
ABSTRACT 

ILIAS, MOHAMMAD. Development of Performance -Related Specification for Fresh 
Emulsions Used for Surface Treatments and Performance Study of Chip Seals and 
Microsurfacing. (Under the Direction of Dr. Y. Richard Kim and Dr. Cassie Castorena). 

 

Pavement preservation is a rapidly growing strategy for prolonging pavement service 

life. Pavement preservation consists of applying a thin layer of asphalt binder or emulsion 

with or without aggregate to the surface of an existing pavement. Preservation treatments do 

not provide any structural strength to the pavement but restores skid resistance, seals existing 

cracks, protects the underlying pavement from intrusion of water, and reduces further 

oxidative aging of the underlying pavement. In recent years, significant research has been 

dedicated to improving design of pavement preservation treatments.  

In pavement preservation treatments, asphalt emulsion is the predominant binding 

material used because of its low viscosity compared to asphalt cement which allows for 

production at greatly reduced temperatures, leading to energy efficiency, and potential cost 

savings. Currently, specifications for emulsions used in pavement preservation treatments are 

empirical and lack of direct relationship to performance. This study seeks to improve 

specifications for emulsions used in preservation treatments by developing performance-

related specifications (PRS) for (a) fresh emulsion properties, (b) microsurfacing emulsion 

residue, and (c) low-temperature raveling of chip seal emulsion residues.  

Fresh emulsion properties dictate constructability and stability, and consequently the 

resultant performance of a preservation treatment once placed. Specification test methods are 

proposed for chip seals, microsurfacings, and spray seals that reflect storage and construction 

conditions of the emulsions. Performance is quantified using viscosity measurements. 

Specification limits are determined based on a prior knowledge of emulsion performance 

coupled with statistical analyses. 

Microsurfacings are a preservation treatment consisting of application of a thin layer 

of asphalt emulsion – fine aggregate mixture. Presently, mixture design and performances of 

microsurfacing mixtures are appraised using the procedure specified by the International 



Slurry Surfacing Association (ISSA) with no provision for quantifying microsurfacing 

residue performance. In this study, residue performance is quantified using the Multiple 

Stress Creep and Recovery (MSCR) test for rutting and bleeding, the Bitumen Bond Strength 

Test (BBS) for raveling, Low Temperature Frequency (LTF) test for low temperature 

Bending Beam Rheometer (BBR) properties prediction, and Single Edge Notched Bend 

(SENB) fracture test developed under this work. Microsurfacing mixture performance is 

quantified using the Wet Track Abrasion Test (WTAT) for raveling, Model Mobile Load 

Simulator (MMLS3) for rutting and bleeding, and SENB test developed for low-temperature 

cracking. Microsurfacing mixture performance is correlated to residue properties in order to 

identify critical emulsion residue properties in determining performance and to derive 

specification limits. Results indicate rutting and thermal cracking are the distresses most 

directly related to the emulsion residue performance. Correspondingly, specifications are 

proposed to address rutting at high temperature and thermal cracking at low temperature 

based on the relationship between residue and mixture results coupled.  

In addition, test methods and specification criteria are developed to address low-

temperature raveling resistance of emulsion residues used in chip seals. The SENB test is 

used to quantify residue resistance to thermal cracking under the assumption that low-

temperature raveling occurs primarily by cohesive fracture of the residue in the chip seal. 

The Vialit test is modified and employed for quantifying raveling resistance of chip seals 

mixture for determining if the SENB test captures binder contribution to mixture raveling. 

The correlation between residue and mixture properties have been used to assess applicability 

of the residue tests and to derive specification limits.  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

The transportation system of a country plays an important role in determining the 

economy of that country. According to pavement preservation journal by FP2 Inc., the 

current total asset value of the highway system in the United State of America is over 1.75 

trillion dollars. These highways are deteriorating with time due to continuous traffic 

operation and limited funds for rehabilitation and re-construction. Pavement preservation 

treatments restore pavement surface conditions and protect the underlying pavement, which 

can prolong the need to rehabilitate or reconstruct pavements, resulting in great cost savings. 

Research demonstrates that every dollar spent on pavement preservation saves $6 to $10 than 

expected expenditure for rehabilitation or reconstruction in future, which would be needed if 

preservation not conducted (Davies and Sorenson 2000).  

The proverb usually applied for the keys applying pavement preservation treatments 

effectively is to follow the three ‘Rs’ which is “The Right Treatment, to The Right 

Pavement, at The Right Time” (Gopalakrishnan et al. 2014). The underlying concept behind 

pavement preservation application is illustrated in Figure 1.1. A key to effective pavement 

preservation application is the optimal timing of when to apply. As shown in Figure 1.1, once 

the condition has deteriorated to a certain level, it should trigger the application of a 

preservation treatment. If the trigger condition is set too low, the preservation treatment may 

be ineffective as preservation treatments do not add structural capacity to roadways. When 

the pavement condition reaches to such a deteriorated condition that necessitates 

rehabilitation or reconstruction, preservation technique are not a viable solution due to their 

lack of added structural capacity.   
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Figure 1.1. Concept of applying pavement preservation on pavement. 

The different types of pavement preservation techniques are Fog seal, chip seal, 

microsurfacing, thin lift overlays, crack sealing, port land cement concrete (PCC) joint 

sealing, dowel bar retrofit, full and partial depth concrete pavement repair, and milling and 

grinding. Emulsion is predominantly used asphaltic binder for fog seal, chip seal, and 

microsurfacing. However, the properties of emulsion used for specifying emulsions are 

limited and empirical rather than performance based. Emulsions are currently graded based 

on electrochemical charge, setting time, viscosity of emulsion, and in some cases hardness of 

base asphalt. Thus, there is a need for the development of PRS for fresh emulsions and 

emulsion residue, specific to the different Pavement Surface Treatments (PSTs) that include 

emulsions as a binding material (i.e., spray seals, chip seals, and microsurfacing). 

1.2 Objective 

This research seeks to solve three major research needs towards implementation of 

PRS for asphalt emulsions used in pavement preservation treatments: (1) Development of 

PRS criteria for fresh emulsions used in chip seals, microsurfacings, and fog seals (spray 

seals), (2) Development of PRS criteria for microsurfacing emulsion residues, and (3) 

Development of a low temperature specification test method to capture emulsion residue 

low-temperature raveling and cracking resistance with corresponding specification criteria 

for both chip seals and microsurfacings.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction 

This chapter provides a literature review of the different types of PSTs, identification 

of critical distresses for PSTs, existing test methods for fresh emulsions, residue, and surface 

treatment mixtures. In addition, existing specifications are reviewed. 

2.2 Pavement Surface Treatment Types 

2.2.1 Chip Seal 

Chip seal is one type of PSTs, which consists of a single layer of aggregate 

application compacted on a thin layer of asphalt emulsion or binder applied to an existing 

pavement surface (Gransberg and James 2005, Caltrans 2003). Chip seals are sometimes 

called seal coats or bituminous surface treatments (BST). The components of chip seal are 

asphalt binder and aggregates. Chip seals can also be applied as double and triple layers, 

which are accomplished by addition of additional layers of asphaltic material and aggregate. 

After applying each layer of aggregate, the surface is compacted using roller to embed 

aggregates in the binder. Chip seals are used to restore skid resistance, seal cracks, and 

prevent intrusion of water inside of the pavement. In addition, chip seals are advantageous in 

that they are easy to construct, reduce traffic opening time after construction compared to 

other methods, and are cost effective (Gransberg and James 2005, Caltrans 2003). However, 

chip seal has some hindrances: a relatively long curing time is required for polymer modified 

emulsions, loose chips can cause windshield damage, and noise caused by the rough surface, 

and need of warm weather to allow for construction (Caltrans 2003). 

2.2.2 Slurry Seals and Microsurfacing 

Slurry seals and microsurfacings are a mixture of aggregate, emulsion, mineral filler, 

water, and additives applied as a thin layer to an existing pavement (Gransberg 2010). Slurry 

seals and microsurfacings are used to restore skid resistance, reduce raveling, and protect the 

underlying pavement from oxidation. The main difference between slurry seal and 

mirosurfacing is in emulsion types. In slurry seal, unmodified emulsions are used (ISSA 

2010). In this case, the curing and breaking of the slurry mixture is mostly depends on 
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weather conditions. In microsurfacing, polymer modified emulsions are used for which 

breaking and curing are controlled by chemical reaction between aggregates and emulsion. 

Thus, microsurfacing can be applied at night, reducing traffic interruption which is not 

possible for slurry seal (Caltrans 2008, Gransberg 2010). In addition, slurry seals are 

generally softer than microsurfacings. 

 

Figure 2.1. ISSA specified three types of aggregate. 

The International Slurry Surfacing Association (ISSA) recommends three types of 

aggregate gradations for use in slurry seals: Type-I, Type-II, and Type-III shown in Figure 

2.1. Among these three gradations, all can be used for slurry seal but aggregate gradations 

Type-II and Type-III are the only ones used for microsurfacings. Slurry and microsurfacings 

generally include quick or slow setting emulsions (Gransberg 2010). The layout of slurry seal 

and microsurfacing structure has been shown in Figure 2.2 where the thickness of slurry seal 

is same as maximum aggregate size on the mixture. On the other hand, the thickness of 

microusrfacing is possible to increase multiple times of maximum aggregate size of the 

mixture. In order to avoid confusion and to avoid mentioning slurry seal and microsurfacing 
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again and again at the same time in later of this document, slurry seal and microsurfacing is 

named as microsurfacing only. 

 

Figure 2.2. Single layer and double layer slurry seal system (Gransberg 2010). 

2.2.3 Fog Seal or Spray Seal 

The definition of fog seal given by the Asphalt Emulsion Manufacturers Association 

(AEMA) as “a light spray application of dilute asphalt emulsion used primarily to seal an 

existing asphalt surface to reduce raveling and enrich dry and weathered surfaces” (Asphalt 

Institute 1999). Fog seals reduce raveling, reduce the weathering or aging of pavement 

surface, prevent moisture intrusion, and improve pavement aesthetics, but do not increase 

structural capacity (Caltrans 2003). The application of fog seal should be precise otherwise 

the skid resistance of the surface may be compromised due to excessive emulsion 

application. Sometimes fog seals are applied on the surface of chip seal which hold the 

aggregate together, reducing loose chips (Caltrans 2003).  

Fog seal emulsions are generally slow setting and diluted before application (Caltrans 

2003). In this way, emulsion has enough time to penetrate the open surface of the existing 

pavement. That’s why; fog seal is applicable on aged pavement and pavement with open 

surface area but not pavement with closed surface (Figure 2.3). Open pavement surface has 

rough texture or voids on surface and closed surface have not voids which are supposed to be 



 
 6 

 

filled with spray emulsion (spray seal). So application of spray seals applied to closed surface 

remains on the surface of the pavement and makes the surface slippery (Caltrans 2003). 

 

Figure 2.3. (a) Dense graded Hot-Mix Asphalt (HMA) with closed surface, and (b) Open 

Graded HMA (Caltrans 2003). 

2.3 Emulsions 

Emulsion is a mixture of two immiscible liquids where one liquid disperses in another 

liquid. In the case of asphalt emulsions, asphalt droplets are dispersed in water. The 

components of asphalt emulsion are: 40% to 70% asphalt, 0.1% to 2.5% emulsifier, and 25% 

to 60% water with some other minor components (James 2006). Emulsifiers are surfactants 

to allow stabilization of asphalt droplets in water. Emulsifier molecules have one end that is 

lipophilic (oil-loving) and one end that is hydrophilic (water-loving. The lipophilic end is 

neutral in charge and remains inside of the asphalt droplets. On the other hand, the 

hydrophilic end has a charge (+ve or –ve) and remains on the surface of asphalt droplets in 

contact with water. Emulsifiers impart one of two charges on an emulsion: anionic (-ve 

charge) and cationic (+ve charge). The charges of emulsion remain on the surface of asphalt 

droplets and the source of charges is emulsifier (Wates and James 1993). The composition of 

a cationic emulsion is illustrated in Figure 2.4.where the positive charges are on surface of 

the asphalt droplets with neutral end inside of the asphalt droplets.  
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Figure 2.4. Cationic emulsion with asphalt droplet dispersed in water (James 2006). 

When the aggregate is mixed with aggregate (microsurfacing) or aggregate is applied 

on emulsion (chip seal), the emulsion breaks and the residue remains on the aggregate 

surface after complete removal of water from emulsion. This process is completed in 

different steps shown in Figure 2.5 (AkzoNobel). The aggregate comes into contact with 

emulsion (Figure 2.5 (a)) and the free emulsifier from the emulsions are attracted by opposite 

charge of mineral aggregate (Figure 2.5 (b)). For this, some aggregate charges are neutralized 

and the mineral aggregate converts to lipophilic in some extent. Then the asphalt droplets 

come in direct contact with aggregate particles (Figure 2.5 (c)) and finally, make a layer of 

emulsion residue on the aggregate surface by flocculation and coagulation (Figure 2.5(d)). In 

this process, water of emulsion is absorbed by aggregate and evaporated from the emulsion 

(James 2006 and AkzoNobel). 
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Figure 2.5. (a) Contact of emulsion with aggregate, (b) Adsorption of free emulsifier on 

aggregate surface (pH rises), (c) Asphalt droplets on aggregate surface due to raised pH, and 

(d) Coagulation and spreading over aggregate surface (AkzoNobel). 

2.3.1 Naming Convention for Emulsions in Current Specifications 

ASTM D 977 and ASTM D 2397 are existing specification for anionic and cationic 

emulsions. The emulsions are named based on charge, setting behavior, viscosity, and 

residue properties. Cationic emulsion starts with ‘C’ followed by setting behavior slow 

setting (SS), quick setting (QS), medium setting (MS), and rapid setting (RS). However, 

anionic emulsion starts with setting behavior. Then number after setting behavior indicates 

viscosity of emulsion: number ‘1’ is for low viscosity and number ‘2’ is for high viscosity. 

Finally, ‘H’ at the end of emulsion’s name, indicates hard residue asphalt. For example, CSS-

1H emulsion is cationic (C) slow setting (SS) emulsion with low viscosity (1) and hard (H) 

residue asphalt. Similarly, CQS-2 is cationic quick setting emulsion with high viscosity ‘2’. 

Again, SS-1H is anionic slow setting (SS) emulsion with low viscosity (1) and hard (H) 

residue asphalt. In addition, ‘P’ and ‘L’ at the end of emulsion’s name, designates for 

polymer and latex modification.  
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2.4 Existing Specifications for Asphalt Binders and Emulsions 

A PRS (AASHTO MP1) is available for hot mix asphalt binders developed during the 

Strategic Highway Research Program (SHRP). In this specification, a performance grade 

(PG) is assigned to specify asphalt binders, indicating the climatic conditions for which the 

binder can be used. A high temperature grade is assigned which reflects the average seven 

day maximum pavement temperature (or the average of the hottest seven day stretch in the 

year) and a low temperature grade is assigned corresponding to the one day minimum 

pavement temperature. The specification addresses workability and three critical distresses: 

rutting, fatigue, and low temperature cracking as well as assesses performance at three 

critical age conditions: un-aged, short-term aged, and long-term aged. Specification tests and 

corresponding limits are consistent for all binders and locations but the temperatures testing 

vary in order to determine what temperature the binder meets the specifications and fails. 

This general framework will be used as the basis for the work proposed herein. 

Table 2.1. Performance Grade Specification (AASHTO MP1) 

 

ASTM (American Society for Testing and Materials) specifications ASTM D 977 and 

ASTM D 2397 specifications are available for anionic and cationic standard emulsions, 

respectively. These emulsion standards are used to determine standard emulsion properties: 

viscosity, storage stability, demulsibility, coating ability, water resistivity, cement mixing, 
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sieve test, penetration, ductility, and solubility for slow, medium, and rapid setting 

emulsions. However those properties are not directly related to performance and fail to take 

into account climatic effects. 

Before the performance based binder specification, three types of specification were 

available for asphalt binder: penetration grade, viscosity grade, and aged residue viscosity 

grade (Elmore et al. 1995). Although these asphalt binder grades were applying in chip seal 

successfully based on historical performance for a long time, these specifications are not 

performance based (Elmore et al. 1995). Elmore et al. (1995) attempted to resolve this issue 

by applying Superpave PG specifications to chip seal asphalt binder and emulsion residue. 

The reason behind using the same Superpave specification was to avoid confusion among the 

producers and users, to avoid the varieties of asphalt binder, to reduce the storage space for 

the producer for different binders, and also to use the existing binder test methods.  

Elmore et al. (1995) found that the Superpave PG system could not be directly 

applied to chip seal asphalt binder and emulsions (Elmore et al. 1995). For example, asphalt 

binder AC-5 was used commonly in Texas chip seals with acceptable performance but this 

binder does not meet the G*/sinδ (rutting) performance criterion, which is included in the 

Superpave specification. In addition, when superpapve specification was proposed as 

performance based criterion for chip seal asphalt binder, more promising chip seal asphalt 

binders were needed to discard that were used for chip seal. Elmore et al. (1995) is did not 

conduct any comparison to mixture performance or field. Also, fresh emulsion properties 

were not considered.  

Epps et al. (2001) used the Superpave PG specification as the basis for developing a 

specification system for asphalt binders and emulsions used in PSTs in Texas, termed the 

“Surface Treatment Performance Grading” (SPG) system. Only chip seals were directly 

considered. The Superpave specification was modified in an attempt to address the specific 

distress types observed in surface treatments. Sprayability of binders was assessed to reflect 

constructability through measurement of viscosity. The spraying temperature for asphalt 

binder was recommended as 180°C and the spraying temperature for emulsion was not 

mentioned specifically considering that spraying temperature for asphalt cement was more 
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significant for asphalt binder than emulsions (Epps et al. 2001). Bleeding and aggregate loss 

were considered as the critical distresses at high temperature. Aggregate loss was also used 

for performance criterion at intermediate and low temperature. A minimum value 0.750 kPa 

for G*/sinδ measured in the dynamic shear rheometer at high temperature specified to control 

bleeding. Aggregate loss was deemed the critical distress at intermediate and low 

temperature. The Bending Beam Rheometer (BBR) was applied for low temperature grading 

to address aggregate loss. Stiffness of maximum 500 MPa and m-value of minimum 0.24 for 

PAV (Pressure Aging Vessel) aged binder after 8 seconds of creep loading were used as 

specification parameters but not after 60 seconds applied for current PG specification. No 

intermediate temperature specification was included as the G*·sinδ (i.e., current Superpave 

intermediate specification parameter) values at 25°C were not to differentiate between the 

good and poor performing binders (Epps et al. 2001).  

After selecting the preliminary performance parameter for asphalt binder, field 

performance was observed at different climatic and traffic conditions in Texas. Based on the 

comparison between binder test results and field performance, specification limits were 

proposed as follows: minimum G*/sinδ of 0.650 kPa at high temperature and use of 

consistent specification limits and properties as the Superpave PG system for low 

temperature performance temperature (Walubita et al. 2005). 

The study conducted by Epps et al., in 2001 and the following study done by 

Walubita et al. in 2005 did not consider fresh emulsion properties for surface treatment 

specification. In addition, fracture properties during low temperature aggregate loss was not 

included in performance testing (Apps et al. 2001). Finally, the study was conducted only for 

binder (Epps et al. 2001) and then revised based on field performance (Walubita et al. 2005). 

There was no direct mixture study in the laboratory and no direct comparison with traffic 

volume. Again, due to 3°C temperature difference in performance grade (Table 2.2 and Table 

2.3), same type of binder from different producer displayed two performance grades. 
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Table 2.2. Surface Performance Grading (SPG) Specfication Based on 3°C Increment (Epps 

et al. 2001) 

 

 

Table 2.3. Revised SPG Specification Based on 3°C Increment (Walubita et al. 2005) 

 

The SPG specification table was validated and refined (Table 2.4) based on 

comparison between lab and field performance by Vijaykumar et al. in 2013. A strain sweep 
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test was proposed at intermediate temperature because (G*(sinδ)) criterion was incapable of 

capturing aggregate loss performance. In addition, strain sweep test was also proposed for 

low temperature performance since the ‘m’ value was found to be incapable of explaining 

proper field performance. The minimum 17.5% strain at 0.8G* for original binder and 

maximum 2.5 MPa G* for PAV aged binder were proposed for intermediate temperature and 

low temperature aggregate loss performance respectively.  

Table 2.4. Revised SPG Specification (Vijaykumar et al. 2013) 

 

King et al. (2012) proposed a similar “Strawman” specification for polymer modified 

emulsions residues for chip seal, cape seal, slurry seal, and microsurfacing (Table 2.5). The 

specification did not include provisions for any fresh emulsion properties. Frequency sweep 

and Multiple Stress Creep and Recovery (MSCR) tests were proposed for evaluation 

bleeding and rutting at high temperature. A Dynamic Shear Rheometer (DSR) non-linearity 

test was proposed to develop for characterization of bleeding resistance or high float 

identification in addition to other tests. The shear rate, G*, and yield stress were considered 
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to measure the gel strength from non-linearity test. Frequency sweeps at low temperature 

were proposed as replacement for BBR tests on PAV aged residue to assess susceptibility to 

aging. 

Table 2.5. Strawman Draft Specification for Polymer Modified Emulsion Residue (King et 

al. 2012) 

 

The initially proposed Strawman specification was modified as shown in Table 2.6 

after verification of proposed test methods in Table 2.5 (King et al. 2012). In this verification 

stage, field emulsions were collected and tested in the laboratory. For unaged residue in the 

modified specification, DSR frequency sweep was proposed for rutting and bleeding without 

MSCR. Then MSCR test was still proposed for polymer identifier only and then, DSR non-

linearity test was proposed to be developed for bleeding characterization. For PAV aged 

residue, DSR frequency sweep test was proposed for low temperature performance to replace 

BBR and aged brittleness. Finally, the MSCR test at the PAV aged level was proposed to 

assess polymer susceptibility to degradation. However, the specifications mentioned in this 

section did not include the spray seal specifications. 

 

 



 
 15 

 

Table 2.6. Strawman Draft Specification for Polymer Emulsion Residue (King et al. 2012) 

 

Adams (2014) conducted research on chip seal PRS and proposed specification as in 

Table 2.7. Here the specification includes bitumen bond strength (BBS) value at intermediate 

temperature for early raveling, dry raveling, and wet raveling at different traffic levels : low 

(0 to 500 AADT), medium (501 to 2500 AADT), and high (>2500 AADT). Similarly, this 

specification also developed specification limit for bleeding and flushing at high temperature 

and different traffic levels. The specification is applicable for different climatic region and 

the threshold limits are determined by comparing the binder and chip seal mixture 

performance study. Adams (2014) also proposed the thermal cracking performance 

parameters for chip seal which is identical to hot mix asphalt binder thermal cracking without 

chip seal mixture performance study. However, low temperature chip seal raveling is more 

prominent and common (Transit New Zealand 2005) which is related to binder fracture 

property rather thermal expansion and contraction. Adams (2014) also did not include the 

fresh emulsion property for chip seal. 
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Table 2.7. PRS for Chip Seal (Adams 2014) 

 

2.5 Existing Specification for Slurry Seal and Microsurfacing 

According to ISSA specification, the performance of microsurfacing mixture depends 

on the aggregate properties and gradation, emulsion, mineral filler, and water content (ISSA 

2010a and ISSA 2010b). In addition, each component material of the mixture needs to fulfill 

the job requirements (ISSA 2010). When each component material fulfills the desired 

properties determined by ISSA, then optimized mix design needs to be developed in the 

laboratory. The mixture performance tests include wet track abrasion test (ISSA TB 100) for 

wearing resistance of mixture, consistency test (ISSA TB 106) for mixture workability, 

loaded wheel tester (ISSA TB 109) for excess asphalt content determination for flushing 

resistance of the mixture, and trial mix test (ISSA TB 113) to determine mix time based on 

visual appearance and mechanical properties of mixtures. In addition, ISSA had a test 

method named flexural tension tester for cracking (ISSA TB 146) but this test is not available 

anymore in the specification.  
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Among the proposed test methods by ISSA; Wet Track Abrasion Tester (WTAT) and 

Loaded Wheel Tester (LWT) is performed at 25°C but mixture consistency and mix time test 

are performed at possible high temperature at which emulsion is expected to mix with 

aggregates in the field (ISSA 2010). So the mixture performance is not determined based on 

temperature change and the specification has proposed a general specification for slurry seal 

(unmodified emulsions) and for microsurfacing (polymer modified emulsions) separately 

(ISSA 2010). Here the specification requires developing a mix design for each system before 

applying the mixture in the field (ISSA 2010). 

2.6 Distresses for Surface Treatments 

2.6.1 Spray Seal Distresses 

Through the literature review the research team found that the primary distress 

associated with spray seals is the adhesion between the spray seal and the underlying layer. 

This distress is sometimes referred to as wear, and when it occurs, the spray seal peels up and 

away from the underlying layer (Wood et al. 2006). However, the literature review of spray 

seals reveals a lack of critical performance measures by which to evaluate spray seal PSTs. 

Although surface wear is a performance characteristic associated with spray seals, it is not 

believed to be a critical issue for spray seal surface treatments. Additionally, bleeding 

performance in spray seals is not believed to be a significant problem because the spray seal 

emulsion material is developed at a low viscosity, which allows it to flow more easily into 

the voids and cracks in the existing surface (Wood et al. 2006). In order to achieve a low 

viscosity, the emulsion is diluted prior to application and therefore contains a lower amount 

of asphalt residue than emulsions used in other seal types (i.e., chip seal surface treatments). 

Thus, spray seals cure to a lower overall residue rate than the emulsion application rate 

(EAR) would suggest. Moreover, any bleeding issues that occur in the seal are likely to be 

caused by excess application of the emulsion, which is related to the mix design of the spray 

seal and not the performance of the emulsion as it relates to the material properties. Also, in 

the event that the spray seal application rate is too high, sand can be applied to the surface of 

the spray seal to provide a skid-resistant surface (AEMA 2004). Lastly, other typical chip 
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seal surface treatment distresses, such as raveling and stripping, are not applicable to spray 

seals because spray seals are composed of only a single layer of emulsion with no aggregate. 

Curing time is also an important aspect of the surface treatment construction process. 

Surface treatments require that the emulsion cures to a certain level before the surface can be 

trafficked. If the road is reopened to traffic before sufficient curing has taken place, tracking 

and problems related to friction resistance may occur in the sprayed seals. In addition, loss of 

excessive cover aggregate can occur in chip seals as a result of insufficient curing. Rolling 

ball test simulates curing time in terms of distance covered by steel ball on spray seal 

application after construction (IM 2013).  

The adhesion performance characteristic for spray seal surface treatments can be 

measured directly from binder testing; thus this study does not include performance testing 

on spray seal surface treatments. However, the fresh emulsion properties related to 

construction of spray seals must be considered. These include storage stability, sprayability, 

and resistance to drainout. Specifications to address constructability are developed herein.
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2.6.2 Chip Seal Distresses 

Based on the literature review, the distresses for chip seal treatment have been summarized in Table 2.8. 

Table 2.8. Distresses for Chip Seal 

Distress Type Reason of Distress Effects of Distress 

Raveling 
(Early, Late, and 
Low Temperature 

Raveling) 

(a) Insufficient embedment depth of 

aggregate 
(b) Early traffic opening 
(c) Brittleness of emulsion residue 

at low temperature 
 

(a) Aggregate loss 
(b) Windshield damage 
(c) Loss of skid resistance 

 

Stripping (a) Due to moisture intrusion. 

 
(a) Aggregate loss 

(b) Loss of skid resistance 
 

Bleeding and Flushing 

(a) High emulsion application rate 
(b) Deep embedment of aggregate 
(c) Aggregate loss due to high temperature 

 

(a) Loss of skid resistance 
 

Cracking 
(a) Due to low temperature 

(b) Reflection of underlying cracks 

(a) Moisture intrusion through the cracks 

(b) Decrease riding quality 

Rutting (a) Due to traffic loading 
 

(a) Water remains in the rutted areas 
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2.6.3 Slurry Seal and Microsurfacing Distresses 

The distresses for slurry seal and microsurfacing treatment have been listed in Table 2.9. 

Table 2.9. Distresses for Slurry Seal and Microsurfacing 

Distress Type Reason of Distress Effects of Distress 

Raveling 
(Shelling) 

(a) Inadequate binder content 
(b) Inadequate rolling during mixing 

(c) Incompatibility between aggregate and 
Binder 

(d) Oxidation of binder 

(e) Insufficient fines in the mix 
(f) Abrasion action of tires 

(g) Poor construction 

(a) Aggregate loss 
(b) Loss of skid resistance 
(c) Bleeding and flushing 

 

Surface Wear 
(Loss of fines 

from the surface) 

 

(a) Inadequate binder content 
(b) Inadequate rolling during mixing 

(c) Incompatibility between aggregate 
and binder 

(d) Oxidation of binder 

(e) Insufficient fines in the mix 
(f) Abrasion action of tires 

(g) Poor construction 

(a) Loss of skid resistance 
 

Stripping 

 
 

(a) Aggregate loss due to 

the presence of water 
(b) Degradation of bond between 

aggregate and binder 
 
 

(a) Loss of skid resistance 
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Bleeding and 

Flushing 

(a) High emulsion or binder content 
(b) Loss of aggregate from the surface 
(c) High temperature 

(d) Slow setting of emulsion due 
to high humidity 

(e) Soft mixture 

(a) Loss of skid resistance 

 
Cracking 

 
(a) Due to low temperature 

(b) Crack reflection from the 
existing cracks 

(c) Aging of microsurfacing mixture 

 

 
(a) Moisture intrusion through 

the cracks 
(b) Decrease riding quality 

 

Rutting 
(a) Due to high asphalt content 
(b) Due to traffic loading 

(a) Water remains in the rutted areas, 
(b) Decrease riding quality 

Delamination 

(a) Improper surface preparation 

(b) Existence of water between 
pavement and microsurfacing, 

(c) Lack of adhesion between 

microsurfacing and existing pavement 
(d) Insufficient asphalt cement 

(e) Early emulsion break 

(a) Separation of microsurfacing layer 
from the existing pavement 

(b) Promote surface irregularities 
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2.7 Critical Distresses Surface Treatments 

Chip seal, slurry seal, and microsurfacing have different types of distresses explained 

earlier section. The causes of all the distresses are not material (binder) dependent only. 

These distresses are also result of existing pavement and construction issues. The existing 

pavement conditions and construction related distresses are not included in this study. Since 

binder is a viscoelastic material, binder property is highly controlled by temperatures at 

different climatic region and by different traffic levels in different locations. That is why; 

distresses related to material (binder) property are only mentioned here in Table 2.10 for chip 

seal and microsurfacing.  

Table 2.10. Critical Distresses for Surface Treatments 

Surface Treatment Critical Distress 

Chip Seals 

Raveling 

Cracking 

Bleeding/Flushing 

Rutting (multiple seals) 

Stripping 

Early Raveling/Curing Time 

Slurry Seal and 

 Microsurfacing 

Thermal Cracking 

Rutting 

Stripping 

Raveling 

Bleeding/Flushing 

 

2.8 Emulsion Test Methods 

2.8.1 Fresh Emulsion Properties 

Emulsion properties during construction have a major effect on the performance of 

PSTs in the field.  Asphalt emulsions used in the construction of PSTs are multiphase 

systems that are composed of water, asphalt cement, emulsifier, and modifiers in some cases, 
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as previously discussed. The different phases are expected to remain homogenous during 

storage, pumping, transportation, and construction. The following documents existing test 

methods which can be utilized to measure emulsion constructability. 

2.8.1.1 Storage Stability 

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 

distribution, spraying, breaking, wetting, and coating of the aggregate (SFERB 2008). These 

properties directly affect the performance characteristics of the final product. The four most 

commonly cited processes that affect storage stability are: 

 Creaming or sedimentation: phase separation under gravity resulting from the 

difference in densities between the dispersed and continuous phases of the emulsion. 

 Flocculation: a weak clustering or aggregation of asphalt droplets due to Van der 

Waals attraction and Brownian collision in the emulsion (Redelius 2006). 

 Coagulation, also known as Oswald’s ripening effects: an irreversible process that 

occurs when there is an increased median particle size in the emulsion (Isacsson 

1995, Tadros 2004).  

 Coalescence: an irreversible process that occurs when the asphalt particles join 

together to form a continuous film of asphalt cement (James 2006). 

 Phase inversion: the process whereby the dispersed phase (asphalt cement) and the 

continuous phase (water) reverse; i.e., water becomes the dispersed phase and asphalt 

becomes the continuous phase (Redelius 2006). 

Any change in the emulsion properties due to one or a combination of the above mentioned 

instability phenomena has a direct effect on the flow properties of the emulsion (Tadros 

2004, Redelius 2006). The flow properties of an emulsion, in turn, are directly related to 

viscosity. Thus, any change in stability has a direct effect on the viscosity of the emulsion.  
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2.8.1.1.1 Test Method for Measuring Storage Stability 

Test method of measuring the storage stability of emulsions is currently available in 

ASTM D 6930, Test Method for Settlement and Storage Stability of Emulsified Asphalt. In 

the ASTM D 6930 procedure, 500 ml emulsion is poured into a cylinder with 500 ml 

capacity and stored at room temperature for 24 hours without agitation. After 24 hours 

storage time, a pipette is used to siphon test samples from the top and bottom of the storage 

cylinder. The storage stability test is assessed based on the residue content in the emulsion 

from top and bottoms of the specimen. 

For PST application, the viscosity of emulsion is directly related to performance as 

viscosity is what dictates the ability to spray the emulsion, mix with aggregate, and resist 

drainout once placed. 

2.8.1.2 Sprayability, Drainout, and Mixability 

The two most important construction parameters for emulsion during chip seal and 

spray seal construction are sprayability and drainout. Sprayability is the ability of an 

emulsion to be sprayed in a uniform thickness across the surface of the pavement (Asphalt 

Institute 2008). An emulsion that is too viscous during spraying will result in streaking, poor 

wetting of the aggregates, spot bleeding, and partial loss of the cover aggregate. For sprayed 

seals, the emulsion is required to be thin enough so that it can penetrate and fill the surface 

cracks. Drainout is the ability of an emulsion to resist draining off the pavement surfaces 

under gravity after spraying (Bahia et al. 2008). Drainout can lead to premature aggregate 

loss as a result of insufficient binder for proper aggregate embedment. Also, environmental 

problems may ensue if the emulsion drains into storm water channels or other natural water 

bodies. Both sprayability and drainout are directly related to the viscosity of the emulsion.  

Since microsurfacing emulsions are not sprayed like chip seal and spray seal 

emulsions, sprayability and drainout are not considered to be performance parameter for 

microsurfacing. That is why; mixability has been defined as performance parameter for 

microusrfacing emulsions and described in chapter 3. 



 
 25 

 

2.8.1.2.1 Equipment for Measuring Viscosity  

The viscosity of asphalt emulsions is currently measured using the Saybolt furol 

second (SFS) viscometer specified in ASTM D 7496, Standard Test Method for Viscosity of 

Emulsified Asphalt by Saybolt Furol Second Viscometer (SFS). The SFS viscometer is an 

efflux type of device that measures the time it takes an emulsion to empty from a 60 milliliter 

standard cup. The test is carried out at a temperature of 50°C or 25°C depending on the grade 

of the emulsion being tested. The time taken to empty the cup is converted to viscosity 

through established conversion methods. The advantages of the SFS viscometer are its low 

cost, ease of cleaning, durability, and simplicity in taking measurements (Salomon 2010). 

However, it has been long recognized in the asphalt emulsion industry that the SFS 

viscometer has several major shortcomings, and that a better test method is desired (Lyttleton 

and Traxler 1948, Salomon 2000, King et al. 2010). The main deficiency is that the SFS 

viscometer does not allow for emulsions to be evaluated at different shear rates. Furthermore, 

the shear rate to which the material is subjected to in this test has no relation to field 

conditions. Asphalt emulsions are thixotropic liquids, i.e., their viscosity depends on both the 

magnitude and duration of shearing (Salomon et al. 2004, Redelius 2006). An appropriate 

viscometer for evaluating the viscosity of thixotropic liquids is one that allows emulsions to 

be evaluated at different shear rates (Tadros 2004). Additional concerns with the SFS 

viscometer include its repeatability, cleaning time, and dependency of the test on the operator 

(Salomón and Michael 2002, King et al. 2010). 

To overcome the shortcomings of the SFS viscometer, several viscometers that allow 

emulsions to be evaluated at different shear rates have been evaluated and reported in the 

literature. Salomon (2000) evaluated the viscosity of 65 different emulsified asphalts using 

three pieces of test equipment: a Brookfield RVDV-III+ programmable rheometer, a Cannon 

MFV-1000 marine fuel viscometer, and a Bohlin CVO dynamic shear rheometer. The 

viscosity measured from each device was compared to the viscosity measured from the SFS 

viscometer. All three devices gave results that correlated well with those of the SFS 

viscometer, with a correlation coefficient greater than 80% for each device. Salomon (2000) 

concluded that any of the three devices could be used to evaluate the viscosity of asphalt 

emulsion. In a different study, Salomon (2010) proposed the use of the paddle viscometer 
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(ASTM D 7226) as another possible instrument for evaluating asphalt viscosity. He reported 

that the results of the paddle viscometer show the highest correlation coefficient (above 90%) 

compared to the three viscometers he evaluated in his earlier study (Salomon 2000). 

However, a report by King et al. (2010) reports that the paddle viscometer needs further 

development because it does not allow for accurate control of temperature during testing 

(King et al. 2010). Another instrument reported in the literature is the field viscometer (FV) 

(Schuler et al. 2011). The FV uses a device and test procedure similar to the SFS viscometer; 

it was deemed to suffer from the same weaknesses as the SFS viscometer and, thus, is not 

considered in this study. 

From the identified instruments, the rotational viscometer (RV) specified in the 

AASHTO TP 48 and ASTM D 4402 was selected for this study because the RV is being used 

currently in the Superpave system to measure the apparent viscosity of asphalt at handling, 

mixing, or application temperatures. Thus, many manufacturers, road agencies, and 

contractors already have access to this instrument. In addition to its ability to subject the 

material to varying shear rates, it also requires relatively small amounts of materials to run 

the test, allows for accurate control of the temperature, is less dependent on the operator, and 

requires less cleaning time than the other candidate instruments.  

2.8.1.2.1.1 Three Step Shear Test 

The available test methods for thixotropic liquids include the shear index and 

thixotropic loop methods (ASTM D 2196), the step-shear test (Eley 1995) and method 50-50-

21 (Salomón and Michael 2002), among many others. However, the most promising test 

procedure for evaluating the viscosity of asphalt emulsions is the 3-step shear test introduced 

by Zhai et al. (2004). The test was adapted from the paint industry where it is commonly 

used to study sprayability and sagging behaviors of emulsion paints, which are also 

thixotropic, like asphalt emulsions.  

For proper emulsion application, the emulsion must have sufficiently low viscosity 

under high shear rate to allow for spraying onto the pavement surface but should exhibit high 

viscosity once placed to resist drainout off of the pavement surface. In order to capture the 

spraying and drain out properties of emulsions, the three step shear test is used (Johannes et 
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al. 2013). The three step shear test utilizes three successive shear rates to simulate the 

thixotropic and shear thinning behavior of asphalt emulsion during the production of chip 

seals and spray seals. The first shear rate is low and used to simulate the emulsion condition 

under circulation in the tank. The second step involves a high shear rate to simulate spraying 

and the third step utilizes a low shear rate to evaluate emulsion resistance to drainout. The 

low shear rate is used to simulate flow due to gravity once the emulsion has been placed.  

An example of three step shear test results is presented in Figure 2.6 illustrates that 

the 3-step shear test can clearly show the changes in viscosity of an emulsion when subjected 

to various shear rates at a given temperature. The reduction in viscosity from Step 1 to Step 2 

shows that the emulsion has good spraying characteristics when subjected to a higher shear 

rate. In the same test, the viscosity becomes higher in step 3 compared to step 2 which is 

good for drain out properties. Higher viscosity in step 3 at low shear rate indicates that the 

emulsion will not flow on the pavement after spraying. Emulsions with high viscosity at low 

shear rates have been reported to be more stable during storage compared to emulsions with a 

low viscosity (Barnes 2000, Tadros 2004). 
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Figure 2.6. Typical three step shear test in laboratory. 

2.9 Mixture Performance Test Methods for Microsurfacing 

In order to develop specifications for emulsion residue resistance to critical distresses, 

mixture performance test methods must be conducted to allow for validation measured binder 

properties capture distress resistance and to subsequently establish specification limits. 

2.9.1 Wet Track Abrasion Test  

Raveling was identified as a critical microsurfacing distress and thus a mixture 

performance test is needed to evaluate the ability of binder tests to capture microsurfacing 

mixture raveling resistance. The Wet Track Abrasion Test (WTAT) shown in Figure 2.7 

simulates the in-service traffic loading of microsurfacing systems in the laboratory. The test 

is designed as a wet stripping test, but also can be used to quantify dry raveling. The test 

method itself was developed mainly for slurry seal system testing, but could potentially have 

applications for chip seal surface treatments as well. This test method is standardized for 
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slurry seal/microsurfacing evaluation as ASTM D 3910. In the test, cured samples are placed 

in a water bath set to 25°C for one hour and then abraded with a rotating rubber hose attached 

to a planar mixer. This abrasion process lasts five minutes in a Hobart C-100 mixer. 

Afterwards, the sample is cleaned and then dried in an oven at 60°C to determine the loss of 

weight due to abrasion. The test is conducted under water, but it should be noted that the 

purpose of the submerged specimens is not to increase abrasion, but rather to allow the 

abraded material to float away rather than fly away. In ISSA TB100, a moisture damage 

protocol is also suggested. In this method, additional testing on samples soaked in 25°C 

water for six days is conducted. At the end of this soaking period the samples are tested the 

same way as the one-hour soaking samples (i.e., five minutes of abrasion). A survey of 

agencies, contractors, manufacturers, and other experts conducted by Fugro (2004) suggests 

that the WTAT six-day soak value should be included as part of best practices in evaluating 

the long-term performance of microsurfacing systems. 

 

Figure 2.7. Wet track abrasion test and test accessories (Macropaver 2012). 

The WTAT has shown reasonable correlation to field performance. According to 

ISSA TB100 and Fugro (2004), the acceptable abrasion loss (weight loss) value for a slurry 

surfacing system should be less than 807 g/m2. This loss value was determined from studies 

conducted by Kari and Coyne (1964) who found that the rate of field wear is highly 
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correlated to in-service performance, and specifically identified the 807 g/m2 value as a limit 

for differentiating between good and bad in-service pavements, as shown in Figure 2.8.  

 

Figure 2.8. Relation between wear value and field performance (Kari and Coyne 1964). 

In addition, a micro-surfacing is a mixture of aggregate, emulsion, mineral filler, and 

additives; the performance of the mixture depends on the specific proportions of these 

components. As such, the literature shows that the WTAT can be used to evaluate these 

factors (Andrews et al. 1994). Andrews et al. (1994) recommend that the abrasion loss 

obtained from a six-day soak period can be used as performance indicator. This parameter is 

suggested over the one-hour soak test because the one-hour soak test results did not show 

expected trends. Figure 2.9 and Figure 2.10 summarize the findings from Andrews et al. 

(2004) when using the six-day soak tests to evaluate water content, cement content, and 

mineral filler. 
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Figure 2.9. Abrasion loss of six day soaked specimens without additive (Andrews et al. 2004) 

 

Figure 2.10. Abrasion loss of six day soaked specimens with 12% water (Andrews et al. 

2004). 

Questions remain concerning the test’s ability to simulate field conditions for 

stripping and raveling. The main question is whether the loading conditions and abrasive 

head design accurately simulate the abrasion loss characteristics that the specimen would 
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experience under field loading conditions. Also, while past studies have demonstrated 

sensitivity to mixture design, it is uncertain whether the test has the ability to differentiate 

raveling performance between emulsion types. 

2.9.2 Loaded Wheel Tester (ASTM D 6372) 

A mixture performance test is needed to assess the ability of binder properties 

measured herein to capture mixture bleeding resistance. The loaded wheel tester (LWT) is 

used to evaluate the bleeding and flushing potential of microsurfacing systems according to 

ISSA TB109 and is also used as a mix design tool for compaction and lateral displacement of 

multilayered microsurfacing (ASTM D 6372). Figure 2.11 shows the LWT apparatus and 

associated accessories. The device itself consists of a loading frame (143 cm x 43 cm x 41 

cm, L x W x H), specimen molds, and wooden dowel bar. For the test, a 56.7 kg mass is 

placed in the loading tray, and an electric motor drives the wheel back and forth on top of the 

sample. For both ASTM D 6372 and ISSA TB109 specifications, the load is applied for 

1,000 cycles at a speed of 44 cycles per minute. In the case of ASTM D 6372 the test is 

stopped and measurements are taken of the width change. For ISSA TB109, 100 g of Ottawa 

sand is heated to approximately 62C and uniformly spread over the specimen after the 1,000 

cycles are complete. Then, the LWT is restarted, and the sample is loaded for another 100 

cycles. After these 100 cycles, the specimen is removed from the mold, and it is tapped 

lightly twenty times to clean any loose sand from the surface. The difference between the 

weight of the specimen before loading and after loading signifies the amount of adhered 

sand, or sand adhesion. According to the ISSA standard, the amount of sand adhesion should 

not exceed 0.54 kg/m2 to avoid flushing. 

Sample fabrication differs slightly between the ASTM D 6372 and ISSA TB109 

standards, but in both a predetermined amount of aggregate (300 g in ISSA TB109 and 500 g 

in ASTM D 6372) is mixed with an appropriate amount of water, filler, additive and 

emulsion for 30 seconds. Then, the sample is poured into a mold approximately 381 mm x 50 

mm x 6 mm (L x W x H) and leveled using a wooden dowel. The sample is then cured and 

prepared for testing. In ASTM D6372, curing consists of leaving the sample to air cure at 

room temperature for 24 hours and then curing it in an oven at 60°C for an additional 18 to 
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20 hours. For ISSA TB 109, the sample is left at room temperature only long enough to 

prevent free flow and is then placed in a 60°C oven to cure until a constant mass is achieved 

(not less than 12 hours). 

 

Figure 2.11. Loaded wheel tester (Macropaver 2012). 

A more advanced version of the LWT also has been used. The three-track LWT, 

shown in Figure 2.12, can be used for the same ASTM and ISSA tests as the LWT shown in 

Figure 2.11. In this test setup, the specimens are all 19 mm thick, 50 mm width, and 380 mm 

long. After applying 1,000 cycles of the 56.7 kg load, the density, vertical and lateral 

displacements are measured. The recommended values for vertical and lateral displacements 

are 10% to 12% and 5%, respectively (Raza 1994). 
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Figure 2.12. Multilayer loaded wheel tester (Raza 1994). 

The purpose of the LWT is to determine the optimal asphalt content of the mix. The 

degree of sand adhesion/retention is directly proportional to the binder content in the mix. 

The reliability of this test method depends on the mixing procedure and mix proportions. The 

LWT is the second most reliable long-term performance test according to a survey of 

agencies, contractors, manufacturers, and other experts (Fugro 2004). It is reasonable to 

expect that the amount of bleeding will increase with an increase in asphalt application (all 

other factors being the same), and the test captures this expectation, as shown in Figure 2.13. 
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Figure 2.13. Maximum asphalt content by LWT (Smith et al. 1994). 

The LWT also has been used to evaluate the effect of changes in composition 

(Andrews et al. 1994). Andrews et al. (1994) found that the consistency of the LWT can be 

compromised by inconsistent sanding. However, by following a repeatable sanding 

procedure, the researchers found that water can clearly affect the bleeding potential, but that 

the amount of emulsion and mineral filler does not show a consistent trend. This finding 

indicates that emulsion and mineral filler do not affect the performance of mixture properties 

significantly, which is illustrated in Figure 2.14 and Figure 2.15. 
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Figure 2.14. Results without additive (Andrews et al. 1994). 

 

Figure 2.15. Results with 0.05% additive (Andrews et al. 1994). 

2.9.3 MMLS3 for Microsurfacing Rutting Evaluation 

In order to better simulate the field traffic conditions under which bleeding and 

rutting develop, the one third-scale model mobile load simulator (MMLS3) has been 
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implemented which consists of eight buggies, four of which have tires to apply load to the 

specimen. The load applied by the tire is one third of standard dual tire wheels. The traffic 

rate with this MMLS3 is 990 wheel passes every 10 minutes. Movement of the buggies is 

controlled by a rotating drum inside of this machine. Another feature of this machine is that 

the wheels can move transversely to simulate wandering.  

MMLS3 test setup is shown in Figure 2.16. Figure 2.16 (a) is setup with chip seal 

specimen, Figure 2.16 (b) is the side view of MMLS3, Figure 2.16 (c) is the MMLS3 setting 

process inside of the environmental chamber before testing, and Figure 2.16 (d) is MMLS3 

inside of the environmental chamber with the heat controller unit. 

 

Figure 2.16. 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. 

The MMLS3 has not previously been used for micro-surface performance evaluation, 

but it has been used for multiple chip seal rutting characterization (Kim and Lee 2009) at 

(b)(a)

(d)(c)
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20°C, 40°C, and 54°C. Based on past studies, rutting is characterized as the high temperature 

performance indicator of chip seals. To conduct rutting tests in the MMLS3, wheel loading 

applied continuously to the chip seal specimen and rutting is measured periodically using a 

profilometer oriented along the transverse direction of specimen every 10 mm (Kim et al. 

2005). Here, the wandering of MMLS3 is not utilized to increase rate of rutting  

A chip seal specimen after MMLS3 loading is shown in Figure 2.17. Based on this 

figure, rutting is found to be combination of vertical deformation and transverse movements 

or shear flow of aggregates. And theoretically, rutting mechanism is found to be combination 

of vertical deformation and sidewise movement of aggregates. 

 

Figure 2.17. Cross-section of a triple seal specimen after MMLS3 loading (Lee 2007). 

The cross sectional profile of a triple seal specimen after MMLS3 testing is 

represented in Figure 2.18. In this figure, the specimen is found to be vertically deformed 

including the transverse movement of aggregates at the same time. The profile after loading 

is indicated by the red line and the original profile is shown by the blue line. In addition to 

the vertical and sidewise displacement of original profile, the aggregate moves upwards on 

the sides and creates humps in both sides. Due to the non-uniform profile of chip seal 

specimen after loading, the rut depth is measured between the humps on sides and the 

average height of trafficked area of specimen as illustrated in Figure 2.17.  
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Figure 2.18. Schematic diagram of a typical cross-section of a triple seal (Lee 2007). 

Since MMLS3 is applied with success for chip seal rutting (Kim et al. 2005 and Lee 

2007), the assumption here is that the MMLS3 is capable of capturing the microsurfacing 

rutting performance with different emulsions to simulate field conditions and hence, is used 

in this study in place of the loaded wheel tester. MMLS3 has also been successfully used to 

assess bleeding of chip seals by image analysis (Lee 2007).  

2.9.4 MMLS3 for Microsurfacing Bleeding and Flushing Evaluation 

The MMLS3 has also been used to assess bleeding of chip seals (Lee 2007). The 

basic process of fabrication and sample mounting used in rutting studies are followed also in 

the case of bleeding and flushing evaluation. The tests are conducted with traffic wandering 

at high temperature (approximately 50°C) and bleeding is quantified using image analysis.  

Since MMLS3 is used to measure the bleeding performance for chip seal, MMLS3 

can also implemented for microsurfacing bleeding and flushing characterization. 
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2.9.5 Single Edge Notch Beam (SENB) Test for Microsurfacing 

Microsurfacing is applied on the existing pavement in thin layer and hence, does not 

add structural capacity to pavements. So when the existing pavement has cracks, those cracks 

come through the microsurfacing thin layer very easily. Since reflective cracking depends on 

the existing pavement condition, reflective cracking is not considered as critical distress for 

microsurfacing. However thermal cracking is solely material dependent and depends on the 

material stiffness and relaxation modulus. That is why, thermal cracking is considered as 

performance related distress for microsurfacing instead of reflective cracking.  

In order to cracking resistance of microsurfacing mixtures, a fracture mechanics 

based test method is needed. Current fracture mechanics based tests available for asphalt 

mixtures include Single Edge Notched Bend test (Wagoner et al. 2005), direct tension test 

(Bolzan and Huber 1993), indirect tension test (IDT) (Christensen and Bonaquist 2004), 

Semi-Circular Bend (SCB) test (Mohammad et al. 2010), and Disc-Shaped Compact Tension 

(DCT) test (Wagoner et al. 2005). 

The SENB test has been chosen herein due to simplicity on simple specimen 

fabrication and stress field should be simple by minimizing end effects and induce pure 

Mode I fracture (Wagoner et al. 2005). Based on an experimental study at different 

temperatures on asphalt mixture, the SENB test was selected as the most promising fracture 

test for asphalt mixture depending on reliability and fracture energy dependency at different 

temperatures (Wagoner et al. 2005). 

The SENB test (Figure 2.19) closely follows the ASTM E399 procedure and assumes 

that linear elastic fracture mechanics (LEFM) conditions are present. A stress intensity factor 

is used to characterize the stress field in the vicinity of the crack tip. The critical stress 

intensity factor corresponds to the initiation of the crack and is defined as the measure of 

fracture toughness. 
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Figure 2.19. Schematic of SENB test setup. 

The fracture toughness (KIC) is calculated using the Equation (2.1) . 

 

 

 

where, 

 

= Fracture toughness in mode I failure, 
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2.10 Mixture Performance Test Methods for Chip Seal 

2.10.1 Modified Sweep Test for Chip Seal at Low Temperature 

A past study attempted to derive low-temperature specifications for chip seal 

aggregate loss using standard BBR properties used in hot-mix asphalt performance grading, 

creep stiffness at 60 seconds of loading (S(60)) and m-value at 60 seconds of loading (m(60)) 

(Adams 2014). In this study, mixture aggregate loss was measured using the modified sweep 

test, which is consists of a revised version of ASTM D 7000 to allow for low temperature 

testing. The study included comparing BBR and modified sweep test results of five 

unmodified emulsions and six modified emulsions. The comparison between BBR and 

modified sweep test results are shown in  

Figure 2.20. Aggregate loss is known to reduce with the use of modified emulsions. 

However, results of modified sweep testing demonstrate significant overlap in aggregate loss 

performance between modified and unmodified materials. Therefore, it is concluded that the 

modified sweep test at low temperature cannot be used to characterize low temperature 

aggregate loss effectively. Consequently, no low temperature specifications were developed 

by Adams (2014).   

When the modified sweep test aggregate losses are compared with S(60) and m(60), 

aggregate losses do not show any specific correlation regardless of the emulsion types 

(Figure 2.20 (b)). The aggregate loss is expected to be high with higher binder stiffness and 

lower relaxation modulus. In Figure 2.20 (a), aggregate loss of unmodified emulsions are 

showing an increasing trend with S(60). The modified emulsions are completely unable to 

show any trend between aggregate loss and S(60). At the same time, modified emulsions do 

not show clear relationship with m(60) in Figure 2.20 (b) and the unmodified emulsions 

represent a decreasing aggregate loss trend with increasing m(60) as expected. However 

different aggregate losses with the identical S(60) values (Figure 2.20 (a)) and similar m(60) 

values (Figure 2.20 (b)) are not expected.  
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Figure 2.20. Modified sweep test results and comparison with (a) S(60) and (b) m(60). 
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2.10.2 Vialit Test for Chip Seal at Low Temperature 

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

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

EN12272-3 (2003), and is relatively simple to perform.  

To prepare Vialit specimen, firstly the specified amount of asphalt binder is applied 

on the plate at spraying temperature. Then, 50 or 100 chippings are evenly placed on the steel 

plate on top of the plate and rolled with rubber rollers three times in one direction and three 

times perpendicular to first rolling direction. For Vialit specimen with emulsion, the plate 

with emulsion and chippings after rolling is placed in the forced draft oven at room 

temperature for (24±1) hours. The amount of asphalt binder and emulsion are determined 

based on the size of chippings (EN12272-3 (2003)). Then the specimen with asphalt binder 

or emulsion residue is placed inside of a environmental chamber at (5±1)°C for (20±2) 

minutes.  

The specimen is then turned 180° and placed on the supporting stand of Vialit test 

apparatus shown in Figure 2.21. A steel ball (500 ± 5 g) is released from its resting position 

so that the sphere falls vertically 500 mm and strikes the back of the specimen 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.  
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Figure 2.21.Vialit test apparatus. 

Although the Vialit test does measure the adhesion capability and compatibility of the 

chip seal materials, this test does not closely simulate the traffic loading conditions that are 

experienced in the field. The Vialit test method simulates the vertical aggregate removal 

force (via gravitational force and vertical impact) that causes loss, but not the reseating and 

embedding of the aggregate into the emulsion that occurs under field traffic loading. These 

differences in loading conditions do not necessarily mean that a relationship does not exist 

between the Vialit test aggregate loss results and the raveling performance of chip seal 

treatments under field traffic loading. However, the ability of the test method to simulate 

field traffic loading conditions has not been determined. 

The aggregate loss at low temperature of preservation treatment is caused by the 

shrinkage of asphalt binder coupled with the hardness/brittleness of asphalt binder at low 

temperature and also due to snow plows related raveling in winter (Transit New Zealand 

2005, Walubita 2007, Wielinski et al. 2011). The Vialit test has been implemented at low 

temperature to characterize chip seal aggregate loss. However, using the standard procedure, 
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it has been noted that debonding between emulsion residue and steel plate can occur, which 

does not accurately replicate the field distress (Louw et al. 2004, Lee 2007, Walter and Isaac 

2011, and Yi et al. 2013). Walter and Isaac (2011) modified the steel plate to prevent 

debonding failure by altering the steel plate thickness and the lip height on the sides. In 

current specification, the steel plate thickness is 2 mm with 6.35 mm lip height including the 

plate thickness (Figure 2.22 (a)). The modified plate is made of hot rolled steel with 

thickness of 6.35 mm and 12.7 mm lip height including the plate thickness (Walter and Isaac 

2011) shown in Figure 2.22 (b). The lips of the plate keep the emulsion within the steel plate 

but do not impact aggregate loss. The thickness of the steel, however, affects the measured 

aggregate loss. As plate thickness increases, the capacity of impact energy absorption 

increases. The dimension of the plate is consistent with the original specification: 200 mm by 

200 mm and the weight of sphere is also unchanged: 500±5gm. The low temperature 

aggregate loss test with the modified plate has been shown to differentiate the performance of 

modified and unmodified binder at low temperature (e.g., -15°C and -22°C). In addition, this 

plate modification clearly captures freeze thaw effects on the chip seal performance (Walter 

and Isaac 2011).  
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Figure 2.22. (a) Standard vilait plate, and (b) Modified Vialit plate.  

2.11 Residue Test Methods 

2.11.1 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. A reliable method is needed that can 

recover representative asphalt residue that can then undergo further testing. An acceptable 

method should be able to: 

 Be performed at test temperatures consistent with those realized in the field; 

 Completely remove water and allow minimal binder oxidation during the recovery 

process; 

 Maintain and preserve the integrity and network structure of polymer- and latex-

modified emulsions; 

 Produce an adequate quantity of residue for testing, and the residue should have a 

homogeneous consistency; 

 Require a relatively short time for recovering the residue; 

 Produce repeatable results; and 

 Be cost-effective, durable, and robust. 
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Many test methods are currently available for recovering asphalt emulsion residue. 

These methods are carried out using either distillation or evaporation processes, whereby the 

water in the emulsion is evaporated from the residue. The distillation methods include the 

procedures specified in ASTM D 6997, ASTM D 7403, BS EN 1431, the Belgian Method 

(Procedure 08-34), and the Spanish Method (NLT 147) (Gueit et al. 2007). The evaporation 

methods include ASTM D 6934, 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 . Takamura (2000) showed that such high temperatures have the potential to 

significantly alter or damage the microscopic polymer network in the emulsion residue. 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 (Takamura 2000, 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 D 7497-09, 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 the 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 D 7497 was developed by the TxDOT 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 
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recovery, the residue is collected from the mat and transferred to a sample container by 

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 (2010) 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. Figure 2.23 is 

adapted from the Kadrmas (2010) study and shows the results of these comparisons.  

 

Figure 2.23. Comparison of G*/sin δ for CRS-2L and CRS-2P residues recovered using both 

Methods A and B of the ASTM D 7479-09 (Kadrmas 2010). 

Method B will be used for residue recovery for this project because it requires less 

time to recover the residue and allows for large amounts of residue to be recovered. 

However, the repeatability of this method has not been evaluated. The residues that have 

been recovered on different mats usually are mixed together, and testing has been conducted 

using the mixed residues without checking whether the mats produce residue with similar 

properties. The repeatability of this method will be evaluated in this project. 

2.11.2 Resistance to Early Raveling and Late Raveling (In Service Raveling) 

The BBS test quantifies the cohesive/adhesive strength of asphalt emulsions in order 

to evaluate potential raveling that occurs in service during the months following construction. 
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BBS test device is originally used for paint industry developed by National Institute of 

Standards and Technology (NIST). This test has been standardized in AASHTO TP 91 to 

determine pull-off strength of asphalt from aggregate. This device is used in asphalt binder 

later on and named as BBS test to determine the bond strength of asphalt binder, asphalt 

emulsion, and emulsion residue with aggregate (substrate). PATTI or BBS test device with 

different components of the setup is shown in Figure 2.24.  

 

Figure 2.24. BBS (PATTI) test assembly (ASTM D 4541). 

To conduct the BBS test for asphalt emulsion, the aggregate substrate is cut with saw 

from large rock of source aggregate. After cutting the substrate, the surface is polished with 

280-grit silicon to create a uniform surface texture. Then the substrate is cleaned with 

distilled water inside of an ultrasonic cleaner for one hour at 60°C. This cleaning step washes 

away all the unexpected particles from the substrate which might affect the bond strength 

between emulsion and substrate. The surface of substrate is made flat to avoid load 

eccentricity during testing.  
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When the substrate is ready, the silicon mold (Figure 2.25 (a)) is placed on the 

substrate and 0.4g preheated emulsion at 60°C is poured inside of the silicon mold of 400 

mm x 400 mm cross section with a 20 mm diameter opening in the middle with 0.8 mm 

thickness. The reason of using this mold is to keep the emulsion within the opening and also 

to reduce specimen fabrication variability. Then the substrate with emulsion is cured inside 

of the environmental chamber depending on which field condition is trying to be simulated. 

When the emulsion is cured completely, the preheated pullout stub at 60°C has been pressed 

on the cured emulsion residue. Then 50g weight of pressure ring is placed on pullout stub to 

ensure full contact with emulsion residue. The pullout stub (Figure 2.25 (b) and (c)) has 0.8 

mm rim with four opening on the perimeter which allow the excess residue to come out 

during residue squeezing by pullout stub. Then the whole system with substrate, pullout stub, 

and pressure ring is returned inside of the oven for conditioning at test temperature. Finally, 

the pressure plate is placed on the pressure ring and screwed with pullout stub. The pressure 

assembly is shown in Figure 2.26. Then the pressure is applied followed by device 

manufacturer’s instruction and record the maximum pullout force to calculate the pullout 

strength between emulsion residue and substrate with the failure type (i.e., adhesive and 

cohesive) between pullout stub and substrate.  
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Figure 2.25. (a) Mold for emulsions, (b) Pullout stub (profile view), and (c) Pullout stub 

(bottom view) (AASHTO TP 91). 

 

Figure 2.26. Schematic of testing assembly (AASHTO TP 91). 

The test can also be used to evaluate moisture damage of asphalt emulsion residues. 

To evaluate moisture damage, the bond strength of dry samples is compared with that of 

conditioned samples in water at specified temperatures and duration (Moraes et al. 2010). 

2.11.3 Resistance to Bleeding and Rutting 

Current specifications for high temperature performance characteristics of asphalt 

emulsion residue are based on traditional methods, such as the penetration (ASTM D 5) and 
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the ring-and-ball softening point (ASTM D 36) tests. However, these test methods are no 

longer used to characterize the performance of Hot-Mix Asphalt (HMA) binder as a result of 

Superpave Performance Grading system. To prevent rutting, flushing, or bleeding, an asphalt 

binder (or residue) should have high stiffness values and elasticity at high temperatures. The 

Superpave PG system uses the DSR to specify a minimum complex |G*| and a maximum δ to 

limit high temperature distress (rutting). The parameter, |G*|/sin δ, represents a single point 

within the linear viscoelastic range. This test method is limited to the linear viscoelastic 

range, it does not allow for the damage properties of different binders, specifically modified 

binders, to be evaluated beyond the linear range (Bahia et al. 2001).  

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 specified in 

AASHTO TP 70 as a possible candidate for evaluating the flushing, bleeding, and rutting 

potential of emulsion residues. 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. 

It is intended for use with binders obtained from applying AASHTO T 240 (ASTM D2872) 

(RTFOT), which is designed to simulate plant aging.  

This test is performed by Dynamic Shear Rheometer (DSR), which is available for 

asphalt industry. This test measures the elastic recovery and non-recoverable creep 

compliance (Jnr) of residue/binder. MSCR test is done at two different stress levels: 0.1 kPa 

and 3.2 kPa with 25mm DSR parallel plate maintaining 1mm gap. In first step, repeated 

creep and recovery is conducted using 10 cycles of 1 second of creep at a stress level of 0.1 

kPa followed by 9 seconds of recovery. In the second step, 10 cycles of repeated creep and 

recovery are conducted using a 1 second creep load of 3.2 kPa and 9 second recovery.  

Typical MSCR results are shown in Figure 2.27 for a single stress level.  Figure 2.28 

shows the total strain and non-recoverable strain in first cycle. Results are used to calculate 

the non-recoverable creep compliance (Jnr). Jnr is calculated as the non-recoverable strain 

divided by applied stress in during testing (i.e., 0.1 kPa or 3.2 kPa). Percent recovery is also 

reported as the ratio between recovered strains to total strain. In each stress level, the non-

recoverable creep compliance and percent recovery is determined in each cycle and finally, 
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the values are averaged to get the final value and used as reported value. Jnr is an indicator of 

resistance to permanent deformation and percent recovery is an indicator of the ability to 

recovery deformation (Bahia et al. 2001, D'Angelo 2007). 

 

Figure 2.27. Typical MSCR test at 0.1 kPa. 

 

0

25

50

75

100

125

150

0 10 20 30 40 50 60 70 80 90 100

S
tr

a
in

 (
%

)

Time (Sec)

MSCR at 0.1 kPa



 
 55 

 

 

Figure 2.28. First cycle of MSCR test at 0.1 kPa 

The MSCR test is a good candidate for evaluating residue performance properties at 

high temperatures because it allows for testing at different stress levels and temperatures and 

will be utilized in the work herein. 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 a high elastic 

recovery property tend to be less susceptible to flushing because they can return to their 

original shape after loading.  

King et al. (2010) reported test results from a vast number of different types of 

modified and unmodified emulsions (both laboratory-tested and from field projects) that 

were evaluated using the MSCR test. Their results indicate that the MSCR test is able to 

differentiate between emulsion types and the effects of modification. Similar results have 

been reported by Hanz et al. (2011), who also used the MSCR to evaluate the performance of 

asphalt emulsions commonly used for chip sealing in Wisconsin. Based on this study, MSCR 

test is found to be able to differentiate between different emulsion types and modifiers. 
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2.11.4 Low Temperature Test Method Emulsion Residue 

2.11.4.1 DSR Test to Predict Low Temperature BBR Performance  

The two main distresses that occur at low temperatures in preservation treatments are 

thermal cracking and aggregate loss (Transit New Zealand 2005, Walubita 2007). Thermal 

cracking is caused by the buildup of thermal stresses that develop in the binder at low 

temperatures due to shrinkage. Aggregate loss may occur if the binder becomes too hard at 

low temperatures, and the aggregate particles simply break off the surface (Transit New 

Zealand 2005). This process worsens with age, as the binder oxidizes and loses its flexibility. 

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.  

Bahia (2010) presents a new method that uses interconversion methods developed by 

Ferry (1980) and Anderson et al. (1994) to estimate the low temperature creep properties of 

asphalt binders using the intermediate temperature shear properties measured by the DSR. 

This procedure is representing here in different steps. G* and δ are recorded at 15°C , 10°C , 

and 5°C changing frequency from 0.1 to 100 rad/sec. The master curve is determined for G* 

and δ at 10°C by time temperature superposition using Equation (2.2) and Equation (2.3) 

(Kim 2009). Here the shift factor ( )a T for a given temperatureT , is determined by using 

WLF (Williams-Landel-Ferry) Equation (2.4) (Zeng et al. 2001). 
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where,  

 = Reduced frequency, 

( )a T = Shift factor for a given temperatureT , 
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f = Frequency, 

oT = Reference temperature, 

1c = Constant, and 

2c = Temperature constant. 

Christensen-Anderson-Marasteanu (CAM) model is followed to fit the master curve 

for G* and δ following Equation (2.5) and Equation (2.6) respectively (Zeng et al. 2001). 
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where, 

*G = Complex shear modulus, 

gG = Glass complex modulus, 

 = Reduced frequency, 

C = Location parameter with dimensions of frequency, 

v , w  = Shape parameters, 

The BBR test temperature (TS) and DSR test temperature (Td) are correlated 

according to Equation (2.7) (Anderson et al. 1994) for specific creep loading time ( St ) and 

frequency (ω). The frequency (ω) corresponding to specific BBR test temperature is 

determined for 10°C DSR test temperature and 60s ( St ) creep loading time. Then G* and δ 

(2.5) 

(2.6) 



 
 58 

 

corresponding to reduced frequency (ω), are determined by following the Equation (2.5) and 

Equation (2.6) respectively (Zeng et al. 2001).  

12.303* *log( * )1
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where, 

dT = Test temperature for dynamic testing at frequency , °C 

ST = Specified temperature for creep testing, °C 

R = Ideal gas constant, 8.31 J/°K-mol 

St = Specified creep loading time, sec 

 = Dynamic testing frequency, rad/sec 

Finally, the G* and δ corresponding to reduced frequency ω, are used to calculate the 

S(60) and m(60) from Equation (2.8) and Equation (2.9) respectively (Anderson et al. 1994). 

Here S(60) is the stiffness at 60s creep loading time corresponding to reduced frequency ω. 

And m(60) is the slope of plot log(G*) and log(ω) at time 60s and corresponding to reduced 

frequency ω. 
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where,  

( )S t = Creep stiffness at time t, Pa 

*( )G  = Complex modulus at frequency , Pa 

(2.7) 

(2.8) 

(2.9) 
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( )  = Phase angle at frequency ,  

m = Slope of log( *G ) vs. log( ) at a given frequency, 

*G = Complex modulus, Pa 

 = Frequency, rad/sec 

The shear parameters (|G*| and δ) that are required to provide the estimates of 

stiffness and m-values, respectively, are obtained by developing a mastercurve based on data 

from a frequency sweep in the DSR at temperatures of 5°C, 10°C, 15°C and a frequency 

range of 1 rad/s to 150 rad/s. The test temperatures and frequencies are selected based on the 

limitations of the DSR used to conduct the test.  

During development, this Bahia approach was used to compare measured and 

estimated BBR parameters for 12 materials, including short- and long-term aged emulsion 

residues and conventional binders. Results indicate a strong correlation and equivalency 

between measured and predicted values for both stiffness and m-value (Bahia et al., 2010). 

This study shows that the stiffness and m-value have correlation between DSR measured and 

BBR predicted values. The issue with the aforementioned approach is that it is based on 

linear viscoelasticity, not fracture resistance. 

2.11.4.2 Single Edge Notch Beam (SENB) Fracture Test 

The SENB test has been proposed by several researchers to assess the fracture 

resistance of hot-mix asphalt binders at low temperature (Lee and Hesp 1994, Lee et al. 1995, 

Anderson et al. 2001, Velasquez et al. 2011). Based on those studies, the fracture energy and 

fracture toughness are capable of distinguishing between the performance of modified and 

unmodified binders. In addition, SENB was found to provide more consistent ranking with 

field performance compared to PG classification. Thus, the SENB has the capability to 

capture the difference among the modified and unmodified asphalt binders.  

Recently, Velasquez et al. in 2011 developed a means of performing SENB testing 

using BBR type specimens for asphalt binder specimens. The SENB test is found to be able 
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to capture the difference among the different types of asphalt binder at low temperature 

(Velasquez et al. in 2011). In this test procedure, the specimen geometry is kept same as 

BBR specimen which is 102 mm x 12.5 mm x 6.25 mm and the applied loading rate is 0.01 

mm/sec. The only difference is that the SENB test specimen has a notch in the middle. In 

BBR test, the load is applied on the 6.25 mm width surface but in SENB test, the load is 

applied on 6.25 mm width surface. A schematic of SENB test setup has been shown in Figure 

2.29 with simply supported beam, notch depth (a), beam width (b), beam depth (W), and 

loading rate (P). 

 

Figure 2.29. Schematic of SENB test setup. 

The fracture toughness can be calculated based on equation (2.10). And the fracture 

energy is the area under load vs displacement curve.  
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ICK = Fracture toughness in mode I failure, 

P = Maximum force (N), 

L = Length of beam (102 mm),  

a = Depth of notch (~0.3 mm), 

W = Beam width (12.5 mm), and 

B = Beam depth (6.25 mm). 

These solutions are based on the assumption of Linear Elastic Fracture Mechanics 

(LEFM). The validity of LEFM concept depends on the stress-strain field around the crack 

tip. The large existence of plastic zone around the crack tip compared to specimen size 

undermine LEFM concept. SENB is going to be executed for chip seal low temperature 

raveling and thermal cracking for microsurfacing. 

2.12 Emulsion Survey 

In order to select emulsion for use in this study, the literature was reviewed in order 

to identify emulsions most typically used in each preservation type.  

A 2004 report issued by the International Bitumen Emulsion Federation (IBEF) lists 

asphalt emulsion use by application as follows: 

 Tack/bond coat: 34% 

 Chip seal: 30% 

 Microsurfacing: 11% 

Although tack/bond coat asphalt emulsions probably represent the largest market 

segment by volume, they are not considered to be preservation treatments.  
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2.12.1 Spray Seals 

King and King (2007) summarized results of a survey conducted to identify 

commonly used spray-applied sealers/rejuvenators. These data, provided from fifteen states, 

are illustrated in Figure 2.30. 

 

Figure 2.30. Asphalt binder grades used in fog seals (King and King 2007) 

The data in Figure 2.30 suggests that CSS-1 is the most common asphalt emulsion 

used in fog seals. SS-1, SS-1h, and CRS-1 emulsions are also common.  

2.12.2 Chip Seals 

Gransberg and James (2005) conducted a survey of chip seal emulsion type use in the 

United States and Canada. Thirty-one states responded with specific grades they used. 

Survey results are shown in Figure 2.31. 

Figure 2.31 show 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 and HFRS-2P, are reported as used 

by some states. In Canada, the use of high-float emulsions is much more prevalent.  
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Figure 2.31. Asphalt binder grades used in chip seals (Gransberg and James 2005). 

The input provided from some of the Asphalt Institute (AI) Member Technical 

Representatives suggests preferred usage of the following emulsions for chip seals: 

 CRS-2 and CRS-2P/L (unmodified and polymer/latex-modified) 

 RS-2 and RS-2P (unmodified and polymer/latex-modified) 

 HFRS-2 (unmodified and polymer/latex-modified) 

The use of the CRS-2, CRS-2H, CRS-2P/L emulsions certainly coincides with the 

most reported grades shown in Figure 2.31.The HFRS-2 grades should be considered because 

those emulsions are used by some states and several provinces in Canada. One AI Member 

Technical Representative noted that the research should consider both latex- and polymer-

modified emulsions. 

2.12.3 Microsurfacing 

For microsurfacing and slurry seal, the Asphalt Institute (AI) Member Technical 

Representatives recommend the following asphalt emulsions (Gransberg 2010): 

 CSS-1h (unmodified and polymer/latex-modified) 

 CQS-1h (unmodified and polymer/latex-modified) 
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Another survey conducted in the United States for most frequent use of emulsion type 

used in microsurfacing treatment is shown in Figure 2.32 (Gransberg 2010). Among all the 

emulsions, modified and unmodified slow and quick setting emulsions are most commonly 

used in microsurfacing. Besides this, RalumacTM is also latex modified asphalt emulsion 

developed in West Germany. CSS-1P, Quick Set Mixing Grade (QSMG), CRS-1P, and CRS-

2P emulsions are also used in microsurfacing but not as popular as other emulsions 

mentioned earlier. 

 

Figure 2.32. Asphalt binder grade used in microsurfacing (Gransberg 2010). 

In this study, the testing plan includes the material types that best represent the 

materials used in current PST practice, as well as those that represent the emulsions typically 

used for a wide range of environmental and traffic loading conditions. From the literature 

review and AI input, unmodified and polymer-modified emulsions (e.g., CRS-2 and CRS-

2P/L) should be considered in this study.  

 

 

0

2

4

6

8

10

N
u

m
b

e
r 

o
f 

S
ta

te
s

Asphalt Emulsion Grade



 
 65 

 

CHAPTER 3: LABORATORY STUDY 

3.1 Introduction 

The literature review presented identifies that significant progress has been made in 

developing performance related specifications for emulsion residues in chip seal surface 

treatments. However, specifications are still lacking for spray seals and microsurfacing 

emulsion residues and insufficient specifications exist for chip seal aggregate loss at low 

temperature. Furthermore, fresh emulsion properties related to storage stability and 

constructability are missing from all proposed specification frameworks. These shortcomings 

are addressed in this study. This chapter presents the overall concept and the experimental 

plan executed to develop the necessary PRS for comprehensive specification of emulsions 

used in PSTs. 

3.2 PRS Design Temperature Grade Determination  

3.2.1 High Temperature PRS Concept 

The average annual seven-day maximum pavement temperature was used to 

determine the high temperature climatic grade requirement for a given location, which is 

consistent with the Superpave specifications for asphalt binder in HMA, except that the 

proposed PRS exclusively use the pavement temperature measured at the surface. The 

average annual seven-day maximum pavement surface temperature is defined as the average 

of the highest daily pavement surface temperatures from the seven hottest consecutive days 

in a calendar year. This seven-day maximum pavement design temperature typically is 

determined based on 98 percent statistical reliability using climatic data from a representative 

set of years. Reliability is defined as the probability that in a single year the actual pavement 

surface temperature will exceed the design pavement surface temperature. 

3.2.2 Low Temperature PRS Concept 

The low temperature grade is defined as the minimum one-day pavement surface 

temperature for the year, which is consistent with the current PG specifications for asphalt 

binder in HMA. However, unlike the Superpave specifications for HMA, the PRS for 

emulsions used in PSTs recommend, for practical reasons, the use of 67 percent statistical 
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reliability in determining the required low temperature grade from climatic data. A thin-

layered PST has a far shorter design life than a HMA pavement, so the probability is much 

lower that a PST will experience that one-day minimum pavement temperature during its 

design life based on 98 percent reliability. In addition, the use of 98 percent statistical 

reliability to define the minimum one-day pavement design temperature leads to lower 

minimum pavement design temperature grades and therefore more restrictive and expensive 

binder grades. This additional material cost is less acceptable for a thin PST than it is for 

HMA because PSTs are intended to be, by definition, a cost-efficient and affordable means 

of extending the life of a pavement structure.    

3.2.3 Traffic Designations for the PRS  

The performance of PSTs such as chip seals and micro-surfacing is dependent upon 

the traffic conditions that the PST undergoes, the developed PRS provide material test limits 

for grading binders according to the expected traffic demand at the proposed site of 

construction. The recent recommendation in the draft AASHTO specifications from the 

Federal Highway Administration (FHWA) Pavement Preservation Emulsion Task Force 

(PPETF) is that chip seals should be categorized into three different traffic classes. The 

developed PRS utilize these PPETF-recommended traffic volumes to define traffic classes 

for grading microsurfacing binders. The three traffic classes included in the developed PRS, 

categorized by average annual daily traffic (AADT) volume (for vehicles), are: 

 Low Traffic: 0-500 AADT 

 Medium Traffic: 501-2500 AADT  

 High Traffic: >2500 AADT 

3.3 PRS Binder Grade Naming Designation 

The developed microsurfacing specifications grade binders using a performance 

grading system that consists of high and low temperature grade designations that relate to 

climate, which is consistent with the framework used in Superpave performance grading. The 

developed PRS grading system also uses a single letter traffic designation to denote the 

AADT range at which the binder is graded to perform acceptably. The PRS retain the 
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designation of the emulsifier charge and set rate. In the developed microsurfacing PRS, for 

example, a sample emulsion grade could be CSS-PG64-22L, which is defined as follows: 

CSS = cationic slow setting; the binder type designation denotes the charge, and setting 

rate for the binder. 

PG = performance grade 

64 = average annual seven-day maximum pavement surface temperature (in Celsius) 

-22 = minimum pavement surface temperature (in Celsius) 

L = low traffic volume; traffic volume categories are low (L), medium (M), or high (H) 

in the PRS. 

3.4 Performance-Related Specification Limits 

This PRS framework is similar to the Superpave PG framework for hot asphalt 

binder, which prescribes a set of performance-related test methods with specification limits 

to cover critical distresses and constructability. Grades were determined by determining the 

test temperatures at which the specification limits are passed versus failed, which dictates the 

climatic and traffic conditions for which the emulsion can be used. To develop the 

specification criteria that relate to constructability for fresh emulsions, information from the 

existing literatures, statistical analysis, and engineering judgment were used to identify 

appropriate limits. To develop the specification criteria that relate to critical distresses for 

residual binder properties, relationships were developed between the binder material’s 

properties and mixture performance over representative temperature ranges associated with 

each distress. Binder specification test limits were derived based upon established mixture 

performance thresholds. All binder and mixture test methods discussed in this chapter. The 

test results in this study were derived using measured data obtained from a nationally 

representative subset of emulsion materials used in PSTs. 
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3.4.1 Emulsions 

The experimental plan was developed to include a representative set of emulsions 

used in microsurfacing, chip seal, and spray seals. Selection of emulsions was conducted 

based on survey information presented in the literature review in order to ensure inclusion of 

the most common emulsion types used in each PST type. Standard emulsions used in 

construction projects throughout the US were requested from various emulsion producers. In 

addition, producers were asked to produce “poor performing” emulsions, designed to have 

inferior properties. The concept behind including poor performing emulsions is that the 

developed specification should be able to discriminate between satisfactory and 

unsatisfactory materials.  

The emulsions selected for use in this study are presented in Table 3.1. Due to 

confidentiality, the emulsion producers are kept anonymous and simply labeled 

alphabetically (i.e., A, B, C, D, E, F). Emulsions are named according to the PST they were 

designed for (i.e., C for chip seal, M for microsurfacing, and F for fog (spray) seal). In 

addition, emulsions designated as poor performing are labeled with a “PP” and whether or 

not they are poor performing. For example, PP-M-CSS-1H-F indicates the cationic slow 

setting (CSS) poor performing (PP) microsurfacing (M) emulsion formulated by producer ‘F’ 

with low viscosity represented by number ‘1’ and hard base asphalt mention as ‘H’. The 

emulsions listed in Table 3.1 are considered in this study for fresh emulsion properties. Since 

the emulsions needed to store in laboratory for long time to complete mixture performance 

study, all the emulsions were not included in mixture performance study. When mixture 

performance study of chip seal and microsurfacing were accomplished, the intention was to 

include different types of emulsions: unmodified emulsions, polymer modified emulsions, 

and latex modified emulsions. 
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Table 3.1. Chip Seal, Microsurfacing, and Spray Seal Emulsions 

Chip Seal 

Emulsion 

P
ro

d
u

ce
r 

Micro surfacing 

Emulsion 

P
ro

d
u

ce
r  

Spray Seal 

Emulsion 

P
ro

d
u

ce
r 

C-CRS-2 A M-CSS-1H C F-CRS-2 A 

C-CRS-2P A M-CSS-1H F F-SS-1 B 

C-HFRS-2P A PP-M-CSS-1H F F-CSS-1 B 

C-CRS-1 B M-CSS-1HP C F-Revive E 

C-CRS-1H B M-CSS-1HP D F-SS-1H E 

C-RS-1 B PP-M-CSS-1HP D F-CSS-1H E 

C-CRS-2P/L C M-CSS-1HP B PP-F-CSS-1 B 

C-HFRS-2 C PP-M-CSS-1HP B PP-F-CSS-1H E 

C-CRS-2 E M-CQS-1H E 

C-CRS-2P E PP-M-CQS-1H E 

C-CRS-2P-HP E M-CQS-1HP E 

C-CRS-2 F M-CSS-1HL F 

C-CRS-2L F M-CSS-1HL N 

C-CRS-2 C 

C-CRS-2L C 

PP-C-CRS-2 A 

PP-C-HFRS-2 C 

PP-C-CRS-2P E 

3.4.1.1 Poor Performing Emulsions 

Poor performing emulsions can be produced by a variety of means, which will 

manifest differently in terms of measured performance. For example, an emulsion designed 

to break to quickly will not exhibit performance issues in its residue state. Therefore, 

producers were questioned on how they made emulsions poor performing. Producers used 

various means to produce poor performing emulsions: by reducing the breaking time, 

increasing curing time, and increasing the viscosity. Modifications to makes emulsions poor 

performing included altering emulsifier concentration, poor selection of emulsifier, or poor 

selection of asphalt. Details of poor performing emulsions are provided in Table 3.2. 
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Table 3.2. Poor Performing Emulsions 

Emulsion  

Type 
How Poor Performing 

Performance 

 Effect 

PP-C-CRS-2P-E 
Increase chemical content  

Reduce demulsibility 
Should reduce performance  

slightly 

PP-C-CRS-2-A 

By changing emulsifier type 

By changing emulsifier 
content 

To make 100%  
demulsibility 

Emulsion breaks too fast 
Poor aggregate bonding 

PP-M-CQS-1H-E Low chemical dosage Poor mixing time 

PP-M-CSS-1HP-B Wrong emulsifier selection No mixing time 

PP-M-CSS-1H-F 
High emulsifier  
content (5%) 

High viscosity 
Increase cure time  

Poor aggregate bonding 

More abrasion loss in WTAT 

PP-F-CSS-1-B 
Base asphalt is too soft 

(240-250 mm penetration) 
Stickiness should be very high 

 

3.4.2 Aggregates 

3.4.2.1 Aggregate for Chip Seal 

Granite 78M aggregate shown in rectangular marker in Figure 3.1, has been used for 

the low temperature chip seal aggregate loss study. This aggregate is commonly used in 

North Carolina chip seals. The gradation has been measured using ASTM C 117 and is 

shown in Figure 3.1 along with commonly used chip seal aggregate FA-2 ½ in MNDOT. The 

aggregate used in MNDOT for chip seal are: FA-2, FA-2 1/2, and FA-3. Here only FA-2 ½ 

aggregate is shown in Figure 3.1 because 78M NCDOT aggregate gradation remains within 

MNDOT FA-2 ½. 



 
 71 

 

 

Figure 3.1. Chip seal aggregate gradation. 

3.4.2.2 Aggregate for Microsurfacing 

In Chapter 2, ISSA specified aggregate types were described for producing 

microsurfacing specimens. For this study, Type-II aggregate was utilized with the gradation 

shown in Figure 3.2. In addition to aggregate gradation, the aggregates for microsurfacing 

should meet other specifications for aggregate properties as shown in Table 3.3. In this table, 

sand equivalent value, soundness, and Los Angeles abrasion loss are measured following by 

ASTM D 2419, ASTM C 88, and ASTM C 131 respectively. 

Table 3.3. Microsurfacing Aggregate Properties (ISSA A 143 2001) 

Property 
Aggregate 

Properties 
Specification Pass/Fail 

Sand Equivalent  

Value 
74 Minimum 65 Pass 

Soundness 5.5% 
15% Maximum with Na2SO4 
25% Maximum with MgSO4 

Pass 

Los Angeles  

Abrasion Loss 
27.1% Maximum 30% Pass 
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Figure 3.2. Microsurfacing aggregate gradation. 

3.5 Mix Design 

3.5.1 Mix Design for Chip Seal 

The mix design for the chip seal low temperature aggregate loss study was selected 

based on a previous study performed by Adams (2014). Accordingly, the aggregate 

application rate (AAR) was selected as 15 lb/yd2 (5.7 kg/m2) and the emulsion application 

rate (EAR) was selected as 0.2 gal/yd2 (0.9 L/m2). 

3.5.2 Mix Design for Microsurfacing 

The components of the microsurfacing mixture (aggregate, emulsion, water, mineral 

filler, and additives) were proportioned according to the ISSA mix design. Emulsion residue 

and aggregate contents were kept constant for all mixtures produced. According ISSA A143, 

the residue content should be within 5.5 to 10.5% of dry aggregate, mineral filler should be 0 

to 3% of dry aggregate, additives should be added as needed to control the breaking and 

curing times of emulsion (Caltrans 2008), and water should be in sufficient quantity to allow 

for proper consistency (workability) of the mixture. For this study, the mixture proportions 
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were selected as 9% residue content and 1% mineral filler (cement). Water was added as 

needed to achieve sufficient mixture consistency. For the emulsions used in this study, the 

required water content ranged from 10 to 12% of dry aggregate weight except for quick 

setting emulsions, where required water content was approximately 15 to 16% of dry 

aggregate weight. Quick setting emulsion requires more water because breaking occurs 

quickly does not allow sufficient time to mix and pour into the test mold. 

3.5.2.1 Difficulties in Producing Microsurfacing Mixtures with Poor Performing Emulsions 

Several poor performing emulsions led to problems during production of 

microsurfacing mixtures: PP-M-CSS-1HP-B and PP-M-CQS-1H-E. PP-M-CSS-1HP-B is 

formulated with a poor choice of emulsifier which led to incompatibility with aggregate and 

hence, production of a cohesive mix was impossible. The incompatibility with aggregates, 

led to early emulsion breaking prior to development of bond with aggregate and hence, 

coatability issues were observed preventing production of samples for performance testing. 

This scenario is shown in Figure 3.3.  

 

Figure 3.3. PP-M-CSS-1HP-B mixture with different water contents. 

PP-M-CQS-1H-E was formulated with a low emulsifier content, which controls the 

mixing time. Mixing was possible using this emulsion. However, after pouring the mixture in 

the mold, the mixture set too fast preventing spreading for specimen preparation as shown in 

Figure 3.4. Use of elevated water contents did not alleviate problems. Therefore, PP-M-CQS-

1H-E mixtures could not be used in performance testing. PP-M-CSS-1H-F was made poor 

performing by increasing the viscosity. Emulsifier concentration of this emulsion is 5% 
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which is higher than typical emulsifier contents which range from 0.1% to 2.5% (James 

2006). However, production of mixtures with this emulsion was still possible and 

performance testing was consequently conducted. 

 

Figure 3.4. PP-M-CQS-1H-E mixture with different water contents. 

3.6 Test Methods 

3.6.1 Emulsion Test Methods for Chip Seal, Microsurfacing, and Fog Seal 

3.6.1.1 Storage Stability Test 

Storage stability testing of chip seal, microsurfacing, and spray seal emulsions was 

conducted using a modified version of ASTM D 6930, which specifies comparing the residue 

content of an emulsion siphoned from the top and bottom portions of a sample stored for 24 

hours.  

The standard ASTM D 6930 procedure was following with the exception of a few 

modifications. In addition to evaluating the top and bottom siphoned portions of the emulsion 

sample after storage, the remaining central portion is mixed thoroughly to obtain a 

representative ‘mixed’ sample. Additionally, rather than measuring residue content to assess 

separation, viscosity is used to quantify storage stability as viscosity is an engineering 

property related to the constructability of PSTs. The viscosities of the top, bottom, and mixed 

samples are measured in the Brookfield Rotational Viscometer using #21 spindle at 5 rpm for 

15 minutes. Tests are conducted at 60°C for chip seal emulsions and at 25°C for spray seal 

and microsurfacing emulsions. The average viscosity of last minute is recorded for each 
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specimen and the results are used to determine separation ratio and stability ratio using 

Equation (3.1) and (3.2). In addition, viscosity testing is conducted on a reference sample that 

is not subjected to storage or fresh emulsion. This viscosity (
reference ) is used for 

microsurfacing emulsion property named as mixability. 

( )
Top

s

Bottom

Separaiton Ratio R



  

 

( ) ( ) mixed
d

reference

Stability Degradation Ratio R



   

referenceMixability    

where, 

       Top    = emulsion viscosity of top part of cylinder, and 

         
Bottom  = emulsion viscosity of bottom part of cylinder. 

where,          

         mixed     = emulsion  in mixed condition, and 

        reference  = unconditioned or fresh emulsion viscosity. 

The separation ratio is used to assess settlement and ‘crusting’ of the asphalt in the 

emulsion during storage. A ratio below one indicates settlement, whereas a ratio above one 

may indicate that the asphalt emulsion has begun to ‘crust’ (i.e., raise to surface). The 

stability ratio is used to assess the ability of the emulsion to return to its original condition if 

agitated after prolonged storage. A stability ratio of one is ideal, indicating that the emulsion 

can be stored without irreversible breaking, flocculation, coagulation, etc. 

Based on the information collected from emulsion producers, the application and storing 

temperature for chip seal, microsurfacing, and spray seal are 60°C to 82°C, 25°C to 49°C, 

and 25°C to 82°C, respectively. Storage temperatures vary with emulsion viscosity according 

 

(3.1) 

(3.2) 

(3.3) 
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to personal communications with emulsion producers. However, for simplicity in 

specifications a single temperature must be specified as knowledge of the storage 

temperature may not be available a priori to grading. The storage stability test temperature 

selected for chip seal emulsions is 60°C and the test temperature selected for microsurfacing 

and spray seal emulsions is 25°C.  

3.6.1.2 Three Step Shear Test 

The three step shear test is used to evaluate the sprayability and resistance to drainout 

of chip seal and spray seal emulsions following the procedure developed by Johannes and 

Bahia (2012). The test is conducted in the Brookfield Rotational Viscometer (RV) using the 

#21 spindle. To conduct the test, 8 g of emulsion is poured in the test cylinder and 

conditioned at the test temperature for 15 minutes. Next, the spindle #21 is lowered inside of 

the emulsion and conditioned for additional 10 minutes prior to testing. The test temperature 

for chip seal is 60°C and spray seal is 25°C, consistent with the storage stability test 

temperature. The three step test procedure consists of: 

Step 1: In the first step, a shear rate of 5 rpm is applied for 15 minutes. The low shear 

rate is employed in step 1 and step 3. This step simulates the emulsion condition during 

storage or during circulation in the distribution truck before emulsion application on the 

pavement. 

Step 2: In the second step, a shear rate of 150 rpm is applied for 5 minutes.  The high 

shear rate is implemented in this step to simulate the viscosity of the emulsion during 

spraying on the pavement through nozzles.  

Step 3: In the third step, a shear rate of 5 rpm is applied for 5 minutes. The low shear 

rate is used to simulate flow under gravity after emulsion is placed. The viscosity in the third 

step is used to evaluate resistance to drain out of the emulsion after spraying on the 

pavement. 

Sprayability is reported as the average viscosity of all points measured during the last 

one minute of Step 2 and drainout is reported as the average viscosity of all the points 



 
 77 

 

measured in last minute of the Step 3. For each emulsion, three replicates are tested.  The 

emulsions those are included in this study for fresh emulsion property determination is listed 

in Table 3.4. 

Table 3.4. Emulsions for Fresh Emulsion Property Determination 

Chip Seal 

Emulsion 

P
ro

d
u

ce
r 

Micro surfacing 

Emulsion 

P
ro

d
u

ce
r  

Spray Seal 

Emulsion 

P
ro

d
u

ce
r 

C-CRS-2 A M-CSS-1H C F-CRS-2 A 

C-CRS-2P A M-CSS-1H F F-SS-1 B 

C-HFRS-2P A PP-M-CSS-1H F F-CSS-1 B 

C-CRS-1 B M-CSS-1HP C F-Revive E 

C-CRS-1H B M-CSS-1HP D F-SS-1H E 

C-RS-1 B PP-M-CSS-1HP D F-CSS-1H E 

C-CRS-2P/L C M-CSS-1HP B PP-F-CSS-1 B 

C-HFRS-2 C PP-M-CSS-1HP B PP-F-CSS-1H E 

C-CRS-2 E M-CQS-1H E 

C-CRS-2P E PP-M-CQS-1H E 

C-CRS-2P-HP E M-CQS-1HP E 

C-CRS-2 F M-CSS-1HL F 

C-CRS-2L F M-CSS-1HL N 

C-CRS-2 C 

C-CRS-2L C 

PP-C-CRS-2 A 

PP-C-HFRS-2 C 

PP-C-CRS-2P E 

 

3.6.2 Residue Test Methods 

3.6.2.1 Bitumen Bond Strength (BBS) Test 

The BBS test according to AASHTO TP 91 was used to assess the raveling resistance 

of microsurfacing emulsion residues. This test measures the bond strength between emulsion 

residue and aggregate substrate by applying tensile force using a pullstub on residue. This 

test has been implemented for in service raveling, and moisture damage for microsurfacing 

emulsions. 
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The BBS samples for evaluating the in service raveling, the residues were prepared 

according to guidance provided in AASHTO TP-91.  Specifically, the aggregate substrates 

and pull-out stubs are then heated to 80C, and then a 0.45 gram sample of recovered 

emulsion residue was placed on the substrate to achieve a target film thickness of 800 

microns. Samples for dry raveling were cured at the test temperature for 24 hours before 

testing. 

Since the aggregates are mixed with aggregates directly in the field, curing occurs in 

contact with aggregate, potentially influencing the bond between emulsion residue and 

aggregate as the emulsifier is adsorbed onto the surface of the aggregate, neutralizing the 

surface charge. Therefore, the BBS test for in service raveling was modified. The emulsion 

was cured on the aggregate substrate for 20 hours and then tested at 25°. In this procedure, 

emulsions for microsurfacings were heated to 60C in a forced draft oven for approximately 

1 hour, and then applied to a prepared aggregate substrate that was kept at room temperature 

to be consistent with field conditions.  Following the procedures stated in AASHTO TP 91, 

the asphalt content of the emulsion is used to compute the quantity of emulsion required to 

yield a film thickness of 800 microns after full curing. The aggregate and emulsion are cured 

for 20 hours in the oven at the prescribed temperature. At the end of 20 hours of curing, pull-

out stubs preheated to 60°C are applied to emulsion. The system (aggregate + emulsion + 

pull-out stub) is allowed to equilibrate for one hour at the same temperature the emulsion was 

cured, prior to conducting the BBS test. Samples were cured and tested at two temperatures 

of 15C and 30C. All samples were cured and tested on the appropriate granite substrate 

sampled from quarries in North Carolina 

Samples for moisture damage evaluated were conditioned for one hour at 25C after 

affixing the pull stub to the specimen using the above described method, before being 

conditioned in water at 40C for 24hrs (Moraes et al. 2011). After conditioning, samples 

were allowed to equilibrate at 25C for 1 hour before tested at 25C. The dry samples were 

tested at temperatures of 15°C, 25°C and 30C. 
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3.6.2.2 Multi Stress Creep and Recovery (MSCR) Test 

The MSCR test has been selected for assessing microsurfacing residue resistance to 

rutting and bleeding at high temperature. Tests were conducted in accordance with AASHTO 

TP 70. This test is performed on emulsion residue by Dynamic Shear Rheometer (DSR) at 

two different stress levels: 0.1 kPa and 3.2 kPa with 25 mm DSR parallel plate maintaining 

1mm gap. The non-recoverable creep compliance (Jnr) of residue at 3.2 kPa stress level is 

used as performance indicator for MSCR test. The test temperatures evaluated included 46°, 

58°, 64°, and 70°C.  

3.6.2.3 DSR Frequency Sweep Test for Microsurfacing Residues 

Frequency sweep tests were used to characterize thermal cracking resistance of 

microsurfacing emulsion residues. The DSR frequency sweep tests are conducted on 

emulsion residue at 5°C, 10°C, and 15°C using 8 mm parallel plate geometry at 1% strain 

amplitude. Loading frequencies at each temperature ranged from 1 to 150 rad/sec. Dynamic 

shear modulus and phase angle master curves are constructed using the frequency sweep 

data. The interconversion methods developed by Ferry (1980) and Anderson et al. (1994) are 

then applied to obtain the uniaxial low temperature creep properties (i.e., stiffness and m-

values). Bahia et al. (2010) verified that this approach can accurately predict standard BBR 

properties accurately based on testing of 12 materials. 

3.6.2.4 Single Edge Notched Beam (SENB) Test for Chip Seal Emulsion Residue 

The SENB test is proposed for characterizing chip seal emulsion residue aggregate 

loss based on the observation that aggregate loss at low temperature occurs primarily by 

cohesive binder fracture. Testing was based on the procedure outlined by Velasquez et al. 

(2011) with some modifications to accommodate emulsion residues.  

3.6.2.4.1 Specimen Fabrication Procedure for Emulsion Residue 

In order to fabricate hot-mix asphalt binder BBR specimens, the asphalt binder is first 

melted by heating and then poured into a mold. The BBR molds consist of three aluminum 

bars to form a frame for pouring the specimen. To prevent adhesion of the specimen to the 
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mold, three transparent sheets are coated with spray release agent (Nix Stix X-9032 from 

Dwight Products) and placed inside of the aluminum bars. The set-up is depicted shown in 

Figure 3.5. The specimen preparation procedure for asphalt binder was tried for emulsion 

residue. The procedure worked well for unmodified emulsion residue heated at 100°C for 90 

minutes. However, modified emulsion residue does not have low enough viscosity to allow 

pouring, even upon excessive heating to 150°C. Therefore, an alternative approach for 

producing SENB specimens with modified emulsion residues has been developed. The 

specimen preparation procedures for both unmodified and modified emulsion residues are 

presented in the proceeding sections. 

 

Figure 3.5. SENB specimen with notch in the middle. 

3.6.2.4.1.1 Specimen Fabrication for Unmodified Emulsion 

The residue is heated in an oven at 100°C for 90 minutes to make it fluid enough to 

pour in the mold. Residue is poured into the mold with slight overflow. The molds are then 

conditioned at room temperature for 30 minutes following which the top surface of the 

specimen is made smooth through trimming with a heated spatula. Following trimming, a 

preheated thin steel sheet is inserted into the notch and removed. Next, a plastic transparent 

strip with Vaseline on the surface is placed in the notch to prevent healing. The notch is 2.87 

mm (~3 mm) deep with 0.5 mm width. After making the notch, the specimen is conditioned 
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at -6°C for 15 minutes to allow de-molding the specimen. The de-molded specimens are 

conditioned in an environmental chamber at the specified low temperature of testing as 

shown in Figure 3.6. Results herein indicate 30 minutes is sufficient time to allow for thermal 

equilibrium based on monitoring specimen temperature through insertion of a thermal 

couple. However, to be conservative, the total conditioning time recommended is 60 min, 

which is consistent with the standard BBR procedure.  

 

Figure 3.6. SENB specimen inside of environmental chamber for conditioning. 

3.6.2.4.1.2 Specimen Fabrication for Modified Emulsion 

It was impossible to pour modified emulsion residue samples directly into the mold 

due to their high viscosity. Therefore, an alternative procedure is proposed. Small pieces of 

residue are placed in the mold and conditioned in an oven to allow the residue to flow to the 

conformation of the mold. The procedure is accomplished by following a two-step procedure. 

First, three, 2g pieces of residue at room temperature are obtained and placed into the BBR 

mold. Next, the mold with residue is placed inside of a preheated oven at 100°C for 25 

minutes so that the residue melts and conforms to the shape of the mold. After conditioning, 

three additional 2g pieces of residue are placed in a layer on top of the melted residue in the 
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mold and conditioned in the oven for an additional 10 minutes after which a transparent sheet 

sprayed with spray release agent is placed on top of the sample and pressed with a preheated 

hot steel plate at 100°C. The steel plate is pressed downward by hand to make the surface 

smooth. Excess residue overflows from the mold as shown in Figure 3.7. 

 

Figure 3.7. SENB specimen with latex modified residue with hot steel plate. 

After pressing with the hot steel plate, the mold is conditioned at room temperature 

for 20 minutes and then placed inside of an environmental chamber at -6°C for 15 minutes, 

which allows for scraping off any excess emulsion residue adhered to the aluminum mold 

shown in Figure 3.8. 
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..  

Figure 3.8. Scrapping off extra residue with sharp edged steel plate. 

After scraping, a preheated thin steel sheet is placed in the specimen center to create 

the notch. Upon removal, a transparent plastic strip with Vaseline on the surface is placed in 

the notch so that the residue in the notch cannot self-heal. The specimen is then returned to 

chamber at -6°C for 15 minutes after which it is removed from the mold. After removing 

from the mold, the specimen is conditioned at the test temperature for one hour prior to 

testing.  

3.6.2.4.1.3 Cooling Medium and Loading Rate Selection 

In the standard BBR test, ethanol is used as cooling medium for low temperature 

testing. However, in the field, air is the cooling medium not ethanol. Past research has 

demonstrated that while linear viscoelastic properties are relatively consistent when 

specimens are conditioned in air and ethanol, fracture resistance is greatly diminished in 

ethanol compared to air (Marasteanu et al. 2012). Similar findings have been demonstrated 

for glassy polymers, where it is thought that environmental surface cracks initiate due to 

cooling in ethanol (Arnold 1995). Since air best replicates field conditions, use of air as a 

cooling medium was used in this study. Based on communications with BBR manufacturers, 

newer BBR models allow the capability of cooling by air or ethanol. However the SENB test 
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has been conducted inside of BOSE electrofoce machine in this study with three point 

bending mode of loading shown in Figure 3.9. 

 

Figure 3.9. SENB testing inside of BOSE machine. 

Velasquez et al. (2011) selected 0.01 mm/sec loading rate for SENB testing of asphalt 

binder to evaluate thermal cracking. The SENB test is proposed for assessing low 

temperature raveling resistance of chip seal emulsion residues herein. Low temperature 

raveling is induced by traffic and thus, occurs at much higher loading rates than thermal 

induced loading. Therefore, a loading rate of 0.1 mm/sec is used in this study. Results are 

used to calculate fracture toughness as in Equation (3.4). 
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   = Maximum force, 

    = Length of beam,  

    = Depth of notch, 

 = Beam width, and 

B   = Beam depth. 

3.6.3 Microsurfacing Mixture Test Methods 

3.6.3.1 WTAT to Evaluate Raveling 

The WTAT is used to assess the raveling resistance of microsurfacing mixtures. 

Specimens were fabricated for the WTAT following ASTM D 3910.  The specimen 

fabrication process is shown in Figure 3.10 and a cured and tested specimen is shown in 

Figure 3.11. 

 

Figure 3.10. Specimen fabrication for WTAT test. 
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Figure 3.11. (a) Specimen before curing, (b) specimen after curing, (c) specimen after test, 

and (d) rubber hose after test. 

Prepared specimens are placed on an aluminum pan submerged to a water level at 

least 6 mm above the specimen surface. The water temperature is set to be equal to the test 

temperature and the specimen is conditioned in the water for one hour prior to testing. 

Laboratory investigation confirms that one hour is sufficient for the specimen to reach at 

desired test temperature (i.e., 15°, 25°C). After one hour, the specimen is removed and 

placed in the mixer. Testing is then conducted immediately with the Hobart A-120 mixer 

while the specimen is submerged under water.  

Abrasion is applied to the microsurfacing specimen using a reinforced rubber hose. 

Application of loading is conducted for 6.7 minutes using a Hobart A-120 mixer at a low 

speed. ASTM D 3910 recommends using each rubber hose for two specimens rotating by 

180° after first test. However each hose can be used four times by rotating them 90° each 

time (Andrews et al. 1994). Based on this information, use of one rubber hose for four 

samples was tried. However, the condition of the rubber hose was found to deteriorate prior 

to maximum use and therefore, each rubber hose was only used twice, as specified in ASTM 

D 3910. 
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After conducting the abrasion test, the specimen is washed with water to get rid of 

abraded materials from the tested specimen. The specimen is then kept inside of the oven at 

60°C for 24 hours to dry it. The mass difference between tested dry specimen and untested 

dry specimen divided by the abraded area gives the abrasion loss per unit area, which is an 

indicator of raveling resistance. 

Three types of Hobart mixers are available to perform the WTAT. In this study, the 

Hobart A-120 mixer was used because of its availability at NCSU. According to ASTM D 

3910, the abrasion loss caused by Hobart A-120 mixer multiplied by 1.17 provides the 

abrasion loss caused by Hobart C-100 mixer. ISSA specified limits are based on the Hobart 

C-100 mixer and hence, results reported herein are the measured results multiplied by 1.17.  

The WTAT test was conducted at two temperatures different temperatures to allow 

for direct comparison to BBS test results. The BBS tests were conducted at three different 

temperatures: 15°C, 25°C, and 30°C in dry condition. Since 25°C and 30°C temperatures are 

close to each other, 30°C temperature was omitted from WTAT test plan.  

In addition, the WTAT was used to assess resistance to moisture damage. According 

to ISSA standard for slurry seal, a six days soak period at 25°C is recommended to assess 

moisture damage resistance. That is why; six days moisture damage condition is studied in 

this research. In addition, in order to allow direct comparison with BBS test moisture damage 

condition, 24 hours of moisture conditioning at 40°C (consistent with emulsion residue 

testing) is recommended for WTAT. To accomplish the moisture damage study, the 

microsurfacing specimen is submerged under water at 40°C for 24 hours shown in Figure 

3.12 and then, the specimens are taken out from the water bath. After that, the specimens are 

kept inside of Cincinatti Sub Zero (CSZ) oven at 25°C for one hour to allow for thermal 

equilibration at the test temperature. Finally, WTAT test is carried out under water at 25°C. 

WTAT test is always conducted on specimens submerged under water to displace abraded 

materials from the specimen towards the side of the test pan due to wave action of water. 
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Figure 3.12. Moisture Damage of WTAT Specimen in Water Bath at 40°C. 

The emulsions those are included for microsurfacing raveling study is listed in Table 

3.5 which includes and mixture and binder tests. 

Table 3.5. Microsurfacing Emulsions for Raveling Study 

3.6.3.2 MMLS3 for Microsurfacing 

3.6.3.2.1 Rutting 

The MMLS3 was used to assess rutting and bleeding of microsurfacing mixtures at 

high temperature for comparison to MSCR residue results. The specimen fabrication 

procedure for MMLS3 testing was consistent with that of the WTAT (ASTM D 6372). 

However, specimen size differed. The specimen size required for the MMLS3 is 304.8 mm in 

length, 177.8 mm in width, and 12.7 mm thickness. This required 1400g dry aggregate to be 

mixed with emulsion, water, and cement with the same proportion used in WTAT specimen 

Test > Binder Test Mixture Test 

Test Type BBS WTAT 

Distress Type Raveling 

Emulsions 

M-CSS-1H-C, M-CQS-1H-E, M-CSS-1H-F 

M-CSS-1H-A, M-CSS-1HP-C, M-CQS-1HP-E,  
M-CSS-1HP-D, M-CSS-1HL-F,  M-CSS-1HP-B,  

PP-M-CSS-1H-F, M-CSS-1HL-(NC),  
PP-M-CSS-1HP-B, PP-M-CSS-1HP-D, PP-M-CQS-1H-E 
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fabrication. Prepared specimens were conditioned at room temperature for 24 hours followed 

by conditioning at 60°C for 18 to 20 hours to ensure full curing (ASTM D 6372). An 

MMLS3 specimen without curing is shown in Figure 3.13. (a), a completely cured specimen 

is shown in Figure 3.13. (b); and specimens after testing are shown in Figure 3.13. (c) and 

Figure 3.13. (d).  

 

Figure 3.13. MMLS3 specimen before curing, (b) MMLS3 specimen after fully cured, (c) 

MMLS3 specimen after MMLS3 loading, and (d) Deformed MMLS3 specimen. 

In order to conduct the tests at high temperature, the MMLS3 machine is set inside of 

an environmental chamber. Rutting and bleeding tests were performed at three temperatures 

corresponding to the Superpave high temperature Performance Grading temperatures: 46°C, 

52°C, and 58°C. In order to confirm the temperature of the specimen prior to testing, a 

dummy specimen is set inside of the chamber beside the actual test specimen and the 

temperature is monitored continuously. When the specimen temperature reached the target 

temperature, the MMLS3 machine was turned on for the desired loading duration (e.g., 30 

a b

c d
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minutes, 90 minutes, and 180 minutes) from the beginning. After each time interval, 

specimens were taken out of the MMLS3 and the vertical deformation was measured using a 

ruler at different locations on the specimen. After measuring the vertical deformation, the 

specimen was placed in the MMLS3 again and allowed to equilibrate to the target 

temperature prior to resuming MMLS3 loading. The loading width on the specimen is equal 

to the tire width, which is 76.2 mm and the loading area for each specimen is 23,225.76 mm2.  

3.6.3.2.2 Bleeding 

The MMLS3 test is also used for bleeding assessment. The specimen fabrication 

procedure, test temperature, and loading conditions were consistent with rutting test 

procedure. Two approaches were tried to quantify the severity of bleeding: sand adhesion and 

glossiness measured by a glossmeter. 

3.6.3.2.2.1 Bleeding by Sand Adhesion 

The sand adhesion method to quantify bleeding specified in ISSA TB109 was adapted 

for the MMLS3. Preheated Ottawa sand at 82°C was applied within a frame to surface of 

samples over the area of wheel loading following MMLS3 trafficking (Figure 3.14 (b)). The 

frame dimensions are 76.2 mm x 203.2 mm. Following sand application, a neoprene rubber 

sheet is placed on top of the frame. A circular steel plate is then placed on the neoprene 

rubber and used to compact the sand with three swings as shown in Figure 3.14 (c). The 

frame is then removed and twenty strokes are applied to the back of the specimen using a 

circular straight bar to remove excess sand from the specimen. The difference between the 

specimen weight without sand and with adhered sand divided by the area is interpreted as the 

sand adhesion. A higher sand adhesion value indicates more severe bleeding. 
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Figure 3.14. (a) Tested specimen at high temperature, (b) Sand and sand frame on top of 

specimen, (c) Circular plate to apply load on sand, and (d) Specimen with adhered sand. 

The sand adhesion is measured at each time interval after which the MMLS3 loading 

is applied for 30 min, 90 min, and 180 min from the beginning. To avoid effects of remaining 

sand on subsequent sand adhesion measurements, measurements at each time interval of 

loading are made on different sample locations.  

3.6.3.2.2.2 Bleeding by Gloss Meter 

Gloss measurements were implemented as an additional means to assess bleeding 

severity of microsurfacing mixtures. Glossiness was identified as a possible means to assess 

bleeding severity as bleeding leads to emulsion residue migration to the surface which 

increases reflectivity. Thus, higher glossiness is expected to indicate greater bleeding 

severity.  

a b

c d
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Use of a glossmeter to measure glossiness of nonmetallic materials is specified in 

ASTM D 523. Specular gloss is a relative reflectance factor, defined as the ratio between 

luminous flux reflections of a specimen to the luminous flux reflection from a standard 

surface under the same geometric condition. Gloss is related to the capacity of light reflection 

from the surface. A glossmeter is a device used to measure the glossiness of a surface, and 

consists of a light source and a receptor. A light beam is applied on the specimen from a light 

source at 20°, 60°, and 85° with the vertical axis of the specimen. The reflected light is 

measured by a receptor from the other side of the vertical axis at angles of 20°, 60°, and 85° 

respectively. Among the three geometries, 60° is applicable to most specimens (ASTM D 

523). 

In this study, the ETB-0833 self-calibrating glossmeter was used to measure the 

glossiness of specimens within range of 0 to 200 Gloss Units (GU). GU is a measuring unit 

of glossmeter, which is the light reflection index between an experimental surface and highly 

polished reference black glass. According to glossmeter specification, this glossmeter is 

applicable for marble, granite, glass, pottery brick, plastic sheet, printing ink, coating, and 

woodwork. 

 

Figure 3.15. Glossmeter on microsurfacing specimen. 
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The glossmeter is placed on the specimen before and after trafficking by MMLS3 in 

order to assess bleeding. Measurements were made by orienting the glossmeter towards the 

loading direction at three different locations and also perpendicular to the loading direction at 

four different locations. In order to avoid the effect of surrounding light, the glossmeter was 

used in a dark room. Since the specimen is deformed due to MMLS3 loading (i.e., rutting), 

the glossmeter cannot be placed in direct contact with the specimen when the glossmeter is 

oriented perpendicular to loading direction. The length of glossmeter is greater than width of 

loading area and the light is emitted towards longitudinal direction of glossmeter. So the light 

emitted from light source of glossmeter may scatter outside of glossmeter through the open 

area between glossmeter and specimen.   

3.6.3.2.2.3 Skid Resistance Test 

Microsurfacing increases skid resistance of the pavement and reduces the skid 

resistance with time due to abrasion loss which triggers flushing at the end. For laboratory 

study to measure the skid resistance, widely used British Pendulum Tester (BPT) has been 

used according to ASTM E 303. The BPT test device is shown in Figure 3.16 (b). This 

device consists of a pendulum arm with a rubber pad underneath. The pendulum arm moves 

freely from horizontal position and the rubber pad slides across the specimen surface or 

pavement surface. Before the free movement of the arm across the test surface, water is 

sprayed on the surface to simulate the critical condition in the field due to rainfall. The BPT 

value has been measured from the BPT measuring scale attached to the device ranging from 

0 to 140. A higher BPT value indicates greater skid resistance. 

The Locked Wheel Skid Tester (LWST) is another skid resistance measuring device 

used in the field, utilizing a full scale tire attached to a truck following by ASTM E 274 

(Figure 3.16 (a)). The truck moves on the pavement at a speed of 40 mph and brakes 

instantaneously with water spray in front of the test tire prior to apply the brake. Here 

spraying water simulates the critical condition of the pavement due to rainfall. The vertical 

and horizontal forces applied by the wheel are determined based on electrical sensors. The 

skid number is calculated by multiplying 100 to the horizontal and vertical force ratio 

(Equation (3.5)). 
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( ) 100*
F

Skid Number SN
W

  
 

where, 

 F = Horizontal force applied to the tire, and 

 W =Dynamic vertical load on test wheel. 

 

 

Figure 3.16. Skid resistance measurement devices (a) LWST, and (b) BPT. 

The emulsions used for microsurfacing high temperature performance study is included in 

Table 3.6. 

Table 3.6. Microsurfacing Emulsions for High Temperature Study 

Test > Binder Test Mixture Test 

Test Type MSCR MMLS3 

Distress Type Rutting and Bleeding 

Emulsions 

M-CSS-1H-C, M-CQS-1H-E, M-CSS-1H-F 

M-CSS-1HP-C, M-CQS-1HP-E, M-CSS-1HP-D, 
M-CSS-1HL-F,  M-CSS-1HP-B, M-CSS-1HL-(NC), 

PP-M-CSS-1H-F, PP-M-CSS-1HP-B 
PP-M-CSS-1HP-D, PP-M-CQS-1H-E 

 

    (3.5) 
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3.6.3.3 SENB to Evaluate Thermal Cracking 

The SENB test was utilized at low temperature to quantify thermal cracking 

performance. This is the first application of the SENB test to microsurfacing mixtures to the 

researcher’s knowledge. 

SENB mixture specimens were prepared with consistent dimensions to SENB residue 

samples: 6.25 mm × 12.5 mm × 102 mm with 3 mm notch depth. The gradation of 

microsurfacing aggregate is given in Figure 3.2. The maximum aggregate size is #4 (4.75 

mm). However, only 0.7% of the aggregate by mass was retained on the #4 sieve.  The 

majority of aggregates in the microsurfacing mixture are between 1.18 mm and 2.36 mm in 

diameter. Previous experimental investigations on asphalt concrete SENB test coupled with 

statistical analyses indicate the representative volume element constraint is satisfied when the 

ligament length is at least three to four times the maximum aggregate size (Romero et al. 

2001, Wagoner et al. 2005). The SENB geometry used herein contains a minimum dimension 

of 9.5 mm (i.e., ligament size) satisfies the recommendations to satisfy representative volume 

element, neglecting he small fraction retained on the #4 sieve. SENB tests were conducted at 

three different temperatures: -16°C, -22°C, and -28°C in a BOSE ElectroForce test system 

with loading rate 0.01 mm/sec. 

While testing of microsurfacing mixtures using the SENB test has not been conducted 

prior to this study, Marasteanu et al. (2009) studied BBR test using the binder BBR geometry 

to asphalt concrete mixtures at low temperature. The BBR-SENB mixture test was proposed 

to predict compliance as a surrogate to indirect tensile (IDT) test at low temperature due to 

the widespread availability of the BBR test system and ease of conducting the test. Results 

demonstrated the test could successfully be used to capture large scale IDT results.  

3.6.3.3.1.1 SENB Fabrication Procedure for Microsurfacing Mixture 

In the field, microsurfacings are spread onto the surface of a pavement without 

compaction. However, microsurfacings densify under traffic loading. Initially, laboratory 

produced microsurfacings were prepared without compaction for SENB testing. However, it 

was found that the air void contents of specimens were highly variable and thus, test results 
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were highly unrepeatable. To produce more uniform specimens and better replicate 

microsurfacings in the field which have been densified under traffic loading, microsurfacing 

mixtures were compacted in the Superpave Gyratory Compactor (SGC) following curing in 

an uncompacted state. 

The specimen fabrication procedure developed to produce microsurfacing mixture 

SENB specimens involved the following considerations: 

 The microsurfacing mixture should not be heated to more than 135°C to avoid 

aging of mixture and also not to disintegrate the polymer or latex inside of the 

mixture, 

 The required amount of microsurfacing mixture should be reasonable and 

realistic since the mixture curing takes about two days. At the same time, the 

number of SENB specimens should be sufficient enough to execute the test 

matrix successfully, and 

 Air void content should reflect typical field conditions. 

Reinke et al. (1990) collected field cores with microsurfacing layer and measured air 

void of microusrfacing layer separated from the asphalt layer. Reinke et al. (1990) found that 

microsurfacings with air void contents in the range of 9 to 11% performed adequately after 

one year of placement. Therefore, in this study a target air void content of 10% was utilized.  

Reinke et al. 1990 also attempted three procedures for laboratory compaction of 

microsurfacing mixtures.  In one procedure, aggregates were mixed with emulsion and filler 

and cured at 60°C for overnight. Cured mixtures were broken into small pieces and 

compacted with 25 blows in the Marshall Compactor after heating the mixture at 137.8°C 

after which an 8000 lb static load was applied for further compaction. In a second procedure, 

emulsion was mixed with aggregates until emulsion was broken. The mix was then cured at 

ambient temperature for 3 days subsequently compacted at 137.8°C by Marshall like hot mix 

asphalt (HMA). In a third procedure, a mix of emulsion and aggregates is placed in a 

perforated mold that allows water to drain out overnight at 60°C. Then the mixture is 
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compressed to target density  at 60°C and cured at 60°C until constant weight of the mixture 

is achieved indicating the curing process is complete.  

The required amount of microsurfacing mixture has been obtained from 

microsurfacing rectangular specimen that are fabricated for rutting and bleeding test 

described in section 3.6.3.2. Rectangular specimen preparation of microsurfacing mixtures 

prior to compaction followed the general guidelines of ASTM D 6372. Specimens are cured 

at 25°C for 24 hours and then 24 hours at 60°C. Then the mixture is broken into small pieces 

and approximately 5000g microsurfacing mixture is separated for production of a 67 mm 

high gyratory compacted specimen and maximum specific gravity (Gmm) measurement.  

Prior to production of compacted specimens, theoretical maximum specific gravity 

(Gmm) was measured according to ASTM D 2041 so that air void contents of compacted 

specimens could be calculated. Per the standard, 1500g materials were utilized for Gmm 

determination. The Gmm values for CSS-1H-C and CSS-1HP-C were found to be 2.447 and 

2.462, respectively.  

It was critical to establish a specimen fabrication compaction procedure to allow for 

obtaining SENB specimens with well-controlled air voids. Therefore, initial compaction 

trials were used to determine the required quantity of material to meet at target SENB 

specimen air void content of 10% given a target specimen height. Before compaction in 

gyratory compactor, microsurfacing mixtures were heated in an oven for one hour at 135°C 

and mixed thoroughly with a spatula. It is important to note that gyratory compacted 

specimens do not contain uniform air voids. Rather, specimen air voids will be highest at the 

periphery and then be more or less constant within the central portion of the specimen. Thus, 

it was important to differentiate between the bulk specimen air void and SENB specimen air 

void contents. SENB specimens were extracted from the central portion of gyratory 

compacted specimen after cutting the top and bottom, and all four sides of specimen. 

Several 67 mm high specimens were compacted with varying weights of 

microsurfacing mixture in an attempt to develop a procedure to meet 10% air void content in 

the final SENB specimens. Figure 3.17 displays the air void contents of gyratory compacted 
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specimens produced using different quantities of mix for CSS-1H-C and CSS-1HP-C. Plotted 

results include the bulk specimen and beams extracted from the inner portion of the 

specimen. All results included correspond to mixtures compacted to a height of 67 mm. It 

can be seen that the air voids of the bulk specimen are consistently higher than the extracted 

SENB specimens that matches expectations. It can also be observed that air void content 

increases as the material quantity decreases which follows expectations. Based on the results 

presented, 2550g of CSS-1H-C mix is required to meet the target air void content of 10% in 

SENB specimens for CSS-1H-C whereas 2575g of mix is required to reach 10% air voids for 

CSS-1HP-C. Based on these results, 2550g were utilized to produce unmodified 

microsurfacing mixtures and 2575g were used to produce modified microsurfacing mixtures, 

compacted to a height of 67 mm. However these two mixture weights are very close to each 

other. 

 

Figure 3.17. Gyratory compacted specimen with 67 mm height and 150 mm diameter. 
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Figure 3.18 shows a comparison between the number of gyrations required to 

compact CSS-1HP-C and CSS-1H-C microsurfacing mixtures compacted to a height of 67 

mm with different amount of mixture shown in X-axis. It can be seen that greater compaction 

effort is required for the modified mixture. 

 

Figure 3.18. No of gyrations for gyratory compacted specimen with different amount of 

microsurfacing mixture. 

Produced gyratory compacted specimens were sawn to produce SENB beam 

specimens after which a notch was inserted to the specimen center. Section I, II, III, and IV 

are cut from sides of gyratory compacted specimen to get rectangular section V shown in 

Figure 3.19 and then, 12.5 mm of mix is sliced from top and bottom (Figure 3.20 (a) and (b)). 

Next, the specimen was sawn according to the depiction in Figure 3.20 (a) of the top view of 

a specimen to obtain a rectangular block of 127 mm x 84 mm x 42 mm (L x W x D) which 

based on analysis of air void variability in specimens represents the portion of the specimen 

with uniform air voids. The rectangular block (Section-V) in Figure 3.19 was then sliced to 

produce SENB specimens of the required dimensions.  
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Figure 3.19. Top view of gyratory compacted specimen. 
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Figure 3.20. Schematic of SENB specimen fabrication steps (a) side view-I, and (b) side view-II. 
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After beam specimens were sawn and dried, the notched was inserted. Beam 

specimens without notches are shown in Figure 3.21 (a). The 3 mm deep notch was inserted 

using the saw setup shown in Figure 3.21 (b). In this setup, the beam specimen is placed on a 

steel base against the supporting steel frame. The supporting frame keeps the specimen 

vertically straight. The supporting frame along with the specimen is pushed across the saw to 

make notch 3 mm deep. Note the saw is configured in such a way that the saw tip remains 

exposed 3 mm above the steel base. After sawing, the specimens are kept at room 

temperature under a fan to dry. Testing was always conducted the day after specimen 

preparation. 

 

Figure 3.21. Notch insertion procedure (a) Beam specimens, (b) Beam specimen is on sawing 

base, (c) Specimen after making notch, and (d) Close view of notch in specimen. 

Microsurfacing mixture SENB tests were performed inside of a BOSE ElectroForce 

Test System with a constant displacement rate of 0.01 mm/sec. SENB specimens were 

conditioned at the test temperature for one hour prior to testing for consistency to binder 

tests. Laboratory studies in which a thermocouple was inserted into a sample indicated only 

(b)(a)

(c)(d)

Steel Base

Cutting Saw
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15 to 20 minutes was required for thermal equilibration and thus, use of one hour 

conditioning time was conservative. The emulsions considered for thermal cracking study for 

microsurfacing is presented in Table 3.7. 

Table 3.7. Emulsion Used for Microsurfacing Thermal Cracking Study 

 

3.6.4 Chip Seal Mixture Test 

3.6.4.1 Chip Seal Vialit Test at Low Temperature 

The Vialit test was used to quantify chip seal raveling performance at low 

temperature. The plate used for low temperature Vialit testing is 6.35 mm thick with 12.7 

mm lip height, which is different than the standard Vialit plate but rather matches the 

recommendations of Walter and Isaac (2011) to prevent debonding problems often 

encountered when performing the test at low temperature. The plate surface area is 200 mm 

by 200 mm, the ball weight is 500±5g, and the dropping height is 500 mm, consistent with 

the standard procedure.  

Specimen fabrication was performed inside of a 16 ft by 9 ft greenhouse built with 

wood and polycarbonate glass inside of laboratory, which is used to maintain a consistent 

temperature throughout the specimen fabrication procedure. To prepare specimens, emulsion 

and steel plates were preheated inside of an oven at 60°C. Hot emulsion was then poured on 

the heated plate at the target application rate. The plate was tilted left and right, back and 

forth to spread emulsion on the plate uniformly. The plate with emulsion was placed under 

the ChipSS spreader (Figure 3.22) to apply oven dried aggregates on the plate. The ChipSS 

spreader mimics aggregate application in the field. The speed of the spreader can be adjusted 

Test > Binder Test Mixture Test 

Test Type DSR Frequency Sweep SENB SENB 

Distress Type Thermal Cracking 

Emulsions 
M-CSS-1H-C, M-CQS-1H-E 

M-CQS-1HP-E, M-CSS-1HP-D 

M-CSS-1HL-F 
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to meet the target aggregate application rate. After aggregate application, specimens were 

compacted with a steel plate compactor (Figure 3.23). The compaction procedure followed 

ASTM D 7000, consisting of three half cycles in one direction and three half cycles 

perpendicular to first direction with a neoprene rubber sheet between Vialit specimen and 

steel plate compactor. 

The compacted specimens were cured at 35°C for 24 hours, following ASTM D 7000 

recommendations. After curing, specimens are flipped 90° and a soft brush is used to brush 

away loose aggregate. 
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Figure 3.22. ChipSS to spread chip seal aggregate. 

 

Figure 3.23. Chip seal specimen compactor (ASTM D 7000). 

Specimens were then placed inside of an environmental chamber at the test 

temperature for four hours based on the recommendations of Walter and Isaac (2011). The 

specimen is then removed from the oven and tested immediately. 

3.6.4.1.1 Vialit Height Adjustment 

The standard drop height in the Vialit test is 50 cm. Initially, this drop height was 

tried for low temperature testing of chip seals. However, it was found that the impact was too 
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harsh at this drop height as shown Figure 3.24, which displays severe aggregate loss and 

debonding in a chip seal sample tested at low temperature with the standard drop height and 

therefore drop height was reduced for this study. Walter and Isaac (2011) successfully tested 

chip seals at low temperature using the standard drop height. However, Walter and Isaac 

(2011) fabricated specimens with 100 pieces of chips (stone) with identical size by placing 

on emulsion in 10 by 10 matrix by hand (Figure 3.25 (a)). However, herein chip seal samples 

were prepared to better replicate actual chip seals using the ChipSS aggregate spreader as 

shown in Figure 3.25 (b). This difference in sample fabrication could have led to the 

difference in failure mode when a drop height of 50 cm is used.  

 

Figure 3.24. (a) Tested specimen at -18°C with 50 cm height, and (b) Close view of tested 

specimen. 

 

Figure 3.25. (a) Specimen with 10 by 10 matrix format, and (b) specimen with ChipSS 

spreader. 
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In order to determine the appropriate drop height, a systematic study of chip seals 

produced with two emulsions (one modified and one unmodified) where drop height and 

temperature were varied was conducted. The resultant failure mechanism under each 

condition was observed and used to evaluate the drop height. Results are presented in Figure 

3.27. The test results have been delineated based on observed failure mechanism. Results in 

Figure 3.27  demonstrate that when the Vialit drop height is reduced to 12.5 cm, cohesive 

failure occurs under all conditions evaluated while the procedure still delineates the 

performance of different emulsion types. Thus, a drop height of 12.5 cm was selected for use 

in low temperature Vialit testing. This was accomplished by lowering the head in the Vialit 

test frame shown in Figure 3.26 to a height of 12.5 cm. 

The Vialit height study also served as an initial evaluation of the procedure’s ability 

to capture low temperature raveling. Results in Figure 3.27 demonstrated expected trends 

with respect to emulsion type and temperature. The modified emulsion chip seal consistently 

demonstrated lower aggregate loss than the unmodified emulsion chip seal. In addition, 

results demonstrate that aggregate loss increases as temperature is reduced which follows 

intuition as the binder becomes more brittle when temperature is reduced and thus more 

prone to shatter upon impact. The Vialit tests have been conducted at three different 

temperatures: -16°C, -22°C, and -28°C, selected as three common low temperature 

performance grades. The emulsions used for low temperature chip seal raveling study are 

listed in Table 3.8. 

Table 3.8. Emulsions Used for Chip Seal Low Temperature Raveling Study 

 

 

 

 

 

Test > Binder Test Mixture Test 

Test Type SENB Vialit 

Distress Type Low Temperature Raveling 

Emulsions 
C-CRS-2-AE, C-CRS-2-F, 

C-CRS-2P-C, C-CRS-2P-A, 

C-CRS-2L-AE, C-CRS-2L-F 
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Figure 3.26. Vialit test device. 
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Figure 3.27. Vialit test results at different heights and different temperatures. 
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3.7 Experimental Plan 

Table 3.9. Experimental Plan for Fresh Emulsions 

Fresh Emulsions 

Surface  

Treatment 

Performance 

 Tests 

Test  

Temperature (°C) 

Performance  

Parameter 

Chip Seal 

Storage Stability 

 Test 

60 
Separaiton Ratio (Rs) 

Degradation Ratio (Rd) 

Microsurfacing 25 

Separaiton Ratio (Rs) 

Degradation Ratio (Rd) 

Mixability ( reference ) 

Spray Seal 25 
Separaiton Ratio (Rs) 

Degradation Ratio (Rd) 

Chip Seal Three Step Shear  

Test 

60 Sprayability 

Spray Seal 25 Drainout 
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Table 3.10. Experimental Plan for Residue and Mixture Performance Tests 
S

u
rf

a
ce

  

T
re

a
tm

en
t Emulsion Residue Performance Test Mixture Performance Test 

Performance 

Tests 

Test 

Condition 

Performance 

Parameter 

Performance 

Tests 

Test 

Condition 

Performance 

Parameter 

M
ic

ro
su

rf
a
ci

n
g

 

BBS 

Cured on Rock (COR) 
20 Hours Curing 

Test at 15°C, 25°C 
 

Residue on Rock (ROR) 
Test at 15°C, 25°C 

 

Moisture Damage 
24 h at 40°C 
Test at 25°C 

Bond Strength 
(kPa) 

WTAT 

1  Hour Soak Period 
Test at 15°C, 25°C 

 

Six Days Soak 
Period 

Test at 25°C 
 

Moisture Damage 
24 h at 40°C 
Test at 25°C 

Abrasion Loss 
(gm/ft

2
) 

MSCR 
46°C, 52°C, 58°C,  

64°C, 70°C 

Non-recoverable 
Creep Compliance 

Jnr, (kPa
-1

) 

MMLS3 
(Rutting) 

46°C, 52°C,  
58°C 

Rut Depth (mm) 

MMLS3 
(Bleeding) 

Sand Adhesion 
(gm/ft

2
) 

Glossiness (GU) 

DSR Fr 
Sweep 

5°C, 10°C,  15°C S(60) and m(60) 

SENB 
-16°C, -22°C, 

 -28°C 

Displacement at 
Maximum Force 

(mm) SENB -16°C, -22°C, -28°C 
Displacement at 
Maximum Force 

(mm) 

C
h

ip
 

S
ea

l 

SENB -16°C, -22°C, -28°C 
Fracture Toughness 

(MPa√mm) 
Vialit 

-16°C, -22°C, 
 -28°C 

Aggregate Loss 
(%) 
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CHAPTER 4: PRS FOR FRESH EMULSIONS  

4.1 Introduction 

Experimental results are presented in this chapter. Fresh emulsion results are 

presented and used to establish specification limits using statistical analyses. Relationships 

between residual binder and mixture test results are presented to evaluate the ability of binder 

tests to capture mixture performance and consequently establish specifications.  

4.2 Fresh Emulsion Properties 

Specification of fresh emulsion properties is necessary to ensure the constructability 

and storage stability of emulsions. Emulsions are stored in tanks following production until 

the time of construction. It is critical that emulsions do phase separate during storage. To 

construct chip seals and spray seals, emulsion is sprayed through nozzles at a high shear rate. 

It is imperative the emulsion has sufficiently low viscosity to allow spraying yet have 

sufficiently high viscosity after placement to resist draining off of the pavement surface. To 

produce microsurfacings, emulsion is mixed with aggregate, mineral filler, additive, and 

water inside of a pug mill and then applied to the pavement through a spreader box. The 

emulsion must have sufficiently low viscosity to allow mixing and coating of aggregate. 

Two tests are proposed for specifying emulsion storage stability and constructability: 

the storage stability test and the three step shear test. Note the latter is only applicable to chip 

and spray seals. Two parameters are obtained from storage stability testing, which apply to 

all PST types: separation ratio (Rs) and stability or degradation ratio (Rd) which evaluates the 

resistance of emulsions to phase separation under storage. In addition, viscosity measured on 

a reference un-stored sample (as part of storage stability procedure) is used to quantify the 

mixability of microsurfacing emulsions. The three step shear test is used to quantify 

sprayabilty and resistance to drainout for chip and spray seals using high and low shear rates, 

respectively. 
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Table 4.1. Emulsion Performance Parameters and Test Methods 

Treatment 

Type 
Test Method 

Performance 

Measurement 
Performance Parameter 

Chip Seal 

Storage  

Stability Test 

Emulsion 

Stability 

(a) Separation Ratio (Rs) 

(b) Stability Ratio(Rd) 
Spray Seal 

Microsurfacing 

Chip Seal 
Three Step 
Shear Test 

Workability 

(a) Sprayability 
(b) Drainout 

Spray Seal 

Microsurfacing 
Storage  

Stability Test 
Mixability 

 

4.2.1 Fresh Emulsion Test Results  

4.2.1.1 Storage Stability Test Results 

Storage stability test results are presented in Figure 4.1, Figure 4.2, and Figure 4.3for 

chip seal, microsurfacing and spray seal emulsions, respectively. A separation ratio of one is 

ideal, indicating no separation of water and asphalt during storage. A separation ratio less 

than one indicates settlement of the asphalt in the emulsion. A separation ratio greater than 

one indicates creaming of the asphalt to the top of the emulsion. The stability ratio is also 

ideally one, indicating no difference between the reference un-stored sample and re-mixed 

sample after storage. A stability ratio greater than one indicates loss of water from the 

emulsion during storage. The storage stability of emulsions depends on the emulsion residue 

content, open surface area of the storage tank, shipping procedure, and environmental 

conditions during shipping. 

Figure 4.1 displays the storage stability results for chip seal emulsions. Measured 

separation ratio values range from 0.7 to 1.7 and stability ratio values range from 0.2 to 2.1, 

excluding poor performing emulsions. The separation ratio for the modified (CRS-2L and 
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CRS-2P) emulsions is close to one, indicating minimal settlement during storage. However, 

the separation ratio of the CRS-2 (NC) emulsion is 1.4, indicating the emulsion likely 

experienced settlement during storage. Conversely, the CRS-2 (E), CRS-2 (F) and CRS-2 (A) 

have separation ratios below one, indicating that the asphalt rose to the top of the emulsion. 

However storage stability test could not identify the poor performing emulsions all the time. 

PRS test methods can capture the poor performing emulsions only when emulsion property is 

performance related. However the emulsion producers formulated the poor performing 

emulsions without following current specification for basic emulsion formulation procedure 

which was not expected.  

 

Figure 4.1. Storage stability test results for chip seal emulsions at 60°C. 

Measured microsurfacing emulsions (Figure 4.2) separation ratio values range from 

0.3 to 1.2 and stability ratio values range from 0.9 to 2.0, excluding poor performing 

emulsions. The majority of standard emulsions have stability and separation ratios close to 

one. The only exception is M-CSS-1H-F. The reason for the relatively good stability ratio 

values for microsurfacing emulsions compared to chip seal emulsions is that microsurfacing 

emulsions are slow or quick setting emulsions as opposed to chip seal emulsions which are 
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rapid setting, indicating lower stability. The separation ratio of the microsurfacing emulsions 

are less than one except for the poor performing emulsions and M-CSS-1H-A. 

 

Figure 4.2. Storage stability test results for microsurfacing emulsions at 25°C. 

Measured spray seal emulsion (Figure 4.3) separation ratios range from 0.6 to 1.3 and 

stability ratios range from 0.5 to 2.6. Results indicate considerable variability in separation 

ratios and stability ratios among the emulsions, indicating the test is very sensitive to 

emulsion type. It is speculated that the high variability is caused by the dilution rates used for 

different emulsions. Since the emulsion and added water to make diluted emulsions are not 

consistent foe all emulsions, there is possibility to show this variability for dilution 

procedure. 
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Figure 4.3. Storage stability test results for spray seal emulsions at 25°C. 

4.2.1.2 Microsurfacing Constructability 

The mixability of microsurfacing emulsions is critical to ensure proper blending and 

coating of aggregate. Emulsion viscosity at low shear rate is used as an indicator of 

mixability, which is obtained from the reference (un-stored) sample viscosity in storage 

stability testing at 25°C. A low shear rate is selected to evaluate mixability as emulsions are 

shear thinning and thus at higher shear rates, viscosity decreases. Hence, low shear rates 

represent a critical condition where emulsions will be least mixable. The mixability viscosity 

results of microsurfacing emulsions are shown in Figure 4.4. PP-M-CSS-1H (F) has the 

highest viscosity, which is expected as this emulsion was produced with an extremely high 

emulsifier content of 5%. Emulsifier contents are generally in the range of 0.1% to 2.5%. 

Thus, the viscosity at low shear is a suitable parameter for detecting emulsions with poor 

mixability. 
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Figure 4.4. Mixability of microsurfacing emulsions. 

4.2.1.3 Three Step Shear Test Results 

The three step shear test was utilized to measure the sprayability and drainout 

resistance of chip seal and spray seal emulsions using viscosities at high and low shear rates, 

respectively.  

Figure 4.5 and Figure 4.6 present the chip seal sprayability and drainout results, 

respectively. Figure 4.7 and Figure 4.8 present the spray seal sprayability and drainout 

results, respectively. Results indicate that the drainout viscosity is always higher than the 

sprayability viscosity, which follows expectations as asphalt emulsions are shear thinning 

materials. The sprayability and drainout viscosities vary from emulsion to emulsion, 

indicating the three step shear test is able to discriminate between the performances of 

different emulsions. There are no consistent trends in terms of differentiating between 

modified and unmodified emulsion viscosities. In addition, poor performing emulsions’ 
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viscosities at high and low shear rates are within the range of standard performing emulsions, 

emulsion producers did not alter viscosity of chip and spray seal emulsions to make them 

poor performing. 

 

Figure 4.5. Sprayability of chip seal emulsions. 

 

Figure 4.6. Drain out of chip seal emulsions. 
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Figure 4.7. Sprayability of spray seal emulsions. 

 

Figure 4.8. Drain out of spray seal emulsions. 
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4.2.2 Fresh Asphalt Emulsion PRS Tests and Limits 

This section presents the methodology used for deriving the specification limits that relate to 

the stability and constructability of fresh emulsions used in chip seal, micro-surfacing, and 

spray seal treatments. In addition, the procedures for establishing specification limits for each 

fresh emulsion material property addressed in these PRS are described in this section. The 

fresh emulsion is representative of the material’s state during storage, transport, and 

application prior to completion of the breaking and curing processes. 

4.2.2.1 Fresh Emulsion Property Limit Derivation Approach 

Statistical analysis was conducted to develop specification test limits for fresh 

emulsion properties under the assumption that the standard emulsions tested represent a 

broad range of materials that perform acceptably in service. Both standard and poor 

performing emulsions, as defined previously, were tested in developing these PRS. However, 

because the poor performing emulsions were fabricated by the emulsion suppliers 

intentionally to exhibit inferior performance, test data for the poor performing emulsions 

were not considered in determining the fresh emulsion specification limits using statistical 

analysis. However, these poor performing emulsions were used to validate the PRS, as the 

emulsions that were designed to have poor stability failed the storage stability test in this 

specification. Note that the poor performing emulsions do not necessarily fail all the PRS 

tests, but rather these materials are expected to perform poorly when tested for the specific 

material property that directly relates to the cause of the poor performance. 

 A box-and-whisker statistical analysis procedure was utilized for deriving limits for 

the fresh emulsion properties. First, the test results for the poor performing emulsions were 

removed from the dataset. Next, after removing the data for the poor performing emulsions, 

the outliers among the test data were determined based on the box-and-whisker plot method 

for normally distributed data, as shown in Figure 4.9, and as described below. 

 The mean, median, and standard deviation were calculated. 

 The sample minimum and the sample maximum were determined. 
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 The lower quartile (first quartile) and upper quartile (third quartile) were calculated 

based on the dataset. 

 The inter-quartile range (IQR), which is the difference between the first quartile and 

third quartile, was calculated. 

 The outliers among the dataset were considered when the results were greater than the 

third quartile + 1.5*IQR or less than the first quartile – 1.5*IQR. 

Then, the outliers were removed from the dataset and the remaining data were considered in 

order to determine the specification limit. 

 

Figure 4.9. Box and Whisker plot to determine outliers. 

Once the outliers were removed from the dataset, the specification limit was 

determined based on the 98 percent reliability concept coupled with engineering judgment.  

4.2.2.2 Fresh Emulsion Limit Derivation  

Figure 4.10 through Figure 4.15 present the statistical procedures that were used to 
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included in the PRS. Figure 4.10 shows an example of how the fresh emulsion specification 

test limits were determined using the test data obtained from the storage stability and 

separation ratio tests conducted using the chip seal emulsions. Although only the data for 

chip seals are shown in Figure 4.10, the same procedure also was used to develop storage 

stability and separation ratio specification limits for micro-surfacing in Figure 4.11 and spray 

seals in Figure 4.12. As indicated in Figure 4.10 (a) and (c), outliers were determined and 

removed based upon the box-and-whisker plot method. Figure 4.10 (b) and (d) show that the 

specification limits were determined based on the 98 percent reliability concept and 

engineering judgment. Engineering judgment was used in determining the stability ratio 

specification limits for the chip seal emulsions, as only a maximum limit was necessary 

because a stability ratio close to one is desirable and all the test measurements exceeded one. 

A maximum stability ratio limit of two was determined for chip seals based on the data 

presented in Figure 4.10. From this limit derivation approach, the acceptable range of 

separation ratios for chip seal emulsions was determined to be 0.5 to 1.5. Similar approach 

was followed to determine the stability and separation ratio for microsurfacing and spray seal 

emulsion in Figure 4.11 and Figure 4.12, respectively. 
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Figure 4.10.  Examples of: a) outlier identification for separation ratio data, b) separation 

ratio specification limit determination, c) outlier identification for stability ratio data, and d) 

stability ratio specification limit determination for chip seal fresh emulsions. 
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Figure 4.11. Examples of: a) outlier identification for separation ratio data, b) separation ratio 

specification limit determination, c) outlier identification for stability ratio data, and d) 

stability ratio specification limit determination for microsurfacing fresh emulsions. 
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Figure 4.12. Examples of: a) outlier identification for separation ratio data, b) separation ratio 

specification limit determination, c) outlier identification for stability ratio data, and d) 

stability ratio specification limit determination for spray seal fresh emulsions. 

Figure 4.13 and Figure 4.14 show examples of the specification limit determination 

for the sprayability and drain-out constructability parameters in the PRS that are applicable to 

chip seals and spray seals, respectively. A maximum limit for sprayability viscosity in 

chip/spray seals in the PRS ensures that the binder has a low enough viscosity value to ensure 

consistent output when sprayed through a nozzle during the emulsion application process. 

Failure to meet the sprayability threshold values would result in streaking in a chip seal or 

spray seal treatment. A minimum drain- out limit also is needed in the PRS to ensure that 

after application the emulsion has a high enough viscosity level to resist flow due to the slope 

of the road. Failure to meet the drain-out threshold would result in uneven material 

application rates along the roadway as well as performance problems. Figure 4.15 shows the 
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specification limit determination for mixability, which is the parameter applicable to micro-

surfacing. Because micro-surfacing emulsions are mixed with the aggregate prior to 

application, Figure 4.15 defines the maximum viscosity allowable to ensure good mixability 

during micro-surfacing construction 

 

 

Figure 4.13. Examples of: a) outlier identification for sprayability data, b) sprayability 

specification limit determination, c) outlier identification for drainout data, and d) drainout 

specification limit determination for chip seal fresh emulsions. 
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Figure 4.14. Examples of: a) outlier identification for sprayability data, b) sprayability 

specification limit determination, c) outlier identification for drainout data, and d) drainout 

specification limit determination for spray seal fresh emulsions. 
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 Figure 4.15. Examples of: a) outlier identification for mixability data, b) mixability 

specification limit determination for microsurfacing fresh emulsions. 

The aforementioned statistical specification limit determination process was repeated 

for all the fresh emulsion properties in determining the specification limits summarized in 

Table 4.2 for chip seal, micro-surfacing, and spray seals in the developed PRS. 

Table 4.2. Specified Limit for Fresh Emulsion Properties 

Treatment 

Type 

Performance 

Test 

Performance  

Parameter 

Test 

Temperature 

 (°C) 
Specified Limit 

Chip Seal 

Storage Stability 
Test 

Separation Ratio 

60 

0.5 to 1.5 

Stability Ratio Maximum 2 

Three Step Shear 

Test 

Sprayability Maximum 400 cP 

Drainout Minimum 50 cP 

Spray Seal 

Storage Stability 

Test 

Separation Ratio 

25 

0.5 to 1.5 

Stability Ratio Maximum 1.5 

Three Step Shear 

Test 

Sprayability Maximum 100 cP 

Drainout Minimum 100 cP 

Microsurfacing 
Storage Stability 

Test 

Separation Ratio 

25 

0.2 to 1.3 

Stability Ratio Maximum 1.5 

Mixability Maximum 600 cP 
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CHAPTER 5: PRS FOR MICROSURFACING 

5.1 Introduction 

This chapter includes the PRS for microsurfacing at low, intermediate, and high 

temperature.  

5.2 Test Results for Raveling 

5.2.1 Bitumen Bond Strength (BBS) 

The BBS test was tried for specifying the raveling resistance of microsurfacing 

emulsions. Raveling resistance is driven by the bond developed between emulsion residue 

and aggregate and the BBS test measures the bond strength between an aggregate substrate 

and asphalt, making it a promising candidate test method to characterize raveling resistance. 

Two procedures were tried: tests where emulsion was cured on the BBS aggregate substrates 

and tests where residue was first recovered and subsequently applied to BBS aggregate 

substrates. BBS tests where recovered residue was applied to rocks were conducted using dry 

conditioning and moisture conditioning to assess susceptibility of bond strength to moisture. 

The BBS tests where emulsions were cured on the rock were performed for 20 hours 

of curing to evaluate in-service raveling. Results of BBS tests where emulsions were cured 

for 20 hours on the rock are shown in Figure 5.1 for late raveling characterization. Past 

performance studies of microsurfacings (Johannes 2014) indicate modified emulsions have 

superior raveling resistance over unmodified emulsions. However, the BBS test results 

shown in Figure 5.1 demonstrates no clear trends among modified and unmodified 

emulsions. Furthermore, there are no consistent trends in temperature variation in bond 

strength. Some emulsions experience an increase in bond strength with increasing 

temperature and others demonstrate the opposite trends. These results indicate the BBS test, 

using emulsion cured on the rock, is not suitable for specification of microsurfacing emulsion 

raveling resistance. The inability of BBS test method to delineate performance of unmodified 

and modified emulsion residues may also be related to the emulsion formulation procedure. 

For polymer and latex modified emulsions, polymer and latex are added with base asphalt 

before emulsion formulation or mixed during emulsification process. However, latex addition 
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in emulsion during emulsification process most common in practice. In addition, unmodified 

microsurfacing emulsions may also have 3% natural latex polymer although emulsion is 

specified as unmodified. Thus, emulsions specified as unmodified may in fact include 

modification. 

  

Figure 5.1. BBS test results on 20 hours cured emulsions. 

The BBS test results for in service raveling, performed on recovered residue applied 

to aggregate, representing the fully cured case were also evaluated to assess the ability of the 

BBS test to discriminate between the raveling resistance of microsurfacing emulsions. 

Results are shown in Figure 5.2. Results include those corresponding to dry conditioning at 

15°C and 25°C along with 25°C test after 24 hours of moisture conditioning at 40°C. Results 

clearly demonstrate a loss in bond strength with moisture conditioning compared to dry 

conditioning as expected. In addition, bond strength is generally lower at 25°C than 15°C, 

with the exception of M-CSS-1HP-C and M-CSS-1HP-B, indicating more reasonable results 

than those corresponding to emulsion cured on the rock. However, results do not distinguish 

modified and unmodified emulsions, which is a problem since modified emulsions are 

known to perform better with respect to raveling resistance than unmodified emulsions. 

0

200

400

600

800

1000

1200

1400

1600

1800

B
o

n
d

 S
tr

e
n

g
th

 (
k

P
a

)

15°C (20 Hours) 30°C (20 Hours)

Unmodified Modified



 
 131 

 

However, as discussed emulsions specified as unmodified may actually be modified which 

may explain the inability to different performance of modified and unmodified emulsions  

 

Figure 5.2. BBS test results for microsurfacing emulsion residues. 

5.2.2 WTAT Test Results 

In order to further assess the ability of the BBS test to capture raveling resistance of 

microsurfacing emulsions, WTATs on microsurfacing mixture were conducted. The 

correlation between WTAT results and BBS results was used to judge the applicability of the 

BBS test to capture raveling resistance. 

Prior to proceeding with WTAT of microsurfacing emulsions, a preliminary specimen 
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Figure 5.3. Variability study for WTAT test. 

Initially, WTATs were conducted using the one hour soak period at both 15°C and 

25°C along with a moisture conditioning procedure which replicated the moisture 

conditioning used in BBS testing (i.e., 24 hours moisture conditioning at 40°C and tested at 

25°C). Figure 5.4 shows the results of WTATs.  Results indicate the WTAT is able to detect 

the poor performing emulsions as indicated by the high abrasion loss of the poor performing 

(PP) emulsion tested, which was expected to exhibit poor raveling performance due to its 

high emulsifier content of 5%. High emulsifier content increases viscosity during mixing, 

leading to poor coating and bonding of the emulsion with aggregate. The poor mixability 

performance of the emulsion was captured using viscosity results presented in Figure 4.4.  

WTAT abrasion losses for modified and unmodified emulsions do not follow any 

specific trend, similar to findings from BBS testing. Results also demonstrate variable trends 

in abrasion loss with temperature and moisture conditioning. In some instances, moisture 

conditioning improves raveling resistance which is counter intuitive suggesting the moisture 

conditioning procedure was not harsh enough to induce moisture damage. The ISSA 

specification limit for abrasion loss at 25°C after the one hour soak period is 50 gm/ft2. 

Results demonstrate this specification is met with the exception of the poor performing 

emulsion (PP-M-CSS-1H-F).  
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Figure 5.4. WTAT test results at 15°C, 25°C, and moisture damage at 40°C. 

Since initial WTAT results did not differentiate between the performance of different 

materials and test conditions, additional WTATs were conducted using the six day soak 

period specified by ISSA. In addition, to further evaluate sensitivity of the WTAT, two mix 

designs were tested: 6.5% residue content and 9% residue content to see if the WTAT could 

capture the difference in performance as a result of changing residue content. 

Figure 5.5 displays the WTAT results for four different emulsions using the 

additional test conditions. The results indicate that the WTAT captures the effect of residue 

content on raveling resistance. The WTAT also captures moisture sensitivity as evident by 

the difference in results at the same residue content but different moisture conditioning 

history. The WTAT abrasion loss results for the one hour soak period and six days soak 

period are within ISSA specified limits for all emulsions with the exception of the poor 

performing emulsion. Based on these results, it is concluded that the WTAT is an effective 

performance test to capture the raveling resistance of microsurfacing mixtures. 
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Figure 5.5.WTAT test results with different residue content and different test conditions. 

5.2.3 Comparison of BBS and WTAT Results 

5.2.3.1 Comparison of WTAT and BBS Results for Residue on Rock (ROR) Procedure 

The comparison between BBS tests where recovered residue was applied to the rock 

and initial WTATs using the one hour soak period and moisture conditioning procedure 

matching the BBS test are represented in Figure 5.6, where modified, unmodified, and poor 

performing emulsions are delineated. Figure 5.6 demonstrates that there is no clear 

relationship between WTAT and BBS results and thus, relationships between WTAT and 

BBS were further investigated using the expanded WTATs where the six day soak period 

was included in Figure 5.8. 
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Figure 5.6. WTAT results at different test conditions. 

Figure 5.7 and Figure 5.8 show the comparison between residue on the rock BBS 

results and WTAT results using the one hour and six day soak periods, respectively. Results 

demonstrate that there is no clear relationship between BBS and WTAT results, indicating 

that the BBS test is ineffective in capturing raveling resistance of microsurfacing emulsions.  
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Figure 5.7. Comparison of dry WTAT and dry BBS test results. 

 

Figure 5.8. Comparison of wet WTAT and wet BBS test results. 
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performing emulsion which exhibited poor WTAT results demonstrates comparable bond 

strength to a standard performing emulsion with significantly high WTAT results compared 

to standard emulsions. Thus, results indicate the BBS test is incapable of capturing raveling 

resistance of microsurfacing. 

 

Figure 5.9. Comparison of WTAT and BBS bond strength with emulsions cured on rock at 

15°C. 
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Figure 5.10. Comparison of WTAT with different residue content and BBS bond strength 

with emulsions cured on rock at 25°C. 
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The WTAT delineates poor performing emulsion and standard emulsions. However, 

modified and unmodified emulsions are not clearly separable from each other. 

Microsurfacing mixtures containing modified emulsions are expected to perform better 

mixtures containing unmodified emulsions if aggregate type, emulsifier type and emulsifier 

content, base asphalt, and aggregate gradation are kept identical. However, as discussed 

emulsions specified as unmodified may include modification. In addition, the proportion of 

mixture components and interactions among components can also greatly affect raveling 

resistance and thus, WTAT results. Microsurfacing mixture performance is largely driven 

based on chemical interactions between emulsion and aggregate. The surface area and 

surface charge of aggregate are factors which will affect the extent of chemical interaction. 

The BBS test, which consists of measuring the bond between a solid aggregate substrate and 

binder does not allow for capturing the effects of chemical interaction, which are influenced 

by fine aggregates in microsurfacing mixtures. Therefore, it is recommendation that 

specifications for microsurfacing residues include a provision requiring WTAT of mixtures 

produced the emulsion under consideration prior to application to ensure adequate raveling 

resistance. 

5.3 Test Results for Rutting and Bleeding at High Temperature 

5.3.1 Multi Stress Creep and Recovery (MSCR) Test 

The MSCR was used to characterize the rutting and bleeding resistance of 

microsurfacing emulsion residues. Tests were conducted at four different temperatures and 

three different stress levels. The standard MSCR procedure only includes two stress levels: 

0.1 kPa and 3.2 kPa.  

The non-recoverable creep compliance (Jnr) of binders at a stress level of 3.2 kPa is 

an indicator of viscoplasticity and currently proposed for rutting specification of hot asphalt 

binders (AASHTO MP 19). Hence, Jnr at 3.2kPa was used to evaluate the rutting and 

bleeding susceptibility of asphalt emulsion residues. A higher Jnr values indicates greater 

susceptibility to permanent strain and hence, increased rutting and bleeding susceptibility.  
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Figure 5.11, Figure 5.12, Figure 5.13, and Figure 5.14 present the MSCR test results 

corresponding to test temperatures of 46°C, 58°C, 64°C, and 70°C respectively. Note that all 

emulsions were tested at 46°C and 58°C whereas emulsions were either tested at 64°C or 

70°C based on their expected performance grade according to asphalt binder specifications 

for HMA asphalt binders in AASHTO M 332.  In AASHTO M 332, the maximum Jnr limit 

for standard traffic is 4.5 kPa-1 at 3.2 kPa stress level. In order to attain Jnr of 4.5 kPa-1 for the 

standard traffic; the test temperature is changed to 70°C after 64°C to reach Jnr of 4.5 kPa-1 

after conducting MSCR test on those three emulsions that did not reach to 4.5 kPa-1 at 64°C.  

Results indicate the Jnr values of modified emulsions are consistently lower than 

unmodified emulsions at each temperature. The only exception to this trend is PP-M-CSS-

1H-F at 70°C which is expected to perform poorly due to its high emulsifier content (i.e., 

5%). Trends with test temperature match expectations; a higher test temperature leads to an 

increase in Jnr due to softening of the binder. These results suggest the MSCR test can 

discriminate between the relative rutting resistance of microsurfacing emulsion residues. 

 

Figure 5.11. MSCR test results at 46°C and 3.2 kPa stress. 
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Figure 5.12. MSCR test results at 58°C and 3.2 kPa stress. 
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Figure 5.13. MSCR test results at 64°C and 3.2 kPa stress. 

 

Figure 5.14. MSCR test results at 70°C and 3.2 kPa stress. 
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5.3.2 MMLS3 Test Results 

MMLS3 testing of microsurfacing mixtures was executed at three different high 

temperatures: 46°C, 52°C, and 58°C in order to assess bleeding and rutting performance. 

Testing at higher temperatures was not possible due to instrumentation limitations. Results 

are compared to MSCR residue results and subsequently used to establish specification 

limits.  

5.3.2.1 Rutting 

Rutting was measured after three different traffic levels of the MMLS3 testing, 

corresponding to 30, 90, and 180 minutes of wheel loading. Note that 990 wheel passes are 

completed every 10 minutes. Hence, the number of wheel passes corresponding to these time 

intervals are 2970, 8910, and 17820 for 30, 90, and 180 minutes respectively. Note that 

results at 90 minutes of loading were not collected at 58°C. Each time a measurement is 

made; the specimen must be removed from the test chamber and re-conditioned at the test 

temperature prior to resuming MMLS3 loading. This is time consuming at 58°C as heating to 

this temperature is very slow. Therefore, only two measurements of rutting were made at 

58°C. Microsurfacing mixture rutting test results are presented in Figure 5.15, Figure 5.16, 

and Figure 5.17 for 46°C, 52°C, and 58°C results, respectively. Results indicate that the rut 

depth of microsurfacing specimen increase with trafficking, as expected. Additionally, results 

at both 46°C and at 58°C represent clear distinction between the performance of modified 

and unmodified emulsions. This observation is also applicable for rut depth at 52°C with 

exception of M-CQS-1H-E and M-CQS-1HP-E after 30 minutes loading. However, this is an 

isolated case and thus, results generally appear to be reasonable, indicating that the MMLS3 

test is capable of capturing rutting resistance of microsurfacings. 
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Figure 5.15. Rutting performance for microsurfacing emulsions at 46°C. 
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Figure 5.16. Rutting performance for microsurfacing emulsions at 52°C. 

 

Figure 5.17. Rutting performance for microsurfacing emulsions at 58°C. 
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5.3.2.1.1 Comparison between Rut Depth and MSCR Results 

The MSCR test results (Jnr) of 3.2 kPa stress level at different temperatures are 

compared to rutting performance of microsurfacing mixture to further evaluate the ability of 

the MSCR test to capture rutting susceptibility of microsurfacing emulsion and to develop 

the specification limits for Jnr. The correlation between rut depth and Jnr corresponding to 30, 

90, and 180 minutes of wheel loading are presented in Figure 5.18, Figure 5.19, and Figure 

5.20, respectively. The solid markers in the figures correspond to modified emulsions and the 

hollow markers correspond to unmodified emulsions. In addition, circle, pyramid, and square 

markers are for 46°C, 52°C, and 58°C respectively in Figure 5.18 (a), Figure 5.19 (a), and 

Figure 5.20 (a).  Results indicate a temperature-independent relationship exists between rut 

depth and Jnr, validating use of the MSCR test for rutting specification of microsurfacing 

emulsion residues. The relationship between Jnr and rut depth gets weaker as the traffic level 

increases, which is somewhat intuitive since microsurfacing mixtures experienced less 

sensitivity to rut depth at higher traffic levels associated with reaching limitations in possible 

rut depths given the thin structure of the microsurfacing samples.  
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Figure 5.18. Rut depth and Jnr relationship for 30 minutes MMLS3 loading (a) delineated by 

test temperature, and (b) delineated by emulsion type. 
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Figure 5.19. Rut depth and Jnr relationship for 90 minutes MMLS3 loading (a) delineated by 

test temperature, and (b) delineated by emulsion type. 
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Figure 5.20. Rut depth and Jnr relationship for 180 minutes MMLS3 loading (a) delineated by 

test temperature, and (b) delineated by emulsion type. 
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5.3.2.2 Bleeding 

In addition to measurement of rutting under MMLS3 loading at high temperature, 

bleeding was also measured. Initially, bleeding was measured by means of sand adhesion. 

The concept behind the use of sand adhesion is that as bleeding occurs, adhesive emulsion 

residue seeps to the surface and will stick to sand. Thus, a higher sand adhesion indicates a 

higher amount of bleeding. Sand adhesion results at each time interval of testing are shown in 

Figure 5.21, Figure 5.22, and Figure 5.23 for 46°C, 52°C, and 58°C, respectively. Note that 

bleeding was measured after each time interval (i.e., 30, 90, and 180 minutes) at 46°C and 

52°C using the same specimen. Sand accumulation on the specimen after one time interval 

may affect the sand adhesion measured in the subsequent time interval.  Due to this concern, 

bleeding was measured only after 180 minutes loading at 58°C. 

The sand adhesion was expected to increase with increased loading time as bleeding 

severity should increase with increased trafficking. However, the test results shown in Figure 

5.21, Figure 5.22, and Figure 5.23, show no consistent trend in bleeding with duration of 

loading, which could be related to the effect of sand adhesion from the previous bleeding 

measurement. However, even at 58°C where only a single bleeding measurement was made 

after 180 minutes of wheel loading, it is impossible to distinguish between the performance 

of modified and unmodified mixtures (Figure 5.23).  In addition, no clear trend in bleeding 

severity with temperature exists.  



 
 151 

 

 

Figure 5.21. Sand adhesion for microsurfacing emulsions at 46°C. 
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Figure 5.22. Sand adhesion for microsurfacing emulsions at 52°C. 

 

Figure 5.23. Sand adhesion for microsurfacing emulsions at 58°C. 
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Since sand adhesion was found to be inadequate for quantifying the bleeding of 

microsurfacing mixtures, an alternative approach was tried using glossiness. As bleeding 

occurs, the asphalt that seeps to the surface leads to an increase in glossiness or shininess and 

hence was hypothesized to be a good indicator of bleeding severity. The glossiness of 

specimens was measuring using a glossmeter. The glossmeter selected for this study is 

manufactured for use with glass, tiles, and car industry to measure the glossiness of the 

surface. 

Results of glossmeter measurements on specimens loaded in MMLS3 at different 

intervals of loading are presented in Figure 5.24, Figure 5.25, and Figure 5.26 at 46°C, 52°C, 

and 58°C, respectively. Note that these measurements were made on separate samples from 

the sand adhesion, and thus, sand adhesion did not impact the results presented. The 

glossiness is measured along the direction of loading. Measurement in the transverse 

direction lead to errors since there is also impact of rutting in the transverse direction. Results 

indicate that glossiness cannot be used to differentiate the bleeding of different mixtures as 

no logical trends with temperature, material type, or loading duration are observed.  



 
 154 

 

 

Figure 5.24. Surface glossiness for microsurfacing mixtures at 46°C. 

 

Figure 5.25. Surface glossiness for microsurfacing mixtures at 52°C. 
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Figure 5.26. Surface glossiness for microsurfacing mixtures at 58°C. 
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volume roads and SN values greater than 35 are recommended for high volume roads 

(Jayawickrama et al. 1996).  

( ) 0.5986* 7.7002Skid Number SN BPT Value    

Table 5.1. Typical Skid Number for Bituminous Pavement (Jayawickrama et al., 1996) 

Skid Number Comments 

< 30 Take measures to correct 

≥ 30 Acceptable for low volume roads 

31-34 Monitor pavement frequently 

≥ 35 Acceptable for heavily traffic roads 

 

The BPT values of microsurfacing mixtures were measured on MMLS3 specimens 

after 180 minutes loading at 52°C and 58°C. Then, the BPT values were converted to SN 

using equation (5.1). Results are shown in Figure 5.27 for 52°C and Figure 5.28 for 58°C. 

The minimum SN values at 52°C and 58°C greatly exceed the minimum criteria of 35 for 

high volume roads (Jayawickrama et al., 1996).  Thus, bleeding does not appear to be a 

performance concern for the microsurfacing mixtures tested and helps explain why 

glossiness and sand adhesion did not follow any consistent trends. Based on these results, it 

is postulated that bleeding is more related to emulsion residue content of microsurfacing 

mixtures as opposed to binder properties. Thus, specifications are proposed only for rutting 

resistance.  

(5.1) 
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Figure 5.27. SN of microsurfacing mixtures after 180 minutes MMLS3 loading at 52°C. 

 

Figure 5.28. SN of microsurfacing mixtures after 180 minutes MMLS3 loading at 58°C. 
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5.3.3 High Temperature Specification for Microsurfacing 

Rutting was identified as a critical high temperature distress for micro-surfacing 

emulsions. Resistance to rutting of micro-surfacing residue was characterized using the Jnr at 

the 3.2 kPa stress level in the MSCR tests. The binder Jnr results were correlated with the 

mixture rutting measurements that were taken using the MMLS3 at low, medium, and high 

traffic volumes in order to verify that the Jnr value is a good indicator of micro-surfacing 

rutting resistance and subsequently to establish specification limits. Curves were fitted to the 

rutting versus Jnr relationships over the temperature range of 46°C to 58°C and used to 

extrapolate the rut depths that corresponded to the Jnr values measured at 64°C and 70°C, i.e., 

the temperatures at which the corresponding mixture performance could not be measured. 

Figure 5.29 presents the relationships between the measured MSCR test parameter and the 

mixture rutting performance at high temperatures for low, medium, and high traffic volumes. 

The results demonstrate a strong relationship between the binder Jnr and the mixture rut 

depth, which follows expected trends, indicating that a lower Jnr value will lead to more 

rutting resistance. These results indicate also that the Jnr value is a suitable high temperature 

specification parameter for micro-surfacing emulsion residue. 

As previously mentioned, MMLS3 has been conducted at three different time 

intervals: 30 minutes, 90 minutes, and 180 minutes that are equal to 2970, 8910, and 17820 

MMLS3 wheel passes, respectively. These MMLS3 traffic levels can be converted to 

equivalent field average annual daily traffic (AADT) values using the procedure proposed by 

Adams (2014). The conversion of MMLS3 wheel passes to AADT is summarized in Table 

5.2. 

Table 5.2. AADT to Equivalent MMLS3 Wheel Passes 

Traffic Level AADT Equivalent no of Wheel Passes 

Low 500 2970 

Medium 2500 13125 

High 3400 17820 
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A maximum allowable rutting threshold of 5.6 mm for laboratory-tested mixture 

specimens was utilized in the development of the preliminary specification limits. The 5.6 

mm maximum rutting limit was derived from laboratory tests conducted during this study, 

because no rutting limit was currently available for micro-surfacing treatments. The micro-

surfacing mixture tests evaluated various commercial micro-surfacing binders that perform 

adequately in-service nationwide, at least at the low traffic level designated in the 

specifications. Based on this knowledge, this study determined that all micro-surfacing 

binders should pass the specification limit in the PRS at the low traffic level. Therefore, 

Figure 5.29 (a) shows that the rutting limit is defined as the rut depth at which all of the 

standard micro-surfacing binders pass, which is 5.6 mm. Using this maximum rut depth as 

well as the correlation between the Jnr value and rut depth at each traffic volume shown in 

Figure 5.29, the specification limits for the maximum allowable Jnr value were determined 

for low, medium, and high traffic volumes. Ultimately, the long-term validation of these PRS 

will determine if the maximum Jnr limits that were determined using this maximum rut depth 

threshold of 5.6 mm are appropriate for specifying high temperature micro-surfacing 

performance, or if these limits need to be adjusted.  
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Figure 5.29. Developed maximum MSCR Jnr limits derived for micro-surfacing PRS high 

temperature grading based on performance at: a) low traffic, b) medium traffic, and c) high 

traffic. 
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and high traffic volumes was selected to be 2.0 kPa-1, as this level is the more conservative of 

the two limits. Correspondingly, Table 5.3 provides the MSCR test limits for high 

temperature grading of binders used in micro-surfacing treatments in the PRS. Finally, the 

emulsions are graded based on the Jnr limits and summarized in Table 5.4. 

Table 5.3. Microsurfacing High Temperature PRS Limits 

PRS Traffic Grade Maximum Jnr @ 3.2 kPa 

Low 9.0 kPa-1 

Medium/High 2.0 kPa-1 

 

Table 5.4. High Temperature Grade for Microsurfacing Emulsions 

Emulsion 

Type 

MSCR Test  

Temperature (°C) 

H
ig

h
 

T
em

p
er

a
tu

re
  

G
ra

d
e 

46 52 58 64 70 

Low Traffic (LT), Jnr – max 9.0 kPa-1 

Medium-High Traffic (MHT), Jnr – max 2.0 kPa-1 

M-CSS-1H-C 
0.175 0.56 1.382 3.310 7.892 

64 (LT) 
Pass Pass Pass Fail at MHT Fail at MHT 

M-CQS-1H-E 
0.187 0.56 0.956 3.630 8.44 

64 (LT) 
Pass Pass Pass Fail at MHT Fail at MHT 

M-CSS-1H-F 
0.128 0.329 1.097 3.150 5.749 

64 (LT) 
Pass Pass Pass Fail at MHT Fail at MHT 

M-CSS-1HP-C 
0.084 0.293 0.705 1.784 4.575 

70 (LT) 
Pass Pass Pass Pass Fail at MHT 

M-CSS-1HP-D 
0.071 0.15 0.481 0.940 2.926 

70 (LT) 
Pass Pass Pass Pass Fail at MHT 

M-CQS-1HP-E 
0.051 0.146 0.352 0.914 2.095 

64 (LT) 
Pass Pass Pass Pass Fail at MHT 

M-CSS-1HL-F 
0.055 0.132 0.427 0.644 1.330 

70 (MHT) 
Pass Pass Pass Pass Pass 
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5.4 Low Temperature Study for Microsurfacing 

5.4.1 DSR Frequency Sweep Test on Emulsion Residue 

In microsurfacings, thermal cracking is the critical low temperature distress, which is 

related to stress buildup and relaxation properties of asphalt binder. Therefore, standard BBR 

properties used in low temperature HMA performance grading are promising candidates for 

specification of micosurfacing residues as well. BBR specimen fabrication is tedious and 

requires a substantial quantity of emulsion residue to be recovered. Therefore, in place of the 

standard BBR, DSR frequency sweep tests were conducted and used to predict BBR 

properties at low temperature. DSR testing requires only a small quantity of material for 

testing and is easy to implement. Consistent with the current Superpave specification, S(60) 

and m(60) are determined at the PG low temperature grade plus 10°C. The use of the 

elevated temperature was implemented in the Superpave system to reduce test durations. 

During the Superpave PG specification, it was determined that the BBR parameters that best 

relate to thermal cracking resistance at the low temperature PG are S(7200 seconds) and 

m(7200 seconds). The developers of the PG specification deemed conducting creep tests for 

7200 seconds which is impractical and thus suggested testing at the low temperature grade 

plus 10°C which would allow reaching the same S and m values after just 60 seconds of 

creep test based on average asphalt binder time-temperature shift factors. Therefore, residue 

results at typical low temperature grades plus 10°C were compared to mixture results at 

corresponding typical low temperature grades.  

The predicted BBR properties, S(60) and m(60), at -6°C, -12°C, and -18°C are shown 

in Figure 5.30. A higher stiffness indicates the higher susceptibility to thermal racking and a 

higher m-value indicates reduced thermal cracking susceptibility. The current Superpave hot-

mix asphalt binder PG limit for S(60) is maximum 300 MPa and for m(60) is minimum 

0.300. Results in Figure 5.30 demonstrate modified emulsion residues generally demonstrate 

superior thermal cracking susceptibility with the exception of CSS-1HL-F. If current hot-mix 

asphalt specification limits are applied to these materials, all have a low temperature grade of 

-22°C with the exception of M-CSS-1H-C, which would grade as -16°C. These results appear 
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fairly reasonable. However, it is important to verify that S(60) and m(60) relate to 

microsurfacing fracture resistance at low temperature. 

 

 

Figure 5.30. BBR properties from DSR frequency sweep test (a) S(60) and (b) m(60). 
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5.4.2 SENB Test on Emulsion Residue 

In addition to evaluating S(60) and m(60) as specification parameters, the SENB test 

was considered for thermal cracking specification of microsurfacing residues as thermal 

cracking in pavements is related to fracture resistance of the binder. SENB tests were 

conducted using a procedure consistent with chip seal emulsion residues. SENB tests were 

conducted at typical low temperature performance grades: -16°C, -22°C, and -28°C and 

compared to mixture results.  

The displacement of emulsion residue at maximum force for different temperatures 

and emulsions are shown in Figure 5.31.  Displacement at maximum force was chosen as the 

SENB parameter to characterize thermal cracking resistance as thermal cracks results from 

thermal contraction which is related to ductility. Moreover, displacement of emulsion residue 

at maximum force is found to be fairly correlated to displacement at maximum force of 

microsurfacing mixture (Figure 5.34). Other fracture mechanics based parameters (fracture 

energy and toughness) investigated but did not correlate as well to mixture performance.  

Results demonstrate that the maximum displacement for each emulsion decreases as 

temperature decreases. These results match expected trends as binders become more brittle as 

temperature is decreased. Furthermore, modified emulsion residues generally demonstrate 

superior performance over unmodified emulsion residues with the exception of M-CSS-1H-

C, providing some initial evidence the binder SENB test can capture microsurfacing residue 

resistance to thermal cracking. 
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Figure 5.31. SENB test results for microsurfacing emulsion residue. 

5.4.3 SENB Test on Microsurfacing Mixture at Low Temperature 

The SENB test was used to evaluate microsurfacing mixture thermal cracking 

resistance at low temperature. The same sample geometry as used for binder testing was 

utilized for mixture SENB testing. Tests were conducted at typical low temperature 

performance grades: -16°C, -22°C, and -28°C. The displacement at maximum force was used 

as the performance parameter to evaluate thermal cracking susceptibility. Figure 5.32 shows 

the mixture displacement at maximum force results. The displacement of each emulsion 

decreases with test temperature decreases as expected. Results also demonstrate superior 

performance of modified emulsions over unmodified emulsions as expected. Thus, results 

appear reasonable and are perceived to capture microsurfacing mixture thermal cracking 

performance. 
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Figure 5.32. Displacement at maximum force measured from SENB test for microsurfacing 

mixture. 

5.4.4 Low Temperature Specification for Microsurfacing 

In order to further evaluate residue properties for use in specifications, residue results 

were compared to microsurfacing mixture SENB results. The relationships between both 
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in Figure 5.33.  Results indicate clear relationships between both residue properties and 

mixture SENB results. Therefore, S(60) and m(60) determined from DSR frequency sweeps 

are suitable specification parameters to control thermal cracking in microsurfacing residues. 
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Figure 5.33. Relationships between mixture displacement and S(60) (a) for different emulsions, (b) at different temperatures, and 

relationships between mixture displacement and m(60) (c) for different emulsions, (d) at different temperatures. 
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Microsurfacing residue SENB results were also compared against microsurfacing 

mixture to evaluate use for specifications. Results are presented in Figure 5.34 (a) with 

delineation by emulsion type and Figure 5.34 (b) with delineation by temperature. Results 

indicate mixture and residue SENB results are related. However, SENB testing is much more 

challenging than DSR frequency sweep testing. A much greater quantity of residue is 

required and sample preparation is extremely tedious. Furthermore, results are less 

repeatable. The DSR is also required for the MSCR test used in high temperature grading of 

microsurfacing residues and thus, the SENB test would also require an additional device to 

be used in grading microsurfacing emulsions. Therefore, it is recommended that the low 

temperature grading of microsurfacing emulsion residues be graded using DSR frequency 

sweep testing rather than SENB testing. 
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Figure 5.34. Comparison between mixture SENB and binder SENB (a) different emulsions, 

and (b) different temperatures. 
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Table 5.5.  Low Temperature Micro-surfacing PRS Limit Summary 

PRS Test 

Performance 

Parameter 

Traffic 

Level 

Temperature 

Range PRS Limit 

DSR 

Frequency 
Sweep 

Stiffness (S) and 
Slope (m) 

All Traffic 
Levels 

Low Temp. 
PG + 10°C 

S(60) < 300 

MPa and 
m(60) > 0.300 

Table 5.6. Low Temperature Grade for Microsurfacing Emulsions 

Emulsion 

Type 

BBR Test Temperature (°C) Final Low 

Temperature 

Grade 

-6 -12 -18 -6 -12 -18 

S(60)<300 MPa m(60)>0.3 

M-CSS-1H-C 
41.9 121.3 297.2 0.343 0.296 0.247 

- 6 - 10 = -16 
Pass Pass Pass Pass Fail Fail 

M-CQS-1H-E 
30.3 110.2 321.4 0.403 0.343 0.279 

- 12 - 10 = -22 
Pass Pass Fail Pass Pass Fail 

M-CSS-1HL-F 
39.5 127.9 338.4 0.365 0.312 0.257 

- 12 - 10 = -22 
Pass Pass Fail Pass Pass Fail 

M-CQS-1HP-E 
31 101.2 273.2 0.38 0.327 0.271 

- 12 - 10 = - 22 
Pass Pass Pass Pass Pass Fail 

M-CSS-1HP-D 
30.3 100.5 275.2 0.387 0.332 0.274 

- 12 - 10 = - 22 
Pass Pass Pass Pass Pass Fail 

 

The micro-surfacing binders tested herein were unaged, as micro-surfacing treatments 

are susceptible to thermal cracking during the first winter after construction, which is very 

early in the life of the seal when no significant aging has occurred. During the first winter, it 

is expected that a binder is able to pass the S(60) and m(60) limits that have been established 

for long-term aged binders. As binders are long-term aged, these materials must meet those 

same thermal cracking limits if they are to resist thermal cracking, because these limits are 

representative of the maximum stiffness allowable and the minimum ability to relax under 

thermal stress that is needed for a binder to resist cracking regardless of age or temperature. 

Therefore, the limits derived for long-term aged HMA binders were retained for these PRS. 

Ultimately, the appropriateness of these limits for micro-surfacing binders, which are aged 

more significantly than the unaged binders included in this study, will be determined from 

field performance data obtained during the long-term validation plan.  
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CHAPTER 6: PRS FOR CHIP SEAL LOW TEMPEATURE RAVELING 

6.1 Introduction 

This chapter details the specification development for chip seal emulsion residue low 

temperature raveling.  

6.1.1 Low Temperature Raveling for Chip Seal 

Aggregate loss is a critical distress at low temperature in chip seals and thus, binder 

specifications must include provisions to control low temperature aggregate loss. As 

discussed in section 2.10.1, a past study attempted to develop a specification to control low 

temperature aggregate loss. However, the modified sweep test used for evaluating chip seal 

aggregate loss at low temperature to provide a benchmark to compare binder results against 

was unable to discriminate between the performance of unmodified and modified chip seals 

at low temperature (Adams 2014). Therefore, in this study the modified Vialit test was 

utilized to evaluate chip seal mixture low temperature aggregate loss. The Vialit aggregate 

loss results are shown in Figure 6.1. Results demonstrate that the aggregate loss increases as 

temperature decreases for all emulsions as expected. The aggregate losses of chip seals 

containing modified emulsions are consistently lower than chip seals containing unmodified 

emulsions, indicating the procedure is capable of capturing the influence of emulsion type on 

low temperature aggregate loss.  
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Figure 6.1. Modified Vialit aggregate loss. 

Efforts proceeded by comparing modified Vialit low temperature aggregate loss to 

residue properties. Initially, modified Vialit aggregate loss was compared to BBR properties 

S(60) and m(60). Consistent with current PG grading, BBR properties are evaluated at 

typical low temperature grades plus 10°C whereas aggregate loss is evaluated at 

corresponding low temperature grades. Results are presented in Figure 6.2. There is no clear, 

binder independent relationship between BBR properties and modified Vialit aggregate loss, 

indicating BBR properties cannot be utilized for specification of low temperature aggregate 

loss.  
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Figure 6.2. Modified Vialit test results and comparison with (a) S(60) and (b) m(60). 
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the SENB test was utilized. The SENB test details are provided in Section 3.6.2.4. Residue 

SENB results were used to calculate fracture toughness according to Equation (3.4). SENB 

results are presented in Figure 6.3. Results demonstrate the fracture toughness of unmodified 

emulsions is consistently lower than modified emulsions with one exception, CRS-2-F at -

28°C (Figure 6.3). In addition, fracture toughness generally decreases with temperature for a 

given emulsion, as expected. In some instances, fracture toughness does not change 

appreciably with temperature, indicating the test temperature(s) may be below the glass 

transition temperature of the binder. These results provide promising evidence the SENB test 

can capture binder fracture resistance effectively. Note that the use of fracture energy 

determined from SENB tests was also investigated as a parameter to quantify fracture 

resistance of residues. However, trends did not follow expectations with respect to 

temperature and emulsion type. 

 

Figure 6.3. SENB fracture toughness. 

After verifying SENB test results were reasonable, the correlation between Vialit 

aggregate loss and SENB tests was investigated. Results are shown in Figure 6.4 (a) with 
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demonstrate fracture toughness and Vialit aggregate loss are related, indicating SENB is an 

appropriate test to capture low temperature aggregate loss. Results also match expected 

trends: a lower binder fracture toughness corresponds to higher aggregate loss, indicating 

binders more prone to fracture lead to higher raveling susceptibility. Note that other 

parameters obtained from SENB testing were also investigated, including fracture energy and 

displacement at peak force. However, fracture toughness demonstrated the best relationship 

to Vialit aggregate loss and thus, was selected for specification.  
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Figure 6.4. Correlation between Vialit aggregate loss and binder fracture toughness from 

SENB test (a) Different emulsions, and (b) Different temperatures. 

6.1.2 Low Temperature Residual Binder PRS Limit Derivation Approach 

At low temperatures, raveling in chip seals is the critical distress type addressed in the 

PRS. Loss of aggregate in chip seals at low temperatures was found to occur in a cohesive 

fracture pattern in the binder during low temperature mixture performance testing and, thus, 

was speculated to be driven largely by the fracture resistance of the residual binder. This 

critical low temperature distresses occurred predominantly during the first winter following 

the PST construction. Because the winter season came only a short time after the initial 

construction, it was assumed that the low temperature distresses were the most critical 

distresses to evaluate while the residue was in its unaged condition. Therefore, unaged 

residue was utilized for the low temperature grading.   

To develop the low temperature chip seal binder PRS, the binder SENB test results 

were correlated with the mixture aggregate loss results obtained from Vialit tests conducted 

at temperatures ranging from 0°C to -28°C. During the low temperature Vialit testing of the 
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was cohesive failure due to binder fracture under loading, which corresponded to the failure 

mechanism in the SENB test. Preliminary specification limits were established by 

determining the binder fracture toughness that corresponded to a predefined aggregate loss 

threshold at the low temperature. The threshold Vialit aggregate loss value was determined 

based on the results shown in Figure 6.5, as no previous lab or field studies have established 

aggregate loss thresholds at low temperatures. The results presented in Figure 6.5 reveals a 

clear increase in aggregate loss as the temperature decreases for each emulsion tested. For 

certain emulsions, once a critical low temperature was reached, the aggregate loss increased 

drastically with decreasing temperature. For example, the CRS-2L-AE and CRS-2L-C 

binders demonstrate that aggregate loss increased drastically between -18°C and -28°C. 

Based on these results, a threshold of 27.5 percent maximum allowable aggregate loss was 

used for developing the binder SENB test limits at low temperatures.  

 

Figure 6.5. Low temperature aggregate loss with temperatures. 

The low temperature PRS do not distinguish between traffic volumes. Low 

temperature raveling is perceived to occur over relatively short time spans during extremely 

cold events or due to extreme loading (e.g., a snow plow) at low temperatures and thus is not 
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related directly to the AADT data. Thermal cracking is not affected by traffic. Thus, for both 

chip seals, a single specification limit that is independent of traffic volume is proposed for 

the SENB test results. 

6.1.3 Low Temperature Raveling in Chip Seals: SENB Test Limits 

The established relationship between binder fracture toughness (K IC) and chip seal 

aggregate loss provided the foundation for developing the chip seal specification limit at low 

temperatures for the PRS. Figure 6.6 shows the fracture toughness values measured from the 

SENB binder tests plotted against the aggregate loss measured for the chip seal mixtures. 

Each data point in Figure 6.6 (a) represents the average of multiple specimens, and three data 

points are shown for each emulsion, representing the average of tests conducted at -16°C, -

22°C, and -28°C, respectively. Figure 6.6 (b) is showing the test results for different 

temperatures. 

The correlation between the binder’s fracture toughness and the mixture’s aggregate loss that 

can be observed in Figure 6.6 is independent of temperature within the low temperature 

range, indicating that fracture toughness is the appropriate specification parameter. The 

preliminary specification limit for the minimum fracture toughness value that corresponds to 

a maximum allowable aggregate loss of 27.5 percent is 1 MPa√mm, based on the results 

shown in Figure 6.6. The Figure 6.6 indicates that almost all of the modified binders passed 

this limit, whereas most of the unmodified binders failed to pass this limit at low test 

temperatures. 
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Figure 6.6. Aggregate loss and fracture toughness of chip seal emulsions (a) by emulsion 

types, and (b) by different temperatures. 

The SENB test specification limit that was established to ensure resistance to low 
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for fracture toughness, the low temperature grade of emulsion residues tested were 

determined. The way that the specification works is that the lowest temperature at which the 

residue passes the fracture toughness criterion becomes the low temperature grade. The 

summary of low temperature grades for the emulsions tested according to this approach are 

presented in Table 6.2. 

Table 6.1.  Low Temperature Chip Seal PRS Limit Summary 

PRS Test 
Performance 

Parameter 
Traffic Level 

Temperature 

Range 
PRS Limit 

SENB 
Minimum Fracture 

Toughness (KIC) 
All Traffic 

Low 
Temperature 

PG 

KIC >1 MPa√mm 

 

Table 6.2. Low Temperature Grade for Chip Seal Emulsions 

               Grade 

Emulsion 
PG XX-10 PG XX-16 PG XX-22 PG XX-28 

C-CRS-AE √    

C-CRS-2-F √    

C-CRS-2L-C   √  

C-CRS-2P-A    √ 

C-CRS-2L-AE  √   

C-CRS-2L-F    √ 
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CHAPTER 7: CONCLUSIONS 

7.1 Summary of Findings 

Performance Related Specifications (PRS) were developed for fresh emulsion 

properties related to constructability and storage stability of microsurfacing, spray seal, and 

chip seal emulsions. In addition, a PRS was developed for microsurfacing emulsion residues 

which address rutting and thermal cracking. A PRS for chip seal emulsion residues which 

addresses low temperature aggregate was also developed. Pertinent findings related to the 

development of these specifications are detailed below. 

7.1.1 PRS Summary 

The proposed specifications for spray seal, microsurfacing, and chip seal emulsions 

are shown in Table 7.1, Table 7.2, and Table 7.3, respectively. Note that the PRS for chip 

seal emulsion residues at high and intermediate temperature was developed previously by 

Adams (2014) and curing time specification limit for spray seal emulsions was developed by 

JK Im (2013). 

Table 7.1. Spray Seal (Fog Seal) Performance Related Specification (PRS) 
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Table 7.2. Microsurfacing Performance Related Specification (PRS) 

 

a 
Pavement surface temperatures are estimated from air temperatures using an algorithm contained in the LTPP Bind program, or m ay be 

provided by the specifying agency. 
 
b
Wet Track Abrasion Test (WTAT) should be used in accordance with ASTM D 3910 to measure resistance to abrasion loss at the 

intermediate temperature grade.  
 c
Low traffic is defined as any roadway with an AADT between 0 and 500 vehicles. 

d
Medium traffic is defined as any roadway with an AADT between 501 and 2500 vehicles.  High traffic is defined as any roadway with an 

AADT greater than 2500 vehicles. 
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Table 7.3. Chip Seal Performance Related Specification (PRS) 

 

a 
 Pavement surface temperatures are estimated from air temperatures using an algorithm contained in the LTPP Bind program, or may be 

provided by the specifying agency. 
b
 Low traffic is defined as any roadway with an AADT between 0 and 500 vehicles.  

c
 Medium traffic is defined as any roadway with an AADT between 501 and 2500 vehicles. 

d
 High traffic is defined as any roadway with an AADT greater than 2500 vehicles.  

 

7.1.2 Fresh Emulsions Specifications 

A modified version of ASTM D 6930 was found effective in evaluating the storage 

stability of emulsions. The modification of ASTM D 6930 was to replace measurement of 

residue content with viscosity, which is performance related. The viscosity measured at a low 
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shear rate of a reference unstored sample in storage stability testing is effective in evaluating 

the mixability of microsurfacing emulsions. The three step shear test is effective for 

specifying sprayability and drainout resistance of spray and chip seal emulsions using the 

rotational viscometer. Specification limits for storage stability and constructability 

parameters were derived using statistical analyses of standard emulsion results under the 

assumption that standard emulsions provided represent a broad range of emulsions 

successfully used in PSTs. 

7.1.3 Raveling Specification of Microsurfacing Emulsion Residues  

An attempt to develop residue specifications to address microsurfacing raveling was 

made. However, it was found that raveling performance could not be captured in a binder test 

alone as raveling resistance of microsurfacing is driven by the chemical interaction between 

emulsion and aggregate. Results demonstrated that the Wet Track Abrasion Test (WTAT) 

can capture microsurfacing mixture raveling resistance in dry and wet conditions. However, 

results could not be related to residue Bitumen Bond Strength (BBS) results. Therefore, no 

provisions are included in the developed microsurfacing residue specification to address 

raveling. The developed specification does include a footnote recommending WTAT be 

conducted before the emulsion is used to construct a microsurfacing.  

7.1.4 Bleeding and Rutting Specifications for Microsurfacing Residues 

Bleeding and rutting are distresses most critical in microsurfacings at high 

temperature. However, results of this study indicate bleeding is not critical at high 

temperature given the residue content of the emulsion is proportioned properly. Therefore, 

only specifications to address rutting are proposed in the developed PRS. The Multiple Stress 

Creep and Recovery (MSCR) test is included in the developed PRS to address rutting 

resistance. The specification parameter proposed is Jnr at 3.2kPa-1. Maximum allowable Jnr 

specifications were developed for different traffic classifications based on comparison of 

residue MSCR results and measured mixture rutting using the Model Mobile Load Simulator 

(MMLS3), which is a small scale accelerated wheel loading method.     
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7.1.5 Thermal Cracking Specifications of Microsurfacing Residues 

Thermal cracking was considered as critical distress for microsurfacing instead of 

reflective cracking. Microsurfacing is not a structural part of pavement, thus microsurfacing 

mixture cannot be expected to stop crack reflection from the existing pavement. Then 

stiffness and relaxation modulus of emulsion residue were measured from DSR frequency 

sweep test and compared with displacement at maximum force of SENB microsurfacing 

mixture test, and found to have fairly good correlation. However thermal cracking 

performance parameters S(60) and m(60) used for hot mix asphalt, were also proposed for 

microsurfacing thermal cracking. Study was not performed on SENB microsurfacing mixture 

to determine a limit of mixture displacement based on what S(60) and m(60) could be newly 

proposed. Long term validation step is an option to refine S(60) and m(60) for 

microsurfacing emulsion residue. 

7.1.6 Low Temperature Raveling Specification for Chip Seal Residues  

Aggregate loss is a critical distress in chip seals. Residue specifications to address 

low temperature aggregate loss have not been developed in previous studies. In this study, 

the Single Edge Notch Bend (SENB) test is established for specification of chip seal low 

temperature aggregate loss under the assumption that aggregate loss at low temperature 

occurs primarily by cohesive residue fracture. This assumption was validated by comparing 

fracture toughness measured from residue SENB tests with chip seal mixture Vialit aggregate 

loss tests conducted at low temperature. In order to a establish specification for fracture 

toughness, the fracture toughness corresponding to a critical maximum allowable Vialit 

aggregate loss was determined. 

7.1.7 Recommendations 

The specifications developed in this study were solely based on laboratory studies. It 

is recommended that specifications be validated and refined based on a long-term field 

validation study.  

Vialit was found to be promising chip seal mixture performance test at low 

temperature in this study and intermediate temperatures by Adams (2014). However, BBS 
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test was selected for intermediate temperature binder test to measure bond strength (Adams 

2014) and SENB test was proposed for chip seal low temperature binder test in this study to 

predict fracture toughness. Vialit mixture test is simple to perform and specimen fabrication 

for SENB test is tedious. So research needs to be accomplished to accept Vialit as candidate 

PRS test at low and intermediate temperature. In addition, standard aggregate type needs to 

be identified for which Vialit test will be accepted as PRS test independent of aggregate 

source. 

The specifications developed in this study did not consider aging of emulsion 

residues. Thus, a future study should evaluate the significance of aging in PSTs and the 

implications of aging on residue performance. Results could be used to develop a laboratory 

aging procedure for emulsion residues and correspondingly refine specifications to 

encompass consideration of aged residues. 
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APPENDIX A 

Performance Graded Microsurfacing Emulsion Specification 

 

 

Microsurfacing Performance Grade 
PG 46 PG 52 PG 58 

-10 -16 -22 -28 -10 -16 -22 -28 -10 -16 -22 -28 

Average 7-day Maximum Pavement Surface Design 

Temperature, °C
a
 

<46 <52 <58 

Minimum Pavement Surface Design Temperature, °C
a
 >-10 >-16 >-22 >-28 >-10 >-16 >-22 >-28 >-10 >-16 >-22 >-28 

Tests on Original Emulsion  

Proposed Test Methods
b
   Proposed Testing Conditions 

Storage Stability  

Modified ASTM D 6930 

Measured responses:  Rotational viscosity, η,  

A – 24-hour separation ratio (Rs): 0.2 to 1.3 

B – 24-hour stability ratio (Rd): Max. 1.5 

25 

Emulsion Viscosity  

Rotational viscometer 

Measured response:  Rotational viscosity, η 

Mixability:  Viscosity @ 5 rpm, Viscosity: max. 600 cP 

25 

Tests on Residue Recovered Using ASTM D 7497 Method B 

Resistance to Rutting and Bleeding 

AASHTO TP 70 

Measured Response:  Non-recoverable creep compliance, Jnr 

Max Jnr @ 3.2kPa, 9.0 kPa
-1

 (low traffic)
c
 

Max Jnr @ 3.2 kPa, 2.0 kPa
-1

  (medium-high traffic)
d
 

46 52 58 

Resistance to Thermal Cracking 

DSR frequency sweep to estimate BBR S(60) and m(60) 

Estimate response at specified temperature,  

Max. S(60) = 300 MPa, Min. m(60) = 0.300 

0 -6 -12 -18 0 -6 -12 -18 0 -6 -12 -18 

a 
 Pavement surface temperatures are estimated from air temperatures using an algorithm contained in the LTPP Bind program, or may be provided by the specifying agency. 

b
 Wet Track Abrasion Test (WTAT) should be used in accordance with ASTM D 3910 to measure resistance to abrasion loss due to chemistry issues between aggregate and emulsion at the 

intermediate temperature grade.  
c
 Low traffic is defined as any roadway with an AADT between 0 and 500 vehicles. 

d
 Medium traffic is defined as any roadway with an AADT between 501 and 2500 vehicles.  High traffic is defined as any roadway with an AADT greater than 2500 vehicles. 
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Microsurfacing Performance Grade 
PG 46 PG 52 PG 58 

-28 -34 -40 -46 -28 -34 -40 -46 -28 -34 -40 -46 

Average 7-day Maximum Pavement Surface Design 

Temperature, °C
a
 

<46 <52 <58 

Minimum Pavement Surface Design Temperature, °C
a
 >-28 >-34 >-40 >-46 >-28 >-34 >-40 >-46 >-28 >-34 >-40 >-46 

Tests on Original Emulsion  

Proposed Test Methods
b
   Proposed Testing Conditions 

Storage Stability  

Modified ASTM D 6930 

Measured responses:  Rotational viscosity, η,  

A – 24-hour separation ratio (Rs): 0.2 to 1.3 

B – 24-hour stability ratio (Rd): Max. 1.5 

25 

Emulsion Viscosity  

Rotational viscometer 

Measured response:  Rotational viscosity, η 

Mixability:  Viscosity @ 5 rpm, Viscosity: max. 600 cP 

25 

Tests on Residue Recovered Using ASTM D 7497 Method B 

Resistance to Rutting and Bleeding 

AASHTO TP 70 

Measured Response:  Non-recoverable creep compliance, Jnr 

Max Jnr @ 3.2kPa, 9.0 kPa
-1

 (low traffic)
c
 

Max Jnr @ 3.2 kPa, 2.0 kPa
-1

  (medium-high traffic)
d
 

46 52 58 

Resistance to Thermal Cracking 

DSR frequency sweep to estimate BBR S(60) and m(60) 

Estimate response at specified temperature,  

Max. S(60) = 300 MPa, Min. m(60) = 0.300 

-18 -24 -30 -36 -18 -24 -30 -36 -18 -24 -30 -36 

a 
 Pavement surface temperatures are estimated from air temperatures using an algorithm contained in the LTPP Bind program, or may be provided by the specifying agency. 

b
 Wet Track Abrasion Test (WTAT) should be used in accordance with ASTM D 3910 to measure resistance to abrasion loss due to ch emistry issues between aggregate and emulsion at the 

intermediate temperature grade.  
c
 Low traffic is defined as any roadway with an AADT between 0 and 500 vehicles. 

d
 Medium traffic is defined as any roadway with an AADT between 501 and 2500 vehicles.  High traffic is defined as any roadway with an AADT greater than 2500 vehicles. 

 
 
 

 
 
 
 

 
 



 
 199 

 

 

 

Microsurfacing Performance Grade 
PG 58 PG 64 PG 70 

-10 -16 -22 -28 -10 -16 -22 -28 -10 -16 -22 -28 

Average 7-day Maximum Pavement Surface Design 

Temperature, °C
a
 

<58 <64 <70 

Minimum Pavement Surface Design Temperature, °C
a
 >-10 >-16 >-22 >-28 >-10 >-16 >-22 >-28 >-10 >-16 >-22 >-28 

Tests on Original Emulsion  

Proposed Test Methods
b
   Proposed Testing Conditions 

Storage Stability  

Modified ASTM D 6930 

Measured responses:  Rotational viscosity, η,  

A – 24-hour separation ratio (Rs): 0.2 to 1.3 

B – 24-hour stability ratio (Rd): Max. 1.5 

25 

Emulsion Viscosity  

Rotational viscometer 

Measured response:  Rotational viscosity, η 

Mixability:  Viscosity @ 5 rpm, Viscosity: max. 600 cP 

25 

Tests on Residue Recovered Using ASTM D 7497 Method B 

Resistance to Rutting and Bleeding 

AASHTO TP 70 

Measured Response:  Non-recoverable creep compliance, Jnr 

Max Jnr @ 3.2kPa, 9.0 kPa
-1

 (low traffic)
c
 

Max Jnr @ 3.2 kPa, 2.0 kPa
-1

  (medium-high traffic)
d
 

58 64 70 

Resistance to Thermal Cracking 

DSR frequency sweep to estimate BBR S(60) and m(60) 

Estimate response at specified temperature,  

Max. S(60) = 300 MPa, Min. m(60) = 0.300 

0 -6 -12 -18 0 -6 -12 -18 0 -6 -12 -18 

a 
 Pavement surface temperatures are estimated from air temperatures using an algorithm contained in the LTPP Bind program, or may be provided by the specifying agency. 

b
 Wet Track Abrasion Test (WTAT) should be used in accordance with ASTM D 3910 to measure resistance to abrasion loss due to ch emistry issues between aggregate and emulsion at the 

intermediate temperature grade.  
c
 Low traffic is defined as any roadway with an AADT between 0 and 500 vehicles. 

d
 Medium traffic is defined as any roadway with an AADT between 501 and 2500 vehicles.  High traffic is defined as any roadway with an AADT greater than 2500 vehicles. 
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Microsurfacing Performance Grade 
PG 58 PG 64 PG 70 

-28 -34 -40 -46 -28 -34 -40 -46 -28 -34 -40 -46 

Average 7-day Maximum Pavement Surface Design 

Temperature, °C
a
 

<58 <64 <70 

Minimum Pavement Surface Design Temperature, °C
a
 >-28 >-34 >-40 >-46 >-28 >-34 >-40 >-46 >-28 >-34 >-40 >-46 

Tests on Original Emulsion  

Proposed Test Methods
b
   Proposed Testing Conditions 

Storage Stability  

Modified ASTM D 6930 

Measured responses:  Rotational viscosity, η,  

A – 24-hour separation ratio (Rs): 0.2 to 1.3 

B – 24-hour stability ratio (Rd): Max. 1.5 

25 

Emulsion Viscosity  

Rotational viscometer 

Measured response:  Rotational viscosity, η 

Mixability:  Viscosity @ 5 rpm, Viscosity: max. 600 cP 

25 

Tests on Residue Recovered Using ASTM D 7497 Method B 

Resistance to Rutting and Bleeding 

AASHTO TP 70 

Measured Response:  Non-recoverable creep compliance, Jnr 

Max Jnr @ 3.2kPa, 9.0 kPa
-1

 (low traffic)
c
 

Max Jnr @ 3.2 kPa, 2.0 kPa
-1

  (medium-high traffic)
d
 

58 64 70 

Resistance to Thermal Cracking 

DSR frequency sweep to estimate BBR S(60) and m(60) 

Estimate response at specified temperature,  

Max. S(60) = 300 MPa, Min. m(60) = 0.300 

-18 -24 -30 -36 -18 -24 -30 -36 -18 -24 -30 -36 

a 
 Pavement surface temperatures are estimated from air temperatures using an algorithm contained in the LTPP Bind program, or may be provided by the specifying agency. 

b
 Wet Track Abrasion Test (WTAT) should be used in accordance with ASTM D 3910 to measure resistance to abrasion loss due to ch emistry issues between aggregate and emulsion at the 

intermediate temperature grade.  
c
 Low traffic is defined as any roadway with an AADT between 0 and 500 vehicles. 

d
 Medium traffic is defined as any roadway with an AADT between 501 and 2500 vehicles.  High traffic is defined as any roadway with an AADT greater than 2500 vehicl. 

 


