Investigating low temperature behaviour of bitumen and mastic
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ABSTRACT: Thermal cracking is a common distress type for asphalt pavements in cold regions, preventing
this distress requires a thorough understanding of the parameters controlling performance of asphalt mixtures
and their components at low temperatures. In this study a simple and cost effective test method, suitable for
testing low temperature cracking performance of bitumens and mastics, is proposed. The proposed Annular
Restrained Cold Temperature Induced Cracking (ARCTIC) test, relies on constrained thermal contraction of
specimens around a rigid cylinder to induce thermal stresses in the specimens. Acoustic emission is used to
detect the moment of thermal crack initiation. The ARCTIC test is used presently to characterize thermal crack-
ing resistance of two bitumens and two mastics. Measurements repeatability is evaluated and the results indicate
that the ARCTIC test may provide a practical alternative for evaluation of the low temperature performance of

bitumens and mastics.

1 INTRODUCTION

Low temperature cracking, also known as thermal
cracking, is a common type of asphalt pavement fail-
ure in regions subjected to rapid temperature changes.
Rapid drops of temperature cause the bituminous
binder to contract, resulting in tensile stresses in the
pavement which may exceed the strength of the as-
phalt mixtures, resulting in fracture. The resistance of
asphalt mixtures to low temperature cracking is
mainly controlled by their viscoelastic properties, ten-
sile strength and thermal contraction coefficient.
Therefore, the viscoelastic properties and strength of
the mixture’s binder phase at low temperatures are of
profound importance for the thermal cracking perfor-
mance (Olard et al., 2003).

A large number of studies has been devoted to pro-
posing the experimental procedures and analysis
methods for characterizing the low temperature
cracking resistance of bituminous binders as well as
for predicting asphalt mixtures performance from
those measurements. Some examples in this context
are dynamic shear rheometer (DSR), cyclic shear
cooling (CSC) test, and bending beam rheometer
(BBR). In particular, Sebaaly et al. (2001) have
shown that BBR test results correlate well with as-
phalt mixture performance when appropriate aging
conditions are provided for bitumen. In a recent study
however, Walubita et al. (2021) reported that BBR re-
sults capture the thermal cracking performance of as-
phalt mixtures with somewhat limited accuracy; the
coefficient of determination obtained in their study
was 60%. Lu et al. (2017) shown that the complex

modulus and phase angle measured with the DSR
with a 4 mm plates correlate well with BBR measure-
ments of creep stiffness and m-value. DSR may thus
be used as an alternative for viscoelastic characteriza-
tion of bitumen at low temperatures. The CSC test has
been proposed by Bueno et al. (2014) allowing to
measure failure properties of bitumens at low temper-
atures using a DSR device. The CSC test method was
able to distinguish between low temperature perfor-
mances for wide range of bituminous binders includ-
ing polymer-modified ones. However, the correlation
of CSC measurements to the asphalt mixture perfor-
mance has not been evaluated yet.

Several important gaps in experimentally charac-
terizing low temperature cracking properties of bitu-
mens and mastics are not fully addressed yet. First of
all, the need for a simple, rapid and portable test, suit-
able for routine characterization of different types of
bitumen still exists. Furthermore, as pointed out in a
number of studies, bituminous mastic, i.e. a dense
mixture of bitumen with fine particles smaller than
250 micrometers, acts as the binding phase in an as-
phalt mixture and, accordingly, its influence on the
properties of an asphalt mixture is quite profound, cf.
e.g. (Fadil et al., 2022). However, the low tempera-
ture cracking properties of mastic received relatively
little attention so far.

This study aims to address the gaps outlined above
by proposing a test method suitable for characteriza-
tion of thermal cracking in bitumen and mastic in a
relatively simple experimental setup. As proposed by
Kim (2010) thermal stresses may be induced in annu-
lar bitumen specimens cast around a rigid cylinder



which constrains bitumen contraction during cooling.
Based on this loading principle, Kim proposed an as-
phalt binder cracking device (ABCD), which has
been used successfully to measure fracture tempera-
ture of various bitumen types (Hasan and You, 2019,
Liu et al., 2017). The Annular Restrained Cold Tem-
perature Induced Cracking (ARCTIC) test, proposed
in this study, utilizes the same loading principle as
ABCD test. At the same time, in order to reduce in-
strumentation needs the different method for fracture
detection is employed. In order to detect the moment
of the fracture initiation, acoustic emission measure-
ments is used in this study. The corresponding frac-
ture temperature is then determined from the temper-
ature by a thermocouple embedded in the middle of
specimen. Accordingly, the proposed test method al-
lows to measure the cracking temperature of bitumen
and mastic specimens with a relatively simple instru-
mentation: in addition to cooling device, only a
sound recorder and thermocouple are needed for con-
ducting the test. Furthermore, in the ARCTIC test the
measurements are performed on specimens with
smooth surfaces, i.e. no notches are produced for in-
ducing stress concentrations. This approach is advan-
tageous, as it allows avoiding measurement artefacts
associated with notch geometry and dimensions.

In this study, the ARCTIC test is used to charac-
terize thermal cracking resistance of two bitumens
and two mastics. The tests repeatability is evaluated
along with the characteristics of crack patterns in the
specimens during the test. For all materials examined,
the proposed test set up was able to induce fracture
and the measured cracking temperatures are, at least
qualitatively, in line with what would be expected
based on the bitumen’s penetration grade.

2 EXPERIMENTAL METHODS

2.1 Annular Restrained Cold Temperature Induced
Cracking (ARCTIC) test

The set-up and measurement principle of the low tem-
perature cracking test proposed in this study is illus-
trated in figure 1. In order to form the specimens, sil-
icone molds were manufactured using liquid silicone.
The thermocouple as shown in figure 1(a) was placed
in the center of the specimen ring. To prepare the test
specimens, the bitumen/mastic were first heated in an
oven at 170°C for one hour to sufficiently dilute them,
and then poured into the mold around a central invar
cylinder to form an annular specimen 10 mm high and
wide. No trimming was performed as small geometry
deviations do not affect the measurement. The speci-
mens were then conditioned overnight at room tem-
perature. The Invar cylinder had a diameter of 100
and a height of 50 mm. A brief numerical study has
been conducted, with Finite Element Method (FEM),
in order to ensure that the chosen dimensions of spec-
imens and Invar cylinder result in stresses exceeding

tensile strength of bitumen and mastic materials, dur-
ing the test. The reason for using Invar was its higher
stiffness and lower thermal contraction coefficient
(~1*10%/°C) as compared to the tested materials
(~80-200*%10°/°C). For preparation of the mastic
specimens, the bitumen and filler were first placed in
the oven at a temperature of 170°C for one hour. The
bitumen and fillers were then mixed manually until
they had a homogeneous appearance. Then, the pre-
pared materials were poured into the mold. Figure
1(b) shows the prepared specimen with the tempera-
ture sensor installed. After sample preparation, a reg-
ular mobile headset microphone was attached to the
Invar cylinder 20 mm above the surface of specimen
as indicated in figure 1(a) to record the sound emis-
sion from the sample during cracking.
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Figure 1. Test set-up and measurement principle (a)Schematic
view of test set-up (b)Prepared specimen (c)Stresses in specimen

The prepared sample was placed in a climate
chamber with an initial temperature of 20°C, which
corresponds to the ambient temperature. The temper-
ature of the chamber was then lowered to -46°C at a
constant rate of -30°C/h. Once the final temperature
was reached, it was maintained at this temperature for
2 hours until the temperature inside the sample, which
changed more slowly, reached -46°C. This tempera-
ture regime was chosen considering the limitations of
the apparatus and the experience from the initial tests
to ensure that all samples would break before the low-
est temperature was reached. During the test, the tem-
perature readings from the thermocouple embedded
in the specimens have been recorded throughout the
test. After the test was finished, the specimens were
removed from the chamber, the sound recording was
analyzed in order to determine the point of low tem-
perature cracking initiation.

The difference of thermal contraction coefficients
of the invar core and the specimen is used to induce



thermal stresses in the material, ass illustrated in Fig-
ure 1(c). As can be seen in this figure, the specimen
tends to contract when the temperature in the chamber
decreases. Since the thermal contraction coefficient
of the core is insignificant, it acts as almost perfectly
rigid constraint that prevents the sample from con-
tracting. Tensile stresses in the circumferential direc-
tion are thus induced in the specimen, and when they
exceed the material’s strength, crack initiates.

2.2 Materials

Two types of bitumen with penetration grades of
20/30 and of 70/100 as well as of two mastic materials
prepared with those bitumens were investigated. Both
bitumens were produced by Nynas AB. The bitumens
were chosen because of their distinctively different
low temperature cracking performance. The bitumen
70/100, a typical bitumen used in production of Swe-
dish asphalt mixtures, while 20/30 is a significantly
stiffer bitumen, which may be expected to have infe-
rior low temperature cracking performance. For pro-
duction of mastic specimens, crushed quartzite aggre-
gates smaller than 0.25 mm were used as filler. The
mastic specimens were prepared by mixing the filler
with the two bitumens at a filler volume fraction of
50%. For each of the materials tested, four test repe-
titions were performed.

3 RESULTS AND DISCUSSION

The measured temperature history for specimen is
shown in Figure 2, where an average measured tem-
perature for all bitumen and mastic samples in this
study is shown along with the bars showing minimum
and maximum measurements. The cooling tempera-
ture applied to the specimen is also shown in Figure
2. As can be seen, the variability of the specimens’
temperatures is quite low, in particular below -30°C
where most of the thermal cracking occurred.

For all the materials examined, the used thermal
loading scenario was able to successfully produce
thermal cracks in the materials. At the same time, the
fracture patterns induced in bitumen and mastic spec-
imens were quite different. In Figure 3 the fracture
patterns observed for different materials after the end
of the test are illustrated. As can be seen from the fig-
ure, in bitumen specimens a significantly larger num-
ber of cracks are produced as compared to the mastic
specimens. In bitumen 70/100, the number of surface
cracks was very high, the cracks also branch, forming
quite irregular fracture pattern. As result bitumen
70/100 specimens fragmented into small irregular
pieces after the invar core was removed. In bitumen
20/30, the formed cracks branch somewhat less and
are mainly oriented in the direction perpendicular to
the invar core. As a result the 20/30 specimens usu-
ally fragmented into several roughly equal segments

after the invar core was removed. This difference may
be attributed to the higher stiffness of bitumen 20/30,
which results in higher thermal stresses, capable to
generate cracks penetrating through the specimen’s
cross section. In mastic specimens, the number of
cracks decreases even further as those materials have
even higher stiffness due to fillers stiffening effect. It
should be pointed out, that in bitumen specimens
cracks were often observed to pass through the ther-
mocouple. Possibly, the stress concentrations around
the thermocouple influenced the measurements to
some degree. In the future, dummy specimens will be
used for temperature measurements to exclude these
artefacts.
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Figure 2- The measured temperature history of all specimens
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Figure 3. The fracture pattern in different materials (a) Bitumen
70/100 (b) Bitumen 20/30 (c) Mastic 70/100 (d) Mastic 20/30

In order to detect crack initiation point, the sound
recorded during experiment has first been filtered to
remove the ambient noise with Audacity noise can-
celing software. The examples of sound recorded dur-
ing the experiment for bitumen and mastic samples
are shown in Figure 4 before and after noise cancel-
lation. As seen in the figure, the occurrence of cracks
in the sample is accompanied by sound emission that
leads to a sudden change in the wavelength of the rec-
orded file. This sudden change is clearly visible after
the noise is removed. As illustrated in Figure 4, the
sound emission patterns for bitumen and mastic sam-
ples are qualitatively different. Namely, while sounds
emissions recorded for bitumen specimens had sev-
eral smaller peaks, the corresponding ones for mastic
had only one peak with amplitude up three times
higher as compared to bitumen. The recorded sound
emission patterns correlate thus with fracture patterns



presented in Figure 3, where larger number of smaller
cracks observed to form in bitumen specimens.
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Figure 4- Recorded sound emission during the test, before and
after noise cancellation. (a) Raw signal for bitumen 70/100 (b)
Noise canceled signal for bitumen 70/100 (c) Raw signal for
mastic 70/100 (d) Noise canceled signal for mastic 70/100
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The measured cracking temperature for the four dif-
ferent material samples is shown in Figure 5. In Fig-
ure 5, cracking temperatures are presented in individ-
ual experiments along with the average for each
material. As seen in this figure, the repeatability of
the measurements is quite good, with variations in the
measured cracking temperatures being within £10%
for all the materials except bitumen 20/30. Both bitu-
men 70/100 and the corresponding mastic have lower
cracking temperatures as compared to the bitumen
20/30. This is plausible due to significantly lower
stiffness of bitumen 70/100. It may also be seen that
the fracture temperature of the mastic materials is ap-
proximately 20% lower than for the corresponding bi-
tumen. At least, in part, this improvement may be at-
tributed to the lower thermal contraction coefficient
of mastic as compared to bitumen. The quartzite filler
used to prepare mastic specimens in this study has
thermal contraction coefficient of approximately
80*10°/°C (Teguedi et al., 2017), i.e. roughly 50% of
the corresponding value for bitumen. The mastic is
thus expected to have lower thermal contraction coef-
ficient as compared to pure bitumen. The aggregates
in mastic may also act as a reinforcement preventing
crack propagation. The mechanisms controlling the
low-temperature cracking properties of mastic will be
examined in more detail is a part of future studies.

4 CONCLUSIONS

In this study a test procedure for evaluating the low
temperature cracking performance of bitumens and
mastics is proposed. The proposed Annular Re-
strained Cold Temperature Induced Cracking (ARC-
TIC) test allows characterizing both bitumen and
mastic in a relatively simple manner with little instru-
mentation and testing machinery involved.

For all the materials examined, the proposed test pro-
cedure allowed to induce sufficient thermal stresses
to produce fracture, thus confirming the temperature
loading history and setup geometry selected in this
study. The measured cracking temperatures showed
reasonably good repeatability and were in line with
what would be expected based on bitumen’s penetra-
tion grade. The mastic specimens were also found to
have significantly better low temperature cracking re-
sistance as compared to the corresponding bitumens.
The mechanisms behind this cracking behavior will
be explored in more detail through micromechanical
modelling as part of future studies.
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