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Abstract
Field ageing gradients of bitumen samples recovered from 14 asphalt road sections were investigated via rheological and
chemical characterizations and statistical analysis. The effects of air voids and environmental factors on the ageing gradient
were evaluated using the field ageing and climate data. The effectiveness of the pressure ageing vessel (PAV) test was assessed
in accelerating the bitumen’s long-term ageing by comparing with the field ageing data. Critical factors for field ageing were
identified using statistical methods. A statistical model for the Glover-Rowe (G-R) parameter was formulated and verified by
incorporating the screened key factors. Results indicate that a threshold air void content (around 6%) exists in differentiating
the field ageing gradient patterns in the asphalt pavements. An increasing tendency is observed between the ageing gradient
and annual days below 0�C. The chemical indices, stiffness-related indices, and G-R parameter can quantify the field ageing
gradient of asphalt pavements. The PAV test can condition the bottom slices’ bitumen to the same ageing level as that in a
pavement depth of 0.5–2 cm after 8 years’ field service. Pavement service life, binder content, minimum temperature, days
above 32�C, and days below 0�C are the critical material and environmental factors that significantly affect bitumen’s complex
shear modulus, crossover frequency, G-R parameter, and DTc. The statistical model is verified with an acceptable mean abso-
lute error of 28.1% and a R2 value of 0.95.
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Ageing of asphalt pavements causes bitumen’s hardening
and embrittlement, leading to a performance deteriora-
tion of the asphalt pavements. The accumulated ageing
in the asphalt layer will increase the elastic stiffness and
relaxation time of the viscoelastic bitumen, resulting in
higher stresses and in pavements more susceptible to fati-
gue damage and thermal cracking (1). Over the long
term, ageing of asphalt pavements is mainly caused by
the oxidation of the bitumen and produces two major
oxidized products, carbonyl and sulfoxide. The pavement
ageing resulting from long-term oxidation is primarily
controlled by the properties of the asphalt mixtures and
pavement structures (e.g., air voids, binder content, pave-
ment thickness, ageing kinetics) and environmental con-
ditions (e.g., temperature, solar radiation, precipitation)
(2–4). Thus, long-term ageing in asphalt pavements has
been one of the kernel performances that required in-
depth understanding and accurate characterization.

Considerable efforts have been focused on evaluating
the ageing behavior of bitumen and asphalt mixtures
(5–9). However, most existing studies used laboratory
ageing methods such as the rolling thin film oven
(RTFO) test and pressure ageing vessel (PAV) test to
simulate the short-term and long-term ageing of bitumen
in the field. As mentioned above, the bitumen/asphalt
pavement ageing is triggered by a combination of fac-
tors, so the actual field ageing may not be properly simu-
lated in the laboratory. Because of the high cost of
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obtaining field samples and monitoring the long-term
(e.g., 8 to 20 years) performance of asphalt pavements,
investigations into the field ageing of asphalt pavements
are limited in the literature, thus being insufficient to
provide a thorough understanding of long-term ageing
behavior under field conditions (1, 10–14). Furthermore,
the effects of climate conditions on long-term field age-
ing are unclear too. One reason is that obtaining the
long-term climate data for field road sections with moni-
tored ageing performance is sometimes a challenging
task. Another reason is that most of the existing studies
collected the field data in limited road sections within
one or two specific climate regions. This has restricted
their findings’ applicability in different climate conditions.
To address these limitations, this paper collects field cores
and associated climate data from nine European and
African countries in different climate regions. This study
will analyze these field ageing data associated with climate
information to provide a reliable and in-depth understand-
ing of the field ageing of asphalt pavement materials.

To study the field ageing gradient or non-uniform age-
ing of bitumen in asphalt pavements, a common practice
is to slice the field cores into thin layers along the vertical
pavement depth and measure the chemical or ageing
properties of the bitumen recovered from the sliced layers
(1, 11). The same coring and slicing approach will be uti-
lized in this paper. However, the ageing gradient is
defined as two parts: (a) a macroscale ageing gradient
that is along the vertical pavement depth; and (b) a
mesoscale ageing gradient that changes with the thick-
ness of the bitumen mastic coating film to the aggregates
(15, 16). Once the bitumen is extracted and recovered
from the field cores, laboratory tests are available to
characterize its physical, chemical, and mechanical prop-
erties. One existing study concluded the evolution of
chemical indices (carbonyl, ether, ester, and sulfoxide)
versus ageing durations and verified the ageing kinetics
model’s validity to predict carbonyl change using field
data (17). In addition, the variation of rheological prop-
erties (complex shear modulus, viscosity, non-recoverable
compliance, and percentage recovery) along the vertical
pavement depth caused by field ageing have also been
investigated in the current literature (18, 19). As can be
seen, the mainstream approach is to simply present the
diagrams of the different indices versus one variable
(e.g., pavement depth or ageing duration), while the rela-
tionships between various indices and the screening of
the critical influence factors are currently missing.
Statistical methods including multivariate analysis of var-
iance, principle component analysis, and response sur-
face methodology would be beneficial when facing a
range of variables and are already used in the field of
pavement engineering (20–22). In this paper, statistical
analysis is implemented for: (a) identifying the key

factors (including materials properties and environmen-
tal factors) affecting the bitumen’s field ageing; and (b)
establishing a statistical model for asphalt pavements’
long-term ageing performance incorporating the key
influence factors of field ageing.

In summary, this paper is focused on an experimental
and statistical investigation of bitumen’s long-term field
ageing for asphalt pavement sections in different climate
regions. Field cores from 14 road sections of nine
European and African countries and the corresponding
climate data are first collected. Then field samples are
sliced into thin layers along the vertical pavement
depth for the extraction and recovery of the bitumen.
Subsequently, the recovered bitumen is subjected to rheo-
logical and chemical tests in the laboratory. The signifi-
cance of various factors is discussed in relation to their
effects on the field ageing and an ageing performance
model is calibrated and verified using a statistical analysis
of the field ageing and climate data.

Objectives

There are two primary objectives of this paper:

� To investigate the bitumen’s long-term field ageing
gradient in the asphalt pavements of different cli-
mate regions.

� To identify the key material and environmental
factors affecting the field ageing and develop the
statistical relationships between them.

Materials and Methodologies

Materials

Field cores were collected from 14 road sections of eight
European countries and one African country, as shown
in Figure 1. Most of the cores were taken between the
wheel path. For the CZ and FR2 sections, they were col-
lected from the side of the road and along the racetrack,
respectively. For the BE and HU sections, the cores were
taken in a small part of the road (within a few meters).
The diameter of field cores varied between 90 and
150mm, except for IRL section, where it was 200mm, as
this section contained large aggregates. The thickness of
field samples varied between 100 and 200mm. The field
cores were then sliced into thin layers along the vertical
pavement depth and the bitumen was recovered from
each layer for laboratory tests. The thickness of the top
and second from top slices was 5mm and the remaining
lower slices were 1 cm in thickness. Exceptions include
two sections (FR1 and IRL) where the thickness of the
top slice was 1 cm because of the aggregate size and
human factors. Depending on the thickness of the
asphalt layers, the total number of slices varied between
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two and five for each road section. Bitumen recovery was
conducted according to EN 12697-3, with an automated
asphalt analyzer and trichloroethylene as the solvent.
Table 1 shows the detailed information and measured
data of the selected asphalt pavement sections and field
samples. It should be noted that the bitumen recovered
from the bottom slices of four sections (HU1, UK, BE,
and HR) were further subjected to the PAV test (stan-
dard conditions with 20h ageing time, 100�C, and
2.1MPa) to conduct a comparative analysis between the
field ageing and laboratory ageing procedures.

Climate Data

To explore the environmental effects on bitumen’s field
ageing, 20 years’ (from 2001–2020) climate data were col-
lected for the road sections in Table 1. The climate data
sets are available in the Climate Tool at the Long-Term
Pavement Performance (LTPP) database. They were col-
lected initially from the National Aeronautics and Space
Administration (NASA) for the project Modern-Era
Retrospective analysis for Research and Application,
Version 2 (MERRA-2). In this paper, the temperature-
related data were selected as field ageing is more sensitive
to temperature than to other environmental factors.
Table 2 demonstrates the critical temperature-related
data selected for the field asphalt pavement sections from
2001 to 2020. The days above 32�C and the days below
0�C are the criteria in the MERRA-2 data sets used to
determine the high and low temperature durations of a

region. Additionally, the climate data for three Denmark
(DK1&2&3) road sections are the same because they are
in one area.

The road sections were classified into different climatic
regions, including dry-no freeze, dry-freeze, wet-no
freeze, and wet-freeze, based on the annual amount of
precipitation and freeze index according to the LTPP cri-
teria (23). The freeze index is defined as the summation
of difference between 0�C and mean daily air tempera-
ture when the mean daily air temperature is negative. The
wet/dry threshold is at annual average precipitation of
508mm and the freeze/no freeze threshold is at the
annual average freeze index of 83.3�C (24). Table 3 shows
the annual average precipitation, annual average freeze
index, and the climate region classification for the 14 sur-
veyed road sections based on the LTPP criteria men-
tioned above. This climate region classification of the
surveyed road sections will be employed to investigate
the climate effects on the long-term ageing of asphalt
pavements in the field.

Laboratory Characterization

Rheological Test. Dynamic shear rheometer (DSR) was
used to characterize the rheological properties of bitumen
via frequency sweep tests. Three types of parallel plate (4,
8, and 25mm) were used to cover a temperature range of
230�C to 90�C. Specifically, the 4mm plate test was con-
ducted in the 230�C to 10�C temperature range with a
6�C interval. The strain input was selected as 0.02% and

Figure 1. Geographical distribution of the road sections
Source: Background map from Google Maps.
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the frequency range was from 0.01 to 10Hz. For the
8mm plate test, the testing temperature range was from
10�C to 50�C with a 10�C interval. The frequency range
was from 0.01 to 10Hz and the loading strain was
0.05%. For the 25mm plate test, the temperature range
was 50�C to 90�C with a 10�C interval and the frequency

range was again 0.01 to 10Hz. The strain amplitude was
1%. The three strain levels were selected considering the
testing temperature and maximum torque of testing
equipment to ensure the tests were conducted within the
linear viscoelastic ranges of the bitumen. Subsequently,
the RHEA� software was used to construct the master

Table 1. Properties of Road Sections and Field Samples

General code Country Binder type
Pavement
age (years)

Slice’s
thickness (cm)

Slice’s
code Air voids (%)

Binder
content (%)

FR1 France Neat 8 1 (\1 cm) FR1-S1 12.3 4.6
2 (1–2 cm) FR1-S2 5.1
3 (2–3 cm) FR1-S3 4.8

FR2 PmB PmB 15 1 (\0.5 cm) FR2-S1 6.8 4.6
2 (0.5–1 cm) FR2-S2 5.8
3 (1–2 cm) FR2-S3 6.2

FR3 PmB PmB 21 1 (\0.5 cm) FR3-S1 9.1 4.2
2 (0.5–1 cm) FR3-S2 5.7
3 (1–2 cm) FR3-S3 6.6

DK1 PmB Denmark PmB 8 1 (\0.5 cm) DK1-S1 3.9 5.2
2 (0.5–1 cm) DK1-S2 6.1

DK2 Neat 8 1 (\0.5 cm) DK2-S1 4.0 5.5
2 (0.5–1 cm) DK2-S2 5.8

DK3 Neat 8 1 (\0.5 cm) DK3-S1 5.0 5.5
2 (0.5–1 cm) DK3-S2 5.9

HU1 PmB Hungary PmB 18 1 (\0.5 cm) HU1-S1 3.1 6.5
2 (0.5–1 cm) HU1-S2 7.1
3 (1–2 cm) HU1-S3 7.3
4 (2–3 cm) HU1-S4 7.2
5 (3–4 cm) HU1-S5 7.4

S5-PAV HU-S5-PAV na na
HU2 PmB PmB 18 1 (\0.5 cm) HU2-S1 3.3 5.1

2 (0.5–1 cm) HU2-S2 6.4
3 (1–2 cm) HU2-S3 6.5
4 (2–3 cm) HU2-S4 6.5

UK PmB United Kingdom PmB 8 1 (\0.5 cm) UK-S1 5.8 4.6
2 (0.5–1 cm) UK-S2 4.9
3 (1–2 cm) UK-S3 5.4
4 (2–3 cm) UK-S4 5.8
5 (3–4 cm) UK-S5 5.5

S5-PAV UK-S5-PAV na na
IRL Ireland Neat 16 1 (\1 cm) IRL-S1 6.5 4.3

2 (1–2 cm) IRL-S2 7.2
3 (2–3 cm) IRL-S3 7.4

BE PmB Belgium PmB 10 1 (\0.5 cm) BE-S1 6.1 5.7
2 (0.5–1 cm) BE-S2 6.4

S2-PAV BE-S2-PAV na na
HR Croatia Neat 21 1 (\0.5 cm) HR-S1 2.5 6.2

2 (0.5–1 cm) HR-S2 6.5
3 (1–2 cm) HR-S3 6.2

S3-PAV HR-S3-PAV na na
CZ PmB Czech Republic PmB 10 1 (\0.5 cm) CZ-S1 7.1 5.3

2 (0.5–1 cm) CZ-S2 6.5
3 (1–2 cm) CZ-S3 6.5
4 (2–3 cm) CZ-S4 5.3

MA Morocco Neat 8.5 1 (\0.5 cm) MA-S1 7.0 4.3
2 (0.5–1 cm) MA-S2 4.7
3 (1–2 cm) MA-S3 5.1

Note: PAV = pressure ageing vessel; PmB = polymer modified bitumen; na=not applicable.
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curves and to derive various parameters to quantify the
rheological, chemical, and ageing properties of the recov-
ered bitumen, as detailed below.

Penetration, crossover frequency, R-value, G-R para-
meter, critical low temperature controlled by stiffness
(LST), critical low temperature controlled by m-value
(LmT), and the DTc were derived from the raw DSR
results. Using the |G*| at 25�C and 0.4Hz and Equation
1 (25), the penetration can be calculated to reduce the
consumption of bitumen samples. Crossover frequency
and R-value are the main factors of the Christensen and
Anderson (CA) master curve model for fully characteriz-
ing any given bitumen’s rheological properties. Equation
2 shows the CA model’s definition (26). G-R parameter
is a newly developed index to quantify the age-related
cracking resistance of bitumen (27) and is defined as
Equation 3.

Log G�j j MPað Þ= 2:923� 1:9 3Log Penetrationð Þ ð1Þ

G�v
�� ��=Gg 1+

vc

v

� �log 2
R

� �� R
log 2

ð2Þ

where
G�v
�� �� and Gg are complex shear modulus and glassy

modulus respectively;
vc is the crossover frequency at which G

0
=G

00
;

v is the reduced frequency;
R-value represents the difference between glassy mod-

ulus and crossover modulus in the logarithmic form
(R=logGg � log G�at crossover frequency

��� ���).

G � R= G�j j � cos dð Þ2

sin d
ð3Þ

where G�j j and d are the complex shear modulus and
phase angle at 15�C and 0.005 rad/s.

LST, LmT, and DTc were originally obtained from a
bending beam rheometer (BBR) test and used for evalu-
ating the age-related cracking resistance at the low

Table 2. Critical Temperature-Related Data of Road Sections from 2001 to 2020

Code Average temperature (�C) Maximum temperature (�C) Minimum temperature (�C) Days above 32�C Days below 0�C

FR1 11.6 36.3 29.0 15 72
FR2 PmB 14.2 37.2 24.3 30 27
FR3 PmB 14.2 37.1 23.4 28 20
DK1&2&3 8.2 26.9 210.3 0 77
HU1 PmB 11.0 36.1 213.8 16 95
HU2 PmB 10.9 36.2 215.2 15 105
UK PmB 9.2 25.6 24.2 0 40
IRL 10.1 21.8 0.0 0 2
BE PmB 10.5 32.2 28.4 1 53
HR 10.7 36.1 213.7 15 96
CZ PmB 7.5 31.7 217.0 2 129
MA 18.9 37.6 7.2 9 0

Note: PmB = polymer modified bitumen. The data are the annual averages over 20 years from 2001 to 2020.

Table 3. Climate Regions of Road Sections

Code Annual average precipitation (mm) Annual average freeze index (�C) Climatic region

FR1 818 42 Wet-no freeze
FR2 PmB 670 2 Wet-no freeze
FR3 PmB 782 1 Wet-no freeze
DK1&2&3 879 116 Wet-freeze
HU1 PmB 704 160 Wet-freeze
HU2 PmB 732 198 Wet-freeze
UK PmB 1116 10 Wet-no freeze
IRL 943 0 Wet-no freeze
BE PmB 805 46 Wet-no freeze
HR 905 154 Wet-freeze
CZ PmB 856 329 Wet-freeze
MA 391 0 Dry-no freeze

Note: PmB = polymer modified bitumen.
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temperatures (27). On account of the precious nature of
the field samples, the DSR data were used to derive these
indices based on linear viscoelastic interconversion rather
than conducting a BBR test that would consume a great
amount of the bitumen samples (28–31). Before calculat-
ing, S (60 s)=300MPa and m (60 s)=0.3 in the BBR
test were replaced by G (60 s)=143MPa and m
(60 s)=0.28 in DSR results, in accordance with a white
paper of the Western Research Institute (32). Then the
LST, LmT, and DTc could be obtained by Equations 4
to 6.

LST= T1 +
T1 � T2ð Þ3 log143+logG1ð Þ

logG1 � logG2

� 10 ð4Þ

LmT=T1 +
T1 � T2ð Þ3 0:28+m1ð Þ

m1 � m2

� 10 ð5Þ

DTc =LST� LmT ð6Þ

where G1, G2, m1, and m2 are the relaxation moduli and
relaxation slopes at two temperatures (T1 and T2);
G1 ł 143 MPał G2 and m1 ł 0:28 ł m2.

Chemical Test. Fourier transform infrared (FTIR) spectro-
scopy was used as an effective tool to track the oxidative
ageing of bitumen. The Nicolet IS 10, with a diamond
cell and an attenuated total reflection setup, was used.
The testing wavenumber range, repetitive scans, and res-
olution were 4000 to 500 cm21, 32, and 4 cm21, respec-
tively. The formation and accumulation of carbonyl and
sulfoxide are the two major oxidative products in the
bitumen’s ageing process (33). Correspondingly, the car-
bonyl index (IC=O) and the sulfoxide index (IS=O) were
determined from the FTIR results. A reference area (Aref)
of the spectral bands is needed when calculating the two
indices and the CH2 and CH3 functional groups were
selected as the reference in this study. Table 4 shows the
reference FTIR spectral bands and the equations for cal-
culating the carbonyl index and sulfoxide index based on
a recent research (34).

Collections of Testing and Deriving Parameters for Experimental
and Statistical Analysis. Various parameters were obtained
from the field asphalt road sections, including experimental

(rheological and chemical) indices, environmental factors,
and mixture properties. These parameters were categorized
into different groups based on their physical meanings as
the following:

� Environmental factors: annual average tempera-
ture, maximum temperature, minimum tempera-
ture, days above 32�C, and days below 0�C.

� Mixture properties: service life, air voids, binder
content, and pavement depth.

� Chemical indices: IC=O, IS=O, and IC=O+ IS=O.
� Rheological indices:

8 Binder stiffness related: penetration, |G*| at
15�C and 0.005 rad/s, and LST.

8 Binder relaxation related: LmT, crossover fre-
quency, and R-value.

� Performance indices: G-R parameter and DTc.

The sulfoxide index and the carbonyl index were
reported to represent the short-term and long-term age-
ing according to the laboratory ageing procedures (35);
however, it is unknown, after the long-term field ageing,
whether the sulfoxide index will change significantly.
Thus, the sulfoxide index and a combination of carbonyl
and sulfoxide indices were also investigated in this paper.
The G-R parameter and DTc were selected as the perfor-
mance indicators because they correlated well with the
pavement distresses and have thresholds for the critical
ageing conditions. By varying the complex shear modu-
lus |G*| and phase angle d in black space diagrams, the
G-R parameter becomes an effective index to quantify
the cracking resistance of the bitumen at different ageing
conditions (5). The G-R parameter has two thresholds
(180 and 600 kPa) to represent the onset of cracking and
severe cracking based on Kandhal’s ductility thresholds
(36). For the DTc index, the threshold was 22.5�C based
on the statistical relationship between the long-term
observations of asphalt pavements’ cracking lengths and
bitumen’s physical properties (27).

The above testing and collected parameters were fur-
ther normalized when assessing the effects of material
properties and climate conditions on the bitumen’s age-
ing gradient in the field. This is because: (a) the original
(when constructing) bitumen’s properties were unavail-
able, so that it was necessary to find a reference base for

Table 4. Functional Groups and Their Baseline Limits to Determine the Area of Index

Functional group FTIR wavenumber (cm21) Index

CH2 and CH3 (Aref) 1513-1326 Aref

Carbonyl group (AC=O) 1753-1635 IC=O = AC=O/Aref

Sulfoxide group (AS=O) 1082-980 IS=O = AS=O/Aref

Note: FTIR = Fourier transform infrared.
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comparison (in this study, the first slices’ bitumen sam-
ples of the field cores were selected as the reference); and
(b) the original properties of the testing samples differed
for different pavement sections, such that the changing
rate or ageing difference of various evaluating indices

(ageing gradient= slice1 testing index�slice2 testing index
slice1 testing index

��� ��� � 100%)

between surface and lower layers would be an effective
metric to quantify the ageing gradient, compared with
the absolute testing results.

Statistical Methods. One factor at a time (OFAT) method
is a conventional and popular statistical approach to
assess the effect of an explanatory variable on a specific
dependent variable of the experiment. However, this
approach is unable to provide information on the inter-
relationships of all involved factors. To study bitumen’s
field ageing in asphalt pavements, it is vital to identify
which explanatory variables are affecting the pavements’
age-related performance. In this study, a multivariate
analysis of variance (ANOVA) was conducted to discri-
minate which dependent variables are sensitive to the
explanatory variables and which explanatory variables
are the primary influence factors. Subsequently, a multi-
ple nonlinear regression method was employed to estab-
lish the performance statistical model incorporating the
key factors from those screened by the multivariate
ANOVA. Additionally, the collected data were divided
into two groups for model calibration (30 data sets) and
verification (10 data sets), respectively. The software
used in this paper was IBM SPSS Statistics 25.

A flowchart is presented in Figure 2 to show the
experimental and statistical analysis procedure.

Results and Discussion

Ageing Gradient

Effect of Air Voids on the Ageing Gradient. Air voids were
found to significantly affect the pavements’ field ageing
gradient among the mixture properties. The top three
slices’ data were used to assess the effect of air voids on
the rheological, chemical, and performance indices.
Findings are shown in Figures 3 and 4. It should be
noted that there are only 12 data points in Figure 3 and
eight data points in Figure 4 as a result of the different
slices’ quantities and thicknesses in some specific road
sections.

According to the results in Figures 3 and 4, the artifi-
cial thresholds of ageing gradient (30% for the crossover
frequency and 60% for the other indices) were set to dis-
criminate the affecting patterns of air voids on the ageing
gradient. The two thresholds were selected based on: (a)
all the data points in Figures 3 and 4 being in two differ-
ent regions (top left and bottom right); and (b) the
thresholds of the ageing gradient (vertical axis) being
defined to determine the same critical air voids value
(horizontal axis) of 6%. Thus, the data points in the blue
and orange circles respectively represent the high and
low ageing gradient resulting from different air void con-
tent. As can be seen, the ageing gradient becomes more
evident with the decrease of air voids, which is consistent

Figure 2. Flowchart of the experimental and analysis procedure.
Note: DSR = dynamic shear rheometer; LST = critical low temperature controlled by stiffness; LmT = critical low temperature controlled by m-value; G-R

parameter = Glover-Rowe parameter; FTIR = Fourier transform infrared.
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with the current understanding; however, there may exist
a critical value of air voids, which is approximately 6%
based on the observations. When the air void content is
lower than the critical value, the ageing of pavement sur-
face is severe while the deep layers’ ageing is slight
because the relatively low air void content impedes the
access of oxygen. More oxygen can flow and diffuse into
the lower layers when the air voids exceed this critical
value, leading to the reduction of the ageing gradient.
The four indices in Figures 3 and 4 separately represent
bitumen’s chemical property, stiffness-related property,
relaxation related property, and performance related
property with a clearer trend than other unplotted
indices.

In Figures 3 and 4, the MA section (7.0% air voids)
has a lower ageing gradient than do the other sections
with similar air void values. As shown in Table 2, the
average temperature of the MA section is the highest
among all the sections; the days above 32�C and below
0�C are 9 and 0, respectively. Thus, the temperature con-
dition of this road section is almost the warmest among

the investigated sections. Combining the effects of rela-
tively high air void content and field temperature, it is
predictable that the ageing gradient of this road section
will be smaller than that of other road sections.

Effect of Environmental Factors on the Ageing Gradient. The
annual days below 0�C were found to have a significant
influence on the bitumen’s field ageing gradient among
the environmental factors. As shown in Figure 5, the
ageing gradient quantified by the changing rates between
top and top second slices generally exhibit an increasing
tendency with the annual days below 0�C. Since the
pavements’ field ageing is a long-term process, the oxida-
tion speed of bitumen will be relatively low if the asphalt
pavement is in a region that is permanently exposed to
low temperature. Under such conditions, the ageing gra-
dient becomes more evident as the temperature and oxy-
gen content are both low in the lower pavement depths.
Moreover, other ageing inductions (e.g., ultraviolet
radiation, water deterioration) affect the surface layer’s

Figure 3. Effect of air voids on the ageing gradient between the top (0–0.5 cm) and second from top (0.5–1 cm) slices: (a) C=O; (b) |G*|;
(c) crossover frequency; (d) Glover-Rowe parameter.
Note: blue circle = high ageing gradient; orange circle = low ageing gradient.
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bitumen more than does thermal oxidative ageing when
the temperature is low, thus leading to a higher ageing
gradient. As can be seen in Figure 5, the ageing gradient
is not positively associated with the pavement age, which
strengthens the above finding to some extent. It should
be noted that there are only 10 data points in Figure 5
because the top slices’ thickness of FR1 and IRL road
sections were 1 cm, which was different from the other
road sections. The chemical indicator (IC=O + IS=O)
shows an acceptable R2 value of 0.79 compared with the
remaining indices in Figure 5. This is because the FTIR
test directly measured the amount of the ageing products
(carbonyl and sulfoxide), while the remaining indices in
Figure 5 are either physical or performance parameters,
those indirectly representing the ageing levels of bitumen.
Additionally, the road sections within the orange circles
all belong to the wet-freeze region. This finding poten-
tially indicates that if the asphalt pavements are con-
structed in the frozen regions, then the ageing gradient
will be non-negligible in both pavement design and main-
tenance process. Apart from these, no significant

correlations were found between the average/maximum/
minimum temperature and the ageing gradient, and thus
they were not plotted.

Combining the findings in Figures 3 to 5, if an asphalt
pavement with a relatively low air void content (\6%) is
in the wet-freeze climatic region, the ageing gradient will
be more severe. This finding could contribute to pave-
ment maintenance strategy and materials selection. For
example, if a porous asphalt pavement (air voids usually
higher than 18%) is built in a wet-no freeze or dry-no
freeze region, the depth of pavement to be maintained
could be deeper than a dense-gradation asphalt pavement.
As for the materials selection process, the bitumen’s anti-
ageing property in the lower layers should not be the pri-
ority when constructing a dense-gradation asphalt pave-
ment in the wet-freeze region since the field ageing mainly
occurs in the pavement surface under this circumstance.

Ageing Efficiency of the PAV Test Compared with Field
Ageing. The capability of the PAV test to simulate the

Figure 4. Effect of air voids on the ageing gradient between the top (0–0.5 cm) and third from top (1–2 cm) slices: (a) C=O; (b) |G*|; (c)
crossover frequency; (d) Glover-Rowe parameter.
Note: blue circle = high ageing gradient; orange circle = low ageing gradient.
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long-term ageing of bitumen has been doubted recently
(37, 38), especially in simulating the ageing of highly vis-
cous bitumen and polymer modified bitumen (PmB).
However, direct comparisons are limited in the literature
between the PAV ageing and field ageing (39, 40). In this
study, the bitumen recovered from the bottom slices of
four road sections (HU1, UK, BE, and HR) were further
PAV aged. The bitumen from the HU1, UK, and BE
sections are PmB and the HR sample is a neat bitumen.
The data labeled with PAV in Table 5 are the testing
results for those bitumen samples subjected to the PAV
ageing.

The ageing gradient, quantified by the chemical indi-
cators (IC=O and IS=O), is insignificant when the pave-
ment depth exceeds 2 cm. Under such pavement depth,
the field ageing is greatly reduced as the temperature is
relatively lower and oxygen needs longer diffusion time
to reach the bottom of the asphalt layer. After the addi-
tional PAV ageing conditioning, the bitumen from the
bottom slices’ samples (HU1, UK, and HR) generally
exhibits a similar ageing degree as the field samples from
the pavement depth between 0.5 and 2 cm (almost 0.5–
1 cm) as highlighted by the light blue and light green col-
ors in Table 5, but shows a lower ageing level than the
bitumen from the very top surface slices (\0.5 cm). It is
noteworthy that the minimum service years of the four

road sections is 8 years, which indicates the current PAV
protocol is insufficient to condition the bitumen to the
same ageing level as the very top pavement surface
(\0.5 cm) that has been used for 8 years. When quantify-
ing the ageing gradient using the stiffness-related para-
meters (penetration and |G*|), the ageing gradient will
become insignificant with the increase of pavement depth
as the difference in the lower slices is relatively lower
than in the upper slices. Additionally, the PAV ageing
on the bottom slices could yield a similar ageing degree
to that of the bitumen samples from the pavement depth
between 0.5 and 2 cm (highlighted by the light gray and
orange colors in Table 5), which is the same as the chem-
ical indices.

The results of LST, LmT, and DTc show different
trends from the current understanding. The LST and
LmT represent the minimum low service temperatures of
bitumen and the DTc is used to quantify the low-
temperature cracking resistance of bitumen by account-
ing for the bitumen’s stiffness and relaxation properties.
When the bitumen is aged, the values of LST and LmT
should increase and values of DTc should decrease theo-
retically, indicating low-temperature performance dete-
rioration caused by ageing. However, the values
highlighted by the light yellow color in Table 5 remain
unchanged in both the upper layers (\1 cm) and lower

Figure 5. Effect of the annual days below 0�C on the ageing gradient between the top (0–0.5 cm) and second from top (0.5–1 cm) slices:
(a) C=O + S=O; (b) |G*|; (c) crossover frequency; (d) Glover-Rowe parameter.
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layers (.1 cm) although the ageing gradient exists along
the vertical pavement depth. Moreover, the LST value of
the UK-S5 sample decreases and the DTc value of the
BE-S2 sample increases even after the PAV test. This
may be caused by the polymer modifier’s degradation
that has an opposite effect to bitumen ageing. Thus, the
rationality of using DTc to quantify the low-temperature
cracking resistance is questioned based on the above
observations. A recent report has concluded the same
issues with using DTc to evaluate the cracking resistance
of highly oxidized PmBs (41). The main problems are the
interpolation accuracy and applicability for materials
with relatively high elastic components such as those
heavily aged or polymer modified. Thus, DTc is not
employed as a performance index based on the current
findings.

The testing results of the R-value exhibit a decreasing
tendency down the pavement depth; however, the R-val-
ues of BE-S2-PAV and HR-S3-PAV are even higher than
the top slices’ data, which is not in accord with the chem-
ical and stiffness-related parameters’ results. The G-R
parameter shows a decreasing trend with the increase of
pavement depth and the G-R parameter results of the
PAV-aged bottom slices’ bitumen show a similar ageing
level to that of the bitumen recovered from the pavement
depth 0.5–2 cm. The findings are consistent with those in
the chemical and stiffness-related indices. Thus, it is con-
sidered a good index to represent the bitumen’s cracking
resistance in long-term field ageing.

Statistical Model between G-R Parameter and
Dominating Factors in Ageing

Screening of the Critical Mixture Properties and Environmental
Factors in Bitumen’s Chemical, Rheological, and Performance
Indices. Testing results of the top slices were used to ana-
lyze the effect of mixture properties and environmental
factors on bitumen’s physical and chemical properties
during long-term field ageing given that: (a) the original
binders’ test results are unavailable; and (b) the testing
results of the lower slices are mainly governed by the
original bitumen’s properties and less influenced by the
field ageing because of the existence of ageing gradient.

The explanatory variables in the statistical analysis
(Table 6) include pavement service life, air voids, binder
content, annual average temperature, maximum tempera-
ture, minimum temperature, days above 32�C, and days
below 0�C; the dependent variables in the statistical anal-
ysis are IC=O, IS=O, IC=O+ IS=O, penetration, |G

*| at
15�C and 0.005 rad/s, LST, LmT, crossover frequency, R-
value, G-R parameter, and DTc. Multivariate ANOVA,
which is a widely used statistical method for determining
whether the multiple influence factors significantly affect
the dependent variables based on hypothesis testing, was

conducted to discriminate which dependent variables are
sensitive to the explanatory variables and which variables
are the dominating factors in the regression relationships.
The significance level was set at 0.01 and the interaction
terms were not discussed because all the factors were cov-
ariates rather than fixed factors. As shown in Table 6, the
|G*|, crossover frequency, G-R parameter, and DTc were
significantly affected by the explanatory variables, while
no significant relationships were found between the expla-
natory variables and the other dependent variables (IC=O,
IS=O, IC=O+ IS=O, penetration, LST, LmT, and R-
value): those are not listed in Table 6. The main factors
responsible for the above dependent variables are the
pavement service life, binder content, minimum tempera-
ture, days above 32�C, and days below 0�C. The statistical
results are consistent with the results in Table 5. One
interesting finding is that there is no significant influence
on the dependent variables from the air voids since only
the top slices’ testing data were used.

Model Calibration and Verification. Seven explanatory vari-
ables, including mixture properties, environmental fac-
tors, and bitumen’s rheological and chemical indices,
were selected to establish a statistical model for the G-R
parameter based on the previous findings and the actual
service conditions of asphalt pavements. This model is
not used to predict the G-R parameter but to reveal the
interrelationships with materials properties and external
factors. One can focus more on those critical materials
properties and environmental factors when considering
the materials selection and pavement design in a specific
region if such a relationship reasonably exists. Equation
7 shows the model’s definition. As discussed above, DTc

is an index that cannot quantify the ageing-related per-
formance consistently, while the G-R parameter has a
clear definition and is highly correlated with the |G*| and
phase angle at 15�C and 0.005 rad/s. Thus, the G-R para-
meter rather than DTc was selected as the ageing perfor-
mance indicator when developing the statistical models.

G � R=
a � Av �Bc � G�j jb � d + g � IC=O � G�j j+h �Pa � D0 + uð Þ+ k

ð7Þ

where Av, Bc, G�j j, d, IC=O, Pa, and D0 are the air voids
(%), binder content (%), complex shear modulus (kPa)
at 15�C and 0.005 rad/s, phase angle (rad) at 15�C and
0.005 rad/s, carbonyl index, pavement service life (years),
and annual days below 0�C; and a, b, g, h, u, and k are
the regression coefficients.

Thirty G-R parameter data were used to establish the
model and the remaining 10 G-R parameter data from
three road sections (DK3, HU1 PmB, and MA) were
selected to verify the model. The data sets for model
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verification include both unmodified and modified bitu-
men. In addition, the measured G-R parameter of the
verification data sets varied from 37 to 12,000 kPa, as
indicated in Table 8, as such a wide range of data varia-
tion would better examine the feasibility of the model.
The regression results for the model calibration are
shown in Figure 6 and Table 7. As can be seen, the mean
absolute error (MAE) and determination coefficient are
respectively 31.4% and 0.96, which implies that the mod-
el’s accuracy is acceptable considering the inherent errors

from the experimental procedure. Subsequently, the
validity of this model using the same coefficients as Table
7 was verified by using the remaining 10 G-R data.
Figure 7 and Table 8 indicate the results. The MAE and
determination coefficient are 28.1% and 0.95, respec-
tively. The model’s validity is relatively good given that
seven parameters were incorporated. However, more
data are desirable to optimize the model and extend it for
the application in more different asphalt mixtures and
ageing conditions.

Table 6. Multivariate ANOVA for the Effect of Mixture Properties and Environmental Factors on Bitumen’s Ageing Indices

Source Dependent variables Sum of squares Degree of freedom Mean square F value Significance

Corrected model |G*| 1.225E+ 14a 5 2.451E+ 13 66.66 \0.01
Crossover frequency 13.360b 5 2.672 33.51 \0.01
G-R parameter 1.191E+ 8c 5 23,811,330.4 39.144 \0.01
DTc 49.638d 5 9.928 17.004 \0.01

Intercept |G*| 3.602E+ 10 1 3.602E+ 10 0.098 0.762
Crossover frequency 0.086 1 0.086 1.075 0.33
G-R parameter 565,965.809 1 565,965.809 0.93 0.363
DTc 7.235 1 7.235 12.392 0.008

Service life |G*| 8.498E+ 11 1 8.498E+ 11 2.311 0.167
Crossover frequency 0.211 1 0.211 2.643 0.143
G-R parameter 116,207.448 1 116,207.448 0.191 0.674
DTc 12.808 1 12.808 21.939 0.002

Binder content |G*| 54,541,758.6 1 54,541,758.6 0 0.991
Crossover frequency 0.06 1 0.06 0.756 0.41
G-R parameter 484,389.568 1 484,389.568 0.796 0.398
DTc 14.153 1 14.153 24.242 0.01

Minimum temperature |G*| 5.259E+ 13 1 5.259E+ 13 143.015 \0.01
Crossover frequency 4.396 1 4.396 55.129 \0.01
G-R parameter 64,864,017.9 1 64,864,017.9 106.631 \0.01
DTc 5.958 1 5.958 10.205 0.013

Days above 32�C |G*| 1.842E+ 12 1 1.842E+ 12 5.010 0.056
Crossover frequency 1.236 1 1.236 15.501 0.004
G-R parameter 2,834,283.51 1 2,834,283.51 4.659 0.063
DTc 40.856 1 40.856 69.981 \0.01

Days below 0�C |G*| 3.298E+ 13 1 3.298E+ 13 89.695 \0.01
Crossover frequency 2.742 1 2.742 34.383 \0.01
G-R parameter 44,811,874.4 1 44,811,874.4 73.667 \0.01
DTc 5.209 1 5.209 8.922 0.017

Error |G*| 2.942E+ 12 8 3.677E+ 11 na na
Crossover frequency 0.638 8 0.08 na na
G-R parameter 4,866,420.46 8 608,302.557 na na
DTc 4.671 8 0.584 na na

Total error |G*| 1.993E+ 14 14 na na na
Crossover frequency 192.126 14 na na na
G-R parameter 157,858,884 14 na na na
DTc 513.959 14 na na na

Corrected total error |G*| 1.255E+ 14 13 na na na
Crossover frequency 13.997 13 na na na
G-R parameter 123,923,072 13 na na na
DTc 54.308 13 na na na

Note: ANOVA = analysis of variance; G-R parameter = Glover-Rowe parameter; na=not applicable.
aR2 = 0.977 (adjusted R2 = 0.962).
bR2 = 0.954 (adjusted R2 = 0.926).
cR2 = 0.961 (adjusted R2 = 0.964).
dR2 = 0.914 (adjusted R2 = 0.860).
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Conclusions

This study investigated the bitumen’s long-term field age-
ing in 14 asphalt pavement sections in three climatic
regions via experimental and statistical approaches. Field
ageing gradient and the efficiency of the PAV test were
assessed. The interrelationships between the materials
and environmental factors and the ageing performance
indices were statistically analyzed. A statistical model for
the G-R parameter was calibrated and verified. The
major conclusions are as follows:

� A threshold air void content (approximately 6%)
exists in differentiating the field ageing gradient
patterns in the asphalt pavements. The ageing gra-
dient remains at a relatively high level at lower air
voids (\6%) and dramatically declines when
exceeding the threshold air void content.

� There is an increasing tendency between the age-
ing gradient and annual days below 0�C. No sig-
nificant correlations are found between the ageing
gradient and the average/maximum/minimum
temperature.

� The chemical indices, stiffness-related indices, and
G-R parameter can quantify the field ageing gradi-
ent of asphalt pavements. The PAV test can

Figure 6. Calibration result of the statistical model.
Note: G-R = Glover-Rowe parameter; LOE = line of error; MAE = mean

absolute error.

Table 7. Regression Parameters

Parameter Estimate Standard error

95% confidence interval

Lower bound Upper bound

a 21.665E-39 0 23.192E-37 3.159E-37
b 11.844 11.011 210.881 34.570
g 5.356 0.227 4.887 5.825
h 0.113 0.049 0.012 0.214
u 2105.547 42.096 2192.428 218.665
k 41.581 65.605 293.820 176.982

Figure 7. Verification result of the statistical model.
Note: G-R = Glover-Rowe parameter; LOE = line of error; MAE = mean

absolute error.

Table 8. Comparison of the Measured and Calculated Glover-
Row (G-R) Parameter in Model’s Verification

General code
Slice’s
code

Measured
G-R (kPa)

Calculated
G-R (kPa)

DK3 DK3-S1 94.23 126.31
DK3-S2 12.35 23.30

HU1 PmB HU1-S1 328.72 483.85
HU1-S2 130.63 128.15
HU1-S3 37.00 25.83
HU1-S4 37.56 31.79
HU1-S5 38.28 33.84

MA MA-S1 12,019.76 10,239.14
MA-S2 9277.37 7163.83
MA-S3 10,866.16 9233.00
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condition the bottom slices’ bitumen to the same
ageing level (quantified by the above parameters)
as that in a pavement depth of 0.5–2 cm after
8 years field service.

� Pavement service life, binder content, minimum
temperature, days above 32�C, and days below
0�C are the critical material and environmental
factors that significantly affect the |G*|, crossover
frequency, G-R parameter, and DTc.

� A statistical model incorporating the mixture
properties (pavement service life, air voids, and
binder content), environmental factor (annual
days below 0�C), chemical indicator (IC=O), and
rheological indices (|G*| and phase angle at 15�C
and 0.005 rad/s) was established for linking to the
G-R parameter. The statistical model is verified as
acceptable with a MAE of 28.1% and an R2 value
of 0.95.
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