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ABSTRACT
To rationally predict low temperature cracking in flexible pavements, the ability of
asphalt binder to resist crack initiation and propagation must be measured. Different
theoretical approaches to this problem exist. The current Superpave low-temperature binder
grading system is based on the measurement of stiffness and strength. This method was
developed during the SHRP program and allowed significant progress in the prediction of
low-temperature binder performance. However, further improvements are required, especially
to better describe the low-temperature behavior of modified asphalt binders.
The use of fracture mechanics principles is a potential alternative to the current
Superpave approach. Attempts have been made to apply this method to characterize the
fracture properties of asphalt binders at low temperature. Researchers always assumed binders
to be linear elastic. The results obtained from these studies were encouraging and concluded
that fracture mechanics was a useful tool to describe binders at low temperature and leads to a
different ranking of binder performance as compared to the Superpave grading system.
This study was to verify and determine the limits of the applicability of linear elastic
fracture mechanics (LEFM) to asphalt binder. Alternative, fracture mechanics-based
approaches were considered to account for non-linear behavior. These methods imply the
laboratory determination of critical fracture parameters: linear stress intensity or fracture
toughness KIC, plastic energy rate JIC, and time-dependent energy rate JVC. The measurement
of KIC was found to be straightforward using existing laboratory tools. To obtain JIC and JVC
values, more tests and data analysis are required.
Loading curves obtained from fracture testing of nine binders were analyzed using the
different fracture mechanics approaches. Superpave critical temperatures were also
determined for all binders. Binder characterization was completed with the dynamic thermomechanical determination of their glass transition temperature, Tg.
iii

Parameters such as temperature, loading rates and binder nature were found to have a
crucial influence fracture response. The validity of LEFM was proved to be limited to very
low temperatures, typically around and below Tg. KIC seems to reach a “glassy” plateau as
temperature decreases. At higher temperatures, or when loading rate is lowered, more
elaborate tools are required to account for binder plastic and viscoelastic behavior.
The comparison between rankings of binder performance from Superpave and
fracture-based criteria confirmed the conclusions of previous studies. The application of
fracture mechanics principle leads to very different binder rankings. The Superpave critical
cracking temperature was found to be within the temperature range of validity of LEFM.
Consequently, KIC and another parameter based on linear fracture mechanics should be
included in the low-temperature binder gradation system as a complement to the existing
criteria. Plastic and viscoelastic fracture mechanics give valuable information on the behavior
of binders at intermediate temperatures, typically between –20 and 5°C. Therefore, these
approaches are potentially interesting to study crack initiation and propagation associated
with mechanical and thermal fatigue.
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Chapter 1
Introduction

Background
Many types of distresses can occur in a hot mix asphalt pavement, depending on
various parameters, such as weather, traffic conditions and construction quality. Temperature
plays a major role with respect to the pavement behavior. Rutting typically occurs at high
service temperature. Fatigue appears in the form of alligator or map cracking around ambient,
intermediate temperature. Fatigue can be defined as the repetition of cycles of loading causing
a progressive failure of the pavement below its static mechanical strength. Thermal cracking
is characteristic of low temperatures, around or below the materials glass transition
temperature (Tg). Temperature excursions cause stresses to build up and exceed the strength,
resulting in the appearance of regular, transverse cracks along the pavement.
From 1988 to 1995, the $150 million Strategic Highway Research Program (SHRP)
resulted in the definition of the new, performance-based SUPERPAVE specifications [1].
They provide a range of temperature in which each binder is considered perform
satisfactorily. New test methods and tools were designed, such as the Dynamic Shear
Rheometer (DSR), the Bending Beam Rheometer (BBR) and the Direct Tension Test (DTT)
for asphalt binders. The new Performance Grade (PG) system reportedly gives satisfactory
results for neat binders. But with the increase in use of specialty and polymer-modified
binders the limits of this new set of tools are reached. For these applications, insufficient
correlation is observed between laboratory test results and field behavior.
Both fatigue and low temperature cracking are accounted in SUPERPAVE
specifications. The fatigue criterion is defined as G*sin(δ) obtained from a dynamic test in the
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DSR. The validity of this parameter is currently under review and has been found to be
insufficient to predict fatigue behavior of modified binders [2]. For low temperatures, the
newer version of the specifications includes a critical cracking temperature computed from
BBR and DT tests results. Therefore, this criterion accounts for the rheological and strength
behavior of the binder. It has been proved to give reasonable predictions, but needs to be
improved in order to better differentiate between modified binders.
Another approach can be used to describe failure of asphalt binders at intermediate
and low temperature. Both fatigue and thermal cracking involve the initiation and the
propagation of cracks in the material leading to its mechanical failure. Therefore we can use
the principles of fracture mechanics to describe this phenomenon. It provides intrinsic
material properties from which specification criteria could be derived. For linear elastic
materials, the Linear Elastic Fracture Mechanics (LEFM) can be used [4]. The stress intensity
KI can be measured and describes the state of stress in the material around a crack. Its limiting
value at failure, KIC or fracture toughness is a material property. It provides valuable
information on the failure behavior and therefore is a good candidate as a low temperature
binder-grading criterion.
It is well recognized that asphalt binders are very temperature dependent materials.
Their behavior can vary from fluid (modulus < 1kPa) above 80°C to glassy solid (modulus >
1GPa) below –30°C. A change of few degrees in temperature induces dramatic changes in
behavior. As a consequence, even at relatively low temperature it is possible that asphalt
binders exhibit significant viscoelasticity or even non-linearity. In that case, LEFM analysis
would be irrelevant and alternative fracture mechanics models would have to be considered.
These approaches account for the presence of a significant amount of plastic deformation
around the crack tip. They form a branch of fracture mechanics know as Elastic Plastic
Fracture Mechanics (EPFM) [4]. The crack tip opening theory was first introduced by Wells
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in 1961 [5]. It assumes the presence of a plastic zone or yield strip at the crack tip. The crack
tip opening displacement (CTOD) is the transversal displacement at the edge of the plastic
zone. It can be proposed as a fracture criterion. The J integral approach was presented by Rice
in 1968 [6]. The J integral is defined as a path independent contour integral representing a
non-linear elastic energy release rate. Under certain restrictions, it was shown to be equivalent
to an elastic-plastic energy release rate. Crack extension occurs when the J integral crosses a
critical value JIC, which was shown to be a material property. Similar to KIC for linear
materials, JIC could also be used as a low temperature failure criterion.
Fracture analysis can also take into consideration the time-dependency of bituminous
materials. This development in fracture mechanics is relatively new. Shapery was the first to
introduce the viscoelastic concept in fracture in 1975 [7] and introduced a complete
theoretical framework leading to the derivation of a new set of failure parameters, such as the
generalized J integral: Jv.

Problem statement

Applicability of fracture mechanics principles to testing and gradation of asphalt
binders at low temperatures needs to be verified. Although studies show that fracture
toughness analysis of asphalt binders gives promising results, available documentation
remains limited. Furthermore it is still to be determined whether LEFM is appropriate for
describing fracture behavior of asphalt binders, or if other, more elaborate models are needed
(elastic-plastic models, viscoelastic model).
There is currently a need for a better fatigue criterion, and the low temperature grading
systems needs to be improved for modified binders. Fracture mechanics-based analyses
provide a set of material intrinsic parameters that could efficiently serve as specification
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criterion. This possibility needs to be investigated. The performance of the fracture mechanics
approach is then to be compared to the existing SUPERPAVE specification system.

Objective

The objective of this study was to determine whether various fracture mechanics
approaches could be applied to characterize failure of asphalt binders at low temperature. If
applicable, these analyses were compared to the current Superpave recommendations for
specifications to determine whether fracture mechanics-based criteria could be incorporated in
the binder PG grading system.

Scope

An experimental determination of various fracture parameters was carried out for a
panel of eleven different asphalt cements. These binders include two core asphalts and nine
polymer-modified binders supplied by Ergon Asphalt and Emulsions. All binders were aged
prior testing to simulate aging occurring during the plant mixing and the pavement service
life. The binder-specific glass transition temperature, Tg is believed to have a major influence
on the rheological and failure behavior of binders. Therefore Tg was determined for all
cements using a dynamic analysis method.
KIC was determined at three temperatures relatively to each binder-specific Tg value.
Two fracture test methods were used and compared: double-notched traction and notched 3point bending. The influence of the crack length on KIC was investigated, as 3 different notch
sizes were used. The validity of the LEFM approach was checked using various fracture
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mechanics criteria. Three different strain rates were used to evaluate the time dependency of
each binder. Elastic plastic and viscoelastic analysis of the fracture test data was also
considered.
The BBR and DT standard tests were also run at the same temperature as the KIC
measurements and the SUPERPAVE critical cracking temperature was derived for each
binder using the TSAR software. Thus, the results of the fracture mechanics analysis could
then be compared directly to the current low temperature PG gradation.

Methodology

The following sequence of work was used to conduct the research reported in this
thesis:
1. Literature review.
2. Design and construction of laboratory equipment.
3. Preparation and testing of laboratory specimen.
4. Data acquisition and analysis.
Each of these steps is reported in detail in the following chapters.
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Chapter 2
Literature Review

Introduction

Failure of binders at low temperature can be studied in different ways using very
different concepts. This literature review gives a critical presentation of all the different
approaches that were applied in the present study.
The first one is to look at the rheological and strength properties of the binder.
Rheology provides information about how stiff a material is and its ability to relax stresses,
but it is not sufficient to describe failure. As a complement, strength analysis describes what
level of stress the material can tolerate before it breaks. By combining these two types of
information, it is possible to describe how thermal stresses build up until failure happens. This
approach is the base of the current low temperature binder grading specifications.
Unfortunately, certain theoretical and practical problems remain. Strength is not a material
property, as it is size- and geometry-dependent. Also, The DTT is based on the assumption
that the materials behavior remains linear elastic up to failure.
The second approach is based on fracture mechanics. Depending of the type and the
complexity of the materials behavior, different models can be used. One of the goals of the
present study is to determine which one, if any, is appropriate for asphalt binders.
The first model is known as the Linear Elastic Fracture Mechanics (LEFM) [4]. As
the name implies, it is based on the assumptions that asphalt binders are isotropic,
homogeneous in nature and linear elastic in behavior. Although this is generally recognized
not to be exact around ambient temperature, it seems reasonable to make this approximation
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at low temperatures (below –20°C). Several attempts were made by Champion [8] and Hesp
[9] to apply the principles of LEFM to asphalt binders and mixes.
The second model is known as the Elastic Plastic Fracture Mechanics (EPFM) [4]. It
extends the description of fracture beyond the elastic regime. It is suitable for materials
exhibiting limited, but significant plasticity or non-linearity (not adapted for ductile behavior).
As temperature increases, asphalt cement behavior transits from brittle to ductile, therefore
EPFM could be applied over a certain range of temperature, still to be determined.
The third model is called Time Dependent Fracture Mechanics (TDFM) [4]. This
analysis is a generalization of the elastic-plastic case. It accounts for the viscoelastic nature of
asphalt binders. There is evidence that asphalt binders exhibit significant time-dependency,
even at low temperature. This behavior becomes even more present for materials with
complex rheological behavior such as polymer-modified binders (PMB). Therefore this model
is potentially the most accurate model for binders.

Low temperature PG specifications

The current low temperature Specification for Performance-Graded Asphalt Binder is
defined in ASTM D 6373 Specification for Performance-Graded Asphalt Binder. It is based
on BBR and DT test results.
The BBR is a 3-pt bending creep test. It is designed to measure the rheological
properties of binders at low temperature. Constant load is applied for 240s and deflection is
recorded as a function of time. Although the calculations are based on simple beam theory,
two quantities, the stiffness, S and m are calculated and reported at the end of the test for
loading times of 8, 15, 30, 60, 120 and 240s. These quantities are defined as follows:
S = Flexural stiffness of the asphalt beam.
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m=

d log S t 
d log t 

m is the slope of the log stiffness versus time curve. It describes the ability of the asphalt
binder to relax stresses over time. The BBR test method is fully described in ASTM D 6648
Standard Test Method for Determining the Flexural Creep Stiffness of Asphalt Binder Using
the Bending Beam Rheometer (BBR).
The direct tension test is designed to evaluate the failure strength of asphalt binders at
low temperature. Binder specimens are tested in tension at a constant strain rate of elongation
up to failure. Load and displacement are recorded and values of tensile stress and strain are
calculated. Stress and strain values at failure are reported at the end of the test. ASTM D 7623
Standard Test Method for Determining the Tensile Stress-Strain Properties of Asphalt Binder
Using the Direct Tension Tester (DTT) fully describes the procedure for performing a direct
tension test.
In the initial version of the binder low temperature specifications, ASTM D 6373
Specification for Performance-Graded Asphalt Binder, values of S and m at 60s were used for
binder gradation. This specification was expanded by adding Table 2 which uses both BBR
and DTT test results: stress values at failure, measured at 2 or 3 temperatures, give an
evaluation of the binder tensile strength. Values of S and m at 8, 15, 30, 60, 120 and 240s are
used to generate a mastercurve for the binder. This rheological information is then used to
predict the development of thermal stresses in the material when temperature decreases. The
critical cracking temperature of the binder is then defined as the temperature at which these
thermal stresses exceed the binder tensile strength capacity. It is used as criterion to grade
binders. The procedure is described in ASTM D6816 Standard Practice for Determining LowTemperature Performance Grade (PG) of Asphalt Binders. The required calculations are
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complicated and commercially available software, TSAR [10] is used TSAR is used to
compute the cracking temperature directly from BBR and DT test results.

Glass transition temperature: Definitions and significance

The phenomenon of glass transition is known and well documented for a wide variety
of materials, especially polymers. It is generally believed to be related to free volume
collapse. Molecular activity decreases with temperature, which causes the material to
contract. Molecules have less and less space (free volume) to move until they are all
interlocked, as the material reaches a glassy state. This transition occurs at a specific
temperature called glass transition temperature (Tg). Certain phenomena related to glass
transition provide methods to measure Tg:
1. Internal friction between molecules is maximal around Tg, as molecules are not free
to move, but not interlocked yet. As a consequence, we can estimate Tg through a
dynamic thermo-mechanical analysis of the material: a peak in loss modulus is
observed at this temperature. This method is normalized and fully detailed elsewhere
[11]. This method was used in the present study.
2. As molecules interlock, the capacity of the material to contract with decreasing
temperature is reduced. Consequently, Tg can be identified as the temperature where
the coefficient of thermal expansion changes. Therefore, a dilatometric method for
measuring Tg is given [12]. This method could not be used in the present study.

Linear Elastic Fracture Mechanics (LEFM)

On a theoretical, microscopic point of view, fracture of a material occurs when the
applied tensile stress overcomes the atomic cohesive strength (or capacity of resisting stress).
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However, failure always occurs at stress levels that are 100 to 1000 times lower than this
microscopic strength value. Reason is that fracture follows a different mechanism. A real
material is far from perfectly homogeneous: many local imperfections, impurities, cracks and
flaws are present everywhere. Around these heterogeneities, stresses are concentrated,
significantly higher than what is predicted by continuum mechanics models. Consequently it
is at the vicinity of these flaws that failure of the material is initiated.

Griffith energy balance
Griffith [13] studied the propagation of cracks in brittle materials, and stated the
concept of energy balance: the crack will grow only if the strain energy produced by a remote
stress exceeds the energy of the new created surface area. This condition may be expressed as
follows:

 2 E f
 f  
 a





1

2

(II.1)

where:

 f  applied remote stress at failure (Pa)
E  elastic modulus (Pa)

a  crack length (m)
 f  fracture strain energy per unit area (J/m2)

 f   s for elastic, brittle materials (J/m2)

 f   s   p for elastoplastic materials (J/m2)
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For ideally elastic materials, the fracture strain energy is exactly equal to the energy
necessary to create the new surfaces, known as surface energy, γS. A plastic term, γP can be
added to account for elastic-plastic behaviors.
Following a similar energy-based analysis, Irwin defined the strain energy release
rate, as the change in strain energy, Π for an increment of crack area ( A ) [14]. Let us
consider the simple material energy balance:

U F

(II.2)

where:

U  total strain energy (J)
  potential energy (J)

F  energy due to work of external forces (J)
It was shown that the energy release rate can be related to the state of remote stress 
as follows [14]:

G

d   2 a 


dA  E 

(II.3)

where:

G  energy release rate (J/m²)
A  crack area (m²)
a  crack length (m)
  potential energy (J) as defined in equation (II.2)

  stress (Pa)
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It can be shown that the value of G is independent of the type of loading (constant
load or constant displacement) for a particular state of stress and strain. At failure, it reaches a
critical value, Gc , and we can infer from equation (II.1) that:

Gc  2 f

(II.4)

G is also called the driving force, as it increases with the remote stress until it reaches
its critical value at failure.  f is also known as the resistance to crack growth. As the remove
stress increases, the crack will grow when the driving force exceeds the resistance. G and  f
can be plotted versus the crack length, classical R-curve diagrams are obtained. For most
elastic materials, R-curve is flat (see Figure 1), which means that the resistance does not
depend on the crack length. In that case, no crack growth will be observed until the driving
force reaches its critical value Gc. The crack will then become unstable and failure is
catastrophic and instantaneous. Some materials exhibit rising R-curves (see Figure 1). In this
case, the critical energy release rate G is changing, depending on the remote load P and the
crack length .

Strain-Energy
Release Rate, G

,R

G

Region wirh stable
crack length

Strain-Energy
Release Rate, G

Instability in Load
Control

G

c

Crack Length

Crack Length

Figure 1. Different types of R-curves [4]
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Crack growth no longer occurs at a determined value of G. As stress increases, the
driving force reaches the value of resistance corresponding to the current crack length, which
causes the crack to start growing. The crack growth increment increases the resistance, which
prevent the crack from growing further. Consequently crack growth remains progressive and
stable until the driving force curve become tangential to the resistance curve. Crack growth
then becomes unstable.

Stress analysis approach

This energy approach requires complex mathematical derivations for solutions to
practical problems. Therefore, Irwin developed the stress intensity factor approach [14]. He
described the state of stress at the vicinity of the crack with a new parameter called stress
intensity, K. For a linear elastic material, the stress value at any point around the crack can be
expressed in function of K, as defined in equation (II.5):

 ij M  r ,  

K M 
2r

 f ij

M 

 

(II.5)

where:

 ij  stress at the vicinity of the crack (Pa).

r ,  are polar coordinates with respect to the tip of the crack.
Index M represents the loading mode: M = I, II or III.

K  stress intensity (Pa.m1/2)
f ij  non-dimensional function
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In Figure 2, this stress state is represented in the two-dimensional case. The
components of the two-dimensional stress matrix  ij are  xx and  yy (normal stresses),

 xy and  yx (shear stresses)

Figure 2. Stress distribution at the vicinity of a crack tip [4]

The different possible loading modes are presented in Figure 3. The functions f ij  
depend on the loading mode.
The stress intensity factor, K, describe how high the stresses are at the vicinity of a
crack. Once it is determined, the entire stress field around the crack tip is uniquely defined
through equation (II.5).
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Figure 3. The three different crack propagation modes [4]

The determination of K is a difficult problem. Closed form solutions can be derived
for very simplified cases, but most of the real configurations require an advanced, numerical
analysis. However a general formula is be given by equation (II.6) for K, in mode I:

a
K I   a  f  
W 

(II.6)

where:

K I  stress intensity in fracture mode I (Pa.m1/2)

  applied remote stress (Pa)
a  crack length (m)
W = total width of the sample
The dimensionless function f (A/W) depends on the sample geometry and was
determined for several classical configurations using a finite element analysis. These
expressions are presented in Appendix A. Irwin also provided the proof that the stress
intensity factor K and the energy release rate G are related as follows [14]:
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K 2
G   I 
 E' 

(II.7)

where:

G  energy release rate, as defined in equation (I.3)
E '  E for plane stress conditions (Pa)

E' 

E
for plane strain conditions (Pa)
1 2

E , being respectively the elastic modulus (Pa) and Poisson ratio.

This relation implies that both G and K reach a critical value when failure occurs at a
crack tip. This critical value of stress intensity Kc, known as fracture toughness, defines the
state of local stresses around the crack under which the crack will start growing. This
parameter is independent of the sample geometry, loading or physical variables other than
loading mode. It qualifies as a true material property, describing its ability to resist failure.
The stress intensity model presented above predicts that stresses are infinite at the
crack tip. Obviously this singularity cannot have any physical meaning. In reality, there is
always a zone surrounding the crack tip where the material yielded, causing the stresses to
drop and deviate from the values predicted by the stress intensity analysis. However, provided
that the size plastic zone is negligible compared to the other dimensions of the problem, the
stress intensity model is considered to be a good description of the state of stress around a
crack. The region where equation (II.5) describes accurately the crack tip fields is called the
singularity-dominated zone. Typically, it is valid for a range of distance from the crack tip.
Closer to the crack, the material yields, and further the crack no longer significantly affects
the stress field (see Figure 4). If this range is too small, or does not exist, LEFM cannot be
applied to describe the fracture behavior of the material.
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The American Society for Testing and Materials (ASTM) defined requirements and
limitation to the stress intensity approach [15]. They can be stated as follows:
(II.8)
where:
K = as defined in equation (II.6) (Pa.m1/2)
B = sample depth (m)
W = sample width (m)
A = crack length (m)
YS = material yield stress (Pa)
This condition sets the limits of validity of the LEFM analysis. If it is not respected,
the plastic zone surrounding the crack tip is considered to be too large compared to the sample
dimensions. Therefore, the material behavior can no longer be approximated as purely linear
elastic and KIC measurements become irrelevant.
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Figure 4. Limits of validity of the stress intensity model [4]
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Elastic-Plastic Fracture Mechanics

In real materials, stresses cannot be infinite. When the plasticity around the crack tip
becomes too important, the LEFM approach becomes inappropriate and alternative models
must be used, grouped under the name Elastic-Plastic Fracture Mechanics (EPFM). They are
based on the assumption that the material is damaged and yields at the vicinity of the crack tip
because of high stresses [4].

Crack Tip Plasticity

Different shapes for the plastic region can be considered. Irwin [16] studied a circular
plastic zone (see Figure 5.a). Dugdale and Barenblatt [17] assumed a long, slender strip
yielded zone at the crack tip (see Figure 5.b).

(a)

(b)

Figure 5. Two plastic zone geometries, (a) Irwin's circular plastic zone, (b) Yield strip model [4]
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By taking this yielded area into account in the calculations, it is possible to derive a
corrected value of stress intensity factor, Keff, through an iterative process. Keff then replaces
KI as stress intensity parameter. Its use can be relevant to describe materials with very
moderate plasticity, whose behaviors stand at the boundaries of the validity of LEFM as
defined by equation (II.8).

Crack Tip Opening Displacement

For high toughness, highly yielding materials, new parameters are needed. Wells
proposed to use the crack opening, or transversal displacement at the crack tip as a measure of
fracture toughness. This parameter, known as the Crack Tip Opening Displacement (CTOD)
or  , can be obtained from both the Irwin plastic zone (see Figure 6.a) and the strip yield
models (see Figure 6.b) [18].

Figure 6. Definitions of CTOD. (a) Irwin's model, (b) Yield strip model [4]

In all cases, for limited non-linearity, CTOD was shown to be related to the linear
fracture toughness and energy release rate through the following general equation:

 

KI

2

m YS E '



G
m YS

(II.9)
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where:

K I  stress intensity factor (Pa.m1/2)

 YS  material yield stress (Pa)
E '  as defined in equation (II.7) (Pa)

G  as defined in equation (II.3)(J/m²)
m  1 for plane stress conditions,
m  2 for plane strain conditions.

J-Contour Integral

An alternative to the crack tip opening theory is the J-contour integral formulation.
Rice first introduced it in 1968 [6]. It is based on the deformation theory of plasticity. Its basic
assumption is that elastic-plastic behavior can be approximated as non-linear elastic. A nonlinear elastic material is characterized by a non-linear load-displacement, or stress-strain
curve, both loading and unloading path being identical. An elastic-plastic material will display
a similar loading curve, but the unloading path will be different as part of the strain is
unrecoverable. Therefore this assumption is reasonable provided that no unloading occurs.
Similarly to G in the LEFM approach, J is defined as non-linear energy release rate. It
can be related to temperature the strain energy U, or the complementary strain energy U* as
follows in equation (II.10) (see Figure 7):



d  dU 
 dP 
J 

  
 d
dA  dA   0  dA  
(II.10)
P
 dU * 
 d 


and J  
    dP

 dA   0  dA  P
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where:

J  non-linear energy release rate (J/m²)

  as defined in equation (II.2) (J)

P  applied load (N)

  resulting displacement (m)

U  strain energy (J)
U *  complementary- strain energy (J)
A  crack area (m²)

Figure 7. Definition of the J integral as a non-linear energy release rate [4]

For linear elastic material materials, J and G are clearly equivalent. The major
difference is that in EPFM, the released energy is not recoverable. Therefore we can define a
critical value of J, characterizing crack initiation. This value J IC is a material property and
plays a similar role to GIC for plastic materials.
For practical cases, it is reasonably possible to determine J IC experimentally, as described in
Standard Method ASTM E 813-81. The test procedure and analysis will be detailed in the
following chapters.
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The relevance of the EPFM analysis also has limitations. When plasticity is extreme,
and the material exhibits a significant stable crack growth, results must be considered as
suspect. Typically in case of a steady state crack growth, the material behavior is fully ductile
and the J integral analysis becomes inappropriate.

Time-dependent Fracture Mechanics

Many materials exhibit time-dependent materials, especially among plastics and
polymers. LEFM and EPFM principles cannot apply directly to these materials. These
theories must be adapted to take into account the capacity of certain materials to relax
stresses.

Pseudo-strain Analysis

In 1975, Shapery introduces the concepts of linear viscoelasticity (LVE) in fracture
mechanics [7]. His work is based on the basic equations of LVE as stated below (see equation
(II.11)) [4].

t

 t    Dt   


and  t  

t

d  
d
d

 E t   



d  
d
d

(II.11)

where:

  strain (m/m)
t  time (s)

  integrated time (s)
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  stress (Pa)
D  Material creep compliance (Pa-1)

E  Material relaxation modulus (Pa)

Shapery then uses the concept of pseudo-strain, defined by the following constitutive
equations [20]:

 e t  

 t 
ER
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 E t   



d  
d
d
(II.12)
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d
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d
e

where:

 e  pseudo-strain (m/m)
E , t ,  ,  , D are defined as inequation (II.11)
ER is an arbitrary reference modulus (Pa)

By definition, the pseudo stress-strain curve  = f(e) is linear and it is equivalent to the real,
viscoelastic stress-strain curve, provided that the relaxation modulus E(t) is known. (see
Figure 8). This concept of pseudo-deformation is used by Little to study fatigue and crack
propagation in asphalt binders [19].

Viscoelastic J-integral formulation

Shapery applied the pseudo strain concept to the definition of J as given by equation
(II.10). This generalized J-integral is applicable to a wide range of viscoelastic materials [20,
21].
For a given traction test, the viscoelastic Jv defined as a pseudo energy release rate
can be expressed as follows:
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e

 dP 
J v     de
dA  e
0

(II.13)

where

J v  time-dependant energy release rate (J/m)
P  applied load (N)
A  crack area (m²)
e is the pseudo-elongation (m), calculated similarly to a pseudo-strain in
equation (II.12).

 t  
e

t

 E t   



d 
d
d

(II.14)

The experimental determination of Jv will be described in the next chapters. It
requires the measurement of the elastic modulus E(t) as a preliminary test.
JVC, defined as the critical value of JV at failure, is equivalent to the elastoplastic
fracture parameter JIC. It takes into account the effect of viscoelasticity on the loading curve
of a fracture test.
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(c) Pseudo-strain transformation of a LVE stress-strain curve
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Figure 8. Illustrations of LVE theory and pseudo strain transformation [4].

Application of fracture mechanics to asphalt binder and mixes

It is generally believed that in flexible pavement, cracks usually develop at the top or
bottom of the asphalt concrete layer when tensile stresses exceed the tensile strength. For all
practical purposes, the mode I fracture may be considered dominating.
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Characterization of asphalt mixes

Attempts have been made to apply fracture mechanics principles to the characterization
of asphalt concrete. Most studies were carried in pure mode I, using a 3-point bending
configuration, with or without elastic foundation. Kauffman and Majidzadeh concluded that
fracture toughness of asphalt concrete is temperature and loading rate dependent, which may
imply that the viscoelastic behavior of asphalt binder influences the fracture behavior of the
mix in the considered range of temperature (0 to 22°C) [22, 23].
Majidzadeh also used elastic-plastic analysis to study the fracture analysis of asphalt
mixes. Little and Mahoub also used JIC to characterize plasticized sulfur binders at low
temperature [24]. They recommend using JIC as a fracture mechanics characterization
parameter for sulfur binders. Anderson compared LEFM and EPFM analyses of fracture
properties of hot mix concrete at various temperatures. He concluded that J IC is a satisfactory
parameter to describe the behavior of asphalt concrete below 60°F (18°C) [25]. However
more investigation is needed to reach a conclusive statement about low-temperature behavior
of mixes. Also, no attempt was made to relate these fracture study with more routine tests
such as indirect tensile strength and mixture creep tests.

Characterization of asphalt binders

Recently, several studies used the LEFM approach to study low temperature behavior
of asphalt binders. Champion characterized various binders at low temperature using existing
SUPERPAVE specifications and KIC as a fracture criterion [8]. Anderson [28] concluded that
fracture analysis of low-temperature binder behavior gives a different, more discriminating
ranking.
Hesp conducted extensive investigations of a LEFM-based approach to lowtemperature binder and mix properties. His method included evaluation of KIC in a notched
three-point bending configuration. He confirmed that introduction of polymer and fines in the

27

system improves the binder fracture toughness through a crack-pinning phenomenon. He also
concluded that plasticity cannot be neglected, especially in polymer-modified systems.
Therefore he recommended that the compressive yield stress should be included in a realistic,
effective fracture-based low-temperature criterion [29, 30, 31, 32].
In 2001, Dongre investigated the linear fracture properties of binders using a doublenotched traction configuration. His specimen was directly adapted from the DTT sample
geometry. Preliminary results showed that this geometry could be successfully used to
measure KIC and JIC values of asphalt binders. Dongre also suggested that KIC values of
binders depend of the initial crack depth. As a consequence, he recommended that JIC and
EPFM should be used to characterize fracture of binders [36].
Many questions remain open about the use of fracture mechanics to characterize
asphalt binders at low temperature. The validity of LEFM parameters remains to be better
defined, especially in terms of temperature range. Phenomena such as plasticity and timedependency must be better-identified and taken into account. More comparison is then needed
with the existing specification systems, such as the SUPERPAVE low-temperature criteria.
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Chapter 3
Laboratory Testing

Materials

A total of 11 binders were selected for this study. Nine of them are modified binders
supplied by Ergon Asphalt and Emulsions with the following coded names: ASL, CSL, ESL,
GSL, NSL, PSL, RSL, TSL and YSL. These binders are all polymer-modified and were used
in the Mississippi I-55 Modifier Field Trial [34]. Information regarding these binders is given
in Table 1. They constitute the main subject of study and were thoroughly tested using the test
methods described below.
In addition to these binders, two additional binders were used in this study as part of a
preliminary work. As the available quantities of the nine principal binders were limited, all
preliminary testing required to validate new test methods was first done on these binders. Two
core asphalts: AAM and AAG were chosen because they had been thoroughly tested during
the SHRP program [33].

Binder laboratory aging and storage

When the nine binders were received from Ergon, they were already RTFO- and
PAV-aged. They were then heated once in their original shipping container until they were
sufficiently fluid to pour and then redistributed into 1oz containers to be stored for future
specimen preparation and testing. Special attention was addressed to the heating process so
that all binders were subjected to a similar temperature history.
All binders were laboratory aged at Ergon using the procedures defined in ASTM
D6521 Practice for Accelerated Aging of Asphalt Binder Using a Pressurized Aging Vessel
(PAV) and ASTM D2872 Test Method for Effect of Heat and Air on a Moving Film of
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Asphalt (Rolling Thin-Film Oven Test) (RTFO). The RTFO test was designed to simulate the
aging experienced by asphalt binders during the field mixing process which includes loss of
volatiles and oxidation. The PAV test was designed to simulate long-term aging of asphalt
binders during five to seven years of service in the pavement.

Table 1. Name and manufacturer of modified binders

Code

Source and Description

ASL

KRATON - Shell Chemical Company SBS Block Copolymer

CSL

ULTRAPAVE - Textile Rubber & Chemical SB Latex

ESL

NOVOPHALT - Advanced Asphalt Tech. LDPE (Recycled)

GSL

STYRELF - Koch Materials SB Block Copolymer

NSL

GF-80 RUBBER Rouse Rubber Industries - 80 Mesh Tire Rubber

PSL

SEAL-O-FLEX Ergon – SBS

RSL

VESTOPLAST-S - VP-S Company Ethylene, Butylene,
Terpolymer

TSL

MULTI-GRADE - Asphalt Materials Gelled Asphalt

YSL

CRYO-80 MESH - Cryopolymer Cryogenic Ground Rubber

Specimen preparation

The preparation of the samples to be tested is specific to each test and details will be
described along with each test procedure. However, the following steps are common to all the
tests. The samples (1 oz tins) must be heated in an oven for a few minutes between 150 and
180°C, until the binder is sufficiently fluid to be poured and then the binder is poured into a
mold (usually aluminum or silicon). The exact shape and dimension of the sample depends of
the particular test. The sample is then typically allowed to cool until it reaches ambient
temperature. The excess material at the top of the specimen is trimmed using a hot metal
blade. The DTT, BBR and fracture test specimen and mold assemblies must be placed in a
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cold environment until stiff enough to be demolded (typically 5 min in a freezer at 0 to –5°C).
The test specimen is then placed in a temperature-controlled environment set at the testing
temperature and left there for a prescribed period of conditioning time prior to testing
(typically one hour for most tests).

Instrumentation

Four main pieces of equipment were used for this study: the bending beam rheometer
(BBR) from Cannon, the direct tension (DTT) machine from Instron, the Dynamic Shear
Rheometer (DSR) from Rheometrics (model RAA), and a universal screw-driven Instron
loading frame. Equipment and procedural details can be found in ASTM D 7175 Determining
the Rheological Properties of Asphalt Binder Using a Dynamic Shear Rheometer, ASTM D
6648 Standard Test Method for Determining the Flexural Creep Stiffness of Asphalt Binder
Using the Bending Beam Rheometer (BBR), and ASTM D 7623 Standard Test Method for
Determining the Tensile Stress-Strain Properties of Asphalt Binder Using the Direct Tension
Tester (DTT). The notched and standard traction specimens were tested with the DTT.
The Instron loading frame was used in the present study for the measurement of
fracture toughness in the 3-point bending mode. It is composed of a loading frame, a
temperature-controlled air bath and a computer automated data acquisition component. The
frame has a maximum capacity of  500N and can be used with different sets of fixtures,
allowing material testing in traction, compression or bending modes. Schemes of the bending
fixtures used in the present study are presented in Appendix D. Only the bending mode was
used on this machine for this study, because fracture testing in traction could be done using
the DTT. The data acquisition system also resolves loads to the nearest 0.1mN.
The test specimen supports and fixtures are placed in the temperature-controlled air
chamber. The bath is capable of controlling temperature at all points between –40 and 20°C
within 0.2°C using a closed-loop liquid nitrogen cooling system. A fluctuation of 0.5°C is
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allowed when test specimens are placed in the chamber. A linear variable differential
transducer (LVDT) is mounted axially above the loading shaft to measure deflection to a
resolution of 10m, within a range of 50mm. A calibration of the displacement transducer and
load cell must be done prior to any test. The temperature must be monitored at all times using
a calibrated thermometer gauge.

Test procedures

PG grading of asphalt binders

The first experiments performed in this study were performed with the standard BBR
and DTT test devices. The TSAR program [10] was then used to combine the test results and
compute the low-temperature specification criteria (Stiffness, S and m-value, m) and the
critical cracking temperature, TCR for each binder.

Tg measurements

There is no standard method for measuring the glass transition temperature of asphalt
binders. However, different methods have been developed for other materials such as
polymers and they can be used for asphalt binder. ASTM standard E 1640 gives general
recommendations for Tg measurements using dynamic mechanical analysis. In the case of
asphalt binder, the method can be successfully implemented using the DSR with torsion bar
geometry. As explained in Chapter I, the determination of Tg requires the measurement of the
dynamic stiffness modulus, G* and phase angle,  at different temperatures. Asphalt binders
in general are known to have Tg values between -5 and -30°C approximately. Therefore, a
temperature sweep was performed from -30 to 0°C, with a 2°C increment and a 30 minute
soaking period between the measurements at each temperature.
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The torsion bar geometry is required at such low temperature to decrease required
torque to acceptable values (2,000 g-cm maximum for the rheometer used in this study). A
special procedure and special fixtures are necessary to use this geometry. The detailed test
procedure is described by Marasteanu [2].

KIC and JIC measurements

The test method for determination of KIC values of various materials is thoroughly
described in ASTM standards E399-90 and E1820-99. These recommendations were initially
developed for metals and had to be adapted to asphalt binders. Different geometries can be
used for KIC testing. Two of them were found to be compatible with the available equipment:
double-notch traction and simple-notch bending beam modes. Traction testing was done on
the DT machine and bending tests were performed using the Instron loading frame.

Test specimen preparation

The preparation of the beams for fracture tests in bending mode was taken from the
BBR test sample preparation procedure. The only difference is the introduction of a notch on
the base piece of the mold in order to modify simple rectangular BBR beam into notched
fracture beams. Schemes and dimensions of the bending sample and mold pieces are
presented in Appendix D.
The sample preparation method for fracture test in traction test was adapted from the
DT test sample preparation procedure as described in ASTM D 7623. Again, notches were
added at the middle of the mold sides shown in Appendix D. Sample de-molding was done
according to standard methods (BBR for bending mode, DT for traction mode).
The notch tips had to be sharpened using a razor blade, Appendix D. It is well-known
that the radius of curvature at the crack tip influences the fracture toughness of a material.
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Therefore, sharpening the crack tip is a crucial preliminary step in any fracture test. It is
widely done in fracture testing of all materials [15].
Different methods exist to sharpen a crack, such as fatigue pre-cracking for metals,
but using a razor blade seemed the most appropriate method for asphalt binders. Another
advantage of this crack sharpening method was to precisely and accurately control the initial
crack length. A special aluminum piece with slots of different depth was designed to sharpen
the crack tip at the exact desired depth. Schemes of this device are presented in Appendix D.
the preformed notches were applied with the razor blade and the test specimen at ambient
temperature once the test specimen had cooled to room temperature. Finally, once the test
specimen is ready, it put in the temperature-controlled potassium acetate bath at the testing
temperature for 1 hour  5min.

Sample testing

For both loading modes, the principle of the KIC measurement is the same. A test
specimen is loaded (either in traction or in bending) up to failure. For the vast majority of
fracture test that were performed in this study, the chosen loading rate was 0.2mm.s-1. The
simple or double notch is designed to concentrate stresses so that failure occurs always at one,
well-defined point along the beam, in a controlled manner. Load and displacements are
recorded during the whole loading period.

Measurement of relaxation moduli

The principle of measurement of binders’ relaxation moduli is identical to a regular
DT test. The equipment, sample geometry and testing procedure are the same. The only
difference is that this traction test should be performed at the same loading rate than the
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corresponding fracture test (0.2mm.s-1), since it is supposed to estimate the ability of the
binder to relax stresses at a certain temperature and loading rate.
The derivation of a relaxation modulus curve requires a special data analysis, which
will be fully detailed in Chapter 4.

Test results

PG Gradation

All binders were systematically tested on the BBR and DT at –12°C. Depending on
the results of this first measurement, the test temperature was then increased or decreased by
6°C in order to bracket the critical values of 300MPa for S(60s) and 0.3 for m(60s) (see
chapter I.). in total, each binder was tested at three different temperatures: -12°C, -18°C, and
–6°C or –24°C, depending on the binder.
All values of S(60s) and m(60s) are presented in Appendix E. This PG binder grades
determination was made at the Pennsylvania Transportation Institute (PTI) in duplication of
tests done by Ergon in their own laboratories. Different classical low-temperature
specification criteria were derived from the values obtained both in PTI and Ergon
laboratories. These parameters will be discussed in Chapter 4.
As recommended by test standards, two repetitions were done for each BBR test and
six for each DT test. Coefficients of variations on S(60s) measurements did not exceed 10%
for, except for one value at 16% (binder RSL, -18°C). Coefficients of variation on m(60s)
measurements were even lower (<6%). For both tests, these repeatability levels can be
considered as acceptable.
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Fracture testing

Choice of a loading mode

Figure 9. Influence of loading on KIC measurements

As presented in Figure 9, these preliminary tests performed on the two core asphalts
AAG and AAM show similar trends in the measurements of KIC in both modes. The obtained
values of KIC are of same order of magnitude, although values in bending mode seem to be
consistently higher than values in traction mode.
As mentioned above, two different loading modes were considered for this study on
fracture properties of asphalt binders. It would have been to time- and material-consuming to
duplicate all fracture tests in the two modes. That is the reason why preliminary testing was
done in both modes to determine which one to choose for the extensive testing campaign.
Repeatability of both methods was also determined. Tests on series of 20 replicates
gave coefficients of variation of 11% for the traction mode and 16% for the bending mode.
This study only concerns the preliminary measurements. Repeatability is likely to have
increased as the operator became more experienced with fracture testing.
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After close examination of these preliminary results, it was decided to execute all
fracture testing in traction mode. This choice was founded on the following arguments:
1. The test equipment is more recent and user-friendly. It is also used to perform DT
tests, and the same procedure can be easily adapted to fracture testing in traction
mode. The liquid bath also allows a more precise temperature control.
2. The operator had extensive experience of DT testing. He was very familiar to the
use of the DT traction equipment. As fracture testing follows a very similar
procedure, it may explain why a better repeatability was observed in traction.
3. The preliminary test results seem more conservative in traction.

Calculation of KIC

For all binders, fracture toughness KIC was determined at three different temperatures.
All asphalt binders were systematically tested at –12°C and at their Tg. The third testing
temperature was set at Tg+6 or Tg+12. For all binders and all temperatures, fracture tests were
run with three different notch sizes: 1.5, 2.25 and 3mm.
Typical fracture loading curves are displayed in Figure 10 and Figure 11. Fracture
toughness can then be derived using the following formula, derived from equation (II.6):

K IC 

a
 f 
B W
W 
P

(III.1)

where:
KIC = fracture toughness (Pa.m1/2)
P = Fracture test maximum load (N)
B = Specimen depth (m)
W = Total width of the sample (m)
a = Initial crack length (m)
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As mentioned in chapter 2, non-dimensional functions f are detailed in Appendix 1
for both bending and traction loading modes [4]. ASTM Standard E399-90 defines different
criteria of validity for the measurement of fracture toughness. One of them was stated in
equation (II.8). Another is given by the following condition:

PQ
Pmax

 1.10

(III.2)

where PQ and Pmax are graphically defined in Figure 12.
The testing program resulted in a wide variety of loading curves. Some were linear
and respected inequality (III.2) (see Figure 10). Other obviously did not (see Figure 11).
These qualitative observations indicate that the validity of linear fracture mechanics to
characterize fracture properties of asphalt binders is questionable. This problem will be
assessed in chapter 4.
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Figure 10. Linear stress-strain curve with minimal time dependency

Figure 11. Curvilinear stress-strain curve showing time-dependency
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Figure 12. Graphical measurement of PQ and Pmax for different types of loading curves [4]

Repeatability.

Each fracture test was repeated on five replicates. One replicate was systematically
removed from the analysis, based on the judgment of the operator. Most of the time, this
operation allowed the elimination of a fracture test giving an abnormal loading curve or K IC
value. Consequently, the fracture testing gave very satisfactory repeatability. Around 50% of
the KIC measurements have coefficients of variations smaller 10%and 75% smaller than 15%.
This repeatability is comparable, or even better than what can be obtained for the DT test. All
measured values of KIC for all temperatures and all notch sizes are presented in Appendix G.
Elastoplastic and viscoelastic analyses of fracture data do not require any additional
testing. Values of KIC, JIC and JVC at all test temperatures are presented in Appendix H. The
derivation of these new parameters will be presented and explained in chapter 4.

40

Tg measurement
The glass transition temperature is a crucial parameter in our study. Many fracture
tests depend on the prior measurement of Tg to determine the testing temperature. It is also a
very important parameter in the analysis of fracture data. The determination of Tg was done
for binders. The obtained values are gathered in Appendix H. Figure 13 shows the graphical
determination of Tg from the results of dynamic temperature sweep in the DSR torsion bar
geometry. Torsion Bar Test Specimen Preparation and Testing are described in Appendix B:
Torsion Bar Test Specimen Preparation and Testing.
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Figure 13. Typical dynamic temperature sweep for determining the peak in loss modulus for the
determination of Tg
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Chapter 4
Data analysis

Introduction

Data obtained from laboratory testing were analysed using different approaches:
rheological and strength analysis (Superpave criteria) and fracture mechanics. Both
approaches were introduced in the literature review (chapter I). Linear fracture mechanics
(LEFM) was used in first approximation, and different parameters such as temperature, notch
size- and loading rate-dependency were investigated to determine if LEFM is adapted and
relevant to describe low-temperature behaviour of asphalt binders. Alternative, fracture-based
analyses were then proposed and developed to take into account the material plasticity and
viscoelasticity. Finally, results obtained using each method were then compared to determine
which better represents the failure of asphalt cement at low temperature.

Analysis using Superpave PG Grading

Derivation of low-temperature criteria

As mentioned in the literature review, a new set of performance-based specification
criteria were developed during the SHRP program. Constant improvements of this new
grading system are still going on. For low temperature characterization, two main new tools
were developed: the BBR and the DT tests. These tests methods are now part of ASTM and
AASHTO standards and are widely used in the United States as part of the SUPERPAVE
grading system.
Historically, different criteria were used to define the binder critical low-temperature
specification. These criteria are listed below:
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1. Temperature at which S(60s) = 300MPa. We will call this critical value TS. It is
derived from BBR test results.
2. Temperature at which m(60s) = 0.3. We will call this critical value Tm. It is derived
from BBR test results.
3. Temperature at which the material strength at failure is equal to 1%. We will call
this critical value T1%. It is derived from a series of DT tests.
4. Temperature at which thermal stresses exceed the material strength. This criterion
combines BBR and DT test results (see chapter 2.). We will call it Tcr.
Each of these criteria can be derived from the BBR and DT tests that were performed
in the present study. As presented in chapter II, BBR and DT tests were run at three different
temperatures. TS, Tm and T1% can be easily derived from these data by linear interpolation
on logarithmic scale Figure 14. Values for TS and Tm were determined similarly.The
determination of Tcr is more complex and requires the use of the TSAR software. The
calculations were done for all binders and the results are presented in Appendix F.

Figure 14. Example of the determination of T1% for Binder YSL by linear interpolation in log
scale.

43

Comparison with values from Ergon

Ergon has duplicated BBR and DT tests in their binder-testing laboratory. All results
are presented in Figure 15 and Figure 16. BBR tests were run at –12°C and –18°C in both
laboratories, which allowed us to run the same analysis on both data and directly compare the
obtained critical temperatures. It appears that BBR S and m-values obtained in Ergon and PTI
laboratories are close: mostly within 10% for S-values and 5% for m-values, . A few
measurements show inter-laboratory differences of 20 to 25%, these tests were replicated in
PTI to verify the measurement. This good reproducibility of the BBR test comforted us in the
validity of test results.
DT test data were more delicate to compare. As a matter of fact, Ergon measurements
were done with a temperature increment of 3°C. PTI measurements were done in agreement
with the Superpave recommendations with 6°C increments. Consequently, the data cannot be
directly compared, . It appears for all binders that values obtained by Ergon are lower than
those obtained in PTI. Also, for some binders (CSL, ESL, GSL, PSL, RSL, TSL), Ergon
strain at failure values increase linearly or even tend to level out with increasing temperature.
This does not correspond to the usual behavior of asphalt binders.
Some tests were replicated to verify the measurements and always confirmed the
initial measurements. These observations lead us to the conclusion that results obtained in PTI
are valid.

First correlations

The different criteria were first tested for correlation. Correlation was also investigated
between Tg and the different criteria. Obtained R squared values are all displayed in Table 2.
High R-squared coefficients were observed between the different Superpave criteria (between
0.85 and 0.92). Fairly good correlations were also observed between the criteria and the
binders Tg values (between 0.71 and 0.9) for the different binders.
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Figure 16.: Comparison of Ergon and PTI BBR test results

Such good correlations are usually not systematically observed, especially for
polymer-modified binders. For that reason, we tried to run the same correlations without the 2
core, unmodified asphalts AAG and AAM. All 9 other binders contain polymer.
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Figure 17. PTI and Ergon DTT test results for AAG at -12°C

Figure 17 also clearly shows that binder AAG has a very different behavior at low
temperature. It is much stiffer, its Tg value and Superpave critical temperatures are much
higher. As a consequence, this binder could act as an outlier and have a dramatic influence on
the R2 analysis.
The new R2 values are lower, but remain high between the different Superpave
criteria (between 0.74 and 0.92). On the contrary, correlations coefficients with Tg values
decrease very significantly (R2 values between 0.52 and 0.71).
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Table 2. Correlations between the different Superpave criteria and with Tg values

TS

Tm

T1%

Tcr - 10

Tg

TS

(1.00)

0.87

0.85

0.85

0.9

Tm

0.74

(1.00)

0.85

0.88

0.79

T1%

0.84

0.83

(1.00)

0.92

0.73

Tcr - 10

0.83

0.78

0.92

(1.00)

0.71

Tg

0.71

0.55

0.61

0.52

(1.00)

Note: Unshaded cells represent correlations on all 11 binders (including
AAM and AAG). Shaded cells represent correlations on Ergon polymermodified binders only.

Based on results shown in Table 2, it can be concluded that the different Superpave
criteria are fairly correlated. As a general rule, binders with high Tg values are stiffer (high
TS), tend to have pour stress-relaxation properties (high Tm) and to be more brittle (high T1%
and Tcr). In average, TS and T1% are approximately equal to Tg-4°C. Tm is a more restrictive
criterion, equal to Tg-6. These results are very approximate, since correlations with Tg values
are not evident.
Polymer-modification and other binder-specific properties also play a role in the low
temperature behavior of asphalt binders and complicate its prediction. They may explain why
the different criteria give different rankings for the eleven considered binders.

Discriminating power

A good grading criterion should be based on an analytical approach and the
measurement of real intrinsic material properties, rather than descriptive, empirical
parameters. With that respect, the Superpave PG grading system has been a real improvement.
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The BBR test reflects the rheological behavior of binders at low temperature. DT stresses and
strains at failure are not material properties because they depend on the sample geometry, but
they seem to be well related to the material strength.
To be efficient as a specification criterion, a parameter must also be able to discriminate
binders. Appendix F gives interesting insights on this capacity for the different Superpave
criteria. It reveals that TS values of 4 binders (TSL, NSL, GSL, YSL) are within 1°C. Tm
values for the same binders are within 0.5°C. Four other asphalt binders (RSL, CSL, AAM
and ASL) also have very close TS values, as might be expected given that they were graded
on the basis of TS.
T1% seems to be a more discriminating criterion but seems to be generally less severe than Tm.
Binders are dispersed over a wide range of critical temperatures (from –18 to -4.2°C). Tcr is
also the most severe criterion.
As a conclusion, from a theoretical point of view and including Direct Tension data,
accounting for the strength of the binder, improved the performance the Superpave low
temperature specification system. The latest criteria (T1% and Tcr) allow a good discrimination
between binders. However, discrepancies in the rankings of the different criteria indicate that
further improvements are necessary. Unfortunately, because of the added complexity of the
Tale 1requirement, this version of the specification has not been widely accepted.

Investigation of Linear Fracture parameters

Fracture mechanics offers an interesting alternative to the Superpave approach. The
limits of its relevance and applicability to the characterization of asphalt binders remain to be
defined.
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Statistical investigation of the influence of notch size and temperature

A statistical analysis of the fracture testing results was performed to estimate the
influence of various parameters of the fracture properties of the considered binders. As no real
mathematical model can be proposed at this point, a classical analysis of variance (ANOVA)
was chosen as upon which statistical model. The response parameter was set to be the
measured KIC values. The ANOVA factors are: binder nature and initial notch size.
Temperature was introduced in the model as a covariate and not as a factor because all
binders were not tested at the same temperatures. Binder was considered as a random factor
and notch size as a fixed factor. The statistical analysis included 5 observations per cell, as
five replications were done for each KIC measurement (see chapter II.).
Complete ANOVA synthetic results are shown in Figure 18, Figure 19 and Figure 20.
All hypotheses upon which the statistical model is based (normal distribution of residuals,
independence of observations, constant variance) were verified. Outliers were identified and
eliminated by using the studentized deleted residuals for the ANOVA. The analysis of
variance table confirms that temperature and binder nature have a definite influence on KIC.
The inferences concerning these parameters are strong, as the corresponding F-tests give pvalues equal to 0.000. This result is not surprising and confirms the fact that fracture of
asphalt is temperature- and binder-dependent.
A more interesting result concerns the influence of initial notch size on KIC. Even
though the corresponding p-value is quite small (p = 0.089), the F-test rejects H0 and leads us
to the conclusion that influence of initial notch size is not significant at a 95% confidence
level. Notch size as a factor accounts for very few adjusted sums of squares (1169.1)
compared to the other factor (binder: 206074.5), the covariate (temperature: 72294.3) or even
the error (200044.6). Therefore we can conclude that there is no clear influence of notch size
and KIC measurements.
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Figure 18. Regression analysis, General Linear Model (GLM)
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Description of the influence of temperature and Tg

It was just confirmed that temperature has an impact on binders KIC values of asphalt
binders. However the ANOVA provides little information about the nature or the qualitative
and quantitative effect of this influence. The positive covariate regression coefficient tends to
indicate that KIC increases with temperature. But for instance it does not tell whether there are
any interaction effects between temperature (covariate) and binder nature (factor) on the
prediction of KIC. Figure 21 is a plot of measured KIC versus temperature for all binders.
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Figure 21. Influence of temperature on KIC measurements

It does not show any clear similarities between the influences of temperature on KIC for the
different binders.
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Figure 22. Influence of temperature on KIC measurements referenced to Tg

One way to study the possible interactions between temperature and binder nature is
to make the hypothesis that glass transition has an influence on fracture properties of binders.
To verify this supposition, it is then interesting to consider the same plot initialized at T g (see
Figure 22). This transformation accounts for the effect of binder nature and allows us to see
more clearly the effect of temperature on KIC values. We can make the general observation
that KIC tends to increase with temperature for all binders, and confirm in Figure 22 the
inference made from the statistical analysis.
However, all of the binders show some but different temperature dependency. For
some binders, KIC is almost constant. For others, it increases steadily, or starts increasing
dramatically for T > Tg+6°C. This clearly confirms the presence of interaction effects between
binder nature and temperature. Although the curves are not completely normalized by this
transformation of the x-axis, the temperature at which KIC changes from a relatively small
temperature dependency to a more distinct temperature dependency is more clearly
delineated. This behavior confirms Tg as a reference temperature and implies that the low-
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temperature properties of asphalt binders should be compared at temperature that are relative
to Tg.
To determine which are the governing parameters of the fracture behavior of binders,
a more complete study is required. A wider range of temperature bracketing Tg should be
investigated. Other parameters, such as polymer-modification and chemical composition of
the different binders, should also be included in the model. Unfortunately, such information
was unavailable for the considered series of binders.

Validity of LEFM approach - Influence of loading rate

The influence of temperature on binders fracture parameter KIC was just confirmed by
the above analysis. As temperature increases, a progressive increase in fracture toughness is
observed. On the other hand, binders are well known to exhibit more and more viscoelasticity
as temperature increases and the material comes further from its glassy-state region. At higher
temperatures, non-linearity and plasticity are also more likely to occur, as the material softens.
Figure 23 gives a comparison of two loading curves at different temperatures for the same
binder. At low temperatures, loading curves are close to straight lines and the behavior of the
binder is primarily elastic. At higher temperature, loading curves are no longer linear, as
plastic flow or viscous relaxation keep loads and stresses low. These observations are a first
indication that LEFM may not be acceptable for describing binder fracture properties at all
temperatures.
As mentioned in chapter 2, different criteria were developed to define the limits of
validity of linear fracture mechanics. It was established that the condition defined in equation
(III.2) are not respected for all binder KIC measurements made at their highest test
temperature.
The other criterion, defined in equation (II.8) requires the determination of the yield
stress YS. Yield stress is defined for a wide range of materials as the maximum stress that the
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material can reach before it starts enduring permanent, plastic deformations. Hesp [31] made
attempts to measure the yield stress of asphalt cements using a simple compression test on
cylindrical samples. He concluded that YS should be included in the analysis of the fracture
behavior of binders.
However, there is no known method for measuring a true time-independent yield
stressfor asphalt binders. As a matter of fact, it remains to be proved that binders exhibit a
true yield stress - the same yield behavior in traction and compression, as implicitly assumed
by Hesp. Given these comments, the influence of loading rate on the measurement of YS was
not pursued in this study. Rate-dependency is a strong indication that the material is
viscoelastic, not elasto-plastic. In that case, as loading rates increases, less time is allowed to
the binder to relax stresses and the apparent measured value of YS will be higher.
Consequently, this value no longer describes the yield (or plastic flow) capacity of the
material but its ability to relax stresses with time. It does not correspond to the definition of
yield stress used in equation (II.8). Therefore, this equation is not relevant in the case of a
viscoelastic material.
Although no measurements of YS could be performed in the present study, the effect
of rate dependency on KIC was investigated. However, Rate dependency was investigated on
KIC fracture tests. Fracture toughness was measured for binder AAG at three different
temperatures and for three different loading rates.
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Figure 23. Influence of temperature on direct tension loading curve (binder TSL)

Figure 24 clearly shows that loading rate has a dramatic influence on KIC
measurements. As a consequence, all KIC values presented in chapter 4 are only valid at the
corresponding loading rate (0.2mm/min).
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Figure 24. Influence of elongation rate on tensile strength

Figure 25. Influence of temperature on KIC at different loading rates
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Figure 25 also indicates that the rate-dependency of KIC measurements is not the same
at all temperatures. At low temperature, (T = Tg = -12°C for binder AAG), KIC is almost
constant with loading rate. On the contrary, KIC increases dramatically as loading rate drops.
This observation is not surprising and is supportive of our analysis. It confirms that asphalt
binders can be considered as purely elastic at very low temperature, and their rate-dependency
is negligible. At higher temperature, viscoelasticity is preponderant and KIC values vary with
loading rate.
KIC measurements were too time- material-consuming to be carried out for all binders
and temperature at different loading rates. However, tests performed on binders AAG, AAM
and ASL shows similar results.

As a conclusion based on the above, low service temperature (-30 to 0°C)
corresponds to a dramatic change in rheological properties. As temperature rises, behavior
passes from elastic to viscoelastic. These alterations have an impact on fracture properties and
their analysis. As the properties of the asphalt binder become time-dependent, it is no longer
possible to separate the effect of plasticity from stress relaxation and the domain of validity of
LEFM cannot be determined by the classical criteria.
Alternative analyses are needed to take plasticity and viscoelasticity into account.

Alternative analyses

EPFM

As mentioned in chapter 2, EPFM must be used when the plastic region at the crack
tip becomes too important. In chapter 3 it was decided that the double-notched traction
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geometry would be used for the present study. Therefore, no measurements of CTOD could
be done. Thus elastic-plastic fracture theory was applied using the J-integral formulation.

Calculation of JIC values

Different definitions and corresponding measurement methods exist for JIC. The
simplest, most intuitive one is to consider the J-integral as the non-linear energy release rate
defined in equation (II.10).
In the case of a traction fracture test, Rice [6, 27] and Anderson [25] defined JIC as
follows:

J IC  

1 dU T
B da

(IV.1)

Where:

J IC  non-linear energy release rate (J/m²)
B = Sample thickness (m)
a = initial crack length (m)
UT = Total strain energy (J), area under the loading curve up to failure.

Figure 26 presents the successive steps to follow to calculate the energy release rate J.
Simple traction tests are performed on notched samples with different initial notch depth. In
fact these tests are exactly the same that we used to calculate KIC. Therefore, measurement of
JIC did not require any additional testing, but only the development of a new data analysis.
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Figure 26. Principle of the laboratory measurement of the J-integral [4]

Sumpter [26] gave an experimental method for the laboratory determination of JIC.
Applied load P is first plotted versus displacement, , as in Figure 26.a. As show in Figure
26.b, the total strain area (up to failure) Uc is then calculated for each fracture tensile test, and
plotted versus the initial notch size. It is then assumed that this fracture energy decreases
linearly with the notch size. This assumption implies that a single value of J IC (independent of
a) is defined by equation IV.1. This is also equivalent to assuming that the graph presented in
Figure 26.b is linear at failure.

The calculation of JIC by this method can be done with a simple Excel worksheet. Figure 27
presents the linear regression used to obtain JIC values. Appendix H gathers JIC values
calculated for all binders, at all testing temperatures.
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Variability in JIC values is greater than for simple KIC measurements. This difference
is due to the mode of calculation of JIC, involving derivation of the area under the loading

dU c on the shape of the loading curve, whereas KIC only
curve. Therefore JIC is very dependent
depends on the maximum load.

da
1

Influence of temperature

Unfortunately, it was not possible to conduct a statistical investigation of the
influence of parameter like temperature or binder nature on JIC values, as it was done for KIC
values. In fact, strain energy values calculated as the area under the loading curve had to be
averaged on the five repetitions. Consequently, there is only one unique measured value of JIC
for each binder and temperature. A statistical analysis with one observation per cell is
possible but very limited and the resulting analysis would be meaningless. JIC values were
plotted versus temperature for all binders, as displayed in Figure 28.
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It appears clearly that JIC for a given binder increases with temperature. This tendency
was already observed for parameter KIC, but it is much more significant here: over a range of
temperature of 10 to 12°C, KIC can increase by a factor of 2, whereas JIC can be multiplied by
100 or more.
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Figure 28. Influence of temperature on JIC measurements
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Figure 29. JIC versus temperature normalized to Tg

When JIC was referenced to Tg, the observations and conclusions were madeas were
made when a similar referencing was done for KIC and the same comments apply. Values of
JIC vary with the different binders but Tg, or roughly Tg + 6°C does appear to be a transition
temperature at which the temperature-dependency of JIC changes. The different binders have
different JIC values at Tg, and the increase in JIC with temperature is also binder-dependent
(see Figure 29).

Relation between KIC and JIC values
Figure 30 presents a plot of all JIC values versus GIC values, calculated from KIC.
Elastic modulus of the binder was taken as the initial slope of the stress-strain curve and
Poisson ratio was taken equal to 0.3.
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Figure 30. Comparison of linear and plastic energy release rates

In the case of a linear elastic material, JIC should equal GIC, the linear elastic energy
release rate, defined in equations (II.3) and (II.4). It is then directly related to KIC by equation
(II.7) and all points in Figure 30 should line up on the equality line.
However, it appears clearly that the measured values of J IC are systematically higher
the values of GIC predicted by LEFM calculations. This finding is another confirmation that
the vast majority of the fracture tests in the present study violate the basic hypotheses of
LEFM. Energy-dissipating phenomena take place, inducing the measurement of greater J IC
values. As well the analysis shows that this energy dissipation is more important at higher
temperature.

Influence of loading rate

Unfortunately, a full investigation of the influence of loading rate on measured J IC
values could not be carried out. As mentioned for KIC, it would have been too time-consuming
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and material-consuming. However, curves displayed in Figure 24 and Figure 25 give an
indication that released strain energies increase dramatically when loading rate is decreased.
Although it was not verified by any experiment, it seems reasonable to imply that J IC
measurements would also be influenced by a variation in loading rate.
We can conclude that new evidence was found of the importance of time-dependency
in asphalt binders fracture properties. Consequently it seems relevant to consider a new
fracture analysis that takes viscoelasticity into account.

TDFM

This new data analysis is based on time-dependent fracture mechanics principles
described in Chapter 2. Concretely; it is nothing but a numerical transformation of the EPFM
analysis.

Calculation of JVC

The derivation of the viscoelastic energy release rate JVC is very similar to the
calculation of JIC. In fact it is exactly the same, except for some preliminary steps.
Shapery [7] bases his viscoelastic fracture approach on the calculation of pseudostrains defined in equation (II.12). This equation allows us to calculate these pseudo-strain
values at any instant t, provided that the relaxation modulus curve E() is known at all instant
 between 0 and t.
Therefore, the calculation of this relaxation modulus was our first task. It was done
using a modified Direct Tension test. This experiment is exactly similar to a conventional DT
test, except that it was performed at the same loading rate as the fracture tests (0.2 mm/s). We
could then derive successively the stiffness secant and relaxation moduli, using the following
equations:
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F t  

 t 
 t 

(IV.2)

where:
F = secant modulus (Pa),
t = time (s)

  stress (Pa)

  strain (m/m)

 d logF t 
E t   F t   1 
d logt  


(IV.3)

where:
E = relaxation modulus (Pa)
F = secant modulus (Pa),
t = time (s)
Equation (IV.3) is known as Thor Smith’s equation [35].
The relaxation curve had to be determined for each binder, at each fracture testing
temperature. Then, given the fracture test actual elongation, it was possible to derive pseudoelongation values using equation (II.14). This work was done systematically using a macro in
an Excel calculation sheet, presented in Appendix C.
The result of these calculations is a transformation of the fracture load-elongation curve, of
which Figure 31.b is a typical example.
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Figure 31. (a) Example of relaxation curve, (b) pseudo-transformation of a fracture loading curve.
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As mentioned in Chapter 2, if the material is purely linear viscoelastic, the
transformed loading curve should be a straight line. The effect of stress relaxation is then
exactly compensated by the pseudo-strain transformation. One can see in Figure 31 that the
numerical transformation had the expected effect. Once viscoelasticity is accounted for by the
pseudo-strain transformation, new pseudo-strain energy release JVC rates can be calculated,
based on the new set of loading curves. This derivation is exactly identical to the derivation of
JIC from the original loading curves. Appendix H gathers JVC values calculated for all binders,
at all testing temperatures.

Influence of temperature
The influence of temperature on fracture parameter JVC is presented in Figure 32. As
it was previously observed for KIC and JIC, different binders show different values of JVC at
their Tg. JVC tends to increase with temperature and this increase is binder-dependent.
However, JVC values are systematically smaller than JIC values and the increase with
temperature seems much smaller than it was in the elastic-plastic case. This is the
consequence of the pseudo strain transformation. Because of the viscoelastic nature of the
materials, some energy is dissipated through stress-relaxing mechanisms during the sample
loading. This energy appeared in the calculation of JIC, but it is eliminated by the calculation
of pseudo-strains and is not included in the calculation of JVC.
Unlike JIC, The increase of JVC with temperature is directly related to the materials
increase in fracture toughness and its ability to resist crack propagation, regardless of viscous
stress relaxation.
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Figure 32. Influence of temperature on measured JVC values.

Relation between KIC and JIC values

JIC and JVC values for all binders were plotted together versus the linear energy release
rate GIC. In the linear case all data points should line up on the equality line.
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Figure 33. Comparison of JIC and JVC versus the elastic energy release rate.

As it appears clearly in Figure 33, it is not the case. We already mentioned that
measured values of JIC are much greater than the corresponding calculated GIC values (by 2
decades or more). A similar trend can be observed for JIC values; however, they are much
closer to the equality line, as JVC differs from GIC only by a factor of 2 to 5, depending on
binder and temperature.
The residual difference between JVC and GIC values can have different explanations:


Presence of energy-consuming phenomena, other than viscoelasticity. Typically, if
plastic, permanent deformations develop around the crack tip, it is normal that
measured values of JVC or JIC should be different from elastic GIC values. Plasticity
was the first potential phenomenon that made us consider EPFM as an alternative to
elastic fracture mechanics. It may still be observed once viscoelasticity is accounted
for.
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Underestimation of the initial value of relaxation modulus E(0). This value is a
crucial parameter of the viscoelastic analysis, since it appears in the calculation of
pseudo-strain. It is also used as an estimation of the elastic modulus E in the
calculation of GIC (see Chapter I.). Yet, this parameter is very difficult to measure
with satisfying accuracy, because it requires the proper acquisition of the secant
modulus at the very first instants of a Direct Tension test. This measurement is well
known to be very delicate.

As a conclusion, TDFM analysis gave confirmation that viscoelasticity play a major
role in the fracture behavior of asphalt binders at low temperature. Viscoelasticity cannot be
accounted for by classical elastic or elastoplastic analyses and requires a specific treatment.
JVC seems more appropriate than KIC or JIC to apply fracture mechanics principles to
viscoelastic materials because it is the only parameter to be a true material property, being
independent of both sample geometry and loading rate.

Fracture-based specification criteria

Definition

Regardless of the underlying fracture mechanics theory, different options are
available for the choice of a specification parameter. For instance, we could select a criterion
among the following:
Value of KIC, JIC or JVC at a given temperature.
Value of KIC, JIC or JVC at Tg.
Temperature at which KIC, JIC or JVC reach a specified value.
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We observed that the relation between Tg and fracture properties of asphalt binders is
not clearly established. Measurement of Tg itself is a delicate operation.
Also, the latter option is similar to the current, performance-based Superpave criteria.
They would compare easily because they all express the specification requirements in terms
of temperature.
For all these reasons, the fracture criteria will be defined as the temperature at which
the fracture parameter (KIC, JIC or JVC) reach a limiting values. These limits were chosen by
looking at Figure 33and should be further adjusted if necessary:
TK100 = temperature at which KIC = 100Pa.m1/2.
TJ100 = temperature at which JIC = 100N.m-1.
TJV100 = temperature at which JVC = 100N.m-1.
These values are easy to derive from the test results. As for Superpave criteria, T K100,
TJ100 and TJV100 were obtained by linear interpolation in logarithmic scale. All values are
presented in Appendix I.
Table 3. Correlations between the fracture-based proposed criteria and Superpave Tcr.

TK100
TK100
TJ100

(1.00)

TJ100

TJV100

Tcr100

0.80

0.64

0.62

(1.00)

0.85

0.63

(1.00)

0.81

TJV100
Tcr - 10

(1.00)

As previously done for Superpave criteria, the different fracture criteria were first
tested for correlation (see Table 3). The highest correlation coefficient was obtained TJV100
and TCR (R² = 0.85). This result tends to confirm that the criterion based on viscoelastic
fracture mechanics best describes low-temperature behavior of asphalt binders, and correlates
best with the other characterization approaches.

72

Comparison of binder rankings according to the different criteria.
Figure 34 ranks the nine considered binders according to the different selected lowtemperature criteria. Overall, fracture-based parameters lead to higher critical temperatures.
More testing is needed to determine if critical values of KIC, JIC or JVC as defined here are too
severe and need to be adapted.

Figure 34. Ranking of binders with different criteria

Conclusions regarding relative rankings

In any case, very significant differences can be observed between the different
approaches in terms of binder rankings. Superpave criterion Tcr is the most severe for all
binders. In other words, binders placed at the Superpave critical cracking temperature have
very low KIC values. In this brittle, linear elastic state, Superpave strength-oriented approach
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and linear elastic fracture mechanics provide very different rankings for binders in terms of
resistance to cracking.
Elastic-plastic and viscoelastic fracture mechanics account for energy dissipating
phenomena such as yield and stress relaxation. These mechanisms become preponderant at
higher temperature (10 to 20 degrees above Tcr), in the brittle-ductile region. Again different
rankings are observed using these new analyses criteria.
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Chapter 5
Findings and Conclusions

Findings

The present study confirmed that it is possible to measure fracture toughness of
asphalt binders using two different geometries: bending of a simple-notched beam, and direct
traction on a double-notched specimene. Even though the two methods involve different
equipment, loading modes, geometries and calculations, they lead to similar, coherent
measurements of binders fracture toughness. KIC values obtained from traction tests are
consistently higher than those obtained from bending tests, by 5 to 10%.
Repeatability (Coefficient of Variation) of both methods was approximately 10 to
15% (slightly lower for traction test: 11%). In general, fracture measurements gave more
repeatable results than the corresponding Direct Tension tests on the same binders. For
practical purposes, the double-notched traction beam geometry was selected for the complete
test programn.
A two-way statistical analysis of variance confirmed that binders exhibit very
different fracture behaviors depending on temperature and binder source. It also established
that initial crack length has no clear statistical influence on KIC values. On the contrary, even
though it was not investigated using a statistical tool, loading rate was found to play a clear
role in the fracture behavior of asphalt binders.
Fracture toughness measurements also revealed that LEFM basic requirements are
respected by asphalt binders only in certain conditions of temperature and loading rate.
Typically, all binders can be considered as linear elastic at very low temperatures, in the
vicinity of the glass transition temperature. As temperature increases, KIC values increase
progressively and binders reach the limits of validity of LEFM. At the considered loading
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rate, 0.2mm/min these limits are reached at a temperature around 6 to 12°C above the
material’s glass transition.
Alternative, fracture-based analysis tools were considered in complement and
replacement of LEFM, in the temperature region where its basic requirements and hypotheses
are not respected. EPFM principles were successfully applied to describe crack initiation
mechanisms of asphalt binders. JIC values were derived for all binders and tested temperature.
Variability in JIC values is higher than for simple KIC measurements.
This approach confirmed the dependence of fracture toughness on temperature and
binder nature. The influence of loading rate could not be investigated, but J IC tends to increase
exponentially with temperature.
Time-dependency was also successfully accounted for using TDFM principles. Timedependent energy release rate JVC could be obtained for all binders and temperatures. When
compared to JIC, JVC values are lower by a factor of 1 to 2 decades, especially at the higher
temperatures. At all temperatures, JVC values approach the calculated, linear GIC value by a
factor of 2 to 5. These results indicate that apparent non-linearity of the fracture loading curve
is mainly due to the viscoelastic nature of asphalt binders.
Different criteria were derived to describe and differentiate the low-temperature
performance of different asphalt binders. The criteria were based on the different linear,
plastic and viscoelastic fracture mechanics theories. Each criterion gave a different ranking of
the considered binders, although general tendencies were respected. When compared to the
present Superpave low-temperature criterion for asphalt binder grading, all fracture-based
criteria were found more discriminating between binders.
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Conclusions

The purpose of the present study was to investigate the relevance of fracture
mechanics as a tool to describe the mechanical behavior of asphalt binders at lowtemperature.

Test feasibility

The present work confirmed that the measurement of different fracture parameters is
possible with a decent number of repetitions (five or six). No specific equipment is required,
as existing tools, such as the Direct Tension Test machine or a simple vertical loading frame,
proved to be perfectly acceptable.
However, certain changes or simplifications in the test method and sample
preparation need to be made to improve repeatability and measurement accuracy. As a matter
of fact, fracture testing on asphalt requires a lot of care and some experience in order to obtain
acceptable data. In that respect, inter-lab repeatability needs to be investigated to determine
whether this test is applicable as a routine test.
Once data is obtained, KIC values are easy to derive from test data. The calculation of
JIC and JVC require at least three fracture tests and calculations of area under the loading curve
induces more variability. For JVC, relaxation modulus must be measured through an additional
test for each test temperature. Therefore, the application of EPFM and TDFM to asphalt
binders seems too complicated for routine, specification testing, but more appropriate as a
research tool. A simple software program for reducing the data would also simplify and
accelerate the calculation of JIC and JVC.
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Validity of the different measurements

The validity of the different fracture parameters is directly related to the general
fracture behaviour of asphalt binders. At very low temperatures, below and around its glass
transition temperature, the binder meets all the requirements for the application of linear
fracture mechanics. Its behaviour can be considered as linear elastic, as non-linearities can be
neglected. The parameter KIC is then provides an acceptable characterization. It is an intrinsic
material property, as was shown not to depend on sample geometry or initial crack length. At
these very low temperatures, KIC reaches a “glassy” plateau. This plateau and the temperature
at which it is reached depend only on binder nature (50 to 100 Pa.m1/2). More tests at very low
temperatures (below Tg) are necessary to define it more precisely. In those conditions,
Derivations of JIC and JVC are not necessary. Typically JIC values are close to the elastic
energy release rate GIC (within a factor of two or three). Pseudo strain transformation has very
little effect on loading curves (no significant viscous stress relaxation).
This study confirmed that fracture toughness highly depends on temperature and
loading rate. As temperature increases or loading rate decreases, KIC values progressively
increase differently for all binders. Loading curves become non-linear in shape, the result if
time dependent viscoelastic response. Materials can no longer be considered as linear elastic.
KIC measurements in such conditions are no longer valid. The progressive transition from
fragile, linear-elastic to viscoelastic behaviour depends on the binder nature.
At higher temperatures, JIC and JVC replace KIC as a correct descriptor of asphalt
binder fracture behaviour. Pseudo strains calculations modify loading curves in a signification
manner. In this range of temperature, energy dissipating phenomena such as viscoelastic flow
can no longer be neglected. They influence dramatically the fracture behaviour of asphalt
binders. They must be seen as two complementary tools available to account for the overall
non-linearities (JIC) or to account for visco-elastic contributions (JVC).
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Relevance as low-temperature specification criteria

As just stated, binders behave totally differently with respect to fracture depending on
temperature. A specification criterion based on KIC is acceptable only in the range of temp
where KIC values are valid. This range approximately corresponds to the values of Superpave
critical temperatures. However, this two very different approaches lead to totally different
rankings between binders. Therefore, they should be proposed as two complementary
specification criteria accounting for two different aspects of low temperature behaviour.
At higher temperatures, KIC measurements should not be considered as such. Fracture
loading curves should only be used for more elaborate analyses, accounting for
viscoelasticity. Such methods are more time-consuming and less reliable in terms of accuracy
and variability. They should not be integrated into the low-temperature binder grading system.
However, they give crucial information on fracture initiation and propagation of
binders in the brittle-ductile transition temperature range: from –20 to –5°C depending on the
considered binder. In the field, binders are subjected to all kinds of climatic conditions and
changes. These weather conditions are very frequent in winter in the USA. Elastoplastic
fracture-based analyses can provide a better understanding of mechanical behaviour in this
range of temperature, as they provide very different rankings than the linear-elastic fracture or
Superpave criteria.
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Chapter 6
Recommendations for Further Work
The following research subjects are potential developments of the present work.
Some more research efforts should be given to their investigation:
1. More KIC testing is required to better define the binder glassy state, at very
low-temperature below Tg. It seems that KIC reaches a minimum value that is
binder-dependent.
2. Fracture analysis of low-temperature behaviour should be completed with the
study of the influence of binder properties and chemical composition on the
binder fracture response. Parameters such as SARA analysis, wax content,
polymer nature and content, cross-linking should be investigated.
3. Fracture-based analysis should be extended to the investigation of the fatigue
of binders. Fatigue can be seen as a progressive propagation and coalescence
of microcracks. Fracture mechanics should be perfectly adapted to the study
of such a phenomenon. Specific analysis tools have been developed for other
materials and should be applied to asphalt binders and mastics.
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Appendix A: Dimensionless Function for Different Test Configurations
The dimensionless function f depends on the sample geometry and was determined
for several classical configurations using a finite element analysis. These expressions are
presented in the following table.

Figure 35. Dimensionless Function for Different Test Configurations [4].

85

Appendix B: Torsion Bar Test Specimen Preparation and Testing

Preliminary steps:
1. Mount the rectangular torsion test fixtures in the DSR.
2. Close the DSR test chamber and set the temperature to pre-cool chamber to 0
° C.
3. Mold Preparation - Items Needed:
4. Three brass bars each measuring 6.35 x 12.7 x 76.2mm (1/4 x 1/2 x 3")
5. Two end pieces of steel measuring 3.18 x 12.7 x 10.5mm (1/8 x 1/2 x 0.41")
6. A mixture of glycerin and talc with the consistency of a hand moisturizing
lotion
7. Mold Assembly - Procedure:
Paint the glycerin and talc mixture onto the half-inch wide side of each of the
three brass bars. Paint only enough to wet the surface with a smooth even
coating. With one bar lying as a base, place the second and third bars on it
and the two steel end pieces between them. Secure the unit with a rubber oring at each end. The end pieces are placed so that the distance between them
will determine the length of asphalt beam desired.

Specimen Preparation:
1. Place the mold and a tin of 6 – 10 grams of asphalt binder into an oven at
165°C.
2. Heat the asphalt binder for five minutes, then remove it from the oven.
3. Immediately but slowly, stir the asphalt binder to ensure homogeneity and to
dislodge any air bubbles that may be trapped beneath the surface.
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4. Pour the asphalt binder into the mold overfilling slightly.
5. Allow the molded specimen to cool to room temperature.

Trim and De-mold Test Specimen:
1. Trim the surface of the specimen with a heated putty knife.
2. Place the specimen into the freezer for five minutes. Remove the specimen
from the freezer.
3. De-mold the specimen by removing the base first, then the sides.
4. Measure and record the specimen thickness, width, and length measuring the
asphalt binder portion only. Check for visible cracks in the specimen.

Specimen Placement in Test Device:
1. Place the specimen into the lower test fixture and secure it with the hexagonal
screw.
2. Lower the upper fixture and cause the steel end piece to slide up into the
upper fixture.
3. Secure it with hexagonal screw.
4. If the specimen starts to soften during this procedure, close the chamber and
allow the specimen to cool.

Specimen Testing:
1. Condition the specimen for 30 minutes.
2. Check the normal force meter. Using the up and down buttons, zero out the
normal forces.
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3. Immediately turn on the auto-tension feature and close the thermal chamber
doors.
4. Set the desired test temperature.
5. Once the temperature stabilizes at test temperature plus or minus two tenths
of a degree, start the conditioning time.
6. At the end of conditioning time start the test and then store the results.
7. After all testing is complete, open the chamber doors, loosen both hexagonal
screws, and raise the upper fixture. Remove the specimen and prepare the
machine for the next test.

88

Appendix C: Pseudo-strain Calculations
The calculations of pseudo strains and pseudo elongations are based on the following
equations, presented in Chapter 1:

e t  
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 E t   



 e t  
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ER
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d
d
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 E t   



d  
d
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Step 1: Calculation of Relaxation modulus E(t)

Relaxation modulus is calculated using Thor Smith’s Formula:

 d logF t 
E t   F t   1 
d logt  


In an Excel spreadsheet, raw data from a Direct Tension test are entered as follows:
Time (t) in column A
Tensile strain in column B
Tensile stress in column C

The following calculations are then made:
Secant modulus in column D using the following formula: F t  

 t 
 t 

Log(t) in column E
Log(F(t)) in column FLog(F(t)) is plotted versus Log(t). A 4th degree polynomial
function is then fitted to the function Log(F(t)) = f(Log(t)), as follows:

LogF t   a0  a1  Logt   a2  Logt   a3  Logt   a4  Logt 
2

3

4
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Excel determines the best set of parameters ai automatically, by minimizing the sum of
square errors function.
Consequently, Thor Smith’s Formula [Erreur ! Source du renvoi introuvable.]
becomes:



E t   F t   1  a1  2a2  Logt   3a3  Logt   4a4  Logt 
2

3



Step 2: Calculation of pseudo strain
All fracture tests were run at constant strain rate.
Consequently, the pseudo-strain can be expressed as follows:


 t  
e


ER

t

 E t   d



Where:


 is the fracture test strain rate
ER = E(0)

The last step of the calculation is the integration of the relaxation modulus.
In order to prepare this calculation, the following data must be pasted on an Excel
spreadsheet:
Relaxation modulus E in column B
Fracture test time t in column D
ER in cell F1
Fracture strain rate

This integration is done using the following Excel macro programmed using Visual
Basic:
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'Variables declaration
Dim i, j, k, l As Integer
Dim t, t2, integrale, deltae As Double

Sub main()
ThisWorkbook.Sheets ("Relax").Activate

For i = 1 To 2000
If Cells(i, 4) <> 0 Then
k=i
End If
If Cells(i, 2) <> 0 Then
l=i
End If
Next i

For i = 2 To k
t = Cells(i, 4)
integrale = 0
For j = 2 To l
If Cells(j, 1) < t Then
integrale = integrale + (Cells(j + 1, 2) + Cells(j, 2)) * (Cells(j + 1, 1) - Cells(j, 1)) /
2
End If
Next j
Cells(i, 8) = integrale
Cells(i, 9) = integrale * 0.2 / (Cells(1, 6) * 60)
Next i
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End Sub

A a result of this routine, the pseudo strain for the considered fracture test is
calculated in column I.
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Appendix D: Notched Specimen Mold Photographs and Schematics
Schematics of the molds used to prepare bending and tension fracture samples are
presented in Figure 36and Figure 37. The preparation of the notched beam sample is similar
to the preparation of a BBR sample. The preparation of a double-notched traction sample is
similar to the preparation of a DTT sample. Pictures of the molds are presented in Figure 39.
The molds must be assembled as in Figure 41. A release agent (glycerin+talc) must be used.

Figure 36. Side pieces for notched traction mold
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Figure 37. Mold pieces for notched beam mold

Once the sample has been molded, the notch tips must be sharpen using a razor blade.
The sample and mold side piece are inserted in a jig presented in Figure 38. In the case of the
notched beam sample, an extra BBR mold piece is required to support the sample into the jig.
The notch is centered at the bottom of a transversal slot where the razor blade can be inserted
to sharpen the crack tip. Different slot are designed for different notch sizes.
Te sample is then removed from the jig and placed at the testing temperature for 1hour.
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Figure 38. Jig for sharpening tip of crack
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Figure 39. Photograph of molds used to fabricate Notched Beam and Traction Test Specimens.

Figure 40. Fixture Used to Sharpen Crack Tip.

96

Figure 41. Assembled molds for fracture samples (bending mode on the left, tension mode on the
right)
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Appendix E: Pennsylvania Transportation Institute and ERGON Test Results

Table 4. Ergon DTT and BBR Test Results.

DT εf
(%)

Test Property
Test
Temperature

-9°C

BBR S(60s)
(MPa)

-12°C

ASL

BBR
m(60s)

-15°C

-18°C

-24°C

-12°C

-18°C

-12°C

-18°C

0.85

0.57

0.5

158

339

0.343

0.290

CSL

2.41

1.19

0.28

213

0.49*

0.339

0.278

ESL

0.57

0.56

0.34

234

425

0.303

0.214

GSL

2.46

0.91

1.01

133

291

0.353

0.301

NSL

1.08

0.51

0.45

141

278

0.357

0.288

PSL

1.38

1.24

0.75

172

396

0.336

0.284

RSL

1.09

0.91

0.45

286

444

0.299

0.246

TSL

1.75

1.33

0.72

139

287

0.365

0.291

YSL

1.82

1

0.61

132

262

0.356

0.287

*experimental error

Table 5. Penn State BBR and DTT Test Results

Test Property
Test
Temperature

S(60s) (MPa)
-6°C

-12°C

-18°C

ASL

68

168

CSL

83

ESL

136

m(60s)
-21°C

-6°C

-12°C

-18°C

-21°C

435

0.411

0.349

0.274

214

482

0.425

0.344

0.249

286

530

0.332

0.287

0.227

GSL

140

261

575

0.345

0.286

0.230

NSL

144

287

543

0.341

0.288

0.227

PSL

85

179

364

0.401

0.331

0.272

RSL

114

235

473

0.328

0.289

0.228

TSL

138

292

557

0.351

0.286

0.231

YSL

131

267

520

0.338

0.287

0.236
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Table 6. Penn State DTT Failure Stress and Strain Test Results

Property
Test
Temperature

-18°C
-6°C

Tensile Strength (MPa)

Strain at Failure (%)

S(60s) (MPa)

m(60s)

-12°C

-21°C

-6°C

-12°C

-18°C

-21°C

ASL

2.35

3.61

3.93

5.7

2.4

1.0

CSL

2.7

3.29

2.79

5.4

1.3

0.4

ESL

2.79

3.27

2.80

1.6

1.0

0.4

GSL

3.54

4.72

4.15

3.5

1.5

0.6

NSL

2.57

3.23

3.42

1.8

0.9

0.5

3.41

5.5

2.8

1.0

0.5

1.8

1.1

0.5

PSL

3.48

4.23

4.48

RSL

2.29

3.25

3.18

TSL

3.53

4.90

4.81

3.9

1.5

0.8

YSL

3.21

4.08

4.57

3.4

1.4

0.8

99

Appendix F: Critical temperatures derived from analyses

Table 7. SUPERPAVE low-temperature specification criteria for all binders

Binder

TS

Tm

T1%

Tcr + 10

Tg

(°C)

(°C)

(°C)

(°C)

(°C)

AAG

-6.6

-4.9

-7.5

-4.2

-11

ESL

-12.8

-9.9

-11

-8.5

-19

RSL

-14.1

-9.8

-11.9

-9.6

-18

CSL

-14.6

-14.7

-13.8

-12

-18

AAM

-14.7

-12.6

-16.2

-15.1

-19

ASL

-15.7

-15.9

-17.7

-12.8

-22

PSL

-16.4

-15.2

-18.4

-16.2

-20

TSL

-18.5

-16.9

-21.7

-17.5

-21

NSL

-18.6

-16.5

-17.2

-14.5

-23

GSL

-18.7

-16.6

-20.8

-18

-23

YSL

-19.2

-16.5

-21.5

-6.5

-24
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Appendix G: Measured KIC Parameters.
Table 8. Measured KIC values for all binders, tested temperatures and initial notch sizes

Binder
Source

Test
Temperature
(°C)

KIC
T-Tg
(°C)

Notch Length, a (mm)
1.5

2.25

3.0

-22

0

76.3

92.2

88.7

-16

6

112.2

118.1

121.6

-12

10

135.8

143.9

158.3

-18

0

49.5

53.4

65.8

CSL

-12
-6
-19

6
12
0

43.6
114.1
52.3

45.8
123.3
49.5

45.0
137.7
56.8

ESL

-12

7

47.6

51.2

53.0

-7

12

63.1

64.8

65.0

-24

0

92.4

95.6

94.2

-18

6

99.6

107.4

111.7

-12

12

170.9

157.7

173.4

-23

0

91.9

91.5

98.9

-17

6

103.8

95.1

98.7

-12

11

98.5

102.1

106.4

-20

0

73.5

62.1

63.1

-12

8

84.7

116.6

87.2

-8

12

100.5

102.0

100.8

-18

0

83.3

80.6

86.0

-12

6

99.4

88.4

87.3

-6

12

82.6

85.0

80.2

-21

0

78.6

93.9

89.2

-15

6

93.3

101.4

92.7

-12

9

149.7

149.8

170.5

-23

0

104.8

105.3

96.6

-17

6

98.2

105.4

111.6

ASL

GSL

NSL

PSL

RSL

TSL

YSL

-12
11
121
121.2
Grayed cells correspond to fracture tests that do not verify Equation 1.2.
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Appendix H: Measured Parameters KIC, JIC, and JVC compared.
Table 9. Measured values of KIC, JIC and JVC parameters for all binders and tested temperatures

Binder

Tg

Temperature

KIC*

JIC

JVC

Source

(°C)

(°C)

(Pa-m1/2)

(N/m)

(N/m)

-22

85

57

29

-16

110

268

79

-12

146

674

135

-18

56

6.7

8.8

-12

45

47

18

-6

125

2,013

201

-19

53

9.4

69

-12

51

39

15

-7

64

226

58

-24

94

61

17

-18

106

146

59

-12

167

2,703

472

-23

94

91

67

-17

99

260

148

-12

102

491

155

-20

66

111

88

-12

96

296

130

-8

101

1,028

235

-18

82

50.8

15

-12

92

351

60

-6

83

549

98

-21

87

79

62.8

-15

96

303

100

-12

157

1,682

369

-23

102

166

43

-17

105

176

55

-12

120

1,183

280

ASL

CSL

ESL

GSL

NSL

PSL

RSL

TSL

YSL

-22

-18

-19

-24

-23

-20

-18

-21

-23

*Average of three notch sizes
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Appendix I: Fracture-based low-temperature grading temperatures

Table 10. Fracture-based low temperature binder grading criteria

Binder

TK100 (°C)

TJ100 (°C)

TJV100 (°C)

ASL

-18.6

-19.8

-14.1

CSL

-6.2

-11.7

-7.6

ESL

-2

-9.5

-3

GSL

-21.6

-21.4

-17.1

NSL

-15.4

-22.7

-19.1

PSL

-9.3

-20

-17.6

RSL

-7.6

-15.8

-6.8

TSL

-17.5

-19.8

-17.6

YSL

-23.2

-24.2

-16.5
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