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EXECUTIVE SUMMARY 

 

Asphalt pavement performance in Washington State varies greatly across the different 

climatic zones found within the state. There are three general climatic categories within 

Washington State.  West of the Cascade mountain range the climate is classified as mild marine 

with warm humid summers and cool wet winters.  East of the Cascade range is classified as 

continental with hot dry summers and cold winters. There are also mountain areas with 

associated harsh wet winters controlling pavement life. The average surface life of pavements 

west of the Cascades is 16.7 years, compared to 10.9 years for pavements east of the Cascades 

and as low as 5 years in mountain pass areas. Currently, Washington State Department of 

Transportation (WSDOT) standards specify the same HMA classes and only two standard PG 

binders with the standard one or two grade bump to account for the climate conditions. This 

study evaluates potential material and construction practices to improve the longevity of 

pavements in the harsh climates of Eastern Washington and mountain pass areas.  Promising 

strategies for improving pavement performance are determined from a literature review, survey 

of state agencies, and interviews of industry professionals. Performance history within the 

Washington State Pavement Management System (WSPMS) is analyzed to determine the causes 

of pavement failure within these climatic zones and verify the promising methods/technologies 

from the literature review, survey of state agencies, and interviews of industry professionals to 

determine if these methods/technologies have been tried in the state. Performance tests are 

conducted on field cores and extracted binders from some in-service pavements in Washington 

to quantify the effects of some of the methods/technologies. Recommendations for strategies to 
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improve pavement performance are made for project-specific factors of traffic volume and 

historical failure modes.  

Recommendations for improving performance of high traffic volume and low traffic 

volume asphalt pavements in Eastern Washington, and asphalt pavements in Washington’s 

mountain areas are summarized in the flowcharts below. For high and low traffic volume 

pavements in Eastern Washington, the specific recommendations are listed in order of priority. 

For example, if a high traffic volume pavement section historically has failed due to rutting from 

studded tire wear, the first recommendation would be to use polymer modified asphalt in the 

surface course. For asphalt pavements in Washington mountain areas, recommendations are not 

prioritized by traffic volume or historical distress factor. 

 

*It is recommended that test sections be constructed before widespread implementation 

**Dry process 

High Traffic Volume Flowchart 
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Low Traffic Volume Flowchart 

 

 

*It is recommended that test sections be constructed before widespread implementation 

 

Mountain Area Flowchart 

 

It is recommended that the sites that are included in this study, such as the 3/8” mix, high 

PG mix, BST immediately following the paving, etc. be monitored over time. In addition, 

performance-based specifications can account for various loading and environmental conditions, 
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which cannot be realized by “recipe” specifications, and are recommended to be implemented. 

Specifically, cracking performance tests for mix designs to complement the current Hamburg 

Wheel Tracking (HWT) test for rutting is recommended to be considered. Multiple stress creep 

and recovery (MSCR) is also recommended to be included in the specification for asphalt binder 

to receive polymer modification. In addition, the issue of fractured aggregates by the 

overcompaction during construction should be investigated and mitigated. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

Asphalt pavements in Washington State have shown to have great differences in 

performance, depending on the climatic zones. The climate west of the Cascade Mountains is 

generally mild with wet winters, while the climate east of the Cascades is drier and sunnier with 

more extreme temperatures which often drop below freezing during winter. Studded tires are 

widely used in this area during winter time, creating additional damage (rutting and abrasion) to 

the asphalt pavements, although the lower studded tire use rate in Western Washington is 

somewhat offset by higher overall traffic levels. The climate within the Cascade Range is 

generally mild in summer but much more severe in winter with frequent snow and freezing 

conditions. As reported by WSDOT, the average surface life of pavements west of the Cascades 

(16.7 years) is significantly longer than those east of the Cascades (10.9 years) or in mountain 

pass areas (as low as 5 years) (WSDOT, 2012). These differences in asphalt pavement surface 

lives is likely due to a combination of factors; weather and studded tire wear being the most 

prominent.  

1.2 Objective 

The objective of this study is to identify mix design and construction practices that will 

improve asphalt pavement performance in Eastern Washington and Washington mountain pass 

areas.  
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1.3 Organization of Report 

This study consists of five chapters and three appendices. Chapter 1 contains the project 

background and objectives. Chapter 2 contains the literature review and supporting information 

from the state agency survey results. Chapter 3 details the results of the WSPMS analysis and 

results of laboratory tests performed in this study. Chapter 4 contains cost information 

determined from the literature, survey, and interviews with industry professionals. Conclusions 

and recommendations from this study are presented in Chapter 5. Appendix A provides the 

complete state agency survey results. Appendix B details the laboratory tests performed in this 

study, with results of each test for each project. Finally, the mix designs of projects chosen for 

laboratory testing are provided in Appendix C.  

1.4  Identification of Failure Mechanism of Pavements in Washington 

An analysis of data in the Washington State Pavement Management System was used to 

identify failure mechanisms and well-performing and poor-performing asphalt pavements across 

the State of Washington. An analysis of historical performance data in the Washington State 

Pavement Management System provided a wealth of information that could not otherwise be 

gathered through laboratory experiments or field investigations alone. From WSPMS, the lives 

of individual pavement contracts and sections and the controlling distress factor (rutting, 

cracking, or roughness) at time of failure are available in terms of Performance Periods. A 

Performance Period is a segment of roadway indicating the length of time a construction activity 

lasted or is projected to last. In this study, primarily projects with asphalt pavements designed 

using the Superpave mix design method were analyzed.  
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In WSPMS, pavement distresses are measured with respect to cracking, rutting, and 

roughness using the following three metrics (WAPA, 2010): 

 Pavement Structural Condition (PSC): A measure of pavement cracking from 100 (new 

pavement) to zero (total cracking failure). 

 Pavement Rutting Condition (PRC) A measure of pavement rutting from 100 (no rutting) 

to zero (0.70 inches of rutting). 

 Pavement Profile Condition (PPC): A measure of pavement roughness using International 

Roughness Index (IRI) from 100 (perfectly smooth new pavement) to zero (IRI=380 

inches/mile). 

When a pavement reaches a designated level of PSC, PRC, or PSC, the pavement is 

considered to have reached the end of its service life. Due to the fact that some pavements are 

kept in service for several years after reaching a designated failure threshold, for this study the 

time to reach the failure threshold was considered a more reliable indication of the length of 

pavement life than the total time between activities. Superpave HMA projects that have reached 

a failure threshold in Washington levels are shown by contract with annual average daily traffic 

(AADT) levels in Figure 1.1. Pavements that exceeded the average 11 year life in Eastern 

Washington are shown by contract with annual average daily traffic levels in Figure 1.2.  
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Figure 1.1 Superpave HMA Projects in Washington State 
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Figure 1.2 Eastern Washington Pavements 

PSC was found to reach the failure threshold before PRC or PPC for most pavements 

across the State of Washington, indicating that cracking is the primary failure mechanism. 

Although WSPMS indicated some pavements failing by roughness, WSDOT does not use 

roughness as a trigger for rehabilitation/reconstruction; therefore only pavement failures by 

cracking and rutting were considered as primary failure mechanisms in this study. The 

distribution of failure mechanisms across the entirety of Washington, as well as in Eastern 

Washington, Western Washington, and over Washington mountain pass areas is shown in Figure 
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South Central Regions, and Western Washington includes the Northwest, Olympic, and 
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Detailed summaries of failure modes for Superpave HMA projects that have reached 

either the rutting failure threshold or cracking failure threshold are categorized by three AADT 

levels and three ESAL levels in Tables 1.2 and 1.3, respectively. While the total number of 

projects is relatively small, the pattern shows that cracking was the predominant failure mode for 

pavements with AADT under 20,000 or with equivalent single axle loads (ESALs) under 10 

million. Rutting was the predominant failure mode for pavements with AADT over 20,000 or 

ESALs over 10 million. These findings are in line with the results based on the agency survey 

(Appendix A) and most agencies reported that cracking is the dominant failure mechanism. The 

average total asphalt layer depth for all pavements on low and high volume roadways that failed 

by cracking was 0.55 feet, and 0.42 feet for pavements that failed by rutting.  
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Figure 1.4 Eastern and Western Washington 
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Figure 1.3 Failure Mechanisms of Pavements (a) Across Washington (b) in Eastern 

Washington (c) in Western Washington (d) in Washington Mountain Passes Areas 
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Table 1.1 Mountain Pass Areas 

Mountain Pass Highway State Route Milepost Limits 

Blewett SR 97 158 to 172 

Satus SR 97 21 to 31 

Snoqualmie I-90 59 to 68 

Stevens SR 2 57 to 78 

White SR 12 140 to 160 

 

Table 1.2 Failure Mechanisms of Pavements by AADT 

Region 

Low AADT  

(0-5,000) 

Medium AADT  

(5,000-20,000) 

High AADT  

(20,000 +) 

Rutting Cracking Rutting Cracking Rutting Cracking 

Eastern 0 0 1 3 1 0 

North Central 1 5 1 5 1 0 

South Central 0 1 0 3 0 0 

Northwest 0 1 1 1 2 1 

Olympic 0 3 0 1 0 0 

Southwest 1 0 0 0 0 0 

TOTAL 2 10 3 13 4 1 

Percent 6% 30% 9% 39% 12% 3% 

 

Table 1.3 Failure Mechanisms of Pavements by ESALs 
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Region 

Low ESALs 

0-3 Million 

Medium ESALs 

3-10 Million 

High ESALs 

10+ Million 

Rutting Cracking Rutting Cracking Rutting Cracking 

Eastern 0 2 0 1 2 0 

North Central 0 5 3 4 0 1 

South Central 0 1 0 2 0 1 

Northwest 2 3 0 0 1 0 

Olympic 0 4 0 0 0 0 

Southwest 1 0 0 0 0 0 

TOTAL 3 15 3 7 3 2 

Percent 9% 45% 9% 21% 9% 6% 
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CHAPTER 2: LITERATURE REVIEW AND SURVEY 

 

2.1 LITERATURE REVIEW AND STATE AGENCY SURVEY 

A iterature review was performed and a survey of state agencies was conducted to 

determine possible measures to increase the life span of pavements in Eastern Washington and in 

Washington mountain pass areas. The literature review was conducted to evaluate the impact of 

mix design and construction practices on asphalt pavement performance within different climate 

zones worldwide. A review was conducted of mix types that have shown to perform well in 

climates similar to Eastern Washington and mountain pass areas and under studded tire wear. 

The survey was distributed among state highway agencies to gather information for best 

pavement design, construction, and preservation practices in harsh environmental climates. This 

was done in order to gain a better understanding of what is the state-of-the-practice for 

maximizing pavement life in harsh climates. Results from the survey are referenced throughout 

the literature review. The complete survey and responses are located in Appendix A.  

2.1.1  CONSTRUCTION PRACTICES 

As expected, most of the construction-related problems are associated with compaction, 

either low density or non-uniform compaction. Based on the literature, areas or technologies that 

could potentially affect the service life of asphalt pavement are described in the following 

sections. It is noted that many of the following construction practices have been or are being 

considered by WSDOT. Nonetheless, these practices are summarized herein to provide a 

summary of promising methods to improve asphalt pavement construction practices. As shown 

later in this report, this study is focused on the aspect of mix design and material selection. 



11 

 

2.1.1.1  Avoid Late Season Paving 

 Paving is usually one of the last portions of a project and can be pushed back into later 

fall months due to construction delays and other factors. A forensic investigation of I-90 by 

Washington State Department of Transportation showed that as ambient temperatures drop, it 

may be difficult to achieve proper densification by traffic, resulting in moisture entering the 

pavement and causing premature aging. Therefore, it is recommended that pavement 

construction be finished as early as possible to allow for proper compaction by traffic to achieve 

a more impermeable pavement (Russell et al. 2010). When paving in cold temperatures, the use 

of insulating tarps on trucks may keep the asphalt mix warm during the haul to the paving site. 

Material transfer devices may also be used to re-combine cooler mix exposed to air with the rest 

of the mix if the windrows are overlapped, and it is suggested that the paver keep moving to 

minimize cooling of the mix prior to compaction (Willoughby, 2000). 

2.1.1.2  Increase Density along the Longitudinal Joint 

 Problems related to longitudinal joint construction, especially low density along the joint, 

have greatly affected asphalt pavement life. According to the Texas Department of 

Transportation Construction (TxDOT, n.d.), poorly compacted longitudinal joints result in 

increased cracking and raveling along the joint. This allows water to enter and weaken the 

subgrade or flexible base, resulting in the deterioration of the pavement structure. 

Construction of the notched wedge joint in hot mix asphalt is believed to improve long 

term performance of longitudinal joints and is gaining popularity in Texas due to the better 

compaction of longitudinal joints and the reduced slope of the dropoff that overnight traffic will 

drive over during paving (TxDOT, n.d.). According to Pavement Interactive (2009), to improve 
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joint quality, use rubberized joint adhesives or notched wedge joints. When rolling a confined 

lane, roll the longitudinal joint 6 inches (150 mm) from the joint for the first roller pass. The joint 

density should be determined using cores, as nuclear density gauges may give erroneous results 

on joints. A study by Williams (2011) in Arkansas on two highways, US 167 and US 65, 

evaluated eight longitudinal joint construction techniques. Results indicate that use of a joint 

heater, joint stabilizer, and notched wedge methods are the most successful techniques to achieve 

density and resist permeability and infiltration. Joint adhesives reduced the permeability in the 

finite area of application, but not for the area surrounding the joint, therefore the joint stabilizer 

is recommended instead. A study by NCAT (Kandhal et al. 2002) evaluated the performance of 

eight different longitudinal joint construction techniques after a performance period of six years 

on SR 441 in Lancaster County, Pennsylvania.  Kandhal et al. recommended the use of the 

rubberized joint adhesive or notched wedge joint for best longitudinal joint performance.  

2.1.1.3  Mitigate Thermal Segregation 

 Thermal segregation is another cause of premature failure in asphalt pavements. 

According to AASHTO (1997), segregation causes non-uniform mixes that exhibit poor 

performance and low durability, resulting in a lower life expectancy. While thermal segregation 

does not always indicate issues with density, it is believed to be associated with aggregate 

segregation and should be minimized as much as possible when constructing asphalt pavements 

(Bode, 2012). It is WSDOT practice to use thermal imaging to find low temperature areas and 

take cores to catch areas of low density, resulting in a penalty to the contractor.  

According to Larson (2010), TxDOT is offering incentives to contractors to use Pave-IR, 

an infrared temperature monitoring system, during cold temperature paving. Contractors are now 
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allowed to pave during temperatures as low as 32ºF instead of the usual 50°F or 60°F, as long as 

they can use the Pave-IR system to prove there is no thermal segregation. This can extend the 

paving season and provide contractors with live feedback and the opportunity for corrective 

action while paving.   

2.1.1.4  Use Intelligent Compaction to Achieve Consistent Compaction 

 According to Van Hampton (2009), Intelligent Compaction (IC) is a new development 

for rollers that uses global positioning satellite (GPS) technology to monitor compaction while 

operators are rolling. This can help prevent overcompacting and undercompacting by providing 

operators with feedback while they are rolling and by automatically changing drum frequency 

and amplitude. IC is used by Minnesota Department of Transportation (MnDOT) and has 

resulted in better uniformity, performance, and longevity, and has increased the amount of 

information available to both the contractor and agency (Johnson, 2012). 

2.1.1.5  Use Technologies to Facilitate Compaction 

Russel et al. (2010) state that late season and cold temperature paving cause problems 

obtaining traffic densification. According to Goh and You (2009), warm mix asphalt (WMA) 

mixes are appealing for use in cold region pavements because of the smaller difference between 

production temperature and ambient temperature during construction, and it allows for a longer 

construction hauling distance when paving during cold weather without compromising the 

pavement performance. According to Robjent and Dosh (2009), some benefits for using WMA 

are that emissions are reduced during construction compared to HMA, and WMA has a 

comparable moisture susceptibility to HMA.  
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A comparison of long-term field performance of WMA and HMA was performed by the 

National Cooperatuive Highway Research Program (NCHRP) 09-49A at the Washington Center 

for Asphalt Technology (WCAT) (Wen, 2013). The field survey was conducted for 23 in-service 

pavements with 5+ years in the field throughout the United States. The survey included 

representative pavements in wet-freeze, dry-freeze, dry-no freeze, and wet-no freeze climatic 

zones. Preliminary conclusion of the study was that WMA is comparable to or better than HMA 

in transverse cracking. 

 A study in Norway (Veiteknisk Institutt, 2011) was conducted that analyzed the 

performance of warm mix asphalt with several additives. Cecabase RT and Rediset WMX were 

added to reduce the production temperature and increase the adhesion to offset the reduced 

adhesion from the lower production temperature and presence of water from foaming. Rediset 

WMX also improves resistance to permanent deformation. Sasobit® wax was added to lower the 

production temperature and resist permanent deformation, but not promote adhesion. The asphalt 

binder was also modified with WAM-foam, Green Asphalt and LMK foam to lower production 

temperature. Analysis of the pavement performance shows that the WMA was comparable to the 

HMA control section in roughness, resistance to deformation by Hamburg Wheel-Tracking Test, 

and initial field rutting.  

Schiebel (2011) reports that Colorado Department of Transportation (CDOT) is 

experimenting with the use of warm mix asphalt combined with Advera®, Sasobit®, and 

Evotherm® on Interstate 70 in mountain terrain areas of elevations in the range of 8,800 to 

11,100 feet. According to Aschenbrener et al. (2011), this area has extreme winter conditions 

with heavy tire chain usage while carrying vehicle loads of nearly five million ESALs over a ten 
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year period and has shown to be comparable to HMA control sections in regard to rutting, 

cracking, and raveling. 

In addition, contractors will use the WMA method, but heat it to over 300°F to ensure 

workability, resulting in a “hot warm mix” that is especially beneficial when paving in cold 

weather or in mountain pass areas with a long haul (Guy Anderson, personal communication, 

July 21st, 2014). 

2.1.2 MATERIALS 

The materials of which a pavement is constructed have direct consequences on the 

pavement performance. The following materials-related aspects have been reviewed for their 

impact on the surface life for HMA pavements.  

2.1.2.1  Aggregate and its Gradation 

Factors to consider in the design of the asphalt pavement wearing course include the mix 

design, pavement thickness, and structure design (Hicks et al. 2012). Fromm and Corkill (1971) 

found that hard volcanic or synthetic stones and coarser mixes with higher percentages of stone 

resist wear better than softer sedimentary stones, and higher asphalt content gives better wear 

resistance. However, the selection of aggregate source is economically controlled by the 

geography. In regards to mix design, AASHTO (1997) advises that aggregate in gap-graded 

mixtures segregates more than in dense-graded mixtures. To reduce segregation, gradations with 

two to four percentage points above the maximum density curve for fine mixes, and two to four 

points below the curve for coarse mixes are recommended, creating a bowed curve, as shown in 

Figure 2.1. Gradations that make an “S” curve, as shown in Figure 2.2, tend to have segregation 

problems.  
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Figure 2.1 Bowed Gradation Curve (AASHTO, 1997) 

 

Figure 2.2 “S” Gradation Curve (AASHTO, 1997) 
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2.1.2.2  Increased Asphalt Content 

The literature indicates that increasing the asphalt binder content in hot mix asphalt (HMA) 

mix designs can increase wear resistance (FHWA, 2011; Fromm and Corkill, 1971), as well as 

fatigue cracking. Increasing the asphalt binder content can be done in multiple ways, including 

reducing the minimum nominal aggregate size (NMAS) or using gap-graded mixtures such as 

stone matrix asphalt (AASHTO, 1997; FHWA, 2011), or decreasing the number of design 

gyrations (Ayyala et al, 2014). According to NCHRP Report 567, Christensen and Bonaquist 

(2006) state that increasing the minimum VMA will improve fatigue and rut resistance and will 

also decrease the permeability of the mixture. Based on the agency survey (Appendix A), 

Delaware Department of Transportation also increased VMA by 0.5% to improve the 

performance of mixes. Decreasing the design air voids to 3.0%-4.0% while decreasing the target 

air voids in the field will also improve the rut and fatigue resistance.  

Multiple studies (Li and Gibson, 2011; Mohammad and Shamsi, 2007) have suggested 

that analysis of mixture “locking points” indicate the current Superpave recommended number of 

design gyrations (Ndes) levels are higher than necessary and additional gyrations do not benefit 

the mixture and can actually result in over-compaction and damage to the aggregate skeleton. 

From the survey of state agencies, seven of eight agencies that modify their Superpave 

design procedure mentioned increasing asphalt content, generally by decreasing the design 

gyrations. Dave Powers of the Ohio Department of Transportation (ODOT) recommends fewer 

gyrations for more binder content, and Judith Corley-Lay from North Carolina Department of 

Transportation reports they have decreased gyrations and increased liquid asphalt content to 

reduce cracking. Studies by Ayyala et al. (2014) and Khosla and Ayyala (2013) were performed 

to optimize North Carolina surface mixture performance for fatigue cracking and rutting in high 
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volume surface mixes (traffic levels of 3-30 million and greater than 30 million equivalent single 

axle loads (ESALs)). The goal was to increase asphalt content to improve fatigue resistance 

without compromising durability in regards to plastic deformation. It was found that 85 was a 

practical Ndes value for both fatigue cracking and rutting performance for high volume roads. 

Prowell and Brown (2007) recommended reducing Ndes levels and providing separate criteria for 

PG 76-XX binders, as shown in Table 2.1. 

Table 2.1 Recommended Ndesign Levels (Prowell and Brown, 2007) 

20-Year Design Traffic, 

ESALs 

Ndes for binders 

< PG 76-XX 

Ndes for binders ≥ PG 76-XX 

or mixes placed > 4 inches 

(100 mm) from surface 

< 300,000 50 NA 

300,000 to 3,000,000 65 50 

3,000,000 to 10,000,000 80 65 

10,000,000 to 30,000,000 80 65 

> 30,000,000 100 80 

 

2.1.2.3  3/8” Nominal Maximum Aggregate Size 

The literature indicates that reducing the aggregate size will increase the asphalt binder 

content in HMA mixtures (FHWA, 2011). This can increase wear resistance (Fromm and 

Corkill, 1971), specifically in regards to fatigue cracking. The small nominal maximum 

aggregate size (NMAS) of a 3/8” aggregate mix is appealing for pavements in harsh climates due 

to the decreased permeability (Newcomb, 2009).  A 3/8” NMAS mix is commonly used in Stone 

Matrix Asphalt (SMA) mixes as thin overlays for pavement rehabilitation. In South Dakota and 

Wyoming, it is common practice to employ mixes similar to SMA with a polymer modified 

asphalt binder and 3/8” aggregate (Root, 2009).  
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According to Adam Hand (personal communication, April 23rd, 2014), 3/8” mixes are 

used in California as a “bonded wearing course” with a specification for film thickness, percent 

material passing the No. 200 sieve (P200) in the range of 5%-8%, and a low Los Angeles (L.A.) 

Abrasion specification of 25-30 maximum. For these bonded wearing course pavements, it is 

essential to have enough mastic in the mix; otherwise, the pavements will ravel quickly. The 3/8” 

bonded wearing course has shown to be successful on a section of US 395 from Bridgeport to 

Bishop, which is a mountain pass of elevation 8,000 feet. Additionally, according to Adam 

Hand, I-65 from Indianapolis to Chicago is predominantly 3/8” asphalt pavement and has 

performed well. 

2.1.2.4  Polymer Modified Asphalt 

Modifying the asphalt binder with polymers is one of the most extensively and 

successfully used methods in cold regions. When added to an asphalt binder, some polymers 

have shown to expand a pavement’s ideal temperature range to increase resistance to cracking in 

cold temperatures and resistance to rutting in warm temperatures, as shown by Mix I, compared 

to Mix III in Figure 2.3. This is one of several ways contractors can increase the PG grade of 

Superpave mixes.  
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Figure 2.3 Polymer expansion of the ideal temperature range (IDOT, 2005) 

Polymer modified asphalts (PMAs) make asphalt concrete more viscous and increases 

adhesion between the aggregate and the binder (Deb, 2012). This also increases resistance to 

rutting under heavy and slow moving truck loads. A survey of state agencies showed that 

polymer modified asphalts have shown to extend a pavements life by up to 60% and significantly 

reduce maintenance costs by reducing the effects of thermal cracking (Glanzman, 2005; Peterson 

and Anderson, 1998; Von Quintus and Mallela, 2005). PMAs have been successfully used in 

regions that experience extreme temperature variations. The use of polymer modified dense 

graded asphalt works very well, according to the Maryland Department of Transportation (Gloria 

Burke, personal communication, June 23, 2014). Though there may be environmental concerns 

with the effects of using polymers in asphalt mixes, they do not produce any more emissions 

than HMA in the mixing plant (Bethard and Zubeck, 2002). 

There are many different types of polymers that can be used to improve properties of 

asphalt concrete. Elastomers are some of the most widely used polymers, such as styrene-
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butadiene rubber (SBR), styrene-butadiene-styrene (SBS), and styrene-isoprene-styrene (SIS) 

(Lewandowski, 2004). Plastomers such as polyethylene (PE) and ethylene-vinyl-acetate (EVA) 

have shown to strongly resist rutting and improve the layer coefficients of modified asphalt 

binders as much as 75-85% (Qi et al. 1995). However, EVA tends to be more brittle and does not 

perform as well in cold temperatures (Stroup-Gardiner and Newcomb, 1995). Sulfur-extended 

asphalt modifiers (SEAMs) can reduce effects of rutting and thermal cracking and improve 

overall strength of asphalt mixtures (Chuanfeng and Yazhi, 2011). However, asphalt binders 

respond differently to different polymer additives. While increasing the polymer concentration in 

a binder will generally decrease the accumulated strain, the same polymer will not necessarily 

give the same result when used in different binders (Chen et al. 2002; MTE, 2001). The polymer 

dosage rate is generally 3 percent to 5 percent polymer by weight asphalt, depending on which 

polymer is used (Deb, 2012). 

A performance study of 28 projects in Colorado found that using polymer modified 

asphalt mixtures extended pavement life by 2 to 10 years and reduced fatigue cracking, rutting, 

and transverse cracking (Von Quintus and Mallela, 2005). In Utah, a study of various 

combinations of PMA and HMA indicated PMAs reduced thermal cracking, delayed reflective 

cracking, and helped resist rutting in an area of I-70 exposed to many freeze-thaw cycles 

(Anderson, 2002). Field surveys in Alaska indicated use of PMAs decreased thermal cracking, 

and the most effective modifiers were SBS, SBR, crumb rubber modifiers (CRM), and 

ULTRAPAVE (Raad et al. 1997). In an investigation of the performance of multiple PMAs the 

Dalles-California Highway (Zhou et al. 1993), transverse cracking distressed all of the sections, 

though the polymer modified sections showed less loss of aggregate than the HMA control 
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sections. In Kentucky, SBR modified pavements outperformed unmodified HMA in thermal 

cracking (Lewandowski, 2004). 

2.1.2.4.1  High PG Grade 

Polymer modification often leads to an increase of performance grade. Increasing the PG 

grade of an asphalt binder is an important factor in improving asphalt pavement durability 

(Christensen and Bonaquist, 2005) as well as resistance to stripping and rutting (Gogula et al. 

2003). A mix with PG grade increase from PG 58-28 to PG 70-28 was shown to have improved 

resistance to bottom-up cracking, top-down fatigue cracking, as well as rutting resistance, 

including studded tire wear resistance (Wen and Bhusal, 2015).  

2.1.2.5  Rubberized Asphalt 

Crumb-rubber modified asphalt, or rubberized asphalt, has shown to perform well in cold 

regions by providing resistance to wear caused by studded tires, and generally does well in 

resisting tensile and thermal cracking (Takallou et al. 1987). Addition of crumb rubber makes the 

binder thicker, which improves the ability of the pavement to resist aging due to oxidization, and 

the durability can improve by use of carbon black (Papagiannakis and Lougheed, 1995). Rubber-

modified asphalt is generally more expensive due to the increased asphalt content and rubber 

content; however, this can be offset by the longer life and better performance (Takallou et al. 

1987). 

According to Adam Hand (personal communication, April 23, 2014), rubberized asphalt 

is used throughout California. This includes Northern California which has a climate similar to 

Western Washington. The California Department of Transportation (Caltrans) has specifications 

for wet process rubberized asphalt (crumb rubber is blended with the asphalt binder before being 
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added to the aggregate), terminal blend dry process rubberized asphalt (crumb rubber is used as 

part of the fine aggregate), and an “M Specification” that allows for either method as long as 

certain criteria are met. Cities and counties in California also use rubberized asphalt, following 

Caltrans specifications in Northern California and the slightly different Greenbook Committee 

specifications in Southern California. Caltrans uses rubberized asphalt with gap-graded and open 

graded asphalt mixes. The wet process binder requires an open graded mix to allow room in the 

aggregate matrix for the rubber particles which are not fully dissolved. The rubber content of wet 

process binders is approximately 18%-20% by weight, and is used when reflective cracking is 

the primary concern. It has lasted up to 7-10 years on pavement sections with extensive cracking, 

whereas conventional HMA would likely only last 2-4 years. The terminal blend behaves 

similarly to an SBS polymer modified binder, and does not produce the same results as the wet 

process, specifically in regards to cracking resistance. The terminal blend employs 

approximately 10%-20% rubber by weight. Caltrans does not allow recycled asphalt pavement 

(RAP) with rubberized asphalt, as it may contain additional rubber that would interfere with the 

mix design. This has resulted in decreased use of RAP in California, as Caltrans has increased 

the rubber content requirement over the years. According to Dave Jones (personal 

communication, 2014), there is a concern about low-temperature paving of rubberized 

pavements in California. 

Rubberized asphalt pavements have been implemented to reduce the rutting problem in 

Alaska; this includes projects in Fairbanks (Saboundjian and Raad, 1997) and Anchorage 

(Bingham et al. 2010). Saboundjian and Raad reported the rubberized sections were comparable 

to the HMA control sections for fatigue cracking and outperformed the HMA in resisting 

transverse cracking. Bingham et al. reported reduced rutting for the rubberized sections, and the 
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dry process performed best to reduce rutting from studded tire wear. Bingham et al. noted that 

some of the rubberized sections constructed in the 1980’s in Anchorage were still in service in 

2010.  

2.1.2.6  Addition of Lime 

An asphalt pavement modification that has shown to be successful in harsh climates is the 

addition of lime to hot mix asphalt pavements. According to Berger and Huege (2006), whether 

used alone or in addition to polymer modifiers, lime has proven to decrease the effects of 

moisture damage and increase a pavement’s resistance to rutting, fatigue cracking, aging, and 

oxidation. Hydrated lime helps resist stripping caused by moisture by strengthening the bond 

between the aggregate and the binder. The National Lime Association (2006) details the process 

by which lime causes a reaction with the bitumen and calcium hydroxide, which prevents 

reactions with the environment that can cause oxidation and premature aging later on. Lime can 

also increase a binder PG grade to make it more durable to high temperatures without getting too 

stiff in low temperatures. In the mountainous regions of France, lime is used as part of a 

“mountain mix,” that is believed to outperform liquid antistripping additives in resisting moisture 

damage and oxidation, and providing better adherence (Collet, 2012; Didier Carré, Personal 

Communication, May 5th, 2013). Kennedy and Anagnos (1984) stated it was better to add 

hydrated lime slurry to the asphalt mixture than to add dry hydrated lime. However, both are 

effective treatments to improve the moisture damage resistance and freeze-thaw durability. 

Huang et al. (2005) determined that mixing the hydrated lime with the asphalt directly resisted 

moisture damage better than adding the hydrated lime to the aggregate before mixing. Based on 

the agency survey, Nevada Department of Transportation also specifies the use of lime in the 

mix. 
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2.1.2.7  Stone Matrix Asphalt 

 According to NCHRP Report 673 by the Federal Highway Administration (2011), gap-

graded asphalt mixtures provide increased resistance to permanent deformation as well as fatigue 

cracking due to their increased binder content. Widely used in northern and central Europe for 

over 25 years, stone matrix asphalt, or stone mastic asphalt, provides stone-on-stone contact and 

high asphalt content that increase durability and resistance to rutting (Michael et al. 2003) as well 

as improved wet weather performance and noise reduction (Root, 2009). Fibrous materials and 

polymers may be used in SMA to increase resistance to permanent deformation; however, Al-

Hadidy and Yi-qiu (2010) found that the use of fibrous material gives the best overall structural 

stability.  

SMA has shown to perform well in hot climates (Asi, 2006) but is also used in states with 

extreme temperature fluctuations. In Norway, SMA is used in conjunction with polymers and has 

proven to perform well against rutting in the extreme Nordic climate (Bjørn Ove Lerfald, 

personal communication, October 31, 2013). SMA is also frequently used with polymers in 

Ontario, Canada (Brown, 2007). SMA mixes have been used in Illinois, combined with steel slag 

to increase the strength of the mix (National Slag Association, Publication 203-1). SMA 

mixtures with a 3/8-Inch NMAS are often used as thin overlays for pavement rehabilitation. In 

South Dakota and Wyoming, SMA mixtures with a polymer modified asphalt binder and 3/8-

Inch aggregate are used (Root, 2009). In a national survey of state agencies, 15% of agencies that 

responded said SMA is used as wearing course in climates similar to Eastern Washington (Figure 

2.4). 
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Figure 2.4 Asphalt Mix used as Wearing Course from Survey 

In the U.S., most of the literature on SMA performance is found in Maryland and 

Georgia, where it has proven to perform well against rutting and roughness for periods exceeding 

10 years. According to the Maryland Department of Transportation (Gloria Burke, personal 

communication, June 23, 2014), SMA is widely used in Maryland on high volume roads and can 

last between 12-15 years, though it is generally designed for 20 years.  

 Stone Matrix asphalt seems promising for further use in Eastern Washington, however, 

there are cases in which performance and construction issues were encountered. According to 

Myers (2007), the SMA project on SR 524 from 64th Avenue West to I-5 in Lynwood, WA was 

constructed in 1999 and experienced mix design and construction problems and had to be 

partially replaced. The next SMA project, I-90 from Ritzville to Tokio, was constructed in 2000 

and was replaced the following year due to inadequate control over the mix production. Based on 
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literature, it can be stated that SMA would be a good mix, provided that the mix design and 

construction are executed properly.  

2.1.2.8  Steel Slag Aggregate (SSA) 

Replacement of fine or coarse aggregate with steel slag aggregate (SSA) in asphalt 

mixtures has shown to strengthen a mix by improving the indirect tensile strength, resilient 

modulus, creep modulus, and resistance to rutting and stripping (Ahmedzade and Sengoz, 2009; 

Asi et al. 2007). According to the National Slag Association (n.d.), SSA is much harder than 

aggregates such as limestone and is used in both hot mix asphalt and stone matrix asphalt to give 

more friction and shear strength due to the better aggregate interlock and high coarse and fine 

aggregate angularity. This makes the mixture strong, cohesive, and durable, and great in 

resistance to overall abrasive wear as well as moisture damage (Ahmedzade and Sengoz, 2009). 

Wen and Bhusal (2014) recommend SSA for use in the Northwest region of the United States for 

its durability and resistance to studded tire wear.  

In 1997, Illinois Department of Transportation (IDOT) constructed a steel slag SMA mix 

(Table 2.2) at the intersection of Margaret and Williams Streets in Thornton, Illinois, a roadway 

that has carried nearly 16 million ESALs of heavy truck traffic as of 2013 (Murphy, 2013). An 

evaluation of the pavement after 16 years showed that the pavement had basically needed no 

maintenance and was continuing to perform well; it has been called “the world’s strongest 

intersection” (Murphy, 2013). According to Ross Bentsen (personal communication, July 3, 

2014), IDOT has used steel slag extensively as a “friction aggregate” for high traffic surface 

mixes. Steel slag aggregate has also been used in the Illinois Tollway and has shown a 

comparable life to HMA performance, though its performance hasn’t been strictly tracked. As 
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long as the mixture was designed and constructed effectively, the aggregate type has not 

mattered for pavement life. However, the availability of steel slag is decreasing due to the 

decreasing steel production in Northwest Indiana.  

Table 2.2 SMA Steel Slag Mix Design (National Slag Association, n.d.) 

 

In 1994, Oregon Department of Transportation (ODOT) constructed a section of hot mix 

asphalt with 30% steel slag on U.S. Highway 30 (Lower Columbia River Highway), an area with 

moderate climatic conditions (Hunt and Boyle, 2000). When analyzed in 2000, it showed no 

noticeable difference from the conventional mix in rutting performance or skid resistance. It was 

noted that there was a 15% reduction in coverage due to the increase in weight.  

In Sweden, steel slag has been used as a surface course aggregate in test sections of 

multiple mixtures, including SMA and various grades of hot mix asphalt (Göransson and 

Jacobson, 2013). From 2005 to 2012, the test sections were subjected to a high truck volume and 

intense Swedish winters, during which there is generally a high use of studded tires. When 
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evaluated, the SSA sections did not show any stone loss, which is a common problem with 

studded tires plucking out the aggregate, and had good friction.  

2.1.2.9  Performance-based Tests 

 Performance-based specifications such as the Hamburg Wheel Track Test (HWTT) for 

rutting and moisture susceptibility, can differentiate performance of mixes, when compared to 

the volumetrics-based “recipe” specifications. Currently, WSDOT has specified rutting index 

based on HWTT test results. In addition, elastic recovery is also included in the specification of 

asphalt binders. However, what is lacking is a performance-based specification for cracking. The 

thresholds of these tests need to be established based on local climate and materials.   

2.1.3  PRESERVATION 

Pavement preservation methods may extend pavement life between major rehabilitations 

or overlays. The following preservation method has been reviewed for its impact on the surface 

life of HMA pavements.  

2.1.3.1  BST Overlay 

A bituminous surface treatment (BST), or chip seal, is often used to restore surface 

conditions of a deteriorated pavement, but can also be used to cover an asphalt pavement 

immediately after paving. BST overlays are generally used on low volume roads and are not 

meant to carry a large loading on a pavement structure; their purpose as a preservation technique 

is to provide a protective layer that reduces exposure of the underlying asphalt layer to sunlight 

and prevents the pavement from experiencing oxidation (Kuennen, 2005). According to Rolt 

(2001), a surface dressing such as a BST overlay can reduce the risk of top-down cracking due to 
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hardening of the top 3 mm of bitumen of the wearing course. BST overlays have also shown to 

reduce longitudinal, transverse, and fatigue cracking, as well as effectively seal and protect 

centerline joints (Galehouse et al. 2005).  

It is the common practice of the Montana Department of transportation to place a BST 

overlay immediately following HMA paving (Dan Hill, personal communication, November 20, 

2013). It has been noted in a study by Von Quintus and Moulthrop (2007) that applying a BST 

overlay after paving hot mix asphalt in Montana has decreased the amount of raveling compared 

to adjacent states by over 30 percent. Additionally, in areas where BST overlays were placed, the 

amounts of transverse, longitudinal, and fatigue cracking were much less compared to other 

asphalt pavement sections. Von Quintus and Moulthrop estimated that HMA pavements 

constructed with an initial BST overlay as a preservation strategy experienced a service life 

extension of over five years. The BST overlay practice immediately after construction has shown 

to have mixed performance over Montana mountain Passes (Dan Hill, personal communication, 

November 27, 2013). The traffic volume in these areas is generally not as high as the mountain 

passes in Washington State, with a high of 12,000 ADT and an average daily traffic (ADT) of 

3,000 to 6,000. Montana DOT uses two types of BST grades, Grade 4A and Grade 2A, also 

known as Type I and Type II. Type II has less material passing the No. 4 and No. 2 sieves, and 

may also contain larger chips, as shown in Table 2.3. Type II tends to be more durable in harsh 

environments and performs better on mountain passes and is recommended if chip seals are to be 

implemented in mountain passes in Washington State. 
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Table 2.3 BST Gradation (Montana DOT, 2006) 

PERCENTAGE BY WEIGHT PASSING SQUARE MESH SIEVES 

Sieve Size Grade 1A Grade 2A Grade 3A Grade 4A Grade 5A 

5/8 inch (16.0 mm) 100         

1/2 inch (12.5 mm)   100 100     

3/8 inch (9.5 mm) 33-55 40-100 95-100 100 100 

No. 4 (4.75 mm) 0-15 0-8 0-30 0-15 9-50 

No. 8 (2.36 mm) 0-5 - 0-15 - 2-20 

No. 200 (0.75 mm) 0-2 0-1 0-2 0-2 2-5 
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CHAPTER 3: WSPMS ANALYSIS AND TEST RESULTS 

 

3.1 Projects in Washington State 

 A number of promising methods/technologies that are mentioned in Chapter 2 have been 

at least experimentally used if not fully implemented by WSDOT. This section discusses 

performance to date for those methods/technologies actually constructed by WSDOT. The 

effectiveness of these methods/technologies on pavement performance was reviewed to verify 

the findings from the literature review and state agency survey. It is noted that not all 

methods/technologies can be verified through WSPMS. For instance, it was found to be difficult 

to locate projects that use lime as anti-stripping agent.  

3.1.1  Polymer Modified Projects 

3.1.1.1  Contract 7455: US 2 Creston to Rocklyn Road 

Contract 7455 on US 2 in the Eastern Region of Washington State was paved in 2008 and 

has an average daily traffic (ADT) of approximately 2,700. The project consists of 1/2" PG 70-

22 SBS polymer modified asphalt between mileposts 243.099-245.45 and 1/2” PG 64-28 HMA 

between mileposts 230.07-243.099. Performance data from WSPMS is shown in Figure 3.1. The 

SBS section seems to begin outperforming the HMA, pending further monitoring. 
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Figure 3.1 C7455 Performance Data 

According to Anderson et al. (2008), four experimental rubberized pavement projects 

constructed between 1992 and 1997. Two of these projects were open graded and two were 

dense graded. One of the open graded projects with Modified Class D rubberized mix was over 

asphalted and failed by excessive rutting. Part of the other project with open graded Modified 

Class D rubberized mix was milled and overlaid after 12 years, which exceeded the average life 

of HMA pavements in that region. One of the projects with open graded Class A PBA-6GR was 

performing well until reconstructed to build the SR 520 Floating Bridge. Contract 4250 on I-5 

from Nisqually River to Gravelly Lake I/C is the other dense graded section and it is still in 

place. The mix is also Class A PBA-6GR and although it is not a Superpave project, it gives 

evidence that rubberized pavements can perform well in Washington State if constructed 

properly. The WSPMS performance curves of Contract 4250 are shown in Figure 3.2. 
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Figure 3.2 C4250 Performance Curves 

3.1.2 3/8”  NMAS Projects 

Mixtures with 3/8” NMAS have only recently been implemented as wearing course in 

Washington State on primarily low volume roads; therefore performance data is limited. 

3.1.2.1  Contract 8611: I-90 Barker Road to Idaho State Line 

Contract 8611 was paved in 2014 and is located on I-90 from Barker Road to Idaho State 

Line in the Eastern Region. The Eastbound right lane from MP 297.956 to MP 298.335 is 3/8” 

HMA PG 70-28 and the rest of the project is ½” HMA PG 70-28.  

Since the performance data is limited due to recent construction, performance tests were 

conducted on field cores taken from this project to determine the benefit of using a 3/8” NMAS 

asphalt mixture. Tests parameters evaluated for this project include studded tire wear resistance, 

dynamic modulus |E*|, creep compliance, intermediate and low temperature IDT strength, 

fracture work density, horizontal failure strain, Hamburg Wheel-Tracking Test, and asphalt 

content. Overall, the performances of the 3/8” and 1/2” mixes are similar. Relatively, compared 

to the 1/2” mix, the 3/8” mix has similar studded tire resistance, equivalent strength, and 
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equivalent top-down cracking resistance, as indicated by results of the studded tire wear test, IDT 

strength, and horizontal failure strain shown in Figures 3.3 through 3.5. The 3/8” mix showed 

slightly better bottom-up fatigue and thermal cracking resistance, as indicated by results of the 

fracture work density at intermediate and low temperatures shown in Figures 3.6 and 3.7. The 

two mixes have approximately the same stiffness, as indicated by results of creep compliance 

and dynamic modulus shown in Figures 3.8 and 3.9. Details of this study and additional test 

results are provided in Appendix B1. The mix designs of the 3/8” and 1/2” HMA pavements are 

included in Appendix C1. 

 

Figure 3.3 Studded Tire Wear 
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Figure 3.4 IDT Strength 

 

Figure 3.5 Horizontal Failure Strain 
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Figure 3.6 Fracture Work Density 

 

 

Figure 3.7 Fracture Work Density from Thermal Cracking Test 
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Figure 3.8 Creep Compliance Master Curves 
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Figure 3.9 Dynamic Modulus Master Curves 

3.1.2.2  Contract 8447: SR 21 1.1 Miles North of Rin Con Creek Road to Canada 

Contract 8447 was constructed in 2013 and is located on SR 21 in the Eastern Region, 1.1 

miles north of Rin Con Creek Road to the Canadian border. Both lanes were paved from MP 

183.80 to MP 191.34. This project consists of 0.15 feet of 3/8” HMA PG 64-28 overlay, with 

crack sealing over two miles of the existing roadway (MP 185.00 to MP 186.01, and MP 187.00 

to 188.00). No performance data is available due to recent construction. 

3.1.2.3  Contract 8443: MP 65.54 to Easton Hill EB & WB 

Contract 8443 was constructed in 2013 and is located on I-90 in the South Central Region 
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that was cracked and seated and the asphalt mixture was 3/8” HMA PG 64-28. Again, there is no 

performance data available on this project. 

3.1.2.4  Contract 7763: US 2 JCT SR 211 to Newport 

Contract 7763 is located on US 2 at approximately MP 321.77 to 333.89 in the Eastern 

Region.  It was paved in 2009 and has an AADT of approximately 4,800. The pavement is 3/8” 

PG 64-28 HMA and seems to be performing well. Figure 3.10 shows the WSPMS performance 

data for both the EB and WB lanes of Contract 7763. This section is still doing very well and 

was crack sealed in 2014, mostly due to cracks at the construction joints between lanes and at the 

shoulder joints. 

 

Figure 3.10 C7763 Performance Curves 

 These in-service 3/8” projects (Contracts 8611, 8447, and 7763) should be monitored in 

high and low traffic volume areas for long-term performance in resistance to rutting by plastic 

deformation, rutting caused by studded tire wear, and the combination of fatigue cracking and 

rutting.  
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3.1.3  Stone Matrix Asphalt Projects 

Myers (2007) reports between 1999 and 2004, four SMA projects were constructed in 

Washington State. The projects used varying grades of asphalt binders with 1/2-Inch nominal 

maximum aggregate size SMA mixtures. The projects were as follows: SR from 524 64th Avenue 

West to I-5 in Lynnwood (1999), I-90 from Ritzville to Tokio (east of Ritzville) (2000), I-90 

from SR 21 to Ritzville (west of Ritzville) (2001), and I-90 from Dodson Road to Moses Lake 

(2004). The Lynwood project had mix design and construction problems and some sections had 

to be replaced. The Ritzville to Tokio project experienced severe flushing and raveling and was 

replaced with HMA within one year. 

3.1.3.1  Contract 6151: I-90 from SR 21 to Ritzville 

Contract 6151 on I-90 from SR 21 to Ritzville is located on I-90 from MP 208.16 to 

218.6 in the Eastern Region. It was paved in 2001 and has an AADT of approximately 38,300. 

The project was constructed with a section of 1/2” PG 76-28 SMA in the right westbound (WB) 

lane from MP 211.541 to 214.225. The left WB lane and the rest of Contract 6151 consists of ½” 

PG 64-28 HMA. Rutting and cracking performance from WSPMS of these pavement sections 

are detailed in Table 3.1. It is noted that the mileposts listed in WSPMS do not exactly match 

with the milepost locations in the field, possibly due to changes made during construction from 

the original project plans. The mileposts listed in this study for Contract 6151 are from locations 

recorded by field inspection. From WSPMS, the performance of the SMA in the WB lane from 

MP 212.93 to 213.43 is shown in Figure 3.11, and the performance of the HMA in the WB lane 

from MP 214.05 to 215.23 is shown in Figure 3.12. It is noted that the WSPMS performance 

curves are not calibrated for the SMA section and should not be used as a prediction of pavement 
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life for the SMA section. The performance evaluation was based on individual data points, 

instead of the performance curve, in this study.  

Table 3.1 C6151 SMA and HMA Sections 

Section Cracking (PSC) Rutting (PRC) Rut Depth, in. 

HMA 74 85 0.28 

SMA 80 88 0.23 

 

 

Figure 3.11 C6151 SMA Performance Curves 

 

Figure 3.12 C6151 HMA Performance Curves 
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The SMA in Contract 6151 has performed extraordinarily well for Eastern Washington 

and cores were taken to compare the laboratory performance of the 1/2” PG 76-28 SMA and 1/2” 

PG 64-28 HMA. Parameters evaluated for this project include studded tire wear resistance, 

intermediate and low temperature IDT strength, fracture work density, horizontal failure strain, 

asphalt content, binder PG gradation, and aggregate gradation. Results of the laboratory tests 

indicate the SMA section has significantly superior performance over the HMA section for top-

down, bottom-up, and thermal cracking resistance, as indicated by results of horizontal failure 

strain and fracture work density at intermediate and low temperatures shown in Figures 3.13 

through 3.15. The laboratory performance for the SMA is consistent with its field performance. 

The SMA has visibly out-performed the adjacent HMA section in the field for 13 years, and may 

last as long as 20 years.  Details of this study and additional test results are provided in Appendix 

B2. Mix designs of the SMA and HMA pavements from this contract are located in Appendix 

C2. 

 

Figure 3.13 Horizontal Failure Strain 
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Figure 3.14 Fracture Work Density 

 

Figure 3.15 Fracture Work Density from IDT Thermal Cracking Test 
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3.1.3.2  Contract 6687: I-90 from Dodson Road to Moses Lake 

In the North Central Region, Contract 6687 was paved in 2004 from Dodson Road to 

Moses Lake and has an AADT of approximately 9,700. The EB lane is ½” PG 76-28 SMA and 

the WB lane is ½” PG 64-38 HMA. According to the WSDOT North Central Region Materials 

Engineer, the SMA in the eastbound lane is outperforming the standard PG 64-28 HMA mix in 

the westbound lane, although the cost was 57% more (Bob Romine, personal communication, 

April 15, 2014). The WSPMS performance curves show visibly superior rutting performance for 

the SMA (Figures 3.16 and 3.17). 

 

Figure 3.16 C6687 SMA Performance Curves 
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Figure 3.17 C6687 HMA Performance Curves 

3.1.4  BST Overlay Projects 

The following sections describe HMA pavements that were overlaid with BST within one 

year of construction. A study was performed to evaluate the effects of applying BST overlays to 

new HMA pavements. For both the SR 20 and SR 278 projects, there exist HMA sections with 

BST overlays and HMA sections without BST overlays that were paved at the same time. These 

sections of HMA without BST were used as control sections. Performance tests were conducted 

on field cores and binders extracted from the HMA. The parameters evaluated include dynamic 

modulus |E*|, creep compliance, IDT strength at intermediate temperatures, fracture work 

density, horizontal failure strain, and binder PG grading. Results of the test indicated that 

applying a BST overlay effectively protected the underlying HMA from oxidation and reduced 

the aging of the binder in the underlying HMA. It was also found after the experiments that in 

almost all cases, fractured aggregates are pronounced. Since these cores are taken in the middle 

of the traffic lane, this finding indicates that the mixes have been over compacted. It might also 

be related to the selection of the aggregate skeleton. The fractured aggregate weakens the 
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integrity of mixes and should be avoided. The use of finer gradations or more asphalt mastics 

may alleviate this problem.  

3.1.4.1  Contract 7109: SR 20 et al 2006 Eastern Region Chip Seal 

In Washington State, Contract 7109 is located on SR 20 and included a pre-level and 

BST overlay in 2006. The HMA for pre-level was 3/8” PG 64-28 and the BST layer was Class D 

CRS-2P. The surface was fog sealed. It is noted that WSPMS does not indicate an underlying 

HMA layer for the Contract 7109. The performance curves from WSPMS of a section of 

Contract 7109 are shown in Figure 3.18. It can be seen that this section of pavement performs 

well after seven years in service.  

 

Figure 3.18 Contract 7109 Performance Curves 

The section of HMA without BST for this project is located on an approach which may 

carry different volume of traffic, which may make the comparison of field performance difficult. 

Therefore, field cores were taken to evaluate the effects of BST on pavement performance. For 

the SR 20 project, the dynamic modulus and creep compliance test results indicate that the BST 

overlay kept the underlying HMA softer than the HMA that was exposed to oxidation without a 

BST overlay. This is indicated by the results of the dynamic modulus, creep compliance, and 
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IDT strength tests shown in Figures 3.19 through 3.21. The IDT fatigue test results indicate that 

HMA with BST has greater resistance to top-down fatigue cracking than the HMA without BST, 

as shown by the results of horizontal failure strain shown in Figure 3.22. Applying a BST 

overlay effectively protected the underlying HMA from oxidation and reduced the aging of the 

binder in the underlying HMA. The PG grades of the HMA with a BST overlay and the HMA 

without a BST overlay are shown in Figure 3.23. Details of this study are provided in Appendix 

B3. The mix design of the HMA used in Contract 8262 on SR 20 is located in Appendix C3. 

 

Figure 3.19 SR 20 Dynamic Modulus Master Curves 
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Figure 3.20 SR 20 Creep Compliance Master Curves 

 

Figure 3.21 SR 20 IDT Strength 
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Figure 3.22 SR 20 Horizontal Failure Strain 

 

Figure 3.23 SR 20 High and Low PG Grades 
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3.1.4.2  Contract 8262: US 2 et al Eastern Region Chip Seal 2012 

The portion of Contract 8262 located on SR 278 included HMA paving with a BST 

overlay in 2012. The HMA was 3/8” PG 64-28 and was a grind and inlay of 0.15 ft. depth. No 

performance data exists due to the recent construction of this project. 

For the laboratory evaluation of the SR 278 project, the effects of the BST overlay are not 

as pronounced as the SR 20 project due to the shorter age since construction. The dynamic 

modulus and creep compliance test results indicate that the BST overlay kept the underlying 

HMA softer than the HMA that was exposed to oxidation without a BST overlay, as indicated by 

the results of the dynamic modulus and creep compliance tests shown in Figures 3.24 and 3.25. 

Applying a BST overlay effectively protected the underlying HMA from oxidation and reduced 

the aging of the binder in the underlying HMA, as shown in the results of the PG grades of the 

asphalt in the HMA with the BST overlay and the HMA without the BST overlay shown in 

Figure 3.26. Details of this study and additional test results are provided in Appendix B3. The 

mix design of the HMA used in Contract 8262 is located in Appendix C3. 
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Figure 3.24 SR 278 Dynamic Modulus Master Curves 
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Figure 3.25 SR 278 Creep Compliance Master Curves 

 

 

Figure 3.26 SR 278 High and Low PG Grades 
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CHAPTER 4: COST 

 

Information regarding the cost of materials with potential for further implementation in 

Eastern Washington was gathered from the literature, survey, and interviews with industry 

professionals. This information is summarized in this chapter.  

4.1 Polymer Modified Asphalt 

Polymer modifiers are generally used to increase a binder PG grade from a PG 70 to a PG 

76. At the current price of oil, a PG 76 would cost approximately $100 per ton more than a PG 

70 (personal communication with asphalt supplier, 2014). This translates to an increase of 

approximately $5 per ton of asphalt mix. Given that the average asphalt pavement life in Eastern 

Washington is approximately 11 years, a polymer modified asphalt pavement would need to last 

approximately 11½ years in order to break even on cost, as shown in Table 4.2 at the end of this 

chapter. 

4.2 Rubberized Asphalt 

According to Roschen (2014), rubberized asphalt pavements cost $95.40 per ton 

compared to $80.55 per ton for conventional HMA, a difference of 15.5%. In California in 2011, 

the cost was reported to be approximately 20%-25% higher than HMA (Cheng and Hicks, 2012). 

Given that the average asphalt pavement life in Eastern Washington is approximately 11 years, a 

rubberized asphalt pavement would need to last approximately 12 years in order to break even on 

cost, as shown in Table 4.2 at the end of this chapter. According to Adam Hand (personal 

communication, April 24th, 2014), Caltrans allows the overlay thickness to be halved if cracking 

is found to be the controlling distress. There is also a cost incentive from the California 
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Department of Resources Recycling and Recovery (CalRecycle) for using rubberized asphalt. 

The combination of half overlay thickness and cost incentives results in the total project cost 

being approximately equal to using standard HMA.   

4.3 Stone Matrix Asphalt 

The cost of SMA in Maryland is about $90 per ton, whereas the cost of hot mix asphalt is 

generally between $60 and $80 per ton. According to the Georgia Department of Transportation 

(Georgene Geary, personal communication, June 23, 2014), SMA is used on high volume roads 

above 25,000 ADT, but is overlain with open graded friction course HMA for drainage and 

safety concerns. In Georgia, SMA costs about $90 per ton compared to $60 to $80 per ton for 

HMA. A review of the cost of recent pavement projects reveals that asphalt pavements make up 

approximately 55% of the total project cost. As the average life of HMA pavements in Eastern 

Washington is approximately 11 years, an SMA pavement would need to last approximately 13 

years in order to break even on cost, as shown in Table 4.2 at the end of this chapter. Results 

from the survey indicate an average of $97 per ton for SMA, ranging from $89 to $116 per ton, 

and an average of $73 per ton for HMA, ranging from $60 to $86 per ton, as shown in Figure 

4.1.  
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Figure 4.1 HMA and SMA Cost Range 

4.4 Cost Analysis 

A brief analysis of the prices of several recent paving projects in the WSDOT Eastern 

Region indicates that HMA comprises approximately 55% of the total project cost, as shown in 

Table 4.1. An analysis of the life required to break even on cost compared to the average 11 year 

life of HMA pavements in Eastern Washington was performed for SMA, PMA, and rubberized 

asphalt, and is shown in Table 4.2. The cost per ton of each material was representative of prices 

gathered from the literature, survey of state agencies, and interviews of industry professionals. 

With asphalt pavement comprising 55% of the total project cost, the required life to break even 

on cost for SMA, PMA, and rubberized asphalt is 13.5, 11.5, and 11.9 years, respectively. With 

asphalt pavement comprising 100% of the total project cost, the required life to break even on 

cost for SMA, PMA, and rubberized asphalt is 15.5, 11.9, and 12.7 years, respectively, as shown 

in Table 4.3. 
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Table 4.1 Historical Eastern Region HMA Pavement Project Cost 

Year Project PG 
Asphalt 

Cost/ton 

Tons 

HMA 

HMA 

Cost 

Total Project 

Cost 

HMA % 

Cost of 

Project 

2014 8611 

70-28 $57 22,950 $1,308,150 

$2,450,965 54% 

70-22 $70 350 $24,500 

2014 8557 64-28 $63 16,600 $1,045,800 $1,959,214 53% 

2013 8540 70-28 $66.50 49,400 $3,285,100 $5,510,044 60% 

2013 8539 70-28 $69 8,102 $559,038 $1,098,212 51% 

2013 8538 70-28 $63 57,200 $3,603,600 $6,401,072 56% 

Average       55% 

 

Table 4.2 Cost Analysis at 55% of Total Project Cost 

  HMA SMA PMA/High PG Rubberized 

Cost/ton $63.90 $90 $68.90 $73.80 

Asphalt Cost Ratio 1 1.4 1.1 1.2 

Project Cost Ratio 1 1.2 1 1.1 

Life to Breakeven 11 13.5 11.5 11.9 
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Table 4.3 Cost Analysis at 100% of Total Project Cost 

 HMA SMA PMA/High PG Rubberized 

Cost/ton $63.90 $90 $68.90 $73.80 

Asphalt Cost Ratio 1 1.4 1.1 1.2 

Project Cost Ratio 1 1.4 1.1 1.2 

Life to Breakeven 11 15.5 11.9 12.7 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

 

 Recommendations for improving asphalt pavement performance in Eastern Washington 

are summarized in the flowcharts in Figures 5.1 and 5.2 for high traffic volume and low traffic 

volume, respectively. The specific recommendations are listed in order of priority. For example, 

if a high traffic volume pavement section historically has failed due to rutting from studded tire 

wear, the first recommendation would be to implement polymer modified asphalt. 

Recommendations for pavements in mountain areas are shown in Figure 5.3 and are not 

prioritized by traffic volume or historical distress factor. 

 

*It is recommended that test sections be constructed before widespread implementation 

**Dry process 

Figure 5.1 High Traffic Volume Flowchart 
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Figure 5.2 Low Traffic Volume Flowchart 

 

 

*It is recommended that test sections be constructed before widespread implementation 

Figure 5.3 Mountain Area Flowchart 

 

It is recommended that the sites that are included in this study, such as the 3/8” mix, high 

PG mix, BST immediately following the paving, etc. be monitored over time. In addition, 

performance-based specifications can account for various loading and environmental conditions, 

which cannot be realized by “recipe” specifications, and are recommended to be implemented. 
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Specifically, cracking performance tests for mix designs to complement the current HWT test for 

rutting is recommended to be considered. Multiple stress creep and recovery (MSCR) is also 

recommended to be included in the specification for asphalt binder to receive polymer 

modification. In addition, the issue of fractured aggregates by the overcompaction during 

construction should be investigated and mitigated. 
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APPENDIX A: SURVEY OF STATE AGENCIES 

The following survey was distributed to state agencies in the form of an online 

SurveyMonkey link in the summer of 2014. Responses are included. 

Survey on the Use of Successful Asphalt Pavement Methods for Climate Zones 

Similar to Eastern Washington and Washington State Mountain Pass Areas 

 

This survey is intended to collect feedback on successful HMA pavement construction 

practices, preservation methods, and/or material selection for climate zones similar to 

Washington’s mountain pass areas and east of the Cascades. The purpose of the research is to 

determine if changes can be made east of the mountains and in mountain passes to improve 

pavement performance in those areas. The main concern is the performance of HMA 

rehabilitation/preservation treatments consisting of inlays and overlays using ½ inch Superpave 

HMA which has been used in Washington. Currently, Washington State Department of 

Transportation (WSDOT) uses the same mix design procedures (except for binder PG selection) 

and construction methods for HMA pavements throughout the state. We appreciate your timely 

response on this survey. 

The climate of Washington west of the Cascade Mountains is mild with light to moderate 

rainfall 150 to 200 days each year. Temperatures range from 75° to 90°F in summer and 25° to 

45°F in the winter. Hot Mix Asphalt (HMA) pavements in this area perform well with an average 

service life of 16.9 years. However, HMA in Washington’s mountain pass areas are subject to 

mild summers with extreme winter events that include frequent snow flurries and freezing 

conditions, including many freeze/thaw cycles. Temperatures range from as low as -15°F with an 

average of 15° to 35°F in winter, to as high as 105°F with an average of 45° to 85°F in summer. 

Snowfall over the Cascades ranges from 50 inches to as much as 400 inches and HMA 

pavements have an average service life as low as 5 years. The climate east of the Cascades is 

drier and sunnier with more extreme temperatures which often drop below freezing during the 

winter. Temperatures can exceed 100°F in the summer and drop to as low as -10° in winter. It 

rains from 70 to 120 days each year and the average HMA pavement life is 11 years. 

Additionally, studded tires are widely used over the mountain pass areas and in Eastern 

Washington.  

______________________________________________________________________________ 
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1) Does your state have regions that have substantially different climates? 

a. Yes 

b. No  

Yes [11 of 27 responses to this question] 

No [16 of 27 responses] 

State Different Climates 

Alaska Yes 

Arkansas No 

California Yes 

Colorado Yes 

Connecticut No 

Delaware No 

Florida No 

Georgia Yes 

Illinois Yes 

Kentucky No 

Maryland Yes 

Michigan Yes 

Minnesota No 

Missouri No 

Nebraska No 

Nebraska No 

Nevada Yes 

North Carolina No 

Ohio No 

Oklahoma No 

Oregon Yes 

South Carolina No 

South Dakota No 

Tennessee No 

Utah Yes 

Washington, D.C. No 

Wisconsin No 

Wyoming Yes 
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2) What has your agency found to be the average surface life of HMA pavements for the 

following climatic conditions within your state? 

a. Dry and sunny with more extreme which often drop below freezing during winter 

(temperatures ranging from -10° to 100°F) 

_________ years (min) to _________ years (max) 

[17 Agencies Responded] 

State Average Pavement Life (Years) 

Alaska 7-15 

California 10 

Colorado 12-16 

Delaware 8-15 

Georgia 10-14 

Kentucky 10-20 

Minnesota 10-16 

Missouri 15-20 

Nebraska 6-15 

Nevada 10-18 

North Carolina 11.4 

Ohio 10-13 

Oklahoma 10-15 

South Carolina 8-15 

South Dakota 12-20 

Tennessee 9-12 

Utah 12 

 

b. Mild in summer with severe winters with frequent snow and freezing conditions 

(mountain passes) (temperatures ranging from -15° to 85°F)  

_________ years (min) to _________ years (max) 
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[12 Agencies Responded] 

State Average Pavement Life (Years) 

Alaska 7-15 

California 12.5 

Colorado 8-12 

Connecticut 11 

Illinois 8-18 

Maryland 17 

Minnesota 10-16 

Nevada 10-12 

Ohio 8-11 

South Carolina 8-15 

Utah 10 

Wisconsin 18 
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3) What are the top failure modes of HMA pavements in climates similar to east of the 

Cascades  (warm, dry, 90°F+ summers and cold winters with periods of freezing 

weather) and Washington’s mountain passes (snow zone with freezing and thawing 

temperatures, snow removal, studded tire and chain use, inadequate pavement structure, 

heavy deicing and anti-icing chemical use)? Failure modes would include: fatigue 

cracking, thermal cracking, rutting, etc. 

[21 Agencies Responded] 

State Top Failure Modes 

Alaska Rutting from studded tires, Thermal cracking, Fatigue cracking 

California Fatigue, Thermal Cracking, Rutting 

Colorado Warm Climate: Thermal cracking, Mountain passes: fatigue cracking 

Connecticut 
Raveling (wet freeze climate), cracking (reflective cracking in overlays), 

polishing (when pavements last a long time, 15 years +) 

Delaware Fatigue, Structural failures, Environmental cracking 

Georgia Thermal cracking, Raveling, Fatigue cracking 

Illinois 
in our focus to eliminate rutting we now have cracking, raveling and 

potholing, No studs/chains allowed 

Kentucky Age related thermal cracking, Reflective cracking, Joint deterioration 

Maryland Weathering and raveling 

Minnesota Thermal/reflective cracking, Deterioration at cracks, Stripping 

Missouri Fatigue cracking, Thermal cracking 

Nebraska 
Thermal cracking, Fatigue cracking due to stripped HMA and/or subgrade 

failure/ freeze-thaw, Rutting 

Nevada Longitudinal cracking, Raveling/Stripping, Thermal Cracking 

North Carolina 
Cracking, Block cracking from oxidation, not from cold temperatures. Mild 

rutting 

Ohio 
Oxidative distress such as raveling, potholes, delamination, etc., Limited 

rutting, Cracking 

Oklahoma 

Physical/Chemical damage - Plow truck damage and deicing agent 

Stripping - Freeze/thaw cycles and extreme swings in temperature 

Thermal cracking 

South Carolina Fatigue, reflective, block cracking underneath, rutting 

South Dakota Fatigue Cracking, Thermal Cracking, Block Cracking 

Tennessee Fatigue cracking, Delamination, Premature longitudinal joint failure 

Utah 
Thermal cracking, rutting, fatigue cracking, Poor construction, Thermal 

cracking, Fatigue cracking 

Wisconsin Fatigue cracking, thermal cracking 
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4) Does your state have regions with climates similar to east of the Cascades  (warm, dry, 

90°F+ summers and cold winters with periods of freezing weather)? If yes, please answer 

the following: 

a. What procedure do you use to design your HMA mixes? (Superpave, etc.) 

_____________________________________________________________________

_____________________________________________________________________ 

[15 Agencies Responded]  

State Mix Design Method 

Alaska 
Marshall (Type II-A, Type II-B mixes) mainly in rural areas; Superpave in 

specific urban areas 

California Hveem historically, (Superpave last two years) 

Colorado Superpave 

Delaware Superpave 

Georgia Superpave dense-graded mixtures, Marshall for open-graded SMA mixtures 

Kentucky Superpave 

Michigan Superpave 

Minnesota Superpave 

Missouri Major Routes - Superpave & Minor Route - Superpave or Marshall 

Nebraska Superpave 

Nevada Hveem 

North Carolina Superpave 

Oklahoma Superpave 

Tennessee Tennessee Marshall Specification 

Utah Superpave 
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b. If you use Superpave, is there any modification to the procedure? 

_____________________________________________________________________

_____________________________________________________________________ 

[13 Agencies Responded] 

State Modification to Mix Design 

Alaska 

N-design=75gyrations; AggFracture(2-face)= 98%min; 

Flat&Elong=8%max(1:5); NordicAbrasion=8.0%max; mix has to pass 

APA test. 

California Added Hamburg and AASHTO T-283 

Colorado No 

Delaware Increased VMA 1/2% more than recommended minimum in R35 

Georgia Age mixtures for only 2 hours and gyrate at 65 gyrations 

Kentucky No 

Michigan No 

Minnesota No 

Missouri No 

Nebraska state specific # of gyrations 

North Carolina 
We have decreased gyrations and increased the liquid asphalt to reduce 

cracking 

Oklahoma 
Yes. http://www.odot.org/c_manuals/specprov2009/oe_sp_2009-708-

26.pdf 

Utah No 
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c. If you use Superpave, do your mixes tend to be coarse graded, fine graded, or 

both? 

_____________________________________________________________________

_____________________________________________________________________ 

[13 Agencies Responded] 

State Mix 

Alaska Maybe both, typically ~ 50% passing #4. 

California Both 

Colorado Both - depends on traffic volumes 

Delaware 
Follow the recommended lift thickness based upon the nominal aggregate 

size, 3x 

Georgia fine 

Kentucky Both 

Michigan Both 

Minnesota Both 

Missouri Coarse 

Nebraska 
1/2" gradation band which typically leads to finer gradations than 

surrounding states 

North Carolina Initially coarse, then contractors moved to the mid-range for workability 

Oklahoma Fine 

Utah both 
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d. What type of mix(es) do you typically use for the wearing course (½ inch, SMA, 

etc)? 

_____________________________________________________________________

_____________________________________________________________________ 

[15 Agencies Responded] 

State Wearing Course 

Alaska 
Type II mix: 100% passing 3/4in; 75-90% passing 1/2in; Superpave: 65-

90% passing 1/2in, with CoarseAgg. NordicAbrasion of 8.0%(max) 

California 3/4" HMA and 5/8" RHMA-G (Rubberized HMA - Gap Graded) 

Colorado 
Typically 1/2" SMA's in the Metro Areas where traffic/truck volumes are 

higher 

Delaware 9.5mm, 12.5mm and more 4.75mm (for 3/4" thin overlays) 

Georgia 
1-1/2" 9.5mm SP, 1-12/" 12.5mm SP, on interstates we use 3/4" or 1-1/4" 

of 12.5mm open graded mix 

Kentucky 0.38 inch Superpave Surface 

Michigan 3/8" 

Minnesota Has been 3/4", moving to 1/2" or using Nova Chip 

Missouri 
Interstate - 3/8 & 1/2 inch SMA, Major and Minor Rte - 3/8 & 1/2 inch 

Superpave or Marshall 

Nebraska 1/2" 

Nevada 3/4" thick Open-Graded mix 

North Carolina 1.5" S9.5C 

Oklahoma 1/2" NMS 

Tennessee Either 1/2" NMAS dense-grade or 1/2" NMAS OGFC 

Utah SMA, 1/2" chip seal 
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e. What is your minimum density requirement? 

_____________________________________________________________________

_____________________________________________________________________ 

[16 Agencies Responded] 

State Minimum Density Requirement 

Alaska 92% 

California 91% 

Colorado 92% of theoretical maximum specific gravity 

Delaware 93%, and below 88% is remove and replace 

Georgia maximum 7% in-place air voids 

Kentucky 92%-96.5% 

Michigan 92% 

Minnesota 92% of Gmm for 4% design void mixes and 93% for 3% design void mixes 

Missouri 
94% for SMA 

92% for all others 

Nebraska 92.5% based off max density 

Nevada 90% single, 92% average 

North 

Carolina 
95% 

Oklahoma 
88.1%. See Table 411:2 in 

http://www.odot.org/c_manuals/specbook/oe_ss_2009.pdf 

Tennessee 92% 

Utah 93.5 
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f. Do you use the Hamburg Wheel Tracking Test (HWTT), Indirect Tensile Strength 

(IDT), or Elastic Recovery (ER)? 

_____________________________________________________________________

_____________________________________________________________________ 

[15 Agencies Responded] 

State Method 

Alaska 
Asphalt Pavement Analyzer (APA) is used for mixes; ER is sometimes used 

for PMA binder. 

California Hamburg on mix, ER on binder 

Colorado HWTT and ER 

Delaware IDT 

Georgia HWTT and APA for rut resistance testing 

Kentucky ER 

Michigan No 

Minnesota No 

Missouri ER for major routes - min 65% 

Nebraska ER 

Nevada No 

North Carolina No 

Oklahoma 
HWTT, AASHTO T 283 (TSR), and MSCR Recovery - 

http://www.odot.org/c_manuals/specprov2009/oe_sp_2009-708-28.pdf 

Tennessee We do specify T301 Elastic Recovery for modified binders 

Utah HWTT 
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g. Please describe any other procedures to extend the pavement life in this climatic 

zone. 

_____________________________________________________________________

_____________________________________________________________________ 

[8 Agencies Responded] 

State Methods 

Alaska 

Use Min 0.3% liquid antistrip agent in binder; polymer-modified binder; 

WMA (chemical, organic, not foamed) as compaction aid; MTV; IC; 

longitudinal joint-heater; echelon paving if feasible; maybe avoid RAP in 

wearing course. 

Colorado Selecting the proper binder for the climate 

Georgia 
Proper binder selection, perform crack filling/sealing, strip sealing, and 

looking at fog sealing 

Minnesota PG binder selection, TSR 

Nebraska 
Highly polymerized binders (64-34). -34 is used in part due to high RAP 

contents (ave. 40%) 

Nevada PMA 

Oklahoma 
We don't use it but Steel Slag or other hard aggregate types would be good 

for studded tires. 

Utah Seal every 8-10 years with microsurface or chip seal 

  



88 

 

5) Does your state have regions with climate similar to Washington mountain passes (snow 

zone with freezing and thawing temperatures, snow removal, studded tire and chain use, 

heavy deicing and anti-icing chemical use)? If yes, please answer the following: 

a. What procedure do you use to design your HMA mixes? (Superpave, etc.) 

_____________________________________________________________________

_____________________________________________________________________ 

[11 Agencies Responded] 

State Mix Design 

Alaska 
Marshall (Type II-A, Type II-B mixes) mainly in rural areas; Superpave in 

specific urban areas. 

California Hveem historically, (Superpave last two years) 

Colorado Superpave 

Illinois Superpave, HWTT, Modified T183 (min and max strengths) 

Maryland Superpave 

Michigan Superpave 

Minnesota Superpave 

Nevada Hveem 

Ohio Superpave for high traffic, Marshall for lower traffic 

Utah Superpave 

Wisconsin Superpave 
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b. If you use Superpave, is there any modification to the procedure? 

_____________________________________________________________________

_____________________________________________________________________ 

[9 Agencies Responded] 

State Modifications to Mix Design 

Alaska 
N-design=75gyrations; AggFracture(2-face)= 98%min; Flat&Elong = 

8%max(1:5); NordicAbrasion=8.0%max; mix has to pass APA test. 

California Added Hamburg and AASHTO T-283 

Colorado No 

Maryland No 

Michigan No 

Minnesota No 

Ohio Fewer gyrations for more binder content 

Utah No 

Wisconsin No 
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c. If you use Superpave, do your mixes tend to be coarse graded, fine graded, or 

both? 

_____________________________________________________________________

_____________________________________________________________________ 

[10 Agencies Responded] 

State Mix 

Alaska Maybe both, typically ~ 50% passing #4. 

California Both 

Colorado Both - depends on traffic volumes 

Illinois Fine 

Maryland Coarse 

Michigan Both 

Minnesota Both 

Ohio Middle to fine 

Utah Both 

Wisconsin Fine 
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d. What type of mix(es) do you typically use for the wearing course (½ inch, SMA, 

etc)? 

_____________________________________________________________________

_____________________________________________________________________ 

State Wearing Course 

Alaska 
Type II mix: 100% passing 3/4in; 75-90% passing 1/2in; Superpave: 65-90% 

passing 1/2in, with Coarse agg. Nordic abrasion of 8.0 %(max) 

California 3/4" HMA and 5/8" RHMA-G (Rubberized HMA - Gap Graded) 

Colorado 1/2" 

Illinois 
We have abandoned 1/2" and are focusing on 9.5mm, looking to use more 

SMAs 

Maryland SMA for interstate, 1.5" 9.5mm dense or 2" 12.5mm dense for others 

Michigan 3/8" 

Minnesota Has been 3/4", moving to 1/2" or using Nova Chip 

Nevada 3/4" thick open-graded mix 

Ohio 12.5mm for high traffic, 9.5 or similar for low traffic 

Utah SMA, 1/2", chip seal 

Wisconsin SMA and 12.5mm 
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e. What is your minimum density requirement? 

_____________________________________________________________________

_____________________________________________________________________ 

[11 Agencies Responded] 

State Minimum Density Requirement 

Alaska 92% 

California 91% 

Colorado 92% of theoretical maximum specific gravity 

Illinois Surface 92, binder 91. Would like to increase but have pushback from industry 

Maryland 92% for full pay, 88% for acceptance 

Michigan 92% 

Minnesota 92% of Gmm for 4% design void mixes and 93% for 3% design void mixes 

Nevada 90% single, 92% average 

Ohio 93 for low traffic, 94 for high traffic 

Utah 93.5% 

Wisconsin 91.5% 
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f. Do you use the Hamburg Wheel Tracking Test (HWTT), Indirect Tensile Strength 

(IDT), or Elastic Recovery (ER)? 

_____________________________________________________________________

_____________________________________________________________________ 

[10 Agencies Responded] 

State Method 

Alaska 
Asphalt Pavement Analyzer (APA) is used for mixes; ER is sometimes used for 

PMA binder. 

California Hamburg on mix, ER on binder 

Colorado HWTT and ER 

Illinois Hamburg and ER, trying to develop thermal/fatigue test 

Michigan No 

Minnesota No 

Nevada No 

Ohio ER 

Utah HWTT 

Wisconsin No 
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6) If SMA is used for the wearing course: 

a. What are the pavement lives of SMA and HMA layers, respectively? 

_____________________________________________________________________ 

[13 Agencies Responded] 

State SMA Life SMA Cost 

Alaska     

California     

Colorado 18 years $90/ton 

Delaware   $90/ton 

Georgia SMA not left as wearing coarse   

Illinois 

SMAs have been mainly used in higher traffic locations. 

Due to their good performance their use is being explored 

for lower traffic locations (higher initial cost but longer life) 

  

Maryland 13 (much more traffic) $95/ton 

Minnesota 15 $100/ton 

Missouri 20-25 $88.65/ton (PG 76-22) 

Nevada No No 

Oklahoma   $116/ton 

Utah 16-20 
$10-15 more per ton 

$100/ton 

Wisconsin   Highly variable 
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b. What are the costs of SMA and HMA in your state, respectively? 

_____________________________________________________________________ 

[10 Agencies Responded] 

State HMA Life HMA Cost 

Alaska   
$80-100/ton; Neat PG 52-28 = 

$600/ton 

California 15? 
$102 for HMA; $110 for RHMA 

(averaged over last 4 yrs) 

Colorado 12 years $70/ton 

Delaware   $70-80/ton 

Illinois 

Prices have varied widely due to recent 

materials changes, acceptance methods 

and program size. When SMA 

aggregates are available locally the mix 

may be only a few $$ more per ton. 

  

Maryland 16 statewide $80/ton 

Minnesota 10-16 $60/ton 

Missouri 15-20 $69.34/ton (PG 76-22) 

Oklahoma   

$86 

http://www.odot.org/contracts/avgp

rices/index.php 

Utah 10-16 $70 
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7) What does your state do when constructing HMA longitudinal joints to maximize their 

performance in climates similar to Eastern Washington (warm, dry, 90°F+ summers and 

cold winters with periods of freezing weather) and mountain passes (snow zone with 

freezing and thawing temperatures, snow removal, studded tire and chain use, heavy 

deicing and anti-icing chemical use)? 

 [18 Agencies Responded] 

State Longitudinal Joint Construction Technique 

Alaska 

Use Min 0.3% liquid antistrip agent in binder; polymer-modified binder; WMA 

(chemical, organic, not foamed) as compaction aid; MTV; IC; longitudinal joint-

heater; echelon paving if feasible; maybe avoid RAP in wearing course. 

California Nothing special 

Colorado 
Long. Joint spec. with a target density of 92% of theoretical maximum specific 

gravity +/- 4% 

Connecticut 

Use notched-wedge joint since 2008 (has significantly improved the pavement 

longevity at the joints at least through 2014) - measure density of joint on the hot 

side and on the mat via cores 

Delaware No variations in joint construction 

Georgia tack the vertical face of longitudinal joint and stagger each subsequent layer 12" 

Illinois 

Longitudinal joints continue to be an issue. Recently pave and trim 6" has been 

tried with success. also, the introduction of much "heavier" tack coats seems to 

help "confine" the edge aiding compaction. SMAs usually resist moving from the 

roller and compact leaving a straight edge 

Maryland Overlap existing pavement 1" to 1.5" 

Michigan 
We have an incentive special provision for density at the longitudinal construction 

joints 

Minnesota Use joint adhesive, fog on LJ, longitudinal joint density requirement 

Missouri 

MoDOT has a density requirement. Within 6 inches of the unconfined joint in the 

travelway the density shall not be less than 2% of the specified density. If min. 

density is 92% the unconfined joint can't be lower than 90%. Confined joint in the 

travelway shall have the same density as the mainline. 

Nebraska 
We are in our first year of using a joint density specification and promoting 

construction of a notched wedge for improved density 

Nevada MTV, cold in-place recycling 

North 

Carolina 
Set up rolling patterns and pay attention during laydown 

Ohio Joint cores on high traffic, nothing on low traffic 

Oklahoma 
Longitudinal Joint Density - http://www.odot.org/materials/pdfs-ohdl/ohdl14.pdf, 

http://www.odot.org/c_manuals/specprov2009/oe_sp_2009-411-12.pdf 

Tennessee 

We specify longitudinal joint density on select projects and a spray coat of 

bituminous material (tack) is required to be placed on the joint face prior to the 

2nd pass on all projects. 

Utah 
We are looking at this, nothing right now 

Nothing special, this is a problem for us as well 

  



97 

 

8) Please describe any other construction practices, preservation methods, or material 

selection that your agency has found to be successful for HMA pavements in climate 

zones similar to Washington’s mountain pass areas and Eastern Washington. 

 

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________

________________________________________________________________________ 

________________________________________________________________________

________________________________________________________________________ 

________________________________________________________________________

________________________________________________________________________ 

[9 Agencies Responded] 

State Other Methods 

Illinois 
We are trying to quantify the value of polymer, high asphalt content, adhesion 

agents, etc. with an ongoing research project with the University of Illinois 

Michigan 

Placement requirements based on surface temperature of pavement or base 

being overlaid. Use of warm mix asphalt. Aggressive preventive maintenance 

program. Modified binders. 

Minnesota IR thermal imaging, IC rollers 

Missouri 
Ensure the correct amount of tack is applied (min. 0.05 gallons per square yard) 

and is applied uniformly. Conduct QC and QA TSR tests on field produce mix. 

Nevada MTV, Lime treatment 

North 

Carolina 
We struggle to get uniform quality tack coats. Definitely a work in progress. 

Ohio Fine grading with better tack and more thickness of lift 

Utah Chip seal and microsurfacing 

Wisconsin Proper and effective maintenance 
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APPENDIX B: LABORATORY ANALYSIS OF FIELD CORES 

B.1  Preparation of Samples 

All field cores were collected by WSDOT from the center of the outside lane for each 

project. The field cores were 4 inches in diameter and varied in height, depending on the depth of 

the core. The bottom ends of the cores were sawn to a produce a flat surface. Cores taken directly 

after construction were treated as being short term aged in production and placement and were 

aged in an oven at compaction temperature for five days before conducting performance tests. 

B.2  Description of Experiments 

The following sections describe the various laboratory experiments used for this study. 

B.2.1  Studded Tire Wear Tests 

Studded tires are commonly used to improve traction on snowy roads in areas of the 

United States that experience heavy snowfall. While providing increased traction, studded tires 

cause significant and costly damage to the roadway surface. Transportation agencies in states 

that experience this problem are in need of the development of studded tire wear resistant asphalt 

mixtures.  

The studded tire wear simulator/tester developed at Washington State University is 

shown in Figure B.1. The wear simulator consists of a modified drill press with two free-rolling 

rubber tires with studs. The tires are contacted with the asphalt sample surface at 100 psi and 

torque is applied to the wheels at a speed of 140 revolutions per minute (RPM). Friction causes 

the two wheels to roll and the asphalt sample is worn in a similar way to conditions in the field. 
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The resulting wear on a field core is shown in Figure B.2. The studded tire wear simulation tests 

were performed at a temperature of 69.8°F. 

 

Figure B.15 Studded Tire Wear Simulator with Gyratory Sample 

 

Figure B.2 Field Core Sample after Studded Tire Simulation 
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 The wearing resistance of the asphalt mixtures was measured by the sample mass loss 

after two minutes in the studded tire wear simulator. The mass loss was calculated as the 

difference in the specimen mass before and after the studded tire wearing. A lower amount of 

mass loss indicates greater resistance to studded tire wear.  

B.2.2  Preparation of Samples for Indirect Tensile (IDT) Test Machine 

After the studded tire wear simulation, the gyratory samples were cut to a height of 1.5 

inches and cored to a diameter of 4 inches, with a target air void content of 4% (±0.5%). For the 

field cores, a thin layer was cut off the top lift to produce a smooth surface. The bottom end of 

the field core was cut to produce a specimen height of 1.5 inches. Linear variable differential 

transformers (LVDTs) were mounted to the smooth surfaces of the gyratory samples and field 

cores to measure deformation during the IDT tests. 

B.2.3  IDT Machine and Setup 

A servo-hydraulic Geotechnical Consulting Testing System (GCTS) with an 

environmental chamber was used to test the field cores and gyratory compacted specimens. The 

setup consists of four linear variable differential transformers (LVDTs) that are mounted to each 

sample, with two in the front and two in the back, as shown in Figure B.3. The distance between 

the mounts, known as the gauge length, is two inches. The sample with mounted LVDTs is 

placed in the loading apparatus and is only contacted vertically, on the top and bottom. Plates 

with curved loading strips are guided by four steel columns to apply a uniform load along the 

vertical plane. When a load is applied to the sample, the LVDTs measure the horizontal and 

vertical deformations, which are used to determine various parameters such as dynamic modulus 

and creep compliance values. The IDT test setup is shown in Figure B.4.  
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Figure B.3 Asphalt Mixture Sample Mounted with LVDTs 

 

Figure B.4 IDT Test Machine Setup 

For each project, at least three samples were used for the dynamic modulus and creep 

compliance tests. Because the dynamic modulus and creep compliance tests are non-destructive, 
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the same samples could be used for the fatigue tests. Three other samples were used for the low 

temperature tests for thermal cracking properties. A minimum of six cores were taken from each 

location to ensure three samples could be used for each test. When more than six cores were 

available, the air void levels of the cores chosen for each group of tests (i.e., fatigue and 

thermal), include representative low, medium, and high levels within the range of all the 

available cores, with a target average air void that was representative of the average of all the 

available cores.   

B.2.4  Dynamic Modulus Test 

The dynamic modulus, |E*|, is regarded as a good indicator of the stiffness of asphalt 

mixtures. The test is performed by applying a cyclic loading to the sample in order to produce 

approximately 100 microstrain and avoid damaging the sample. The tests were performed at six 

temperatures (-4, 14, 32, 50, 68, 86 °F) and six loading frequencies (20, 10, 5, 1, 0.1, 0.01 Hz) at 

each temperature. The test progresses with temperatures increasing from low to high, and with 

frequencies decreasing from high to low. The purpose of this order is to minimize the 

deformation of the sample throughout the test, as the most strain will occur at the highest 

temperature and lowest frequency. 

The dynamic modulus was calculated following procedures outlined by Kim and Wen 

(2002). Due to the non-uniform distribution of strain throughout each gauge length, the 

deformation recorded by the vertical and horizontal LVDTs must be converted to strain in the 

center vertical plane of the specimen where the maximum tensile stress/strain or fracture occurs. 

To do this, the average deformations measured by the vertical and horizontal strain gauges are 
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multiplied by constant values dependent on the strain gauge length and specimen diameter. First, 

Poisson’s ratio is obtained using Equation B.1.  

 𝑣 =  −
𝛼1𝑈(𝑡)+𝑉(𝑡)

𝛼2𝑈(𝑡)+𝛼3𝑉(𝑡)
  (B.1) 

where: 

 v  = Poisson’s ratio 

α1, α2, α3 = constants dependent on strain gauge length and sample geometry. For this 

study: 4.58, 1.316, and 3.341, respectively. 

 U(t)  = average horizontal deformation, in. 

 V(t) = average vertical deformation, in. 

 t = time, sec. 

Once Poisson’s ratio is obtained, the strain at the center of the sample is calculated using 

Equation B.2 

 𝜀𝑥=0  = 𝑈(𝑡)
𝛾1+𝛾2𝑣 

𝛾3+𝛾4𝑣
 (B.2) 

where: 

εx=0 = strain at the center of the sample, in/in 

γ1, γ2, γ3, γ4 = constants related to strain gauge length and specimen geometry. For this study: 

12.4, 37.7, 0.471, and 1.57, respectively. 
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The tensile stress along the vertical plane was calculated using Equation B.3.  

 𝜎𝑥=0  =
2𝑃 

𝜋𝑡𝐷
 (B.3) 

where: 

σx=0  = tensile stress at the center of the sample, psi 

P = applied load, lbs. 

t = sample height, in. 

D = sample diameter, in. 

 The last ten cycles of stress amplitudes and center strain amplitudes were averaged for 

each test. The dynamic modulus values were then calculated by dividing the stress amplitudes by 

the strain amplitudes, as shown in Equation B.4. The dynamic modulus values were determined 

for each combination of six temperatures and six loading frequencies, resulting in a total of 36 

dynamic modulus values for each sample. 

 |𝐸∗| =
𝜎0

𝜀0
  (B.4) 

where: 

|E*| = dynamic modulus, psi 

 σ0 = average of last ten load amplitudes, psi 
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 ε0 = average of last ten amplitudes of strain at the center of the sample, in/in  

The principal of time-temperature superposition was used to shift the dynamic modulus 

values along the frequency axis to develop master curves for a wide range of frequencies. The 

master curves were constructed by fitting a sigmoidal function to the calculated dynamic 

modulus values using non-linear least squares regression methods. The sigmoidal function used 

to construct the dynamic modulus master curves is given in Equation B.5.  

𝐿𝑜𝑔|𝐸∗| = 𝑎 +
𝑏

1+𝑒
𝑐−𝑑(𝐿𝑜𝑔(𝐹)+𝐿𝑜𝑔(𝑎𝑇))

 (B.5) 

where: 

a, b, c, d = regressed model constants 

F = frequency, Hz 

aT = shift factor for each temperature 

B.2.5  Creep Compliance Test 

Creep compliance is regarded as a good indicator of the softness of asphalt mixtures. The 

test is performed by applying a constant load for 100s to the sample. The tests were performed at 

six temperatures (-4, 14, 32, 50, 68, 86-°F), progressing from low to high temperatures. The tests 

are done in this order to minimize the deformation of the sample throughout the test, as the most 

deformation will occur at the highest temperature. 

The creep compliance was calculated following the procedure outlined by Wen and Kim 

(2002) and given in Equation B.6.  
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 𝐷(𝑡) = −
𝑑

𝑃
∗ [𝛽1𝑈(𝑡) +  𝛽2𝑉(𝑡)]  (B.6) 

where: 

 D(t) = creep compliance, 1/psi 

 t = time, s 

 d = sample thickness, in. 

 P = applied load, lb. 

 U(t) = average horizontal deformation, in. 

 V(t) = average vertical deformation, in. 

β1,  β2 = constants related to strain gauge length and specimen geometry. For this 

study: 0.4032 and 1.024, respectively. 

The principal of time-temperature superposition was used to shift the creep compliance 

values along the time axis to develop master curves for a wide range of time. The master curves 

were constructed by fitting a sigmoidal function to the calculated creep compliance values using 

non-linear least squares regression methods. The sigmoidal function used to construct the creep 

compliance master curves is given in Equation B.7.  

 𝐿𝑜𝑔|𝐷(𝑡)| = 𝑎 +
𝑏

1+𝑒𝑥𝑝𝑑+𝑒𝐿𝑜𝑔(𝑡)  (B.7) 

where: 

D(t) = creep compliance as a function of time, 1/psi 
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t = time, s 

a, b, d, e = regressed model constants  

B.2.6  IDT Fatigue and Thermal Cracking Test 

The asphalt mixture fatigue and thermal cracking properties were evaluated using IDT 

monotonic fracture energy tests and by following procedures outlined by Kim and Wen (2002). 

Tests were performed on samples of 1.5 inch thickness and 3.9 inch diameter. The fracture tests 

are performed to calculate peak IDT strength at failure, fracture work density, and horizontal 

failure strain. These parameters are summarized in Table B.1.  

Table B.1 Fatigue and Thermal Cracking Test for Asphalt Mixtures 

Test Fatigue Thermal Cracking 

Temperature, °F 68 14* 

Loading Rate, in/min 2 0.1 

Mechanical 

Parameters 

IDT strength, fracture work 

density, horizontal failure strain 

IDT strength, fracture 

work density 

*Note: The temperature used for thermal cracking varies with the low temperature PG grade of 

the asphalt binder (AASHTO T 322). For this project, 14°F was selected. 

 

B.2.6.1  IDT Strength 

 IDT strength is the peak stress the sample experiences during the fracture test. IDT 

strength is displayed graphically in Figure B.5 and is calculated using Equation B8. 

𝐼𝐷𝑇 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
2𝑃

𝛱𝐷𝑇
     (B.8) 

where: 
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P  = peak load, lb. 

D  = specimen diameter, in. 

t  = specimen thickness, in. 

 

Figure B.56 IDT Strength 

B.2.6.2  Fracture Work Density 

The fracture work density was obtained from the IDT fatigue and thermal cracking test 

results. Fracture work density is defined as the area under the loading curve versus the vertical 

displacement, as shown in Figure B.6, per unit volume. According to Wen (2013), fracture work 

density correlates well with bottom-up fatigue cracking. 
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Figure B.6 IDT Fracture Work 

B.2.6.3  Horizontal Failure Strain 

The horizontal failure strain is the strain along the horizontal axis at failure. Horizontal 

failure strain at intermediate temperatures has shown to correlate well with top-down cracking 

when performed at intermediate temperatures (Wen and Bhusal, 2014) and was calculated from 

the fatigue test results. 

B.2.7  Hamburg Wheel-Tracking Test 

The Hamburg Wheel Tracking Test is a laboratory test to measure rutting and moisture 

damage of asphalt mixtures by repeatedly rolling a steel wheel across a 6 inch diameter specimen 

surface while it is immersed in water at 122°F (WSDOT, 2012). According to Hurley and 

Prowell (2006), a mix is considered good if it does not meet the stripping inflection point (Figure 

B.7) by 10,000 passes. WSDOT performs the HWTT for 20,000 repetitions and the rut depth is 

measured in millimeters. The HWT tests were performed in accordance with AASHTO T 324 by 

WSDOT. 
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Figure B.7 Hamburg Test Results (Hurley and Prowell, 2006) 

B.2.8  Asphalt Binder Tests 

B.2.8.1  Binder Extraction and Recovery   

The asphalt binders were extracted from field cores according to AASHTO T 164: 

Standard Method of Test for Quantitative Extraction of Asphalt Binder from Hot-Mix Asphalt 

(HMA) (AASHTO, 2014). The samples were first heated in a conventional oven to 230°F until 

they could be broken apart and separated, then allowed to cool at room temperature. 

Approximately 17 ounces of combination 85% Toulene and 15% Ethanol by volume was placed 

in a Houghton centrifuge extractor with approximately 1 pound of loose mix. The loose mix and 

chemical was left for 15 minutes to allow the binder to dissolve before turning on the centrifuge 
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and increasing extraction speed up to 3,600 RPM. It generally took several extractions to ensure 

that most of the binder had been extracted. The binders were recovered from the chemical 

solution according to AASHTO T 170. The solution was heated to its boiling point and distilled 

until the chemical was separated. 

B.2.8.2  Binder PG Grading 

Binder PG grading was performed according to AASHTO PP6 and the PG grade was 

calculated based on the high and low temperature test results. The recovered binder was treated 

as being short-term aged in the field; therefore, the recovered binder was not aged in the rolling 

thin-filmed oven (RTFO). When evaluating treatment samples, a variation in high or low PG 

grade by ≥ 6 degrees was considered to be a significant difference. 

B.2.9  Statistical Tests for Significance 

 Tests of statistical significance such as the t-test are inadequate for interpreting data when 

only three replicates are used for each sample. When evaluating performance parameters from 

results of laboratory experiments which involved ≤ 3 replicates, the effect size method (Cohen, 

1992) was used to determine whether a statistical difference existed among mixtures. The effect 

size is calculated using Equation B.8. For this study, an effect size of 1.6 was used to determine 

significant differences between treatment and control groups. When more than three replicates 

were available for testing, a two-tailed t-test was used for an analysis of variance (ANOVA) and 

a significance level (p-value) of less than 0.05 indicated statistical significance. 

 𝑑 =  
|𝑥𝑡̅̅ ̅−𝑥𝑐̅̅ ̅|

√
(𝑛𝑡−1)𝑠𝑡

2+(𝑛𝑐−1)𝑠𝑐
2

𝑛𝑡+𝑛𝑐

   (B.9) 
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where: 

 d  = effect size 

𝑥�̅�  = mean of treatment group 

𝑥�̅�   = mean of control group 

𝑛𝑡  = number of samples in treatment control group 

𝑛𝑐  = number of samples in control group 

𝑠𝑡  = standard deviation of treatment control group 

𝑠𝑐  = standard deviation of control group 
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APPENDIX B1: 3/8” VS. 1/2” NMAS PROJECT 

B1.1  Project Description 

In order to determine the effect of using a smaller nominal maximum aggregate size, a 

3/8” NMAS asphalt mixture was compared to a conventional 1/2” NMAS asphalt mixture. A test 

section of 3/8” NMAS HMA was constructed on I-90 next to a 1/2” NMAS control section. 

Contract 8611 was paved in 2014 and is located on I-90 from Barker Road to Idaho State Line in 

the Eastern Region. The Eastbound right lane from MP 297.956 to MP 298.335 was constructed 

as a 3/8” PG 70-28 HMA and the rest of the project was paved with 1/2” PG 70-28 HMA. The 

1/2” asphalt mixture contains 4.9 percent binder, and the 3/8” asphalt mixture contains 5.4 

percent binder. The gradations of the two mixes are shown in Figure B1.1 and further details of 

the mix designs are provided in Table B1.1. The averaged air void percentages of the pavement 

cores are shown in Table B1.2; the 1/2” and 3/8” mixes had average air void contents of 6.3% 

and 6.1%, respectively. Field cores of the 1/2" and 3/8” mixtures were taken by WSDOT. It is 

noted that both mixes were warm mix asphalt by foaming and were heated to over 300°F, as 

shown in Figure B1.2. The contractor on site stated that it was common practice to heat WMA to 

over 300°F to ensure workability, resulting in a “hot warm mix” that is said to aid workability 

when paving at night and during lower temperatures (Guy Anderson, personal communication, 

July 21st, 2014).  
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Figure B1.1 Gradations of 1/2” and 3/8” Mixes 
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Table B1.1 Volumetrics of 1/2" and 3/8" Mixtures 

Volumetric 1/2” NMAS 3/8” NMAS 

PG Grade 70-28 70-28 

Pb (%) 4.9 5.4 

% Gmm @ Ninitial 85.9 83.9 

% Va @ Ndesign 4.3 5.8 

% VMA @ Ndesign 13.8 15.8 

% VFA @ Ndesign 69 64 

% Gmm @ Nmax 97.1 96.2 

Dust to Asphalt Ratio (D/A) 1.4 1.3 

Pbe 4.1 4.4 

Gmm 2.483 2.466 

Gmb 2.376 2.324 

Gb 1.031 1.031 

Gse 2.677 2.679 

Hamburg Wheel-Tracking Test (mm) 2.5 3.0 

 

Table B1.2 Air Voids of Field Cores 

Pavement Section Air Voids (%) 
Standard 

Deviation 

1/2" 6.3 0.97 

3/8” 6.1 1.44 
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Figure B1.2 WMA over 300°F in Paver Screed 

B1.2  Parameters Evaluated 

 Tests parameters evaluated for this project include studded tire wear resistance, dynamic 

modulus |E*|, creep compliance, intermediate and low temperature IDT strength, fracture work 

density, horizontal failure strain, Hamburg Wheel-Tracking Test, and asphalt content. 

B1.3  Results and Discussion 

B1.3.1  Studded Tire Wear Simulator 

The numerical results of the studded tire wear simulator are shown in Table B1.3, and the 

results are displayed graphically in Figure B1.3. The error bars represent standard error. No 

statistically significant difference was found between the 3/8” and 1/2” field core samples. 
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Table B1.3 Studded Tire Wear Mass Loss 

Mean Mass Loss (g) 
p-value 

1/2" 3/8” 

5.6 5.4 0.59 

 

 

Figure B1.3 Studded Tire Wear 

B1.3.2  Dynamic Modulus 

The dynamic modulus master curves for the field cores are shown in Figure B1.4. The 

effect sizes of dynamic modulus at low, intermediate, and high levels of temperature-frequency 

combinations are shown in Table B1.4. The effect sizes indicate the two mixes have equal 

stiffness at high and low temperature levels, indicating they have similar stiffness. 
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Table B1.4 Dynamic Modulus Effect Sizes 

Temperature-Frequency Level 
Mean Dynamic Modulus (ksi) 

Effect Size 
1/2" 3/8” 

Low 3,727 4,466 0.9 

Intermediate 142 203 1.8 

High 28 32 1.3 

 

 

Figure B1.4 Dynamic Modulus Master Curves 

B1.3.3  Creep Compliance 

 Results from creep compliance tests are shown in Figure B1.5. The effect sizes at 

low, intermediate, and high time-temperature combination levels are shown in Table B1.5. The 
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effect sizes indicate that the 3/8” mix is softer than the 1/2” mix at low and high time-

temperature levels, probably due to the relatively higher asphalt content in the 3/8” mix. 

Table B1.5 Creep Compliance Effect Sizes 

Time-Temperature 

Level 

Mean Creep Compliance (1/psi) 
Effect Size 

1/2" 3/8” 

Low 5.76E-15 7.34E-15 3.1 

Intermediate 2.31E-13 3.16E-13 1.3 

High 1.75E-12 1.32E-12 2.2 

 

 

Figure B1.5 Creep Compliance Master Curves 
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B1.3.4  IDT Fatigue Test 

The fractured field core samples after the IDT fatigue test are shown in Figure B1.6. 

From visual inspection, the asphalt seems to have had good coating of the aggregate. The results 

for IDT strength, fracture work density, and horizontal failure strain of the 1/2” and 3/8” samples 

are shown in Figures B1.7 through B1.9. Results of the IDT fatigue tests are summarized in 

Table B1.6. The effect sizes for IDT strength and horizontal failure strain indicate no statistically 

significant difference in strength or top-down cracking resistance for the field cores. The results 

for fracture work density indicate the 3/8” mix is statistically significantly more resistant to 

bottom-up cracking.  
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Figure B1.6 1/2" (Top Row) and 3/8" (Bottom Row) Mixes After IDT Fatigue Tests 

Table B1.6 IDT Fatigue Test Results Summary 

Parameter Unit 
Mean Value 

Effect Size 
1/2” 3/8” 

IDT Strength psi 236 248 0.8 

Fracture Work 

Density 
psi 15.2 18.0 1.9 

Horizontal Failure 

Strain 
in/in 0.008 0.007 0.9 
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Figure B1.7 IDT Strength 

 

Figure B1.8 Fracture Work Density 
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Figure B1.9 Horizontal Failure Strain 

B1.3.5  IDT Thermal Cracking Test 

The fractured field core samples after the IDT thermal cracking test are shown in Figure 

B1.10. Results of IDT thermal cracking tests are shown in Figures B1.11 through B1.12. Results 

of the IDT thermal cracking tests are summarized in Table B1.7. The 3/8” mix has statistically 

significantly higher IDT strength than the 1/2” mix and based on fracture work density, is more 

resistant to thermal cracking than the 1/2” mix. It is noted that broken aggregates are pronounced 

at the fracture plane.  
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Figure B1.10 1/2" (Top Row) and 3/8" (Bottom Row) Mixes after IDT Thermal Cracking 

Tests 

Table B1.7 IDT Thermal Cracking Test Results Summary 

Parameter Unit 
Mean Value 

Effect Size 
1/2” 3/8” 

IDT Strength psi 578 672 2.0 

Fracture Work 

Density 
psi 15.2 18.0 1.9 
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Figure B1.11 IDT Strength from Thermal Cracking Test 

 

Figure B1.12 Fracture Work Density from Thermal Cracking Test 
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antistrip additives were used in the HWTT samples, which is consistent with the mixtures placed 

on Contract 8611. 

 

Figure B1.13 HWTT Results 
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Table B1.8 Asphalt Content 

Mix 
Pb (%) 

1/2” Field Cores 3/8” Field Cores 

Actual 5.49 5.99 

JMF 4.9 5.4 

 

B1.4  Conclusions 

Overall, the performances of the 3/8” and 1/2” mixes are similar. Relatively, compared to 

the 1/2” mix, the 3/8” mix has similar studded tire resistance, equivalent strength, and equivalent 

top-down cracking resistance. The 3/8” mix showed better bottom-up fatigue and thermal 

cracking resistance. The two mixes have approximately the same stiffness.  
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APPENDIX B2: SMA AND INCREASED ASPHALT CONTENT PROJECT 

B2.1  Project Description 

Contract 6151 is located on I-90 from MP 208.16 to 218.6 in the Eastern Region. It was 

paved in 2001 and has an AADT of approximately 38,300.  The right WB lane from MP 211.53 

to 213.85 consists of 1/2” PG 76-28 SMA. This SMA section has performed remarkably well for 

over 13 years and is showing no need of rehabilitation. The left WB lane and the rest of the 

project consists of 1/2” PG 64-28 HMA.  

Figure B2.1 shows WSPMS performance curves of the SMA in the WB lane from MP 

212.93 to 213.43. The performance curves of the HMA from MP 214.05 to 215.23 are shown in 

Figure B2.2. It is noted that the mileposts recorded in WSPMS may not precisely reflect the 

actual mileposts in the field. It is also noted that the WSPMS performance curves are not likely 

calibrated for the SMA section and may not accurately reflect the field performance of the SMA 

section. Instead, the individual data points should be used to judge the performance.  

 

Figure B2.1 C6151 SMA Performance Curves 
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Figure B2.2 C6151 Performance Curves 

 Field cores were collected from I-90 by WSDOT in late 2014 and early 2015 in order to 

compare the performance of the PG 76-28 SMA and PG 64-28 HMA. The cores were taken from 

the center of the outside lane, outside the wheel path. The performance data from WSPMS is 

shown in Table B2.1 and indicates the SMA section is performing better than the HMA section. 

A field inspection verified that the SMA is visibly outperforming the HMA.  

Table B2.1 Performance Data from WSPMS 

Pavement Section Rutting (in) Rutting (PRC) Cracking (PSC) 

HMA 0.280 74 86 

SMA 0.227 80 90 

 

B2.2  Parameters Evaluated 

 Parameters evaluated for this project include studded tire wear resistance, intermediate 

and low temperature IDT strength, fracture work density, horizontal failure strain, asphalt 

content,  binder PG gradation, and aggregate gradation.  
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B2.3  Results and Discussion 

B2.3.1  Studded Tire Wear Simulator 

The results of the studded tire simulator for the HMA and SMA sections are shown in 

Figure B2.3. The error bars represent standard error. For the statistical analysis of the results of 

the studded tire wear simulation, 11 replicates were available for testing for the 1/2” mix and 12 

replicates were available for the 3/8” mix. Therefore, enough samples were available to perform 

a two-tailed t-test for analysis of variance. A significance level (p-value) of less than 0.05 

indicated statistical significance. A summary of the results and statistical analysis are shown in 

Table B2.2. There was found to be no statistically significant difference between the two 

pavements for resistance to studded tire wear. 

Table B2.2 Studded Tire Wear 

Pavement 

Section 

Mean Mass Loss 

(g) 

Standard 

Deviation 
p-value 

HMA 2.7 1.46 
0.73 

SMA 3.3 0.75 
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Figure B2.3 Studded Tire Wear 

B2.3.2  IDT Fatigue Test 

The fractured HMA and SMA samples after the IDT fatigue test are shown in Figures 

B2.4 and B2.5. From visual inspection, the samples often failed by the aggregate fracturing. 

Because the cores are taken between the wheel path, the fractured aggregates indicate that the 

pavements were over-compacted during construction, causing the aggregate to break. Graphical 

results for IDT strength, fracture work density, and horizontal failure strain of the HMA and 

SMA sections are shown in Figures B2.6 through B2.8. Results of the IDT fatigue tests are 

summarized in Table B2.3. Based on the fracture work density and the horizontal failure strain, 

the SMA is better than the HMA for bottom-up and top-down cracking resistance, respectively. 
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Figure B2.4 HMA Samples after IDT Fatigue Test 

 

Figure B2.5 SMA Samples after IDT Fatigue Tests 
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Table B2.3 IDT Fatigue Test Results Summary 

Parameter Unit 
Mean Values Effect 

Size HMA SMA 

IDT Strength psi 434.0 374.4 2.3 

Fracture Work 

Density 
psi 21.6 32.0 5.0 

Horizontal 

Failure Strain 
in/in 0.0060 0.0096 4.3 

 

 

Figure B2.6 IDT Strength 
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Figure B2.7 Fracture Work Density 

 

 

Figure B2.8 Horizontal Failure Strain 

B2.3.3  IDT Thermal Cracking Test 

The fractured HMA and SMA samples after the IDT thermal cracking test are shown in 

Figures B2.9 and B2.10. Results of IDT thermal cracking tests are shown in Figures B2.11 and 
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B2.12. Results of the IDT thermal cracking tests are summarized in Table B2.4. There was no 

statistically significant difference between the HMA and SMA for IDT strength. Based on results 

of the IDT test performed at a low temperature, the SMA mix performed better than the HMA 

mix for thermal cracking resistance. 

 

Figure B2.9 HMA Samples after IDT Thermal Cracking Tests 
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Figure B2.10 SMA Samples after IDT Thermal Cracking Tests 

Table B2.4 IDT Thermal Cracking Test Results Summary 

Parameter Unit 
Mean Values 

Effect Size 
HMA SMA 

IDT Strength psi 647.6 637.8 0.3 

Fracture 

Work Density 
psi 11.9 17.4 4.7 
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Figure B2.117 IDT Strength from IDT Thermal Cracking Test 

 

 

Figure B2.12 Fracture Work Density from IDT Thermal Cracking Test 
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Table B2.5 Asphalt Content 

Mix 
Pb (%) 

HMA SMA 

Field Core 5.6 6.8 

JMF 5.44 6.8 

 

B2.3.5  Binder PG Grading 

 After extracting the asphalt binder from the field cores, the true binder PG grades were 

determined for the HMA and SMA sections. The original PG grades of the SMA and HMA 

mixes were PG 76-28 and PG 64-28, respectively. Aging in the field resulted in an increase in 

PG grades for both mixes. The binder grades are shown in Figure B2.13 and are summarized in 

Table B2.6.  

 

Figure B2.13 PG Grade Ranges 
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Table B2.6 Binder PG Grades 

Pavement 

Section 

Temperature 

Level 

Design PG 

Grade (°C) 

True PG 

Grade (°C) 

HMA 
High 64 73.3 

Low -28 -24.4 

SMA 
High 76 81.8 

Low -28 -29.3 

 

B2.3.6  Gradation 

 A sieve analysis of the aggregate was performed after the binder was extracted. The 

gradations of the two mixtures are shown in Figure B2.14. It is noted that the fiber from the 

SMA mixture was removed from the aggregate prior to performing the sieve analysis. 
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Figure B2.14 Gradations of Field Cores 

B2.4  Conclusions 

Laboratory testing results indicate the SMA section has superior performance over the 

HMA section for top-down, bottom-up, and thermal cracking resistance. This performance is 

consistent with the field performance for Contract 6151. The SMA has performed remarkably 

well for over 13 years; it is visibly out-performing the adjacent HMA section and may last as 

long as 20 years.   
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APPENDIX B3: BST OVERLAY PROJECT 

B3.1 Project Description 

The effects of BST on the underlying HMA were evaluated for two projects in this study: 

Contract 7109 on SR 20, which was paved in 2006, and Contract 8262 on SR 278, which was 

paved in 2012.  

Contract 7109 is located on SR 20 and included a pre-level and BST overlay in 2006. The 

HMA for pre-level was 3/8” PG 64-28. The pre-seal layer was BST Class D CRS-2P and the 

BST layer was Class D CRS-2P. The surface was fog sealed. At approximately MP 417.17, an 

HMA approach was not chip sealed and can serve as a control. It is noted that WSPMS does not 

indicate an underlying HMA layer for the Contract 7109. The performance curves from WSPMS 

for a section of Contract 7109 is shown in Figure B3.1.  

Contract 8262 on SR 278 was paved and overlaid with BST in 2012. The pavement was 

ACP Class 3/8” PG 64-28 and was a grind and inlay of 0.15 ft. depth. No performance data from 

WSPMS was available yet for Contract 8262, due to its recent construction. 

 

Figure B3.1 C7109 (SR 20) Performance Curves 
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Field cores were collected from SR 20 and SR 278 in August, 2014. The cores were taken 

from the center of the outside lane of the westbound lane. For both the SR 20 and SR 278 

projects, three cores were taken from the section with HMA overlaid with BST, and three were 

taken from the HMA section that was not overlaid with BST. When preparing the HMA with 

BST core samples to be tested, the entire BST layer was removed, so that only the HMA portion 

of the core was tested. It is noted that the SR 20 project was approximately 6 years older than the 

SR 278 project; therefore, the effects of the chip seal overlay were likely to be more pronounced 

for the SR 20 project. The averaged air void percentages of the pavement cores for the two 

projects are shown in Table B3.1. The SR 20 HMA with BST has higher air void level than the 

HMA without BST. It is hypothesized that the reduced aging in HMA with BST facilitated the 

consolidation by the traffic.  

Table B3.1 Air Voids of Field Cores 

Project Pavement Section Air Voids (%) 

SR 20 
HMA w/o BST 5.6 

HMA w/ BST 3.9 

SR 278 
HMA w/o BST 4.0 

HMA w/ BST 3.9 

B3.2  Parameters Evaluated 

For the SR 20 and SR 278 projects, the following parameters were evaluated:  dynamic 

modulus |E*|, creep compliance, IDT strength at intermediate temperatures, fracture work 

density, horizontal failure strain, and binder PG grading. 
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B3.3  Results and Discussion 

B3.3.1  Dynamic Modulus 

The dynamic modulus master curves of the HMA with BST and the HMA without BST 

from SR 20 and SR 278 are shown in Figure B3.2 and Figure B3.3, respectively. A summary of 

dynamic modulus values at low, intermediate, and high levels of temperature-frequency 

combinations are shown in Table B3.2. The effect sizes indicate that the HMA with BST is 

significantly softer than the HMA without BST at all temperature-frequency levels for both the 

SR 20 and SR 278 projects. 

Table B3.2 Dynamic Modulus Effect Sizes 

Project Temperature-Frequency Level 
Mean Dynamic Modulus (ksi) Effect 

Size HMA w/o BST HMA w/ BST 

SR 20 

Low 3,567 3,142 1.9 

Intermediate 607 296 7.3 

High 80 44 3.7 

SR 278 

Low 4,426 3,845 2.3 

Intermediate 538 351 4.5 

High 56 19 5.5 
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Figure B3.2 SR 20 Dynamic Modulus Master Curves 
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Figure B3.3 SR 278 Dynamic Modulus Master Curves 

B3.3.2  Creep Compliance 

The creep compliance master curves of the HMA with BST and the HMA without BST 

from SR 20 and SR 278 are shown in Figure B3.4 and Figure B3.5, respectively. A summary of 

the creep compliance values at low, intermediate, and high time-temperature combination levels 

are shown in Table B3.3. The effect sizes indicate the HMA with BST is significantly softer than 

the HMA without BST at intermediate and high time-temperature combination levels for both 

the SR 20 and SR 278 projects. 
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Table B3.3 Creep Compliance Effect Sizes 

Project Time-Temperature Level 
Mean Creep Compliance (1/psi) 

Effect Size 
HMA w/o BST HMA w/ BST 

SR 20 

Low 6.66E-15 7.30E-15 0.8 

Intermediate 1.02E-13 2.20E-13 5.5 

High 9.07E-13 1.43E-12 3.4 

SR 278 

Low 5.92E-15 6.37E-15 1.1 

Intermediate 1.64E-13 2.18E-13 1.9 

High 9.92E-13 1.22E-12 2.5 

 

 

Figure B3.4 SR 20 Creep Compliance Master Curves 
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Figure B3.5 SR 278 Creep Compliance Master Curves 
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Table B3.4 IDT Fatigue Test Results Summary 

Project Parameter Unit 

Mean Value 

Effect Size 
HMA w/o BST 

HMA w/ 

BST 

SR 20 

IDT Strength psi 278 182 12 

Fracture Work 

Density 
psi 33.3 40.7 0.9 

Horizontal Failure 

Strain 
in/in 0.0027 0.0042 10 

SR 278 

IDT Strength psi 301 303 0.1 

Fracture Work 

Density 
psi 41.6 41.1 0.2 

Horizontal Failure 

Strain 
in/in 0.0071 0.0078 1.1 
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Figure B3.6 SR 20 IDT Strength 

  

Figure B3.7 SR 278 IDT Strength 
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Figure B3.8 SR 20 Fracture Work Density 

 

Figure B3.9 SR 278 Fracture Work Density 
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Figure B3.10 SR 20 Horizontal Failure Strain 

 

 

Figure B3.8 SR 278 Horizontal Failure Strain 
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B3.3.4 Binder PG Grading 

 For this project, the PG grades were determined at increasing depths at increments of 1 

inch, as shown. PG grades at three layer depths were evaluated for SR 278, as shown in Figure 

B3.12, but only two layers were available to be tested for SR 20 due to the depth of the cores. 

The results of high and low PG grades of the layers of HMA with BST and HMA without BST 

from SR 20 and SR 278 are shown in Figures B3.13 and B3.14, respectively. A summary of the 

PG grade results is shown in Table B3.5. For the SR 20 project, the differences in PG grades 

between the HMA with BST and the HMA without BST were ≥ 6 degrees, indicating that the 

BST overlay had significantly reduced the aging of the binder in the underlying HMA. For the 

SR 278 project, the differences in PG grades between the HMA with BST and the HMA without 

BST were not ≥ 6 degrees, probably due to the recent construction, but the BST overlay did 

slightly reduced the aging of the underlying asphalt.  

Table B3.5 Binder PG Grades 

Project 
Temperature 

Level 

Field Core 

Layer 

True PG Grade (°C) 
PG Grade 

Difference (°C) HMA w/o 

BST 

HMA w/ 

BST 

SR 20 

High 
1 75.6 67.1 8.5 

2 75.2 67.3 7.9 

Low 
1 -20.1 -28.0 7.9 

2 -20.3 -28.2 7.9 

SR 278 

High 

1 75.9 72.0 3.9 

2 74.2 72.0 2.2 

3 73.8 70.3 3.5 

Low 

1 -24.1 -26.5 2.4 

2 -24.7 -26.8 2.1 

3 -26.0 -29.0 3.0 
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Figure B3.12 Field Core Layers for PG Grade Determination 

 

Figure B3.13 SR 20 High and Low PG Grades 
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Figure B3.14 SR 278 High and Low PG Grades 

B3.4 Conclusions 
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APPENDIX C: MIX DESIGNS OF PROJECTS USED IN LABORATORY ANALYSIS 

The mix designs of the asphalt pavements analyzed in this study are included in the 

following pages.  
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APPENDIX C1: 3/8” VS. 1/2” NMAS PROJECT MIX DESIGNS 

The mix designs for the 3/8” and 1/2” sections of Contract 8611 on I-90 are shown below. 
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APPENDIX C2: SMA AND INCREASED ASPHALT PROJECT MIX DESIGN 

The mix designs for the SMA and the HMA sections of Contract 6151 on I-90 are shown below.  
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APPENDIX C3: BST OVERLAY PROJECT MIX DESIGN 

The mix design for Contract 8262 (SR 278) is shown below. The mix design for Contract 7109 

(SR 20) was unavailable. 
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