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Sensitivity of RAP Binder Grade on Performance Predictions 
in the MEPDG 
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Abstract 
 
 

The main objective of this study is to assess the sensitivity 
of assumed binder grade on performance prediction of mixtures 
containing Reclaimed Asphalt Pavement (RAP). This was 
achieved by utilizing the Mechanistic-Empirical Design Guide 
(MEPDG) software to predict the rutting, fatigue, and thermal 
cracking distresses of a flexible pavement structure with an HMA 
surface layer containing RAP. Design runs were conducted at all 
three hierarchal levels of analysis for two climactic regions and 
select levels for two additional regions. Only HMA material 
properties were changed across the design runs, with all other 
design variables held constant. Results from the various runs shed 
light on the extent and manner that properties of RAP mixtures 
affect pavement distresses and performance at the three levels of 
analysis. Although the assumed PG grade for RAP mixtures has 
small impact on performance predictions for Level 1 analysis, its 
effect is significant for Level 2 and Level 3 analysis. For the cases 
examined in this study, design using MEPDG Level 1 analysis 
yields the least conservative performance compared to the other 
levels of analysis. Additionally,  discrepancies between Level 2 
and Level 3 predictions  are observed and become more prominent 
as the difference between the assumed high and low temperature 
PG grade of the RAP mixtures increases. The study confirms that 
realistic and reliable performance prediction and estimation of 
pavement life using the MEPDG require careful selection of 
analysis level and accurate characterization of PG grade for RAP 
mixtures. The relative ranking in performance among the various 
mixtures is consistent for all input levels, conditions tested, and 
distresses examined.  The ultimate merit of this study lies in the 
determination of critical and sensitive factors that need to be 
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considered when incorporating RAP mixtures in pavement design, 
and their effect on various pavement distresses. 

 
Key words: RAP, MEPDG, effective binder grade, cracking, 
rutting 

 

Introduction 
 
 

With the increasing cost of crude oil and drive for 
sustainable and “green” construction, there is a rising need for 
minimizing the energy required for asphalt production and 
increasing the use of recycled materials. This has led to widespread 
incorporation of recycled asphalt pavement (RAP) in production 
hot mix asphalts (HMA) and warm mix asphalts in many areas of 
the US. The amount of RAP used varies depending upon agency 
experience, material availability and quality, and the application of 
national guidelines developed under NCHRP project 9-12 (1-3). 

The addition of the aged RAP binder in the mix will 
theoretically increase the stiffness measured in the laboratory. 
Research conducted at the University of New Hampshire (4) has 
shown that the addition of RAP may also increase the VMA of the 
mixture.  The increase in VMA decreases the mixture stiffness, 
offsetting the increase due to the RAP binder. However, how this 
translates to mixture performance in the field is not well defined. 

The mechanistic-empirical pavement design guide 
(MEPDG) uses various models to predict pavement performance 
from measured or predicted material properties. The MEPDG uses 
a hierarchal approach; different levels of analysis are available 
depending upon desired reliability and available information. Level 
1 analysis in the MEPDG uses laboratory measured values for the 
specific mixture while Level 3 analysis uses predicted mixture 
properties that are based on the binder and aggregate properties. It 
is generally accepted within the community that partial blending 
occurs between the RAP binder and the virgin binder, so the 
appropriate binder properties to input into the MEPDG are 
unknown. Chehab and Daniel (5) conducted a study to assess the 
sensitivity of assumed binder grade on performance prediction of 
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RAP mixtures using Level 3 analysis in the version 0.90 MEPDG 
software. The influence of the assumed PG binder grade, 
particularly the high temperature grade, for the RAP mixtures had 
a significant influence on the predicted amount of thermal cracking 
and rutting for the given structure.  The predicted performance was 
especially sensitive to changes in assumed PG grade in the range 
where the true effective PG grade is expected to fall; the difference 
from one PG grade to another can be the difference between a well 
performing mixture and one that requires redesign. 

The main goal of this research was to evaluate the predicted 
field performance of RAP mixtures using all three levels of 
analysis. Extensive material characterization has been performed 
on a control mixture and mixtures containing 10%, 25%, and 40% 
RAP.  Analysis was performed for a typical full-depth asphalt 
pavement structure located on I-393 in Concord, NH. Traffic data 
used in the analysis was obtained from New Hampshire 
Department of Transportation (NHDOT) as well as from an LTPP 
site consisting of a similar structure. The predicted performance, in 
terms of rutting, alligator cracking, and thermal cracking for the 
different RAP mixes is presented for different climactic locations.  
The analyses were conducted using different assumed PG grades 
for the RAP binder properties to evaluate the sensitivity of the 
results to the input parameters at each level of analysis. The 
outcome of this work yields a better understanding of the issues 
that need to be addressed in performing analysis on RAP mixtures 
within the framework of the MEPDG software.  
 
 

Experimental Plan 
 
 

The experimental plan devised for this study consisted of 
design runs using the MEPDG software (6) aimed at evaluating the 
sensitivity of predicted performance to assumed PG grade using all 
three levels of analysis. The levels of analysis and input parameters 
used in the runs were chosen to minimize the number of design 
runs, as compared to a full factorial experimental plan.   

Runs were conducted using both version 1.0 and version 
0.91 of the MEPDG software. Thermal cracking analysis only was 
done using version 0.91 of the software due to an observed 
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insensitivity of thermal crack predictions to design inputs using 
version 1.0. No thermal cracks were observed for a host of runs 
that included parameters that should have caused thermal cracking, 
such as Alaskan climate and very brittle AC. The 0.91 version of 
the software did yield thermal cracking for those runs and therefore 
was employed for the thermal cracking analysis in this study. 
 The pavement layer structure selected is typical of a new 
flexible pavement for a medium traffic volume road. All design 
inputs were held constant among runs except for climate and AC 
layer mixture properties.  The properties of the AC layers were 
varied to reflect the different amount of RAP material used and the 
consequent effect on the effective binder grade.  The design runs 
were conducted for four geographical locations with different 
climatic conditions and the three hierarchal levels of analysis.  

The objectives of the study are addressed by analyzing the 
following performance predictions: alligator (bottom up) cracking, 
thermal cracking, and rutting in the AC layer.  
 
 
 

Design Inputs 
 
 
General 
 

A default input file for the MEPDG was created and used 
as a template for the suite of runs conducted. The analysis of the 
pavement section was conducted for a design life of 10 years as a 
new flexible pavement. Summer months were used for pavement 
construction and traffic open days.  The design inputs and levels 
were kept constant except for the AC layer, climate, and level of 
analysis, where the associated variables were varied to investigate 
their sensitivity and impact on the predicted performance. The 
following sections expand on the inputs used for the runs. 
 
 
Traffic 
 

Traffic data were obtained from available NHDOT and 
LTPP traffic databases for a highway section on I-393 in Concord, 
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NH. The section is typical of a medium to high traffic volume 4-
lane highway. The AADT (average annual daily traffic) is 35,674 
with 8% trucks thus yielding a two-way AADTT (average annual 
daily truck traffic) of 2854, with a traffic growth of 2.4% (7,8). 
Detailed traffic data and inputs can be found elsewhere (5). 
 
Climate 
 

The climate data was obtained from the MEPDG climate 
database (9) for the cities of Concord, NH (Concord Municipal 
airport), Phoenix, AZ (Phoenix International Airport), 
Minneapolis, MN (Minneapolis-St. Paul International Airport), and 
Indianapolis, IN (Indianapolis International Airport). The locations 
were selected to represent a range of climatic conditions. Due to 
the high temperatures experienced in Phoenix, significant rutting 
was expected compared to Concord.  Minneapolis was expected to 
show significant thermal cracking. Indianapolis is characterized by 
relatively moderate temperatures compared to the other locations 
and is uniquely located on the dividing line between Climatic 
Region I-A, (wet, hard freeze, spring thaw), and Region I-B, (wet, 
freeze-thaw cycling). Studies on MEPDG sensitivity have been 
conducted for the cities of Concord and Indianapolis (5,10). 
 
AC Layer Properties 
 

Four different mixtures were used for the design runs. The 
control mixture is a 12.5 mm Superpave mix with a PG 64-28 
virgin binder. The other three mixtures were derived from the 
control mix with 10%, 25%, and 40% RAP content.  The grade of 
the binder extracted from the RAP alone was measured as PG 100-
4. The increasing percentages of RAP cause the gradations to 
become finer at the smaller sieve sizes and coarser at the larger 
sieve sizes. NHDOT standard procedures were followed for mix 
design and specimen fabrication; the RAP was preheated for 2 
hours at the mixing temperature prior to the addition of hot virgin 
asphalt and aggregate. The mix was then aged for 2 hours at the 
compaction temperature prior to compaction in the SGC. 
Properties of the mixtures were obtained from laboratory testing 
and are shown in Table 1. The extracted binder grade for each 
mixture was determined by extracting the asphalt cement from 
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samples of each RAP mixture and performing a full PG grading on 
the recovered material. An as-constructed air void content (Va) of 
7% was used for the design runs. 
 The main objective of this study was to assess the 
sensitivity of effective binder grade of RAP mixtures on predicted 
performance using the three levels of the MEPDG software. The 
effective binder grade is a function of the degree of blending 
between the virgin binder and the RAP binder, in addition to the 
virgin and RAP binder properties. The two possible extreme 
effective binder grades were selected for each of the RAP 
mixtures:1) the virgin binder grade which corresponds to the 
assumption that no blending occurs; and 2) the extracted binder 
grade which corresponds to the assumption of total blending. For a 
no-blend assumption, the binder grade was the virgin grade PG 64-
28 regardless of RAP content. For the total bending assumption, 
the grades for 10%, 25%, and 40% RAP content were PG 70-28, 
82-22, and 94-16, respectively. It is theorized that partial blending 
of these binders takes place such that the effective binder 
properties lie somewhere in between the two extremes.  It should 
be noted that because the maximum high temperature PG grade for 
Level 3 in the MEPDG is 82, a PG 82-16 binder grade for the 40% 
RAP mixture was used for the analysis instead of the measured 
extracted grade of PG 94-16. 

The major inputs for the AC mix properties vary with input 
level as follows: 

• Level 3: Mix gradation, PG grade, effective binder content 
(Vbe) by volume, as-constructed Va, and mixture unit 
weight (γ). 

• Level 2: Mix gradation, binder shear dynamic modulus 
(|G*|) and phase angle (δ) at three temperatures, Vbe, Va, 
and γ. 

• Level 1:Mix dynamic modulus |E*| at multiple frequencies 
and temperatures, binder |G*| and δ, Vbe, Va, and γ 

 
The shear dynamic modulus |G*| and phase angle δ needed 

for Level 1 and 2 analysis were obtained from tests on 
representative binders. The values input into the MEPDG are 
shown in Table 2.  



 

 
Table 1. Mixture Property Inputs for the MEPDG 

 
 Mixture 

Control 10% RAP 25% RAP 40% RAP 
Gradation ¾” 0.0 0.0 0.0 0.0 

3/8” 27.1 25.7 24.1 22.5 
#4 51.2 50.1 49.4 48.7 

#200 3.0 3.2 3.5 3.8 
Binder Grades PG 64-28 PG 64-28  blended 

w/ RAP binder 
PG 64-28  blended 

w/ RAP binder 
PG 64-28  blended 

w/ RAP binder 
Extracted Binder 

Grade 
PG 64-28 PG 70-28 PG 82-22 PG 82-161 

Vbe 13.4 13.2 13.0 14.0 
Unit Weight (pcf) 152.7 153.4 152.9 153.6 

% AC 6.0 5.7 5.3 5.1 
VMA 17.4 17.2 17.0 18.0 
VFA 77.0 74.0 76.9 70.0 
Gmm

 2.632 2.643 2.634 2.646 
Assumed as-

constructed Va 

7 7 7 7 

 1 Actual value is PG 94-16, but the highest PG grade allowed in the MEPDG is 82.



 

 
Complex modulus (E*) tests were conducted in indirect 

tension mode for each mixture to obtain the dynamic modulus 
(|E*|) mastercurves needed for Level 1 analysis. The tests were 
done on laboratory mixed and compacted samples at five 
temperatures: -10, 0, 10, 20, and 30 C, and eight frequencies. The 
time-temperature shift factors were used to extrapolate |E*| at 50°C 
to obtain the required Level 1 input data. The gradation data 
needed for Levels 2 and 3 are shown in Table 1. Emphasis was not 
placed on determining the Level 1 and 2 inputs for the thermal 
cracking module, but were rather set as default as computed by the 
MEPDG software. As mentioned before, this is due to the apparent 
software errors affecting the thermal cracking prediction. The 
HMA design properties were set to use the NCHRP 1-37A 
viscosity based predictive model for E* and the NCHRP 1-37A 
coefficients for the rutting model. 
 

 
Table 2.  G* and δ Input Values for Level 1 and Level 2 

Analysis 
PG grade Temp (oF) G* (Pa) δ (deg) 

64-xx 136.4 6750 77.6 
147.2 3270 80.1 
158.0 1590 82.3 

70-xx 135.5 10310 67.6 
146.1 5480 70.3 
156.6 3039 72.9 

82-xx 168.8 3510 59.0 
179.6 2200 59.6 
190.4 1390 60.9 

 
 
Structure 
 

The pavement structure consists of a single 6” AC layer, 
12” crushed stone aggregate base, 15” crushed gravel aggregate 
subbase, and A3 subgrade.  Detailed properties of the unbound 
layers can be found elsewhere (5). 
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Results and Analysis 

 
 

In this section, the results from the MEPDG analysis are 
discussed.  First, the dynamic modulus master curves for each 
mixture generated for the three analysis levels are presented. Next, 
the rutting and cracking performance prediction results for the 
various levels and climates are discussed.  Although some general 
trends of performance with increasing RAP content are noted, the 
mix designs for the four mixtures have different gradations, asphalt 
contents, and volumetrics (Table 1), so there are several interacting 
variables contributing to the differences in performance that are 
difficult to isolate with the current data set. The most meaningful 
comparisons for the objectives of this work are the differences in 
performance for the assumed PG binder grades for each RAP 
content. 
 
Dynamic Modulus Master Curves 
 

The dynamic modulus master curves generated by the 
MEPDG version 1.0 software for the Level 1, Level 2, and Level 3 
inputs are shown in Figures 1 -3, respectively.  For Level 1, the 
dynamic modulus values are measured in the lab and input to the 
program, so the assumed PG grade has no affect on the master 
curve that is generated (i.e., the master curve for the 10% PG 64-
28 mix is identical to the master curve for the 10% PG 70-28 mix).  
For the mixtures studied, the addition of RAP causes an increase in 
dynamic modulus, as shown in Figure 1.  The control mix master 
curves for the Level 2 and Level 3 analysis are also shown in 
Figure 1 for comparison. These two curves are almost identical and 
are significantly different from the Level 1 master curves. 
 The inputs for Level 2 analysis include aggregate gradation 
(Table 1) and G* information on the binder (Table 2). The master 
curves generated for all of the mixtures under Level 2 analysis are 
nearly identical, as shown in Figure 2.  It would be expected that 
different binders would produce different master curves, however, 
the input G* parameters appear to have very little effect on the 
resulting master curves, or there is an error somewhere in the 
software.  
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 The inputs for Level 3 analysis are the aggregate gradation 
and PG grade (Table 1). The master curves generated for all of the 
mixtures under Level 3 analysis (Figure 3) show the effect of the 
input PG grade.  
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Figure 1. Dynamic Modulus Curves Generated from Level 1 
Inputs 
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Figure 2. Dynamic Modulus Curves Generated from Level 2 
Inputs 
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Figure 3. Dynamic Modulus Curves Generated from Level 3 
Inputs 
 
Rutting Performance 
 
 The analysis of rutting performance was done using the 
version 1.0 software at all three input levels for New Hampshire 
and Arizona climates.  The Indiana climate was run at Level 1 only 
for comparison.   

Figure 4 shows the Level 1 comparison for all three 
climates. As expected, the most rutting is seen in the Arizona 
climate.  The New Hampshire and Indiana climates show similar 
amounts of rutting for all mixtures.  The control mixture shows 
significantly more rutting than any of the RAP mixtures while the 
difference in rutting performance of the various mixtures 
containing RAP is very small using the Level 1 analysis. 

Figures 5 and 6 show the 10 year rut depths for all mixtures 
at all three input levels for the New Hampshire and Arizona 
climates, respectively.  From these figures it is clear that the use of 
Level 2 or Level 3 analysis produces a more conservative value 
than Level 1 analysis for all mixtures.  The Level 3 results are 
slightly greater than the Level 2 results for the PG 64-28 mixtures 
and the Level 2 results are greater than the Level 3 results for all 
other PG grades. The difference between the Level 2 and Level 3 
results becomes larger as the difference between the high and low 
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PG grade becomes larger. This can also be explained by the 
different |E*| master curves.  The Level 3 master curves for the PG 
70 and PG 82 mixtures are higher than the Level 2 master curves 
for the same mixtures, resulting in less rutting for the Level 3 
analysis. (Level 2 curves are identical to the Level 3 control curve 
in Figure 3. The direct comparison of Level 2 and Level 3 control 
curves is shown in Figure 1.) 

The assumed PG grade for each mixture has an impact on 
the results at all analysis levels. A larger difference in the two 
assumed PG grades produces a larger difference in the distress 
results, as expected. The difference is most pronounced for the 
Level 3 analysis. Using the MEPDG default limit of a 0.25” rut 
depth, the choice of binder grade can affect whether or not the 
pavement performance will be satisfactory or not.  For example, 
the 25% RAP mixture in New Hampshire will have less than 0.25” 
of rutting if the blended PG grade binder is used, but will exceed 
that limit if the virgin grade binder is input for either Level 2 or 
Level 3 analysis. 
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Figure 4.  Level 1 Rutting in AC Layer for All Mixtures and 
Climates 
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Figure 5. Rutting in AC Layer for All Mixtures and Analysis 
Levels in New Hampshire  
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Figure 6. Rutting in AC Layer for All Mixtures and Analysis 
Levels in Arizona 
 
 
Cracking Performance 
 
 Discussion of the cracking performance is separated into 
alligator (bottom-up) and thermal cracking sections below. 
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Alligator Cracking   
The version 1.0 software at all three input levels for New 

Hampshire and Arizona climates was used for the alligator 
cracking analysis.  The Indiana climate was run at Level 1 only for 
comparison.   

The amount of alligator cracking predicted at the end of 10 
years for all three climates using Level 1 analysis is shown in 
Figure 7.  There is very little alligator cracking that happens with 
these mixtures in this particular pavement structure over the 10 
year period, though the Arizona climate does show slightly more 
cracking compared to the New Hampshire and Indiana climates. 
This is likely due to the increased aging that occurs in the hotter 
climate. The AC modulus calculated by the MEPDG for AZ 
increases over time while the AC modulus calculated by the 
MEPDG for NH and IN stays relatively constant over time.  

The comparison of alligator cracking predicted using all 
three levels of analysis are shown in Figures 8 and 9 for the New 
Hampshire and Arizona climates, respectively. The amount of 
cracking for this particular pavement structure is minimal for all 
conditions, but some general trends are observed. The Level 2 or 
Level 3 analysis results in more predicted cracking than Level 1 
analysis. The prediction using Level 2 is slightly less than that 
using Level 3 for the PG 64-28 mixtures, but the trend is reversed 
for the other PG grades.  The difference between the Level 2 and 
Level 3 predictions becomes larger as the difference between the 
high and low PG grade increases. These findings are similar to 
those seen with the rutting data and are also related to the 
differences in the |E*| master curves at the two levels. 

A comparison of the PG 64-28 mixtures at Level 2 and 3 
analysis indicates that the amount of cracking increases from the 
control to the 10% RAP to the 25% RAP level and then decreases 
at the 40% RAP level.  Such finding is expected because the 
cracking model in the design guide software is a function of |E*| 
and the volumetric and binder characteristics of the mix as well as 
the tensile strain. The trends with respect to cracking and rutting 
follow the trend of effective binder content for these different 
mixtures (i.e., less cracking and more rutting as the Vbe increases). 
The master curves for all of the Level 3 PG 64-28 mixtures were 
very similar, as shown in Figure 3. The master curves for the Level 
1 analysis (Figure 1) were different for the various mixtures and 
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the resulting distress levels and trends are different as well. The 
amount of cracking and rutting decreases with increasing RAP 
level under Level 1 analysis. 
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Figure 7. Level 1 Alligator Cracking for All Mixtures and 
Climates 
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Figure 8. Alligator Cracking for All Mixtures and Analysis 
Levels in New Hampshire  
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Figure 9. Alligator Cracking for All Mixtures and Analysis 
Levels in Arizona  
 
Thermal Cracking 
 The version 0.91 software was used for thermal cracking 
analysis due to problems obtaining thermal cracking results using 
the version 1.0 software.  This analysis was conducted for New 
Hampshire, Indiana, and Minnesota climates at Level 3 only. Table 
3 shows the tensile strengths for each mixture calculated by the 
MEPDG software from the Level 3 inputs. The tensile strength 
decreases for the 25% and 40% RAP mixtures with the lower 
temperature PG grade.  
 

Table 3. Tensile Strength Calculated by MEPDG 
 

Mixture Tensile Strength (psi) 
Control PG 64-28 344 

10% RAP PG 64-28 351 
10% RAP PG 70-28 364 
25% RAP PG 64-28 357 
25% RAP PG 82-22 345 
40% RAP PG 64-28 325 
40% RAP PG 82-16 286 

 
 The length of thermal cracking at the end of 10 years for 
each mixture and all climates is shown in Figure 10. In the New 
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Hampshire climate, the PG 64-28 mixtures show increasing 
thermal cracking as RAP percentage increases to 25%, and then a 
decrease with the 40% RAP mixture. The tensile strengths shown 
in Table 3 follow the same trend. The extracted PG grades show an 
increase in thermal cracking and decreasing tensile strength with 
RAP content.  Similar trends are seen in the Indiana climate, but 
the amount of cracking is lower. Thermal cracking in the 
Minnesota climate reaches the maximum value for all mixtures at 
the end of 10 years. The progression of thermal cracking over time 
for each mixture in the Minnesota climate is shown in Figure 11.  
The PG 64-28 mixtures have virtually the same performance, 
excepting the 40% RAP mix.  The propagation of the thermal 
cracking increases with increasing RAP content for the extracted 
RAP binders.  As with the other distresses discussed, the assumed 
PG binder grade can have a significant impact on the resulting 
performance.   
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Figure 10. Thermal Crack Length for All Mixtures and 
Climates using Level 3 Analysis 
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Conclusions and Recommendations 
 
 

This paper presents the results of Level 1, 2, and 3 MEPDG 
runs conducted using the version 1.0 software for rutting and 
alligator cracking analysis and the version 0.91 software for 
thermal cracking analysis.  Four different mixtures were analyzed, 
each with a different RAP content.  Two different PG grades were 
assumed for each of the RAP mixtures; the virgin binder grade 
(assumes no blending between virgin and RAP binder) and the 
extracted binder grade measured from the mixture (assumes 
complete blending between virgin and RAP binder).    The 
performance was evaluated at four different climactic locations. 
From the results presented in the previous section, the following 
conclusions can be drawn: 

• Level 1 analysis is least conservative for the structure and 
mixtures examined in this study. 

• Level 2 analysis is more conservative for some mixtures 
and performance criteria, while Level 3 is more 
conservative for others.  The difference is related to the 
relative stiffness seen in the |E*| master curves. The 
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difference between Level 2 and Level 3 results increases as 
the difference between high and low temperature PG grade 
increases.  

• The assumed PG grade for RAP mixtures affects 
performance prediction.  This effect is not large (may be 
insignificant for certain structures/distresses) for Level 1 
analysis. However, the effect can be quite significant for 
Level 2 or Level 3 analysis, based on the parameters 
examined in this study. 

• The relative ranking among the mixtures remained 
constant for the four climactic regions examined for all 
three levels of analysis. 

 
Based on these conclusions, a reasonable approach to using 

the MEPDG with RAP mixtures would be to run the Level 2 or 
Level 3 analysis with two different PG grades:  the virgin grade 
and extracted grade measured from the RAP mix.  This approach 
will at least give the designer reasonable bounds for performance 
results until a method of determining the effective PG grade of the 
binder in RAP mixtures is developed.  

Future research efforts to further understand the use of 
RAP mixtures within the MEPDG framework are needed: 

• The effect of various other pavement structures, traffic 
levels, and climates should be examined to determine if the 
conclusions from this study are general conclusions or 
specific to the parameters studied.  

• Other RAP mixtures should be studied. To study the effects 
of different percentages of RAP directly, mixtures that have 
similar gradations and volumetrics with different levels of 
RAP should be examined in the MEPDG. 

• The sensitivity of the dynamic modulus curves generated in 
the Level 2 analysis to the input G* values needs to be 
examined further.   

• Apparent insensitivity with the thermal cracking model in 
the version 1.0 software needs to be investigated. 
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