCSU 

pavement preservation research group.  The methodology behind these fresh emulsion PRS 

limits are not provided herein, as the development of those limits was not included in this 

dissertation research.  These limits are only described in this document and listed in Figure 

6.32 as a part of the full chip seal PRS that has been developed. An example of the developed 

draft chip seal PRS is displayed in Figure 6.32. 
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Figure 6.32.  Example of the performance-related specification table for chip seal surface 

treatments. 

 

 

 

6.9 Short Term Chip Seal PRS Validation Findings 

For short term validation of the developed PRS, 1000 ft. field validation sections were 

constructed in Knightdale, NC on a road section that experiences an AADT of approximately 

2000 vehicles which qualifies as medium traffic (i.e. an AADT between 500 and 2500 
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vehicles) in the developed PRS.  Single seal were constructed using the CRS-2L-NC 

emulsion, while triple seal sections were constructed using both CRS-2-NC and CRS-2L-NC. 

These emulsions used to construct field sections were also the CRS-2-NC and CRS-2L-NC 

materials tested using both mixture and PRS binder test protocols described earlier in this 

document. Field emulsions were sampled directly from the asphalt spray tanker on the day of 

construction in order to capture the PRS binder test performance to be compared with the 

observed field performance of the binders in the chip seal mixture. 

According to NCDOT state pavement design engineer Clark Morrison, asphalt binders 

with a high temperature grade of 64°C are typically used for HMA surface layer construction 

based on climate, under normal traffic conditions. Since the binder in a newly constructed 

thin HMA and chip seal treatment should experience similar field surface pavement 

temperature, this high temperature grade is used to validate the performance of the 

constructed chip seal sections under medium traffic loading. 

The results of the MSCR test measuring high temperature binder performance for the 

PRS at 64°C yields the following results at a test temperature of 64°C: 

 

 CRS 2L-NC: MSCR Jnr  = 3.27 kPa-1 

 CRS-2-NC: MSCR Jnr  = 4.25 kPa-1 

 

The developed chip seal PRS defines acceptable medium traffic performance as a binder 

with a maximum Jnr measurement of 5.25 kPa-1. Therefore, both of these binders pass the 

high temperature PRS limit for medium traffic at 64°C. Therefore, these binders would be 

graded as 64°C for high temperature specification, and should not exhibit bleeding in the 

chip seal field validation sections.  These PRS results were validated as none of the single or 

triple seal sections exhibited any signs of bleeding after over one year in service. 

Based on the PRS definition stating that the intermediate temperature grade is the average 

of the high and low temperatures grades plus four degrees, the typical North Carolina 

climate-based binder grade  of 64-22 yields an intermediate temperature grade of 25°C.  This 

intermediate grade is found as the average of 64°C and -22°C = 21°+4°= 25°C. Therefore, 
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the PRS intermediate temperature test, specifying minimum bitumen bond strength for 

medium traffic roadways, was conducted at 25°C for the two emulsions used in the field 

validation sections in Knightdale, NC.  The result of the testing yields the following: 

 

 CRS-2L-NC: 875 kPa 

 CRS-2-NC: 604 kPa 

 

The chip seal PRS defines acceptable medium traffic performance as an emulsion with a 

minimum bond strength measurement greater than or equal to 600 kPa after 20 hours of dry 

curing. Therefore, both of these binders pass the intermediate temperature PRS limit for 

medium traffic and should not exhibit excessive aggregate loss in the chip seal field 

validation sections; as these sections were subjected to medium traffic volumes during the 

one year evaluation period. 

Based on the NCDOT recommended low temperature grade of -22°C for asphalt binders, 

the low temperature S & m results for the emulsions used in the short term validation 

sections would grade binders the same as the NCDOT recommendation. Low temperature 

stiffness (S) & m-value test results for these binders are provided in Section 6.7. The CRS-2-

NC binder has measured stiffness (S) values well over 300 MPa at -28°C indicating failure at 

that temperature, while passing at -22°C in the PRS. Likewise, the CRS-2-NC also fails the 

m-value spec limit at 28°C, while passing at -22°C. Therefore, based on the binder stiffness 

test, the CRS-2-NC would grade as a -22 in the low temperature specification. The CRS-2L-

NC binder passes the S specification limit with a measured stiffness of 250 MPa at -28°C. 

However, the binder fails to meet the m-value spec limit at -28°C with an m-value below 0.3. 

Therefore, the CRS-2L-NC also receives a low temperature grade of -22. Based on the results 

of the PRS testing of the CRS-2-NC and CRS-2L-NC binders the field validation sections 

constructed using these asphalt materials should exhibit acceptable field performance, as they 

would both be grade as CRS-PG64-22M materials in the chip seal PRS. 
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Figure 6.33 and Figure 6.34 demonstrate the field performance of the short term field 

validation sections constructed using the CRS-2-NC and CRS-2L-NC emulsions after 15 

months in service. 

 

 
Figure 6.33.  CRS-2 field validation section showing no performance issues. 

 

 

 

 
Figure 6.34.  CRS-2L field validation section showing no performance issues. 
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The field sections shown in Figure 6.33 and Figure 6.34 did not exhibit bleeding under 

medium volume traffic loading. Likewise, no excessive aggregate loss was observed, as this 

distress is usually visible in the form of bare spots and/or aggregate sized holes in the chip 

seal treatment. Therefore, these field observations are in agreement with the expected chip 

seal performance based on the PRS grade attributed to these emulsion materials for the 

climatic and traffic loading conditions experienced by the sections. 

 

6.10 Long Term PRS Validation Plan 

The long-term validation plan will be used to validate the developed PRS with a 

combination of in-situ field sections as well as laboratory testing. The overall concept of the 

long term validation plan is to test binders in accordance with the chip seal PRS and grade 

them accordingly. Once each binder is graded, field sections will be constructed in locations 

nationwide that are appropriate for the specified temperature and traffic grade of the binder in 

order to monitor the performance of the field validation sections over the design life of the 

surface treatments. If necessary, adjustments will be made to the specification to account for 

the findings in the long term validation plan.  The subsequent sections outline further details 

regarding the long term field validation plan. 

 

6.10.1 Request Participation for Field Section Construction 

At the onset of the long term field validation, a request will be made to state DOT’s 

which construct chip seal (as some DOT’s contract out chip sealing work in their state) to 

request participation in long term validation plan. For inclusion in the long term validation 

plan, each state DOT will be asked to agree to the following tasks: 

 

 Provide information on, and access to, typical construction materials used for chip 

sealing in the DOT’s respective locations. 

 Participate in pre-construction meetings to introduce research-based field construction 

methodology to the DOT construction team. These meetings will be used to 

familiarize the construction team to the research objectives of the field construction, 
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and test methods to be conducted, to ensure that all involved parties are on the same 

page. 

 Participate in a construction planning meeting to discuss prospective sites for 

construction (to be determined based on existing surface condition, vertical and 

horizontal road alignment, traffic level, etc.) and specific roles the research team and 

DOT will be responsible for on the day of construction.  

 Determine prospective locations for field construction based on certain criteria and 

visit viable locations with research team for selection of the final construction site. 

 Pre-construction staking and pavement marking to define section start/end points for 

each field validation section. 

 Provide samples of the field construction materials (i.e. aggregate and emulsion) for 

the laboratory portion of the research. 

 Construct sections using the performance-based mix design to eliminate design 

variability.  

 Construct chip seal sections and provide the appropriate traffic control for execution 

of the research plan. This traffic control should remain in place until all research 

objectives are met on the day of construction. 

 Provide additional traffic control for field monitoring of constructed sections in 

accordance with the performance monitoring schedule (detailed in Section 6.10.6) 

 

Once the interested state DOT’s are determined and each formally agrees to the above list 

of requirements, the research team will select which DOT’s to include in the construction of 

the validation sections for the PRS based on certain factors. These factors affecting the 

selection of specific DOT’s for construction are defined in the next section. 

 

6.10.2 Selection Criteria for Long Term Validation Plan 

The long term validation plan will require that PRS validation sections are constructing in 

each of the four FHWA climatic zones. These zones include: 
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 Wet-freeze  

 Wet-no freeze 

 Dry-freeze 

 Dry-no freeze 

 

A wet region is defined as a region where the average annual rainfall is over 508 mm. 

While a freeze region is defined as a region with an average freezing index of more than 83.3 

degree-Celsius days. For example, 10 degree-Celsius days could mean there are 10 days with 

a mean air temperature of 1°C below freezing, or 5 days with a mean air temperature of 2°C 

below freezing. (Wang, 2005). Therefore, the final list of DOT’s selected for inclusion in the 

long term validation plan will collectively represent chip sealing in all four of these FHWA 

climatic zones. 

Also, each state DOT should be able to identify prospective sites for any of the three 

defined PRS traffic levels (i.e. low, medium, and high) for construction. Prior to 

construction, the emulsions that are typically used for chip sealing in each region will be 

acquired, tested in the developed PRS, and graded accordingly. Once the emulsion grades are 

determined, each emulsion materials will be constructed at the traffic level appropriate for its 

grade. 

 

6.10.3 Development of a Material Acquisition Plan 

It is important for the long term validation of the PRS to include a wide variety of 

emulsion types in the specification. Therefore, part of the selection process for inclusion in 

the study is to ensure that the collective of included DOT construction teams represent a wide 

range of emulsion types used (e.g. cationic rapid setting, anionic rapid setting, high float 

rapid setting, etc.). Along with changing emulsion type, the different climatic zones 

represented will result in different grades of emulsion within each emulsion type as well (e.g. 

CRS-PG64-22, CRS-PG70-22, etc.). Therefore, careful planning is required to ensure that a 

representative set of emulsions types and grades are included and tested in the long term 

validation plan.  
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A sample of each aggregate source used in the long term validation plan will be 

obtained by the research team. This is needed because the performance based mix design 

requires a representative sample of the source aggregate in order to capture the effect of 

aggregate size, density and gradation in the mix design for each aggregate. 

Once the materials to be acquired are determined, the research team will need to 

develop the plan to have the materials delivered to the laboratory for testing. A sample of 

every emulsion material included in the long-term validation plan will need to be acquired at 

two different time periods. The first emulsion sample acquisition will be acquired directly 

from the emulsion supplier in order to test and grade the emulsion prior to construction. The 

second sample will be acquired directly from the emulsion spray tanker on the day of 

construction. This second sample will be used to ensure that the emulsion and residual binder 

test results have not changed significantly from the graded sample to the actual construction 

sample, as a means of quality assurance. All emulsion acquisition should be scheduled in 

such a manner to ensure that all emulsion materials can be tested in the PRS within two 

weeks of arrival at the laboratory.   

 

6.10.4 Quality Control and Quality Assurance 

Various measures should be taken in order to control and assure the quality of the 

chip seal sections that are constructed under the long term PRS validation plan. First, DOT 

construction teams should be utilized who have extensive experience successfully 

constructing chip seal treatments in their respective locations. Prior to construction, 

equipment cleaning and all necessary calibrations should be completed in order to minimize 

construction variability. Also, sections should be swept to remove dust and debris from the 

existing surface prior to application of the emulsion, and any minor distresses observed on 

the existing pavement surface should be noted and corrected (e.g. crack sealing). Existing 

pavement surfaces exhibiting major distresses should not be candidates for construction in 

the long term validation plan. 

During construction, the asphalt sprayer nozzles should be closely monitored for 

clogging, and the chip seal surface should be visually evaluated for signs of streaking. 
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Likewise, the aggregate spreader, and the resulting surface after aggregate application, 

should be monitored for inconsistency in aggregate application rates which could result in 

issues such as bare spots in the seal. 

After construction is complete, the research team will extract specimens from a defined 

sampling area of each section using an established field sample extraction method to obtain 

chip seal specimens for the following purposes: 

 

 Measuring EAR and AAR for each section using ignition oven testing (as specified 

by ASTM D6307) for rate validation. 

 Laboratory aggregate loss and bleeding testing to measure performance of each chip 

seal treatment using MMLS3. 

 

6.10.5 Experimental Design Factor Summary 

The experimental design for the long term validation plan will test and capture the effect 

of the following factors: 

 

 Four FHWA climatic zones 

 Multiple traffic grades within each climatic zone  

 Multiple emulsion grades within each zone 

 Multiple validation sections per location with one emulsion type utilized per section 

for direct performance comparison of binder grades for the same road conditions, 

whenever possible. 

 

6.10.6 Performance Monitoring Schedule 

After construction of each chip seal field validation section is complete, the research team 

will monitor the performance of the section at the following time intervals: 

 

 Immediately after summer construction of the chip seal 

 One day after traffic is opened to the chip seal 
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 After sweeping has removed any remaining loss aggregate from the seal 

 After 1st winter 

 After 2nd summer (with the 1st summer being the summer of construction) 

 After each winter and summer each subsequent year in design life of seal. 

 

The timing of monitoring has been determined based on previous research efforts 

indicating the most critical times to monitor performance (Adams 2011). This research has 

found that monitoring the chip seal immediately after construction, one day after traffic is 

opened, and after sweeping ensures the very critical early performance of the treatment is 

captured. Most aggregate loss that occurs in a surface treatment occurs within the initial days 

of exposure to traffic; therefore these early measurements are critical. Likewise, monitoring 

after the 1st winter is important because it captures the effect of low temperature aggregate 

loss that can occur at low temperature extremes when the asphalt binder becomes brittle and 

susceptible to fracture. Conversely, monitoring after the 2nd summer will capture the long 

term bleeding performance of the treatment at high temperatures. This monitoring should be 

continued after every subsequent winter and summer in order to capture the performance 

after the chip seal has been exposed to the high and low pavement temperature extremes for 

which it was graded by the developed PRS. 

The monitoring of each field validation section will include: 

 

 Laser scanning to assess surface texture and embedment depth of the seal 

 Photograph each section to capture visual changes in the chip seal 

 Conduct qualitative pavement condition survey 

 Traffic monitoring 

 

Laser scan data will be used to quantitatively assess the changes in surface texture over 

time, which is related to the skid resistance of the roadway. Also, the scan data will be used 

to monitor the changes in embedment depth in the surface treatment as a function of time.   
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Photographs of the sections should be taken at every field monitoring. These photographs 

should include both wheel paths, as this is the area where critical distresses for chip seal 

treatments are most prevalent. Both close-up, and distance photos in the longitudinal 

direction of the roadway, should be captured. 

In order to conduct the qualitative chip seal condition survey in different locations across 

the nation, a consistent chip seal condition rating method needs to be developed. This 

qualitative rating method should clearly define how distresses and performances will be 

measured and/or categorized qualitatively. Also, the conditions under which the survey 

should be conducted should be specified (e.g. conducting survey when surface is dry, etc.). 

Existing DOT pavement condition protocol will be reviewed and incorporated into the new 

pavement condition survey, where appropriate, in order to develop an effective and 

consistent means of assessing chip seal condition in a wide variety of locations. 

Additionally, each field section should be monitored to obtain traffic count data, ideally 

sorted by FHWA vehicle class with measured weight. This will provide valuable insight into 

the true traffic load experienced by the chip seal sections during its design life, and will 

ensure the chip seal is being tested at the true traffic level for which it has been graded.  The 

collection of traffic data is critical for evaluating the traffic grades associated with the 

developed PRS. 

 

6.11 PRS Conclusions  

The chip seal PRS provides pavement practitioners with performance-related binder tests 

and specification limits that characterize fresh emulsion and residual binder material 

properties, in terms of anticipated chip seal mixture performance and resistance to critical 

distresses, for the specific climatic and traffic loading conditions the chip seal experiences. In 

the development of the chip seal PRS, the following conclusions were made in this 

dissertation: 

 

 The MSCR and BBS tests demonstrate the ability to effectively differentiate between 

binder types for the material property measured for the PRS. 
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 At high temperatures in the PRS, a strong relationship exists between MSCR Jnr at the 

3.2 kPa stress level and MMLS3 % bleeding for the defined PRS traffic levels. 

Binders with lower measured Jnr values, such as modified binders, are more resistance 

to permanent strain under traffic loading as these materials are stiffer and less 

susceptible to bleeding at high temperatures.   

 At PRS intermediate temperatures, a linear relationship exists between bitumen bond 

strength (BBS) and Vialit % aggregate loss indicating that higher bitumen bond 

strength is directly related to resistance to aggregate loss in the chip seal mixture.   

 A linear relationship exists between wet bond strength and wet aggregate loss in 

binders such that the wet bond strength test can be used to characterize the potential 

for moisture susceptibility in chip seal binders. 

 A linear relationship exists between early bitumen bond strength and early raveling 

(aggregate loss) of chip seal mixture specimens after four hours of curing such that 

the resistance of a binder to early raveling when the chip seal is initially opened to 

traffic can be characterized using the measured bitumen bond strength after four 

hours of curing. 

 Based on the established relationships between each PRS binder test and the 

associated critical chip seal mixture performance measure, PRS limits were derived 

that characterize acceptable binder material performance at multiple traffic levels and 

climatic conditions. 

 A strong relationship exists between bleeding and rutting performance for chip seal 

surface treatments.  This relationship holds for different high temperatures between 

46°C and 58°C, and at multiple applied MMLS3 wheel passes.    

 Field sections constructed in Knightdale, NC using modified and unmodified 

emulsion, observed for the 1st year of medium field traffic loading, provide short term 

validation of the chip seal PRS at the temperature and medium traffic level for which 

the emulsions were graded. 

 An outlined long term validation plan will validate the developed PRS using field 

sections constructed in a wide variety of climatic and traffic conditions under which 
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chip seals are subjected to nationally.  Emulsions used in the field construction will 

be sampled and tested using the developed chip seal PRS, and these sections will be 

monitored through the design life of the treatment to assess the long term 

performance of the chip seal treatment. 

  

6.12 Future Research Recommendation for PRS 

Future recommendations for the development of the PRS that were not addressed in this 

research include: 

 

 Development of a low temperature binder fracture test 

 Determination of a surrogate aggregate for BBS testing 

 Study of the long-term aging effect on chip seal treatments 

 

Low temperature aggregate loss occurs during the winter season when the binder 

becomes brittle in cold temperatures and fractures under traffic loading, resulting in 

aggregate loss.  Currently, no binder test exists that has proven to properly assess the low 

temperature fracture performance in chip seal emulsions for specification purposes. Low 

temperature mixture performance conducted using the modified sweep test on chip seal 

specimens conditioned at -20°C shows that fracture occurs cohesively within the binder at 

low temperatures under wheel loading. A binder test is needed that can capture the binder’s 

susceptibility to fracture (or fracture energy) at low temperature. Preliminary investigations 

into the double edge notch tension (DENT) test developed by the Ontario Ministry of 

Transportation indicate it may be capable of capturing the low temperature fracture energy 

that could characterize low temperature binder fracture, with some modification. In addition 

to developing a binder test to assess low temperature performance, the chip seal mixture 

performance test method should be investigated in order to ensure that it is properly 

capturing mixture performance at low temperatures. This mixture test would ultimately be 

utilized to correlate the binder fracture properties to mixture performance for potential 

inclusion in the chip seal PRS. 
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For the BBS test in the chip seal PRS at intermediate temperatures, a surrogate aggregate 

should be identified with similar surface energy to typical aggregates used for chip seal 

treatments. The granite aggregate used in the fabrication of the substrates for the 

development of the PRS limits is a typical aggregate source used in chip sealing. However, 

this research did not account for possible variability that could be introduced when a 

significantly different aggregate source (e.g. limestone) is used. Ultimately, the identification 

of a consistently reproducible surrogate aggregate with a surface energy similar to that of 

typical aggregate sources used in chip sealing nationwide would be more ideal for 

specification purposes. 

Lastly, the effect of long-term aging on asphalt emulsion performance was not evaluated 

in this research. Long-term aging can be simulated using the pressure aging vessel (PAV). As 

residual binder ages and undergoes oxidation over the life of the seal, the binder becomes 

more brittle and not only more susceptible to cracking, but also to potential fracture under 

traffic loading. Additional research should investigate the effect of long-term aging of the 

residual asphalt binder on the performance of chip seal treatments. For this additional 

research, chip seal mixtures should be PAV-aged, at an aging time and temperature to be 

determined, to analyze the effect of long-term aging on critical mixture performance 

measures. Long-term aged mixture performance can then be compared the binder test results 

under the same aging conditions to determine if relationships exist from which long-term 

aged binder limits can be derived. 
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