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Abstract. Fatigue cracking is one of the most important phenomena connected
to durability of asphalt pavements. The fatigue resistance of asphalt pavements
depends on many factors such as asphalt mixture composition and binder
properties. Also temperature of asphalt pavement is important, what is directly
related to viscoelastic nature of the bituminous binder. The fatigue cracks may
occur within the bitumen (cohesive cracking) or at the bitumen-aggregate
interface (adhesion cracking). The cohesive cracking resistance can be evaluated
by bitumen testing. The Linear Amplitude Sweep (LAS) test has recently been
proposed for fatigue characterization of bituminous binders. The LAS test is
performed acc. to AASHTO TP 101 standard. This procedure is based on viscoelastic continuum damage approach to predict binder fatigue life as a function
of strain level in the pavement. In the research fatigue performance of three
types of binders: paving grade, typically polymer modiﬁed and highly polymer
modiﬁed were evaluated. Tests were performed using the LAS method at
temperatures: 5 °C, 10 °C, 20 °C, on samples after RTFOT+PAV aging.
Obtained results have shown that each group of binders behave in different way
which is connected to its internal network or lack of it. Finally, the best fatigue
properties have been presented by highly modiﬁed bitumen (HiMA). The paper
presents description of the LAS method, test results containing comparison of
fatigue characteristics of used binders and conclusions.
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1 Introduction
The phenomenon of fatigue is one of the most important factors influencing the
durability of asphalt pavements. It depends on many factors, e.g. the composition and
design of the asphalt mixture as well as the properties of the used bituminous binder.
Fatigue cracking may occur within the binder (cohesive cracking) or at the bitumenaggregate interface (adhesion cracking) (Pereira et al. 2016). Literature describes
several methods using DSR for the testing of the fatigue life of bituminous binders.
Currently, the most popular one is method developed in 1987 in the USA as a part of
the Superpave system. It uses the |G*|sind parameter for the quantitative determination
of the bitumen fatigue resistance. The testing is performed in the intermediate
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temperature which depends on the PG grade of a particular binder. The requirements
limit the stiffness of the bitumen to the maximum of 5000 [kPa] (for the S grade) and
6000 [kPa] (for the H, V, E grades). The main disadvantage of this speciﬁcation is that
it does not describe in any way the real fatigue phenomena occurring in the binder,
such as: higher strains or different level of the frequency of the applied load (Bahia
et al. 2001, 2002).
Another widely applied method allowing to specify the fatigue performance of
bitumen is time sweep test. The time sweep test consists of the use of a cyclic load
application to a binder sample at a constant frequency and a variable strain amplitude.
The time sweep test was developed as part of the NCHRP Project 9-10 (Bahia et al.
2001), in order to improve test methodology described in the AASHTO T315 standard.
An advantage of the time sweep test is the possibility to evaluate the influence of
bituminous binders self-healing phenomena on the fatigue life of asphalt pavement
(Pereira et al. 2016), as well as the high correlation with the fatigue tests results of
asphalt mixtures (Bahia et al. 2001).
In view of the on-going discussion in the scientiﬁc community about the adequacy
of using above described methods, in the USA were conducted works in order to
develop a new method for the testing of the fatigue life of bitumens. The result of these
endeavors is the method described in the AASHTO TP 101-14 standard - Estimating
Damage Tolerance of Asphalt Binders Using the Linear Amplitude Sweep (abbreviation: LAS), executed with using DSR. It consists a cyclic loading of the tested sample
with a constant frequency and a gradually increasing strain amplitude in order to cause
accelerated fatigue damage. The test begins with a frequency sweep performed to
specify the initial properties of not damaged material. Subsequently, on the same
sample the amplitude sweep test is conducted. The frequency sweep is executed at
constant shear strain amplitude of 0.1% during the entire test and at a variable frequency, which increases in the range of 0.2–30.0 [Hz]. The amplitude sweep phase
begins with 100 initial cycles of sinusoidal loading at the 0.1% strain and at the
frequency of 10 [Hz]. The frequency remains unchanged during the entire test. The
amplitude increased along with the step every 1% until it reaches the level of 30%.
Each level of the amplitude increase includes 100 cycles applying load onto the sample
whereby the cumulatively tested material is subjected to 3100 cycles of loading. As the
results of the amplitude sweep test complex shear modulus G*, phase angle d, a shear
stress and the accompanying shear strain in the sample are registered. Fatigue characterization – Nf in the LAS test is calculated at the damage level corresponding to the
peak stress response.
The AASHTO TP 101-14 standard does not specify the referential temperature at
which the testing should be conducted. It merely states that the LAS test should be
performed at an intermediate temperature speciﬁed in accordance with the PG functional type of particular binder. However, correct choice of the test temperature is
extremely important because it influences the sample damage mechanism during test
(Safaei and Castorena 2016). Researchers Soenen and Eckmann (2000), Soenen et al.
(2004) conducted tests of bitumen at different temperatures and noted that when the
samples were subjected to cyclic loading in DSR at too high temperature, the binder
exhibited mainly viscous properties - edge flow was observed. In turn, during testing at
too low temperature, adhesion cracking was occurred. Anderson et al. (2001) made
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similar observations and deﬁned the transition between the real fatigue cracking and an
instability flow of the sample, based on the dependence of the fatigue life with the
temperature. Safaei and Hintz (2014) evaluated the influence of temperature on the
bituminous binders cyclically loaded at a constant strain amplitude during testing in
DSR. The main conclusion from their research was that the test temperatures should be
chosen in such way that the dynamic shear modulus corresponding to the test temperature and frequency was in the range from 10 to 60 [MPa] to avoid effects of flow
and adhesion loss. Safaei and Castorena (2016) distinguished three mechanisms of
sample damage, depending on the test temperature: too low temperature - adhesion
loss; too high temperature - bulging of specimens; intermediate temperature - cohesive
cracking. The test temperatures for fatigue tests, according to the LAS methodology,
should be selected in such way that the tested samples fail by only as a result of
cohesive cracking.

2 VECD - Viscoelastic Continuum Damage Theory
The LAS test is based on the VECD - Viscoelastic Continuum Damage theory. The
main advantage of VECD is possibility to prediction of fatigue life of tested materials at
any loading amplitude. Asphalt mixtures and bituminous binders present a well-deﬁned
relationship between the amplitude of the applied load and the fatigue life (Nf). This
correlation may be described as follows (Monismith et al. 1970):
Nf ¼ A  ðcÞB

ð1Þ

where A and B are materials dependent parameters, and c is strain amplitude.
The VECD theory is based on the Schapery works (Schapery 1975, 1984, 1990).
According to that theory for a viscoelastic material, the correlation between the
propagation of cracks - D - and the work performed - W - necessary for their occurrence
may be described as follows (Kim et al. 2006):
dD
¼
dt



@W a

@D

ð2Þ

where: W - work performed (the pseudo strain energy density function); D - damage
intensity; t - time; a - materials dependent constant.
In accordance with the AASHTO TP 101-14 standard, the a parameter is calculated
according to the formula: a ¼ 1=m, where m is the slope of the frequency-shear
modulus graph.
In order to estimate the work performed during the occurrence of damages in the
sample, the equation developed by Kim et al. (2006) is used, based on the dissipated
energy theory:
W ¼ p  ID  c2  G  sind

ð3Þ
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where: W - dissipated energy; ID - initial undamaged value of the dynamic shear
modulus |G*|; c - applied shear strain amplitude; G* - complex shear modulus; d phase angle.
Using Eqs. (2) and (3), damage level at time - D(t) (damage accumulation), is
calculated as follows (Kim et al. 2006; Johnson 2010; Hintz et al. 2011):
DðtÞ ¼

N 
X

pID c2 ðCi1  Ci Þ

a=
1 þ a ðti  ti1 Þ1=1 þ a

ð4Þ

i¼1

where: D(t) - damage accumulation, N - load cycle for which damage accumulation
D is calculated, C(t) - material integrity coefﬁcient, described by the equation:
CðtÞ ¼

G ðtÞ
ID

ð5Þ

The maximum stress - smax reached by the sample during LAS test is speciﬁed as the
criterion of the fatigue life. Failure damage level in the sample at this time - D(f) - is
described by the correlation:
Df ¼


1
C0  Catpeakstress =C2
C1

ð6Þ

where: C0 = 1 - initial value of the material integrity; C1 and C2 - calculation coefﬁcients of the curve ﬁtting (y axis – log(C0 − C(t)), x axis – logD(t)).
By solving the system of equations consisting of the expressions: (2), (3) and (4)
the ﬁnal equation describing the fatigue performance can be described as follows:
Nf ¼

fðDf Þk
ðc Þ2a
kðpC1 C2 Þa max

ð7Þ

where: f - frequency [Hz]; k - calculation coefﬁcient, described with the equation:
k = 1 + (1 − C2)a, Df – failure damage level, cmax – maximum set strain.
Applying the VECD theory, it is possible to calculate the number of cycles to
failure of the sample for any selected strain amplitude. In this way, it is possible to
predict the fatigue life of the tested bitumens at any level of pavement loading.

3 Highly Polymer Modiﬁed Binders - HiMA
The HiMA binders are the new type of bitumen modiﬁed by more than 7% m/m of SBS
block polymers. Such a high quantity of SBS causes that the volume proportions
between bitumen and polymer after the modiﬁcation process are reversed and the ﬁnal
binder is characterized by the reversed bitumen-polymer phase. The volume advantage
of the polymer network and its physical continuity gives the binder its unique properties, more similar to the properties of an elastomer than bitumen. One of the main
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characteristics of the new binder is the signiﬁcant improvement of the flexibility and
high tolerance to increasing tensile strains, as well as the other properties which result
from it - fatigue performance, resistance to cracking etc. (Błażejowski et al. 2016). The
research and the implementation works of new bituminous binders showed that they
are products with above standard functional properties (Błażejowski et al. 2016). Fullscale testing conducted since 2009 on the experimental track in the US (NCAT
Pavement Test Track) indicated that the pavement designed with the use of highly
modiﬁed bitumen is extraordinarily resistant to rutting and fatigue cracking (Timm
et al. 2013; West et al. 2012). Due to its properties, highly modiﬁed bitumen are
particularly suitable for use in situations requiring very high durability, e.g.: asphalt
pavements subject to high stresses and strains, courses requiring high resistance to low
temperatures, asphalt base courses with very high fatigue durability, e.g. for perpetual
pavements.

4 Experimental
4.1

Materials and Test Methods

The goal of this studies was to checked and compared fatigue properties of three
different type of bitumens. Fatigue characterization of the binders was conducted using
the LAS test in accordance with the AASHTO TP 101-14. All binders were aged in the
standard RTFOT and PAV prior to testing. Tests were performed at three temperatures:
5 °C, 10 °C, and 20 °C to allow for assessment of the effect of temperature on fatigue
resistance.
The following types of binders were used in the test program:
• Paving grade bitumen 50/70
• Polymer modiﬁed bitumen PMB 45/80-55 (SBS polymer content 3–4% m/m)
• Highly polymer modiﬁed bitumen PMB 45/80-80 HiMA (SBS polymer content
*7.5% m/m) –polymer - bitumen reversed phase binders.
Table 1 provides a summary of the bituminous binders used.
Table 1. Summary of the bituminous binders used
Properties

Penetration at 25 °C
Softening point
Elastic recovery at 25 °C
Performance grade
FCCT, G*sind = 5000 kPa
FCCT, G*sind = 6000 kPa
Jnr 3.2 kPa−1 MSCR test,
64 °C (samples after RTFOT)

Unit

Bitumen type
Paving grade 50/70 PMB
45/80-55
[0.1 mm] 56
70
[°C]
50.0
65.9
[%]
–
89
[–]
64–22
70–28
[°C]
21.3
14.1
[°C]
19.4
12.5
[kPa−1] 2.49
0.63

PMB
45/80-80 HiMA
59
94.4
94
94–28
11.7
10.1
0.02

390

4.2

K. Błażejowski et al.

Influence of the Test Temperature on the Sample Damage
Mechanism During LAS Test

Safaei and Castorena (2016) described three mechanisms of sample damage depending
on the temperature at which the measurements are taken: adhesion loss, bulging of
specimens and cohesive cracking. The temperature in the LAS test should be selected
so that the product of the initial value of the complex stiffness modulus and the phase
angle speciﬁed at the frequency of 10 [Hz] is in the linear viscoelasticity range of the
tested binder. Acc. to Safaei and Castorena works, the |G*|LVE range for cohesive
cracking should be between 10 < |G*|LVE < 60 [MPa]. However, it should be noted
that this range does not have to correct for all type of binder, especially for PMB or
HiMA. The HiMA binders are characterized by a signiﬁcantly lower stiffness, what can
be observed of the FCCT comparison in Table 1 or the |G*| comparison in Table 2.
Table 2 shows the results of |G*|LVE taking into account the mechanism of sample
damage, depending on the test temperature for three tested bitumens.
Table 2. Relationship between |G*|LVE, test temperature and failure mechanism

According to data presented in Table 2, the way in which the sample is damaged
depends on the test temperature. Only at the temperature of 10 °C the damage of all of
the tested samples occurred as the result of cohesive cracking.
4.3

Obtained Parameters and Discussion

The LAS test begins with a frequency sweep test conducted to specify the initial
properties of the tested material. The result of this measurement is the a parameter
which describing the initial characteristics of the tested material. In Table 3 values of
the a parameters which were obtained at three test temperatures for the tested bituminous binders are presented.
Table 3. a parameters obtained from frequency sweep test at three temperatures
Test temperature [°C] 5 °C 10 °C
a parameters
Paving grade 50/70
2.779 2.489
PMB 45/80-55
2.377 2.139
PMB 45/80-80 HiMA 2.511 2.286

20 °C
1.999
1.730
1.917
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The value of the a parameter decreases along with the increase of the test temperature. This relationship is present in case of all tested bitumens, regardless of the
degree of SBS polymer modiﬁcation.
The AASHTO TP 101-14 standard as the fatigue criterion for the tested materials
speciﬁes the moment during the amplitude sweep test when the maximum shear stress
occurs in the sample is registered - smax. Figure 1 presents changes of shear stress
occurring in the tested samples, depending on the test temperature.

1a

T=5˚C

1b

T=10˚C

1c

T=20˚C

Fig. 1. Diagrams of shear stress-shear strain dependence of test temperatures for three bitumens

The lower the test temperature, the higher values of the shear stress in the samples.
On the presented graphs three types of binders can easily be recognized. In the case of
the stress-strain curve for the paving-grade bitumen 50/70 and PMB 45/80-55 it is
possible to easily indicate the moment of testing when the level of stress occurring in
the sample reaches the maximum value. In case of PMB 45/80-80 HiMA, that point is
not clearly visible. In case of that bitumen, also no sudden decrease in the stress can be
seen after the maximum value is reached, as it happens in case of the paving-grade
bitumen 50/70 and PMB 45/80-55. Such behaviour of PMB HiMA means that they are
not damaged in the used test conditions and that it is able to transfer the applied load
continuously. A similar correlation was observed by other researchers (Wesołowska
and Ryś 2018).
The fatigue life criterion – Nf of the tested materials can be speciﬁed as sample
damage level corresponding to the peak stress response - smax. Masad et al. (2001)
shown that the strain level in the bituminous binder working in the pavement is about
50 times higher than the strain level in the asphalt mixture. Because of that, it is
recommended to calculate the fatigue parameter for the two strain levels: c = 2.5% and
c = 5.0%. Figure 2 shows a comparison of fatigue characteristics of the tested binders,
conducted at three test temperatures.
1a

T=5˚C

1b

T=10˚C

1c

T=20˚C

Fig. 2. Variation of fatigue life for three bitumens at different test temperatures
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Comparison of the fatigue curves of the tested bitumens, shown that the highly
modiﬁed bitumen PMB 45/80-80 HiMA is characterized by the best fatigue properties
for both applied strain: c = 2.5% as well as c = 5%. Regardless of the tested temperature, this bitumen withstands the largest number of load cycles to destruction.
A fundamental role in this behaviour of HiMA binders is the predominance of the
polymeric phase over the bitumen phase as well as the continuity of the elastomer
network, which substantially enhances the tensile strength of the binder. As expected,
the weakest fatigue properties was obtained for the paving-grade bitumen. Modiﬁed
bitumen PMB 45/80-55 is characterized by intermediate properties.
Bahia and Teymourpour (2014) proposed to include the results of the fatigue life
obtained with the LAS test as an additional property in the classiﬁcation of bituminous
binders in the PG system. They suggested a division of the obtained results in relation
to the thickness of the asphalt layer in which a particular binder has to be used. Table 4
presents a classiﬁcation of the tested bitumens in relation to their usefulness for a
particular trafﬁc grades, for each test temperature.
Table 4. Bitumens classiﬁcation based on LAS test results, acc. to additional PG classiﬁcation
Test temperature [°C] Nf at 2.5% for
asphalt layer > 4″
5 °C 10 °C 20 °C
Paving grade 50/70
H
V, E V, E
PMB 45/80-55
V, E V, E V, E
PMB 45/80-80 HiMA V, E V, E V, E
* result out of classiﬁcation

Nf at 5.0% for
asphalt layer < 4″
5 °C 10 °C 20 °C
*
*
*
*
V, E H
V, E V, E V, E

Analyzing the data from the Table 4, it can be stated that in case of pavements in
which the thickness of the asphalt layer exceeds 4″ (the so-called strong pavements),
the tested binders meet the requirements for Very Heavy/Extreme grades. In the case of
pavements in which the thickness of the asphalt layer will not exceed 4″ (the so-called
weak pavement), only the PMB 45/80-80 HiMA meets the requirements for the Very
Heavy/Extreme grades at all test temperatures. This conﬁrms the results obtained at the
NCAT Pavement Test Track which proved that the pavement of a reduced thickness
designed with using HiMA is resistant to fatigue cracking (Timm et al. 2013; West
et al. 2012). The paving-grade bitumen 50/70 shows too weak fatigue properties for the
strain c = 5.0% and does not meet the fatigue criteria in any of the set temperature
values. PMB 45/80-55 tested at 10 °C shows properties appropriate for the Very
Heavy/Extreme grades. However, at other temperatures it shows signiﬁcantly weaker
fatigue performance.

5 Summary and Conclusions
• The presented results clearly show that the PMB 45/80-80 HiMA is characterized by
the best fatigue properties. As expected, the weakest fatigue properties is obtained
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for the paving-grade bitumen 50/70. The PMB 45/80-55 has shown intermediate
properties.
• The LAS test results conﬁrm the previous research conducted by ORLEN Asfalt
(Błażejowski et al. 2016) regarding the functional properties of HiMA binders. It
has been found that PMB 45/80-80 HiMA may successfully be used in pavement
construction which require very good fatigue properties.
• The test temperature is signiﬁcant importance for the obtained results of the fatigue
life and for the mechanism of sample damage during the LAS test. For that reason
the way in which the temperature is chosen should be clearly speciﬁed.
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