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Three conventional asphalt concrete mixtures containing one aggregate of a given size
distribution and bitumens of different stiffness obtained from one and the same source are
characterised with regard to rheological properties using uniaxial testing. Both
non-destructive complex modulus and fatigue testing at different temperatures are
performed. The results obtained from the non-destructive testing indicate that the mixtures
studied exhibit similar rheological properties (stiffness and phase angle) in the range
investigated, if compared at different temperatures (similar rheological state). The results
presented also suggest that fatigue deterioration to a great extent is determined by the
rheological status of the mixture. Some aspects on the test procedure, such as adequate
strain measurement and heating during destructive (fatigue) testing as well as fatigue life
characterisation using the classical approach, are discussed. C© 2003 Kluwer Academic
Publishers

1. Introduction
During the last decades, increased interest in pave-
ment engineering has been devoted towards more ad-
vanced characterisation of asphalt materials based on
viscoelastic theory. Generally, asphalt materials are
considered to behave linearly viscoelastic under rela-
tively low strain applications. The current trend regard-
ing structural models can be exemplified by VEROAD
[1], a linear viscoelastic multi-layer program which per-
mits analysis taking into account both viscoelastic ma-
terial properties and moving wheel loads. Such models
should give more realistic response provided that ad-
equate material and environmental characteristics are
available. However, if the resulting strains are suffi-
ciently high, the road materials and, consequently, the
entire road structure start to deteriorate.

One main obstacle to analytical design is the lack
of laboratory test methods that characterise mate-
rial properties under practical loading and environ-
mental conditions. In current design procedures, gen-
erally fatigue cracking at the bottom of the as-
phalt layer and permanent deformation at the top
of the subgrade are the main distress mechanisms
considered. Regarding permanent deformation at the
subgrade, both bound and unbound materials con-
tribute. To assess the influence of asphalt material
properties on road deterioration, more advanced test
methods than presently available are needed. Such
methods are characterised by the capability of mea-
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suring fundamental parameters at a broad range of
conditions.

The objective of the research presented in this pa-
per was to characterise rheological properties of dense-
graded asphalt concrete mixtures, manufactured using
three conventional bitumens from one and the same
source processed to different stiffness. The focus of the
study is directed towards determination of rheological
behaviour of the mixtures, as characterised by for ex-
ample stiffness and fatigue, using uniaxial testing. The
non-destructive testing includes more than 30 complex
modulus tests performed at different temperatures and
frequencies and the fatigue tests almost 100 strain- or
stress-controlled tests at different temperatures and am-
plitudes. The fatigue investigation concerns high cycle
fatigue tests (large number of load applications to fail-
ure), and the results are presented using the classical
fatigue (Wöhler) approach. In a subsequent paper [2], a
viscoelastic continuum damage model is used to further
analyse the fatigue results presented in this paper.

2. Experimental
2.1. Materials
In Sweden, ABT mixtures (dense-graded asphalt con-
crete) are the most common materials used as wear-
ing and binder courses. ABT mixtures are continu-
ously graded and can consist of different penetration
grade bitumens in order to account for different field
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T ABL E I Penetration and softening point of the recovered bitumen

Bitumen 50/60 70/100 160/200

Penetration (25◦C, mm/10) 42 60 139
Softening point R&B (◦C) 53.3 50.6 42.0

conditions, e.g., amount of heavy traffic and climate.
In this study, a wearing course mixture with maximum
aggregate size 11 mm, i.e., ABT 11, was used. The
aggregate consisted of typical Swedish crushed gran-
ite (Farsta Granite). Three conventional bitumens with
penetration grade 50/60, 70/100 and 160/220, respec-
tively, were employed in this investigation. The num-
bers indicate penetration grade range at 25◦C in mm/10.
The source of the bitumen was Laguna, Venezuela, and
the bitumen was provided by Nynäs AB. The penetra-
tion and softening point values of the recovered binders
are shown in Table I.

According to Swedish road standards [3], an ABT 11
mixture may consist of different penetration grade bitu-
men as already mentioned. However, the binder content
depends on the binder grade used. Therefore, in order
to make a meaningful comparison of the influence of
binder stiffness on mechanical response, the same tar-
get binder content was chosen for all three mixtures
studied (6.2% by weight). The target air void content
was 3.4 ± 1 (% by volume). These targeted levels were
checked by measurements. The measured particle size
distribution of the aggregate as well as the limits ac-
cording to [3] is shown in Fig. 1.

The mixtures were manufactured at Nynäs AB in
Nynäshamn, Sweden, and compacted to slabs using a
laboratory rolling wheel compactor (MAP, Spechbach-
le-bas, France). The final dimensions of each slab were
150 × 295 × 600 mm. In total, 6 slabs, two of each
mixture, were manufactured for testing. Each slab was
sawn in halves, four 30 cm cylinders (φ = 80 mm) were
cored from each half, and the cores were sawn into two
samples of desired length (h = 120 mm) (Fig. 2).

Fig. 3 shows the measured air void content of the
specimens from each slab. It can be seen, that the void
content of each specimen is normally 1–4% (by vol-
ume). Normally, the highest void contents are obtained
at the corners of the slabs.

The differences in single values are apparently large.
However, the testing, as described in Chapter 3, do not

Figure 1 Measured particle size distribution of the aggregate used and
the limits according to [3].

Figure 2 Specimen preparation procedure.

Figure 3 Air void contents (% by volume) of each specimen.

indicate, that such a range in void content influences
the results significantly. By ANCOVA (analysis of co-
variance) analysis it was also shown that the air void
content did not affect the rheological behaviour as de-
termined from the complex modulus measurements in
a significant way.

2.2. Testing equipment and program
The specimens described in Section 2.1 were investi-
gated using unconfined uniaxial testing. The test set-up
(Fig. 4) was the same for both complex modulus and
fatigue tests and consisted of a servo-hydraulic testing
system (MTS 810, Teststar II).

The axial deformations were measured using three
MTS strain-gauge extensometers, placed 120◦ from
each other and connected with springs around the mid-
dle of the sample. The gauge length was chosen to
50 mm to avoid end effects close to the end-caps due
to the gluing.

During all complex modulus tests, the specimens
were subjected to a sinusoidally oscillating axial load-
ing (no rest period) in both tension and compres-
sion (through zero) at constant 50 · 10−6 m/m strain
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Figure 4 Testing set-up for complex modulus and fatigue tests.

amplitude. The complex modulus tests were consid-
ered to be non-destructive, thus allowing subsequent
fatigue testing. The applied strain amplitude was kept
low (i.e., 50 · 10−6 m/m) in order to avoid damaging
the material but high enough to avoid equipment re-
lated data measuring limitations. All materials were
tested at four temperatures (0, 10, 20 and 30◦C) and
9 frequencies (40, 32, 16, 8, 4, 2, 1, 0.5 and 0.1 Hz).
A second measurement at 40 Hz was also performed
in order to observe, if any damage had occurred. Dur-
ing the tests, the mean value of the three extensome-
ters was controlled. Consequently, the tests were “true”
strain controlled tests, since the measured strains are
not only recorded but also used as indata for machine
control. The load and displacement amplitudes at com-
plex modulus testing were determined using Fourier
analysis over eight cycles recorded. The Fast Fourier
Transform (FFT) technique has the advantage to de-
tect and filter spurious effects of harmonics and noise
in the signal, allowing an indication of the quality of
the filtered signal by the ratio between amplitude of
the fundamental frequency component and the sum of
amplitudes of all the frequency components generated.
The average ratios during the trials were generally high,
and occurring deviation may be explained by material
inhomogeniety, nonlinearity and configuration factors
of the test equipment.

During the fatigue tests, the specimens were sub-
jected to a sinusoidally oscillating axial loading (no
rest period) in both tension and compression (through
zero) at three different temperatures 0, 10, 20◦C and
always at frequency 10 Hz. The tests were performed
in both controlled stress and controlled strain modes.
The loading amplitudes were chosen in such a way
that the fatigue life would be in the range of 80,000 to
1 million cycles. At least two samples were performed
at each test condition. Stress and strain amplitudes were
determined using FFT over four cycles. The reason for
choosing only four cycles instead of the eight used in
the complex modulus tests is a compromise between re-
liable parameter determination and detailed knowledge
of its evolution. During the tests, the data were recorded
heavily at the beginning but were later recorded less
frequently in order to obtain sufficient but still man-
ageable data. During the fatigue tests, the increase in
sample temperature was recorded on the envelope sur-

face of each specimen using a thermocouple. During
all complex modulus and fatigue tests, Poisson’s ratio
was measured using a chain linked to an extensometer
(cf. Fig. 4).

The rheology of recovered binders was investigated
using both conventional tests (penetration and softening
point) and more fundamental tests by a dynamic shear
rheometer (RDA-II, Rheometrics Inc.).

3. Results and analysis
3.1. Complex modulus tests
Complex modulus tests refer to non-damaging rheo-
logical characterisation of linear viscoelastic material
properties under periodic sinusoidal loading. The test
provides parameters such as dynamic modulus, phase
angle and time-temperature shift factors. In the re-
minder of analysis, engineering stress σ and strain ε

are employed as nominal values, i.e.,

σ = P

A
(1)

ε = u

L
(2)

where P is the load over initial cross-sectional area,
A, and related to the displacement, u, measured over
initial gauge length, L . The complex modulus is the
representation of the modulus of a viscoelastic material
as the sum of the real and imaginary parts

E∗ = E ′ + i E ′′ (3)

or in polar form

E∗ = |E∗|eiφ (4)

where |E∗| is the dynamic modulus defined as the ratio
between the amplitudes of stress and strain signals

|E∗| = σ0

ε0
(5)

and φ is the phase angle obtained as

φ = tan−1
(

E ′′

E ′

)
. (6)

In a similar way, constitutive equations describing the
response of a linear viscoelastic material under peri-
odic shear will lead to the definition of dynamic shear
modulus, |G∗|, and corresponding phase angle, ϕ, re-
spectively.

Generally, viscoelastic materials exhibit both tem-
perature and time (or frequency) dependence. Bitumi-
nous binders and mixtures are normally referred to as
thermorheologically simple, which means that the con-
struction of master curves from horizontally shifted
isotherms is possible (cf.Fig. 5).

Consequently, the dependence of the material prop-
erty upon (angular) frequency, ω, and temperature, T ,
can be represented solely by a single parameter, reduced
frequency, ζ , which at constant temperature is obtained
as

ζ = ω · aT (7)

4943



Figure 5 Example of a master curve for dynamic modulus obtained
using the time-temperature superposition principle (70/100 mixture).

For thermorheologically simple materials, it is often
convenient to analytically express the shift factor using
the WLF (Williams-Landell-Ferry) equation

log aT = − C1(T − T0)

C2 + T − T0
(8)

where C1 and C2 are constants, T and T0 are tempera-
ture and reference temperature, respectively. Equation 8
provides the possibility to interpolate rheological prop-
erties at any temperature.

3.1.1. Binders
The dynamic shear modulus |G∗| and phase angle ϕ

data of recovered binders are shown in Fig. 6. As can be
seen, the difference between the three curves is small.
The overall results suggest that the binder manufactur-
ing process does not significantly change the rheologi-
cal relationships as described by these two parameters
(dynamic shear modulus and phase angle) for the dif-
ferent penetration grades studied.

3.1.2. Mixtures
The rheological characterisation of the mixtures was
carried out by complex modulus testing on at least two
specimens from each slab-half. The resulting dynamic
modulus and phase angle mastercurves from all com-
plex modulus tests of the mixtures are shown in Figs 7
and 8.

Fig. 7 shows all master dynamic modulus curves for
the three mixtures. In total 10–14 samples from each
mixture are displayed. The three materials are well
gathered in three distinct groups, suggesting signifi-

Figure 6 Black diagram showing dynamic shear modulus vs. phase an-
gle for the 50/60, 70/100 and 160/220 binders.

Figure 7 Master dynamic modulus curves for the three materials
studied.

Figure 8 Phase angle curves of the mixtures studied.

cant differences between the materials containing bitu-
men of different stiffness. Within each group, the dif-
ferences in stiffness at a given frequency are within 5–
10% which is considered relatively small. The highest
stiffness is obtained with the 50/60 mixture, while the
160/220 mixture shows the lowest stiffness at a given
reduced frequency. A similar comparison is shown in
Fig. 8, where all master phase angle curves are dis-
played. The 160/220 mixture shows the highest phase
angle for a given frequency, while the 50/60 mixture
shows the lowest. For phase angles corresponding to
reduced frequencies lower than 0.1 Hz, a peak is ob-
served. This peak is believed to be the result of in-
creased relative importance of the aggregate skeleton
at soft conditions.

Fig. 9 shows the properties of the mixtures in form
of a Black diagram. As in the case of the binders (cf.
Fig. 6), it can be seen that the different materials exhibit
almost the same relationship between dynamic modu-
lus and phase angle over the whole range, suggesting
the materials are very similar. However, it should be
noted that the influence of temperature is not explicitly
shown in this type of diagram.

Figure 9 Black diagram for the three mixtures studied.
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Figure 10 Isochrones for the three mixtures (shifted to frequency
10 Hz).

In order to provide information regarding influence
of temperature on rheological properties of the three
mixtures, each material is shifted to frequency 10 Hz
using the WLF equation (Equation 8). Fig. 10 shows the
resulting isochrones of the materials. It can be seen, that
there are large differences between the three materials
in terms of dynamic modulus and phase angle for each
temperature.

According to Fig. 10, the differences between the
50/60 and 160/220 materials are close to 10◦C over the
whole temperature range.

The dynamic modulus of the 50/60 mixture at 10◦C is
approximately 13,000 MPa, which is almost the same
as for the 160/220 mixture at 0◦C. At 20◦C, the dy-
namic modulus of the 50/60 is of the same order of
magnitude as the 160/220 mixture at 10◦C. A similar
relationship can be found for the phase angles. These
results are interesting, since the fatigue characterisation
described in Section 3.2 is carried out at 0, 10 and 20◦C
for all mixtures, providing opportunity to compare fa-
tigue characteristics at similar initial stiffness and phase
angle. In other words, if fatigue test results are similar
for the 50/60 mixture at 10◦C and the 160/220 mix-
ture at 0◦C, the rheological properties only depend on
the current rheological state of the materials and not on
possible physical or chemical differences between the
binders. The ability of results obtained at different times
or temperatures to fit onto a single master curve is often
referred to as thermorheological simplicity. As shown
above, different penetration grade bitumens may lead
to asphalt mixtures exhibiting similar rheological prop-
erties at a certain combination of time and temperature.
Table II shows representative shift factors obtained for
the mixtures.

T ABL E I I Shift factors of the mixtures investigated

Mixture Temperature (◦C) aT

50/60 0 35.1
10 1.00
20 0.055
30 0.005

70/100 0 30.9
10 1.00
20 0.064
30 0.007

160/220 0 23.0
10 1.00
20 0.093
30 0.011

Figure 11 Poisson’s ratio as a function of reduced frequency for the
three mixtures studied. Reference temperature 10◦C.

Another important parameter obtained during com-
plex modulus measurements is Poisson’s ratio, which is
obtained by relating the transverse, εT, and axial strain,
εA, of the test specimen submitted to axial deforma-
tions. In classical theory, Poisson’s ratio is between 0
and 0.5. According to [1], Poisson’s ratio for asphalt
mixtures depends on temperature, frequency and ap-
plied strain amplitude (cf. Equation 9)

υ∗ = − εT

εA
ei(φ−ϕ) ≈ εT

εA
(9)

where φ and ϕ are the phase angle of the axial and
transverse phase angle, respectively. However, as these
two phase angles are essentially the same, Poisson’s
ratio can be treated as a real number.

As in the case of dynamic modulus, Poisson’s ratio
can be expressed as a mastercurve. Fig. 11 shows typi-
cal master curves for the three mixtures as determined
by complex modulus tests. The shift factors used were
those obtained from the corresponding complex modu-
lus test. It was observed that relatively large differences
between different samples as well as large scattering
among data occurred for many tests. This is indicated
in Fig. 11 where the ranking is not consistent with other
master curves; the 50/60 mixture exhibits Poisson’s ra-
tio between those of the 70/100 and 160/220 mixtures.
These effects are probably due to the test set-up. Due
to the difficulties addressed, careful evaluation of Pois-
son’s ratio is necessary.

The results show that softer conditions exhibit higher
Poisson’s ratios. The range in Poisson’s ratio obtained
in this investigation is 0.1 to 0.4, which is smaller
than earlier reported by [4, 5]. The difference may
be explained by the fact that an amplitude of only
50 · 10−6 m/m was used in this study.

3.2. Fatigue tests
3.2.1. Evolution of stiffness
According to Di Benedetto et al. [6], a typical fatigue
process for asphalt mixtures can be characterised by
three distinct phases denoted Phase I, II and III, re-
spectively. The first phase is characterised by a rapid
increase in sample temperature. During this phase, the
stiffness of the sample decreases due to both fatigue
damage and temperature increase. The effect of heating
is very difficult to separate from the fatigue damage dur-
ing Phase I and therefore difficult to analyse. Phase II is
characterised by a quasi-linear decrease in stiffness. At
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Figure 12 Evolution of stiffness during a controlled strain (100 µε)
fatigue test at 0◦C using the 50/60 mixture.

the beginning of the Phase III, the sample starts to col-
lapse, often due to increased non-uniformity in strain
field. The behaviour during such a three-step evolution
of the stiffness can be very different for different tem-
peratures and binder stiffness used. The fatigue testing
in this study covered an overall range of initial stiffness
of 1,800–21,000 MPa (cf. Figs 12–14). As in the case
of the complex modulus tests, the repeatability of dif-
ferent tests is comparatively high, and often show very
similar initial stiffness as well as deterioration path.

For the mixture consisting the stiffest binder (50/60)
at 0◦C, the stiffness generally did not decrease more
than in total 15–20% before final failure (cf. Fig. 12),
which suggests that Phase 1 is very small under this
condition. However, it was noticed that Phase 1 seems
slightly more important for 70/100 and 160/220 mix-
tures at 0◦C. Phase 3 was easily identified for most tests
at 0◦C due to the distinct failure (cf. Fig. 12).

The fatigue behaviour of the mixtures changed in
some respects, when the temperature increased from 0
to 10◦C. The initial stiffness of the mixtures decreased

Figure 13 Evolution of stiffness for the 70/100 mixture during con-
trolled strain (100 µε) fatigue test at 10◦C.

Figure 14 Evolution of the stiffness of the 160/220 mixture at controlled
strain (300 µε) fatigue test at 20◦C.

in accordance with expected decrease obtained from
complex modulus tests. In general, the initial stiffness
of all fatigue tests showed similar values as obtained
from dynamic modulus tests (cf. Fig. 10), i.e., no strain
dependent non-linear behaviour was observed. Fig. 13
shows the evolution of the stiffness for the 70/100 mix-
ture at 10◦C. The first phase described by [6] is much
more pronounced compared to that at 0◦C for the same
material. The rapid reduction in stiffness during Phase 1
becomes almost linear during Phase 2. In most cases,
the stiffness decreased about 40% of its initial value
before complete failure. However, it is observed that
there are relatively large differences in failure point ex-
pressed in stiffness between different samples.

It should also be noted that the relative decrease in
stiffness (EFailure/EInitial) also increases with increased
temperature. The fatigue tests carried out at 10◦C gen-
erally sustained a larger decrease in stiffness before the
start of Phase 3 compared to stiffer conditions. This
phenomenon may be due to relaxation and tempera-
ture increase through hysteresis heating. The fatigue
tests carried out at 20◦C followed the same trend as
already described for the lower testing temperatures.
The initial reduction in stiffness was around 40% for
the 160/220 mixture before stabilising as indicated in
Fig. 14. When comparing fatigue tests of the 50/60 and
160/220 mixtures at a temperature difference of 10◦C,
results indicate that deterioration processes are similar
at a given strain amplitude.

The examples and reflections described above relate
only to controlled strain fatigue tests. It can be seen,
that the decrease in stiffness in general is regressive.
However, there are exceptions. For all stress-controlled
tests, the regressive decrease rate reaches an inflexion
point, after which it becomes progressive, i.e., the de-
crease in stiffness starts to accelerate and the stiffness
curve becomes S-shaped (cf. Fig. 15).

The reason for the S-shaped behaviour often ob-
tained for stress-controlled fatigue tests is due to the
fact that the strain amplitude increases continuously
during the test but also due to an accelerating heating
(cf. Section 3.2.3). When controlled strain tests show
this type of deterioration curve, it is usually due to a
non-uniform strain field [7].

3.2.2. Poisson’s ratio
Poisson’s ratio was investigated during the fatigue tests
in the same way as at complex modulus testing. It was

Figure 15 Typical S-shaped stiffness curve obtained in controlled stress
(1.6 MPa) fatigue test at 20◦C (50/60 mixture).
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Figure 16 Evolution of Poisson’s ratio of the 70/100 mixture at con-
trolled strain (100 µε) fatigue test at 10◦C.

observed that the evolution of Poisson’s ratio varies
with the mode of loading. Poisson’s ratio generally de-
creases during strain-controlled tests (cf. Fig. 16). The
decrease rate is dependent on the strain amplitude; i.e.,
the higher the strain amplitude, the faster the decrease.
The initial value is related to the stiffness of the mix-
ture and corresponds to Poisson’s ratio as obtained from
complex modulus testing.

According to [1], Poisson’s ratio is strain ampli-
tude dependent, which was also generally observed in
this study: the higher the strain amplitude, the higher
Poisson’s ratio. This trend was also observed for all test
conditions, but the differences between replicates were
relatively large compared to dynamic modulus results.
This may be explained by the measurement procedure,
which seems to be more sensitive due to use of chain.
During stress controlled tests, the evolution in Poisson’s
ratio is more or less linear in time, i.e., no strain depen-
dence could be observed.

3.2.3. Increase in temperature
During fatigue tests, the increase in temperature was
recorded on the envelope surface of each sample us-
ing a thermocouple. The evolution in temperature for
the two modes of loading was similar to those reported
by [8]. The heating measured in controlled strain tests
reached a maximum at approximately 30,000–50,000
cycles for all mixtures and temperatures. After passing
the peak, the temperature decreases slowly, depending
on strain level. The peak increase in temperature de-
pends on stiffness and strain level (i.e., energy input)
but was for the controlled strain tests performed in this
study often less than 1◦C.

For controlled stress tests, the evolution in tem-
perature was increasing throughout the test. The
temperature evolution was similar to a creep curve,
comprising the primary, secondary and tertiary stages.
At failure, the increase in temperature was up to 3◦C,
depending on stress level, stiffness and testing temper-
ature. Such a high global temperature increase signifi-
cantly affects the stiffness of the mixture as indicated in
Fig. 10, where one degree increase in temperature re-
sults in a global decrease in stiffness of approximately
7% of the 70/100 mixture at 10◦C. Fig. 17 shows the in-
crease in temperature during two fatigue tests at 10◦C.
In the tertiary stage, the temperature increases very
rapidly, causing the stiffness decrease to accelerate. It
was observed that the tertiary stage was in the order

Figure 17 Temperature increase during two controlled stress tests of the
70/100 mixture at 10◦C.

of 10 to 25% of total fatigue testing time. This large
increase in temperature may influence the shape of the
stiffness decrease curve, and thereby contribute to de-
termination of fatigue characteristics such as damage
rate (when stiffness reduction is used as a measure of
damage) as well as subsequent failure. Furthermore, the
effect of heating on the microscale is probably higher,
since the dissipated energy responsible for the heat
produced is solely generated in the viscoelastic ma-
trix, which only accounts for roughly 5% of the total
mixture.

4. Fatigue life evaluation based
on classical analysis

Fatigue results are normally obtained using power re-
lationships such as

Nf = a · εb (10)

where a and b are experimentally determined constants,
and Nf is the number of load cycles applied until failure
at a given strain amplitude, ε. The failure is usually ar-
bitrarily defined as the 50% decrease in initial stiffness
[9, 10]. This way of expressing fatigue characteristics
of an asphalt mixture is common, since it provides a
simple way of discriminating between different mix-
tures and test conditions, e.g., temperatures, loading
times and patterns. In Table III, results obtained using
Equation 10 (controlled strain tests) are presented. The
results in Table III imply that softer binder and higher
temperature result in longer fatigue life at a given strain
amplitude. However, as discussed below, the classical
analysis shows several drawbacks.

TABLE I I I Fatigue results obtained based on classical analysis

Nf (50%)

Materials
Temperature
(◦C) a b R2

50/60 0 2.97 × 1012 −3,51 0,76
10 9.36 × 1015 −5,18 0,71
20 4.31 × 1012 −3,51 0,45

70/100 0 3.61 × 1016 −5,72 0,58
10 2.54 × 1016 −5,42 0,67
20 1.08 × 1027 −9,71 0,46

160/220 0 5.17 × 1014 −4,71 0,52
10 1.05 × 1012 −3,04 0,30
20 1.10 × 1016 −4,45 0,86
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As shown in Table III, some R2 values are very low,
indicating large scatter among the test results. Table III
also indicates that the constants a and b vary sig-
nificantly with testing temperature. This temperature
dependence results in the need of extensive testing to
obtain constants for several test conditions, if reliable
analysis is to be carried out. The large differences shown
in Table III are not surprising but stress the importance
of accounting for, not only the stiffness of the material,
but also its fatigue deterioration properties at a given
temperature.

As described in Section 3.2.3, hysteretic heating may
significantly influence rheological characteristics of as-
phalt materials subjected to cyclic loading. It is not clear
how to account for this heating using classical analysis,
and, consequently, further research is needed in order to
determine the magnitude of this effect, and to model it.

A third major problem related to fatigue characteris-
tics using Equation 10 is the fact that, in practice, it is
difficult to define failure. As described in Section 3.2.1,
failure often occurs suddenly by a rapid drop in global
stiffness, and the criterion is met when stiffness passes
the 50% decrease level. It is doubtful if such a criterion
is meaningful for adequate modelling and prediction of
fatigue deterioration of asphalt materials.

The above discussed limitations in asphalt fatigue
analysis using the classical approach makes it difficult
to evaluate, and, consequently, compare asphalt ma-
terials. As described in Section 3.1.2, the differences
between the 50/60 and 160/220 materials correspond
to 10◦C over the whole temperature range investigated.
This finding is not supported by the results shown in
Table III. However, by the use of continuum damage
theory [2], it was shown that this relationship is also
applicable to fatigue deterioration.

5. Conclusions
The main findings based on the results presented in this
paper can be summarised as follows:

5.1. Methodology
• The use of laboratory compacted slabs is consid-

ered to be an appropriate method for manufactur-
ing specimens for rheological (including fatigue)
characterisation.

• Uniaxial testing provides reliable characterisation
of rheological properties of asphalt mixtures sub-
jected to small and large strains.

• The use of three parallel extensometers greatly im-
proves the information regarding the deterioration
process under fatigue testing. The on-sample mea-
surement makes it possible to monitor the decrease
in stiffness as well as damage accumulation, but
also disturbances in the strain field. The unifor-
mity of the applied strain field is an essential fac-
tor when evaluating fatigue characteristics, as non-
uniformity may lead to incorrect interpretation of
the results.

• Poisson’s ratio is an important parameter for struc-
tural analysis of flexible pavements. However, the
present way of measuring radial strains using a rel-
atively long chain connected to the extensometer

does not seem to be optimal, and consequently,
further development in this area is desirable.

• The use of thermocouples to monitor increase in
temperature during fatigue testing is recomended.

5.2. Rheology
• Mixtures containing aggregate of a given size

distribution and manufactured from conventional
binders obtained from one and the same source
but of different penetration grade show similar be-
haviour when compared at the same rheological
state, i.e., when exhibiting the same dynamic mod-
ulus and phase angle. This result means that influ-
ence of different binder stiffness on mixture rheol-
ogy may be modelled using simply a shift factor.
However, this conclusion needs to be confirmed
for binders from other sources than the one used in
this study. The differences between the 50/60 and
160/220 mixtures studied, at 10 Hz, correspond to
a difference in temperature of approximately 10◦C.

• The specimen air void content variance observed
does not significantly influence the stiffness of the
materials.

• At analysis of road structures, a time and temper-
ature dependent Poisson’s ratio should be used.
However, this conclusion is based on relatively
large scattered and not always consistent results,
and for that reason more research is needed.

• The influence of hysteresis heating should not be
underestimated, especially when controlled stress
fatigue tests are analysed; stress-controlled fatigue
tests often showed high temperature increase (up
to 3◦C) before failure.

• The classical fatigue evaluation method used in this
paper shows many shortcomings. The high scatter-
ing among fatigue data and the large amount of tests
necessary to cover a given temperature range leads
to requirement of several samples and repetitions
for adequate characterisation. It is not possible to
compare strain- and stress-controlled test results
using the classical approach. The 50% reduction
in stiffness is not a good failure criterion, since
failure tends to occur at different residual stiffness
depending on initial stiffness and testing tempera-
ture used. The classical failure criterion (50% re-
duction in stiffness), leads to inconsistent fatigue
results and are, consequently, of limited value when
applied to structural analysis of flexible pavements.
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