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For a successful technology, reality must take precedence over public relations, for Nature
cannot be fooled. � Richard P. Feynman



Abstract

Low temperature cracking represents one of the main distress modes affecting �exible pavements,
particularly in cold regions. Thermally induced stresses arise inside the mixture, when the
temperature decreases, leading the pavement structure to prematurely fail, when exceed the
mixture strength. The asphalt binder plays a key role in controlling and preventing the crack
initiation and propagation, since its response can change from a ductile to an extremely brittle
one, within the temperature range the pavement experiences during its service life. Therefore,
a proper selection of the binder, considering low temperature cracking resistance, represents
a critical issue to consider for the mix design of the mixtures. The SuperPave Performance
Grade (PG), developed during the Strategic Highway Research Project (SHRP), is one of the
most used parameter to address low temperature cracking performance of binders. However,
the methodology may not be always reliable to represent the materials �eld performance, in
particular for the increasingly new modi�ed binders. In such context, there is the need of a simple
and reliable procedure to address the binders failure properties at low temperatures, both in terms
of strength and brittleness. A novel methodology, involving the use of the DSR, is proposed in
this thesis. The use of the DSR has been limited to high and intermediate temperatures during
the SHRP project, due to the arise of signi�cant compliance errors for low temperatures. This
limitation was recently overcome for linear viscoelastic measurements by the introduction of
a new measurement system of 4 mm diameter. The Monotonic Torsional Loading (MTL) test
proposed in this research project aims to extend the use of the 4 mm DSR to the high strain
domain, leading the specimen to its failure point. A cylindrical specimen, designed to be higher
than the standard geometry to reduce the torsional stiffness, is subjected to a torsional load,
which increases monotonically at a �xed strain rate until failure, while the temperature is kept
constant. A simple parameter was proposed to synthetically characterize each material in terms
of brittleness, for a selected combination of temperature and strain rate, allowing to determine
a representative cracking temperature. The methodology developed was successfully applied
to characterize a set of unaged binders, three unmodi�ed and one SBS-modi�ed. The same
materials were, subsequently, characterized through the Local Fracture Test (LFT) methodology,
which involves subjecting a thin �lm of asphalt binder placed between two steel protuberances
to a tensile load, applying a constant displacement rate, until failure. The LFT results were
compared to the MTL results, showing that the two procedures lead to the same results in terms
of materials ranking for thermal cracking performance. Even though further investigations on the
proposed protocol are certainly needed, it appears to be a promising methodology to characterize
binders at low temperatures through easy and short laboratory testing.



Preface

Low temperature (or thermal) cracking represents one of the main distress modes affecting
�exible pavements built up in cold regions. This distress occurs in the form of the typical
regularly spaced transverse cracks, which in some cases (when the crack spacing is smaller
than the width of the pavement) are followed by longitudinal cracks that lead to generate block
patterns. The presence of the cracks undermines the structural integrity of the pavement, creating
pathways for the intrusion of water into the lower layers, with consequent detrimental effects
associated to moisture damage [1, 2]. In general, the cracking mechanism is a function of several
factors that are material-, structure-, and environment-related. It has been widely observed that
low temperature properties of the asphalt binder play a major role in controlling and preventing
crack initiation and propagation, since the material appears highly sensitive to temperature [3, 4].
In fact, the material response can change, when the temperature is decreased, from a ductile to
an elastic extremely brittle one, within the temperature range of applications in road pavements.
Thermally induced stresses can be dissipated when the binder is soft enough to be capable of
stress relaxation through viscous �ow; whereas they may lead to crack more likely if the material
becomes stiffer, since it reduces its capability to relax stresses. The selection of the binder
with an adequate low temperature cracking resistance is then a critical issue in the mix design
of asphalt mixtures. The low limiting Performance Grade (PG) temperature [5], embodied in
the SuperPave grading system, is one of the most used parameter to address low temperature
cracking performance of binders. Such an approach, was proposed during the Strategic Highway
Research Project (SHRP) as an alternative to the empirical Penetration Grade (PEN) [6]. The low
temperature PG is based on the binder creep properties, determined through the Bending Beam
Rheometer (BBR) 3-point bending creep test. The criteria adopted entail the determination of
the creep stiffness (S(t)) and the creep rate (m� value) at a prede�ned loading time. Speci�c
thresholds are imposed to both these parameters to ensure the binder to show a suf�ciently low
stiffness along with a high relaxation capability. However, the methodology may not always
be reliable to address low temperature thermal cracking performance, in particular with the
increasing use of modi�ed binders. In fact, it has been shown that some materials with the same
low limiting PG temperature may exhibit signi�cant differences in terms of actual performance
in the �eld [7]. This can be mostly addressed to the fact that the BBR test is not a failure test
and the indirect prediction of cracking resistance from the LVE response may be inaccurate, in
particular for modi�ed binders, for which the stiffness is not equivalent to the brittleness. In
addition, some minor experimental issues can be also highlighted. The standard BBR instrument
can be used to run only the prede�ned creep tests since the load cannot be modi�ed or increased
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during the test. The experimental testing procedure requires a lot of efforts, in particular for the
specimen preparation, due to the high sensitivity of the binder to the temperature and a lot of
material is needed to prepare the specimens. These issues can be overcome with the recently
proposed extended use of the Dynamic Shear Rheometer (DSR) for low temperatures, by the
introduction of a new measurement system with a smaller diameter of 4 mm [8]. This approach
has been successfully used in several studies [9, 10, 11, 12] and a strong correspondence was
observed with the BBR results [13, 14]. The DSR is a convenient, versatile and easy-to-use
device which requires a very little amount of material. Furthermore, it is already adopted to
characterize the LVE properties of binders for high and intermediate temperatures. However,
also DSR measurements remain within the LVE domain, without leading the specimen to fail and
for the purpose, several alternative test methods have been proposed by researchers. The Asphalt
Binder Cracking Device (ABCD) [15] was developed to determine binders fracture strength. A
thin �lm of binder is placed outside a metal ring and inserted into a conditioning chamber, used
to decrease the temperature under controlled conditions. As the system is cooled, the differential
thermal contraction between the binder and the ABCD ring results in the development of thermal
stresses that, increasing until the material’s strength, lead the sample to fail. The Local Fracture
Test (LFT) [16] was also studied to evaluate crack initiation and growth of asphalt binders
in thin �lm. Two steel protuberances are used to simulate aggregates and a �lm of material
is placed between them. The specimen is then pulled using a �xed displacement rate, for a
constant test temperature. The fracture energy can be determined for each test. The Double
Edge Notched Tension (DENT) test [17] and the Single Edge Notched Beam (SENB) test [18]
were proposed based on fracture mechanics principles. Both tests involve the determination of
the binders fracture toughness by leading a cracked specimen to fail and they differ in terms of
specimen geometry and test equipment. The DENT test entails the use of the Direct Tension (DT)
equipment to subject a dog-bone cracked specimen to tensile load until failure. The SENB test
requires the use of a modi�ed BBR device, which allows to increase the load on a notched beam
until failure. All of these methodologies may represent a successful alternative to the current
speci�cations and have shown promising results. In particular, the use of fracture mechanics
seems to be a powerful tool to address the material resistance to crack propagation. However,
it has to highlight that all of these methodologies require speci�c equipments to be performed,
which may imply an increase in experimental complexity. In such context, it is clear that there
is a need for a simple and reliable procedure to address the binders failure properties at low
temperatures, both in terms of strength and brittleness. A novel methodology based on the use of
the DSR, is proposed in this thesis. The procedure involves to subject a cylindrical specimen,
5 mm high to a Monotonic Torsional Load (thus MTL test) until failure. The core idea was to
address the failure shear strength and the corresponding brittleness, under carefully controlled
temperature conditions, by making use of a simple testing procedure and of an equipment already
widely used for binders characterization. The objectives of this research study are summarized
as follows:

� develop a novel experimental protocol, to test asphalt binders at low temperatures until
failure, by means of the DSR;
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� propose a modelling approach, that allows to analyse the experimental output and charac-
terize each material in a reliable way, using a simple and synthetic index;

� apply the proposed methodology to a set of binders;

� compare the results obtained with an other existing approach addressing binders failure
properties at low temperatures.



Thesis outline

The thesis is divided into three main parts, following the research approach adopted: (1) intro-
ductory concepts, (2) development of the methodology and (3) comparative analysis of results.
Part I refers to the theoretical background and literature review needed for the thesis discussion
which could potentially include a multitude of topics. For the sake of simplicity, two chapter has
been structured. Chapter 1 focuses on the characterization of asphalt binders failure properties at
low temperatures, including the current speci�cations and the newly proposed methodologies.
Chapter 2 discusses brie�y the theoretical aspects related to the linear viscoelastic response,
giving the proper background to the modelling part.
Part II treats the development of the Monotonic Torsional Loading (MTL) test, describing the
experimental procedure and the modelling approach proposed. Several attempts have been
made to de�ne the procedure, and only the �nal version is reported. Chapter 3 deals with the
development of the experimental protocol through a preliminary investigation involving four
unaged binders, three of which unmodi�ed and one SBS modi�ed. The experimental results
are analysed and discussed, using a novel modelling approach in Chapter 4, which allows the
determination of a critical temperature characterizing each material. Chapter 5 reports the
experimental investigation designed to statistically analyse the test results and to estimate a
preliminary test precision in terms of repeatability. Chapter 6 discusses a �rst application of
the proposed MTL methodology, to address low temperature failure properties of a set of aged
binders, both in their short- and long-term ageing state.
Part III is dedicated to the work carried out in collaboration with the "UniversitØ Gustave Eif-
fel" of Nantes (FR), supervised by prof. Ferhat Hammoum. The scope of the collaboration
was to compare the MTL test procedure with the Local Fracture Test (LFT), developed in the
Department of Materials and Structures of the UniversitØ Gustave Eiffel. Chapter 7 reports the
experimental investigation carried out, involving materials and test methods. The following
analysis of results is separated into two chapter. Chapter 8 refers to the numerical model needed
for the data analysis. The model was built using the Finite Element Method (FEM), through
the software FREEFEM++ [19]. The chapter describes in details how the model was built, in
terms of geometry and mesh, materials properties, load and boundary conditions and problem
formulation. Chapter 9 reports the LFT results and describes the corresponding analysis to
determine for each material investigated a critical parameter. Lastly, the results coming from the
LFT methodology are compared with that resulting from MTL approach.
The thesis ends with the conclusions, summarizing the main goals achieved through the research
activity and reporting �nal remarks for future studies.
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Part I

Introductory concepts





Preamble

This part I focuses on the theoretical background and literature review needed to develop
the thesis discussion. The objective of this study is to develop a novel procedure for the low
temperature characterization of asphalt binders at failure, both involving experimental procedures
and analysis of results. Therefore, the �rst chapter provides an overview of the low temperature
response of asphalt binders and how it is evaluated from laboratory measurements. To summarize
the state of art, both current speci�cations and newly proposed test methods are included. The
second chapter discusses the main theoretical aspects of linear viscoelasticity and aims to be a
brief and concise introduction to the analysis of results and not a detailed theoretical description.
For the purpose, mainly linear viscoelasticity is discussed and some assumption have been
considered.



Chapter 1

Low temperature response of asphalt
binders

The response of asphalt binders to external solicitation is extremely dependent on temperature.
At low temperatures (i.e. temperatures below 0 °C), the material shows, in general, a solid-like,
high stiffness, glassy response, loosing its capability to dissipate stresses as the temperature
decreases. Consider to subject a sample of bitumen to a monotonic shear strain, increasing with a
constant rate, selecting a constant temperature within the range of low temperatures. The general
response is similar to that shown in the stress-strain space of Fig. 1.1. As can be observed, the
stress increases, according to the material’s constitutive laws, until a certain point for which
the �rst crack appears. The processes of crack initiation and propagation until separation is
referred to as fracture and the completely fractured state as rupture. The behaviour is, in general,
viscoelastic, even at very low temperatures and, depending on the level of strain, is differentiated
into linear viscoelastic (LVE) and non-linear viscoelastic (NLVE). The linearity limit can be
easily detected experimentally, since the response starts to be dependent on the level of strain
applied. The continuum mechanics is used to describe the response, since the body is considered
as a continuum. For a certain level of strain damage may occur, de�ned as the onset of micro
defects in the uncracked body. The continuum damage mechanics deals with the response of the
damaged body until crack initiation, since the damage is assumed to be homogeneous inside the
specimen, such that the body can treated as a continuum having a reduced stiffness. Therefore,
a reduction of the modulus is observed experimentally as the strain increases, similarly to the
NLVE. This led the experimental identi�cation of the occurrence of damage to be not so easy
and speci�c laboratory equipments are needed for the purpose, such as acoustic emissions. The
fracture mechanics focuses on the evaluation of crack propagation inside the sample and the
experimental testing typically involves to load a pre-cracked specimen until rupture.
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Figure 1.1 Schematic stress-strain curve and theoretical approaches

Certain de�nitions can be drawn up, based on the general description of Fig. 1.1. The material
strength de�nes its capability to withstand stresses and is therefore equal to the maximum stress
reached before fracture. On the other hand, the corresponding maximum strain stands out the
material ductility, that represents its ability to deform before rupture. The deformation energy per
unit volume, calculated as the area under the stress/strain curve until the failure point, represents
the toughness. The terms brittle and ductile are used to address the condition of low or high
energy absorbed before rupture, respectively, and are linked to the material’s toughness. Fig. 1.2
shows different three responses, ranging from A, high-stiffness, brittle material, to C, relatively
soft and ductile material. It can be observed that the toughness is, in general, linked to the
strength, such that it increases as the strength decreases.

C

B

A

Figure 1.2 Stress-strain curves for different strength levels

1.1 Current speci�cations

Asphalt binders are traditionally graded using the Penetration Grade (PEN), an index based on
empirical parameters [6]. Regarding low temperatures, the Fraass breaking point test [20] is used
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to address the material’s brittleness. The test requires to subject a �lm of bitumen to a cycle
of bending and stretching load, at a uniform rate of 1 s�1, while the temperature is decreased,
with a cooling rate equal to 1 °Cmin�1. The Fraass temperature is de�ned as the temperature for
which the �rst crack appears. Even though the methodology has been widely used worldwide, it
presents several limitations mostly deriving from the empirical nature of the parameters adopted.
In particular, a poor correlation has been observed between the Fraass temperature of the binder
and the low temperature performance of the corresponding mix [21].
The SuperPave grading system for asphalt binders was developed as an alternative to the empirical
PEN, in the context of the Strategic Highway Research Program (SHRP), a �ve-year research
project, approved in 1987 in the United States, aiming to develop and evaluate techniques and
technologies to improve the nation’s highways performance, durability, safety and ef�ciency.
The grading system entails the determination of a Performance Grade (PG) [5], for each binder,
de�ning a temperature range over which the material guarantee a prescribed performance. The
nature of this approach is not anymore empirical, since the requirements entail with actual
material’s properties. The low temperature PG [22] is determined based on the results of 3
point bending creep tests performed using the Bending Beam Rheometer (BBR), shown in
Fig. 1.3a. The test involves subjecting an asphalt binder beam to a constant load and measuring
the corresponding vertical de�ection as a function of time [23]. The specimen is prepared by
pouring the pre-heated material inside the steel mould, as shown in Fig. 1.3b. The beam is
conditioned for 1 h before the load is started, to reach its thermal equilibrium without inducing
physical hardening effects. The requirements entail the determination of the stiffness S(t),
de�ned as the inverse of the creep compliance D(t), and the creep rate m�value, at a prede�ned
loading time �xed to 60 s. The S(t) has to be lower than 300 MPa and the m� value greater
than 0.3, in order to ensure a suf�ciently low stiffness along with a high relaxation capability
of the material within the range of temperatures prescribed by the PG. The selected loading
time comes from the assumption that the creep properties of the mixture after 2 h of loading
time, presents a good correlation with the effects of thermal cracking in the �eld [24, 25]. The
assumption was extended to the creep properties of the binders and to reduce the loading time to
60 s the time�temperature superposition principle (TTSP) was adopted. The 2 h properties are
then inferred from 60 s tests, increasing the test temperature of 10 °C. The Direct Tension (DT)
test is additionally used if the binder does not meet the stiffness requirement and the S (60s)
ranges between 300 MPa and 600 MPa. However, the m� value requirement must be always
satis�ed. The Direct Tension Tester (DTT) [26] is used to perform uniaxial tension tests on
a dog-bone shaped specimen of asphalt binder, using a �xed strain rate of 1 mmmin�1 while
the temperature is kept constant. The limiting value prescribed for the strain at failure is 1 %.
The temperature shift of 10 °C is applied also for DT tests. However, the testing equipment
is expensive and the complex sample preparation leads to low repeatability of the results and
therefore the test is kept optional in the PG speci�cations [27, 28, 29].


















































































































































































































































































