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Abstract: Reliable accelerated simulation of asphalt aging is of significant interest to asphalt re-
searchers and pavement practitioners alike. However, current laboratory aging protocols are either
based on binder aging rather than mixture aging or use dry ovens to heat asphalt mixtures, omitting
the important effects of UV radiation. Binder aging cannot take into account the interactions between
the binder and aggregate phases during aging, while the omission of UV radiation ignores an impor-
tant catalyst in the aging process. In this study, a comparison of the effect of conventional thermal
oven aging to the combined effect of heat and ultraviolet irradiation on the resilient modulus and
surface texture of dense-graded asphalt field cores and gyratory-compacted samples was undertaken.
Significantly higher rates of modulus increase with aging time were measured for the samples aged by
both heat and ultraviolet irradiation. The gyratory-compacted samples showed more realistic results
in terms of surface texture compared to the field cores, likely due to the extraction of field cores from
a small area of pavement that was subjected to concentrated pneumatic tyre rolling, which was not
representative of typical asphalt construction. It was concluded that using aging indices, calculated
as the ratio of the aged value to the initial value, is recommended for asphalt aging investigations.
The findings of this study highlight the significance and importance of developing aging protocols
that combine heat, ultraviolet irradiation, and any other environmental factors that may affect the
aging behaviour of asphalt mixtures.
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1. Introduction

Flexible pavements with asphalt surfaces dominate highway and airport pavement
construction. Each year, billions of dollars are spent by the asphalt pavement industry;
hence, providing durable asphalt surfaces is critical to providing cost-effective and sustain-
able flexible pavement structures. The properties of asphalt mixtures are greatly affected by
any changes in the rheological properties or chemical composition of the bituminous binder
with time, a phenomenon known as bitumen aging [1]. In recognition of the increased inter-
est in sustainable asphalt mixtures and asphalt preservation treatments for longer-lasting
surfaces, developing reliable procedures to simulate the aging of bituminous binders and
asphalt mixtures in the laboratory has become increasingly important. The oven-based
mixture aging process detailed in AASHTO R30 is the only accelerated laboratory aging
protocol for compacted asphalt mixture specimens. It requires samples to be stored at 85 ◦C
for five days, which is intended to reflect ten years of field aging [2]. However, this process
is relatively simple and was developed based on only limited field aging data [3]. Conse-
quently, it has been questioned by researchers for two primary reasons. First, the single
time-temperature combination may not be applicable to different climatic conditions [3,4].
Second, applying only heat is not representative of other environmental factors, including
ultraviolet (UV) irradiation, which is a catalyst for the oxidation process that causes the
aging of asphalt mixtures [5].
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In the field, bituminous binder aging has two aspects: thermal-oxidative aging, which
is mainly caused by heat and oxygen [6–8], and photo-oxidative aging, which is caused by
UV irradiation and oxygen [9]. Both heat and UV can degrade bitumen properties, but their
effects on bitumen aging are different [5]. A more complicated aging behaviour is noticed
when heat and UV irradiation are combined [10]. Moreover, the aging effect is found to
be more severe near the top layer of the asphalt layer compared to deeper in the layer or
layers [11,12], which is a phenomenon known as the aging profile. This aging profile is not
represented in simple thermal-oxidative aging processes because the heat is applied evenly
to all faces of the sample. Similar to oven-based mixture testing, some bituminous binder
aging studies have found that the standard rolling thin film oven (RTFO) and pressure
aging vessel (PAV) protocols do not sufficiently replicate the intended 7–10 years of field
aging [13].

Numerous studies have investigated the effect of UV irradiation on the rheological
properties of bituminous binder samples, with a significant conclusion being the preference
for UV exposure during accelerated laboratory aging rather than simple thermal aging in
a conventional oven. Menapace et al. [14] found that an accelerated weathering chamber
that combines UV irradiation and heat caused more severe chemical changes compared
to the standard RTFO/PAV method. In addition, the samples aged in the weathering
chamber showed variations in chemical composition between the surface and deeper
layers, which demonstrated the gradient of aging with depth, also known as the aging
profile. Kuang et al. [15] confirmed this finding and concluded that thermal and UV aging
have distinctly different effects on aging behaviour.

Many other studies have also demonstrated the severe effect of UV irradiation on
the rheological properties of bituminous binder samples [16–19]. Unlike the bituminous
binder studies, the investigation of UV irradiation on the properties of compacted asphalt
mixtures is limited.

The aim of this research was to compare the effect of thermal aging in a conventional
oven to the combined effect of heat and UV irradiation in an accelerated weather chamber
on the properties of compacted asphalt mixtures. Triplicate asphalt samples were com-
pacted with a pneumatic tyre roller, and cores were recovered from the resulting pavement
surface, while other samples of the same asphalt mixture were compacted in a gyratory
compactor in the laboratory. Half of each type of sample was aged in a conventional dry
oven, and the other halves were aged in a commercial weathering chamber. Potential
indicators of aging, namely resilient modulus and surface macrotexture, were measured
every 14 days, up to 98 days of total accelerated aging time. The 14-day testing interval
was selected to allow measurable changes to occur between each test cycle, while the
98-day total aging time was selected to exceed the equivalent of any typical surface life
in the field, ensuring that future comparisons to field aging would be interpolated rather
than extrapolated.

2. Materials and Methods
2.1. Materials

Six dense graded asphalt (DGA) cores were recovered as part of a runway resurfacing
at Emerald airport, located approximately 5 km south of the town of Emerald in the
Central Highlands region of Queensland in Australia [20]. The surface was designed to be a
nominal, 14 mm-sized, densely-graded mixture for runway surfacing [21] with a volumetric
composition meeting the Australian airport asphalt specification requirements [22], as
summarised in Table 1. A highly polymer (SBS) modified binder, known as A10E, was used,
with properties summarized in Table 2. In addition, a bulk sample of the same asphalt
mixture was obtained from the Emerald airport resurfacing project, and six specimens were
compacted in the laboratory using a Superpave gyratory compactor to obtain the same
mixture volumetrics and air voids content. The recovered cores were intended to represent
the actual surface of the newly constructed pavements and have been used in this study to
be aged in different weathering environments. Three cores of each type of asphalt sample,
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field cores, and gyratory-compacted samples, were aged in a conventional oven at 70 ◦C.
The other three cores of each type were aged at the same temperature, in combination with
UV irradiation in a weathering chamber, to understand the effects of UV irradiation as a
catalyst for bitumen aging.

Table 1. Asphalt mixture design properties.

Property Test Method Value Units

Maximum Size N/A 14 mm
Air Voids AS/NZS 2891.8 4.2 % (by volume)

Binder Content AS/NZS 2891.8 5.4 % (by mass)
VMA AS/NZS 2891.8 14.4 % (by volume)
VFB AS/NZS 2891.8 76 % (by volume)

Binder Type Selected by designer A10E N/A
Marshall Stability AS/NZS 2891.5 13.2 kN

Marshall Flow AG:PT/T231 3.7 mm
Resilient Modulus AS/NZ 2891.13.1 1870 MPa

Tensile Strength AG:PT/T232 1036 MPa
TSR AG:PT/T232 87 %

VMA = voids in the mineral aggregate. VFB is the voids filled with the binder. A10E is an elastomeric polymer
modified binder used for heavy-duty asphalt production in Australia, typically containing 5–6% SBS polymer.

Table 2. A10E bituminous binder properties.

Property Test Method Value Units

Torsional Recovery at 25 ◦C AG:PT/T131 66 %
Softening Point AG: PT/T131 96 ◦C

Viscosity at 165 ◦C AG:PT/T131 0.693 Pa.s
Performance Grade AASHTO TP 70 82 (Extreme) ◦C (at traffic level)

Elastic Recovery AASHTO TP 70 96 % (82 ◦C, 3.2 kPa)

2.2. Aging Procedures

An Atlas Suntest XXL accelerated weathering chamber, as shown in Figure 1a, was
used to simulate the combined effects of UV and temperature aging. Unlike most weather-
ing chambers, the Suntest uses xenon lamps to simulate sunlight according to the CIE85
reference sun, with an irradiance range of 30–65 w/m2 and control of irradiance wave-
lengths of either 300–400 nm range or a 340 nm single wavelength [23]. The advantage
of using xenon lamps over traditional fluorescent lamps is that they provide a more re-
alistic simulation of the sun across a wide range of wavelengths compared to traditional
fluorescent lamps [24], as shown in Figure 1b. Li et al. [23] studied the effect of UV wave-
lengths on asphalt mixtures and concluded that each UV wavelength has a distinct effect
on the chemical and physical properties of the bituminous binder under otherwise identical
aging conditions.

The weathering test conditions are summarised in Table 3, which has taken into
consideration coverage of a wide range of UV wavelengths from 300–400 nm to provide
the most realistic conditions possible. The irradiance was set to 50 w/m2, generating
4.32 MJ/m2/day of total irradiance exposure.
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Figure 1. The (a) Atlas Suntest XXL and (b) CIE85 Sun vs. UVA Fluorescent Lamp spectrum.

Table 3. Weathering Test Conditions.

Parameter Setting

Irradiance 50 w/m2

Irradiance control 300–400 nm
Chamber temperature 70 ◦C

Relative humidity 0 %
Moisture spray Off

The thermally aged specimens were placed in a conventional dry laboratory oven.
The oven was also set to 70 ◦C so that the only difference between the oven aging and the
weathering chamber aging was the inclusion of UV irradiation. Although 70 ◦C is lower
than the 85C recommended by AASHTO [2], the total aging duration of 98 days ensured
that the total thermal loading significantly exceeded that recommended by AASHTO to
represent ten years of field aging.

Every 14 days during the 98-day accelerated aging period, all asphalt mixture samples
were removed from their respective environments, allowed to cool to ambient temperature,
and tested. Following the modulus and surface texture testing, the samples were returned
to their respective aging environments.

2.3. Resilient Modulus Testing

Asphalt mixtures harden with age due to bituminous binder volatile loss during
construction, as well as progressive oxidation throughout the service life. This increases
the binder viscosity and consequently stiffens the asphalt mixture [25]. Resilient modulus
is one of the design inputs of the mechanistic-empirical design method used in many
countries and is considered one of the common indicators of asphalt aging. Idham et al. [26]
investigated the effect of aging using long-term oven aging (LTOA) for five days at 85 ◦C
on the resilient modulus of DGA samples and concluded that resilient modulus increased
10% to 23% with age, depending on mixture type and gradation.

In this study, a UTM-14P, shown in Figure 2, was used to measure the resilient modulus
according to Australian standard AS 2891 [27], where a repeated indirect tensile load is
applied to determine the resilient modulus. Figure 2 shows the vertical load cell that applies
compressive haversine load pulses to the sample platen, which induces indirect tensile
stress in the asphalt sample. The linear variable differential transformers are also shown,
and these measure the resulting horizontal diametrical strain across the sample. The test
temperature was set to 25 ◦C, as required by the Australian standard.
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Figure 2. Universal Testing Machine UTM-14P.

2.4. Surface Texture Measurement

Most previous studies discuss the role of binder aging on fatigue and low-temperature
cracking. However, some recent studies revealed how aging also affects the surface macro-
texture, skid resistance, and ravelling of asphalt mixtures. Kane et al. [28] investigated
the friction coefficient for asphalt specimens extracted from un-trafficked parts of road
pavements and found that it increased with time, indicating that asphalt aging is a factor
affecting surface roughness. Furthermore, Abouelsaad & White [29] measured the surface
macrotexture of trafficked and untrafficked areas of runways and taxiways, concluding
that aircraft trafficking had no significant effect on surface texture, which is an indicator
of ravelling, confirming that the major cause of airport pavement surface ravelling is age-
related binder weathering. Van de Ven et al. [30] also investigated the possible causes
of ravelling in porous asphalt concrete and highlighted that aging adversely affected the
cohesive characteristics of the bituminous mortar, leading to particle loss with time.

In this study, asphalt surface texture was measured using the sand patch test, as shown
in Figure 3, according to ASTM E 965, adjusted to measure the macrotexture depth of the
extracted cores, rather than an infinitely large surface. The mean texture depth (MTD) was
calculated according to Equation (1).

MTD =
4(Wca − Wcb)

πD2γsand
(1)

where:
Wca : The weight of core after sand application
Wcb : The weight of core before sand application
D : Diamater of core
γsand : Density of standard sand used in experiment

By comparing Figure 3a1 to Figure 3b1, the difference between the field-compacted
and gyratory-compacted samples can be seen. Similarly, the distribution of the spread sand
can be seen in Figure 3b1,b2.
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2.5. Analysis of Results

The test results were analysed using a combination of visual presentation and basic
statistics. Visual presentation included figures of the modulus and surface texture as a
function of accelerated aging time, as well as comparison of results for different sample
preparations and aging protocols. The basic statistics included mean, standard deviation,
and coefficient of variability, as well as Student’s t-tests for the difference in means and the
slope of regression lines. In all statistical tests, a p-value less than 0.05 was considered to
indicate a significant difference between the populations being compared, or a non-zero
linear regression gradient.

3. Results and Discussion
3.1. Modulus and Texture Results

The resilient modulus results for the recovered field cores are summarized in Table 4,
while the resilient modulus results for the gyratory-compacted samples are in Table 5. The
surface texture test results for recovered field cores are summarized in Table 6, while the
surface texture results for the gyratory-compacted samples are in Table 7.
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Table 4. Resilient Modulus (MPa) Results for Field Recovered Cores.

Days of Aging Oven-Aged Samples Suntest-Aged Samples

0
1322 1300
1410 1423
1078 1385

14
1635 2105
1858 2491
1350 2315

28
2135 3024
2669 3092
2088 2846

42
3546 4736
2980 4767
2850 4327

56
3950 4842
3613 4987
3058 4718

70
3745 4815
3902 5094
3215 4876

84
3886 4987
3988 5092
3688 4778

98
3625 5118
3828 5142
4088 5378

Table 5. Resilient Modulus (MPa) Results for Gyratory-Compacted Samples.

Days of Aging Oven-Aged Samples Suntest-Aged Samples

0
1322 1281
1056 1056
1035 1230

14
1320 1874
1179 2081
1258 1887

28
1249 2032
1394 2317
1994 2215

42
1405 3237
1955 3506
2068 3723

56
2407 4169
2305 4709
2487 4581

70
2267 4850
2127 5303
2866 5534
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Table 5. Cont.

Days of Aging Oven-Aged Samples Suntest-Aged Samples

84
1988 6503
2723 5323
2856 7514

98
3024 6667
3487 6200
2908 6910

Table 6. Surface Texture (mm) Results for Field Recovered Cores.

Days of Aging Oven Aged-Samples Suntest-Aged Samples

0
0.15 0.17
0.16 0.19
0.18 0.15

14
0.18 0.17
0.19 0.19
0.17 0.16

28
0.18 0.17
0.19 0.20
0.17 0.17

42
0.18 0.19
0.20 0.20
0.18 0.18

56
0.18 0.20
0.21 0.23
0.18 0.19

70
0.20 0.20
0.21 0.24
0.19 0.20

84
0.20 0.21
0.22 0.25
0.20 0.20

98
0.21 0.22
0.22 0.26
0.20 0.23

Table 7. Surface Texture (mm) Results for Gyratory Compacted Samples.

Days of Aging Oven-Aged Samples Suntest-Aged Samples

0
0.30 0.48
0.54 0.44
0.47 0.43

14
0.31 0.51
0.55 0.46
0.48 0.43

28
0.31 0.52
0.57 0.46
0.49 0.44
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Table 7. Cont.

Days of Aging Oven-Aged Samples Suntest-Aged Samples

42
0.32 0.54
0.57 0.48
0.51 0.45

56
0.32 0.55
0.57 0.54
0.52 0.48

70
0.35 0.55
0.58 0.54
0.52 0.59

84
0.37 0.56
0.58 0.56
0.52 0.50

98
0.38 0.56
0.58 0.57
0.53 0.51

3.2. Variability of Results

Tables 8 and 9 summarize the average resilient modulus values, standard deviations
(SD), and coefficients of variation (CoV) for the field cores and gyratory-compacted samples,
respectively. The average CoVs of the resilient modulus for the field cores were 9% and 4%
for oven-aged samples and Suntest-aged samples, respectively, while the average CoVs
of the gyratory-compacted samples were 12% and 7%. For both the field cores and the
gyratory-compacted samples, the resilient modulus was less variable for the Suntest-aged
samples than for the samples aged in the oven. Furthermore, Tables 10 and 11 summarize
the average mean texture depths, SD, and CoV values of the field cores and gyratory-
compacted samples, respectively. For the field cores, the average CoVs were 6% and 8% for
the oven-aged samples and Suntest-aged samples, respectively. Furthermore, the average
CoVs of the surface texture for the gyratory-compacted samples were 22% and 6%, which
shows less variation in the surface texture results for samples that were aged in the Suntest
compared to samples aged in the oven.

Table 8. Resilient Modulus (MPa) Average, Standard Deviation, and Coefficient of Variation of
Field Cores.

Oven Samples UV Samples

Day Average SD CoV Day Average SD CoV

0 1270 140 0.110 0 1369 51 0.037
14 1614 208 0.129 14 2304 158 0.069
28 2297 264 0.115 28 2987 104 0.035
42 3125 302 0.097 42 4610 201 0.044
56 3540 368 0.104 56 4849 110 0.023
70 3621 294 0.081 70 4928 120 0.024
84 3854 125 0.032 84 4952 131 0.026
98 3847 189 0.049 98 5213 117 0.022
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Table 9. Resilient Modulus (MPa) Average, Standard Deviation, and Coefficient of Variation of
Gyratory Compacted Samples.

Oven Samples UV Samples

Day Average SD CoV Day Average SD CoV

0 1138 131 0.115 0 1189 96 0.081
14 1252 58 0.046 14 1947 95 0.049
28 1546 322 0.208 28 2188 118 0.054
42 1809 290 0.160 42 3489 199 0.057
56 2400 74 0.031 56 4486 230 0.051
70 2420 321 0.133 70 5229 284 0.054
84 2522 382 0.151 84 6447 895 0.139
98 3140 250 0.080 98 6592 295 0.045

Table 10. Surface Texture (mm) Average, Standard Deviation, and Coefficient of Variation of
Field Cores.

Oven Samples UV Samples

Day Average SD CoV Day Average SD CoV

0 0.162 0.012 0.074 0 0.172 0.015 0.087

14 0.179 0.010 0.056 14 0.175 0.015 0.086

28 0.181 0.010 0.055 28 0.179 0.014 0.078

42 0.184 0.009 0.049 42 0.190 0.012 0.063

56 0.190 0.011 0.058 56 0.204 0.018 0.088

70 0.198 0.012 0.061 70 0.213 0.020 0.094

84 0.203 0.010 0.049 84 0.221 0.020 0.090

98 0.212 0.009 0.042 98 0.237 0.014 0.059

Table 11. Surface Texture (mm) Average, Standard Deviation, and Coefficient of Variation of Gyratory
Compacted Samples.

Oven Samples UV Samples

Day Average SD CoV Day Average SD CoV

0 0.436 0.100 0.229 0 0.447 0.029 0.065

14 0.446 0.099 0.222 14 0.463 0.033 0.071

28 0.453 0.120 0.265 28 0.475 0.037 0.078

42 0.462 0.110 0.238 42 0.489 0.038 0.078

56 0.469 0.111 0.237 56 0.509 0.028 0.055

70 0.485 0.097 0.200 70 0.527 0.030 0.057

84 0.492 0.087 0.177 84 0.54 0.028 0.052

98 0.497 0.085 0.171 98 0.548 0.025 0.046

In any research, results with low variability are preferred because any measured
differences in the average value of the results are more likely to be statistically significant,
and therefore meaningful. For the modulus values, the Suntest-aged samples were generally
associated with lower variability than the oven-aged samples. Furthermore, the variability
of the gyratory-compacted samples was comparable to the variability of the field cores. In
contrast, the variabilities of all the surface texture results were generally comparable, except
for the gyratory-compacted samples aged in the oven. However, this was likely to be an
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anomaly. Consequently, the convenience of gyratory-compacted samples is expected to
outweigh the more realistic nature of field cores as long as modulus is used as the indicator
of asphalt aging. The reduced variability associated with the Suntest-aged samples is also
beneficial for future research.

3.3. Effect of Aging on Resilient Modulus

As stated above, as the binder ages, it stiffens, and the asphalt mixture modulus
increases. Figure 4 shows the average resilient modulus of both the field cores and gyratory-
compacted samples. There is a clear and positive correlation between aging time and
modulus for all samples, with a significantly higher rate of modulus increase associated
with the gyratory-compacted samples aged in the UV chamber. In addition, the strength
of the correlation, indicated by the R2 values, was greater for the gyratory-compacted
samples compared to field cores. This likely reflects the lower variability associated with
the gyratory-compacted sample modulus. On average, the initial modulus of the field
cores was 12% higher than for the gyratory-compacted samples, and this difference was
statistically significant (p-value 0.02). This reflects the more rapid cooling and short duration
of reheating for the gyratory-compacted samples compared to the hot storage and haulage
time for field core samples. Consequently, an index, based on the ratio of the aged modulus
to the initial (unaged) modulus is recommended in the future.
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It is also clear that the field core samples were associated with a reducing increase in
modulus with accelerated aging duration, indicated by the flattening of the results after
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approximately 42 days of aging. This was likely the result of micro-damage caused to the
samples due to repeated colling, modulus testing, and heating cycles. The same damage
was not observed in the gyratory-compacted samples, allowing the modulus to continue to
increase steadily with accelerated aging duration. As a result, the difference between oven-
and Suntest-aged sample modulus was greater for the gyratory-compacted samples than it
was for the field cores.

Figure 5 shows the resilient modulus of oven samples versus UV samples, presented
around a line of equity. All points are located above the line of equity, which indicates that
the combined effect of heat and UV irradiation resulted in greater increases in resilient
modulus, compared to samples that were aged in the oven, at all aging times. The combined
effect of heat and UV irradiation showed higher resilient moduli values, with a total increase
percentage from initial values of 280% and 478% for field samples and gyratory-compacted
samples, respectively. In comparison, the corresponding increases for the samples aged in
the oven were 203% and 175%. By using linear interpolation based on resilient modulus, it
was found that 98 days of oven aging was equivalent to 35 and 38 days of Suntest aging for
field cores and gyratory-compacted samples, respectively. The differences in the modulus
after the oven and Suntest aging were significant, with paired p-values <0.01 for both the
field core samples and the gyratory-compacted samples.
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3.4. Effect of Aging on Surface Texture

Figure 6 shows the average surface texture of both field cores and gyratory-compacted
samples. The surface texture increased with aging duration for all samples, with a signifi-
cantly higher rate of increase for gyratory-compacted samples that have been aged in the
UV chamber. The results showed that the gyratory-compacted samples had a higher initial
surface texture than the field cores, with averages of 0.43 mm and 0.17 mm, respectively
(p-value < 0.01). The field core samples had a lower initial and aged surface texture than
is normally expected in the field, where initial textures are typically 0.4 mm to 0.6 mm,
and end-of-life surface textures are typically 1.0 mm to 2.0 mm [19]. This likely reflects
the concentration of pneumatic tyre rolling that the surface, from which the field cores
were extracted, was subjected to during on-site compaction. This was because the asphalt
layer from which the cores were recovered was specifically constructed for the purpose of
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recovering cores rather than being part of the Emerald airport runway resurfacing work.
As a result, the cores were not representative of normal airport pavement construction and
rolling practices.
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Figure 6. Surface Texture of (a) Oven-Aged Field Cores (b) Suntest-Aged Field Cores (c) Oven-Aged
Gyratory-Compacted (d) Suntest-Aged Gyratory-Compacted Samples.

The significant difference in initial surface texture makes direct comparison of the field
cores and gyratory compacted samples challenging. However, the relative change in surface
texture is a better indicator of asphalt aging than the absolute value of surface texture at
any given time. This demonstrates the importance of aging indices, which normalize any
differences in the initial values, as demonstrated below.

Figure 7 shows the average surface texture depth of oven-aged samples, compared
to that of the Suntest-aged samples, along with a line of equity. The distribution of points
above the line of equity indicates the more noticeable effect of the combined heat and UV
irradiation of the Suntest weathering chamber on the surface texture, compared to samples
that were aged in the oven.



Sustainability 2022, 14, 5942 14 of 19Sustainability 2022, 14, x FOR PEER REVIEW 14 of 18 
 

 
Figure 7. Surface Texture of Oven-Aged Versus Suntest-Aged Samples. 

3.5. Field Cores Compared to Gyratory Compacted Samples 
Figure 8 shows the relationship between resilient modulus and surface texture of the 

field cores and gyratory-compacted samples at different ages. The resilient modulus re-
sults are distributed close to the line of equity, indicating there was no significant differ-
ence between the modulus of the two sample types (p-value > 0.5). In contrast, the average 
surface texture results are scattered away from the line of equity, indicating a large differ-
ence in the mean texture depth of the field cores and the gyratory-compacted samples (p-
value < 0.01). 

As explained above, the difference in the aged surface texture results was also re-
flected in the initial surface texture values, so it is not attributable to a difference in the 
effect of accelerated aging on the two sample types. Rather, it reflects the construction of 
the surface from which the field cores were recovered, which was not representative of 
normal construction practices. In contrast, the gyratory-compacted samples, despite being 
prepared in the laboratory, had a surface texture that was comparable to common airport 
surfaces. 

Figure 9 shows the same data with the axes adjusted, and the correlation between the 
field core and gyratory-compacted surface textures is high, with R2 values of 0.95 and 0.97, 
for the oven-aged and Suntest-aged samples, respectively. This indicates that the inclusion 
of UV radiation in the Suntest weathering chamber did not significantly change the rate 
of surface texture increase with aging duration compared to the oven-aged samples. Con-
sequently, it was concluded that factors other than UV radiation are important for achiev-
ing more realistic laboratory aging of asphalt surfaces, at least with regard to the evolution 
of surface texture over the life of a runway surface. 

Figure 7. Surface Texture of Oven-Aged Versus Suntest-Aged Samples.

After 98 days of aging in the weathering chamber, surface texture increased by 39%
and 23% for field cores and gyratory compacted samples, respectively. For the oven-aged
samples, the increases were 31% and 19% for the field cores and the gyratory-compacted
samples, respectively. Before aging, there was no significant difference between the surface
texture of the oven and Suntest samples (p-value > 0.5). Furthermore, after aging, there
remained no significant difference between the oven and UV sample surface textures, with
p-values of 0.34 and 0.06 for the field core samples and the gyratory-compacted samples,
respectively. This indicates that the difference between the oven aging and the more realistic
Suntest aging had no significant effect on the surface texture, despite having a significant
effect on the mixture modulus values. From this, it was concluded that other factors, such
as wind and rain, must also contribute to age-related asphalt mastic erosion and ravelling.
This means that despite being an improvement over conventional oven aging, the Suntest
weathering chamber still does not reflect field aging of asphalt surfaces, at least with regard
to surface texture changes.

3.5. Field Cores Compared to Gyratory Compacted Samples

Figure 8 shows the relationship between resilient modulus and surface texture of the
field cores and gyratory-compacted samples at different ages. The resilient modulus results
are distributed close to the line of equity, indicating there was no significant difference be-
tween the modulus of the two sample types (p-value > 0.5). In contrast, the average surface
texture results are scattered away from the line of equity, indicating a large difference in the
mean texture depth of the field cores and the gyratory-compacted samples (p-value < 0.01).

As explained above, the difference in the aged surface texture results was also reflected
in the initial surface texture values, so it is not attributable to a difference in the effect of
accelerated aging on the two sample types. Rather, it reflects the construction of the
surface from which the field cores were recovered, which was not representative of normal
construction practices. In contrast, the gyratory-compacted samples, despite being prepared
in the laboratory, had a surface texture that was comparable to common airport surfaces.
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gyratory-compacted samples. 

As explained above, the increase in sample modulus with age was generally con-
sistent with the field observations reported by other researchers [26]. However, the initial 
field core surface texture was not consistent with typical airport surface construction, and 
neither the field cores nor the gyratory-compacted samples had a surface texture that was 
consistent with an end-of-life asphalt surface even after 98 days of accelerated aging [20]. 

Figure 8. Field Cores Versus Gyratory-Compacted Samples for (a) Modulus and (b) Surface Texture.

Figure 9 shows the same data with the axes adjusted, and the correlation between
the field core and gyratory-compacted surface textures is high, with R2 values of 0.95 and
0.97, for the oven-aged and Suntest-aged samples, respectively. This indicates that the
inclusion of UV radiation in the Suntest weathering chamber did not significantly change
the rate of surface texture increase with aging duration compared to the oven-aged samples.
Consequently, it was concluded that factors other than UV radiation are important for
achieving more realistic laboratory aging of asphalt surfaces, at least with regard to the
evolution of surface texture over the life of a runway surface.
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3.6. Comparison of Indicators

Two potential indicators of aging were measured at each age, namely the modulus
and the surface texture. Figure 10 shows the relationship between the average resilient
modulus and the average surface texture depth for all samples. A strong correlation
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between surface texture and modulus is clear; however, the correlation was stronger for
the gyratory-compacted samples.
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Figure 10. Surface texture versus resilient modulus at all accelerated aging durations.

As explained above, the increase in sample modulus with age was generally consistent
with the field observations reported by other researchers [26]. However, the initial field core
surface texture was not consistent with typical airport surface construction, and neither the
field cores nor the gyratory-compacted samples had a surface texture that was consistent
with an end-of-life asphalt surface even after 98 days of accelerated aging [20]. This
indicates that neither the Suntest weathering chamber nor the conventional oven caused
surface mastic erosion and fretting that was representative of field aging over 10 years.

The two indicators of asphalt aging were converted to index values by dividing each
aged test value by the initial unaged value. This allowed both the modulus and surface
texture indices to be graphed coincidentally, as shown in Figure 11. The gyratory-compacted
samples had a stronger correlation between surface texture and modulus, with R2 values
of 0.92 and 0.99 for the oven-aged and Suntest-aged samples respectively, compared to
the 0.82 and 0.76 values for the field core samples. This again indicates that the reduced
variability associated with the gyratory-compacted samples suggests that future research
should focus on these laboratory-prepared specimens rather than the field cores.

The strong correlation between the average resilient modulus and average surface
texture depth supports the hypothesis of ravelling being caused by a loss of mastic bridges
due to mixture stiffness, as a result of environmental factors including UV irradiation and
heat [23,26]. However, the modulus is a better indicator of accelerated laboratory aging
because the results are more representative of field aging than the surface texture results.
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4. Conclusions

This study compared the effect of heat only and heat combined with UV irradiation
on the resilient modulus and surface texture of asphalt samples over 98 days of accelerated
laboratory aging. It was concluded that the combined effect of heat and UV irradiation
resulted in significantly higher rates of both modulus and surface texture increases with
increased aging time. The results of this study also highlight the significance and impor-
tance of using more realistic asphalt aging protocols that use the combined effect of heat
and UV irradiation instead of protocols that rely only on heat. However, the unrealistic
development of sample surface texture, even with heat and UV irradiation combined,
indicates that the Suntest weathering chamber is unable to adequately reflect actual field
aging. Other factors, such as wind and rain, must be considered in future research into
better-accelerated aging protocols for asphalt mixtures. Further research is also required to
better correlate the accelerated laboratory aging of asphalt mixtures to the field aging of
pavement surfaces.

Author Contributions: Conceptualization, A.A. and G.W.; methodology, A.A.; formal analysis,
A.A.; investigation, A.A.; resources, G.W.; data curation, G.W.; writing—original draft preparation,
A.A.; writing—review and editing, G.W.; supervision, G.W.; project administration, G.W.; funding
acquisition, G.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was performed under the umbrella of a research program funded by the
Australian Airports Association and its members, in partnership with the University of the Sun-
shine Coast.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Sustainability 2022, 14, 5942 18 of 19

References
1. Sirin, O.; Paul, D.K.; Kassem, E. State of the Art Study on Aging of Asphalt Mixtures and Use of Antioxidant Additives. Adv. Civ.

Eng. 2018, 2018, 3428961. [CrossRef]
2. Durmaz, C.; Sengoz, B.; Ozdemir, D.K.; Topal, A. Investigation of Different Laboratory Aging Methods of Bituminous Mixtures.

Period. Polytech. Civ. Eng. 2021, 65, 537–545. [CrossRef]
3. National Academies of Sciences, Engineering, and Medicine. Long-Term Aging of Asphalt Mixtures for Performance Testing and

Prediction; The National Academies Press: Washington, DC, USA, 2017. [CrossRef]
4. Abouelsaad, A.; White, G. Review of Asphalt Mixture Ravelling Mechanisms, Causes and Testing. Int. J. Pavement Res. Technol.

2021, 1–15. [CrossRef]
5. Feng, Z.G.; Yu, J.Y.; Liang, Y.S. The relationship between colloidal chemistry and ageing properties of bitumen. Pet. Sci. Technol.

2012, 30, 1453–1460. [CrossRef]
6. Lu, X.; Isacsson, U. Artificial Aging of Polymer Modified Bitumens. J. Appl. Polym. Sci. 2000, 76, 1811–1824. [CrossRef]
7. Xiao, F.; Amirkhanian, S.N.; Shen, J. Effects of various long-term aging procedures on the rheological properties of laboratory

prepared rubberized asphalt binders. J. Test. Eval. 2009, 37, 329–336. [CrossRef]
8. Cortizo, M.S.; Larsen, D.O.; Bianchetto, H.; Alessandrini, J.L. Effect of the thermal degradation of SBS copolymers during the

ageing of modified asphalts. Polym. Degrad. Stab. 2004, 86, 275–282. [CrossRef]
9. Wu, S.; Pang, L.; Liu, G.; Zhu, J. Laboratory Study on Ultraviolet Radiation Aging of Bitumen. J. Mater. Civ. Eng. 2021, 22, 767–772.

[CrossRef]
10. Yu, J. A Study on the Aging Kinetics of PPA Modified Asphalt. Pet. Sci. Technol. 2010, 28, 1338–1344. [CrossRef]
11. Al-Azri, N.A.; Jung, S.H.; Lunsford, K.M.; Ferry, A.; Bullin, J.A.; Davison, R.R.; Glover, C.J. Binder Oxidative Aging in Texas

Pavements: Hardening Rates, Hardening Susceptibilities, and Impact of Pavement Depth. Transp. Res. Rec. 2006, 1962, 12–20.
[CrossRef]

12. Woo, W.J.; Chowdhury, A.; Glover, C.J. Field aging of unmodified asphalt binder in three Texas long-term performance pavements.
Transp. Res. Rec. 2008, 2051, 15–22. [CrossRef]

13. Qin, Q.; Schabron, J.F.; Boysen, R.B.; Farrar, M.J. Field aging effect on chemistry and rheology of asphalt binders and rheological
predictions for field aging. Fuel 2014, 121, 86–94. [CrossRef]

14. Menapace, I.; Yiming, W.; Masad, E. Chemical analysis of surface and bulk of asphalt binders aged with accelerated weathering
tester and standard aging methods. Fuel 2017, 202, 366–379. [CrossRef]

15. Kuang, D.; Yu, J.; Feng, Z.; Li, R.; Chen, H.; Guan, Y.; Zhang, Z. Performance evaluation and preventive measures for aging of
different bitumens. Constr. Build. Mater. 2014, 66, 209–213. [CrossRef]

16. Hu, J.; Wu, S.; Liu, Q.; Hernández, M.I.G.; Zeng, W. Effect of ultraviolet radiation on bitumen by different ageing procedures.
Constr. Build. Mater. 2018, 163, 73–79. [CrossRef]

17. Wu, S.; Han, J.; Pang, L.; Yu, M.; Wang, T. Rheological properties for aged bitumen containing ultraviolate light resistant materials.
Constr. Build. Mater. 2012, 33, 133–138. [CrossRef]

18. Cong, P.; Wang, J.; Li, K.; Chen, S. Physical and rheological properties of asphalt binders containing various antiaging agents. Fuel
2012, 97, 678–684. [CrossRef]

19. Sun, X.; Qin, X.; Liu, Z.; Yin, Y.; Zou, C.; Jiang, S. New preparation method of bitumen samples for UV aging behavior investigation.
Constr. Build. Mater. 2020, 233, 117278. [CrossRef]

20. White, G.; Almutairi, H. Laboratory and field performance comparison of dense graded and stone mastic asphalt as a runway
surface. Int. J. Pavement Eng. 2020, 23, 937–949. [CrossRef]

21. White, G. State of the art: Asphalt for airport pavement surfacing. Int. J. Pavement Res. Technol. 2018, 11, 77–98. [CrossRef]
22. Australian Asphalt Pavement Association. Performance-Based Airport Asphalt Model Specification; Australian Asphalt Pavement

Association: Eight Mile Plains, QLD, Australia, 2017.
23. Li, Y.; Wu, S.; Liu, Q.; Dai, Y.; Li, C.; Li, H.; Nie, S.; Song, W. Aging degradation of asphalt binder by narrow-band UV radiations

with a range of dominant wavelengths. Constr. Build. Mater. 2019, 220, 637–650. [CrossRef]
24. Fedor, G.R.; Brennan, P.J. Comparison between Natural Weathering and Fluorescent UV Exposures: UVA-340 Lamp Test Results;

Durability Testing of Non-Metallic Materials, ASTM STP 1294; American Society for Testing and Material: Philadelphia, PA,
USA, 1996.

25. Bell, C.A.; Strategic Highway Research Program (U.S.). Selection of Laboratory Aging Procedures for Asphalt-Aggregate Mixtures;
Strategic Highway Research Program: Washington, DC, USA, 1994.

26. Idham, M.K.; Hainin, M.R.; Yaacob, H.; Warid, M.N.M.; Abdullah, M.E. Effect of aging on resilient modulus of hot mix asphalt
mixtures. Adv. Mater. Res. 2013, 723, 291–297. [CrossRef]

27. Standards Australia. Methods of Sampling and Testing Asphalt Voids and Density Relationships for Compacted Asphalt Mixes; Standards
Australia: Sydney, NSW, Australia, 2005.

28. Kane, M.; Zhao, D.; Do, M.T.; Chailleux, E.; De-Lalarrard, F. Exploring the ageing effect of binder on skid resistance evolution of
asphalt pavement. Road Mater. Pavement Des. 2010, 11, 543–557. [CrossRef]

http://doi.org/10.1155/2018/3428961
http://doi.org/10.3311/PPci.15480
http://doi.org/10.17226/24959
http://doi.org/10.1007/s42947-021-00100-7
http://doi.org/10.1080/10916466.2011.613429
http://doi.org/10.1002/(SICI)1097-4628(20000620)76:12&lt;1811::AID-APP12&gt;3.0.CO;2-1
http://doi.org/10.1520/jte101706
http://doi.org/10.1016/j.polymdegradstab.2004.05.006
http://doi.org/10.1061/(ASCE)MT.1943-5533.0000010
http://doi.org/10.1080/10916460903096830
http://doi.org/10.1177/0361198106196200102
http://doi.org/10.3141/2051-03
http://doi.org/10.1016/j.fuel.2013.12.040
http://doi.org/10.1016/j.fuel.2017.04.042
http://doi.org/10.1016/j.conbuildmat.2014.04.016
http://doi.org/10.1016/j.conbuildmat.2017.12.014
http://doi.org/10.1016/j.conbuildmat.2012.01.019
http://doi.org/10.1016/j.fuel.2012.02.028
http://doi.org/10.1016/j.conbuildmat.2019.117278
http://doi.org/10.1080/10298436.2020.1778695
http://doi.org/10.1016/j.ijprt.2017.07.008
http://doi.org/10.1016/j.conbuildmat.2019.06.035
http://doi.org/10.4028/www.scientific.net/AMR.723.291
http://doi.org/10.1080/14680629.2010.9690346


Sustainability 2022, 14, 5942 19 of 19

29. Abouelsaad, A.; White, G. Fretting and ravelling of asphalt surfaces for airport pavements: A load or environmental distress? In
Proceedings of the 19th Annual International Conference on Highways and Airport Pavement Engineering, Asphalt Technology
and Infrastructure, Liverpool, UK, 11–12 March 2020.

30. van de Ven, M.; Molenaar, A.; Hagos, E. Influence of UV on Laboratory Ageing of Porous Asphalt Concrete Compared to Field
Ageing. In Proceedings of the 11th International Conference on Asphalt pavements, Nagoya, Japan, 1–6 August 2010.


	Introduction 
	Materials and Methods 
	Materials 
	Aging Procedures 
	Resilient Modulus Testing 
	Surface Texture Measurement 
	Analysis of Results 

	Results and Discussion 
	Modulus and Texture Results 
	Variability of Results 
	Effect of Aging on Resilient Modulus 
	Effect of Aging on Surface Texture 
	Field Cores Compared to Gyratory Compacted Samples 
	Comparison of Indicators 

	Conclusions 
	References

