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Differences in the Ageing Behavior of
Asphalt Pavements with Porous and
Stone Mastic Asphalt Mixtures

Ruxin Jing1 , Aikaterini Varveri1 , Xueyan Liu1, Athanasios Scarpas1,2 , and
Sandra Erkens1

Abstract
The degradation of bituminous materials as a result of ageing has a significant effect on asphalt pavement performance. In this
study, one porous asphalt (PA) section and one stone mastic asphalt (SMA) asphalt pavement section were designed and con-
structed in 2014 and exposed to the actual environmental condition. To study the change in the pavement’s mechanical prop-
erties, asphalt cores were collected from both test sections annually. The change in stiffness modulus was determined via
cyclic indirect tensile tests. To investigate the ageing behavior across the pavement depth, the bitumen was extracted and
recovered from 13 mm slices along the depths of the cores. The chemical composition and rheological properties of the
field-recovered bitumen, and that of original bitumen aged in standard short- and long-term ageing protocols, were investi-
gated by means of the Fourier Transform Infrared (FTIR) spectrometer and Dynamic Shear Rheometer. The results show that
the effect of mineral aggregate packing, and therefore of air-void distribution and connectivity, on the ageing sensitivity of the
pavements with time was significant, as the changes in the stiffness of the PA mixture were greater than that of SMA mixture.
In addition, the results of field-recovered bitumen show that there is an ageing gradient inside the porous asphalt layer, how-
ever, the ageing of SMA mainly happens on the surface of the layer. Finally, the field-recovered and laboratory-aged bitumen
results demonstrate a weak relation between field and standard laboratory ageing protocols.

Oxidative ageing is one of the most important environ-
mental factors that affect pavement performance and
durability (1, 2). During the ageing process, bitumen gra-
dually degrades as a result of oxidative reaction with
oxygen in the air, which leads to the hardening and brit-
tleness of the asphalt mixture (3). Eventually, asphalt
pavement loses its ability to relax stresses under repeated
traffic loading and during the cooling process; thus, the
risk of fatigue and cracking damage increases (4, 5).

Pavement ageing includes two stages: short-term ageing
(STA), and long-term ageing (LTA) (6). The STA stage
mainly occurs during plant mixing, production, transpor-
tation, laying down, and compaction (7). In this stage, the
effect of ageing is considered to be the same from the sur-
face to the bottom of the asphalt layer, since the tempera-
ture and oxygen content are uniform inside the layer. The
LTA stage starts after construction. In this stage, the oxy-
gen in the air first reacts with bitumen at the pavement
surface. Then, through the connected voids in the asphalt
mixture, air flows into the pavement structure and reaches
the deeper layers, resulting in ageing along with the pave-
ment depth (8). This process is highly dependent on the

asphalt mixture type (9, 10). Past studies show a clear
relationship between the air voids’ content and the ageing
sensitivity of asphalt mixtures (11). PA mixtures show a
higher degree of ageing than dense asphalt mixtures (12).
In addition, considering the temperature gradient and the
air profile in the pavement structure, LTA is a non-
uniform process. Specifically, the pavement surface faces
the most severe conditions (13, 14) as it is directly exposed
to the atmosphere and suffers the most extreme tempera-
tures (15). Besides, the top layer is exposed to intense sun-
light and direct erosion from precipitation. By contrast,
the deeper layers below the surface have less contact area
with air, a lower temperature gradient, and are affected
less by sunlight and moisture (16). As a result, the ageing
gradient is formed and developed in the pavement during
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the LTA period and is an important characteristic of field
ageing behavior (17–19).

Ageing in the field is quite difficult to investigate as it
is a very time-consuming and costly process. To simulate
field ageing of bituminous materials in the laboratory,
the most commonly used techniques for accelerating age-
ing are increasing temperature, reducing the materials’
thickness, and increasing oxygen concentration by
increasing airflow and pressure (20, 21). Existing ageing
tests combine these techniques to simulate STA and
LTA conditions. The STA and LTA tests used around
the world are the rolling thin film oven (RTFO) test and
the pressure ageing vessels (PAV) test (22, 23). The
RTFO test is considered to represent the bitumen ageing
during production and construction, the PAV test is
thought to mimic the age hardening of bitumen during
the first five to ten years of pavement service life (24).
However, more and more results have shown that these
laboratory protocols, especially the PAV protocol, can-
not describe well the field ageing behavior of pavement
(25–28). For example, different mixture types have dif-
ferent ageing sensitivities, and an ageing gradient exists
along the pavement depth, which cannot be described by
the PAV protocol. Several asphalt mixture laboratory
aging protocols have been used recently (29, 30). These
procedures can be broadly classified based on the state
of the materials during ageing, that is, loose mix and
compacted specimens (31, 32). However, the application
of these protocols involves challenges related to the slow
oxidation rate, the compaction of aged loose mix, and
the existence of radial oxidation gradient in the com-
pacted specimen (33–35), and so forth.

Therefore, field data from different types of asphalt
mixtures under diverse climatic conditions are necessary
and important to better understand the field ageing beha-
vior of pavement and to further develop a proper labora-
tory ageing protocol.

Objectives

This work focuses on evaluating the difference in the ageing
behavior of porous asphalt (PA) and stone mastic asphalt
(SMA) pavements. To achieve this, the three objectives of
this study were to: i) investigate the effect of field ageing on
the PA and SMA mixture; ii) determine the changes in the
chemical composition and mechanical properties of field-
recovered bitumen from different depths; and iii) compare
the chemical and stiffness results of field-recovered bitumen
with standard laboratory-aged bitumen.

Materials and Methods

Materials and Mixture Design

PA and SMA mixtures are commonly used on national
highways and provincial roads in the Netherlands. In this

study, one PA and one SMAmixture were designed using
the aggregate gradations shown in Figure 1. The same
type of PEN 70/100 bitumen, one of the most commonly
used in the Netherlands, was used for both mixtures. The
bitumen content was 5.0% and 6.4% based on the total
weight of mix for the PA and the SMA mixtures, respec-
tively. A factory limestone filler with 26.4% calcium
hydroxide, that is, Wigro 60K filler, was used for both
mixtures. Wigro 60K is the commonly used filler in the
Netherlands because of its contribution to improving the
moisture sensitivity of pavements (36–38). For both mix-
tures, crushed sandstone, that is, Norwegian sandstone
was used, with a nominal maximum size of 16mm. The
target air-void content was 16% and 5% for the PA and
SMA mixtures, respectively. The SMA is referred to as
dense mixture. This term does not describe the mix type
(e.g., open-graded, dense-graded, gap-graded, etc.) but
refers to the low void content of the SMA mix compared
with the PA mix, which has a high void content. Table 1
summarizes the specifications of the materials studied,
that is, bitumen, filler, and aggregate.

Tests on Asphalt Pavement Cores

In this study, samples with a diameter of 100mm and a
thickness of 50mm were cored from the PA and SMA test
sections every year since 2014. The details of the construc-
tion of the test sections can be found in previous reports
(26, 39, 40). The dynamic modulus (stiffness) of asphalt
mixtures can be used in the Mechanistic-Empirical
Pavement Design Guide (MEPDG) to determine pave-
ment thickness and predict pavement performance.
Considering its thickness and diameter, the dynamic mod-
ulus of the core was determined by means of the Cyclic
Indirect Tensile Test (IT-CY) according to NEN-EN
12697-26. For each mixture, three replicates were tested
using the Universal Testing Machine (UTM) at five

Figure 1. Gradations of PA and SMA mixtures.
Note = SMA = stone mastic asphalt; PA = porous asphalt.
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frequencies, that is, 0.5, 1, 2, 5, and 10Hz and four testing
temperatures that is, 0�C, 10�C, 20�C, and 30�C. The con-
ditioning time before testing was set to 4h to balance the
temperature of the sample. The effect of time/frequency
and temperature on the mechanical behavior of the vis-
coelastic asphalt materials was described by master curves
using the time-temperature superposition (TTS) principle.
The results of the IT-CY test offer a better understanding
of the evolution of mixture stiffness.

Tests on Field-Recovered Bitumen

To compare the effect of ageing at different depths, the
PA and SMA cores from 2018 (recently collected sam-
ples from the field) were cut into three 13-mm slices from
top to bottom, and the remaining part was discarded.
The slices are marked with T (Top), M (Middle), and B

(Bottom), (Figure 2). Bitumen was extracted from the
slices by using the fully automatic bitumen extraction
apparatus according to the EN 12697-1 European stan-
dard. Dichloromethane was used as a solvent during
bitumen extraction. Vacuum evaporation using a rotary
evaporator was conducted to separate the solvent from
bitumen. After the recovery of bitumen, Fourier
Transform Infrared (FTIR) tests were performed to
check if the solvent was fully evaporated. If the solvent
was still present in the sample, this would appear in the
FTIR results as two special peaks (at around 1,250 cm21

and 750 cm21) in the spectrum (26).
FTIR spectroscopy is generally adopted as a tool to

monitor the changes in the chemical composition of bitu-
men after ageing and to quantify oxidation. In this study,
a Perkin Elmer Spectrum 100 FTIR spectrometer was
used in the attenuated total reflectance (ATR) mode to
identify the chemical functional groups of the bitumen.
The sample was scanned 20 times with a fixed instrument
resolution of 4 cm21. The wavenumbers range was set to
vary from 600 to 4,000 cm21. At least three repetition
tests were done for each ageing condition.

The rheological properties of field-recovered bitumen
were characterized by means of Dynamic Shear
Rheometer (DSR) according to NEN-EN 14770. The
bitumen samples were tested using the parallel-plates con-
figuration. Initially, the linear viscoelastic (LVE) strain
range of bitumen samples was determined using ampli-
tude sweep tests. The frequency sweep tests were per-
formed at five different temperatures (0�C, 10�C, 20�C,
30�C, and 40�C). During the tests, the frequency varied in
a logarithmic manner from 50Hz to 0.01Hz. At least
three repetition tests were done for each ageing condition.

For comparison, the virgin PEN 70/100 bitumen was
subjected to standard laboratory ageing. To be specific,
STA was simulated by using the RTFO test at 163�C for
75min, in accordance with the EN 12607-1 test standard.
LTA was simulated by using PAV at 100�C and 2.1MPa

Figure 2. Tests performed on field-recovered bitumen.

Table 1. Specification of Materials Studied

Properties Unit Value

PEN 70/100 bitumen (from Q8 oils)
Penetration at 25�C 0.1 mm 70–100
Softening point �C 43–51
Dynamic viscosity at 60�C Pa s 160
Complex shear modulus

at 1.6 Hz and 60�C
kPa 1.8

Phase angle at 1.6 Hz and 60�C � 88
Wigro 60K filler

Bitumen number ml/100 g 59
Ca(OH)2 content % 26.4
Mass loss at 110�C % 0.4
Water solubility % 6.1
Density kg/m3 2,780
Fractional voids (Ridgen) % 47

Norwegian sandstone
Density kg/m3 2,740
Uniaxial compressive strength MPa 150
Tensile strength MPa 15
Young’s modulus GPa 30
Poisson’s ratio 0.20
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(20 atm) for 20 h, according to the EN 14769 ageing stan-
dard. Then the chemical and rheological properties of
bitumen at fresh, STA, and LTA conditions were also
evaluated using FTIR and DSR.

To better understand the ageing effect at various pave-
ment depths, the low temperature and fatigue properties
of field-recovered bitumen were evaluated by means of
relaxation and linear amplitude sweep (LAS) tests. Since
ageing normally has a positive effect on high temperature
properties as a result of material hardening, the high tem-
perature tests, such as the multiple stress creep and recov-
ery (MSCR) test, were not performed in this study. The
relaxation tests were performed with 1% shear strain in a
very short time period (0.1 s) at the beginning, followed
by a relaxation period of 100 s. The bitumen samples were
tested using the parallel-plates configuration with 8mm
plate diameter and 2mm gap at 0�C. The shear stress val-
ues were collected during the tests. Since the relaxation
rate is very fast at the beginning of the test, the data is col-
lected every 0.01 s. The LAS tests are intended to evaluate
the ability of bitumen materials to resist damage by
employing cyclic loading at increasing amplitudes to dam-
age. The shear strain varied linearly from 0% to 30% and
data were recorded per second. The bitumen samples were
tested using the parallel-plates configuration with 8mm
plate diameter and 2mm gap at 20�C. The characteristics
of the damage accumulation rate in the material were used
to indicate the fatigue behavior of bitumen.

Results and Discussion

Mixture Stiffness

According to the TTS principle, the master curve of the
dynamic modulus was generated at a reference tempera-
ture of 20�C. Figure 3 shows the evolution of stiffness for
the PA and SMA mixtures from 2014 to 2018.

Overall, the dynamic modulus of both PA and SMA
mixtures increases with time. The rate of modulus change
is higher for the PA than for the SMA mixture. This is
mainly because of the high void content of PA, which
leads to inherently high sensitivity to oxidative ageing.
According to the CT scan results of core samples, the PA
mixture had 16% and the SMA mixture had 5% of air
voids, as shown in Figure 4. It has been found that the
high air-void content of PA results in high interconnec-
tivity of the voids network, in which more than 90% of
the total air voids are interconnected, while less than
10% of the total air voids have been reported to be inter-
connected in SMA mixtures (41).

More interestingly, from Figure 3 it can be observed
that the change in the dynamic modulus for both mixtures
is significantly higher for two periods, namely from 2015
to 2016 and from 2017 to 2018. The weather data that
were collected from the weather station close to the test
sections show the fluctuations in the yearly mean tempera-
ture and the number of days with high temperatures (more
than 10�C) over the years from 2015 to 2018. Figure 5a
shows that the yearly mean temperature in 2016 and 2018
was about 1�C higher than in 2015 and 2017. Also, Figure
5b demonstrates that daily mean temperature exceeded
10�C for 217days in 2016 and 215days in 2018, while 200
and 186days were recorded in 2015 and 2017. Overall, the
years 2016 and 2018 were in general warmer than 2015
and 2017. Additionally, the yearly change in stiffness of
two mixtures at 20�C and 10Hz were added in Figure 5. It
can be observed that there is a strong correlation between
climatic conditions and the stiffness changes.

Changes in the Chemical Functionality of Bitumen

The FTIR tests were performed on fresh, laboratory-aged
and field-recovered bitumen samples (from the different

Figure 3. Master curve of asphalt mixture at reference temperature 20�C: (a) PA mixture; (b) SMA mixture.
Note: PA = porous asphalt; SMA = stone mastic asphalt.
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slices of the 2018 core samples) to determine their chemical
changes as a result of ageing. The carbonyls group (C=O)
at 1,753 to 1,660 cm21 wavenumbers and the sulfoxides
group (S=O) band at 1,047 to 995 cm21 wavenumbers, in
the FTIR spectrum, were used to quantify bitumen oxida-
tion. The carbonyl and sulfoxide indices were calculated
using Equations 1 and 2 to quantify the changes in the
area under the two peaks using the vertical limit bands as
shown in Figure 6 (26, 30, 43).

Carbonyl index=
A1700P

A
ð1Þ

Sulfoxide index=
A1030P

A
ð2Þ

where
P

A=A 2953,2923,2862ð Þ+A1700+A1600+A1460+A1376

+A1030+A864+A814+A743+A724

The quantitative indices for carbonyls and sulfoxides
of laboratory-aged and field-recovered bitumen are
shown in Figure 7. Overall, the results show that the for-
mation of carbonyls and sulfoxides were higher for the
bitumen samples recovered from the PA than those from
SMA. These results suggest that PA has a higher ageing
sensitivity than SMA, which agrees with the stiffness

Figure 4. Distribution of air voids, mortar and aggregates over the height of the core sample: (a) PA mixture; (b) SMA mixture (42).
Note: PA = porous asphalt; SMA = stone mastic asphalt.

Figure 5. Temperature information from 2015 to 2018: (a) yearly mean temperature; (b) high temperature days.
Note: PA = porous asphalt; SMA = stone mastic asphalt.
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results of the core samples presented in the previous
section.

Moreover, the ageing indices across the pavement
depth are significantly different between PA and SMA
mixtures. For both mixture types, ageing at the top slice

(pavement surface) is more severe as indicated by the
higher values of the ageing indices in comparison to those
at lower pavement depths as a result of the direct expo-
sure to the atmospheric oxygen and temperature. For the
PA mixture, it can be observed that the ageing index gra-
dually decreases from top to bottom. However, for the
SMA mixture, the top slice has the highest ageing index
compared with the middle and bottom slices, which have
similar values but significantly lower values than at the
top. These findings suggest that ageing has a full-depth
effect on PA pavements, but its impact on SMA pave-
ment mainly occurs at the surface.

To identify the difference in the chemical ageing
indices of PA and SMA, as a further step, the values of
the carbonyl and sulfoxide indices are presented in
Table 2. In addition, a t-test was performed to evaluate
any statistical difference. A 95% confidence level was
selected, and the statistical analysis results are shown in
Table 2. As can be seen from the table, there is no signifi-
cant difference in the ageing indices of PA and SMA
considering the results of the top slice. However, the dif-
ference in the ageing indices of PA and SMA at the mid-
dle and bottom are shown to be statistically significant.

Figure 6. FTIR spectra of laboratory-aged bitumen.
Note: STA = short-term ageing; LTA = long-term ageing.

Figure 7. Ageing indices of laboratory-aged and field-recovered bitumen: (a) carbonyl index; (b) sulfoxide index.
Note: PA = porous asphalt; SMA = stone mastic asphalt; STA = short-term ageing; LTA = long-term ageing.

Table 2. Quantitative and Statistical Analysis of Carbonyl and Sulfoxide Indices of PA and SMA

Ageing index Slice PA_2018 SMA_2018 P-value Significantly difference (at 95% confidence level)

Carbonyl index T 0.0142 0.0122 0.27 No
M 0.0110 0 \0.01 Yes
B 0.0087 0 \0.01 Yes

Sulfoxide index T 0.0223 0.0214 0.06 No
M 0.0211 0.0188 \0.01 Yes
B 0.0201 0.0187 0.03 Yes

Note: PA = porous asphalt; SMA = stone mastic asphalt.
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To be specific, the carbonyl index of PA is 0.0110 and
0.0087 at the middle and bottom slices, respectively,
while no carbonyl functional groups were detected at the
middle and bottom slices of SMA. The sulfoxide index
of PA is 0.0211 and 0.0201 at the middle and bottom
slices respectively, which is about 10% higher than that
of SMA at the corresponding slices.

From a comparison between the results of laboratory-
aged and field-recovered bitumen for both the PA and
SMA mixtures, the carbonyl index of the recovered bitu-
men is higher than that of LTA. This can be explained by
the different conditions that are present during laboratory
and field ageing. For instance, laboratory ageing is per-
formed at relatively high temperatures (100�C in this study),
while field ageing of pavement occurs at lower temperature
and is accompanied by moisture and UV effects. On the
other hand, the sulfoxide index of the recovered bitumen is
smaller than that of LTA. This may also be caused by the
combined ageing-moisture effects. According to some stud-
ies, the sulfoxides are water soluble and can be removed by
water in the field condition (44–46).

Change in the Rheological Properties of Bitumen

To compare the effect of ageing at different depths, the
rheological properties of recovered bitumen from the PA
and SMA cores of 2018 were studied. The viscoelastic
behavior of bitumen in a wide range of frequencies was
described using the master curves of complex shear mod-
ulus and phase angle at a reference temperature 20�C on
the basis of the TTS principle. As expected, the complex
shear modulus increases and the phase angle decreases
with ageing. Figure 8 shows that PA and SMA mixtures
have higher complex shear modulus and lower phase
angle at the top slice compared with the middle and bot-
tom slices. As expected, such results indicate that ageing

is more severe for the top part of the pavement. In addi-
tion, for the PA mixture (Figure 8a), it can be observed
that the complex shear modulus decreases and the phase
angle increases from the top to the bottom slices. While,
for SMA mixture (Figure 8b), the middle and bottom
slices have consistent complex shear modulus and phase
angle values across the frequency spectrum. These results
point out that ageing affects the PA mixture throughout
its depth, whereas for SMA mixture the ageing effects
are mainly found on the surface. This observation agrees
well with the chemical profiles of the PA and SMA mix-
tures as discussed in the previous section.

For comparison, the master curves of complex shear
modulus and phase angle of laboratory-aged and field-
recovered bitumen are illustrated in Figure 9. The results
show that PA has a higher complex shear modulus and

Figure 8. Master curves of complex shear modulus and phase angle of field-recovered bitumen of: (a) PA mixture; (b) SMA mixture.
STA = short-term ageing; LTA = long-term ageing.

Figure 9. Comparison of master curves (complex shear modulus
and phase angle) of laboratory-aged and field-recovered bitumen.
Note: PA = porous asphalt; SMA = stone mastic asphalt; STA = short-term

ageing; LTA = long-term ageing.
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lower phase angle than SMA at the corresponding slices.
As expected, it suggests that PA has a higher ageing rate
because of its high porosity. In addition, the master cures
show that the stiffness of the bitumen recovered from the
top slice (PA_T) is higher than that of LTA sample,
whereas the top slice of SMA (SMA_T) has approxi-
mately the same stiffness as the LTA sample. It appears
that the ageing state of the top slices of the PA and SMA
is more severe than or similar to the LTA sample. These
results imply again that the long-term field ageing condi-
tion cannot be simulated accurately by the PAV protocol.
Moreover, the middle and bottom slices of the SMA
(SMA_M and SMA_B) have slightly higher stiffness and
lower phase than the STA samples. This means that the
SMA mixture has a better ageing resistance because of its
high density that prevents oxygen flow into the pavement
structure and slows down ageing inside the pavement
structure.

To better distinguish the ageing behavior across the
PA and SMA pavement depths, the relaxation and fati-
gue properties were evaluated by means of relaxation and
LAS tests. As in the frequency sweep tests, a minimum of
three replicate samples for each condition were tested.

By normalizing the initial shear stress to a value of
100%, the residual stress versus relaxation time of the
field-recovered bitumen is plotted in Figure 10 and shows
that a power law can describe well the relationship
between the residual stress and relaxation time. For both
mixtures, the relaxation curve of the top slice (PA_T,
SMA_T) is above that of the middle and bottom slices
(PA_M, PA_B, SMA_M, SMA_B), indicating that at the
same relaxation time the residual stress after unloading is
higher at top slice than the other two slices. The differ-
ences in the relaxation properties with pavement depth
would lead to stress concentrations at the pavement

surface. The repeated traffic loading can cause an accu-
mulation of stresses and fatigue in the mortar bridges
that hold the coarse aggregates together, which can fur-
ther lead to raveling. Similar to the chemical and stiffness
results, the relaxation properties show a gradient with
pavement depth for the PA, whereas for the SMA they
are more pronounced at the surface.

To further quantify the relaxation properties of field-
recovered bitumen, two relaxation indices, explicitly the
residual stress at 100 s and the relaxation time at which
shear stress reduces to 25% of the initial, were evaluated
and are presented in Figure 11 (47). The results show
that the residual stress and relaxation time decrease from
top to bottom slices. Comparing the results of the two
mixtures, it can be observed that higher residual stresses
exist and longer relaxation time is needed for the PA
mixture than for the SMA mixture at the corresponding
depths.

According to the AASHTO Designation TP 101-14
(48, 49), the fatigue analysis was performed on the LAS
results. Then based on the viscoelastic continuum dam-
age (VECD) theory (50), the fatigue life of bitumen can
be fitted using Equation 3.

Nf =Ag�B ð3Þ

where,
Nf is the number of cycles to failure,
g is the shear strain and, and
A and B are fitting parameters derived from the

experiment.
The fatigue results of the field-recovered bitumen are

obtained and fitted according to Equation 3, and plotted
in Figure 12. The fitting parameters, A and B, are
reported in Figure 13.

Figure 10. Relaxation curves of field-recovered bitumen: (a) PA mixture; (b) SMA mixture.
Note: PA = porous asphalt; SMA = stone mastic asphalt.
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Overall, the rotation of the fatigue curve is more pro-
nounced for the top slice compared with the bottom
slices, as shown in Figure 12, suggesting that the fatigue
life of the top part of the pavement increases under low
loading levels and decreases under high loading levels.
This finding indicates that, as bitumen becomes stiffer
and more brittle because of ageing, it can undertake
more loading cycles under low loading levels; by con-
trast, it can sustain less loading cycles under high loading
levels because of its increased brittleness. Comparing the
fitting parameters of the two mixtures, Figure 13, PA
has higher values of the parameters A and B than SMA
at the corresponding depths. This means that the change
in fatigue life of PA is higher than that of SMA because
of severe ageing as a result of its high porosity. In

addition, the profile of the fatigue property with the
pavement depths are consistent with the chemical, stiff-
ness, and relaxation results. The differences in the fatigue
properties with pavement depth may indicate the posi-
tion where the fatigue damage occurs and the direction
of the fatigue crack propagation (51, 52).

Conclusions and Recommendations

Identifying the ageing behavior of various asphalt mix-
tures in the field is important for the development of arti-
ficial laboratory ageing protocols that allow for reliable
predictions of long-term performance of asphalt pave-
ments. For this reason, asphalt pavement sections with
one PA and one SMA test section were constructed in

Figure 11. Relaxation indices of recovered bitumen: (a) residual stress at 100 s; (b) relaxation time at the shear stress levels of 25% of
the initial stress.
Note: PA = porous asphalt; SMA = stone mastic asphalt.

Figure 12. Fatigue results of field-recovered bitumen: (a) PA mixture; (b) SMA mixture.
Note: PA = porous asphalt; SMA = stone mastic asphalt.

1146 Transportation Research Record 2675(12)



2014 and continuously exposed to environmental
conditions.

The results show that field ageing has more influence
on PA mixtures than on SMA mixtures, because of the
high void content of the PA mixtures, which leads to a
larger binder area directly exposed to oxygen and tem-
perature. The chemical and rheological results of the
field-recovered bitumen show that oxidative ageing is
more severe at the pavement surface. In addition, a sig-
nificant difference in the field ageing behavior of the PA
and SMA mixtures is observed along the pavement
depth. Specifically, an ageing gradient exists in the PA
mixture, whereas the ageing of the SMA mixture mainly
occurs at the surface. This can be explained by the high
porosity, and therefore by the highly interconnected air
voids network in the PA, which allows oxygen to easily
penetrate into the asphalt layer; by contrast, the SMA
mixture has low interconnectivity that slows down the
oxidative ageing in the deeper layers. Finally, the com-
parison between the field-recovered and the laboratory-
aged results demonstrate that there is a weak relationship
between field ageing and the standard ageing protocols.
Four years of field ageing at the pavement surface is far
more severe than the ageing caused by standard labora-
tory ageing protocols. Moreover, the PAV protocol does
not consider the ageing sensitivity of various mixtures
and cannot reflect the ageing gradient along the pave-
ment depth.

As a continuation of this research, an experimental
testing program is currently being undertaken on the
asphalt mixture and extracted bitumen with the aim of
developing a proper ageing protocol to simulate the long-
term and field ageing behavior of PA and SMA mixtures.
In addition, the rheological and chemical profiles of
field-recovered bitumen result from the synergistic effects
of thermal-oxidative ageing, photo-oxidative (ultraviolet
radiation), and moisture. To fully characterize the field

ageing behavior of asphalt pavement, the various envi-
ronmental factors need to be coupled in the laboratory
protocols.
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