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Abstract
The chemical changes that occur to asphalt with oxidation include an increase in oxygen content, as well as the unsaturation
of the molecules. This change raises the polarity and stiffness of the material. As a consequence, the elastic response
increases, altering its rheology. These transformations are essential to determine pavement performance during its service
life. However, the characterization of these chemical and rheological processes cannot be completed because of the ineffi-
ciency of current procedures that simulate asphalt oxidation. For this reason, the objective of this study is to characterize
asphalt oxidation fundamentally and to relate the observed changes in the materials’ mechanical response. To achieve this
goal, a representative group of asphalt samples has been exposed to environmental oxidation, and alternatively to thermal
and ultraviolet aging in the laboratory. The samples were characterized chemically and rheologically before the start of the
experiment. It was possible to find a correlation between the content of specific chemical species in the material and their
mechanical behavior at low and intermediate temperatures. In addition, the present study helps to understand the oxidation
phenomena, and helps verify the ineffectiveness of traditional aging techniques, so that they can be modified to simulate the
environmental process better.

Asphalt oxidation occurs in two stages: (1) during the
extraction, production of the asphalt mixture, and place-
ment of the upper layer of the pavement, and (2) during
the service life of the pavement (1). The reactions that
occur during these stages are dependent on the chemical
composition of the asphalt (2, 3). However, increases in
the amount of oxygenated functional groups, double
bonds, and aromaticity are expected (4–7).

Specifically, oxidation promotes the formation of aro-
matic structures and unsaturations (carbon-carbon dou-
ble bonds), which increase the rigidity of the asphalt.
Such chemical changes can be monitored by Fourier
transform infrared spectroscopy (FTIR) (8–10). Also,
after oxidation, there is an increment in polarity of mole-
cules because of the presence of oxygen and double
bonds in the molecules of the material, which in turn
increase the number and magnitude of intermolecular
interactions. As a consequence, the elastic component of
the asphalt is expected to become dominant as the oxida-
tion in the binder advances: this is usually accompanied
by a reduction in the viscous component of the material.
Therefore, the correct interpretation of the contribution
of the elastic and viscous components to the asphalt

rheology is useful in the characterization and prediction
of its performance. For example, a high contribution of
the elastic component could represent an increase in the
susceptibility of the binder to the fracture, which in turn
is related to the energy dissipation capacity of the mate-
rial: a rigid (oxidized) asphalt is expected to be less effi-
cient in energy dissipation by flow, since its molecules
will have reduced mobility, compared with a less rigid
(non-oxidized) asphalt. In other words, an oxidized
asphalt dissipates energy through the fracture.

Asphalt oxidation is characterized by the oxygenation
of molecules, as well as by the increase in the number of
double bonds and aromaticity (11). These transforma-
tions alter the rheological and mechanical responses of
the material by increasing its fragility and susceptibility
to fracture (12). In the laboratory, asphalt oxidation is
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simulated with thermal treatments performed in specially
designed ovens, such as the rolling thin-film oven
(RTFO) and the pressure aging vessel (PAV). In these
procedures, asphalt is subjected to high temperatures,
continuous airflow, and pressure (13). For example, after
being exposed to the PAV, the asphalt sample is expected
to oxidize to the equivalent of 7–10 years of in-field ser-
vice (14). However, several studies suggest that thermal
treatments do not achieve complete oxidation of asphalt
as they ignore the contribution of ultraviolet (UV) radia-
tion (photo-oxidation) (15). Consequently, photo-
oxidation has been proposed to complement and
improve this type of simulation. An example of such a
procedure consists in subjecting the asphalt that has been
previously oxidized by the conventional thermal method,
to UV radiation. Although this additional treatment has
proved to be a more accurate approximation of oxida-
tion, it is still an incomplete simulation because several
environmental factors that could contribute to oxidation
are not considered, such as water, impurities in the air,
and radiation of the entire electromagnetic spectrum.
Consequently, the present study intends to analyze the
chemical changes that occur to asphalt under environ-
mental conditions and to relate them to the mechanical
consequences of oxidation in the material. In addition,
based on the results, the efficiency of the accelerated
aging treatments (RTFO, PAV) commonly applied in
the laboratory will be analyzed (16).

Objective

The objective of this study is to analyze the chemical and
rheological transformations that occur in the asphalt bin-
der after environmental oxidation. In addition, and based
on the previous, the efficiency of accelerated aging proce-
dures commonly applied in the laboratory (such as PAV)
in simulating oxidation of asphalt binder were analyzed.

Methodology

Materials

The materials analyzed in this study are neat binders
denoted as Costa Rica 1 (PG 64-22), Costa Rica 2 (PG
70-25), Guatemala 1 (PG 64-22), Guatemala 2 (PG 64-
22), Nicaragua (PG 64-25), El Salvador (PG 64-22), and
Bolivia (PG 64-22), according to their origin country.

Oxidation of Samples

The asphalts were subjected to thermal aging in RTFO
and subsequently oxidized in the PAV, based on
Superpave specifications. The Costa Rica 2 asphalt was
also subjected to three and five consecutive PAV cycles,
to induce a more severe oxidation in the material.

In the case of environmental oxidation, a fixed
amount of Costa Rica 2 asphalt was poured into non-
stick molds to produce a 1 mm-thick film, which has
been chosen to simulate the film thickness of binder that
coats the aggregate in an asphalt mixture. The films were
exposed to the weather for two years in order to subject
the binder to environmental oxidation (Figure 1). The
samples were kept to 1200 MASL (meters above the sea
level), and the temperature ranged between 20 and 27�C
during such period.

Samples were removed from these conditions and
analyzed monthly. An asphalt sample was maintained as
a control. It is necessary to clarify that RTFO-treated
asphalt was used in the preparation of the films, to simu-
late the short-term aging that occurs before the binder is
placed on the pavement layer.

Asphalt Characterization

Chemical changes induced by oxidation were determined
by quantifying the particular signal area of the infrared
spectrum of the samples. In the case of the
environmental-oxidized films, infrared spectra were per-
formed on the exposed and non-exposed surfaces of each
film. The quantified signals were the following: oxyge-
nated compounds (3500 cm21, hydroxyl, 1700 cm21, car-
bonyl and 1030 cm21, sulfoxide), aromatic and
unsaturated compounds (containing C=C) (3050 cm21

and 1600 cm21 respectively), and saturated compounds
(containing C–H) (2800, 2900 cm21).

The rheological analysis consisted of two stages. First
was a temperature sweep (5–64�C) at controlled strain
(1%) and a frequency of 10 rad/s, which allows finding
the region where the asphalt becomes susceptible to fati-
gue. For the second stage, after finding the fatigue-
susceptible region, the behavior of the samples was eval-
uated under controlled stress (1 MPa) at a frequency of
10 rad/s and 10�C, to ensure that the asphalt will show
fatigue susceptibility. In both tests, the 8 mm geometry
was used for all samples.

Results and Discussion

Chemical Transformations in Asphalt during Oxidation

The signal area of a chemical species in an infrared spec-
trum is directly related to the concentration of such spe-
cies (17). Therefore, this technique was used to quantify
the extent of oxidation in the proposed asphalt samples.
The results are listed in Table 1.

Environmental Oxidation. Based on Table 1, the exposed
surface of the asphalt films was found to be significantly
more oxidized than the RTFO sample (corresponding to
the initial condition of the films). The data show an
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increase in oxygenated functional groups, such as hydro-
xyl, carbonyl, and sulfoxide. In addition, an increase in
carbon-carbon double bonds and aromatization was
observed, which in turn comes with the consequent
decrease of aliphatic carbon-hydrogen bonds. These
changes may increase the rigidity of the material, as dou-
ble bonds and aromatic molecules are structures with less
flexibility than those composed of carbon-carbon single
bonds. On the other hand, the non-exposed surface
shows an increase in oxygenated compounds mainly,
which points out that oxygen penetrates the film by
reacting with the asphalt along the film and producing
such compounds, perceptible even on the unexposed sur-
face. In contrast, UV radiation, responsible for the for-
mation of unsaturations in the material, does not appear
to penetrate the film sufficiently as no significant increase
in the signal of the C–C double bond or the signal corre-
sponding to aromatic compounds is observed.

Comparison of Thermal and Environmental Oxidative Aging.
Comparing the oxidation of samples exposed to the
weather and those treated in PAV, a significant differ-
ence was observed in the hydroxyl, carbonyl, sulfoxide,

aromaticity, and carbon-carbon double bonds. The pre-
vious is accompanied by a corresponding reduction in
carbon-hydrogen bonds, being the environmental-
oxidized samples the most affected. This finding suggests
that the surface of asphalt exposed to environmental
conditions during a short period undergoes a more
severe oxidation than the asphalt subjected to ther-
mal+pressure treatment, which intends to simulate up
to 10 years of environmental conditions. On the other
hand, the unexposed surface of the asphalt films experi-
enced a slight increase in aromaticity and unsaturations.
However, no significant increase in the number of oxy-
gen compounds was observed. The data from Table 1
indicate that the thermal treatment (PAV) is not able to
completely simulate asphalt oxidation: it is observed that
PAV promotes the formation of oxygenated compounds
but is insufficient in simulating the production of unsa-
turations and aromatic compounds in the material. The
fact that the PAV does not simulate the environmental
oxidation of binders has been highlighted in prior studies
(18). To justify such observation, it is necessary to quan-
tify the signal areas of the asphalt in original condition
(non-oxidized) and compare them with the signal areas

Figure 1. (a) Asphalt samples placed in non-stick molds, (b) location of samples for environmental oxidation, (c) diagram of exposed/
non-exposed surface of asphalt films, and (d) asphalt film after six months of environmental oxidation (non-exposed [left] and exposed
[right] surfaces).
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of the thermally treated asphalt. The results show that
the only significant difference is the increase in oxygen
compounds after PAV treatment. The differences can be
attributed to the fact that the severe conditions of air
pressure and high temperature to which the asphalt is
subjected to during the PAV force the oxygenation reac-
tions. Furthermore, it should be emphasized that the oxi-
dation procedure in PAV does not consider the photo-
oxidation of the asphalt, which promotes the formation
of double bonds and aromatic compounds.

In addition, the asphalt was subjected to three and
five consecutive aging cycles in the PAV. The areas of
the signals of the spectra corresponding to these samples
were quantified, and the results were quantitatively com-
pared with those of the environmental-oxidized samples.
It was found that three and five consecutive PAV cycles
are not sufficient to produce the amount of carbonyls
and sulfoxides formed after exposure of the asphalt to
environmental conditions. This suggests that not even
five consecutive PAV cycles correctly simulate the oxida-
tion experienced by asphalt film outdoors. These obser-
vations reinforce the idea that heat treatments oxidize
the binder only through the incorporation of oxygen into
its molecules. In this way, subjecting the material to this
type of treatment before mechanical evaluation could
compromise the correct characterization of the asphalt.
As a result, information regarding the performance of
the binder throughout its service life might be lost. The
following sections will address this issue.

Rheological Consequences of Oxidative Aging

The viscoelastic behavior of polymeric materials is gov-
erned by the variation of the magnitude of viscous and
elastic components with temperature. Figure 2a illus-
trates this behavior, in which four regions are distin-
guished: glassy region, transition region, rubbery region,
and terminal region. The movement and final arrange-
ment of the molecules define the mechanical characteris-
tics of the polymer in the different regions of the
viscoelastic behavior. In the glassy region, molecular
motion is reduced: there are only vibrational or short
translational movements. In this region, the deforma-
tions are associated with elongation and shortening of
the bonding distance and bonding angles. The transition
region is, as the name implies, a transition from the vitr-
eous region of restricted movement to the rubbery
region, where more complex configurations occur. In this
region, there are translational and configurational move-
ments. The increase in temperature promotes the mobi-
lity and flexibility of the molecules, and therefore, they
begin to behave as a fluid. In the rubbery region, the
molecular chains begin to move in a more rapid and
coordinated way. This rapid mobility causes deformationT
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and relaxation to occur almost instantaneously. In this
region, the material modulus varies little with tempera-
ture. Finally, in the terminal region, the molecules have a
greater freedom of movement and the secondary bonds
break and re-establish. At this point, unrecoverable
deformations occur as a result of long-range configura-
tional changes (19–21).

To assess the mechanical behavior of asphalt binder, a
sweep of the elastic and viscous components was performed
at different temperatures (5–145�C) for the Costa Rica 2
asphalt exposed to environmental aging for six months. The
sweep was performed at a frequency of 10 rad/s and a strain
of 1%. The results are shown in Figure 2b.

According to Figure 2b, it is possible to observe in the
asphalt a behavior similar to a polymeric material.
However, it is important to note that because of the het-
erogeneous composition of the asphalt, the regions
shown in Figure 2a could overlap or elongate in the case
of the binder. Therefore, in asphalt, several phase

transitions can be found, such as melting and glass tran-
sitions, covering a wide temperature range. In other
words, these transitions do not occur at specific points in
the asphalt, as is the case in homogeneous materials.

The importance of this analysis is that the location of
the intersection points between G# and G$ (23�C in
Figure 2b) determines the behavior of the asphalt at a
given temperature. For example, the first point where G#
= G$ in Figure 2b indicates the boundary between the
glassy and transition regions on the asphalt.
Consequently, it is expected that below this temperature,
the material behaves rigidly: the material becomes more
elastic and increases the probability of fatigue cracking.
In this sense, and considering the polymeric behavior of
asphalt (16), it is expected that the temperature at which
G# = G$ can be an important indicator of oxidation in
the asphalt: an oxidized binder exhibits a G# = G$ point
at a higher temperature, as compared with a non-
oxidized one.

Figure 2. Variation of elastic component, G# (continuous line) and viscous component G$ (dotted line) with temperature in (a)
polymeric materials, (b) environmental-oxidized asphalt, (c) neat binder, (d) RTFO-aged binder, and (e) PAV-oxidized binder.

Villegas-Villegas et al 5



The previous observation is illustrated after monitor-
ing the elastic and viscous components for the Costa
Rica 2 asphalt samples at different levels of oxidation. In
the analysis, a temperature sweep from 5 to 34�C was
used. In the case of non-oxidized asphalt (Figure 2c),
only the transition region was identified, indicating that
the rheology of such material is governed by the viscous
component (G$) at these temperature ranges. However,
as aging progresses, the elastic component (G#) becomes
more important: it was found that the crossover tempera-
ture in the RTFO-aged asphalt is significantly lower than
for the PAV-treated asphalt (Figure 2, d and e, respec-
tively). Therefore, for the laboratory-treated samples the
elastic component governs the mechanical response of
the asphalt material aged in RTFO below 16.4�C, and
for the asphalt aged in PAV, below 27.5�C. This implies
that the binder is more susceptible to fracture at tempera-
tures at which the elastic component dominates. In these
regions the molecular motion is reduced, a condition that
becomes more important in oxidized samples.

Asphalt samples from different countries in Latin
America were used to extend the analysis of the Costa
Rica 2 asphalt and corroborate the findings from Figure
2, c through d. The analyzed samples consisted of neat,
RTFO, and PAV-aged binders, in order to relate the
location of the crossover point to the oxidation level in
the samples. Furthermore, by comparison, the Costa
Rica 2 sample was analyzed after being exposed to 6, 12
and 24 months of environmental oxidation. The results
are shown in Table 2.

Based on Table 2, the crossover temperature of the
viscous and elastic components is below 10�C for the
non-aged asphalt samples. On the other hand, RTFO-
aged samples show crossover temperatures higher than
10�C. It is worth noting that at this level of thermal aging
an increase in the amount of sulfoxides in the material
and the formation of the carbonyl in a smaller amount is
expected. This trend can be observed in Table 3, which

illustrates the content of these chemical species for the
asphalts under different aging and oxidation conditions.

When the samples are subjected to thermal oxidation
in the PAV, the crossover temperatures exceed 19�C,
which is accompanied by a significant increase in the
number of carbonyls and sulfoxides, as expected for this
type of oxidized sample. It must also be noted that for
highly oxidized binders (five consecutive PAV cycles) the
crossover point occurs at a temperature at which defor-
mation is expected. This is consistent with the data in
Table 3.

It is important to note that the crossover temperature
of asphalt placed outdoors for one year period exceeds
the value corresponding to PAV-oxidized asphalts, which
is intended to simulate the oxidation of asphalt after ten
years of service. The previous can be explained by the
chemical analysis summarized in Table 1, where it was
observed that the oxidation of the asphalt in the PAV is
incomplete compared with the environmental oxidation.
Photo-oxidation of asphalt produces rigid structures with
greater polarity, which could generate an increase in
rigidity of the material as the level of environmental

Table 2. Crossover Temperature of Asphalt Samples at Different Oxidation Levels

Asphalts

T (�C) (G$ . G#)

Original RTFO PAV Outdoors

Guatemala 1 \10�C 12.1 22.5 –
Guatemala 2 \10�C 13.1 25.1 –
Nicaragua \10�C 13.2 22.5 –
Bolivia \10�C 17.2 27.9 –
Costa Rica 1 \10�C 12.5 25.5 –
Costa Rica 2 \10�C 16.4 27.7 –
Costa Rica 2 (3 PAV cycles) – – 45.1 –
Costa Rica 2 (5 PAV cycles) – – 63.4 –
Costa Rica 2 (6 months outdoors) – – – 23.4
Costa Rica 2 (1 year outdoors) – – – 30.3
Costa Rica 2 (2 years outdoors) – – – 33.8

Table 3. Carbonyl (1700 cm21) and Sulfoxides (1030 cm21)
Signal Areas for Selected Asphalts

Asphalt

Wave length (cm21)

1700 1030

Costa Rica 2 original 0.010 0.107
Costa Rica 2 RTFO 0.019 0.194
Costa Rica 2 PAV 0.129 0.672
Nicaragua original 0.020 0.173
Nicaragua RTFO 0.048 0.201
Nicaragua PAV 0.133 0.760
Bolivia original 0.001 0.161
Bolivia RTFO 0.018 0.192
Bolivia PAV 0.153 0.515
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oxidation advances. This would explain the significant
increase in crossover temperature of environmental-
oxidized films compared with thermal aging. The former
suggests that aging in PAV is a less severe method in
simulating the oxidative conditioning of the asphalts, as
photo-oxidative reactions are not accounted for: valuable
information is lost regarding the chemical composition
of the binder and its final mechanical response.

Relationship between FTIR and Dynamic Shear
Rheometer (DSR) in Oxidized and Aged Asphalts

Figure 3 summarizes the findings from Tables 2 and 3
and shows the relationship between the rheology and the
chemical composition of asphalts.

Based on Figure 3 and data in Table 2, asphalts in
non-aged condition were found to exhibit a crossover
temperature (G# = G$) below 10�C (Region 1). At tem-
peratures below 10�C, the elastic component (G#) domi-
nates over the viscous component (G$). A material with
lower crossover temperature is expected to have a longer
service life at intermediate temperatures. On the other
hand, asphalts having a crossover temperature between
10 and 19�C generally have a higher sulfoxide content
than a non-aged asphalt (Tables 2, 3). Therefore, it is
expected that the asphalts with a crossover temperature
within this range can be short-term aged. Consequently,
materials within this range of crossover temperatures can
oxidize at a higher rate, mainly in asphalt samples with
crossover temperatures near the top of the range. Finally,
if the crossover temperature is above 19�C, there is a high
probability that the asphalt has been oxidized. This is

because samples that exhibit this behavior show the pres-
ence of chemical species such as carbonyls and an impor-
tant content in sulfoxides, as is the case of PAV-aged
samples. For samples exposed to environmental condi-
tions, an increase in aromatic and unsaturated molecules,
accompanied by the increase in carbonyls and sulfoxides
is observed.

The most important contribution of Figure 3 is that it
relates the chemical composition of the asphalt binder to
its mechanical response. It should be noted that rheologi-
cal tests do not replace chemical analyses. However, in
the specific case of the findings of Figure 3, a simple
rheological analysis can facilitate the material selection.

It should be noted that, in addition to the previously
analyzed asphalts, LanammeUCR has a database of
almost 20 years of asphalts from different countries and,
in general, the consistency of Figure 3 has been observed.

Stress-Controlled Fatigue Test

Historically, the most common method to evaluate fati-
gue of asphalt binders in the DSR is to apply a 10%
strain at a 10 rad/s frequency, using an 8 mm geometry
with a sample thickness of 2 mm. The temperature to be
used is at the discretion of the user (ASTM D 2872). The
most commonly used failure criterion is to consider that
a 50% reduction of the initial modulus is indicative of
fatigue damage. Figure 4 compares the results of the pre-
vious fatigue test under strain-controlled conditions
(Figure 4, a, b) and under stress-controlled conditions
(Figure 4, c, d) for Costa Rica 2 PAV-oxidized sample.

Based on Figure 4a (strain-controlled), it is empha-
sized that the behavior of the material be log-linear as

Figure 3. Rheological evaluation of the level of aging and oxidation of asphalt and its relationship with the chemical composition. Here
‘‘aged’’ refers to short aged binder (RTFO) and ‘‘oxidized’’ refers to a more severe oxidized binder (i.e., PAV).
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evidenced by its correlation coefficient. In the region where
the material loses 50% of its modulus, there is still a high
degree of linearity in its response: this shows that with each
load application the modulus decreases linearly, suggesting
that after each deformation cycle the material relaxes and
enters flow. On the other hand, as shown in Figure 4c
(stress-controlled), the material exhibits a small decrease in
its modulus as a result of a deformation of its structure,
but after approximately 800 load cycles a significant
decrease in the modulus is observed, evidencing fatigue in
the asphalt binder. Therefore, according to the results
obtained, the fatigue phenomenon at intermediate tem-
peratures is a process in which the material deforms
slightly in the initial cycles of the test, and the presence of
fatigue can be associated with an abrupt drop in the mod-
ulus after which it does not recover again.

As observed in the strain-controlled test (Figure 4b),
the viscous component (G$) dominates over the elastic

component (G#) from the start of the test, and this beha-
vior is accentuated as the number of cycles increases.
This phenomenon shows that the asphalt binder tends to
be susceptible to deformation throughout the test. On the
other hand, under stress-controlled conditions (Figure
4c), the response of the material is entirely different: the
modulus drops abruptly, and the elastic and viscous com-
ponents compete to dominate the behavior. Figure 4d
shows that during the first load cycles the elastic compo-
nent dominates the behavior of the asphalt. However, as
the load cycles increase, there is an increasing influence
of the viscous component and, therefore, the drop in
modulus observed might be occurring as a result of dam-
age in the sample, until it breaks.

The behavior of the phase angle was also monitored
through the stress-controlled test (Figure 5a), and it was
observed that at the beginning of the test the phase angle
is below 45�, indicating that the elastic component (G#)

Figure 4. (a) Strain-controlled fatigue test (dotted line denotes a 50% loss in initial modulus), (b) behavior of elastic (gray) and viscous
(black) components, (c) stress-controlled fatigue test, and (d) behavior of its elastic (gray) and viscous (black) components for PAV-
oxidized Costa Rica 2 in DSR.
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dominates over the viscous response (G$). As the num-
ber of load cycles increases the asphalt undergoes defor-
mation, which is associated with the increase in the phase
angle before failure occurs. The observed deformation is
associated with the free volume of the binder molecules
which, at such temperature, have enough space to move
and tend to deform before the structure collapses. From
the 800th cycle, this parameter drops abruptly, which
confirms that there is a fatigue failure in the material. As
shown in Figure 5b, the samples tested under stress-
controlled conditions experienced an evident fracture,
and their structure is completely broken upon failure.

Comparison between Environmental Conditions and
Multiple PAV Cycles on Asphalt Oxidation

Fatigue on samples of asphalt Costa Rica 2 exposed to
multiple PAV cycles and environmental oxidation were
tested according to the previously described methodol-
ogy. The obtained results are shown in Figure 6.

At this point, it is important to recall that according to
the chemical analysis, the oxidation process caused by the
PAV is incomplete compared with environmental oxida-
tion. As shown in Figure 6, the oxidation achieved with
the PAV is less drastic than 6 months of environmental
oxidation. Consequently, this incomplete PAV oxidation
means that the binder is more fatigue resistant than that
exposed to environmental conditions. On the other hand,
it was observed that the sample exposed for 24 months
undergoes an increase in its modulus, but its resistance to
fatigue cycles is reduced by an increase in its fragility.

A feasible solution to obtain a more drastic and realis-
tic oxidation of asphalt could be to increase the number

PAV cycles to which the material is subjected. Figure 6
shows the effect of increased PAV cycles on fatigue life
for Costa Rica asphalt 2, evaluated under stress-
controlled conditions. As shown in Figure 6, as the
asphalt is subjected to continuous PAV cycles, its modu-
lus increases. In the case of the samples subjected to one,
two, and three consecutive PAV cycles, the asphalt
becomes increasingly resistant to fatigue, which is evi-
denced by the increasing resistance to load cycles. On the
other hand, even if the modulus of the samples oxidized
after four and five PAV cycles increases, the material
becomes fragile and can withstand a lower number of
load cycles compared with the less oxidized material.
Therefore, trying to simulate the environmental oxida-
tion of binders by increasing the number of PAV cycles
should be done with caution, given that the increase in
one, two, or three PAV cycles could favor the fatigue
resistance of the asphalt. The same analysis was per-
formed using several binder sources to validate the find-
ings for the sample Costa Rica 2. The results are shown
in Table 4.

Conclusion

The thermal oxidation simulated in the PAV is achieved
by increasing the content of oxygenated molecules in the
material. However, it was found that environmental oxi-
dation is a more severe process. Therefore, it is concluded
that laboratory PAV aging is deficient in simulating the
chemical oxidation of asphalt because it does not con-
sider the effect of UV radiation, which causes unsatura-
tion and aromaticity in the material. UV radiation might
be more severe than RTFO and PAV treatments. This

Figure 5. (a) Phase angle response during the stress-controlled fatigue test for Costa Rica 2 asphalt and (b) observed failure condition.

Villegas-Villegas et al 9



demonstrates the ineffectiveness of thermal treatments in
simulating the oxidative aging that occurs to asphalt bin-
ders under environmental conditions. However, it must
be recognized that oxidizing the material under environ-
mental conditions for a complete characterization is a
time-consuming process. Therefore, the results obtained

serve as starting point for the calibration of an aging
method that more realistically simulates the oxidation of
the binder. In this regard, it is necessary to note that rely-
ing on multiple PAV cycles must be carefully done since
it was found that two and three consecutive PAV cycles
increment the fatigue resistance of the material and still

Table 4. Stress-Controlled Fatigue Analysis Results

Asphalt Condition Initial modulus (MPa) Failure modulus (MPa) Number of cycles

Costa Rica 2 PAV 1 44.3 22.4 158
PAV 2 53.4 22.8 762
PAV 3 60.6 33.2 820
PAV 4 76.6 37.7 73
PAV 5 79.5 70.1 21

6 months outdoors 44.9 23.6 128
2 years outdoors 89.4 54.0 111

Bolivia PAV 1 22.5 2.04 239
PAV 2 26.3 2.62 381
PAV 3 29.4 2.99 607
PAV 4 31.7 7.53 36
PAV 5 34.3 10.7 22

El Salvador PAV 1 32.0 11.4 283
PAV 2 47.9 20.4 893
PAV 3 55.3 31.3 178
PAV 4 57.7 42.0 15
PAV 5 68.5 58.3 7

Nicaragua PAV 1 33.3 12.4 539
PAV 2 39.1 13.3 780
PAV 3 42.2 28.3 1060
PAV 4 44.5 33.7 153
PAV 5 69.8 34.2 109

Figure 6. Comparison of stress-controlled fatigue test results for Costa Rica 2 samples oxidized under environmental conditions during
6 and 24 months (the curve of one cycle PAV-oxidized sample is shown for a simpler comparison), up to five PAV cycles.
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do not emulate the photo-oxidative reactions that occur
in the field. In summary, it is proposed to incorporate
UV radiation, as well as humidity and temperature, in
such an accelerated laboratory method, so that they can
be adjusted to the climatic conditions of each region. The
authors are currently working on an improved methodol-
ogy that can simulate more efficiently the complete oxi-
dation of the asphalt binder.

On the other hand, the fatigue behavior of binders is
governed not only by the modulus but also by fragility.
The previous was observed with fatigue testing: the fati-
gue test performed under stress-controlled conditions is a
better approximation to the actual fatigue process and is
more reliable in representing fatigue in the material, com-
pared with the test performed at strain-controlled condi-
tions. This happens because with the stress-controlled
condition, a rapid modulus decrease can be observed and
the sample fails when tested in the DSR (Figure 5b).

Finally, the data also showed a good relationship
between the crossover temperature and the oxidation
level of the asphalt. This results in an important tool for
the evaluation of asphalt binders, especially when the
equipment required for chemical analysis is not readily
available.
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