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Rheological, fatigue and relaxation properties of aged bitumen
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Department, Khalifa University, Abu Dhabi, United Arab Emirates

ABSTRACT
Bitumen ageing has a significant impact on the mechanical performance of asphalt concrete. This study
utilises dynamic mechanical tests (frequency sweep, fatigue, and relaxation) to investigate the effect of
ageing on the viscoelastic characteristics of bitumen. As ageing progressed, a shift of the Black
diagrams curves towards lower phase angles was observed; at the same time the shape of the curves
changed to a straight line and the curvature reduced. Interestingly, based on the standard fatigue
analysis criteria, ageing appears to have a positive effect on bitumen fatigue life. Consequently, it
occurs that studying only the stiffness and fatigue behaviour of bitumen cannot directly characterise
ageing-induced degradation. The stress relaxation test was found to be more suitable to characterise
ageing of bitumen. Aged bitumen had higher residual stresses and longer relaxation times. Hence,
aged bitumen was found to be more susceptible to stress accumulation and thus cracking. A linear
relationship was established between the crossover modulus and the stress relaxation ageing indices
for the studied bitumen. This relationship suggests that crossover modulus has the potential to be
used as a parameter to characterise the bitumen relaxation properties by means of routine tests such
as the DSR frequency sweep tests.
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1. Introduction

Ageing of bituminous materials is believed to be one of the
major causes of pavement ravelling and cracking. The mechan-
ical properties of bitumen, as of all organic substances, evolve
with time. It is well known that as bitumen ages its ductility
and penetration index are reduced while the softening point
is increased (Siddiqui and Ali 1999, Gawel and Baqinska
2004, Lesueur 2009). Ultimately, the viscosity of the bitumen
is increased and bitumen becomes stiffer. This may cause the
mixture to become excessively brittle and susceptible to fatigue
damage and cracking at lower temperatures (Kliewer et al.
1995, Isacsson and Zeng 1997, Hofko et al. 2016).

The process of ageing includes different mechanisms, such
as physical hardening, loss of volatile components, photo-oxi-
dation and thermal-oxidation (Lu et al. 2008). Physical harden-
ing changes the rheological properties of bitumen due to a
change in the orientation of molecules. This process is revers-
ible because it alters the physical properties of bitumen without
changing its chemical composition (Struik 1977, Ferry 1980).
Evaporation causes the loss of volatile components of bitumen
(Petersen 1984, Nie et al. 2018) during production, laying, and
compaction as the asphalt mixture is subjected to higher temp-
eratures. Moreover, UV radiation is associated with bitumen
ageing because it activates photo-oxidation reactions which
are degradation reactions at the bitumen surface in the pres-
ence of oxygen or ozone (Lesueur 2009, Hu et al. 2018). Gen-
erally, photo-oxidation takes place only within the top 5 μm
of the exposed binder film (Durrieu et al. 2007). On the other

hand, thermal oxidation is regarded as a chemical reaction pro-
cess that leads to the transformation of one set of chemical sub-
stances to another. As such, this process is irreversible and is
caused by physical–chemical changes in the individual bitumen
components (Petersen 2009, Soenen et al. 2016). It is generally
recognised that thermal oxidation is probably a key ageing
mechanism of asphalt pavements and can cause an increase
in bitumen stiffness, which can ultimately lead to cracking.

In the past, research has shown that typical bitumen proper-
ties such as viscosity, penetration, softening point and ductility
had a good correlation with ageing (Kandhal and Koehler
1984). At that time the level of ageing was expressed as a
reduction in penetration, an increase in softening point or as
the ratio of viscosities, always in relation with the unaged
(fresh) condition. Over the past a few years, however, rheology
has been extensively used in order to classify and evaluate bitu-
minous binders according to their performance properties
(Mastrofini and Scarsella 2000). Rheology involves the study
and evaluation of the time-temperature dependent response
of materials that are stressed or subjected to an applied force.
Rheological characterisation of bitumen includes testing for
age hardening, temperature susceptibility, shear susceptibility,
stiffness and viscosity (Miró et al. 2015). Because of that,
more researchers currently use the dynamic shear rheometer
(DSR) to determine the effect of ageing on the rheological
and fatigue properties of bitumen. The results of these studies
have shown that the mechanical properties of aged bitumen
become more solid-like, as indicated by increased complex
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modulus and decreased phase angle (Lu and Isacsson 2002,
Saoula et al. 2013, Moreno-Navarro et al. 2018). Studying only
the stiffness and fatigue behaviour of bitumen cannot directly
characterise the degradation of its properties due to ageing,
because both stiffness and fatigue life increase with ageing. For
instance, at equal stress levels, ageing increases the fatigue life
of the bituminous material; however, the result of the fatigue
test is in that case unreliable (Van den bergh and Van de Ven
2012, Fernández-Gómez et al. 2016, Lopez-Montero and Miro
2017). However, mangy agencies in US and Europe use only
stiffness-based criteria and fatigue tests to classify bitumen for
its cracking performance at fresh (unaged) and aged conditions.
The stress relaxation ability of bitumen can be considered as an
indicator of loss of bitumen durability due to ageing. Stress relax-
ation is essentially a pointer of bitumen cracking, as a decrease in
the ability to relax stress (induced by traffic or thermal loading)
due to ageing (Othman et al. 1995, Daniel et al. 1998, Raad et al.
2001) will ultimately lead to pavement cracking.

2. Objectives

The main objective of this study is to investigate the effects of
oxidative ageing on the linear viscoelastic material properties,
the fatigue and relaxation characteristics of bitumen. An
attempt is also made to correlate the crossover modulus of bitu-
men with its relaxation properties; such a relation could be used
to classify bitumen for its ability to resist crack formation by
means of routine tests such as the DSR frequency sweep tests.

3. Materials, ageing protocol and experimental
method

3.1. Materials

A bitumen with penetration grade 70/100 (1/10 mm), which is
one of the most commonly used for the construction of asphalt
pavements in the Netherlands, was selected for this study. The
bitumen has no polymer or other chemical additive and was
supplied from Q8 Kuwait Oil. Table 1 shows the main physical
and rheological properties of the studied bitumen.

3.2. Ageing method

In this study, bitumen films with 2 mm thickness were aged by
using two different ageing protocols: oven ageing and PAV
(Pressure Ageing Vessel) ageing. Part of the samples were aged
in the oven for 20, 40, 80, 160, 320 h at 100°C and atmospheric
pressure. To investigate the effect of temperature, other subsets
of the samples were oven aged at 50 and 150°C for 40 h.Moreover,
the PAV protocol was applied for 40 h and at 100°C and at four

different ageing pressures of 5, 10, 15, 20 atm. Table 2 summarises
the various ageing processes that were considered.

3.3. Experimental methods

An Anton Paar MCR 502 device was used to analyse the linear
rheological, fatigue and relaxation properties of the bitumen
due to oxidative ageing. At least three repetition tests were
done for each ageing condition. Initially, the linear viscoelastic
(LVE) strain range of the bitumen samples was determined
using amplitude sweep tests.

The rheological properties of bitumen were characterised by
means of DSR tests according to NEN-EN 14770. The bitumen
samples were tested using a parallel-plates configuration at a
stress-controlled model. The frequency sweep tests were per-
formed at five different temperatures (0, 10, 20, 30 and 40°C).
During the tests, the frequency varied in a logarithmic manner
from 50 to 0.01 Hz. The complex shear modulus and phase
angle values were collected during the tests. Master curves of
the dynamic shear modulus and phase angle were constructed,
in order to determine the viscoelastic behaviour in a wider
range of frequencies, at the reference temperature of 20°C.

Considering that the selected control modes in a DSR tests
can have a significant influence on the damage behaviour of
bitumen (Monismith and Deacon 1969, Kim et al. 1997, Shen
and Carpenter 2007, Masad et al. 2008), fatigue tests were con-
ducted by applying dynamic shear loading at the temperature
of 20°C and at a frequency of 10 Hz under two different control
modes, stress-controlled and strain-controlled. The bitumen
samples were tested using the parallel-plates configuration
with 8 mm plate diameter and 2 mm gap. Based on the results
of the amplitude sweep tests, six different stress amplitudes
(0.04, 0.05, 0.10, 0.15, 0.20 and 0.25 MPa) and five different
strain amplitudes (0.5, 1, 2, 3 and 4%) were applied for each
control mode.

The relaxation tests were performed with 1% shear strain in
a very short time period (0.04 s) at the beginning, followed by a
relaxation period of 100 s. The bitumen samples were tested
using the parallel-plates configuration with 8 mm plate diam-
eter and 2 mm gap at 0°C. The shear stress values were col-
lected during the tests. Since the relaxation rate is very fast at
the beginning of the test, the frequency of data collection is
100 points every second.

4. Results and discussion

4.1. Frequency sweep tests

At least three replicates at each condition were considered for
the frequency sweep tests. The effect of ageing is seen as an
increase in the complex shear modulus and a reduction in
the phase angle, Figure 1. Overall, it has been shown that

Table 1. Specifications of PEN 70/100 at fresh (unaged) state.

Property Unit PEN 70/100

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

Table 2. Ageing programme.

Ageing method Temperature (°C) Pressure (atm) Ageing time (h)

Oven 100 1 20, 40, 80, 160, 320
Oven 50, 150 1 40
PAV 100 5, 10, 15, 20 40
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bitumen ageing (as expressed through the complex shear mod-
ulus and phase angle) increased for a higher ageing time, temp-
erature and pressure. Nevertheless, temperature was found to
be the most influential parameter for ageing, probably because
the ageing rate coefficient increases exponentially with temp-
erature based on the Arrhenius equation. Detail on the effect
of the ageing parameters on the rheology of the studied bitu-
men type are discussed in previous studies (Jing et al. 2018,
Tarsi et al. 2018).

Black diagrams, Figure 2, were plotted to present the rheo-
logical changes of bitumen with ageing. Black diagrams are
graphs of the complex shear modulus versus the phase angle,
in which the frequency and the temperature are eliminated,
hence, the data can be presented in one plot without the need
to apply the Time–Temperature Superposition (TTS) principle
(Airey 2002). As ageing progresses, a shift of the Black diagram
curves towards lower phase angles is observed; at the same time
the shape of the curves changes to a straight line and the cur-
vature reduces. These changes denote a tendency towards a
stiffer and less viscous material, which could result to failures
such as brittle fracture at low temperatures.

Another interesting observation in Figure 2 is that the glassy
modulus (G∗

g ) and the equilibrium modulus (G∗
e ) remains con-

stant for the bitumen at different ageing states. Glassy modulus

represents the response at high frequencies or low tempera-
tures, whereas the equilibrium modulus represents the response
at low frequencies or high temperatures. These results may
indicate that ageing has no effect on the mechanical response
of bitumen at extreme conditions (such as extreme high or
low temperature conditions). In addition, the value of glassy
modulus is in the order of 109, while the equilibrium modulus
is in the order of 102, resulting in a difference of seven in their
magnitude. This result points out that the typical assumption
that the value of G∗

e is zero for bituminous materials in the
Christensen–Anderson–Marasteanu (CAM) model (Equation
(1)) is reasonable (Marasteanu and Anderson 1996, Li et al.
2006, Cholewinska et al. 2018).

G∗(f ) = G∗
e +

G∗
g − G∗

e

[1+ ( fc/f )
k]

m/k (1)

where G∗
e is the equilibrium modulus representing the mini-

mum modulus when f � 0, G∗
g is glassy modulus representing

the maximum modulus when f � 1, fc is the crossover fre-
quency at which the elastic component is approximately
equal to the viscous component, and m and k are fitting
parameters.

To understand deeper the effect of ageing on the Black dia-
grams, the crossover modulus is studied in this work. Crossover
modulus is the complex shear modulus corresponding to the
phase angle of 45°, Figure 3, which denotes that the storage
shear modulus is equal to the loss shear modulus. When the
phase angle is below 45°, the material has more solid behaviour;
when it is higher than 45°, the materials have more fluid behav-
iour. As shown in Figure 3, under the same test conditions,
more data points appear in the region with phase angle
below 45° after ageing, which denotes bitumen has more
solid behaviour (elastic response) and less fluid behaviour (vis-
cous response) due to ageing.

The crossover modulus is a special point on the material’s
viscoelastic spectrum, which does not depend on the test fre-
quency and temperature. However, ageing has a significant
influence on crossover modulus as shown in Figure 4, as the
crossover modulus decreases with ageing. In addition, the dis-
persion intervals among the replicate samples appear to
increase with ageing. This can be attributed to the higher

Figure 1. Master curves of PEN 70/100 bitumen with ageing time (oven ageing at
100°C and 1 atm).

Figure 2. Black diagram of PEN 70/100 bitumen with ageing time (oven ageing at
100°C and 1 atm). Figure 3. Schematic of crossover modulus.
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non-homogeneity of the samples as the ageing process evolved.
Laboratory ageing was performed by placing the samples in
PAV pans and therefore oxygen was diffusing from top down-
wards, creating thus a stiffness gradient inside the sample.
Then, the bitumen was stirred to form a homogeneous sample
before it is poured into the DSR disk moulds. As the stiffness
gradient is higher at more severe ageing states, the homogeneity
of the samples could possibly be poorer and it could explain the
higher differences among the tested replicates.

In order to quantify the ageing effect on the crossover mod-
ulus (CM) of bitumen, an ageing index is proposed and
expressed as the ratio of the CM of the fresh bitumen over
the CM of the aged (because of the reduction in crossover mod-
ulus with ageing), Equation (2).

AICM = CMFresh

CMAged
(2)

where AICM is the ageing index of crossover modulus, CMFresh

and CMAged are the crossover modulus of fresh and aged bitu-
men, respectively. By using Equation (2), the AICM values of all
samples were obtained and plotted in Figure 5. The results
show that the CM ageing index increases with ageing.

4.2. Fatigue tests

Cyclic tests were conducted on three samples at each stress/
strain level and ageing state to evaluate the fatigue performance
of bitumen. For the fresh bitumen, the results of complex shear
modulus vs number of cycles in both control modes are shown
Figure 6.

There is an obvious difference between the results of the
stress-controlled and strain-controlled modes, as shown in
Figure 6. After certain cycles of loading in the stress-controlled
test the complex shear modulus suddenly drops, while the
modulus decreases more gradually for the strain-controlled
tests. The fatigue criterion is defined as a 50% reduction in
the value of the complex shear modulus. Then, based on the
concepts of viscoelastic continuum damage (VECD) theory
(Jafari and Babazadeh 2016), the fatigue life of bitumen can
be fitted by Equations (3) and (4).

Ns = Ass
Bs (3)

N1 = A11
B1 (4)

where s is the shear stress, 1 is the shear strain, Ns and N1

are the number of cycles to failure in stress-controlled and
strain-controlled respectively, and As, Bs and A1, B1 are the
fitting parameters derived from the experiment of stress-

Figure 4. Crossover modulus of bitumen at different ageing conditions.

Figure 5. Ageing index of crossover modulus of bitumen at different ageing conditions.
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controlled and strain-controlled, respectively. The experimen-
tal results of the aged bitumen at various ageing times are
fitted according to Equations (3) and (4). The results of the fati-
gue tests are shown in Figure 7 and the fitting parameters for
both control modes are reported in Table 3.

Figure 7 shows that the fatigue life increases with ageing.
Specifically, as shown in Table 3, the fitting parameters As

and A1 increase significantly, while the parameters Bs and B1

change slightly or not at all with ageing. Based on the VECD
concept, when there is no change in the value of the parameter
Bs (or B1), larger values of the parameter As (or A1) denote
that bitumen has better fatigue properties. The fact that ageing
seems to increase the bitumen fatigue life is in conflict with the
common view that a pavement becomes susceptible to fatigue
cracking because of ageing (Airey and Rahimzadeh 2004,
Ouyang et al. 2006, Liu et al. 2014, Villegas-Villegas et al.
2018). One reason may be that the fatigue damage of a pave-
ment due to ageing is not only due to the cohesive damage
within the bitumen but also due to the loss of adhesion between
the aggregate and the bitumen. Ageing increases the fatigue life

of bitumen itself but it may reduce the adhesive bond strength
with the aggregates. Another reason may be the definition of
the fatigue criterion as the 50% reduction in the values of com-
plex shear modulus, is not suitable for data analysis of fatigue
(Ghuzlan and Carpenter 2000, Bonnetti et al. 2002, Bhasin
et al. 2009). It is recommended to develop new methodologies
for analysing the fatigue data.

4.3. Relaxation tests

Similarly to the frequency tests, a minimum of three replicate
samples for each ageing condition were tested for stress relax-
ation using the DSR. Figure 8 (left-side graphs) shows the
relationship between shear stress and relaxation time with
increased ageing time, temperature and pressure. By standar-
dising the initial shear stress to a value of 100%, the residual
stress vs relaxation time at different ageing conditions is plotted
in Figure 8 (right-side graphs).

Figure 8 (left) shows that a power law can describe well the
relationship between the shear stress and the relaxation time.
The relaxation curves move up with ageing, indicating that at
the same relaxation time the shear stress of bitumen increases
with ageing. In other words, the relaxation modulus increases
with ageing. It is obvious, Figure 8 (right), that bitumen ageing
decreases the stress relaxation and increases the residual stress.
For the fresh bitumen, only 1.03% of the initial shear stress
remained after 100 s relaxation, however, more than 6% of
initial shear stress remained in the aged sample after relaxation.

Figure 6. Complex shear modulus vs number of cycles for bitumen at fresh conditions (unaged state): stress-controlled mode (left) and strain-controlled mode (right).

Figure 7. Fatigue results of bitumen with various ageing time: stress-controlled mode (left) and strain-controlled mode (right).

Table 3. Fitting parameters for fatigue results.

Control mode Stress-controlled Strain-controlled

Parameter As Bs R2 A1 B1 R2

Fresh 7.736 −3.298 0.985 88772 −2.054 0.998
20 h 25.581 −3.281 0.994 134938 −2.617 0.998
40 h 72.197 −3.327 0.988 162852 −2.671 0.997
80 h 106.99 −3.725 0.967 229202 −2.678 0.997
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Especially, for the sample aged at 150°C, about 8% of initial
shear stress remained after relaxation. The results show that
aged bitumen results to higher residual stresses, suggesting
that bitumen will accumulate higher stresses at the same load-
ing level.

In order to further analyse the relaxation properties of aged
bitumen, the absolute values of shear stress at 0 and 100 s are

plotted in Figure 9, which denote the stress state of bitumen
at the initial and end time of relaxation.

In Figure 9, the initial shear stress (shear stress at 0 s) of
bitumen samples subjected different ageing conditions are in
the order of 1000 kPa. The initial shear stress of the most highly
aged sample (320 h, 150°C or 20 atm) is about 1.4 times larger
than that of fresh bitumen. However, after a relaxation period

Figure 8. Relaxation curves (left) and residual stress curves (right) of PEN 70/100 at different ageing conditions.
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of 100 s, the shear stress of the 320 h aged sample, the 150°C
aged sample and the 20 atm aged sample were still 68.73,
97.29 and 80.63 kPa, respectively, which is more than 10
times higher than that of fresh bitumen. Hence, the residual
stresses after the same relaxation time are higher for the aged
samples. Due to the fact that there is continuous traffic loading,
the relaxation time of bitumen needs to be short to prevent
stress accumulation in the pavement. Figure 10 shows the
relaxation time when the shear stress got reduced to 50% or
25% of the initial stress.

The relaxation time, at which shear stress reduces to 50%
and 25% of the initial stress, increases with ageing. An increase
of the relaxation time can be explained by the fact that the vis-
cosity of bitumen increases due to ageing (Rigg et al. 2017). For
fresh bitumen, the shear stress reduces to 25% of its initial value
within one second. However, this time increases for the 320 h
and 20 atm aged samples, for which it is 3.28 and 3.76 s,
respectively. For the oven-aged bitumen samples 150°C, the
relaxation time to reach a 25% decay in stress is 4.58 s. Longer
relaxation times denote materials that are more susceptible to
accumulate stresses.

To quantify the ageing effect on the relaxation properties of
bituminous materials, a relaxation ageing index is calculated as

the ratio of relaxation time between aged and fresh bitumen,
Equation (5).

AIR 50% = t50%,aged

t50%,fresh
(5)

where AIR 50% is the ageing index of relaxation that corre-
sponds to the relaxation time when shear stress reduces to
50% of initial stress, t50%,aged and t50%,fresh are the relaxation
time at which the shear stress gets reduced to 50% of initial
stress of aged and fresh bitumen, respectively. By using
Equation (3), the AIR 50% for all samples were plotted in
Figure 11. The results show that the relaxation ageing index
increases with ageing.

4.4. Relationship between crossover modulus and
relaxation time

A frequency sweep test is the most commonly used rheologi-
cal characterisation method in the laboratory. It is, therefore,
of paramount importance to deduce as many information
possible from the master curves or black diagrams to charac-
terise the rheological properties of bitumen, apart from the

Figure 9. Shear stress of PEN 70/100 at 0 and 100 s under different ageing conditions.

Figure 10. Relaxation time at shear stress levels of 50% and 25% of the initial stress.
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stiffness and phase angle of the material, such as the stress
relaxation of bitumen. For this purpose, an attempt to corre-
late the crossover modulus of bitumen with its relaxation
properties was made, by plotting the AIR 50% against AICM,
as presented in Figure 12.

Figure 12 shows that there is a good linear relationship between
these two parameters for the studied bitumen. The points
move from the position of AICM AIR 50%

( ) = 1 1
( )

to the
top right corner along the blue line due to ageing. Interestingly
it appears that this relationship does not depend on the ageing
protocol. In other words, different ageing protocols have the
same influence on the ageing indexes AICM and AIR 50%. Similar
observations were made for the relationship between the crossover
modulus and the ageing index (Jing et al. 2019). Based on
Equation (3), the values of AIR 25% was obtained and the relation-
ship between AIR 25% and AICM was added in Figure 13.

As shown in Figure 13, although the slope of the fitting line
changes depending on the shear stress level, the linear relation-
ship between the ageing index of crossover modulus and stress
relaxation remains. This relationship suggests that the
reduction in the crossover modulus denotes a reduction in
the relaxation properties of the bitumen. Therefore, the cross-
over modulus obtained through the frequency sweep test can

be used as a parameter to express the relaxation properties of
bituminous materials.

In this study, however, the established relationship between
the crossover modulus and the stress relaxation is based on the
experimental results for only one bitumen type. The universal-
ity of this relationship and the conditions under which it is
valid and can be used for determining the relaxation properties
of bitumen still needs to be investigated. The preliminary data
for the studied bitumen are promising and more bitumen types
will be analysed in the future to validate these findings.

5. Conclusions

The work presented in this paper shows the preliminary results
of a broad study on the effect of ageing on the mechanical prop-
erties of bitumen and asphalt concrete. This study specifically

Figure 11. Ageing index of relaxation of bitumen at different ageing conditions.

Figure 12. Relationship between the crossover modulus AICM and the stress relax-
ation AIR 50% ageing indices.

Figure 13. Relationship between the crossover modulus AICM and the stress relax-
ation AIR ageing indices at shear stress levels of 50% and 25% of the initial stress.
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focuses on the linear viscoelastic material properties, the fatigue
and relaxation characteristics of aged bitumen. A series of age-
ing experiments were performed on 2 mm thickness bitumen
films at different ageing time intervals, temperatures and press-
ures. DSR tests were carried out to determine the changes in the
response of aged bitumen.

The results show that studying only the stiffness and fatigue
behaviour of bitumen cannot directly characterise the degradation
of its properties due to ageing because both stiffness and fatigue
life, increase with ageing. The effect of ageing is seen as a shift
of the Black diagram curves towards higher stiffness and lower
phase angles. Interestingly, both the glass modulus and the equi-
libriummodulus do not change with ageing; in contrast the cross-
over modulus reduces with ageing. According to the standard
fatigue analysis criteria, it appears that ageing has a positive
effect on the fatigue life of bitumen. This observation contradicts
field observations and raises questions about the suitability of such
criteria. It appears that the fatigue tests can give a false impression
of the effects of ageing on bitumen viscoelastic properties.

The relaxation test, however, appears to be more relevant to
characterise the ageing effect on bitumen and it is proposed as
an indicator of loss of bitumen durability due to ageing. Higher
residual shear stresses and longer relaxation times were found
for aged bitumen in comparison to those for fresh (unaged)
bitumen. Therefore, the relaxation test results suggest that
aged bitumen is more susceptible to stress accumulation, as
its ability to relax stress decreases, and consequently is more
sensitive cracking. Moreover, the values of the relaxation prop-
erties increased for extended ageing times and for higher temp-
eratures and pressure. Among the various ageing parameters,
temperature appears to be the most influential for ageing.

On the basis of the relaxation and the frequency sweep test
results, a linear relationship is found between the crossover
modulus ageing index and the relaxation ageing index for the
studied bitumen. Such a relation has potential to be used to
classify bitumen for its ability to resist crack formation by
means of routine tests such as the DSR frequency sweep tests.
This study was limited in terms of the bitumen types used;
only one bitumen was tested. As a result, more bitumen types
will be analysed in the future to validate the established
relationships and the findings of this study.
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