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Abstract 

This report documents research conducted to investigate the effect of elevation on the properties of residue 

and mass change measurements from AASHTO T 240.  The research included: (1) 

evaluation of proficiency sample test results to determine the magnitude and significance 

of the elevation effect, (2) identification and assessment of methods to minimize the 

elevation effect, (3) design and execution of a laboratory experiment to adjust the 

conditioning time in AASHTO T 240 as a function of elevation to minimize the elevation 

effect, and (4) recommendation of modifications to AASHTO T 240 to implement the 

findings of the research.  The primary conclusion drawn from the research is laboratory 

elevation affects both the rheological properties of the residue and the mass change for 

asphalt binders conditioned in accordance with AASHTO T 240.  It is possible to 

approximately account for the effect of elevation by increasing the conditioning time as a 

function of elevation and applying a mass change adjustment.    
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S U M M A R Y  

Effect of Elevation on Rolling Thin Film 
Oven Aging of Asphalt Binder 

This report documents research conducted by the National Cooperative Highway Research Program to 

investigate the effect of elevation on the properties of residue and mass change measurements from 

AASHTO T 240, Standard Method of Test for Effect of Heat and Air on a Moving Film of Asphalt (Rolling 

Thin-Film Oven Test).  For tests on AASHTO T 240 residue, laboratories at higher elevations report lower 

AASHTO M 320 G*/sinδ values, lower AASHTO M 332 recovery values, and higher AASHTO M 332 

nonrecoverable compliance (JNR) values compared to laboratories at lower elevation.  The prevailing theory 

is that the lower oxygen content per unit volume of air available at higher elevations results in reduced 

oxidative aging of the asphalt binder during AASHTO T 240 conditioning.  This elevation effect can lead 

to poor reproducibility between laboratories at different elevations and different conclusions being drawn 

concerning the acceptability of the same binder under AASHTO M 320 and AASHTO M 332 when tested 

at different elevations. 

The research documented in this report included: (1) evaluation of proficiency sample test results 

obtained from the Western Cooperative Testing Group and AASHTO re:source to determine the magnitude 

and significance of the elevation effect, (2) identification and assessment of methods to minimize the 

elevation effect, (3) design and execution of a laboratory experiment to adjust the conditioning time in 

AASHTO T 240 as a function of elevation to minimize the elevation effect, and (4) recommendation of 

modifications to AASHTO T 240 to implement the findings of the research. 

The primary conclusion drawn from analysis of the proficiency sample data and the experiment 

conducted in this project is laboratory elevation affects both the rheological properties of the residue and 

the mass change for asphalt binders conditioned in accordance with AASHTO T 240.  It is possible to 

approximately account for the effect of elevation on the rheological properties of the residue by increasing 

the conditioning one minute for every 1,000 ft increase in elevation.  When this conditioning time 

adjustment is applied, 0.006 percent should be added to the resulting mass change for every 1,000 increase 

in elevation. 

The research produced two recommendations.  First to address poor reproducibility between laboratories 

at different elevations in interlaboratory studies, it was recommended that the statistical analysis of the 

interlaboratory study data should consider the elevation effect.  This can be accomplished by regressing the 

data against elevation.  If the elevation effect is significant, then the standardized residuals (residuals 

divided by the standard deviation of the residuals) should be used to rate the performance of each laboratory 

on the same scale that is currently used based on standard deviation.  If the elevation effect is not significant, 

then the analysis can be performed in the usual manner using the standard deviation to rate the performance 

of each laboratory.  Second to address the possibility of different conclusions being drawn concerning the 

acceptability of the same binder under AASHTO M 320 and AASHTO M 332 when tested at different 

elevations, it was recommended that when a producer’s laboratory is 1,000 ft or more below the elevation 

of the acceptance laboratory, agencies should consider directing the producer to use the conditioning time 

and mass change adjustments developed in this study.  For this application, the conditioning time in the 
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producer’s laboratory at a lower elevation should be decreased by one minute for every 1,000 ft rounded to 

the nearest minute, and the resulting mass change should be decreased by 0.006 percent for every 1,000 ft.    
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C H A P T E R  1  

Background 

Problem 

To simulate the aging that occurs during construction, the specifications for performance graded (PG) 

asphalt binder, AASHTO M 320, Standard Specification for Performance-Graded Asphalt Binder, and 

AASHTO M 332, Standard Specification for Performance-Graded Asphalt Binder Using Multiple Stress 

Creep Recovery (MSCR) Test, include criteria for tests on residue from AASHTO T 240, Standard Method 

of Test for Effect of Heat and Air on a Moving Film of Asphalt Binder (Rolling Thin-Film Oven Test).  For 

tests on AASHTO T 240 residue, laboratories at higher elevations report lower AASHTO M 320 G*/sinδ 

values, lower AASHTO M 332 recovery values, and higher AASHTO M 332 nonrecoverable compliance 

(JNR) values compared to laboratories at lower elevation.  The prevailing theory is that the lower oxygen 

content per unit volume of air available at higher elevations results in reduced oxidative aging of the asphalt 

binder during AASHTO T 240 conditioning.  This elevation effect can lead to poor reproducibility between 

laboratories at different elevations and different conclusions being drawn concerning the acceptability of 

the same binder under AASHTO M 320 and AASHTO M 332 when tested at different elevations.  A recent 

study by the Modified Asphalt Research Center at the University of Wisconsin-Madison reviewed data 

from the Western Cooperative Testing Group interlaboratory testing and concluded that the rheological 

properties of residue from AASHTO T 240 were affected by elevation and that AASHTO T 240 needed 

refinement to take laboratory elevation into account (Velasquez, et. al., 2013). 

Rolling Thin Film Oven Test (RTFOT) Conditioning 

During AASHTO T 240 conditioning, two processes change the properties of asphalt binders: (1) volatile 

loss, and (2) oxidation (Anderson et al., 1994).  Both processes increase the stiffness of asphalt binders.  

Figure 1 shows the results of a volatilization experiment for binder AAK-1 conducted during the Strategic 

Highway Research Program (SHRP) where short-term conditioning was conducted in a Thin Film Oven 

modified to use different gases (Anderson et al., 1994).  Results should be similar for the RTFOT.  As 

labelled on the figure, the difference between unaged and Argon is the increase in viscosity caused by 

volatilization.  And the difference between Argon and Air is the increase in viscosity caused by oxidation.  

This figure shows both processes are important.  The relative contribution of volatilization and oxidation is 

probably binder dependent.    
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Source of Data: Anderson, et al., 1994 

Figure 1.  Results From the SHRP Volatilization Experiment. 

Expected Elevation Effects 

     Atmospheric pressure, which is the force per unit area exerted against a surface by the weight of the 

air above that surface, decreases with increasing elevation.  Equation 1 is the well accepted relationship 

first published in 1963 for the variation in atmospheric pressure with elevation (Manual of Barometry, 

1963).  Over the range of elevations of interest for this project, atmospheric pressure, as affected by 

elevation, varies from about 101.3 kPa (760 mm Hg) at sea level to about 78.2 kPa (609.6 mm Hg) at an 

elevation of 7,000 ft. 

     

p� � p� � �1 � 2.256 � 10�� � h��.���               (1) 

where: 

ph = air pressure (kPa) at elevation h 

po = atmospheric pressure at sea level, 101.325 kPa  

h = elevation above sea level (m) 

 

Equation 1 can be approximated with a linear relationship with an error of no more than 0.66 percent 

from sea level to 7,000 feet. Based on the linear approximation, atmospheric pressure change is 

approximately 0.36 kPa per 100 ft (2.8 mm Hg per 100 ft). The typical range in atmospheric pressure 

expected from daily and seasonal weather changes at any elevation is approximately ± 12.5 mm Hg 

(Weather Underground, 2017), which is approximately equal to a change in elevation of about ± 450 ft.  

     The composition of air remains constant up to an elevation of 10 km (33,000 ft) (The Engineering 

ToolBox, 2016).  Therefore, over the range of elevations of interest for this project, the volume composition 

of air is approximately 78 percent nitrogen, 21 percent oxygen, and 1 percent other gases. 

     Differences in atmospheric pressure have the potential to affect both volatilization and oxidation.  As 

the atmospheric pressure decreases, the temperature where volatile components are vaporized will decrease, 

which will increase volatile loss producing a stiffer residue.  This effect is captured in the temperature 

corrections for AASHTO T 48, Standard Method of Test for Flash and Fire Points by Cleveland Open Cup, 

and AASHTO T 78, Standard Method of Test for Distillation of Cutback Asphalt Products. 
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     The effect of atmospheric pressure on the concentration of oxygen molecules in the atmosphere, which 

affects oxidation, is explained by the Ideal Gas Law, Equation 2.  For the same volume of air at the same 

temperature, there are fewer air molecules as the elevation increases and therefore, fewer oxygen molecules 

available for oxidation.  At an elevation of 7,000 ft, atmospheric pressure is approximately 78 percent of 

that at sea level, so the number of oxygen molecules available for oxidation is 78 percent of that at sea level. 

 

pV � nRT                   (2) 

where: 

p = absolute pressure, N/m2 

V = volume, m3 

n = number of moles of gas 

R = universal gas constant = 8.3145 J/mol K 

T = absolute temperature, °K 

Observed Elevation Effects 

     The effect of elevation on the properties of RTFOT residue has been evaluated independently at the 

Colorado State University (CSU) (Wang, 2013) and the Modified Asphalt Research Center (MARC) 

(Velasquez, et al., 2013) using data from the Western Cooperative Testing Group (WCTG).  These studies 

concluded that the stiffness of RTFOT residue decreased with increasing elevation, suggesting that the 

oxidation effect described above is dominant.  Neither study included an analysis of mass change 

measurements.  The rates of change in G*/sinδ reported in the two reports range from -0.016 kPa/1,000 ft 

to -0.108 kPa/1,000 ft; the upper and lower range differ by a factor 6.8.  This may be due to several factors 

including: (1) differences in the oxidation rate for various binders, (2) differences in volatilization for the 

various binders, (3) between laboratory differences in RTFOT equipment and procedures, and (4) between 

laboratory differences in dynamic shear rheometer testing.  Using the average rate of -0.053 kPa/1,000 ft 

reported in the MARC study, an elevation difference of 4,000 ft corresponds to an error of approximately 

10 percent of the RTFOT G*/sinδ pass/fail criterion of 2.20 kPa.  Considering that the range of elevations 

for laboratories in the United States may be as much as 7,000 ft, the elevation effect appears to be a 

significant component of the variation of results between laboratories, and for binders produced near the 

specification limit, may result in different conclusions concerning the acceptability of the binder being 

drawn by two laboratories at different elevations.   

Objective and Scope      

AASHTO Technical Subcommittee 2b endorsed this research to further study the effect of elevation on 

the properties of residue from AASHTO T 240.  The objectives of the project were: (1) to confirm or refute 

previous studies showing an elevation effect on properties of residue from AASHTO T 240, and if there is 

an elevation effect and it is of engineering significance, then (2) to improve the AASHTO T 240 procedure 

to minimize differences in physical properties of AASHTO T 240 residue obtained at different elevations.  

The elevation effect was confirmed through rigorous analysis of data from proficiency sample programs 

conducted by the WCTG and AASHTO re:source.  A laboratory study was then conducted to adjust for the 

elevation effect by varying the conditioning time as a function of elevation. 
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C H A P T E R  2  

Research Approach 

Introduction 

The research was conducted in two sequential phases.  The first phase was a statistical and engineering 

evaluation of data from proficiency sample programs conducted by the WCTG and AASHTO re:source.  

This evaluation confirmed that elevation significantly affected the properties of residue from AASHTO T 

240.  Based on this finding a laboratory study aimed at adjusting for the elevation effect by varying the 

conditioning time as a function of elevation was designed and executed.  This chapter describes the 

methodology used in the two phases. 

Analysis of Available Data 

Data Sources 

Two independent sets of data measured on RTFOT residue by laboratories at different elevations were 

used in the statistical analysis: 

• Western Cooperative Testing Group (WCTG) Data.  This data set included data from 11 binders 

tested by the WCTG.  Ten of the 11 binders were modified binders.  For this data set, one sample for 

each of the 11 binders was tested by approximately 40 different laboratories yielding 441 observations.  

The reported elevation for the laboratories ranged from 12 to 6,720 ft above sea level.  The distribution 

of laboratories was relatively uniform over this elevation range.   

• AASHTO re:source Proficiency Sample Data.  This data set included data from four binders included 

in the AASHTO re:source proficiency sample testing: Sample 235/236, Sample 239/240, Sample 

241/242, and Sample 245/246.  Samples 235/236 and 239/240 were neat binders while samples 241/243 

and 245/246 were modified binders.  This data set included replicate test data from approximately 213 

laboratories yielding 1,700 observations.  The reported elevation for the laboratories ranged from 0 to 

6,295 ft above sea level.  This data set is weighted toward laboratories at lower elevation.  Approximately 

68 percent of the laboratories included in this data set are at elevations below 1,000 ft.     

Elevation Versus Barometric Pressure 

     An important consideration in this project was whether to use elevation or barometric pressure as the 

basis for evaluating differences in the properties of RTFOT residue and for developing improvements to 

AASHTO T 240.  As discussed above, atmospheric pressure varies with elevation and weather, although 

the variation caused by weather is significantly smaller.  When reporting proficiency sample results, 

AASHTO re:source and WCTG also collect data on the elevation of the laboratory and the barometric 

pressure at the time of testing.  However, apparently there is confusion amongst participating laboratories 

over the reporting of barometric pressure data.  Some laboratories report barometric pressure corrected to 

sea level, most likely either from a local weather service or a barometer that corrects to sea level, while 

other laboratories report the actual barometric pressure at their elevation.  This is shown graphically in 

Figure 2 using data reported for one of the WCTG samples.  Plotting the reported barometric pressure as a 
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function of the reported elevation produces two distinct sets of data.  The first set, which varies around the 

mean atmospheric pressure at sea level of 101.3 kPa, are laboratories reporting barometric pressure 

corrected to sea level.  The second set, which varies around the line representing Equation 1, are laboratories 

reporting the barometric pressure at their elevation.  The second set of data accurately reflect the 

atmospheric pressure at the elevation of the test.  The incorrect reporting of barometric pressure was likely 

a factor in the MARC elevation study which showed significantly less explained variance when the data 

were regressed against reported barometric pressure compared to when the data were regressed against 

reported elevation (Velasquez, et al., 2013). 

 

 
Figure 2.  Reported Barometric Pressure for Reported Elevations. 

     For the analyses conducted during this project and for the improvements to AASHTO T 240 that will 

be recommended by this project, elevation was selected as the basis for the following reasons: 

1. The lack of standardization in the reporting of barometric pressure by laboratories performing materials 

testing.   

2. The pressure changes associated with weather are small compared to the range of elevations for 

laboratories in the United States; approximately +/-1.7 kPa for weather variations versus approximately 

22 kPa for a 7,000 ft elevation difference. 

3. The reported elevation for a laboratory is easily verified using on-line mapping tools.  

Statistical Analysis 

Elevation and six test properties were included in the data for both data sets.  The test properties were: 

(1) Original G*/sinδ, (2) RTFOT G*/ sinδ, (3) Aging Index (ratio of RTFOT G*/ sinδ to Original G*/sinδ), 
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(4) Mass Change, (5) RTFOT nonrecoverable compliance, JNR, and (6) RTFOT percent recovery, R.  

Graphical and statistical analyses were performed separately on each data set for each of the six test 

properties.  The graphical analysis included the preparation of plots as a function of elevation to identify 

trends in the data and the presence of potential outliers.  The statistical analysis included a systemic 

identification of outliers followed by linear regression analysis.  Dummy variables were used to allow the 

intercept and the slope of the relationship between the property of the RTFOT residue and elevation to vary 

for the different binders.  To identify outliers, linear regression models with different intercepts and 

different slopes for each binder were prepared and observations with standardized residuals having absolute 

value greater than 2.5 were flagged as outliers.  The final regression analysis was then conducted on the 

data set after removing the outliers. 

Table 1 summarizes the results of the statistical analysis.  Linear regression models including the specific 

binder and elevation as predictors explain 82 to 99 percent of the variance in the data sets.  The major 

difference between this analysis for the WCTG data set and the analyses reported earlier by other 

researchers is this analysis collectively considers the trends in the data for all binders in the WCTG data 

set, where earlier analyses by other researchers treated each binder separately.  The larger population used 

in this analysis, approximately 440 compared to approximately 40 used in earlier analyses by other 

researchers, improves the sensitivity of the statistical analysis.  The AASHTO re:source data set includes 

even more observations.  The same conclusions were reached for both data sets.   

Table 1 shows there is no elevation effect for the original G*/sinδ; however, the elevation effect is 

statistically significant for all the properties measured after RTFOT conditioning.  Further, the elevation 

effect is binder dependent except for mass change.   

Table 2 summarizes the slopes for the elevation effects.  These slopes give the change in the respective 

property per 1,000 ft increase in elevation.  The elevation effects for G*/sinδ, Aging Index, mass change, 

and JNR are rational and consistent between the two data sets.  RTFOT G*/sinδ and Aging Index, decrease 

with increasing elevation while JNR increases with increasing elevation due to the pressure dependency of 

the oxidation reaction.  Mass change becomes increasingly negative with elevation due to the greater 

volatile loss that occurs due to the lower atmospheric pressure at higher elevations.  The results for R show 

positive and negative slopes which may be the result of the effect of changes in oxidation on the polymers 

in the various modified binders.  Note that the three neat binders and nine of the polymer modified binders 

have negative slope for R resulting in less recovery with increasing elevation which is expected based on 

the JNR slopes.  However, three of the polymer modified binders show an increase in recovery with elevation 

while the JNR for these binders decreases with elevation. 

Figures 3 and 4 show examples of the elevation effects for two of the 15 binders that were analyzed.  

These binders have slopes near the middle of the ranges in Table 2.  The data in these figures have the 

outliers removed.  Figure 3 shows the effects for binder 552 from the WCTG data set which is a polymer 

modified binder.  Figure 4 shows the effects for binder 235/236 from the AASHTO re:source data set which 

is a neat binder. 

Table 3 summarizes and compares the range of the elevation effects for RTFOT G*/sinδ data for the data 

sets analyzed in this project and those reported in earlier research.  Note that different binders were analyzed 

in this study and the MARC study.  The specific binders used in the CSU study were not identified.  All 

three studies concluded that the elevation effect is significant, and Table 3 shows the elevation effect is 

binder specific, and that there is reasonable agreement from the three studies for the range of the elevation 

effect. 
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Table 1.  Summary of Statistical Analysis of Available Data with Outliers Removed. 

Data Set Parameter 

Observations Significant Effects 

Adj R2, % Conclusion 
Total 

Outliers 

Removed 
Elev. 

Unequal 

Intercepts 

Unequal 

Slopes 

WCTG 

Original G*/sinδ 440 440 No NA* NA* NA* Elevation effect not significant 

RTFOT G*/sinδ 441 427 Yes Yes Yes 93.7 
Significant elevation effect.  Use model with 
unequal intercepts and unequal slopes 

Aging Index 440 427 Yes Yes Yes 82.4 
Significant elevation effect.  Use model with 
unequal intercepts and unequal slopes 

Mass Change 427 402 Yes Yes No 90.1 
Significant elevation effect.  Use model with 
unequal intercepts and equal slope 

JNR 407 376 Yes Yes Yes 96.6 
Significant elevation effect.  Use model with 
unequal intercepts and unequal slopes 

% R 400 353 Yes Yes Yes 99.0 
Significant elevation effect.  Use model with 
unequal intercepts and unequal slopes 

AASHTO 
Resource 

Original G*/sinδ 1674 1674 No NA NA NA Elevation effect not significant 

RTFOT G*/sinδ 1674 1635 Yes Yes Yes 92.7 
Significant elevation effect.  Use model with 
unequal intercepts and unequal slopes 

Aging Index 1672 1601 Yes Yes Yes 89.0 
Significant elevation effect.  Use model with 
unequal intercepts and unequal slopes 

Mass Change 1700 1593 Yes Yes No 93.8 
Significant elevation effect.  Use model with 
unequal intercepts and equal slope 

JNR 1420 1363 Yes Yes Yes 82.4 
Significant elevation effect.  Use model with 
unequal intercepts and unequal slopes 

% R 1418 1349 Yes Yes Yes 98.6 
Significant elevation effect.  Use model with 
unequal intercepts and unequal slopes 

*NA denotes not applicable 
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Table 2.  Summary of Significant Elevation Effects. 

Data Set Binder Type* 

RTFOT 

G*/sinδ, 

kPa/1,000 ft 

Aging 

Index 

Mass 

Change, 

%/1,000 ft 

JNR, 

kPa-1/1,000 ft 

% R, 

%/ 1,000 ft 

WCTG 

551 P -0.0615 -0.0354 

-0.0033 

0.0333 -0.059 

552 P -0.0641 -0.0427 0.0432 -0.269 

553 P -0.0239 -0.0146 0.0394 -0.432 

554 P -0.0173 -0.0136 0.0677 -0.677 

555 N -0.1149 -0.0740 0.0927 -0.119 

556 P -0.0496 -0.0251 0.0027 0.010 

557 P -0.0914 -0.0442 0.0204 -0.546 

560 P -0.0477 -0.0271 0.0416 -0.415 

561 P -0.0477 -0.0379 0.0593 -0.282 

562 P -0.0701 -0.0609 0.0249 0.720 

563 P -0.0448 -0.0147 0.0076 -0.413 

AASHTO 
Resource 

235/236 N -0.0613 -0.0374 

-0.0059 

0.0384 -0.094 

239/240 N -0.0806 -0.0412 0.0470 -0.032 

241/242 P -0.0302 -0.0233 -0.0002 0.519 

245/246 P -0.0257 -0.0188 0.0236 -0.300 

* N denotes neat binder, P denotes polymer modified binder 

      

Table 3.  Summary of G*/sinδ Elevation Effects from Various Studies. 

Study CSU MARC NCHRP 20-7 Task 400 

Source 
Unspecified 

WCTG 

WCTG 
Samples 519 

to 532 

WCTG Samples 
551to 557 and 

560 to 563 

AASHTO 
Samples 
235/235, 
239/240, 

241/242, and 
245/246 

Binders 7 14 11 4 

Smallest Effect, kPa/1000 ft NS* NS* -0.024 -0.026 

Largest Effect, kPa/1000 ft -0.083 -0.108 -0.115 -0.081 

* NS denotes not significant 
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a.  Original and RTFOT G*/sinδ. b.  JNR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

c.  Mass Change. d.  %R. 
Figure 3.  Effect of Elevation on Properties for WCTG Binder 552.  

0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

0 1 2 3 4 5 6 7

G
*/

s
in
δ

, 
k

P
a

Elevation, 1000 ft

Original RTFOT

0.00

0.20

0.40

0.60

0.80

1.00

1.20

1.40

1.60

0 1 2 3 4 5 6 7

J
N

R
, 1

/k
P

a

Elevation, 1000 ft

RTFOT

-0.40

-0.35

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

0 1 2 3 4 5 6 7

M
a

s
s

 C
h

a
n

g
e

, 
%

Elevation, 1000 ft

RTFOT

40

45

50

55

60

65

70

0 1 2 3 4 5 6 7

R
e

c
o

v
e

ry
, %

Elevation, 1000 ft

RTFOT



NCHRP Project 20-07 / Task 400 

 12 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

a.  Original and RTFOT G*/sinδ. b.  JNR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

c.  Mass Change. d.  %R. 
Figure 4.  Effect of Elevation on Properties for AASHTO Resource Binder 235/236.
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Engineering Analysis 

The analysis presented above showed elevation has a statistically significant effect on data collected after 

RTFOT conditioning and the effect is rational based on engineering principles.  The analyses presented 

below used the range of the slopes obtained from the statistical analysis to quantify the engineering 

significance of the elevation effect on AASHTO M 320 and AASHTO M 332 specification criteria. 

Figure 5 shows the potential effect of elevation on RTFOT residue G*/sinδ expressed as a percentage of 

the AASHTO M 320 criterion of 2.20 kPa.  The shaded area shows the range of the effect for the 15 binders 

that were analyzed.  At an elevation difference of 4,000 ft, the difference can be as high as 21 percent of 

2.20 kPa or 0.46 kPa.  This difference has engineering significance.  A binder with an acceptable RTFOT 

G*/sinδ of 2.50 kPa when tested at sea level may have an unacceptable RTFOT G*/sinδ when tested at an 

elevation of 4,000 ft or higher. 

 

Figure 5.  Engineering Significance of Elevation Effect on AASHTO M 320 High Temperature 

Performance Grade Criterion. 

A similar analysis for the AASHTO M 332 high temperature performance grade criteria is somewhat 
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Also, it appears based on the 15 binders analyzed, that the elevation effect is less for binders meeting 

higher traffic levels.  Table 4 summarizes the range of the elevation effect on JNR for binders meeting 

different AASHTO M 332 traffic levels.  Note that AASHTO re:source proficiency sample binder 245/246 
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-40

-35

-30

-25

-20

-15

-10

-5

0

0 1 2 3 4 5 6 7

G
*

/s
in

δ
D

if
fe

re
n

ce
, %

 o
f 

2
.2

0
 k

P
a

 

C
ri

te
ri

o
n

Elevation Difference, 1000 ft



NCHRP Project 20-07 / Task 400 

 14 

Table 4.  Summary of Elevation Effect by AASHTO M 332 Traffic Level. 

AASHTO  

M 332 Traffic 

Level 

Number of 

Binders 

Elevation Effect, 

kPa-1/1,000 ft 

Minimum Maximum 

S 4 0.0384 0.0927 

H 5 0.0249 0.0677 

V 2 0.0006 0.0432 

E 2 0.0027 0.0076 

 
     Figure 6 shows the potential effect of elevation on RTFOT residue JNR expressed as a percentage of 

the AASHTO M 332 criteria for the appropriate traffic level for the binder.  The shaded area shows the 

range of the effect for the 13 binders included in the analysis.  At an elevation difference of 4,000 ft, the 

difference can be as high as 17 percent.  Although somewhat less than that for G*/sinδ, the elevation effect 

is still significant.  A V grade binder with an acceptable JNR of 0.85 kPa-1 when tested at sea level may have 

an unacceptable JNR when tested at an elevation of 4,000 ft or higher. 

 

 
Figure 6.  Engineering Significance of Elevation Effect on AASHTO M 332 High Temperature 

Performance Grade Criteria. 

     The last specification criteria that was considered was the mass change.   Both AASHTO M 320 and 
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the WCTG data set to -0.0060 percent per 1,000 ft for the AASHTO re:source data set.  The larger slope 

from the AASHTO re:source data set yields a difference of -0.042 percent for a 7,000 ft elevation difference.  

The binders in the data sets analyzed had average mass change ranging from +0.036 to -0.820 percent.  

Over this range, the elevation effect is not important; however, it may be larger and could be significant for 

binders that have mass change near the lower limit of -1.000 percent.     
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RTFOT Conditioning Time Experiment 

 Methods to Account for the Elevation Effect 

The statistical analysis showed that laboratory elevation significantly affects properties measured after 

RTFOT conditioning, and the engineering analysis showed that the elevation effect is of engineering 

significance.  When conducting interlaboratory or proficiency studies, the elevation effect should be 

included in the statistical analysis.  AASHTO re:source, WCTG, and organizations performing 

interlaboratory studies that include tests on RTFOT residue should consider this additional step when 

performing data analysis. 

For acceptance testing, data from laboratories at different elevations will not generally be available for a 

specific binder.  In this case it is necessary to account for the elevation effect.  Three methods to account 

for the elevation effect were considered: 

1. Conduct RTFOT conditioning at a constant pressure. 

2. Relate the elevation effect to properties measured on the binder before RTFOT conditioning. 

3. Vary the operating parameters of the RTFOT with elevation. 

Conducting the RTFOT conditioning at a constant pressure, while technically the most prudent approach, 

was not pursued because this approach would require significant modification of existing RTFOT 

equipment.  The other two methods were evaluated as discussed below.  

Effect of Binder Properties on Elevation Effect 

An evaluation was conducted to determine if the binder specific elevation effect for G*/sinδ could be 

predicted from other properties measured on the original binder during AASHTO M 320 and M 332 testing.  

The properties that were analyzed included: 

1. Rotational viscosity at 135 °C, 

2. Original G*, 

3. Original δ, 

4. Original G*/sinδ,  

5. Mass change. 

The only property that was related to the elevation effect was the 135 °C viscosity as shown in Figure 7.  

Other properties showed much poorer correlation with the elevation effect.  Including other properties with 

the 135 °C viscosity did not result in significant improvement.  The relationship shown in Figure 7 indicates 

that the sensitivity to elevation decreases with increasing viscosity, which may be the result of stiffer binders 

aging less during RTFOT conditioning.  The relationship in Figure 7 is not sufficiently accurate to adjust 

tests on RTFOT residue to a common elevation.   

Vary RTFOT Operating Parameters With Elevation 

Consideration was given to varying three operational parameters for the RTFOT with elevation to 

account for the elevation effect: (1) test duration, (2) test temperature, and (3) air flow rate.  Air flow rate 

was rejected based on research performed in developing the Modified Rotating German Flask which 

showed varying air flow had a large effect on mass change with relatively little effect on the stiffness of the 

conditioned binder (Robertson, et. al., 2001).  Test duration was selected over temperature because it will 

be easier to implement in practice, and initial estimates of additional time based on analysis of data from 

NCHRP Project 9-36 for the Stirred Air Flow Test were reasonable at about 10 minutes for an elevation of 

7,000 ft (Anderson and Bonaquist, 2012).  



NCHRP Project 20-07 / Task 400 

 16 

 
Figure 7.  Relationship Between 135 °C Viscosity and Elevation Effect. 
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are more sensitive to the effect of RTFOT conditioning time.  AASHTO M 320 and M 332 specification 

properties for the four AASHTO re:source proficiency sample binders were measured after conditioning 

the binders in the RTFOT for 85, 95, 105, and 115 minutes.  Replicate tests were conducted for each binder.  

The results are summarized in Table 5 and presented graphically in Figure 8.  Figure 8 includes best fit 

linear regression lines which show that the RTFOT time effect is approximately linear over the range of 

conditioning times included in the experiment 

Table 6 summarizes the slopes as a function of RTFOT conditioning time for G*/sinδ and JNR for the 

binders tested. These slopes are a measure of the sensitivity of the specification properties to conditioning 
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Table 5.  Summary of Preliminary RTFOT Conditioning Time Study Results. 

Sample 

Pairs 

(Odd/Even) 

Time, 

min 

Temp, 

°C 

G*/sinδ, kPa JNR,1/kPa %R, % Mass Change, % 

Odd Even Avg Odd Even Avg Odd Even Avg Odd Even Avg 

235/236 

0 58 1.92 1.76 1.84 NT* NT* NT* NT* NT* NT* NA** NA** NA** 

85 58 4.44 4.81 4.63 2.15 1.89 2.02 1.2 3.3 2.2 -0.422 -0.438 -0.430

95 58 4.74 5.14 4.94 1.99 1.74 1.87 1.4 3.9 2.7 -0.460 -0.490 -0.475

105 58 5.21 5.74 5.48 1.78 1.53 1.66 1.9 4.7 3.3 -0.501 -0.521 -0.511

115 58 5.63 6.17 5.90 1.64 1.38 1.51 2.3 5.8 4.0 -0.542 -0.525 -0.534

239/240 

0 58 1.67 1.88 1.78 NT* NT* NT* NT* NT* NT* NA** NA** NA** 

85 58 4.65 4.23 4.44 1.96 2.30 2.13 2.9 1.0 2.0 0.024 0.021 0.023

95 58 5.13 4.56 4.85 1.73 2.11 1.92 3.7 1.4 2.5 0.026 0.024 0.025

105 58 5.64 5.12 5.38 1.53 1.88 1.70 4.5 1.8 3.1 0.027 0.025 0.026

115 58 6.23 5.36 5.80 1.34 1.77 1.55 5.7 2.1 3.9 0.029 0.030 0.029

241/242 

0 64 1.51 1.42 1.47 NT* NT* NT* NT* NT* NT* NA** NA** NA** 

85 64 3.15 2.82 2.99 1.20 1.31 1.26 47.2 48.8 48.0 -0.329 -0.304 -0.317

95 64 3.25 3.05 3.15 1.07 1.29 1.18 50.4 47.7 49.1 -0.336 -0.335 -0.336

105 64 3.50 3.30 3.40 1.04 1.27 1.15 49.0 50.8 49.9 -0.333 -0.348 -0.341

115 64 3.71 3.46 3.59 0.89 0.98 0.93 52.4 51.7 52.1 -0.403 -0.366 -0.385

245/246 

0 76 1.69 1.74 1.72 NT* NT* NT* NT* NT* NT* NA** NA** NA** 

85 76 3.20 3.20 3.20 1.40 1.47 1.43 36.2 35.3 35.7 -0.060 -0.059 -0.060

95 76 3.42 3.31 3.37 1.38 1.55 1.47 36.8 32.1 34.4 -0.070 -0.062 -0.066

105 76 3.47 3.47 3.47 1.41 1.33 1.37 34.9 33.5 34.2 -0.087 -0.065 -0.076

115 76 3.80 3.72 3.76 1.08 1.22 1.15 40.7 37.4 39.0 -0.080 -0.049 -0.065

* NT denotes not tested 

**NA denotes not applicable 
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a.  G*/sinδ. b.  JNR. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

c.  Mass Change. d.  %R. 
Figure 8.  Preliminary RTFOT Conditioning Time Study Results.
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Table 6.  Estimate of Additional Conditioning Time for AASHTO Resource Binders. 

Binder 
ΔG*/sinδ, 

kPa/min 

ΔG*/sinδ, 

kPa/1,000 ft 

Additional 

Conditioning 

Time, 

Min/1,000 ft 

Δ JNR, 

kPa-1/min 

Δ JNR, 

kPa-1/1,000 ft 

Additional 

Conditioning 

Time, 

Min/1,000 ft 

235/236 0.0468 -0.0645 1.4 -0.01728 0.0384 2.2 

239/240 0.0460 -0.0806 1.8 -0.01946 0.0470 2.4 

241/242 0.0217 -0.0296 1.4 -0.01002 0.0006 0.1 

245/246 0.0172 -0.0257 1.5 -0.00939 0.0217 2.3 

 

Theoretical Estimate of Additional RTFOT Conditioning Time 

A second estimate of the additional RTFOT conditioning time needed at higher elevations was conducted 

using the kinetic model for carbonyl formation developed by Liu, et. al. (Liu, et. al., 1996) and given in 

Equation 3.  This model only addresses the oxidation effect which is apparently the dominant effect based 

on the statistical analyses presented earlier. 








 −

α
= RT

E

CA eApr                              (3) 

where: 

rCA = carbonyl formation rate 

p = oxygen pressure 

T = temperature 

R = universal gas constant 

A, α, and E are binder dependent fitting constants 

Assuming that the rheological properties of a binder depend on the total amount of carbonyl formed, the 

time required to obtain equal amounts of carbonyl at two elevations when the conditioning is done at the 

same temperature is given by: 

( ) ( ) 22CA11CA trtr =                                            (4) 

where: 

(rCA)1 = carbonyl formation rate at elevation 1 

(rCA)2 = carbonyl formation rate at elevation 2 

t1 = conditioning time at elevation 1 

t2 = conditioning time at elevation 2  

Substituting Equation 3 for rCA in Equation 4 yields: 
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Recalling temperature is constant and for a given binder and A, E, and α are constants, then solving for t2 

yields: 
α









=

2

1
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p

p
tt                                                        (6) 

The ratio of the pressure at elevation h to the pressure at sea level can be determined from Equation 1 

resulting in Equation 7 
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256.55

h

0 )h10x526.21(
p

p −−
×−=

                                       (7) 

where: 

 ph = air pressure (kPa) at elevation h 

 po = atmospheric pressure at sea level, 101.325 kPa  

 h = elevation above sea level (m) 

Substituting Equation 7 into Equation 6, and using the standard RTFOT condition time of 85 min and sea 

level as the basis yields the equivalent RTFOT conditioning time at elevation h: 
( )α−−

×−×=
256.55

h )h10x526.21(85t                                        (8) 

For 10 different binders, Lui, et at. reported that α varies from 0.25 to 0.61.  Table 7 summarizes the 

range of additional RTFOT conditioning times based on this analysis.  Table 7 also shows the time estimated 

from the testing conducted on the four AASHTO re:source binders during this project.  The experimental 

data are in reasonable agreement with the theoretical analysis from the carbonyl model providing further 

evidence of the reasonableness of the additional time estimates.   

Table 7.  Estimated Equivalent RTFOT Conditioning Times Using Carbonyl Model. 

Elevation, 

 Ft 

Equivalent RTFOT Conditioning Time, min 

α = 

0.25 

α = 

0.30 

α = 

0.35 

α = 

0.40 

α = 

0.45 

α = 

0.50 

α = 

0.55 

α = 

0.60 
Experimental 

0 85 85 85 85 85 85 85 85 85 

1000 86 86 86 86 87 87 87 87 87 

2000 87 87 87 88 88 89 89 89 89 

3000 88 88 89 89 90 90 91 92 91 

4000 89 89 90 91 92 92 93 94 93 

5000 89 90 91 92 93 94 95 96 95 

6000 90 92 93 94 95 96 97 99 96 

7000 91 93 94 96 97 98 100 101 98 

Experimental Design 

Background 

The main RTFOT conditioning time experiment was designed to verify the RTFOT conditioning times 

as a function of elevation presented in Table 7.  The experiment was based on the following important 

considerations from the work described above: 

1. The effect of elevation on the properties of RTFOT residue is approximately linear over the range of 

elevations of laboratories in the United States.  For a linear elevation effect, it is important to include 

laboratories at high and low elevations. 

2. The additional RTFOT conditioning time to account for the elevation effect is estimated to be 

approximately 1.9 min/1,000 ft.     

3. The effect of RTFOT conditioning time on the properties of RTFOT residue is approximately linear 

over the range of conditioning times that will be used in the experiment.  This allows testing in each 

laboratory to be conducted at two conditioning times with results at other conditioning times 

interpolated with a high level of confidence. 
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4. The elevation effect is binder specific, with higher viscosity binders generally showing a smaller 

elevation effect.  The experiment must include a range of neat and modified binders with different 135 

°C viscosities. 

The design of the experiment also considered the following information on the reported repeatability and 

reproducibility of dynamic shear rheometer (DSR) measurements, and general principles of experimental 

design: 

1. Replication was included by testing in multiple laboratories at similar elevations rather than multiple 

tests within a single laboratory at a given elevation. 

2. The multi-laboratory coefficient of variation in AASHTO T 315 for G*/sinδ for tests on original binder 

is 6.8 percent compared to 7.8 percent for tests on RTFOT residue.  This shows that a significant amount 

of the variability in tests on RTFOT residue is the result of differences in equipment and laboratory 

procedures associated with the dynamic shear rheometer measurements rather than the RTFOT 

conditioning.  Therefore, to reduce one component of variability, all physical property measurements 

were made in one laboratory.   

3. Detailed instructions regarding the performance of the RTFOT conditioning were given to the 

participating laboratories to reduce variability caused by between laboratory differences in the RTFOT 

conditioning. 

Basic Experimental Design 

The experiment design uses laboratories at different elevations to condition the binders in the RTFOT.  

Twenty-five laboratories agreed to perform the RTFOT conditioning.  Table 8 summarizes the participating 

laboratories and their elevations.  Table 8 also presents the target conditioning time based on 85 minutes 

plus 1.9 min/1000 ft elevation rounded to the nearest minute.  The experiment design requires each 

laboratory to condition each binder at the two times listed in the last two columns of Table 8, measure the 

mass change, and return the conditioned binder to AAT’s laboratory for rheological property measurements.  

The RTFOT time difference of 10 minutes produces a significant difference in the properties measured on 

RTFOT residue.  Figure 9 is a graphical representation of the basic experiment design.  The limits shown 

in Figure 9 are the RTFOT conditioning times that will be used in each laboratory.   

Binders 

The available funding allowed a total of 8 binders to be included in the experiment.  Table 9 shows 

continuous grading data for the binders included in the experiment.  Detailed binder grading data are 

presented in Appendix A.  These binders were selected based on the analysis of the WCTG and AASHTO 

re:source samples to: (1) cover a wide range of performance grades, (2) include neat and polymer modified 

binders, (3) exhibit a range of volatile loss, and (4) cover a range of elevation effects.  Volatile loss is 

expected to increase with increasing low temperature grade.  The selected binders include low temperature 

grades of -22, -28, and -34.  The analysis of the WCTG and AASHTO re:source data showed that the 

viscosity of the binder influences the elevation effect with high viscosity, modified binders showing much 

lower sensitivity to elevation.  The selected binders include neat and polymer modified binders at each low 

temperature grade to provide a range of viscosities.  

Laboratory Testing 

The analysis presented in Chapter 3 used AASHTO M 320 and M 332 specification properties measured 

on RTFOT residue.  The properties that were measured included: (1) G*/sinδ, (2) JNR, (3) % R, and (4) 

Mass Change.  In addition, 135 and 163 °C viscosity data were collected to evaluate the effect of viscosity 

at the RTFOT conditioning temperature on the elevation effect. 
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Each laboratory conditioned four bottles for each of the binders in the RTFOT using the two conditioning 

times listed in Table 8 for the elevation of their laboratory.  Two of the bottles were used to measure and 

report mass change.  The residue from the other two bottles was combined and returned to AAT for the 

rheological testing.  Appendix B presents detailed instructions provided to the laboratories performing the 

RTFOT conditioning.  The conditioning required each laboratory to make eight RTFOT runs; two binders 

were conditioned during each run of the RTFOT.  For 8 binders conditioned in 25 laboratories at two 

conditioning times, the experiment provided 400 mass change measurements and 400 RTFOT residue 

samples for rheological testing and analysis. 

Table 8.  Participating Laboratories, Elevations, and RTFOT Conditioning Times. 

Laboratory 
Elevation, 

ft 

RTFOT Conditioning Times, 

min 

Target Low High 

L1 79 85 80 90 

L2 224 85 80 90 

L3 517 86 81 91 

L4 552 86 81 91 

L5 574 86 81 91 

L6 622 86 81 91 

L7 715 86 81 91 

L8 764 86 81 91 

L9 938 87 82 92 

L10 971 87 82 92 

L11 1100 87 82 92 

L12 2000 89 84 94 

L13 2001 89 84 94 

L14 2516 90 85 95 

L15 3123 91 86 96 

L16 3256 91 86 96 

L17 4030 93 88 98 

L18 4307 93 88 98 

L19 4334 93 88 98 

L20 4700 94 89 99 

L21 5050 95 90 100 

L22 5164 95 90 100 

L23 5254 95 90 100 

L24 6182 97 92 102 

L25 7174 99 94 104 

 
 



NCHRP Project 20-07 / Task 400 

  23   

 

Figure 9.  Graphical Representation of the Experimental Design. 

Table 9. Binders Used in RTFOT Conditioning Time Experiment. 

Binder Type 135 ⁰C 

Viscosity, 

Pa‧s 

Continuous Performance Grade Temperature, ⁰C 

High Intermediate Low ΔTc 

B1 Neat 0.461 68.4 23.0 -25.5 +0.5 

B2 Polymer 1.134 77.8 20.5 -26.3 -1.6 

B3 Neat 0.282 60.5 16.7 -30.3 +1.0 

B4 Neat  0.442 65.3 14.8 -30.8 -0.3 

B5 Polymer 2.505 82.7 17.5 -30.0 +0.2 

B6 Neat 0.217 54.9 11.0 -35.1 +2.1 

B7 Polymer 0.583 64.0 9.4 -36.8 -0.7 

B8 Polymer 1.248 72.4 11.6 -35.2 -1.2 
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C H A P T E R  3  

Findings and Application 

Introduction 

All participating laboratories performed the RTFOT conditioning, reported the mass change and returned 

the RTFOT residue for testing.  Different analyses were performed on the mass change and rheological 

data.  As discussed in Chapter 2, the experiment was designed to verify that the effect of elevation on the 

rheological properties of RTFOT residue could be minimized by increasing the RTFOT conditioning time 

as a function of elevation.  Therefore, the analysis of the rheological data was aimed at confirming that 

there is no elevation effect when the RTFOT conditioning time is adjusted as a function of elevation.  On 

the other hand, the analysis of the mass change data was directed as determining an average mass change 

adjustment as a function of elevation for the adjusted RTFOT conditioning time determined from analysis 

of the rheological data.  These two analyses are presented below.  

Analysis of Rheological Property Data 

Graphical Analysis 

The rheological property analysis was conducted on the specification properties after RTFOT 

conditioning: G*/sinδ for AASHTO M 320 and JNR and %R for AASHTO M 332.  These properties were 

plotted as a function of elevation to identify trends in the data and potential outliers.  Figure 10 shows the 

variation of the specification rheological properties as a function of elevation for binders B4 and B5.  B4 is 

a neat binder while B5 is a polymer modified binder with very high recovery.  In this figure, the interpolated 

value at the target RTFOT conditioning time from Table 8 is plotted as a function of elevation.  Recall that 

the conditioning times for the laboratories were adjusted 1.9 min per 1,000 ft of elevation.  This adjustment 

was based on the analysis described earlier for the WCTG and AASHTO re:source proficiency data.  These 

figures show the presence of outliers.  The figures also suggest that the estimated conditioning time increase 

of 1.9 min per 1,000 ft of elevation over compensates for the elevation effect.  G*/sinδ appears to increase 

with elevation, while JNR appears to decrease.  The effect of elevation on %R is mixed.  By using RTFOT 

conditioning times of ± 5 min of the target the experiment was designed to allow adjustment of the 

conditioning time function as discussed in the next section.   

Statistical Analysis 

The statistical analysis of the rheological property data was conducted in four steps.  The first step was 

an outlier analysis like that described earlier in the analysis of the WCTG and AASHTO re:source 

proficiency data.  This was followed by a linear regression analysis to confirm the trends from the graphical 

analysis that the RTFOT conditioning time increase of 1.9 min per 1,000 of elevation overcompensates for 

the elevation effect.  The third step was an optimization to adjust the conditioning time increase.  The 

optimization was performed on the combined data for the three specification properties: G*/sinδ, JNR, and 

%R.  The final step was regression analysis using the average conditioning time increase from the 

optimization to confirm that specification properties were not significantly affected by elevation.  The 

sections below describe details of these four steps.   
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a. Binder B4 G*/sinδ. b. Binder B5 G*/sinδ. 

c.  Binder B4 JNR d.  Binder B5 JNR 

e.  Binder B4 %R f.  Binder B5 %R 
Figure 10.  Example Graphical Analysis of Rheological Properties. 

Outlier Analysis 

Outliers were identified using an approach like that described earlier for the analysis of the WCTG and 

AASHTO re:source proficiency data.  For each combination of specification property and binder (24 total), 

the average and standard deviation were calculated.  Outliers were identified as varying from the average 

by more than 2.5 standard deviations.    Table 9 identifies the specific results that were identified as outliers.  

Additionally, Lab 10 did not return the residue for binder B1 because of a testing error. 
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Table 10. Rheological Property Outliers. 

Item G*/sinδ JNR % R 

Total Observations 200 200 200 

Outliers 

B1 Lab 1 B1 Lab 1 B1 Lab 1 

B2 Lab 1 B1 Lab 6 B2 Lab 1 

B3 Lab 2 B2 Lab 1 B3 Lab 2 

B4 Lab 2 B3 Lab 2 B4 Lab 2 

B6 Lab 5 B4 Lab 2 B6 Lab 5 

B7 Lab 5 B6 Lab 5 B7 Lab 8 

B8 Lab 5 B7 Lab 5 B8 Lab 5 

B8 Lab 16 B8 Lab 5  

 B8 Lab 16  

Residue Not Returned B1 Lab 10 B1 Lab 10 B1 Lab 10 

Analyzed 191 190 192 

 
Initial Linear Regression Analysis 

An initial regression analysis was conducted for the three rheological specification properties.  Only the 

modified binder data were used in the evaluation of %R.  This analysis used the interpolated value at the 

target RTFOT conditioning time from Table 8 and the outliers and missing data listed in Table 10 were 

removed.  In this analysis dummy variables were used to allow the slope and the intercept to vary for the 

binders.  The results of these analyses are summarized in Table 11. This analysis found the intercepts to be 

different for the different binders for the three specification properties.  The analysis also found elevation 

was a significant factor, and the elevation effect was the same for all binders.  Although the elevation effect 

is small for all properties, it may be of engineering significance considering the elevation range of US 

laboratories of approximately 7,000 ft.  The slopes from the regression analysis, positive for G*/sinδ and 

%R, and negative for JNR, indicate the target elevation adjustment time of 1.9 min/1,000 ft overcompensates 

for the effect of elevation on RTFOT residue. 

Table 11. Summary of Initial Linear Regression. 

Item G*/sinδ JNR % R 

Total Observations 200 200 100 

Outliers/Missing Data 9 10 3 

Adjusted R2 0.939 0.994 0.992 

Elevation Slope 0.0358 kPa/1000ft -0.0155 1/kPa/1000 ft 0.1816 %/1000ft 

B1 Intercept 3.75 kPa 2.58 1/kPa NC* 

B2 Intercept 2.55 kPa 0.40 1/kPa 51.1 % 

B3 Intercept 3.64 kPa 2.66 1/kPa NC* 

B4 Intercept 3.42 kPa 2.47 1/kPa NC* 

B5 Intercept 2.88 kPa 0.08 1/kPa 92.8 % 

B6 Intercept 3.47 kPa 2.74 1/kPa NC* 

B7 Intercept 4.30 kPa 0.27 1/kPa 70.0 % 

B8 Intercept 4.39 kPa 0.10 1/kPa 83.7 % 

* NC denotes not included in the regression analysis 
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Optimization 

The experiment was designed to allow the initial estimate of the elevation adjustment time to be improved 

using data collected in the experiment.  Each laboratory conditioned the binders using two conditioning 

times that were ± 5 min from the target conditioning time for that elevation.  The preliminary RTFOT 

conditioning time experiment showed the rheological properties vary linearly with conditioning time; 

therefore, linear interpolation between the two conditioning times can be used calculate the rheological 

properties for various elevation adjustment times between about 0.6 to 3.4 min/1,000 ft.  The optimization 

was performed using the Solver function in Excel.  A spreadsheet was developed to minimize the sum of 

the errors squared between the interpolated property for each binder in each laboratory and the average 

interpolated property for that binder from all laboratories.  The spreadsheet included G*/sinδ and JNR for 

all binders and %R for the modified binders.  The spreadsheet allowed the elevation time adjustment for 

the interpolation to vary between 0.6 and 3.4 min/1,000 ft.  Table 12 summarizes the results from the 

optimization.  Figure 11 shows the residuals after the optimization confirming that the residuals do not 

depend on the elevation.  The average elevation adjustment time from the optimization considering the 

three rheological properties is 1.05 min/1,000 ft.   

Table 12. Summary of Elevation Adjustment Time Optimization. 

Item G*/sinδ JNR % R 

B1 Average 3.88 kPa 2.52 1/kPa NC* 

B2 Average 2.66 kPa 0.35 1/kPa 52.2 % 

B3 Average 3.76 kPa 2.60 1/kPa NC* 

B4 Average 3.55 kPa 2.40 1/kPa NC* 

B5 Average 3.00 kPa 0.04 1/kPa 93.3 % 

B6 Average 3.60 kPa 2.67 1/kPa NC* 

B7 Average 4.42 kPa 0.22 1/kPa 70.6 % 

B8 Average 4.50 kPa 0.06 1/kPa 84.2 % 

Optimum Elevation 
Adjustment Time 

1.05 min/1,000 ft 

Total Observations 300 

Outliers/Missing Data 22 

* NC denotes not included in the optimization 

 

Final Linear Regression Analysis 

The linear regression analysis was repeated using the average elevation adjustment time of 1.05 

min/1,000 ft to confirm that the measured rheological properties were not affected by elevation.  The results 

are summarized in Table 13.  These results confirm that there is not an elevation effect using an elevation 

adjustment time of 1.05 min/1,000 ft.    
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a. G*/sinδ Residuals 

 

 

 

 

 

 

 

 

 

 

 

b.  JNR Residuals 

 

 

 

 

 

 

 

 

 

 

 

c. %R Residuals 
Figure 11.  Residuals After Optimization. 
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Table 13. Summary of Final Linear Regression. 

Item G*/sinδ JNR % R 

Total Observations 200 200 100 

Outliers/Missing Data 9 10 3 

Adjusted R2 0.926 0.994 0.991 

Elevation Slope Not Significant Not Significant Not Significant 

B1 Intercept 3.85 kPa 2.54 1/kPa NC* 

B2 Intercept 2.64 kPa 0.36 1/kPa 52.1 % 

B3 Intercept 3.74 kPa 2.61 1/kPa NC* 

B4 Intercept 3.52 kPa 2.42 1/kPa NC* 

B5 Intercept 2.97 kPa 0.05 1/kPa 93.2 % 

B6 Intercept 3.57 kPa 2.68 1/kPa NC 

B7 Intercept 4.39 kPa 0.24 1/kPa 70.5 % 

B8 Intercept 4.48 kPa 0.07 1/kPa 84.1 % 

* NC denotes not included in the regression analysis 

 

Analysis of Mass Change Data 

Graphical Analysis 

The mass change data were analyzed to determine an average mass change adjustment as a function of 

elevation for the final elevation adjustment time of 1.05 min/1,000 ft.  The interpolated mass change for 

each binder was plotted as a function of elevation to identify trends in the data.  Figure 12 shows the mass 

change variation with elevation for binders B2 and B3.  B2 is a polymer modified binder with low mass 

change, while B3 is a neat binder with high mass change.  The trend for both binders is greater mass loss 

with increasing elevation.  This figure also shows the presence of outliers. 

Statistical Analysis 

The statistical analysis of the mass change data followed the approach described earlier for the analysis 

of WCTG and AASHTO re:source proficiency sample data.  Linear regression equations for mass change 

as a function of elevation were developed for mass change interpolated for the elevation adjustment time 

of 1.05 min/1,000 ft elevation.  Dummy variables were included in the regression analysis to allow the 

slope and intercept of the mass change as a function of elevation to vary for the eight binders.  Outliers 

were identified by fitting regression models with different intercepts and different slopes for each binder 

and observations with standardized residuals having absolute value greater than 2.5 were flagged as outliers.  

The final regression analysis was then conducted on the data set after removing the outliers.   

Table 14 summarizes the results of the statistical analysis.  A linear regression model with binder specific 

intercepts, but a common elevation slope has an explained variance of 93.1 percent.  The elevation slope of 

-0.0062 %/1,000 ft can be used to adjust the mass loss measured in laboratories at different elevations to a 

common elevation.  The elevation effect in this model is somewhat larger than that reported in Chapter 2 

for the WCTG and AASHTO re:source proficiency sample data because this model also includes the effect 

of increasing RTFOT conditioning time with elevation.  For an elevation difference of 7,000 ft, the mass 

change difference is -0.043 percent.  Figure 12 compares the measured data to the regression model for 

binders B2 and B3 which have the smallest and largest mass changes in the data set.  Although the elevation 

effect is significant, the most significant factor affecting the mass change is the binder.   
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Figure 12.  Mass Change Versus Elevation for Binder B2 and Binder B3. 

Table 14.  Summary of Mass Change Model. 

 

Property Value 

Total Observations 200 

Outliers and Missing Data 6 

Adjusted R2 0.931 

Elevation, %/1000 ft -0.0062 

B1 Intercept, % -0.137 

B2 Intercept, % -0.045 

B3 Intercept, % -0.652 

B4 Intercept, % -0.094 

B5 Intercept, % -0.108 

B6 Intercept, % -0.280 

B7 Intercept, % -0.477 

B8 Intercept, % -0.467 
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Figure 13.  Comparison of Measured and Fitted Mass Change Data for Binders B2 and B3. 

Application 

Application of the statistical models developed from the experimental work completed in this project is 

straightforward.  To provide approximately equivalent rheological properties, the RTFOT conditioning 

time should be increased one minute for every 1,000 ft increase in elevation.  When this RTFOT 

conditioning time adjustment is applied, 0.006 percent should be added to the resulting mass change for 

every 1,000 increase in elevation.     
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C H A P T E R  4  

Conclusions and Recommendations 

Conclusions 

The primary conclusion drawn from analysis of proficiency sample data from WCTG and AASHTO 

re:source, and the experiment conducted in this project is laboratory elevation affects both the rheological 

properties of the residue and the mass change for asphalt binders conditioned in accordance with AASHTO 

T 240.  It is possible to approximately account for the effect of elevation on the rheological properties of 

the residue by increasing the conditioning one minute for every 1,000 ft increase in elevation.  When this 

conditioning time adjustment is applied 0.006 percent should be added to the resulting mass change for 

every 1,000 increase in elevation.     

Recommendations for Implementation 

The sections below describe two approaches for implementing the findings of this study.  The first 

approach recommends not modifying AASHTO T 240.  If this approach is adopted, then the effect of 

elevation on interlaboratory results should be accounted for in the statistical analysis of the data.  Also, to 

address potential differences in specification properties due to elevation differences, agencies should adopt 

a dispute resolution procedure that includes the adjustments to AASHTO T 240 developed in this study.  

The second approach is to modify AASHTO T 240 to include the adjustments developed in this study.  

Additional details for these approaches are presented below. 

No Modification of AASHTO T 240 

Interlaboratory Studies    

If AASHTO T 240 is not modified to account for the elevation effect, then the statistical analysis of data 

from interlaboratory studies should be adjusted to account for the effect of elevation on the rheological 

properties of the residue and the mass change for asphalt binder conditioned in accordance with AASHTO 

T 240.  The approach used in this project to investigate the effect of elevation is recommended.  First the 

data should be regressed against elevation.  If the elevation effect is significant, then the standardized 

residuals (residuals divided by the standard deviation of the residuals) should be used to rate the 

performance of each laboratory on the same scale that is currently used based on standard deviation.  If the 

elevation effect is not significant, then the analysis can be performed in the usual manner using the standard 

deviation to rate the performance of each laboratory.  Implementation of this recommendation requires 

accurate data on the elevation of each laboratory, which can be readily obtained from on-line map services.  

Although the analysis can be done using barometric pressure or elevation, elevation is recommended due 

to the confusion associated with reporting barometric pressure that was discussed in Chapter 2.   

Recommendation for Binder Acceptance 

If AASHTO T 240 is not modified to account for the elevation effect, then it is possible that laboratories 

at different elevations may reach different conclusions concerning the acceptance of an asphalt binder.  

Agencies performing acceptance testing at higher elevations should modify their dispute resolution 
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procedures to include retesting using adjusted RTFOT conditioning times and mass change based on the 

findings from this study.  One possible approach is provided below: 

When the supplier’s laboratory is at an elevation of 1,000 ft or more below the 

Department’s laboratory and there is a difference in acceptance results that may be due to 

the elevation difference, the Department will retest the binder using a modified RTFOT 

conditioning time that adds one minute for each 1,000 ft difference in elevation rounded to 

the nearest minute.  When using this modified RTFOT conditioning time, 0.006 percent will 

be added to the resulting mass change for each additional minute of RTFOT conditioning 

time.  The elevation of the supplier’s and Department’s laboratory will be determined using 

an on-line mapping service. 

Modification of AASHTO T 240 

This section presents the modifications to AASHTO T 240 required to implement the findings of this 

study.  The modifications use an elevation of 500 ft as the basis for adjusting the RTFOT conditioning time 

and mass change measurements.  The modifications are based on increasing the RTFOT conditioning time 

1 minute per 1,000 ft increase in elevation rounded to the nearest minute and adding 0.006 percent to the 

measured mass change for each minute of RTFOT conditioning time greater than 85 minutes.  Appendix C 

details the required modifications.
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A P P E N D I X  A   

Binder Grading Data 
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Table A1.  Binder Performance Grading Data. 

Condition Property Method 
Temp, 

⁰C 

Binder 

B1 B2 B3 B4 B5 B6 B7 B8 

Original 

Viscosity, Pa‧s AASHTO T 316 135 0.461 1.134 0.282 0.442 2.505 0.217 0.583 1.248 

G*/sinδ, kPa AASHTO T 315 

52      1.44   

58   1.36   0.683   

64 1.73  0.642 1.16   1.07  

70 0.823   0.597   0.627 1.40 

76  1.18      0.907 

82  0.676   1.18    

88     0.821    

RTFOT 
Residue 

G*/sinδ, kPa AASHTO T 315 

52      3.49   

58   3.50   1.64   

64 3.99  1.59 3.28   3.98  

70 1.82   1.68   2.19 2.67 

76  2.74      1.64 

82  1.53   2.30    

88     1.59    

PAV 
Residue 

G*‧sinδ, MPa AASHTO T 315 

7       6660  

10      5640 4640 6010 

13    6170  3880  4230 

16   5440 4320 5960    

19  5960 3770  4150    

22 5640 4220       

25 3920        

Creep Stffness, 
MPa 

AASHTO T 313 

-12 197 149       

-18 406 305 223 195 238    

-24   478 433 478 262 194 228 

-30      557 408 462 

m-value AASHTO T 313 

-12 0.343 0.336       

-18 0.281 0.287 0.337 0.329 0.325    

-24   0.273 0.270 0.261 0.337 0.327 0.311 

-30      0.270 0.272 0.258 
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A P P E N D I X  B   

Laboratory Instructions 

Introduction 

     Thank you for agreeing to participate in the Rolling Thin Film Oven Test (RTFOT) Elevation 

Experiment being conducted as part of NCHRP Project 20-07 / Task 400, Effect of Elevation on Rolling 

Thin Film Oven Aging of Asphalt Binder.  The objective of this experiment is to determine the feasibility 

of adjusting the RTFOT conditioning time to account for the decreased aging that occurs during RTFOT 

conditioning at higher elevations.  Through an analysis of AASHTO Resource and Western Cooperative 

Testing Group (WCTG) proficiency sample data, we confirmed that there is an elevation effect and for 

some binders the effect is large enough to result in different conclusions being drawn concerning the 

acceptability of the same binder under AASHTO M 320 and AASHTO M 332 when tested at different 

elevations.  You are one of 25 laboratories that have agreed to participate in this experiment.  The range of 

elevations for the laboratories vary from approximately 200 ft to 7000 ft. 

     The RTFOT Elevation Experiment includes conditioning eight binders in 20 laboratories at different 

elevations.  Each laboratory will condition each binder at two different conditioning times based on the 

elevation of the laboratory.  Since only high temperature properties will be measured, each laboratory will 

condition four bottles of each binder resulting in a total of eight runs of the RTFOT; four runs at each of 

two condition times.  For each binder, each laboratory will measure and report the mass change using two 

bottles and return the residue from the other two bottles to Advanced Asphalt Technologies, LLC for 

rheological testing.  Using a single laboratory for rheological testing will reduce testing error caused by 

differences in testing equipment and procedures in different laboratories.   

     The requirements given in AASHTO T 240, Standard Method of Test for Effect of Heat and Air on a 

Moving Film of Asphalt Binder (Rolling Thin-Film Oven Test) will be followed. Please review AASHTO 

T 240 prior to performing the requested work. Detailed instructions are provided below. 

Samples and Containers 

     You have received 16 tins containing binder.  There are eight binder samples labeled B1 through B8 

and for each binder sample you have received two tins with binder.  The performance grade for each of the 

binder samples are listed below.  You also received 16 marked tins to return the conditioned binder.  The 

tins are marked LXX-BY-ZZ where XX is your laboratory number, Y is the binder number, and ZZ is the 

conditioning time.   
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    Sample 

ID 

Performance Grade Type 

B-1 PG 64-22 Neat 

B-2 PG 76-22 Polymer 

B-3 PG 58-28 Neat 

B-4 PG 64-28 Neat  

B-5 PG 76-28 Polymer 

B-6 PG 52-34 Neat 

B-7 PG 58-34 Polymer 

B-8 PG 64-34 Polymer 

Preparation of Oven 

     Prepare the oven in accordance with Section 6 of AASHTO T 240.  Please ensure that the nozzle for 

the air flow is positioned at the center of the opening in the mouth of the bottle to ensure proper air flow. 

Procedure 

     Condition the binders and measure the mass change in accordance with Section 7 of AASHTO T 240 

with the following exceptions: 

4. Condition each of the 8 binders using the two conditioning times assigned to your laboratory.  These 

times are different from the standard condition time of 85 minutes. 

5. Condition 4 bottles of each binder for each conditioning time.  Use 2 of the bottles for each binder to 

measure and record the mass change.  Transfer the contents for the 2 bottles not used for the mass 

change measurement into the appropriately marked container. 

6. Condition two binders during each run of the RTFOT.  A total of 8 RTFOT runs will be required. 

When removing the bottles from the RTFOT alternate between the two binders and complete the removal 

and transfer of the residue to the appropriate container within the 5 minutes specified in Section 7.7 of 

AASHTO T 240.  First, remove the bottles that will be used for mass change. Next, remove and drain, one 

at a time, the bottles that will be used for physical property measurements in the following order: One bottle 

from binder A, two bottles from binder B, and the last bottle from binder A. 

Reporting and Shipping 

Report the mass change measured for each binder for each conditioning time using the table below. 

 

Binder 
Condition Time of __ Minutes Conditioning Time of __ Minutes 

Bottle 1 Bottle 2 Average Bottle 1 Bottle 2 Average 

B-1       

B-2       

B-3       

B-4       

B-5       

B-6       

B-7       

B-8       
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Return the 16 containers of RTFOT residue via FedEx Ground using the box and return shipping label 

provided to: 

Ramon Bonaquist 

Advanced Asphalt Technologies, LLC 

40 Commerce Circle 

Kearneysville, WV 25430 

(681)-252-3329 

 

Questions: 

     If any of these instructions are not clear or you require additional information, please contact:  

 Ramon Bonaquist 

 Phone: 681-252-3329 

 Mobile: 703-999-8365 

 e-mail: aatt@erols.com  
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A P P E N D I X  C   

Recommended Modification to AASHTO    
T 240 

Introduction 

This appendix presents the changes to AASHTO T 240 needed to implement the RTFOT conditioning 

time and mass change adjustments developed in this project.  The changes are presented below and refer to 

the sections in AASHTO T 240-13 (2017).  New text is shown in bold. 

Recommended Changes to AASHTO T 240-13 (2017) 

1.  Scope 

No change required. 

 

2.  Referenced Documents 

In Section 2.3 add an appropriate reference to this document when it is published. 

 

3. Summary of Test Method 

No change required. 

 

4.  Significance and Use 

No change required. 

 

5.  Apparatus 

No change required. 

 

6.  Preparation of Oven 

No change required 

 

7.  Procedure 

Modify Section 7.6 as to read: 

7.6  With the oven at operating temperature and the airflow set at 4000 ±300 ml/min, 

arrange the containers holding the asphalt binder in the carriage so that the carriage 

is balanced.  Fill any unused spaces in the carriage with empty containers.  Close 

the door and rotate the carriage assemble at a rate of 15 ±0.2 r/min. Maintain the 

glass containers in the oven with the air flowing and the carriage rotating for 

duration listed in Table 1 based on the elevation of the laboratory.  The test 

temperature of 163 ±1.0ºC (325 ± 1.8ºF) shall be reached within the first 10 min – 

otherwise discontinue the test. 
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Table 1 – Conditioning Time 

Elevation,  

Ft 

Conditioning Time, 

min 

0 – 999 85 

1,000 – 1,999 86 

2,000 – 2,999 87 

3,000 – 3,999 88 

4,000 – 4,999 89 

5,000 – 5,999 90 

6,000 – 6,999 91 

7,000 – 7,999 92 

 

Modify Section 7.9 to add a new Section 7.9.1 as follows: 

7.9.1 Calculate the mass change using the following equation. The mass change may 

be negative (mass loss) or positive (mass gain) 

���� ����� , % �  
�# � $�

#
� %&&% + ( 

 where: 

  A = mass of binder plus container before conditioning, g 

  B = mass of binder plus container after conditioning, g 

  F = mass change correction factor from Table 2 

 

Table 2 – Mass Change Correction Factor 

Conditioning Time, 

min 
F 

85 0.000 

86 +0.006 

87 +0.012 

88 +0.018 

89 +0.024 

90 +0.030 

91 +0.036 

92 +0.042 

 

Renumber current Section 7.9.1 as Section 7.9.2. 

 

8.  Report 

No change required 

 

9.  Precision and Bias 

Relabel Table 1 as Table 3; relabel Table 2 as Table 4; relabel Table 3 as Table 5 

 

10.  Keywords 

No change required 

 

Appendix 

No change required 


