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ASPHALT FILM AGING MODEL 
 
 

INTRODUCTION AND OBJECTIVES 
 
Understanding asphalt binder oxidation to the extent that materials can be tested for 
susceptibility to oxidation in quantitative terms that can be used in rational pavement 
performance computations requires an understanding of what physical and chemical processes 
control the rate of oxidation. Asphalt is subject to chemical oxidation by reaction with dissolved 
oxygen originating from the atmosphere. Asphalt oxidation results in the hardening of the 
asphalt, and a reduction in its ability to relax. Consequently, oxidized asphalt will retain stress 
for a longer time under loading, and that stress will be a larger value than fresh asphalt. During a 
cooling event, oxidized asphalt will build stress faster, and fail at a higher temperature. 
Ultimately, oxidation will lead to cracking and failure of asphalt concretes through a 
combination of thermal stresses and loading. The philosophy in this work has been to use 
physical and chemical fundamentals as much as possible to provide robust methods that will 
survive a changing technology, tempered by a realization that practical use of such a complex 
material as asphalt may require empiricism as well.  
 
This report describes work performed under FHWA Contract No. DTFH61-07-D-00005, aimed 
at describing the oxidation kinetics of asphalt binders at ambient pressure. The primary questions 
are: 
 

1) How does the process of molecular diffusion influence the oxidation rate? 
2) How thin must an asphalt sample be before diffusion effects can be neglected? 

 
Our primary focus is furthering the understanding of asphalt oxidation to enable the development 
of material testing procedures for asphalt binders that allow rational consideration of the 
important role of mechanical property changes that occur during oxidation. Rational design 
procedures require mathematical descriptions of the phenomena of interest. Robust descriptions 
are founded in scientific fundamentals as much as possible. 
 
 
BACKGROUND 
 
General 
 
The oxidative aging of asphalt binders in pavements causes a stiffening of the material, a loss in 
ductility, and a reduction in its ability to relieve stress (relaxation). Consequently, the pavement 
is more susceptible to stress accumulation, generally associated with thermally induced stress 
caused by cooling. In order evaluate the long term performance of a pavement, the changes in the 
binder rheological properties, and the effect of the binder chemical changes on the pavement 
mechanical properties, must be understood. Hubbard and Reeve (1913) examined the effects of 
outdoor weathering on the physical and chemical properties of paving grade asphalt cements, 
finding that oxidation, and not volatilization alone, is responsible for the changes in asphalt 
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binder properties over time. Subsequent studies have confirmed the Hubbard and Reeve finding 
(Thurston and Knowles 1936; Van Oort 1956). 
 
The oxidative aging of asphalt binder has been studied for almost a century. It is beyond the 
scope of this work to describe this long history in detail. Information in the literature ranges from 
observations of actual pavements to detailed studies of the chemistry of the reactions in the 
asphalt binder itself. The important points to consider in the oxidation of the pavement are that a 
number of physical and chemical processes occur as a pavement oxidizes. How fast it oxidizes 
depends upon how the air enters the pavement, how the air becomes dissolved in the binder 
hydrocarbon, and how the chemistry responds to the amount of air dissolved. All of these 
processes depend on temperature, mix design, and the asphalt binder source. The temperature of 
the pavement itself varies with depth and time and depends upon its response to climate, 
primarily driven by solar insolation. An understanding of the complex processes occurring in the 
pavement is critical, and consistent research methods must carefully separate these processes to 
understand them correctly in experimental design. This study is aimed specifically at improving 
our understanding of the role of molecular diffusion into the asphalt film, and under what 
circumstances must it be considered. 
 
Pavement Oxidation Processes 
 
Oxidation is a chemical reaction. For a chemical reaction to occur, the chemical species must 
come into molecular contact with each other. The molecules must be able to collide. Oxygen 
occurs in the air as a gas, and the asphalt binder is a visco-elastic material with solid and liquid 
like properties existing in a separate phase coating the mineral components of the pavement, 
cementing it together. Asphalts cements are porous and permeable to some extent, some mix 
designs more permeable than others. For oxidation to occur, the air must enter into the pavement 
through the pore structure via a number of processes and then become dissolved into the asphalt 
binder through the process of molecular diffusion. Coons and Wright (1967) found that the level 
of oxidation was greatest at the top of the pavement, and less with depth. Vallerga, White and 
Rostler (1970) collected data that shows that more porous (more permeable) pavements age more 
severely and with less variation with depth than pavements with low air void contents. These 
observations can be explained by considering that the oxygen in the air is being consumed as the 
air moves down into the pavement, reducing the rate and the variation in the pavement 
temperature with depth that affects the rate.  
 
The variable temperature with time profiles of soils and pavements have been studied 
extensively and it is well documented that surface temperatures for pavements vary much more 
than temperatures deeper in the pavement (Rumney and Jimenez 1969; Dempsey 1970; Lytton et 
al. 1989; Solaimanian and Kennedy 1993; Hermansson 2000, 2004; Gui et al. 2007; Herb et al. 
2009). The data presented in Herb et al. is particularly interesting in that the average 
temperatures at depth do not vary significantly, but the daily excursions are much greater at the 
surface. This clearly illustrates that the temperature effect cannot be captured using mean air 
temperature information. Reaction rates are exponential in temperature, so the highest 
temperatures experienced have huge effects on the amount of aging. Simple arithmetic averaging 
will not account for this dependency. The temperature effect alone would not produce the 
observation of Vallerga and coworkers (1970) in that above a certain void volume level, the 
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amount of oxidation would not depend upon void volume at all if temperature alone was 
controlling the rate. So, we are inclined to believe that both movement of air in and out of the 
pavement, and thermal gradients, contribute to the degree of oxidation differences in a pavement 
from top to bottom.  
 
One might be tempted to think that identifying the slowest step of this process of air movement 
into the pavement, diffusion into the asphalt binder, and finally reaction, would be sufficient to 
estimate the oxidation aging of the pavement. However, both the diffusion into the asphalt 
binder, and the chemical reaction rate once dissolved determine how much of the original 
oxygen in the air still remains after traveling down from the top. These processes are coupled 
and to properly compute one, the other must be computed as you advance in time and depth. At 
the surface the rate is controlled by reaction rate. As this is, on average, the most reactive zone, 
the greatest reduction in oxygen concentration in the air occurs here as the binder consumes the 
oxygen. To map the changes in a pavement over many years time, the relative rates of all three 
processes (movement of air into the pavement, diffusion of oxygen into the asphalt binder, and 
reaction inside the binder) must be understood well enough to be described mathematically in 
terms of mix design, climate, and binder selection. Under some conditions, the mathematics 
might be made simpler if one process dominates the overall rate. Once the rate, and subsequently 
the degree of oxidation have been accurately estimated, the effect of this state of oxidation on the 
binder in question must be known. Then, knowledge of the relationship of the extent of oxidation 
to the mechanical property changes of the binder would allow an estimate of the mechanical 
properties of the binder. Finally, application of the appropriate mix model that accounts for the 
mechanical properties of the binder and other mix variables allows an estimate of the properties 
history of the mix itself at each depth. The net result of the oxidation state calculation that is of 
value to pavement designers and road maintenance decision makers is the resulting property 
gradient in the pavement, particularly the modulus. An averaged pavement section modulus is 
not sufficient to compute stresses, as the stiffness gradient concentrates more of the stress near 
the top of the pavement where modulus values are highest. Using average pavement section 
values will result in overly optimistic pavement life predictions. In summary, the climate, the 
mix design, and the characteristics of the selected binder are all important considerations when 
predicting pavement performance over long periods of time. This work focuses on the binder 
alone in an attempt to provide mathematical descriptions of the rate of diffusion with chemical 
reaction.  
 
Oxygen Diffusion into Thin Film Rates  
 
In this section we focus upon what happens at the binder level ignoring the transport of air into 
the pavement. A complete fundamental understanding requires that these phenomena be studied 
separately, but historically this has not always been done. Consequently, a good deal of 
confusion has resulted in just how to interpret much of the historical data. Recent reviews of 
asphalt binder oxidation studies in the literature illustrate that considerable study has addressed 
this topic, with an emphasis on chemical interpretation (Petersen 2009; Petersen and Glaser 
2011).  
 
This work focuses upon the computation of the resulting oxidation rate when both reaction and 
diffusion are important contributors to the overall rate. This work is similar to previous oxidation 
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with diffusion studies by Van Oort (1956) using a simplified analytical solution and Dickinson 
(2000) who solved the problem numerically. Oxidation of very thick samples will be diffusion 
controlled, and the underlying chemistry is difficult or impossible to observe. The behavior of a 
differential element inside the asphalt as oxygen diffuses through in one direction is described by 
Fick’s second law with oxygen consumption added. 
 

 
[ ] [ ] [ ]12 2 2fast slowCO C O

D
t t t x x

 α ∂  ∂ α ∂ ∂∂ + + =  ∂ ∂ ∂ ∂ ∂ 
 (1) 

 
where: 
 
[ ]2O

t
∂
∂

 = the change in oxygen concentration, [ ]2O , (mol/m3) with respect to time t (s), the 

oxygen accumulation term. 
 

1 fastC
t

 α ∂  
∂

 = the consumption of oxygen in the fast reaction in terms of the fast reaction 

reactant, fastC    disappearance rate, fastC
t

 ∂  
∂

, (this is negative)(mol/m3-s). 

 
1α  = the stoichiometry coefficient for the fast reaction, assumed to be 1. A similar definition 

applies to the consumption term for the slow reaction, [ ]2 slowC
t

α ∂
∂

. 

 
[ ]2O

D
x x

  ∂∂   
 ∂ ∂ 

 = the change in the oxygen gradient with depth, 
[ ]2O

x
 ∂  
∂

, (mol/m4-s). 

 
D = the diffusivity which may be a constant or vary with depth (m2/s). 
 
 
The original implementation of the model (Western Research Institute 2009), a numerical 
solution, treated the formation of sulfoxide and carbonyl as behaving separately with regard to 
the rate expressions. Hence, the model tracked the oxygen diffusion and reactions of each 
separately, as well as the counter diffusion of the reactants and products. The utility of the 
program was limited by uncertainties in the temperature and pressure dependency of oxygen 
solubility, diffusivity, and the chemical reaction rate expression. It was decided that obtaining 
true chemical rate data would best be accomplished by determining a maximum film thickness to 
employ to eliminate diffusion and conducting ambient pressure oxidation using this thickness 
film. Later experimental work (Glaser et al. 2015) indicated a shared rate limiting step, greatly 
simplifying the program by using a single rate expression (the partitioning of the sulfoxide and 
carbonyl species is not treated by the chemical kinetics model at this time) 
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The basic rate equations can be written as: 
 

[ ]

[ ]
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where: 
 
P1 and P2 = the product concentrations of the fast and slow reactions, respectively. 

1

'k  and 
2

'k  = the isothermal rate constants (Arrhenius temperature dependency) for the fast and 
slow reactions, respectively. 

*
slowC  = the free radical concentration, determined by the fast reaction and proportional to P1. 

 
Three different solution techniques are embodied in the numerical solution of the two 
dimensional differential equations. A simple Euler method, an Euler method with predictor 
corrector capabilities, and a hybrid analytical spatial and Euler temporal approach are all 
available. The pure Euler methods are quite time consuming to run (on the order of hours) and 
the hybrid method was employed to stabilize the derivative computations by taking advantage of 
the form of the spatial gradient for similar initial condition problems without reaction. This 
gradient is of the form of an inverted Gaussian distribution centered at the base of the film with 
the top of the film located at the inflection point (polynomial spatial functions were unstable). 
While this speeds up execution nearly a hundred fold, this simplification will not provide the 
correct answers when the film is quite thick and a numerical zero gradient occurs at the base of 
the film. A variable exponent Gaussian would likely correct this limitation. An automatic step 
size adjustment routine can be optionally applied as well to any of the numerical methods. The 
initial condition employed in the study for these thin films assumes saturation at time zero, but a 
flat line causes numerical problems and a very tiny gradient is imposed in the shape of an 
inverted Gaussian to provide non-zero spatial gradients.  
 
 
EXPERIMENTAL 
 
The oxidation process of asphalt binders in thin layers is a heterogeneous reaction. The rate of 
oxidation observed depends upon the system geometry. In very thick films or layers, the overall 
rate is controlled by the ability of the oxygen to diffuse into the asphalt. In very thin layers, the 
rate is limited by the reaction itself. The slowest step is the reaction mechanism since oxygen can 
quickly diffuse into the sample as it is consumed. To properly study the actual chemical 
mechanism, it is critical that the film thickness is sufficiently small so that diffusion rates are 
very fast and can be neglected. Diffusion rates and reaction rates are both influenced by 
temperature and pressure. Typically, both increase with temperature, but usually the reaction rate 
accelerates more than the diffusion rate. Diffusivities of gases in ordinary liquids are nearly 
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independent of pressure, but the diffusion rate is accelerated during unsteady saturation of the 
liquid because the gas solubility is higher at higher pressure. Higher gas solubility also increases 
the reaction rate if the rate limiting step is controlled by reaction with oxygen or direct products 
of oxygen. For gases, pressure increases result in a decrease in diffusivity. Asphalts can have 
rather large voids at the molecular scale, so the pressure dependency of asphalts could possibly 
appear to behave in unexpected ways intermediate to liquid and porous solids.  
 
All of these potential complexities can be easily resolved by designing the experiments in such a 
way that the rate of diffusion is much faster than the rate of reaction. This is usually 
accomplished by using a characteristic diffusion length (film thickness in films, radius in 
particles) that is sufficiently small to insure that diffusion rates are much faster than the reaction. 
A mathematical model could suggest this thickness, but experimental work is preferred and 
simple to execute. If a series of films over a range of thickness are oxidized at the highest 
temperature used in the study, the extent of reaction observed in the entire sample will increase 
as film thickness decreases, up to a point where there is no change within the error of available 
measurements. This thickness is the maximum thickness to use. Lower temperature testing 
could, in theory use a slightly thicker film, but selecting the film for the most extreme 
temperature assures that diffusion can be neglected for the lower temperature tests. 
 
The maximum film thickness to use was studied during two testing periods. Before acquisition of 
the precision forced convection ovens intended for use in an ambient pressure oxidation kinetics 
and rheology study, several films were prepared over a range of thickness, and the resulting mid 
infrared response for carbonyl and sulfoxide compared. Within the variance of this study, caused 
by temperature differences inside the oven chamber, a film thickness of 100 microns was 
selected for the ambient pressure oxidation and rheology study. The maximum film thickness 
was later repeated using SHRP asphalts AAC-1 and AAK-1 to verify our previous determination 
at higher precision and check the possibility of using thicker films. The results confirmed 
previous work. 
 
The laboratory oxidation study followed the usual course of isothermal kinetic studies. Prior to 
beginning the aging tests, all of the binders were RTFO aged to simulate oxidation occurring in 
the mix plant and during pavement placement. Both binders, AAC-1 and AAK-1, were aged at 
70°C for a total period of 2 weeks in Salvastm precision forced convection ovens. Our laboratory 
is located in Laramie, Wyoming, at 2200 m elevation, so the aging pressure was nominally 0.75 
atmospheres.  
 
The films were prepared in aluminum pans. Toluene was used as the casting solvent with enough 
asphalt to produce 100 micron films. Removal of the solvent involves 4 hours at room 
temperature in an argon sweep followed by vacuum oven treatment for 4 hours at 70°C. Solvent 
removal was verified by mid-infrared analysis. Higher temperatures were avoided to prevent 
sulfoxide decomposition. The pans used to cast the films are commercially available aluminum 
weighing pans. After aging, the changes in composition were monitored by fast Fourier 
transform infrared spectroscopy (FTIR) using a Perkin-Elmer Spectrum One instrument. The 
infrared readings were obtained in transmission mode through sodium chloride window material 
with a 1 mm beam path length. The aged binder was prepared for measurement by dilution with 
carbon tetrachloride at a concentration of 50 mg binder per mL of solvent. All absorbance 
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measurements are reported as actual peak height absorbencies, with no area calculations or 
attempts to convert to molar concentration. Previous work by Petersen (2008) has determined 
that at the dilution rates used in this study for infrared analysis, the molar concentrations for 
carbonyl are approximately 1 mol/L or 1000 mol/m3. 
 
 
RESULTS AND DISCUSSION 
 
Two asphalts, SHRP AAC-1 and AAK-1, were aged at 70°C for two weeks (the highest rate 
period) to determine the maximum film thickness to use in oxidation studies where the effect of 
diffusion rate can be neglected. A variety of film thicknesses from 25 to 1000 micron was tested 
to determine at what thickness a smaller film produces the same conversion. For both binders, 
100 microns appears to be the thickest films usable at 70°C, based on carbonyl and sulfoxide 
responses. An anomalous measurement occurred at the 25 micron thickness for carbonyl in the 
AAC-1 sample that was ignored as a spurious measurement, probably a caused by an error in 
sample handling. Figures 1 and 2 summarize these results. 
 
 

 
Figure 1. Graph. Net oxide production for asphalt AAC-1 as a function of film thickness 

after 2 weeks at 70°C. 
 
 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

1 10 100 1000 10000

In
fr

ar
ed

 A
bs

or
ba

nc
e 

Film Thickness, microns

set2 C=O"

set2 S=O"

set1  C=O

set1  S=O



 

8 

 
Figure 2. Graph. Net oxide production for asphalt AAK-1 as a function of film thickness 

after 2 weeks at 70°C. 
 
 
The two binders AAC-1 and AAK-1 were also oxidized in a separate experiment over a range of 
times using 100 micron thick films. The detailed results of these studies are available in a 
separate report (WRI Topical Report FP 10 Aging Master Curve and FP 11 Aging Rate Model 
[Glaser et al. 2015]). Good agreement exists between the sum of carbonyl and sulfoxide 
absorbencies, as shown in table 1. 
 

Table 1. Two week kinetic study and film thickness study results compared. 
 

Binder 
Thickness Study Kinetic Study 

s=o + c=o IR absorbance s=o + c=o IR absorbance 

AAC-1 0.585 0.58 
AAK-1 0.706 0.706 

 
 
Personal communication with Dr. J. C. Petersen indicates that the IR absorbencies are 
approximately equivalent to the concentration in moles per liter, or 1000 times smaller in moles 
per cubic meter. The IR readings from the ambient pressure testing were converted to moles per 
cubic meter and an oxygen solubility in asphalt assumed to be 0.67 mol/m3 at 70°C (Rodnight 
1954). The reaction rate constants as determined from the kinetic study are in different units and 
also contain the unknown stoichiometric coefficients of the products relative to the oxygen 
consumption. Consequently, these were fit to the data while maintaining a ratio of 0.11 as 
determined from the kinetic study. The ambient pressure data for AAC-1 was fit using the 
diffusion model assuming a very high diffusivity of 1 x 10-5 m2/s (Glaser et al. 2015). This was 
done at very high diffusivity and using the same rate constant ratio found in the ambient pressure 
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study in order to obtain the proper units proportionality since the rate constants in the ambient 
pressure study are in infrared absorbance units and the diffusion model requires fundamental 
molar concentrations.  Estimation using the Wilke-Chang equation indicates a value 1 x 10-12 for 
oxygen in asphalts that varies according to inverse viscosity with temperature (Wilke and Chang 
1955). If the film thickness is true small enough that diffusion effects can be neglected, higher 
than actual diffusivities will produce the same results. The initial concentration of fast reaction 
reactive species is taken from the kinetic study fits as 229 mol/m3. 
 
The fast reaction rate constant was found to be 2 x 10-6 and the slow reaction rate constant is 
2.2 x 10-7 (m4.5/mol ½-s). The fit is shown in figure 3. 
 
 

 
 

Figure 3. Graph. Fit of AAC-1 ambient pressure sulfoxide plus carbonyl production history. 
 
 
 
The oxygen profile is shown in figure 4. The profile is every 7 hours, with a rapid drop and then 
a slow creep back up to saturation. Notice the small difference between the lowest and highest 
values on the Y axis.  
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Figure 4. Graph. Oxygen concentration over time with negligible diffusion rate control. 

Once the rate constants were determined at the correct scale, the diffusivity was adjusted by trial 
and error to match the 400 micron thick films and found to be near 6 x 10-11 m2/s for AAC-1 and 
1.7 x 10-11 m2/s for AAK-1. The program was then run at these settings for all thicknesses.  
 
The model and thickness study results are compared in tables 2 and 3. 
 

Table 2. Model calculations for AAC-1 oxidation products (carbonyl plus sulfoxide)  
compared to experimental values. 

 

Film Thickness, microns Product Concentration mol/m3 
(experimental) 

Product Concentration mol/m3 
(model) 

50 600 587 
100 585 586 
100 604 586 
200 568 584 
200 563 584 
400 559 562 
800 519 520 
1600 448 443 
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Table 3. Model calculations for AAK-1 oxidation products (carbonyl plus sulfoxide)  
compared to experimental values. 

 

Film Thickness, microns Product Concentration mol/m3 
(experimental) 

Product Concentration mol/m3 
(model) 

50 720 702 
100 706 700 
100 700 698 
200 670 683 
200 694 683 
400 618 615 
800 568 522 
1600 487 427 

 
 
Screen captures from the program showing model computations of the yields compared to the 
kinetic data, and the oxygen profiles are shown in figures 5 through 10. The time dependent 
behavior is difficult to show in a written document. Typically, during the first 24 hours the 
saturated film consumes most of the dissolved oxygen producing the steepest concentration 
gradient. As the rate decreases in the fast reaction toward the constant slow reaction rate, the 
gradient approaches the saturation value to a steady state slow reaction gradient in very long 
times. In simple terms, the gradient rapidly moves down and then slowly creeps back up to a 
steady state gradient. The second gradient from the top is the last gradient.The rapid steepening 
as the sample is subjected to high temperature is the depletion of existing saturated oxygen. The 
slow creep up in the effect of the fast reaction consuming reactive material. The slow reaction 
rate is constant over pavement life time frames, and the final gradient is invariant in time, 
provided the diffusivity is not a function of oxidation extent, which it probably is. (These 
calculations assumed constant diffusivity.)  
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Figure 5. Graph. Oxygen concentration profile for a 50 micron thick film of asphalt AAC-1. 
 
 

 
 

Figure 6. Graph. Oxygen concentration profile for a 100 micron thick film of  
asphalt AAC-1. 
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Figure 7. Graph. Oxygen concentration profile for a 200 micron thick film of 
asphalt AAC-1. 

 
 

 

Figure 8. Graph. Oxygen concentration profile for a 400 micron thick film of 
asphalt AAC-1. 
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Figure 9. Graph. Oxygen concentration profile for an 800 micron thick film of 
asphalt AAC-1. 

 
 

 

Figure 10. Graph. Oxygen concentration profile for a 1600 micron thick film of 
asphalt AAC-1. 
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Similar behavior is observed in the AAK-1 calculations of oxygen concentration profiles with 
film depth. 
 
 
CONCLUSIONS 
 
The behaviour of asphalt oxidation rates as a function of film thickness can be explained by 
molecular diffusion. Precise determination of the diffusivity by back calculation would require a 
precise understanding of oxygen solubility as a function of pressure and temperature. The current 
numerical solution methods employed provide reasonable results provided the step size 
sensitivity is carefully monitored. The Euler methods are quite slow and an accelerated algorithm 
would be helpful. The accelerated hybrid algorithm works well for full penetration problems (a 
finite oxygen concentration at the film bottom), but the spatial gradient function would need to 
be more complex for situations involving a moving boundary value where the zero oxygen 
concentration point advances in time. The Euler-predictor-corrector algorithm is slow but robust 
and works with less than full penetration situations. 
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