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Abstract. This paper presents the results of an experimental investigation that focused on
the failure properties of asphalt binders at low temperatures. A novel test method was
developed, based on the use of the dynamic shear rheometer equipped with 4 mm parallel
plates. The method entails the application of constant shear strain rates at various
temperatures until failure. Test data are modelled by means of the elastic-viscoelastic
correspondence principle and by thereafter referring to the shear stress at failure, to a
purposely defined brittleness index and to a critical brittleness temperature. Results
discussed in the paper, which refer to a preliminary set of experimental data, indicate that
the proposed methodology may be very effective in evaluating and comparing low
temperature failure properties of asphalt binders of various types and origins.
Keywords: asphalt binder; low temperature properties; dynamic shear rheometer; elasticviscoelastic correspondence principle; brittleness index
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Introduction

Thermal cracking represents one of the main distresses affecting asphalt pavements. This
distress typically occurs in cold regions in the form of regularly spaced transverse cracks
caused by thermally induced stresses that exceed the tensile strength of asphalt mixtures.
The cracking mechanism taking place within the pavement depends upon several factors
that are material-, structure-, and environment-related [1-2]. In particular, it has been
widely recognized that the low temperature properties of the asphalt binder play a key role
in controlling crack initiation and propagation phenomena [3-5].
Over the past decades, various test methods have been proposed for low temperature
characterization of asphalt binders. With different levels of reliability, they have been all
used for the purpose of selecting and comparing these materials with respect to their
potential resistance to thermal cracking.
The standardized method that has been employed for the longest time by asphalt
technologists for low temperature characterization consists in the determination of the
Fraass breaking point [6]. Such a parameter provides a measure of the brittleness of a thin
film of asphalt binder subjected to a predefined cooling rate. Due to the empirical nature of
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this test procedure, obtained experimental results are affected by a low level of precision
and accuracy. Moreover, Fraass breaking point shows a poor correlation with the field
behaviour of asphalt mixtures and for this reason its use as a low temperature performance
indicator is not highly recommended [7].
Other more recent and scientifically sound standardized methods are those that refer to
flexural tests performed by means of the Bending Beam Rheometer (BBR) [8] and to
uniaxial tension tests carried out by means of the Direct Tension Tester (DTT) [9]. Creep
stiffness and creep rate derived from BBR tests are usually sufficient for determining the
so-called low-temperature performance grade (PG) of asphalt binders (also indicated as
low limiting PG temperature) [10]; however, axial strain at failure coming from DTT tests
can also be employed for such a purpose when considering stiff binders characterized by a
significant ductility [11-12]. BBR and DTT test methods have also been used beyond the
PG grading system as part of research projects focused on various aspects of low
temperature cracking, including the effects of binder source and polymer modification [1314], the behaviour of mastics and mortars [15-17], and the occurrence of physical hardening
[18-20]. Notwithstanding the merits of both test methods, several studies have highlighted
some of their limits. In particular, it has been shown that binders with the same low limiting
PG temperature may exhibit significant differences in terms of actual performance in the
field [21-22], and that use of such a limiting temperature may not be effective in capturing
the enhanced low temperature performance of polymer-modified bitumen (PMB) [23]. In
the case of BBR tests, the main shortcomings derive from the fact that loading conditions
do not lead to the rupture of test specimens, thereby preventing any direct assessment of
the tensile strength and cracking resistance of the material. From the comparison of binder
creep data with mixture creep data, other researchers concluded that the BBR test should
not be used to predict thermal stresses in asphalt pavements [24]. Moreover, BBR tests
require the use of a relatively high amount of material and this can be a significant limit
when investigating low temperature properties of binders recovered from an existing
pavement [25].
As an alternative to BBR and DTT tests, recent development work has led to the proposal
of test methods for the characterization of low temperature properties of asphalt binders
based on the use of the Dynamic Shear Rheometer (DSR) [26-29]. Experimental challenges
of such an approach are related to the effects of instrument compliance, that can generate
significant errors in the evaluation of the absolute values of the dynamic and relaxation
moduli. To overcome this problem, proposed test protocols require 4 mm parallel plates to
be employed for testing and raw data to be corrected following the procedure adopted by
Schröter [30]. The 4 mm plate geometry was successfully employed by Lu et al. [25] when
comparing DSR test data collected at temperatures as low as -30 °C to the results obtained
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from BBR tests. Riccardi et al. [31] found a relationship linking creep stiffness and creep
rate determined with the BBR to the relaxation modulus and creep rate obtained from DSR
tests, concluding that low limiting PG temperature obtained from the two types of
measurement are equivalent. Wang et al. [32] focused on the results of DSR tests carried
out on various asphalt binders by using 4 mm parallel plates and different measurement
gaps. Based on the evaluation of master curves and related fitting models, they observed
that similar rheological properties were obtained with all considered gaps. Although the
outcomes of the abovementioned studies provided valuable information on the low
temperature characterization of asphalt binders, it should be emphasized that they entailed
the use of the DSR for the evaluation of viscoelastic properties at relatively small strain
amplitudes, under testing conditions in which the response of the materials is expected to
be linear and far from failure.
The research work presented in this paper focused on the low temperature behaviour of
asphalt binders in the high strain domain, with the purpose of highlighting non-linear
effects and investigating the mechanisms that ultimately lead to failure in torsion. As
illustrated in the following sections, laboratory tests were carried out with the DSR by
subjecting slender cylindrical specimens to monotonic torsional loading at various
temperatures and strain rates. Experimental data obtained from this novel test method were
analysed by making use of the elastic-viscoelastic correspondence principle [33] and by
thereafter referring to appropriate strength and brittleness parameters. Experiments were
conducted on a set of neat binders of various types and origins with the purpose of assessing
the effectiveness of this methodology in discriminating the low temperature properties of
different materials.
2

Materials

Three neat asphalt binders (labelled as A, B and C) were used in the experimental study.
They were provided by refineries which operate on crudes of various origins and differed
in terms of penetration grade as indicated in the following: 40/60 (binder A), 50/70 (binder
B), and 70/100 (binder C).
In order to highlight the role played by the physicochemical nature of materials, each binder
was subjected to a preliminary laboratory investigation which included fractionation
analysis, linear viscoelastic characterization, and determination of glass transition
temperature.
2.1

Fractionation analysis

Information on the chemical composition and structure of asphalt binders was gathered
from fractionation analysis carried out by employing a technique that combines Thin Layer
Chromatography (TLC) and Flame Ionization Detection (FID) [34-36]. TLC allows the
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separation of saturates, aromatics, resins and asphaltenes (also known as SARA fractions)
through their successive elution in solvents of increasing polarity (n-hexane, toluene and a
solution of dichloromethane and methanol in a volume ratio of 95:5), while FID yields the
relative amounts of each of the four abovementioned fractions.
Based on the results of fractionation analysis, the internal structure of bitumen can be
represented in simplified terms as a colloidal system [37], in which agglomerations of
asphaltenes are dispersed in a continuous phase composed by aromatics and saturates, with
resins acting as anti-flocculating agents. It has been demonstrated that asphaltenes affect
strength and stiffness of the material, resins provide adhesion and ductility, while aromatics
and saturates influence viscosity [38]. Saturates, which contain paraffins, also promote the
development of physical hardening phenomena at low temperatures [39-40]. The colloidal
stability of asphalt, which encompasses the possible transition from a sol-type to a gel-type
structure, can be evaluated by referring to the Gaestel index (𝐼𝐶 , also known as index of
colloidal instability), calculated as the ratio of the cumulative percentages of asphaltenes
and saturates to the sum of the percentages of aromatics and resins [41]. Results obtained
from the above described fractionation analysis, performed by means of a Iatroscan MK-6
analyser, are reported in Table 1.
Table 1 SARA fractions and Gaestel index of asphalt binders

Binder

Saturates (%) Aromatics (%)

Resins (%)

Asphaltenes (%)

𝐼𝐶 (-)

A

5.1

45.4

18.7

30. 8

0.56

B

6.3

39.8

29.7

24. 2

0.44

C

6.1

44.1

22.8

26.9

0.49

The data shown in Table 1 clearly reflect the different origin and source of the considered
asphalt binders. In fact, despite the similarity in saturates content, percentages
corresponding to aromatics, resins and asphaltenes varied significantly. In particular, it was
observed that the relative amount of resins was lower than that of asphaltenes in the case
of binders A and C (40/60 and 70/100, respectively), while resins exceeded asphaltenes in
the case of binder B (50/70). Differences were also observed when referring to the 𝐼𝐶
parameter, with binder A showing the highest value (equal to 0.56), followed by binder C
(0.49) and binder B (0.44). Based on these data, the colloidal structure of all investigated
materials was considered to be stable [42], the densest gel-like structure being hypothesised
for binder A.
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2.2

Linear viscoelastic characterization

The linear viscoelastic properties of the asphalt binders were evaluated by means of
frequency sweep tests performed at multiple temperatures by following a procedure similar
to that described in AASHTO T315-2012 [43]. In particular, measurements were carried
out by making use of an AntonPaar MCR302 DSR equipped with 4 mm, 8 mm and 25 mm
parallel plates, at test temperatures varying from -25 °C to 76 °C and at frequencies ranging
between 1 rad/s and 100 rad/s for each temperature. Strains applied at individual
temperature-frequency combinations were conveniently varied in order to operate within
the linear viscoelastic domain.
Fig. 1 shows test results represented in the form of the so-called Black diagram, in which
the norm of the complex modulus (|𝐺 ∗ |) is plotted as a function of phase angle (𝛿). This
type of representation of test results is usually employed to identify inconsistencies in
rheological measurements and to verify the validity of the time-temperature superposition

Complex modulus magnitude, |G*| /(Pa)

principle [44].
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Fig. 1 Black diagrams of asphalt binders

It was observed that curves corresponding to asphalt binders B and C (50/70 and 70/100,
respectively) were continuous, thereby indicating that these materials can be considered as
rheologically simple. Consequently, the time-temperature superposition principle could be
applied over the entire range of investigated temperatures and frequencies to construct
master curves and model viscoelastic behaviour. In the case of asphalt binder A (40/60), it
was noticed that the Black curve was characterized by a continuous trend only for phase
angle values up to 45°, above which data sets collected at different temperatures became
disjointed and scattered. Such an outcome can be related to the high amount of asphaltenes
of this material, thereby suggesting that the presence of a dense gel-like internal structure
can lead to a complex rheological behaviour [44-45]. It follows that in the case of binder
5

A, the time-temperature superposition principle was considered to be valid at low
temperatures only.
With the purpose of comparing the response of the three asphalt binders in the same testing
conditions, data points corresponding to the reference temperature of 10 °C and to the
reference frequency of 10 rad/s are highlighted on the Black diagrams of Fig. 1. It was
observed that binder C (70/100) showed the highest value of 𝛿 and the lowest value of |𝐺 ∗ |,
followed by binders A and B. This order is not fully coherent with the penetration grades
of the considered binders, according to which binder A (40/60) is characterized by a higher
level of hardness with respect to binder B (50/70).
2.3

Determination of glass transition temperature

Glass transition is a phenomenon that affects the low temperature properties of amorphous
materials. It is defined as a reversible change from a viscous to a hard and relatively brittle
glassy state, accompanied by a sudden change in the thermodynamic and mechanical
properties. In the case of asphalt binders, glass transition does not occur abruptly since the
material is composed of several fractions that have different glass transition points.
Therefore, the glass transition temperature (Tg) cannot be identified in a univocal way and
is arbitrarily chosen as the temperature that represents the range over which the overall
glass transition phenomena take place [46].
No standard methods are currently available for determining the Tg of asphalt binders. The
various techniques that have been proposed by researchers are based, depending upon the
case, on dilatometric analyses, differential scanning calorimetry and rheological
measurements [47]. The technique adopted for the evaluation of the Tg of the binders
considered in this study is based on the representation of the peak value of loss modulus
(G”) versus temperature (T). For such a purpose, the Christensen-Anderson model [48] was
fitted to data gathered from linear viscoelastic characterization tests over the interval
comprised between -25 °C and 0 °C. Subsequently, T-G” curves were derived from fitted
data at a reference frequency of 1 Hz.
Results obtained from the above described analysis are reported in Table 2. It was found
that binder B (50/70) had the highest Tg value followed, in the order, by binder C (70/100)
and binder A (40/60). Table 2 also contains the values of a thermal susceptibility parameter,
calculated as the average slope of the log(|𝐺 ∗ |) versus T curve in two non-overlapping
temperature intervals: the first one ranging from 0 °C to Tg and the second one ranging
from Tg to -35 °C. These two intervals were selected by considering that sensitivity to
temperature variations is expected to change significantly above and below the glass
transition point. Experimental data confirmed such an expectation, showing that thermal
susceptibility is significantly reduced when passing from the first (higher) to the second
(lower) temperature interval. Binder B (50/70) showed lower susceptibilities with respect
6

to the other two binders, while binder A (40/60) was found to be less sensitive to
temperature changes than binder C (70/100).

Table 2 Glass transition temperature and thermal susceptibility parameters of asphalt binders

Binder

3

Tg

Thermal susceptibility

[°C]

0 °C to Tg

Tg to -35 °C

A

-23.2

0.038

0.016

B

-13.4

0.028

0.013

C

-16.2

0.051

0.017

Evaluation of low temperature failure properties

3.1

Test procedure and specimen preparation

The methodology developed to evaluate low temperature failure properties of asphalt
binders is based on the use of the DSR equipped with 4 mm parallel plates. The test
procedure includes three subsequent phases.
The first phase consists in the thermal conditioning of the test specimen. Adequate control
of temperature during this phase represents a critical factor affecting the accuracy and
repeatability of the results, due to the possible build-up of tensile stresses and to the
potential occurrence of hardening phenomena. Based on various preliminary attempts
aimed at preventing the abovementioned undesired effects, the conditioning process was
divided in three steps:


Step I - temperature is gradually reduced from a fixed initial value of 20 °C to an
intermediate value of 4 °C by imposing a cooling rate of 2 °C/min;



Step II - temperature is decreased from 4 °C to the target test temperature by
imposing a cooling rate of 1 °C/min;



Step III - the specimen is allowed to rest for 45 min in order to achieve thermal
equilibrium.

The gap between the parallel plates is automatically reduced during the cooling process in
order to maintain the normal force close to zero and to avoid the possible creation of
internal stresses caused by volume change.
The second phase of the test procedure consists in a fingerprinting test, entailing a
frequency sweep performed at the test temperature in the range between 1 rad/s and
100 rad/s with an applied shear strain amplitude of 0.05 %. Results obtained from this test
are used in data analysis to account for specimen-to-specimen variability.
7

The third phase of the procedure consists in a monotonic torsional loading (MTL) test
carried out at constant temperature and shear strain rate until failure.
Temperatures imposed during MTL tests carried out on the three asphalt binders (A, B and
C) varied from -25 °C to -5 °C with 5 °C increments. Two strain rates, equal to 0.0005 s-1
and 0.001 s-1, were adopted at each temperature. These strain rates were defined based on
the results of explorative tests in order to remain within the instrument limits and to produce
a brittle fracture.
In order to reduce specimen torsional stiffness, the gap between plates was set equal to
5 mm. However, such a choice posed some experimental challenges. Firstly, this unusual
specimen thickness did not allow the DSR conditioning hood to be completed lowered,
thus causing the presence of a gap between its lower surface and the upper surface of the
measuring device base. To overcome this problem and to avoid heat dispersions, a
polystyrene disk was used to fill the abovementioned gap. Secondly, significant efforts
were made to find an easy and repeatable way to prepare test specimens. After a series of
trials, the following procedure was used: i) the gap between plates is zeroed, and the upper
4 mm plate is released and fitted with a mould made by rolling an aluminium sheet , ii) a
small amount (around 0.1 g) of asphalt binder is inserted into the mould and thereafter
heated in order to ensure good adhesion between the material and the plate, iii) the mould
filled with the binder is placed in a refrigerator for 15 min, in order to easily remove the
aluminium sheet without causing any damage to the specimen, iv) the specimen is cut by
means of a hot spatula to obtain the target height of 5 mm, v) the upper plate is placed back
into the instrument and lowered until the end surface of the cylindrical specimen comes in
contact with the pre-heated lower plate of the DSR, vi) target measurement gap is imposed
between the parallel plates.
3.2

Assessment of machine compliance

The concept of instrument (or machine) compliance stems from the consideration that the
deflection angle recorded in torsion by the DSR (𝜑𝑚 ) is given by the deformation of the
specimen being tested (𝜑𝑠 ) and the deformation of the measuring tool (𝜑𝑡 ), according to
the following equation:
𝑀 𝑀
+
(1)
𝐾𝑠 𝐾𝑡
where M is the applied torque [N∙m], 𝐾𝑠 is the torsional stiffness of the specimen [N∙m/rad],
𝜑𝑚 = 𝜑𝑠 + 𝜑𝑡 =

and 𝐾𝑡 is the torsional stiffness of the instrument [N∙m/rad].
Under testing conditions in which the value of 𝐾𝑠 is significantly lower than that of 𝐾𝑡 , the
second term on the right-hand side of Eq. (1) (i.e. 𝜑𝑡 ) is negligible. In the specific case of
asphalt binders, this assumption is valid at sufficiently high temperatures (> 5 °C) [27].
Conversely, at lower temperatures the stiffness of the specimen is comparable to the
8

stiffness of the instrument and as a consequence, the deformation of the instrument 𝜑𝑡 can
no longer be neglected. Thus, machine compliance ( 𝐽𝑡 ), defined as the inverse of 𝐾𝑡 , needs
to be determined to correct test data [49].
For the DSR measurements performed during the experimental investigation described in
this paper, 𝐽𝑡 was assessed by measuring the deformations exhibited by parallel plates
“glued” together with a very thin film of asphalt binder (0.05 mm thickness) at a very low
temperature (-35 °C). Measurements were carried out by means of two different techniques:
a torque sweep oscillatory test at a frequency of 1 rad/s, and a monotonic torque test with
an imposed linear rate of torque increment equal to 20 mN∙m/min. Deflection angles
gathered from these tests were plotted as a function of the applied torque and 𝐽𝑡 was then
calculated as the slope of linear fits. This is displayed in Fig. 2, which also shows the
obtained fitting equations.
0.0020
Monotonic mode
φ = 0.0300·M

Deflection angle, φ /(rad)

0.0018
0.0016
0.0014
0.0012
0.0010

Oscillatory mode
φ = 0.0092·M

0.0008
0.0006
0.0004
0.0002
0.0000
0

0.02

0.04
0.06
Torque, M /(N·m)

0.08

Fig. 2 Deflection angle as a function of applied torque (for assessment of machine compliance)

As indicated in Fig. 2, the two adopted techniques led to different 𝐽𝑡 values, the one
obtained in the continuous mode (equal to 0.03 rad/N/m) being higher than the one obtained
in the oscillatory mode (equal to 0.0092 rad/N/m). Calculated 𝐽𝑡 values were then used to
adjust the device settings for the automatic correction of data measured during the two
types of test (oscillatory or monotonic). However, it was discovered that the controlling
software of the employed DSR has a real-time instrument compliance correction function
for the oscillatory mode only. Hence, in the case of monotonic tests, corrections were
manually made by using the following equation:
𝜑𝑠 = 𝜑𝑚 − 𝐽𝑡 · 𝑀

(2)

with 𝐽𝑡 equal to 0.03 rad/N/m.
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4

Results and discussion

4.1

Stress-strain data

Fig. 3 shows an example of experimental results obtained from MTL tests, represented in
terms of shear stress (τ) as a function of shear strain (γ). Coherently with expectations, it
was observed that the response of tested materials changed significantly with test
temperature and/or shear strain rate. In fact, stress-strain curves showed a tangent slope that
progressively decreased with the increase of strain level, the variation being more
pronounced at higher temperatures and lower strain rates. Such an occurrence, which is
commonly described as a non-linear effect, was analysed in detail as illustrated in section
4.2 of this paper.

(a)

Shear stress, τ /(kPa)

5000
4000
3000

2000
-5 °C
-10 °C
-15 °C
-20 °C

1000
0
0

3

6

9
12
15
Shear strain, γ /(%)

18

21

24

(b)

Shear stress, τ /(kPa)

5000

4000
3000
2000
-5 °C
-10 °C
-15 °C
-20 °C

1000
0
0

2

4
Shear strain, γ /(%)

6

8

Fig. 3 Stress-strain curves at various temperatures obtained for binder B at two different strain
rates: (a) 0.0005 s-1, (b) 0.001 s-1
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In general terms, failure of a cylindrical specimen under torsional loading may occur,
depending upon the characteristics of the material, along the axial shear plane or along a
plane with an inclination of ±45° (Fig. 4). The first type of failure mechanism is typically
associated to a ductile-like response, while the second one is more frequent in the case of
a brittle-like behaviour [50].
In the case of the considered asphalt binders, the type of failure reached at the end of MTL
tests was identified by visually examining the morphology of failure surfaces. As indicated
in Table 3, the occurrence of a ductile-like or brittle-like failure depended on the
combination of temperature and shear strain rate used for testing. However, only
experimental tests which led to a brittle-like failure of specimens were considered for data
analysis, since more relevant for the scope of the study. It should also be mentioned that in
brittle-like failure conditions the breaking point of a specimen can be clearly identified,
thus allowing the straightforward determination of corresponding shear strain and shear
stress terminal values.

Fig. 4 Schematic illustration of ductile and brittle failure surfaces (adapted from [51])

Table 3 Type of failure mechanisms observed at various temperatures and strain rates (D =
ductile-like, B = brittle-like)

Binder
A
B
C

Strain rate (s-1)

-5 °C

-10 °C

-15 °C

-20 °C

-25 °C

0.0005

D

D

B

B

B

0.001

D

D

B

B

B

0.0005

B

B

B

B

-

0.001

B

B

B

B

-

0.0005

D

D

D

B

B

0.001

D

D

B

B

B

Shear strains (γmax) and shear stresses (τmax) at failure obtained for the considered asphalt
binders from MTL tests carried out at various temperatures and strain rates are displayed
in Fig. 5.
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(a)
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-20
-15
-10
Temperature, T /( C)
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(b)

Shear stress at failure, τmax /(kPa)
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Temperature, T /( C)

-5

0

Fig. 5 Results of MTL tests: (a) strain and (b) stress at failure versus temperature at different strain
rates

The diagrams shown in Fig. 5 indicate that with the decrease of temperature, stress at failure
(i.e. strength) and strain at failure increased and decreased, respectively. Such an outcome
is fully coherent with expectations, since asphalt binders exhibit a progressive enhancement
of strength and brittleness as temperature gradually drops. Furthermore, for any given
temperature, a decrease of failure strain and an increase of strength were observed when
passing from the lower to the higher strain rate imposed to test specimens. This is also
coherent with expectations, due to the viscoelastic nature of these materials. Finally, it was
noticed that for each considered asphalt binder, T- τmax curves displayed a sudden change
in slope around the Tg value, with a tendency to reach a horizontal plateau when moving
towards lower temperatures. The only exception to this trend was found for binder A
(40/60) at the higher strain rate, probably as a consequence of specimen non-homogeneity.
This general outcome suggests the existence, for each material, of a shear strength threshold
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that is dependent upon strain rate and leads to almost constant strength values in the glass
transition region.
Further considerations can be drawn from Fig. 5 by comparing the selected asphalt binders
to each other. In particular, binders A (40/60) and C (70/100) appeared to be more sensitive
to temperature variations than binder B (50/70), thus highlighting a behaviour that is
consistent with their higher values of the thermal susceptibility parameters indicated in
Table 2. Differences in thermal sensitivity reflected on the ranking of materials in terms of
strength, that seemed to be significantly dependent upon temperature. For example,
at -20 °C binder A (40/60) exhibited the highest stress at failure, followed in the order by
binders C (70/100) and B (50/70). However, this ranking completely changed at -15 °C,
where binder B displayed the highest shear strength among all binders. Finally, it should
be underlined that binder B showed the lowest values of strain at failure in all test
conditions considered in the investigation. This outcome seems to be consistent with the
highest value of Tg exhibited by this binder, which in comparison to the other binders was
characterized by a more extended region of glassy behaviour.
4.2

Pseudo-strains

As discussed in the previous section, γ-τ curves obtained from MTL tests are characterized
by a curved shape, with deviations from the linearity that were found to be dependent upon
temperature and strain rate. Although such an occurrence is commonly referred to as nonlinearity, it should be underlined that it stems from the combined effects of three distinct
factors: time dependency (as a result of the viscoelastic nature of the material), stress (or
strain) dependency (i.e. true material non-linearity), and damage. However, in order to
clearly assess the true failure behaviour of asphalt binders, it was deemed necessary to
remove time effects from test results. This result was achieved by making use of the elasticviscoelastic correspondence principle [33], that allows true strains to be transformed into
pseudo-strains, as shown in the following.
By definition, pseudo-strain 𝛾 𝑅 (𝑡) is given by the following expression:
𝜏(𝑡)
(3)
𝐺𝑅
where (t) is the shear linear viscoelastic stress and 𝐺 𝑅 is a reference modulus, usually
𝛾 𝑅 (𝑡) =

assumed as equal to 1.
Shear stress can be calculated by means of the convolution integral expressed by Eq. (4).
𝑡𝑅

𝑑𝛾
(4)
𝑑𝜉
𝑑𝜉
0
where 𝐺 is the relaxation shear modulus, 𝑡𝑅 is the reduced time and 𝜉 is the time variable
𝜏(𝑡) = ∫ 𝐺(𝑡𝑅 − 𝜉)

of integration.
By substituting Eq. (4) into Eq. (3), the pseudo-strain formula becomes:
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𝑡𝑅

𝛾 𝑅 (𝑡) = ∫ 𝐺(𝑡𝑅 − 𝜉)
0

𝑑𝛾
𝑑𝜉
𝑑𝜉

(5)

Solution of Eq. (5) involves determining the relaxation shear modulus functions of the
considered material. For the asphalt binders included in the experimental investigation, the
analytical form of these functions was expressed by referring to a Prony series formulation
based on the Generalized Maxwell model, according to Eq. (6):
𝑀

𝐺(𝑡) = 𝐺∞ + ∑ 𝐺𝑚 ∙ 𝑒 −𝑡𝑅⁄𝜌𝑚

(6)

𝑚=1

where 𝐺∞ is the long-time elastic modulus (equal to zero for asphalt binders), M is the
number of elements in the Prony series, 𝐺𝑚 and 𝜌𝑚 are Prony coefficients.
Combination of Eq.(6) with Eq. (5) leads to the following expression of pseudo-strain:
𝑡

𝑀

𝛾 = ∫ ( ∑ 𝐺𝑚 ∙ 𝑒 −𝑡𝑅 ⁄𝜌𝑚 )
𝑅

0

𝑚=1

𝑑𝛾
𝑑𝜉
𝑑𝜉

(7)

As a results of these analytical developments, the constitutive equations for a viscoelastic
material are equivalent to the equations of an elastic material in the stress - pseudo-strain
(τ-𝛾 𝑅 ) space. Thus, pseudo-strain can be related to stress by means of Hooke’s law:
𝜏(𝑡) = 𝐶 ∙ 𝛾 𝑅

(8)

where 𝐶 is pseudo-stiffness.
From Eq. (8) it follows that the γ-τ curves obtained from MLT tests carried out on asphalt
binders become straight lines in the 𝛾 𝑅 -τ space if these materials are characterized by a
linear viscoelastic behaviour until failure, with no progressive cumulation of damage.
Conversely, any deviation from linearity in the 𝛾 𝑅 -τ plots indicates the progressive
occurrence of the combined effects of material non-linearity and damage.
Pseudo-stiffness C was corrected with specimen-to-specimen factors given by the
differences between the average linear viscoelastic behaviour corresponding to the
Christensen-Anderson model and the linear viscoelastic behaviour assessed with the
fingerprinting test (in the second phase of the proposed testing procedure). These specimento-specimen factors were found to vary between 0.9 and 1.1.
Prony coefficients 𝐺𝑚 and 𝜌𝑚 were determined from data gathered in the frequency domain
by implementing a linear viscoelastic interconversion based on the following relationship
derived from Fourier transformation:
𝑀

𝐺 ′ (𝜔𝑅 )

2
𝐺𝑚 𝜔𝑅2 𝜌𝑚
= ∑ 2 2
𝜔𝑅 𝜌𝑚 + 1

(9)

𝑚=1

where 𝐺 ′ is the storage shear modulus at reduced frequency 𝜔𝑅 .
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Calculation of pseudo-strains is very sensitive to experimental variability. Thus, only
results of the frequency sweep tests at low temperature (from -25 °C to -5 °C) were
considered in the analysis in order to obtain the best estimate of viscoelastic properties in
the range of interest.
𝜌𝑚 and 𝐺𝑚 coefficients were determined by means of the collocation method. In particular,
𝜌𝑚 values were selected to be spaced two decades apart and angular frequencies 𝜔𝑖 were
selected to be equal to 𝜌𝑚𝑖 . Coefficients 𝐺𝑚 were then expressed as the cross product of
the inverse of the relaxation kernel matrix [𝐵𝑚 ] and the shifted storage modulus array {𝐺′},
as shown in Eq. (10):
𝐺𝑚 = [𝐵𝑚 ]−1 𝑥{𝐺′}

(10)

with i-terms of the relaxation kernel matrix given by:
𝐵𝑚𝑖 =

2
𝜔𝑖2 𝜌𝑚𝑖
2
𝜔𝑖2 𝜌𝑚𝑖
+1

(11)

Once the Prony terms were determined, the pseudo-strain convolution integral was solved
via a numerical technique based on the state variable concept and on the following updating
rule:
𝑛
𝜓𝑚 𝑛+1 = 𝑒 −∆𝑡𝑅⁄𝜌𝑚 𝜓𝑚
+ 𝐺𝑚 ∙ 𝜌𝑚 (

𝛾 𝑛+1 − 𝛾 𝑛
) [1 − 𝑒 −∆𝑡𝑅⁄𝜌𝑚 ]
∆𝑡𝑅

(12)

𝑛
where 𝜓𝑚 𝑛+1 is the value of the m-th Prony term state variable at the n+1 time step, 𝜓𝑚

is the value of the m-th Prony term state variable at the n time step, 𝑡𝑅 is reduced time,
𝛾 𝑛+1 is physical strain at the n+1-time step; 𝛾 𝑛 is physical strain at the n time step.
Pseudo-strain at the n+1-time step was finally assessed by summing all the m state
variables, as per Eq.(13):
𝑁

𝛾

𝑅 𝑛+1

= ∑ 𝜓𝑚 𝑛+1

(13)

𝑚=1

An example of MTL test results diagrammed in the stress - pseudo-strain domain is shown
in Fig. 6, which also displays the space bisector that corresponds to the behaviour of a
perfectly linear viscoelastic material. For the considered binder (B), it was observed that as
temperature was decreased, τ-𝛾 𝑅 curves gradually tend to approach the bisector, thus
indicating that the response of the material becomes almost linear viscoelastic until failure.
The same tendency was observed for the other asphalt binders (A and C) at both strain
rates.
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Fig. 6 Shear stress versus pseudo-strain at various temperatures for binder B (strain rate equal to
0.0005 s-1)

4.3

Pseudo-strain energy density and brittleness

As discussed in the previous section, pseudo-strain - stress curves obtained from MTL tests
provide relevant information on the possible occurrence of non-linear and damage effects
during the entire loading process until failure. However, a full assessment of the low
temperature behaviour of the asphalt binders also requires the evaluation of their toughness,
which can be quantified by calculating the energy per unit volume (i.e. energy density) they
absorb before rupturing. Such a characteristic is meaningful with respect to performance
and can ultimately be considered in the process of selecting asphalt binders. Since asphalt
binders are viscoelastic in nature, rather than considering physical energy density, it is
necessary to refer to pseudo-strain energy density as defined in the following.
Two different values of pseudo-strain energy density were determined from MTL test data
plotted in the stress - pseudo-strain diagram. The first one, referred to as the effective
pseudo-strain energy density (𝑤 𝑅 ), was calculated as the area under the stress pseudo-strain curves until failure according to Eq. (14):
𝑤 𝑅 = ∫ 𝜏(𝑡) 𝑑𝛾 𝑅

(14)

𝑅
The second one, referred to as potential pseudo-strain energy density (𝑤𝐿𝑉𝐸
), was

calculated as the area under the linear viscoelastic line by Eq. (15):
𝑅
𝑤𝐿𝑉𝐸
= ∫ 𝜏𝐿𝑉𝐸 (𝑡) 𝑑𝛾 𝑅

(15)

𝑤 𝑅 represents the amount of pseudo-strain energy per unit volume actually involved in the
𝑅
material deformation process, while 𝑤𝐿𝑉𝐸
represents the maximum energy per unit volume

corresponding to the undamaged and linear viscoelastic response. The limit case for which
𝑅
𝑤 𝑅 is equal to 𝑤𝐿𝑉𝐸
refers to specific conditions in which asphalt binders exhibit a linear
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viscoelastic behaviour until failure, with rupture occurring abruptly. By analogy with the
elastic case, this type of behaviour can be considered as perfectly brittle.
In order to quantitively assess the brittleness of the considered asphalt binders, a brittleness
index (𝐼𝐵 ) was defined according to Eq. (16):
𝐼𝐵 =

𝑤𝑅
𝑅
𝑤𝐿𝑉𝐸

(16)

Values of 𝐼𝐵 calculated at different temperatures and strain rates are reported in Fig. 7. As
expected, brittleness of all binders increased with the decrease of temperature and/or with
the increase of imposed strain rate. Moreover, in most cases the experimental temperature
- 𝐼𝐵 curves displayed a common trend characterized by a slope that gradually decreased
when approaching the limiting 𝐼𝐵 value of 1 (that corresponds to a purely brittle behaviour).
It was also noticed that the various binders reached these purely brittle limiting conditions
at temperatures that were rather different from each other.

Brittleness index, IB /(-)

1

0.9

0.8

0.7

Binder A - 0.0005 s-1
Binder B - 0.0005 s-1
Binder C - 0.0005 s-1

Binder A - 0.001 s-1
Binder B - 0.001 s-1
Binder C - 0.001 s-1

0.6

-30

-25

-20
-15
-10
Temperature, T /( C)

-5

0

Fig. 7 Brittleness index of asphalt binders

For comparison purposes, a critical brittleness temperature (Tcr) corresponding to a
conventional threshold of IB equal to 0.98 was determined for each binder at both strain
rates. Values of Tcr, obtained by linear interpolation between pairs of data points located
immediately above and below the threshold, are reported in Table 4. For each binder it was
found that Tcr increased with the increase of applied strain rate. This is coherent with
expectations since a strain rate increment emphasizes the elastic and brittle components of
response, and materials consequently reach their critical conditions at higher temperatures.
It was observed that binder B showed Tcr values which were significantly higher than those
exhibited by the other two binders (A and C). This finding is consistent with the ranking
associated to binder B in terms of its glass transition temperature Tg (Table 2) and suggests
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that this material, regardless of its penetration grade (50/70), is the one that is less capable
of coping with cold climate conditions and is more prone to thermal cracking. When
comparing binder A (40/60) to binder C (70/100), it was observed that the second one
exhibited values of Tcr that were lower than those calculated for the first one. This is
consistent with the relative penetration grades but is in contrast with Tg values (Table 2),
which were found to be lower for binder A with respect to binder C. Such an outcome
reveals that glass transition temperature alone should not be used for discriminating the low
temperature properties of asphalt binders. On the contrary, the critical brittleness
temperature introduced in the analysis of MTL test results seems to provide a reliable low
temperature assessment of asphalt binders.

Table 4 Critical brittleness temperatures of asphalt binders

Binder
A
B
C

5

Strain rate [s-1]

Tcr [°C]

0.0005

-25.2

0.001

-19.9

0.0005

-13.8

0.001

-13.4

0.0005

-22.9

0.001

-20.1

Summary and conclusions

In this paper, a novel test procedure for the evaluation of low temperature failure properties
of asphalt binders was presented, and its use was demonstrated by referring to an
investigation performed on a set of selected materials.
After preliminary characterization, the considered asphalt binders were subjected to
monotonic torsional loading (MTL) tests carried out with a Dynamic Shear Rheometer
(DSR) at different temperatures and strain rates. The response of materials was
quantitatively assessed by referring to the shear stress at failure, to a purposely defined
brittleness index (IB) and to a critical brittleness temperature (Tcr). The brittleness index
was calculated as the ratio between actual and potential pseudo-strain energy densities
determined according to the elastic-viscoelastic correspondence principle. This was applied
to convert physical strains into pseudo-strains, thereby eliminating time effects from
measured response. The critical brittleness temperature was associated to a threshold value
of IB that corresponds to a condition very close to purely brittle failure behaviour.
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Results obtained from the investigation revealed that the proposed approach is effective in
evaluating and discriminating the low temperature properties of the considered asphalt
binders.
Specific conclusions drawn from the study can be summarized as follows:


test specimens exhibited brittle-like or ductile-like failure mechanisms depending
upon the combination of temperature and strain rate used for testing;



shear stress at failure and IB values increased with the decrease of temperature (or
the increase of strain rate), leading to a temperature-dependent rank of the
considered binders;



the asphalt binder characterized by the highest glass transition temperature Tg
showed the highest Tcr values, thus revealing a higher propensity to develop
thermal cracking than the other considered binders;



a univocal relationship between failure properties of materials and their glass
transition temperatures could not be established.

This work represents the starting point in the development of the new methodology, so
more research is certainly needed. In particular, the proposed protocol may need to be finetuned with respect to the selection of test geometry (gap and diameter), specimen
preparation and conditioning prior to testing. A more extended investigation is also
necessary to compare results with those of other standardized test methods and to assess
test repeatability as well as reproducibility of test data. Finally, effects related to specific
material properties, such as ageing and physical hardening, also deserve consideration in
future works.
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