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CHAPTER 1 INTRODUCTION 

1.1 Background and Problem Statement 

Asphalt content is a key factor influencing the performance of asphalt pavements. Mixtures 
with high asphalt contents may be more prone to permanent deformation, while those with low 
asphalt contents may be more susceptible to cracking and durability issues. Therefore, 
considerable attention has been given to determining the appropriate amount of asphalt binder 
for a given mixture when applied to specific traffic and environment conditions. 

In the United States, asphalt mixtures are primarily designed using the Superpave system 
where proportioning of the components relies largely on volumetric properties including air 
voids (Va), voids in mineral aggregate (VMA), voids filled with asphalt (VFA), and dust to 
binder ratio. The Superpave mix design starts with the selection of asphalt binders and aggregate 
sources based on specific traffic and environmental requirements. Trial aggregate blends are then 
prepared, mixed with the selected asphalt binder, and compacted to a specified gyratory 
compaction effort. Finally, an optimum asphalt content is selected that satisfies all of the 
volumetric requirements. 

The original vision of the Superpave mix design was to include performance tests. However, 
the proposed performance tests were never implemented primarily because they were deemed 
not practical for routine use at that time. In the early years of Superpave implementation, the 
primary focus was on rutting resistance. Mixtures for moderate and high traffic pavements were 
designed for improved rutting resistance by specifying a higher number of design gyrations, a 
higher grade of asphalt binder, and higher quality aggregates. Most highway agencies now report 
that rutting problems have been virtually eliminated. However, there have been growing 
concerns that the Superpave mix design system produces asphalt mixtures that are too dry, 
causing some durability issues, especially cracking of some form. Other factors that may also 
contribute to durability issues include increased use of recycled materials, problems with 
construction quality, and failing to adequately address underlying pavement distresses during 
pavement rehabilitation. 

In response to pavement durability concerns, many highway agencies have modified their 
mix design and acceptance requirements to obtain higher optimum asphalt contents. These 
modifications include reduced design gyrations, reduced design air voids, air voids regression, 
and increased minimum VMA criteria. Some of these modifications have been successful while 
others have not. This information needs to be synthesized and verified to help state highway 
agencies make more informed decisions for selecting optimum asphalt contents in the Superpave 
volumetric mix design procedure.  

1.2 Project Objectives 

The objectives of this research were to (1) summarize and evaluate successful approaches 
currently being used by highway agencies to adjust the Superpave volumetric mixture design to 
obtain higher optimum asphalt binder contents; (2) verify the increase in optimum asphalt 
content through limited laboratory experiments that compare successful approaches with the 
current AASHTO standards; and (3) document these results as proposed appendixes or 
amendments to Superpave volumetric mix design standards AASHTO R 35, AASHTO M 323, 
or both.  

1.3 Organization of the Project 

This project was divided into five tasks as follows: 
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• Task 1 was to survey U.S. and Canadian highway agencies and interview those identified 
as successful in making adjustments to the Superpave volumetric mix design that result in 
higher optimum asphalt contents. 

• Task 2 was a critical review of the literature on the development and state of the practice 
for adjustments to the Superpave volumetric mixture design. 

• Task 3 was to prepare and submit an interim report and an updated work plan. 

• Task 4 was to conduct the work plan approved in Task 3 to evaluate the effectiveness of 
adjustments to volumetric mix design to increase the optimum binder contents. The 
following experiments were conducted in Task 4: 

o Experiment 1 - Evaluating the air voids regression approach; 
o Experiment 2 - Determining the effect of lowering design gyration levels; 
o Experiment 3 - Investigating the higher minimum VMA or lower design air voids 

requirements; and 
o Experiment 4 - Illustrating the importance of accurate Gsb measurement. 

• Task 5 was to prepare and submit a final report for this study. 

1.4 Organization of the Report 

This report is divided into four chapters. Chapter 1 is the Introduction. Chapter 2 presents 
findings of a survey of U.S. and Canadian highway agencies and a literature review to document 
the development and state of the practice for adjusting the Superpave volumetric mixture design 
to obtain higher optimum binder contents. Chapter 3 includes results of laboratory experiments 
designed to evaluate the effectiveness of the identified adjustments in increasing optimum binder 
contents. Chapter 4 provides conclusions and recommendations for implementation of the project 
findings and future research. 
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CHAPTER 2 LITERATURE REVIEW AND SURVEY OF STATE HIGHWAY 

AGENCIES 

2.1 Superpave Volumetric Mixture Design  

As part of the Strategic Highway Research Program (SHRP) in the late 1980s and early 
1990s, comprehensive research was conducted in the areas of asphalt binders and mixtures 
(Cominsky, 1994). This research led to significant changes in how asphalt materials were 
specified, designed, and tested. A main product of this research, known as the Superpave mix 
design system, is now used across the United States and in some other countries.   

At the conclusion of SHRP, the researchers recommended three levels of mix design. In 
addition to the volumetric mix design (Level 1), performance tests were recommended for Levels 
2 and 3 to evaluate mixture resistance to permanent deformation, fatigue cracking, and low-
temperature cracking. During Superpave mix design implementation, the performance tests were 
found to be too complex and costly. As a result, only the Superpave volumetric mix design 
(Level 1) was adopted (Bonaquist, 2011). 

The Superpave volumetric mix design includes four basic steps: selection of materials, 
selection of the design aggregate structure, selection of the design asphalt binder content, and 
evaluation of the mixture for moisture sensitivity. Test specimens are compacted in the 
Superpave Gyratory Compactor (SGC). A satisfactory mix design is required to meet all of the 
volumetric requirements based on the total traffic expected for a 20-year pavement service life 
expressed in equivalent single axle loads (ESALs). 

Within an asphalt mix design, the asphalt binder content is often considered one of the most 
important parameters affecting mixture performance. An asphalt content that is too high may 
lead to permanent deformation (U.S. Army Corps of Engineers, 2000; Roberts et al., 1996) while 
an asphalt content that is too low may cause cracking and durability problems (Pellinen et al., 

2004). There are several parameters that can affect the optimum binder content in the volumetric 
mix design procedure, and these factors are briefly discussed below. 

2.1.1 Aggregate Shape and Texture 

The surface texture and particle angularity of aggregates influences the workability and 
strength of asphalt mixtures. A rough, crushed surface texture is more resistant to cracking and 
tends to increase strength. The design gradation to achieve adequate VMA is different for 
crushed particles than for particles with smooth surfaces found in many river gravels and sands. 
Smooth–textured aggregates may be easier to coat with an asphalt film, but the asphalt binder 
usually forms stronger mechanical bonds with the rough–textured aggregates (Roberts et al., 

1996). 

2.1.2 Aggregate Specific Gravity 

One of the most important material properties indirectly controlling asphalt content is the 
aggregate bulk specific gravity (Gsb). The aggregate bulk specific gravity is used to determine the 
voids in the mineral aggregate (VMA) and subsequently the volume of effective asphalt, which 
is important for the long-term performance of asphalt mixtures. An inaccurately high aggregate 
bulk specific gravity value can result in low volume of effective asphalt, leading to a drier 
mixture that can ravel under traffic and suffer early cracking. (U.S. Army Corps of Engineers, 

2000). Therefore, highway agencies are recommended to establish a process to ensure that the 
specific gravity of all mineral aggregates in the mixture are correct during mix design and 
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production. In addition to new aggregates, the specific gravity of the aggregates in recycled 
materials should also be tightly controlled. 

2.1.3 Aggregate Absorption 

One of the factors that influences the optimum asphalt content and has a significant impact 
on the overall performance of the mixtures is the absorption of asphalt into the aggregate. Many 
of the aggregate sources used in the United States are highly absorptive and have a high demand 
for asphalt. The optimum asphalt content determined in the design process and subsequently 
used during mixture production is influenced by the short-term aging of the mix prior to 
compaction. Currently, AASHTO R30 recommends conditioning the loose mix for two hours at 
the compaction temperature for mix design and four hours at 135°C for performance testing. 
When the mixture has a substantially longer silo storage time and/or haul time, additional 
absorption and draindown would take place while the mix is maintained at an elevated 
temperature; as a result, the mixture may have a lower effective asphalt content by the time it is 
laid and compacted. 

2.1.4 Gradation 

Gradation is certainly one of the most important properties of an aggregate. It affects almost 
all the engineering properties of an asphalt mixture including stiffness, durability, permeability, 
workability, and resistance to moisture damage. Theoretically, it might seem reasonable that the 
best gradation for an asphalt mix is the one that gives the densest particle packing. The gradation 
having maximum density provides increased stability through increased inter-particle contacts 
and reduced voids in the mineral aggregate. However, there must be sufficient space in the 
compacted aggregates to contain enough asphalt binder to ensure durability and some air space 
to avoid bleeding and/or rutting. A tightly packed aggregate (low voids in mineral aggregate) 
also results in a mixture that is more sensitive to slight changes in asphalt content.  

In addition, the amount of aggregate material passing the No. 200 sieve plays an important 
role in the mix performance, so it is also controlled by the dust to effective binder ratio. A 
minimum ratio of 0.6 is typically used to ensure the mix stability and a maximum ratio of 1.2 to 
avoid mixtures that can be too stiff or brittle. 

2.1.5 Aggregate Surface Area 

Aggregate surface area can be computed from the aggregate gradation. The aggregate surface 
area affects the amount of asphalt binder needed to coat the aggregate particles; however, 
because Superpave dense–graded asphalt mixtures are designed to contain a desired amount of 
air voids and VMA, the aggregate surface area is generally not a factor in the design of the 
mixture.  

2.1.6 Design Gyration Level (Ndesign) 

Test specimens used to determine the volumetric properties in the Superpave mix design 
procedure are compacted in an SGC to achieve the design air voids (typically at 4.0 percent). 
Often, designers believe that a higher design gyration level can result in a lower design binder 
content. This can be true if the gradation is kept the same. A lower design gyration will reduce 
the aggregate skeleton strength, which may lead to permanent deformation. Thus, the selection of 
the design compaction effort is critical in designing a mixture that will provide adequate field 
performance (Roberts et al, 1996). 
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2.1.7 Volumetric Requirements 

The optimum asphalt content for a mixture is based on design air voids (Va), typically 4.0 
percent, and minimum VMA. Minimum VMA is specified based on nominal maximum 
aggregate size (NMAS) with fixed design air voids. The effective asphalt binder content (by 
volume) is the difference between VMA and air voids. Among mixture volumetric properties, 
VMA is considered the most important parameter and is used in the Superpave mix design 
procedure to eliminate potentially poor-performing mixtures (Prithvi et al., 1998). In other 
words, the minimum VMA criteria were established to ensure a sufficient effective binder 
content for durability and workability. Mallick et al. (2000) suggested that the VMA in the mix 
design should not exceed the minimum specified VMA by more than 2.0 percent to minimize a 
potential rutting problem when an unmodified asphalt binder is used. Other important volumetric 
properties controlled in the Superpave mix design procedure include the percent VFA and dust 
proportion (DP). 

Using lower design air voids or increasing the minimum VMA requirements along with 
reduced gyratory compaction levels should not be done arbitrarily. The Federal Highway 
Administration (FHWA) recommends increasing the minimum VMA limits by 0.5 percent for 
each NMAS level to increase the binder content assuming the aggregate structure is sufficient for 
the traffic conditions (FHWA, 2010). The mix design manual developed in NCHRP Project 9-33 
recommends increasing the design VMA by 1.0 percent to produce mixtures with improved 
durability (AAT, 2011). Increasing the design VMA by 1.0 percent while keeping the design air 
voids at 4.0 percent increases the VBE of the mixture by 1.0 percent (approximately 0.4 percent 
by weight). 

 

2.1.8 Mineral Filler 

The coarse and fine aggregate particles provide the structural skeleton within an asphalt 
mixture and are coated with the asphalt mastic, a blend of mineral filler and asphalt binder, rather 
than the asphalt binder (Wang et al., 2011). The amount of binder interacting with the filler and 
coating aggregate particles will vary with the amount and type of mineral filler. 

According to Bahia et al. (2010), the important filler properties include geometry (size, 
shape, angularity, and texture and fractional voids) and composition (as the chemistry of some 
additives can affect how the asphalt and fillers interact). Filler content, surface area, and surface 
absorption capacity affect the optimal asphalt content in a mixture.  

2.1.9 Reclaimed Asphalt Binder  

There is a concern that the durability of asphalt mixtures may be affected by the increased 
use of reclaimed asphalt pavements (RAP) and recycled asphalt shingles (RAS). The reclaimed 
asphalt binder in RAP and RAS is aged and stiffer than new asphalt binder. In addition, it was 
thought that not all the binder available in the RAP and RAS as determined using the ignition 
and extraction methods could contribute to the total asphalt in the mix; therefore, some agencies 
have instituted discount factors to the amount of asphalt binder from RAP and RAS. The 
discount factor is typically higher for RAS asphalt binder than for RAP asphalt binder. 

For agencies that specify the allowable reclaimed asphalt pavement binder ratio (RAPBR), 
which is defined as the ratio of the recycled binder in the mixture divided by the mixture’s total 
binder content, using discount factors for recycled binders may result in higher RAP and RAS 
contents in the mixture, potentially affecting mixture performance, as all of the asphalt binder 
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from RAP and RAS is in the mixture regardless of whether it is accounted for in the total asphalt 
content.  

2.2 Modifications to Volumetric Mix Design Procedure for Increased Binder Content 

As a part of this project, an online survey of U.S. and Canadian highway agencies was 
conducted to identify adjustments to the Superpave volumetric mix design procedure and the 
effectiveness of increasing optimum asphalt content. Questions covered in the survey were 
organized into three parts: mix design, field verification, and acceptance. In addition, a 
PowerPoint presentation was provided to help the participating highway agencies become 
familiar with terms used in the survey and potential approaches to obtaining higher optimum 
asphalt contents so that better-informed responses could be obtained. The survey was distributed 
to 50 U.S. state DOTs and two Canadian provincial transportation agencies [i.e., Ontario 
Ministry of Transportation (MTO) and Nova Scotia Transportation and Infrastructure Renewal 
(NSTIR)]. A total of 49 responses from 47 U.S. state DOTs and two Canadian transportation 
agencies were received (Figure 1). The response rate for the U.S. highway agencies is 94 
percent.  

 

 
Figure 1. U.S. and Canadian Highway Agency Response to the Survey Conducted in this 

Project 

 
As shown in Figure 2, 88 percent (i.e., 43 out of 49) of the survey respondents (including 42 

state DOTs and MTO) were concerned that their asphalt mixtures may not have enough asphalt 
binder, which could lead to potential long-term cracking and durability problems. To address 
these concerns, 33 agencies have made changes to the Superpave mix design method to obtain 
higher asphalt contents (Figure 3). All the agencies design their mixes based on the Superpave 
mix design method except for Alaska, Nevada, and Tennessee, which do not follow Superpave 
mix design.  
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As illustrated in Figure 4, the three most common changes are lowering design gyration 
level, increasing minimum VMA requirements, and lowering design air voids, respectively. 
Additional changes implemented by the highway agencies to obtain higher optimum asphalt 
contents include adding minimum total or effective AC content, implementing discount factors 
for recycled asphalt binders, adopting the air void regression approach, adding asphalt film 
thickness requirements, and reducing nominal maximum aggregate size (NMAS). Some of these 
approaches are discussed in the following sections. 

 
Figure 2. Highway Agencies Concerned with Mixtures Designed Based on Current 

Volumetric Mix Design Methods 
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 Figure 3. Highway Agencies Making Changes to the Volumetric Mix Design Methods to 

Increase Asphalt Contents  

 

 
Figure 4. Changes to Superpave Volumetric Mix Design Method 

 

2.2.1 Lowering Design Gyration Levels (Ndesign) 

There is a common belief that the compaction effort during design will influence the design 
binder content. As shown in Table 1, 27 highway agencies have reduced the design compaction 
efforts used for their mix designs, most with the goal of increasing asphalt binder content. 
Although the majority of the highway agencies found the change successful, Oregon DOT and 
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West Virginia Division of Highways (DOH) indicated that they did not see sustainable increases 
in asphalt content. They commented that the asphalt binder content increased initially and then 
returned to earlier levels after a year or two. This result is to be expected depending on how 
design properties are controlled. Contractors can adjust their design gradations in response to the 
lowered Ndesign to keep the asphalt binder content unchanged.  

In another case, the Alabama DOT first reduced Ndesign for high volume roads from 125 to 
100 and then further to 85 gyrations to increase the binder content of Superpave mixes. 
However, they later revised the Ndesign level based on the locking point concept, which defines 
the point at which the aggregate structure in a mixture “locks up” or has reached its maximum 
compaction in the gyratory compactor. Beyond this point, further compaction would lead to 
degradation of the aggregate. Alabama DOT found that most of their mixes “locked up” in the 
range of 45 to 55 gyrations and thus, set the Ndesign at 60 gyrations. 
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Table 1. Highway Agencies That Have Lowered Design Gyration Levels 

Design ESALs 

(Million) 

Design Gyration Levels 

< 0.3 0.3 - 3 3 - 30 > 30 

AASHTO R 35 50 75 100 125 

AL 60 60 60 60 

CA 85 85 85 85 

CO 50/75 75/100 75/100 125 

CT 50 75 100 100 

DE 75 75 75 75 

GA 65 65 65 65 

IA 
ST (standard traffic): 50 

HT (high traffic): 75 
VT (very high traffic): 95 

IL 30 50-70 70-90 90 

MD 50 65 80 100 

ME 50 50 75 75 

MO 50 75 80/100 125 

MT 75 75 75 75 

NC 50 50 65 100 

ND 65/75 65/75 75 75 

NE 
SPS (shoulder mix): 40 

SPR (high recycle mix): 65 
SPH (heavy truck applications): 95 

NJ 50 50 50 50 

OH 50 50 65 65 

OK 50 50 65 80 

OR 65 80 80/100 100 

PA 50 75 100 100 

RI 50 50 50 50 

SC 50 75 75 75 

SD 50 60 80 80 

UT 50 75 75/100 75/100 

VA 
Surface-layer mix: 50  

Intermediate-layer mix: 65 
Base-layer mix: 65 

VT 50 65 80 80 

WV 50 65 80 100 

 

2.2.2 Increasing Minimum VMA 

VMA is the volume of intergranular space between aggregate particles in a compacted mix. 
For a given design air void content, higher VMA will yield higher asphalt content. The survey 
identified 18 U.S. state DOTs that have increased minimum VMA to obtain higher asphalt 
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contents for Superpave mixes. The changes to the minimum VMA the agencies have 
implemented are summarized in Table 2.  

 

Table 2. Highway Agencies That Have Increased Minimum VMA  

NMAS 
Minimum VMA (%) 

19mm 12.5mm 9.5mm 4.75mm 

AASHTO M 323 13.0 14.0 15.0 16.0 

AL 13.5 14.5 15.5 16.5 

CA 13.5 14.5 15.5 16.5 

CO 13.6-13.8 14.6-14.8 15.6-16.9 N/A 

DE 13.5 14.5 15.5 16.5 

GA 14.0 15.0 16.0 N/A 

IL 13.5 N/A 15.0 18.5 

MA 14.0 15.0 16.0 17.0 

ME 14.0 15.0 16.0 16.0 

MT 13.0 14.5 15.5 N/A 

NC 13.5 N/A 15.5 16.0 

PA 13.5 14.5 15.5 16.0 

RI 14.5 15.5 16.5 17.5 

SC 13.5 14.5 15.5 17.5 

SD N/A 14.5 N/A N/A 

VA 13.0 15.0 16.0 16.5 

VT 14.5 15.5 16.5 17.5 

WI 13.0 14/14.5 15/15.5 16.0 

WV 13.5 14.5 15.5 16.5 

 
For a given design gyration level, VMA is influenced by changing the aggregate blend. As a 

rule of thumb, a one percent increase in VMA will generally increase design asphalt content by 
0.44 percent. The key to achieving this increase in asphalt content is to ensure the correct 
aggregate specific gravity (Gsb) is used in the design. Any increase in asphalt binder content from 
increased VMA can be reduced or eliminated if Gsb of the aggregate is inaccurately increased.  

As shown in Figure 5, 76 percent (37 out of 49, including MTO and NSTIR) of the highway 
agencies that responded to the survey determine VMA based on the aggregate bulk specific 
gravity (Gsb). Fourteen percent (7 out of 49) use the effective specific gravity (Gse), and six 
percent (3 out of 49) use the Gsb at a saturated surface dry (SSD) condition, which is based on the 
weight of SSD aggregate instead of the weight of dry aggregate. Two states use other 
approaches; Nebraska uses a fixed aggregate gravity and Nevada combines the coarse aggregate 
Gsb and fine aggregate apparent specific gravity (Gsa) for calculating VMA.  
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Figure 5. Aggregate Properties Used for Determining VMA 

 

As shown in Figure 6, the aggregate specific gravity of new aggregates used in the mix 
design is determined by agency in 12 U.S. states, by aggregate supplier in two U.S. states, by 
contractor in 19 U.S. states and MTO, by third party lab hired by the contractor in two U.S. 
states and NSTIR, and by contractor/aggregate supplier and then verified by agency in the other 
12 U.S. states.  
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Figure 6. Entities Determining the Specific Gravity of New Aggregates 

 
The VMA determination for mixes containing RAP and RAS requires specific gravity values 

for the aggregate in the recycled materials. Thirty-three percent of highway agencies (16 out of 
49) use the Gse of the recycled material. Eighteen percent (9 out of 49) use the Gsb from extracted 
aggregate. Sixteen percent (8 out of 49) use Gsb from ignition furnace aggregate, and 14 percent 
(7 out of 49) estimate Gsb based on Gse results and an assumed asphalt absorption (Figure 7). 
Additionally, there are nine highway agencies that use other methods to determine the specific 
gravities of RAP and RAS when determining VMA. For example, Illinois and Nebraska DOTs 
specify “standard” specific gravity values for RAP materials based on their sampling locations in 
the state. Michigan DOT uses Gsb values provided by the contractor. South Carolina DOT 
assumes that RAP and RAS materials have the same specific gravities as the local aggregates. 
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Figure 7. Aggregate Properties of Recycled Materials for Determining Mix VMA 

 

As shown in Figure 8, the aggregate specific gravity of recycled materials used in the mix 
design is determined by agency in 11 U.S. states, by contractor in 24 U.S. states and MTO, by a 
third-party lab hired by the contractor in three U.S. states and NSTIR, or by other entities. 

 

 
Figure 8. Entities Determining the Aggregate Specific Gravity of Recycled Materials 
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2.2.3 Lowering Design Air Voids 

This approach typically reduces the design air void target to 3.0 percent or 3.5 percent rather 
than 4.0 percent as required in AASHTO M 323 (Nicholls et al., 2008). Table 3 lists the eight 
U.S. state DOTs identified in the survey that have lowered design air voids to obtain higher 
asphalt contents. 

 

Table 3. Highway Agencies That Have Lowered Design Air Voids 

State Target Design Air Voids 

KS 3.0% 

MO 3.5% to 4.0% 

NE 3.5% 

NY 3.5% 

PA 3.5 to 4.0% 

SC 3.0 to 4.0% 

UT 3.5% 

VA 
2.5% (binder mix), 3.5% (polymer mix), 
4.0% (surface mix and intermediate mix) 

2.2.4 Air Voids Regression 

In this approach, a mix is designed using standard laboratory methods and criteria including a 
target air void content of 4.0 percent. The asphalt content is then increased to achieve a 
“regressed” target of 3.5 percent or 3.0 percent air voids. Once the JMF and aggregate 
proportions are locked in, the binder content typically increases up to 0.4 percent. According to 
the survey, four highway agencies have implemented the air voids regression approach. Colorado 
DOT, Michigan DOT, and Wisconsin DOT currently require a target air void content of 3.0 
percent, and South Carolina DOT specifies a regressed air void range of 2.5 percent to 4.0 
percent depending on the mix type.  

2.2.5 Other Parameters 

Among the 49 U.S. and Canadian highway agencies that responded to the survey, eight have 
endeavored to increase the asphalt content by specifying a minimum total or effective asphalt 
content and/or a minimum film thickness. These agencies are shown in Figure 9.  

Another option that has been implemented by a few highway agencies is specifying discount 
factors for reclaimed asphalt binders. A discount factor can be used to reduce the amount of 
reclaimed asphalt binder that is contributed to the total binder. For example, Georgia DOT 
allows a maximum of 60 percent of the reclaimed asphalt binder for RAP to be accounted in the 
total mix. Illinois DOT and Iowa DOT allow 67 percent and 85 percent of the RAS asphalt 
binder to be accounted, respectively. Note that even if a portion of the reclaimed asphalt binder is 
ignored, it is still present and will still influence cracking properties of the mixture (Bennert et al, 

2014).  
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Figure 9. Added Minimum Asphalt Content or Film Thickness Requirements 

 

2.2.6 Effectiveness of Changes to Superpave Mix Design Method to Increase Asphalt Content 

Among the 33 highway agencies that have made changes to the Superpave volumetric mix 
design method, 29 indicated in the survey that the changes have been successful in increasing the 
optimum asphalt contents (Figure 10). As shown in Table 4, the reported average increase in 
asphalt content after the changes were implemented varied from 0.1 to 0.7 percent (note that the 
changes highlighted in green were successful). As discussed previously, Oregon DOT and West 
Virginia DOT indicated that lowering design gyration alone was not effective in obtaining higher 
asphalt contents. The asphalt content showed a short-term increase after the change was 
implemented but then returned to the earlier levels. In addition, Maryland State Highway 
Administration reported the changes made in the past were not successful and they speculated 
that the current design gyration should be lowered to obtain higher asphalt contents.  
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Figure 10. Effectiveness of Changes Made to Superpave Volumetric Mix Design by 

Highway Agencies 
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Table 4. Changes Made to Superpave Volumetric Mix Design Method by Highway 
Agencies 

State Lower 
Ndes 

Higher 
Min 

VMA 

Lower 
Design

Va 

Min 
AC 

Discount 
Recycled 
Binders 

Asphalt 
Film  

Air void 
Regression 

Smaller 
NMAS 

Others Average Increase in 
Asphalt Content 

AL x x 
      

  0.5% 

CA x x 
 

x 
    

  Data not available 

CO x x     x   0.3% 

CT x 
  

x 
    

  0.1% 

DE x x 
      

  0.2% 

GA x x 
 

x x x 
  

  0.3-0.45% 

IA x 
   

x x 
  

  Data not available 

IL x x 
  

x 
   

I-FIT Data not available 

KS 
  

x 
     

  0.4% 

MA 
 

x 
      

  0.4-0.5% 

MD1 x 
       

  No increase 

ME x x 
      

  Data not available 

MI 
      

x 
 

  0.3% 

MN 
     

x 
  

  Data not available 

MO x 
 

x 
 

x 
   

  Data not available 

MT x x 
      

  Data not available 

NC x x 
      

  0.2% 

ND x 
       

  0.5% 

NE x 
 

x 
     

  0.2% 

NJ x 
      

x   Slight increase 

NY 
  

x 
     

  Data not available 

OH x 
  

x 
     

0.3% 

OK x 
 

x 
      

0.3% 

OR2 x 
        

No increase 

PA x x x x 
     

0.1-0.4% 

RI x x 
 

x 
     

0.7% 

SC x x x 
 

x 
 

x x 
 

0.3% 

SD x x 
       

0.2-0.3% 

TN1 
        

Marshall No increase 

UT x 
 

x 
    

x 
 

0.4-0.5% 

VA x x x 
     

Gradation 0.1% 

VT x x 
       

0.3% 

WI 
 

x 
    

x 
  

0.4% 

WV2 x x 
       

No increase 

Count 27 18 9 6 5 3 4 3 2 
 

 17 Y 14 Y 6 Y 4 Y 4 Y 2 Y 2 Y 3 Y   
 10 N 4 N 3 N 2 N 1 N 1 N 2 N 0 N   

*Notes: Shaded cells show changes that are successful in increasing asphalt contents. 
1Need to lower the current design gyration level to obtain higher asphalt contents.2Contractors adjusted the 
aggregate gradation in response to lowered design gyration level, which resulted in no changes in asphalt 
contents. 
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2.2.7 Specific DOT Approaches to Improve Mix Designs  

The following sections present some state highway agency approaches to increasing asphalt 
content to improve durability of their asphalt mixtures. This information was collected from 
published journals, technical reports, articles, presentations, and personal communications. 

Alabama. The Alabama DOT has specified 60 gyrations for all Superpave mixtures and a 
design air voids content of 3.5 percent for mixes containing RAS and 4.0 percent for all other 
mixtures (Alabama DOT, 2012). 

Illinois. The Illinois DOT (IDOT) has used the regressed air void concept for several years in 
the northeast part of the state with local agency contracts. They allow contractors to modify their 
lower volume mixes (Ndesign = 50 at 4.0 percent air voids) during production by targeting 3.5 
percent air voids and also re-proportioning IDOT verified mix designs within permitted 
specifications adjustments. This option is provided by including a special provision in the 
contracts (Houston, 2017). Table 5 presents the asphalt mixture requirements included in this 
provision. In addition, when asphalt binder replacement (ABR) (also known as recycled binder 
ratio) exceeds 15 percent, the new binder in the mix shall be changed as shown in Table 5. No 
more than 30 percent ABR and no more than 2 percent RAS is allowed. 

 

Table 5 IDOT Special Provision Asphalt Mixture Requirement (Al-Qadi et al., 2015) 

Item 
AC Type 

Air Voids 
Overlay Full Depth 

Surface course, mix 
“C/D” 

PG58-22/58-281 PG58-22/46-341 

3.5% at 
Ndesign = 50 

Leveling binder PG 58-22/PG58-281 PG 58-28/PG 46-341 

Binder course, IL-19 PG 58-22/58-281 
PG 58-28/46-341, 

PG 58-28 (4” below) 
1 New asphalt when ABR exceeds 15 percent. 

 
The feedback received by Illinois DOT regarding the implementation of this approach has 

been positive and indicates improved constructability and density, less segregation, and a better 
finished appearance (Houston, 2017). 

Kansas. The Kansas DOT began exploring both air void reduction and changes in gyration 
levels in 2007 (Leibrock, 2015). The first project was built in 2007 with a mixture designed with 
3.5 percent air voids and 75 gyrations. In 2009, another project was designed at 3.5 percent air 
voids but Ndesign was lowered to 60. Kansas began 3.0 percent air void projects in 2010, and they 
have constructed about 70 such projects throughout the state. A Hamburg criterion (max. 12.5 
mm at 10,000 passes) is required for the 3.0 percent air void mix designs.  

Louisiana. The Louisiana Department of Transportation and Development (LADOTD) 
proposed new specifications requirements in 2013 to increase the asphalt binder content of 
asphalt mixtures to address cracking potential while considering possible impacts to rutting. The 
new specification criteria included lower gyration levels and air void contents ranging from 2.5 
percent to 4.5 percent (Cooper et al., 2016). These mix design criteria are based on the type of 
mixture and intended use (i.e., binder or wearing course, traffic level, etc.). Additionally, 
LADOTD requires mixture performance testing using the Hamburg Wheel-Tracking Test 
(AASHTO T 324) and the Semi-circular Bend test (ASTM D8044) for asphalt mix design.  

Michigan. After several years of trial projects using the regressed air voids approach, 
Michigan began full implementation of the method in 2016. Mix designs must meet their 
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standard aggregate quality requirements and volumetric criteria using a 4.0 percent air void 
target. However, the design asphalt content is increased to yield 3.0 percent air voids. During 
field production, the air void target is 3.0 percent with a single test acceptance limit of 2.0 
percent (Michigan DOT, 2016). 

Montana. In Montana, asphalt mixtures are designed following AASHTO R 35 and meeting 
AASHTO M 323. However, the optimum asphalt content is selected at the lowest air void value 
between 3.4 to 4.0 percent as long as all other criteria are met (Montana DOT, 2014). Montana 
DOT has also established a rutting criterion for mix acceptance and quality assurance. During 
production, when two consecutive Hamburg Wheel Tracking Test samples do not meet the 
requirements, production is suspended and a revised mix design and samples for verification and 
Hamburg testing must be submitted. 

Ohio. For the Ohio DOT, medium traffic level mixes are designed at 3.5 percent air voids. 
The quality control air voids tolerance is adjusted down 0.5 percent as well. Ohio has used this 
approach for a number of years. With this approach, 0.2-0.3 percent increase in asphalt is 
achieved for the 0.5 percent less air voids (Powers, 2017). 

Utah. The Utah DOT allows mix designs to be performed with air void contents between 3.0 
percent and 4.0 percent. The low air void mixtures are designed for low volume roads and 
mixtures used in regions with cold climates (Utah DOT, 2013). 

Wisconsin. The Wisconsin DOT has implemented the regressed air voids approach to 
increase the asphalt binder content in asphalt pavements for performance improvement. 
According to the current specification, all mixes should be designed at 4.0 percent air voids and 
the optimum asphalt content is then regressed to achieve 3.0 percent air voids. This change in 
specification was made based on recommendations from WHRP Project F16-06 by West et al. 
(2018).  

2.3 Impact of Mix Design Verification and Acceptance Testing on Binder Content 

Mix design is important as it is the first step in the process of producing an asphalt mixture. It 
is intended to determine the proportioning of asphalt binder and other mixture components to be 
used. However, the final asphalt binder content of the mix is influenced by several factors in the 
mix design and production process. These factors are briefly discussed below. 

2.3.1 Mix Design Acceptance 

It is important to ensure that correct values are included in the mix design and that the mix 
design meets the agency specifications prior to approval. As shown in Figure 11, 65 percent (32 
out of 49) of the highway agencies that responded to the survey indicated that they conduct 
laboratory testing to verify and approve the mix design as part of the acceptance process, while 
the others require no physical testing, opting instead to paper-review the reported mix design 
values. 
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Figure 11. Is Laboratory Testing Required to Verify/Approve Mix Designs? 

2.3.2 Field Verification of Mix Design and Adjustment 

Differences usually exist between the properties of an asphalt mix designed in the laboratory 
and the “same” job-mix formula produced in an asphalt plant. As a result, adjustments are made 
at the start of mix production. There are limits to the amount of adjustment for design air voids 
and design asphalt content and other key mixture parameters. A significant reduction in asphalt 
content might produce mixtures with reduced performance. 

The survey included questions related to field verification of the mix designs. Agencies were 
asked if they perform field verification at the beginning of the project. As presented in Figure 12, 
40 agencies verify their designs during production. Figure 13 shows what entity performs the 
field verification testing. Eighteen respondents indicated that the agency is responsible of testing, 
and eight indicated that the contractor performs the tests. Other agencies indicated that both 
agency and contractor are in charge of testing for mix verification or that third parties do the 
testing. 

Agencies were also asked which parameters were confirmed during the field verification. 
Figure 14 shows that several parameters are verified by most agencies. Twenty-five agencies 
verified binder content, air voids, aggregate gradation, Gmm, VMA and D/B ratio. Seven agencies 
indicated that they verify the percentage of recycled materials used in the mix based on the 
difference in the total binder content of the mix and the amount of virgin binder added. 
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Figure 12. Agencies Performing Field Verification of the Mix Designs at the Beginning of 

the Project 

 



 27

 
Figure 13. Entities Performing Field Verification of Mix Design 

 

 
Figure 14. Parameters Confirmed During Field Verification 

 

In addition, agencies were asked if the binder content could be lowered to allow for 
adjustments to other volumetric properties. As indicated in Figure 14, 32 out of 49 agencies 
indicated that they do allow adjustments, most by 0.2 percent and some as much as 0.5 percent.  

 

7

17

18

25

31

35

37

38

39

0 5 10 15 20 25 30 35 40 45

% Recycled material

VFA

Binder PG grade

D/B ratio

VMA

Gmm

Aggregate gradation

Air voids

Binder content



 28

 
Figure 14. Agencies Allowing Binder Content to be Lowered to Adjust Other Volumetric 

Properties 

Based on historical data, respondents were asked to compare the measured asphalt content of 
plant-produced mixtures with respect to the mix design binder content. As shown in Figure 15, 
twenty-five agencies indicate that they are the same, 18 agencies indicate that verified optimum 
asphalt content is lower than the design, and two agencies indicate it is higher.  
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Figure 15. Historical Data of the Measured Asphalt Content of Plant Produced Mixtures 

with Respect to Mix Design Asphalt Content 

 

2.3.3 Acceptance of Asphalt Mixture  

During production, the most important properties (to the contractor and often to the agency) 
are the acceptance properties. Clearly, the contractor is most attentive to properties that are 
considered in pay factors. Other properties may also be evaluated although they are usually given 
less attention. Acceptance testing may be performed by technicians employed by the agency or 
consultants hired by the agency, or it may involve agency personnel monitoring and observing 
quality control (QC) testing performed by the contractor at stated frequencies. Common mixture 
properties required for acceptance tests include the following: 

• Asphalt content, 

• Gradation (usually specific sieve sizes), 

• Volumetric properties (air voids, VMA, VFA), 

• Pavement in-place density, and 

• Smoothness. 
Agencies were asked to indicate which method they allow for acceptance testing of asphalt 

content. As shown in Figure 16, most state highway agencies use the ignition method or solvent 
extraction method to check the asphalt binder content of plant produced mixtures. Some 
agencies, such as Michigan, Missouri and Mississippi, indicated that ignition, solvent 
extractions, and nuclear gauge are acceptable.  
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Figure 16 Methods Allowed by Agencies for Acceptance of Asphalt Content 

 

Survey respondents were also asked if their agencies allow contractor QC asphalt content 
data for acceptance and how the test results are verified. Their responses are summarized in 
Figure 17. Twenty-three agencies do not use contractor test data for asphalt binder acceptance 
while 21 do. Among the 23 agencies, six use hypothesis tests (such as F-test and t-test) and nine 
use non-statistical simple comparisons (such as agency does companion for one of every 4 or 5 
tests). Other methods reported by these agencies include using average absolute deviation 
(AAD), percent within limits (PWL), and split sample 1-on-1 comparison, among others. 
Agencies were also asked about their specification limit for acceptance of asphalt content.  
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Figure 17. Agencies That Use Contractor QC Asphalt Content Data for Acceptance 

 
As summarized in Table 6 and Figure 18, 18 states determine acceptance of asphalt content 

based on the percent within limits (PWL) method, seven states use mean value, four states use 
the average absolute deviation (AAD) method, three states use mean and range, and five states 
use other methods such as tonnage adjustment and moving average. Additionally, there are 10 
states that have no pay factor for asphalt content. Table 7 presents the percentage of the total pay 
factors pertain to asphalt content, ranging from 0 to 67 percent. 

 

Table 6. Agency Specification Limit for Acceptance of Asphalt Content 

State Acceptance Method Specification Limit 

AK PWL JMF ± 0.4% 

AL AAD Vary between 0.62 (for 1 test) to 0.31 for (4 tests) 

AR Mean Value JMF ± 0.3% 

AZ PWL JMF ± 0.5% 

CA No PF for AC JMF -0.3% to +0.5% 

CO PWL JMF ± 0.3% 

CT Others JMF ± 0.4% 

DE PWL JMF ± 0.4% 

FL PWL JMF ± 0.4% 

GA AAD Vary between 0.70 (for 1 test) to 0.30 (for 8 tests) 

HI No PF for AC JMF ± 0.4% 
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State Acceptance Method Specification Limit 

IA 
Mean Value and 

Range 
JMF ± 0.3% (1 test) 

ID No PF for AC JMF ± 0.4% 

IL PWL JMF ± 0.3% 

IN PWL JMF ± 0.4% 

KS No PF for AC ±0.6% (1 test), JMF ± 0.3% (4 tests) 

KY Mean Value JMF ± 0.5% 

MA PWL JMF ± 0.3% (OGFC), JMF ± 0.4% (DG) 

MD PWL JMF ± 0.3% (Field), JMF ± 0.4% (Plant) 

ME PWL JMF ± 0.4% 

MI PWL JMF ± 0.35% 

MN Mean Value JMF ± 0.4% 

MO PWL JMF ± 0.3% 

MS Mean Value JMF -0.3% to +0.5% 

MT No PF for AC JMF ± 0.3% 

NC Others 
JMF ± 0.3% (moving average of last 4 results) or ± 0.7% 

(individual)  

ND 
Mean Value and 

Range 
JMF ± 0.24% (moving average of last 4 results) or ± 0.3% 

(individual)  

NE Others 
Greater than minimum AC content (varied from 4.5 to 5.3 

depending on mix type) 

NJ Mean Value 
Based on minimum VMA (varied based on NMAS) and D/B 

ratio 

NM PWL JMF ± 0.5% 

NV PWL JMF ± 0.4% 

NY No PF for AC JMF ± 0.2% 

OH 
Mean Value and 

Range 
JMF ± 0.3% 

OK Others JMF ± 0.4% 

OR PWL JMF ± 0.4% 

PA PWL 
JMF ± 0.6% to 0.8% (1 test) and JMF ± 0.4% to 0.5% (3 tests), 

varied based on NMAS 

RI Mean Value JMF ± 0.3% 

SC AAD surface 0.36, intermediate 0.43, base 0.5 

SD No PF for AC JMF ± 0.3% 

TN AAD JMF ± 0.25% 

TX No PF for AC JMF ± 0.5% 

UT PWL JMF ± 0.35% 

VA Others Vary between 0.60 (for 1 test) to 0.17 for (12 tests) 

VT No PF for AC Based on VMA (JMF ± 1.0%) and Va (4.0 ± 1%) 

WA PWL JMF ± 0.4% 

WI No PF for AC > JMF-0.3% warning limit -0.2% 

WV Mean Value JMF ± 0.4% 
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Figure 18. Method for Determining Acceptance of Asphalt Content 
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Table 7. Percentage of the Total Pay Pertaining to Asphalt Content 

State 
Percent Total Pay Pertaining to Asphalt Content in the 

Determination of Composite Pay Factor 

KY, MA, ME, NM 10% 

CT, ON 12.5% 

MI 15% 

AR, NE, RI 20% 

CO 20% for voids acceptance, 25% for gradation acceptance 

FL, MO 25% 

OR 28% 

DE, OK, PA 30% 

NV 33% 

AK, IA 40% 

AZ 
42% for unmodified, 49% for polymer modified, 52% for rubber and 

polymer modified 

MD 67% 

MN 10% on individual results, 20% on moving average of 4 

NC 
Asphalt binder paid separate from asphalt mix using a different bid 

item 

NJ Very small percentage if any 

OH Pay factors for each item, no percent breakdown 

SC 
Contractor paid based on lowest pay factor calculated individually for 

binder content, gradation, and in-place density 

TN 
Actual AC amount used is paid for based on the approved JMF, 

typically around 5.5 to 6% 

UT 

It is not based on percent of total pay. Incentives and disincentives are 
based on the percent within limits. Range goes from $2.00 per ton 

incentive for 99 to 100% PWL down to rejection of the HMA if less 
than 60% PWL 

WA 
40% of a mixture composite pay factor, which represents 60% of job 
mix compliance price adjustment for a given lot. Or, it is 24% of the 

mix price. 

 

As part of the acceptance process, agencies were asked to indicate if they require checking 
the amount of new binder added to a mix containing RAP and/or RAS. Twenty agencies out of 
48 indicated that they do have this requirement. Figure 19 summarizes this information. Some of 
the common methods reported by these agencies include using calibrated flow meter, plant 
recordation system, and totalizer readings.  
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Figure 19. Agencies That Require Checking the Amount of New Binder Added to Mixes 

Containing RAP and/or RAS 

 

Finally, the last few questions were related to VMA and its acceptance. Figure 20 
summarizes information about agencies that used field VMA as an acceptance parameter. The 
responses indicate that 23 of the 48 agencies do use VMA as an acceptance criterion. Regarding 
the acceptable minimum VMA for 100 percent pay, responses are summarized in Table 8. In 
addition, agencies were asked to indicate what percentage of the total pay pertains to VMA. 
Individual responses are summarized in Table 9, and these percentages range from 0 to as much 
as 50 percent. 
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Figure 20. Agencies That Use VMA as Field Acceptance Parameter 

 

Table 8. Acceptable Minimum VMA for 100 Percent Pay 

State Responses 

AR 11.0% for 37.5mm, 12.0% for 25mm, 13.5% for 12.5mm, 14.5% for 9.5mm 

CO 
Target (average of the first three volumetric field test results on project produced 

hot mix asphalt or the target value specified in the specifications, whichever is 
higher) ± 0.6% if standard deviation is low 

CT 
90% PWL based on specification limits (16.0 ± 1.0 for S0.25 and S0.375 mixes, 

15.0 ± 1.0 for S0.5 mix, and 13.0 ± 1.0 for S1 mix) 

ID 100% pay is 90 PWL based on minimum specified in M 323 

IL 
Minimum design requirement (13.5 for IL-19.0 mix, 15.0 for IL-9.5 mix, 18.5 for 

50-gyration IL-4.75 mix, 13.5 for IL-19.0L mix, 15.0 for IL-9.5L mix, 16.0 for 
50-gyration SMA, and 17.0 for 80-gyration SMA) to -0.5% 

IN 
PWL utilized for calculating pay.  Lower spec limit is minimum VMA as 

specified by mix size in AASHTO M 323.  Upper spec limit is minimum + 2.5%. 

KS 

VMA is a process control requirement: minimum VMA -1.0% on single point and 
minimum VMA on 4-point moving average; Minimum VMA requirements: 16.0 
for SM-4.75A and SR-4.75A mixes, 15.0 for SM-9.5A, SR-9.5A, SM-9.5B, SR-
9.5B, SM-9.5T, and SR-9.5T mixes, 14.0 for SM-12.5A, SR-12.5A, SM-12.5B, 
and SR-12.5B mixes, 13.0 for SM-19A, SR-19A, SM-19B, and SR-19B mixes 

KY Greater than or equal to minimum VMA specified in M 323 
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State Responses 

ME 
Lower specification limits (13.0 for 25mm mix, 14.0 for 19mm mix, 15.0 for 

12.5mm mix, and 16.0 for 9.5mm and 4.75mm mixes) in a PWL calculation - 90% 
PWL equates to 100% pay 

MI 
 15.0 for mix E05, 14.0 for mix E04, 13.0 for mix E03, 12.0 for mix E02, and 14.0 

for mix LVSP 

MO Minimum limits specified in M 323 -0.5% 

MT 13.0 for 19mm mix, 14.5 for 12.5mm mix, and 15.5 for 9.5mm mix 

NC 
Minimum specification limit (13.5% for 19.0mm, 15.5% for 9.5mm and 16.0 for 

4.75mm) 

NM 
Target -1.6% (12.5% for 25.0mm, 13.5% for 19.0mm, 14.5% for 12.5mm on 

traffic less than 3.0 million ESALs; 14.0% for 25.0mm, 15.0% for 19.0mm, 16.0% 
for 12.5mm on more than 3.0 million ESALs) 

OK 
0.5% below design (Design criteria: 12.0% for 25mm, 13.0% for 19.0mm, 14.0% 

for 12.5mm, 15.0% for 9.5mm and 16.0% for 4.75mm) 

OR 
VMA is checked on a running average for 4 sublot tests and must be between 

14.0-17.0% to continue production. (Minimum VMA: 13.0% for 19.0mm, 14.0% 
for 12.5mm, 15.0% for 9.5mm; Maximum VMA: min VMA + 2.0%) 

PA 

VMA not tied to payment, but if minimum is not met, corrective action is required 
and immediate follow-up testing is done to verify.  Minimum production VMA 

criteria are all 0.5% less than the specified minimum design VMA (Design 
criteria: 13.5% for 19.0mm, 14.5% for 12.5mm, 15.5% for 9.5mm and 16.0% for 

4.75mm) 

SD 14.5% for 1/2" nominal mix 

TN not a pay factor 

UT 
VMA is not part of pay factor. Production is stopped when VMA is out of 
tolerance (Design criteria: 12.0% for 25mm, 13.0% for 19.0mm, 14.0% for 

12.5mm, 15.0% for 9.5mm) 

VA 
VMA is only for go or no-go. (not a pay item) (Design criteria: 13.0% for 

19.0mm, 15.0% for 12.5mm, 16.0% for 9.5mm, 16.5% for 4.75mm) 

WA Currently 1.5% below AASHTO specification minimum per class of HMA. 

WI 
-0.20% on a contractor running average of four (Design criteria: 13.0% for 

19.0mm, 14.0/14.5% for 12.5mm, 15.0/15.5% for 9.5mm, 16.0% for 4.75mm) 

Canada 
ON 

The lot mean VMA must not be more than 0.5% below the minimum VMA 
specified for the mix (Design criteria: 11.0% for 37.5mm, 12.0% for 25.0mm, 
13.0% for 19.0mm, 14.0% for 12.5mm, 15.0% for 9.5mm, 16.0% for 4.75mm) 

Canada 
NS 

0.5% below specified minimum for mix type (Design Criteria 12.0% for 25.0mm, 
13.0% for 19.0mm, 14.0% for 12.5mm, 15.0% for 9.5mm) 
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Table 9. Percentage of Total Pay Pertaining to VMA 

State Responses 

AR, CO 10% 

CT 12.5% 

MI 15% 

ME, NM 20% 

KY, MO, MT, WI 25% 

ID 30% 

IL 30% 

IN 35% 

NC 

Up to 50% of the asphalt mix price, (5% for every 0.1% VMA is below 
the individual limit (minimum spec limit -1.0%), up to 2.0% below 

Minimum Spec Limit. However, NCDOT pays for the asphalt binder 
separately under a different line item, which is approximately 35% of 

the total cost for asphalt mix with binder costs. 

WA The mixture price adjustment factor for VMA is 2 (or 2%)  

 

2.4 Summary 

This chapter summarizes the results of the online survey of U.S. and Canadian highway 
agencies conducted to identify adjustments to the Superpave volumetric mix design procedure 
and their effect on the optimum asphalt content. The survey was distributed to 50 U.S. state 
DOTs and two Canadian provincial transportation agencies, including MTO and NSTIR. A total 
of 49 responses were received with a response rate of 94 percent. Based on the SHA responses, 
the common adjustments to the Superpave mix design system are lowered Ndesign, increased 
minimum requirements for VMA, and lowered design air voids (including air void regression). 
These adjustments were evaluated in a laboratory experiment, and the results are presented in the 
next chapter. 
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CHAPTER 3 RESULTS OF LABORATORY EXPERIMENTS  

3.1 Experimental Plan 

Based on the findings presented in Chapter 2, the common adjustments to the Superpave mix 
design system include lowered Ndesign, increased minimum requirements for VMA, lowered 
design air voids, and air void regression. These approaches were evaluated in a limited 
laboratory testing program in this project. In addition, since VMA was found to be very sensitive 
to the aggregate Gsb, testing was also conducted in the program to illustrate the importance of 
accurate Gsb measurement. Thus, the laboratory testing program included the following four 
experiments: 

• Experiment 1 - Evaluating the air voids regression approach; 

• Experiment 2 - Determining the effect of lowering design gyration levels; 

• Experiment 3 - Investigating the higher minimum VMA or lower design air voids 
requirements; and 

• Experiment 4 - Illustrating the importance of accurate Gsb measurement. 
As shown in Figure 21, the experimental plan was developed based on two 9.5-mm NMAS 

job mix formulas that were designed based on the volumetric requirements specified in 
AASHTO R35 and M323 with a Ndesign level of 100 gyrations. A coarse-graded mix was 
designed with limestone aggregates from Indiana, and a fine-graded mix was designed with 
granite and limestone aggregates from Alabama. The Alabama mix used all new materials 
(referred to as JMF1), and the Indiana mix had 20 percent RAP (referred to as JMF2). Both 
mixes were designed to have a VMA between 15.5 percent and 16.0 percent. Based on the two 
mix designs, four experiments were conducted. Results of these experiments are summarized in 
the following sections. 

 

 

Figure 21. Two Volumetric Mix Designs 

 

3.2 Experiment 1 – Air Void Regression Approach 

The purpose of this experiment was to evaluate the effectiveness of regressing air voids in 
increasing optimum binder contents. In general, the term “regressed air voids” is referred to as 
adding more asphalt binder to a mix design after the design has met the requirements for air 
voids, VMA, VFA, and aggregate properties. The additional amount of asphalt binder to be 
added is based on how much the design air voids are lowered.   
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JMF1 
Alabama

Fine 
Graded

No recycled 
materials

Granite/Limestone 
Aggregate

JMF2
Indiana

Coarse 
Graded

20.0% 
RAP

Limestone 
Aggregate



 40

Four agencies have adopted this approach. The Michigan and Wisconsin DOTs responded in 
the survey that the approach has been effective to increase the design asphalt content. The other 
two states, Colorado and South Carolina, report that the approach has not been effective. 

This experiment was designed to provide data for quantifying how to best use the approach 
to ensure asphalt binder contents are increased. The optimum binder content was selected at 4.0 
percent design air voids for the two volumetric asphalt mix designs. The air voids were then 
reduced to achieve a “regressed” target air void of 3.5 percent and 3.0 percent to quantify the 
increase in binder content as a function of the air void regression approach (Figure 22). 

 

 

Figure 22. Experiment 1 – Air Void Regression Approach 

 
Table 10 summarizes results of Experiment 1 for the new 9.5-mm mix design (JMF1) and the 

20 percent RAP 9.5-mm mix design (JMF2) with a design level of 100 gyrations. The following 
observations can be drawn: 

• For JMF1, as the design air voids were decreased from 4.0 percent to 3.5 percent and 3.0 
percent, the design binder content increased by 0.2 percent and 0.4 percent, respectively. 
For JMF #2, the design binder content increased by 0.3 and 0.4 percent. 

• Thus, a 1.0 percent decrease in the design air voids can result in a 0.4 percent increase in 
the design binder content, which agrees with the findings of WHRP 16-06 study (West et 
al., 2018). While the design VMA and DP did not change much in this experiment, the 
design VFA increased significantly and was greater than the maximum VFA limit at 3.0 
and 3.5 percent air voids. 
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Table 10. Results of Experiment 1 – Air Void Regression Approach 

Mix Va  

(%) 

Pb  

(%) 

VMA 

(%) 

VFA 

(%) 

DP VBE 

(%) 

P2.36 

(%) 

M323 requirements 4.0  ≥15% 73-76 0.6-1.2  32-67 

JMF1, Fine-Graded, Low Absorption, No RAP 

   Ndesign = 100 4.0 5.4 15.9 74.9 1.2 11.9 55.3 

3.5 5.6 15.8 78.0 1.1 12.3 55.3 

3.0 5.8 15.7 81.1 1.1 12.7 55.3 

JMF2, Coarse-Graded, High Absorption, 20% RAP 

   Ndesign = 100 4.0 7.0 16.0 75.0 1.0 12.0 38.9 

3.5 7.3 16.3 78.5 1.1 12.8 38.9 

3.0 7.4 16.1 81.4 1.1 13.1 38.9 

 

3.3 Experiment 2 – Lower Design Gyration Levels.  

In the survey of state agencies, the most common approach used to increase asphalt content 
was lowering Ndesign. Twenty-seven states lowered Ndesign. Of these, 17 states reported the change 
increased asphalt content, and 10 states reported it did not. 

In this experiment, as shown in Figure 23, the reference mix designs were designed with 
Ndesign = 100 gyrations in Experiment 1. In the first step, the compaction effort was reduced from 
100 gyrations to 75 gyrations while keeping the combined aggregate gradation unchanged.  

In the second step, two new mixtures were re-designed with Ndesign = 75 gyrations using the 
same aggregates but with gradation adjusted to target the same VMA as the original design. The 
first re-design was done with the granite aggregates, contained no RAP, and was fine-graded. 
The second redesign was done with the limestone aggregates, the same amount of RAP as JMF2, 
and was coarse-graded. The asphalt content of these redesigned mixtures with Ndesign = 75 
gyrations in Step 2 were compared with those of the mix designs with Ndesign lowered to 75 
gyrations without changing gradations in Step 1. 

 

 

Figure 23. Experiment 2 – Lower Design Gyration Levels 
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Table 11 summarizes the results of Experiment 2 for the new and 20-percent RAP 9.5-mm 
mix designs. Based on these results, the following observations can be drawn: 

• For JMF1, when Ndesign was lowered to 75 gyrations from 100 gyrations in Step 1 of 
Experiment 2, the design binder content increased by 0.2 percent (from 5.4 percent to 5.6 
percent) and VMA increased by 0.5 percent (from 15.9 percent to 16.4 percent). 
However, in Step 2 of Experiment 2, the gradation of this mix (Ndesign = 75 gyrations) 
was adjusted to make it closer to the maximum density line. As shown in Table 11, the 
percent passing the 2.36-mm sieve (P2.36) changed from 55.3 to 52.5. As a result, VMA 
decreased from 16.4 percent to 16.0 percent, and the design binder content decreased by 
0.1 percent (from 5.6 percent to 5.5 percent).  

• For JMF2, when Ndesign was lowered from 100 gyrations to 75 gyrations in Step 1, the 
design binder content increased by 0.4 percent (from 6.8 percent to 7.2 percent) and 
VMA increased by 0.8 percent (from 15.8 percent to 16.6 percent). In Step 2, the mix 
was redesigned at Ndesign = 75 gyrations with an adjusted gradation closer to the 
maximum density line (with P2.36 changing from 38.9 percent to 41.7 percent). As a 
result, VMA decreased from 16.6 percent to 15.7 percent, and the design binder content 
was decreased by 0.4 percent (from 7.2 percent to 6.8 percent) 

• The effect of reducing Ndesign by 25 gyrations on VMA and design binder content was 
different for JMF1 and JMF2. JMF2 with a coarse-graded gradation was more sensitive 
to lowering Ndesign with its VMA increased by 0.8 percent compared to an increase of 0.5 
percent for the VMA of JMF1 with a fine-graded gradation.   

• The redesigned JMF1 had a coarser gradation (52.5 percent passing the 2.36-mm sieve 
vs. 55.3 percent) while the redesigned JMF2 had a finer gradation (41.7 percent passing 
the 2.36-mm sieve vs. 38.9 percent). These changes made the redesigned gradations 
closer to the maximum density line, resulting in lower VMA. 

• The results show that a lower Ndesign can result in a higher design binder content when the 
original design gradation remains unchanged. However, when the mix is re-designed to 
meet the same VMA requirement, the resulting binder content that is almost the same as 
the original design done at a higher Ndesign except the gradation is closer to the maximum 
density line as illustrated in this experiment. While lowering Ndesign may provide other 
benefits such as improved compaction, it may not be an effective approach to increasing 
the design binder content. 
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Table 11. Results of Experiment 2 – Lower Design Gyration Levels 

Mix Va 

(%) 

Pb 

(%) 

VMA  

(%) 

VFA 

(%) 

DP VBE 

(%) 

P2.36 

(%) 

M323 requirements 4.0  ≥15% 73-76 0.6-1.2  32-67 

JMF1, Fine-Graded, Low Absorption, No RAP 

   Ndesign = 100 4.0 5.4 15.9 74.7 1.2 11.9 55.3 

   Ndesign = 75 using same  
   gradation as Ndesign = 100    

4.0 5.6 16.4 75.6 1.1 12.4 55.3 

   Redesign using Ndesign =  
   75 

4.0 5.5 16.0 75.0 1.1 12.0 52.5 

JMF2, Coarse-Graded, High Absorption, 20% RAP 

   Ndesign = 100 4.0 6.8 15.8 74.7 1.0 11.8 38.9 

   Ndesign = 75 using same  
   gradation as Ndesign = 100 

4.0 7.2 16.6 75.9 0.9 12.6 38.9 

   Redesign using Ndesign =  
   75 

4.0 6.8 15.7 74.5 1.1 11.7 41.7 

 

3.4 Experiment 3 – Increased Minimum VMA or Decreased Va Requirement 

This experiment investigated the impact of increasing the VMA criteria or decreasing the 
design air void content on design asphalt content. Given a set of aggregate stockpiles (i.e. asphalt 
absorption remains almost unchanged), the total asphalt content will change only by the amount 
of effective asphalt content. The volume of effective asphalt binder is calculated as VBE = VMA 
– Va. If VMA increases and air voids remain the same, the volume of effective binder VBE will 
increase by the same amount as the increase in VMA. Alternately, if VMA stays the same and air 
voids decrease, VBE will increase by the same amount as the air voids decrease. As a result, 
either of these approaches should increase the total asphalt binder content. 

In the survey, 18 state agencies responded that they had increased minimum VMA 
requirements. This was the second most common change reported. Of these, 14 agencies 
indicated that an increase in asphalt content occurred while four agencies reported no change. 
Nine states also lowered design air voids. Of these, five states lowered design air voids and 
increased minimum VMA (part of the group of 19 states mentioned above). Six states reported 
that lowering design air voids increased asphalt content while three reported it did not. 

In this experiment, the same sets of aggregates used in Experiments 1 and 2 were used to 
design mixtures with the AASHTO-specified VMA and with a one percent increase in VMA 
(Figure 24). In addition, the mixtures were analyzed at 4.0 percent air voids and again at 3.0 
percent air voids. 
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Figure 24. Experiment 3 – Increased Minimum VMA or Decreased Va Requirement 

 
Table 12 presents results of Experiment 3 for the two mix designs tested in this project. The 

following observations can be offered: 

• For JMF1, when the design air voids were lowered by 1.0 percent (from 4.0 percent to 
3.0 percent) without changing the aggregate gradation or VMA, VBE increased by 0.8 
percent (from 11.9 percent to 12.7 percent). This resulted in an increase in the design 
binder content of 0.4 percent (from 5.4 percent to 5.8 percent).  

 

Table 12. Results of Experiment 3 – Lower Design Air Voids or Higher Minimum VMA 

Mix Va  

(%) 

Pb  

(%) 

VMA 

(%) 

VFA 

(%) 

DP VBE 

(%) 

P 2.36 

(%) 

JMF1, Fine-Graded, Low Absorption, No RAP 

   Ndesign = 100 4.0 5.4 15.9 74.9 1.2 11.9 55.3 

   Ndesign = 100 with design  
   air voids of 3.0% 

3.0 5.8 15.7 81.1 1.1 12.7 55.3 

   Ndesign = 100, with 1%  
   higher VMA (redesign) 

4.0 5.8 16.7 76.2 1.2 12.7 59.9 

JMF2, Coarse-Graded, High Absorption, 20% RAP 

   Ndesign = 100 4.0 6.8 15.8 74.7 1.03 11.8 38.9 

   Ndesign = 100 with design  
   air voids of 3.0% 

3.0 7.1 15.8 81.0 0.96 12.8 38.9 

   Ndesign = 100, with 1%  
   higher VMA (redesign) 

4.0 7.1 16.5 75.8 0.90 12.5 38.4 

 

• The gradation of JMF1 was then adjusted to increase VMA by approximately 1.0 percent. 
As shown in Table 12, when VMA increased by 0.8 percent (from 15.9 percent to 16.7 
percent) without changing the design air voids, the volume of effective binder increased 
by 0.8 percent (from 11.9 percent to 12.7 percent). As a result, the design binder content 
increased by 0.4 percent (from 5.4 percent to 5.8 percent). The gradation of the fine-
graded mix design was adjusted to be finer to increase its VMA. 
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• As observed for JMF1, when the design air voids of JMF2 were reduced by 1.0 percent 
without changing other mixture properties, VBE increased by 1.0 percent (from 11.8 
percent to 12.8 percent), increasing the design binder content by 0.3 percent (from 6.8 
percent to 7.1 percent). 

• When the gradation of JMF2 was adjusted to increase VMA by 0.7 percent (from 15.8 
percent to 16.5 percent) without changing the design air voids, VBE increased by 0.7 
percent, and the design binder content increased by 0.3 percent (from 6.8 percent to 7.1 
percent). A coarser gradation is needed to increase the VMA of a coarse-graded mix 
design.  

• The experimental data confirms that both methods are effective in increasing the design 
binder content. Furthermore, lowering the design air voids by 1.0 percent or increasing 
the minimum VMA requirement by 1.0 percent would yield a similar effect on the design 
binder content. 

3.5 Experiment 4 – Importance of Accurate Gsb Measurement 

This experiment was designed to show the importance of using accurate Gsb values. For each 
JMF, three mix designs were compared. A reference design was performed using correctly 
measured Gsb values for each of the aggregate stockpiles. Two other designs were conducted 
(i.e., mixed, compacted, and measured in the laboratories) as follows: one used a Gsb value lower 
than the correct value and one used a Gsb value higher than the correct value. The results of this 
experiment should show the impact of incorrect Gsb values on various mix properties. 

This experiment was conducted by adjusting the Gsb values by one d2s (two-sigma limit) for 
multi-laboratory precision. The multi-laboratory d2s value for Gsb, as presented in AASHTO T 
84 and T 85, is 0.038 for coarse aggregate and 0.066 for fine aggregate. As shown in Figure 25, 
the two mix designs from Experiment 1 were used as the reference designs. For each reference 
JMF, two additional mix designs were done with simulated Gsb values: one with the measured 
(true) Gsb reduced by one multi-lab d2s for both coarse and fine aggregates, and the other with 
the measured Gsb increased by one multi-lab d2s for both coarse and fine fractions. 
 

 

Figure 25. Experiment 4 – Importance of Accurate Gsb Measurement 
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Table 13 summarizes the results of Experiment 4. For each reference JMF, the results of two 
additional mix designs with simulated Gsb values were compared with those of the corresponding 
reference JMF, which was calculated using the measured (true) Gsb values. The following 
observations can be offered: 

• The three mixtures for each reference JMF were designed (mixed, compacted and 
measured) to yield similar VMA, VFA, DP, and VBE. They all appeared to meet the 
volumetric requirements of AASHTO M323. However, the design binder contents for 
these three designs were significantly different. For the fine-graded mixes (JMF1), the 
asphalt binder content changed from 6.1% to 4.8% (a range of 1.3%). For the coarse-
graded mixtures (JMF2), the asphalt binder content changed from 7.6% to 6.4% (a range 
of 1.2%).  

• For higher Gsb values, the design gradations for the fine-graded mixtures (based on 
JMF1) were closer to the maximum density line by becoming coarser while the design 
gradations for the coarse-graded mixtures became finer as they were closer to the 
maximum density line. The absorbed asphalt binder contents, Pba, became lower for 
higher design Gsb values for both fine-graded and coarse-graded mixtures.  

• The increased Gsb yielded larger calculated VMA values. As a result, the gradation was 
adjusted to be closer to the maximum density line to allow tighter aggregate packing so 
that the calculated VMA values would appear to be appropriate. The net effect of the 
increased Gsb is that calculated values of absorbed asphalt binder, a value that is not 
typically evaluated as part of a mix design, were decreasing. For the fine-graded 
mixtures, Pba became negative, suggesting the aggregate had negative absorption. 

All of the mix designs listed in Table 13 appear to meet the AASHTO M323 mix design 
requirements (Va, VMA, VFA, and DP), so they would be accepted as correct. However, when 
the three designs are compared for the two sets of mixtures, their design binder contents are so 
different that field performance would be significantly different. This data shows the importance 
of using accurate Gsb for mix design.      
 
Table 13. Results of Experiment 4 – Gsb Reduced or Increased by One Multi-Lab d2s 

Mix Va  

(%) 

Pb 

(%) 

VMA 

(%) 

VFA 

(%) 

DP VBE 

(%) 

P2.36 

(%) 

Pba 

(%) 

M323 requirements 4.0  ≥15.0% 73-76 0.6-1.2    

JMF1, Fine-Graded, Low Absorption, No RAP 

   Ndes = 100 with Gsb being  
   reduced by d2s (2.630) 

4.0 6.1 15.6 74.5 1.2 11.6 65.4 1.10 

   Ndes = 100 with measured  
   (true) Gsb (2.685) 

4.0 5.4 15.9 74.9 1.2 11.9 55.3 0.31 

   Ndes = 100 with Gsb being  
   increased by d2s (2.746) 

4.0 4.8 15.6 74.5 1.2 11.6 51.0 -0.54 

JMF2, Coarse-Graded, High Absorption, 20% RAP 

   Ndes = 100 with Gsb being  
   reduced by d2s (2.548) 

4.0 7.6 15.6 74.3 0.9 11.6 37.0 2.65 

   Ndes = 100 with measured  
   (true) Gsb (2.596) 

4.0 6.8 15.8 74.7 1.0 11.8 38.9 1.78 

   Ndes = 100 with Gsb being  
   increased by d2s (2.647) 

4.0 6.4 16.0 75.0 1.1 12.0 42.1 1.27 
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Table 14 includes the volumetric properties of the same two sets of three mix designs 
calculated using the correct Gsb values. A comparison of the corresponding mixtures shown in 
Tables 13 and 14 provides an insight to the impact of Gsb on the mix design properties, as 
follows:  

• In Table 14, the VMA values are very different for each set of three mix designs (while 
they are similar in Table 13). For the three fine-graded mix designs, VMA changes from 
14.7 to 17.4% (a range of 2.7%). For the three coarse-graded mixtures, the spread is from 
14.4 to 17.1% (also a range of 2.7 percent).  

• The VBE is changing significantly from 10.7 to 13.4 percent for fine-graded mixtures 
and from 10.4 to 13.1 percent for coarse graded mixtures. This range of 2.7 percent 
volume of asphalt binder represents about 1.19 percent of effective asphalt binder. 

• The Pba values are similar for each set of three mix designs when they are calculated 
using the correct Gsb values. 

• In summary, a review of Tables 13 and 14 together shows the impact of incorrect Gsb 
values. As Gsb increases, it appears that absorbed asphalt is converted into effective 
asphalt binder. However, in reality, since the amount of absorbed asphalt stays 
approximately constant (Table 14) for the aggregates being studied, the effective asphalt 
binder content should decrease when the total asphalt content decreases. 

 

Table 14. Results of Experiment 4 – Mixtures Calculated with Correct Gsb 

Mix Va  

(%) 

Pb 

(%) 

VMA 

(%) 

VFA 

(%) 

DP VBE 

(%) 

Pba 

(%) 

M323 requirements 4.0  ≥15.0% 73-76 0.6-1.2   

JMF1, Fine-Graded, Low Absorption, No RAP 

   Ndes = 100 with deflated Gsb  
   (2.630) being corrected to 2.689 

4.0 6.1 17.4 77.2 1.2 13.4 0.26 

   Ndes = 100 with measured (true)  
   Gsb (2.685) 

4.0 5.4 15.9 74.9 1.2 11.9 0.31 

   Ndes = 100 with inflated Gsb  
   (2.746) being corrected to 2.692 

4.0 4.8 14.7 73.0 1.2 10.7 0.20 

JMF2, Coarse-Graded, High Absorption, 20% RAP 

   Ndes = 100 with deflated Gsb  
   (2.548) being corrected to 2.597 

4.0 7.6 17.1 76.7 0.8 13.1 1.88 

   Ndes = 100 with measured (true)  
   Gsb (2.596) 

4.0 6.8 15.8 74.7 1.0 11.8 1.78 

   Ndes = 100 with inflated Gsb  
   (2.647) being corrected to 2.594 

4.0 6.4 14.4 72.2 1.3 10.4 2.04 

 

3.6 Summary 

This chapter summarizes the results of four laboratory experiments to evaluate the effect of 
changes to the Superpave mix design procedure on the optimum binder content. Based on the 
results of these experiments, higher optimum binder contents can be obtained by increasing the 
minimum VMA requirements and/or lowering the design air voids requirements (including the 
air voids regression approach). In addition, while some highway agencies reported that lowering 
Ndesign can increase the optimum binder content, the results of Experiment 2 suggested that it 
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may not always result in a higher optimum binder content, but lowering Ndesign may provide 
other benefits, such as improved field compaction. Finally, accurate measurement of Gsb is 
important for mix design. As shown in Experiment 4, three mixes were designed for each 
aggregate source. One was designed with the measured (true) Gsb, and the other two were 
designed with their Gsb being reduced and increased by one multi-lab d2s. The mix designs with 
the inflated and deflated Gsb also met the volumetric requirements and could be accepted, but 
their optimum binder contents were significantly different, by 0.4 to 0.8 percent, from those of 
the mix designs with the accurate Gsb values. 
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CHAPTER 4 SUMMARY, DISCUSSION, AND RECOMMENDATIONS 

4.1 Summary 

The implementation of Superpave mix designs significantly improved the rutting resistance 
of asphalt mixtures by specifying higher quality aggregates and higher grades of asphalt binders. 
However, many highway agencies (41 of the 49 survey respondents) are concerned that some 
Superpave mixtures may experience cracking and other durability-related distresses due to a low 
asphalt content. In response to these concerns, 33 agencies (out of the 49 respondents) have 
modified their mix design requirements to increase the asphalt contents of their mixes. Some of 
these approaches include air void regression, lowering design gyrations, and increased minimum 
VMA criteria. For some agencies, a combination of these approaches is adopted. 

Of the 33 agencies making changes to the Superpave mix design procedure, 29 agencies 
reported an increase in asphalt content ranging from 0.1 to 0.7 percent. The states that found no 
changes in asphalt binder content suggested in the survey that lowering the design gyration level 
alone may not be effective. 

Based on the findings of the literature review and survey of U.S. and Canadian highway 
agencies, the common adjustments to the Superpave mix design system included lowered Ndesign, 
increased minimum requirements for VMA, lowered design air voids, and air void regression. 
These approaches were further evaluated in a limited laboratory testing program. Since VMA 
was found to be very sensitive to the aggregate Gsb, testing was also conducted to illustrate the 
importance of accurate Gsb measurement. The key findings of the laboratory experiments can be 
summarized as follows: 

• Experiment 1: The air void regression approach would yield higher design binder 
contents. A 1.0 percent decrease in the design air voids can result in an approximately 0.4 
percent increase in the design binder content. While the design VMA and DP did not 
change much in this experiment, the design VFA increased significantly and was greater 
than the maximum VFA limit. 

• Experiment 2: The design binder content will increase if the gradation from an existing 
mix design is held constant and is evaluated at a lower Ndesign. This occurs because the 
design VMA increases with the lower amount of compactive effort. However, if another 
mix design is done using the lower Ndesign and VMA is targeted to be approximately the 
same as the existing design, then the gradation will be different, and the design binder 
content will be similar to that of the existing mix design (done with the higher Ndesign). 
While lowering Ndesign may provide other benefits such as easier compaction on the road, 
it is not an effective approach to increasing the design binder content. 

• Experiment 3: For a given set of aggregate stockpiles, the volume of effective binder 
(VBE = VMA – Va) will increase by the same amount when the VMA criterion is 
increased by 1.0 percent or when the design air void requirement is decreased by 1.0 
percent. Thus, either of these approaches should increase the total asphalt binder content 
by approximately 0.4 percent. 

• Experiment 4: An accurate measurement of Gsb is important to achieve a proper asphalt 
content for the volumetric mix design. A mix design can be done using an incorrectly 
high Gsb value, but when it is evaluated with the correctly measured Gsb value, it will 
yield a mix design that has a lower VMA and a lower design binder content. The reverse 
is also true. That is, a mix design can be done with an incorrectly low Gsb value, but when 
it is evaluated with the correctly measured Gsb, it will yield a mix design that has a higher 
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VMA and a higher asphalt binder content. For example, when one of the mixes tested in 
Experiment 4 was designed with its Gsb value being incorrectly increased by one multi-
lab d2s, its design binder content was 4.8 percent and its VMA calculated based on the 
inflated Gsb was 15.6 percent. When the volumetric properties of this mix were 
recalculated using the correctly measured Gsb value, the true VMA was decreased by 1.2 
percent (from 15.6 percent to 14.7 percent). Because the inflated Gsb was used, the design 
binder content was only 4.8 percent and the true VMA was just 14.7 percent, which failed 
the minimum VMA requirement of 15.0 percent. However, if the correct Gsb was used, 
the design binder content would be 5.4 percent and the true VMA would be 15.9 percent, 
which passed the minimum VMA requirement.    

4.2 Discussion of Findings 

4.2.1 Lowering Design Gyration Levels 

Based on the survey of U.S. and Canadian highway agencies, the most common adjustment 
made to increase asphalt binder content was to decrease design gyrations (Ndesign). Most of the 
DOTs saw a positive effect although Oregon DOT and West Virginia DOT reported an initial 
positive effect that lasted only a couple of years. 

In Experiment 2, the effect of changing design gyrations was explored. As shown in Table 
11, asphalt content will increase as Ndesign decreases for a specific gradation. For a reduction of 
25 gyrations, asphalt content increased 0.2 to 0.4 percent. In these cases, the increased asphalt 
content was needed to fill the increased VMA (0.5 to 0.8 percent) due to the lowered Ndesign. 

However, no state DOT specifies the exact gradation to be used for a mix design. Rather, the 
mix designer selects a gradation within a specified gradation band. Thus, in the second part of 
Experiment 2, the lowered-Ndesign mixtures were redesigned by adjusting their gradations to yield 
the same asphalt contents as the 100-gyration mix designs. The difference in asphalt content 
compared to the 100-gyration mix designs was 0.1 percent for one mix and 0.0 percent for the 
other. (Note that the difference in VMA between the redesigned 75-gyration and the 100-
gyration mixtures is +0.1 percent for the fine-graded mixture and -0.1 percent for the coarse-
graded mixture. The difference in asphalt content caused by the VMA difference is +0.04 percent 
and -0.04 percent, respectively. The remainder of the difference is a slight difference in asphalt 
absorption between the two corresponding mix designs. 

As shown in Experiment 2, mix designs done with 75 and 100 design gyrations can yield the 
same asphalt content. This explains why Oregon and West Virginia DOTs only saw the positive 
effect in a couple of years before mix designers adjusted their design gradations to reduce VMA 
and binder content back to prior levels. 

4.2.2 Increasing VMA Criterion 

The second most common method used by highway agencies to increase asphalt content for 
Superpave mixtures is to increase minimum VMA requirements. Eighteen agencies increased 
minimum VMA levels with fourteen agencies reporting an increase in asphalt content.   

Experiment 3 (Figure 24 and Table 12) investigated the effect of increased VMA on asphalt 
content. The VMA increase was targeted to be 1.0 percent. The result was 0.8 and 0.7 percent 
increases for the two mixes. In these cases, asphalt content increased 0.4 and 0.3 percent, 
respectively. 

Experiment 3 shows that increased VMA yields a higher asphalt content, but some highway 
agencies reported that increased VMA requirements did not increase asphalt content. This may 
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be explained using the results of Experiment 4. Table 13 shows the effect of inaccurate Gsb 
values on design binder content. In the experiment, the Gsb values were increased by one d2s 
value, resulting in a reduction of 0.6 and 0.4 percent asphalt content for the two mixes. This 
suggests that an error in Gsb within d2s causes a difference in asphalt content greater than the 
increase that occurs by increasing VMA requirements by 1.0 percent. 

This discussion illustrates the importance of ensuring that Gsb values are accurate. If Gsb 
values used in the mix design are erroneously high, asphalt content is reduced. If erroneous Gsb 
values are used (even though the error is within d2s), the effect of increasing VMA by 1.0 
percent can be negated. 

A summary of the survey shown in Figure 6 shows that SHA determines Gsb in 12 states 
while the contractor measures Gsb in 19 states and one province. In addition, a third-party 
laboratory determines Gsb in two states and one province. Regardless of who is responsible for 
determining Gsb values, it is important to be confident of the accuracy of the values. 

4.2.3 Lowering Design Air Voids 

The third most common method used by highway agencies to increase asphalt content is to 
decrease design air voids. Nine agencies have decreased design air void requirements to 3.5 
percent or 3.0 percent with six agencies indicating an increase in asphalt content.   

Experiment 3 was conducted to quantify the effect of reducing design air voids from 4.0 
percent to 3.0 percent. The results are listed in Table 12. Decreasing air voids to 3.0 percent 
increased asphalt content 0.4 percent for one mix and 0.3 percent for the other. Note that this 
increase is the same as that resulted from increasing the VMA requirement by 1.0 percent. In 
both cases, VBE (= VMA - Va) increases by 1.0 percent. For example, VBE of the fine-graded 
mixture goes from 11.9 percent (15.9 minus 4.0) to 12.7 percent (15.7 minus 3.0 or 16.7 minus 
4.0). It is similar for the coarse-graded mixture but has some variability in the test results. 

Some highway agencies may find this change ineffective if VMA is not one of the mix 
design criteria or if Gsb is not accurately measured. It is possible to select a gradation with lower 
VMA and hence lower asphalt content. If the decrease in VMA is equal to the reduction in 
design air voids, asphalt content will remain unchanged. Also, depending on the source of the 
Gsb values, a small change in Gsb, albeit within d2s, can negate the effect of lowering design air 
voids. 

4.2.4 Air Void Regression Approach 

Another approach to reducing design air voids is to design at 4.0 percent air voids and then 
increase the asphalt content to reduce the air voids to a lower level for production. Four highway 
agencies have adopted this method with only two agencies observing an increase in asphalt 
content. 

Experiment 1 evaluated the impact of the air void regression approach. The results of 
Experiment 1 are shown in Table 10. Comparing to the binder content yielded at 4 percent 
design air voids, the binder contents at 3.5 and 3.0 percent regressed air voids increased by 
approximately 0.2 and 0.4 percent, respectively. This observation agrees with the higher binder 
content reported by two highway agencies that have adopted this approach. 

Like the approach to lowering the design air voids discussed in the previous section, the air 
void regression approach may not be effective if VMA is not one of the mix design criteria or if 
Gsb is not accurately measured. 
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4.2.5 Setting Minimum Total or Effective Asphalt Content 

The fourth most common change reported by highway agencies is to set a minimum asphalt 
content, either total asphalt or effective asphalt content. Six agencies specified this requirement 
of which four agencies reported the change to be effective and two agencies did not. 

Minimum Total Asphalt Content. The effect of specifying minimum total asphalt content 
can be evaluated using data from the experiments in this study. Results of the reference mixes 
(designed at 4.0 percent air voids) are shown in Table 10. The low absorption aggregate has a 
design asphalt content of 5.4% and the high absorption aggregate has a design asphalt content of 
7.0%. The challenge of selecting a value for minimum asphalt content is to know what aggregate 
absorption to select. If the aggregate sources across a state have very similar absorption, an 
appropriate minimum asphalt content can be selected; otherwise, it is challenging. 

In the case of the two aggregate sources used in this study, the low absorption aggregate has 
a combined water absorption of 0.39 percent, and it is 2.59 percent for the high absorption 
aggregate. If a minimum asphalt content is based on the low absorption aggregate, one might 
choose a value of 5.4 percent, but this requirement is too low for the high absorption aggregate. 
For example, if a designer submitted a mixture with 5.8 percent asphalt binder, it would seem 
reasonable. However, 1.78 percent of that asphalt binder is absorbed, leaving only 4.0 percent 
effective asphalt binder. For the low absorption aggregate, only 0.4 percent of the binder is 
absorbed, leaving 5.0 percent effective asphalt binder. Therefore, even though the absorptive 
aggregate mix design has 0.4 percent higher asphalt content, the effective asphalt content is 1.0 
percent lower and is severely under-asphalted. 

Minimum Effective Asphalt Content. Using effective asphalt content instead of total 
asphalt content is an alternate approach. The reference mixtures (designed at 4.0 percent air 
voids) in Experiment 1 can be used to evaluate this approach. The two reference mix designs 
have almost the same effective asphalt content: 11.9 and 12.0 percent by volume, or 5.0 percent 
by weight. Even though the two aggregates have very different absorption values, they have the 
same effective asphalt content. 

The AASHTO specifications set a minimum asphalt content based on minimum VMA and 
design air voids. The minimum VBE (= minimum VMA – design Va) can be converted to 
percent by mass and becomes the minimum effective asphalt content (Pbe). If a state agency 
chooses to set a minimum effective asphalt content higher than what is included in the AASHTO 
specifications with 4.0 percent design air voids, then its minimum VMA must be higher than 
those in the AASHTO specifications. It is also important to use correct values of Gsb here. 
Incorrectly high values of Gsb result in mixture properties with lower total asphalt content and 
lower absorbed asphalt.  

4.2.6 Film Thickness 

Three state highway agencies, including Georgia, Iowa, and Minnesota, added a film 
thickness requirement to their mix design criteria to increase asphalt content. Film thickness 
requires a theoretical calculation of the total surface area of aggregate using surface area factors 
for different size particles and the aggregate gradation. The volume of asphalt binder is then 
divided by the total surface area to yield a film thickness. Two agencies indicated that adding a 
film thickness requirement yielded higher asphalt content while one found it ineffective. 

In the 1950s and 1960s, there was a strong debate about whether film thickness or VMA 
should be added to the Marshall mix design method. In 1962, VMA was added to the Asphalt 
Institute Manual of Mix Design MS-2 and then the AASHTO specifications. 
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Film thickness is a calculation influenced by the amount of effective asphalt binder volume 
in the mixture and the calculated surface area of the aggregate. Since film thickness is related to 
the amount of asphalt binder present and the surface area, there are two options for influencing 
film thickness by either increasing the amount of asphalt binder or decreasing the surface area. 
Smaller particles have much more surface area per unit weight than large particles, especially the 
minus 0.075-mm particles. Hence, the effective way to reduce surface area is to reduce the 
amount of dust present in the mixes. 

Dust exists in hot mix asphalt from the crushing of aggregates, degradation of aggregates 
during mixing in the plant and from RAP. Reducing dust content in asphalt mixture can be done 
by washing aggregates to remove dust, by fractionating RAP, and if possible, by wasting bag-
house fines. 

If surface area is kept constant in the mixture, increasing the film thickness (i.e., increasing 
the effective asphalt binder volume) will increase asphalt content. However, if film thickness is 
increased by reducing the surface area of aggregate gradation, then asphalt content does not 
increase. Thus, it is generally difficult to use film thickness as a specification tool to control the 
volume of effective asphalt binder, which is considered important to the mix performance. 

4.3 Recommendations for Future Research 

The survey was conducted in this study to document the adjustments that have been made to 
the Superpave mix design system by highway agencies to increase the optimum asphalt binder 
content. The most common adjustments were then evaluated in the laboratory experiment. Based 
on the results of this study, the following topics are recommended for future research: 

• Based on the scope of this study, the laboratory experiments for this study were 
conducted based on two reference mix designs: one using all new materials and the other 
including 20 percent RAP. While the results of this study clearly showed the 
effectiveness of each approach in increasing the asphalt binder content, these approaches 
can be further evaluated and/or validated using more Superpave mixes with a variety of 
materials. In addition, similar experiments can be conducted for other mix types that need 
more binder for improving their durability.   

• Many states have already lowered Ndesign from the levels currently recommended in 
AASHTO M 323 to the range of 50 to 70 gyrations. As reported in the survey, these 
changes were made to increase the asphalt binder content. However, the laboratory 
experiment conducted in this study showed that lowering Ndesign would not result in a 
higher asphalt binder content. While these changes are not effective in increasing the 
asphalt binder content, other research studies, such as the Demonstration Project for 
Enhanced Durability of Asphalt Pavement Through Increased In-place Pavement Density 
(Aschenbrener et al., 2017), found that they could help improve the in-place density, 
potentially increasing the pavement service life. Therefore, future research can be 
conducted to quantify the effect of lowing Ndesign on the in-place density to support these 
changes.  

• Five highway agencies reported the use of discount factors to reclaimed asphalt binder in 
RAP or RAS as a way to increase the asphalt binder in their mix designs. While a 
discount factor can be used to reduce the amount of reclaimed asphalt binder that is 
contributed to the total binder, resulting in a higher asphalt content, the discounted 
amount of reclaimed asphalt binder is still present in the mixture and can influence its 
cracking properties. Hence, further research can be conducted to quantify the effect of 
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using discount factors on the mixture cracking performance to help highway agencies set 
their discount factors appropriately. 
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