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Abstract

Flexural fatigue is one of the main failure modes in asphalt mixtures and
flexible pavement structures, so a good prediction of the fatigue life of the
pavement will help to develop and improve pavement design procedures.
Fatigue is a process of cumulative damage and one of the major causes of
cracking in asphalt pavements. Various factors affect the fatigue behaviour
such as: the method of construction (compaction), the loading (axle loads,
modes and patterns), the rest periods (healing effect), the material
characteristics, and finally traffic and environmental variables (temperature,

ageing, healing, etc.).

The primary research goal of this project is to understand better the fatigue
phenomenon in asphalt materials. Several approaches such as
phenomenological approach, fracture mechanics, dissipated energy methods
have been developed in research. After reviewing and critiquing the current
literature about fatigue in pavement engineering, this research project focused
on dissipated energy approaches because they take into account the
evolution of the material during a fatigue test; a comparison between the
traditional method (phenomenological approach) and several dissipated
energy methods was made by using statistical analysis. The findings from the
literature review showed a lack of statistical analyses when different sets of
data, and therefore regression lines, are compared. Therefore, the second
goal of this research project has been to introduce statistical knowledge to
pavement engineering by presenting a wider range of techniques for the
analysis of different data sets. Due to lack of information in pavement
engineering, statistics was involved in this study. Statistics includes the design
of biological experiments, the collection, the analysis and the interpretation of
data; understanding and introducing the appropriate technique to analyse
fatigue data in pavement engineering was one of the main challenges in this
project. Commonly, multiple comparisons are made by employing the Student
t test; depending on the data and on the hypothesis there is a high chance to

get a mistaken answer, and therefore a mistaken analysis and findings. This



thesis presents several multiple comparison procedures that properly suits
comparison of several sets of fatigue data in different situations.

Statistical analysis showed that, although regression lines of different sets of
data look different (graphically regression lines do not match between each
other), in many cases they are characterised by the same slope and elevation:
that means they could be represented by the same fatigue regression line
(statistically the findings are the same when different methods are used). This
was the case when different dissipated energy approaches were compared
with the traditional approach (Nf,50); dissipated energy methods graphically
show different fatigue life values because the definition of failure is different
for each method; statistically in the majority of cases the different methods are
giving a similar answer: that is the transition point from micro to macro
cracking. Thus, a phenomenological failure criterion still represents an easy
and quick way to determine the failure point.

Further research investigation involved the understanding of fatigue testing
machines; do they give the same answer in terms of fatigue? This project
gives an answer comparing simple flexural tests (such as 2 Point Bending and
4 Point Bending) with diametral fatigue tests (such as Indirect Tensile Fatigue
Test). In the first category, the stress or the strain is applied with sinusoidal
waveform until the specimen reaches the failure point; this kind of test is also
known as a pure fatigue test. In the second category, the stress or the strain
is applied using pulsating loads in a diametral direction; it tends to
underestimate fatigue life in asphalt pavements because the test is
characterised by an accumulation of permanent deformation during a test. Of
course, different categories of tests give different answers (fatigue life values);
so which one best represents the real world?

The main innovative contribution of this thesis is the development of a new
fatigue test: Indirect Tensile Fatigue Test (ITFT) in strain controlled mode. It is
a simple fatigue test with widespread use in the United Kingdom due to the
fact that it is a simple test, easily suitable for cylindrical specimens
manufactured in the laboratory or cored from a flexible pavement; this is one
of the reasons why it is often used by civil engineering firms to characterise
the stiffness and fatigue properties of asphalt materials mostly for construction

and maintenance sites.



Researchers usually tend to use strain control mode to evaluate mixes for thin
pavements (thickness of asphalt layers less than 50 mm); stress control mode
for thicker and relatively stiffer structures (thickness of asphalt layers greater
than 150 mm). Currently, the Indirect Tensile Test characterises the behaviour
of asphalt material under repeated constant load; so no ITFT data obtained in
strain control mode exists. To overcome this lack, the ITFT was developed in
strain control mode; this allows comparing of results between simple flexural
tests and diametral tests also in strain control mode. Results show that fatigue
lives obtained by means of the ITFT are smaller than fatigue lives obtained by
means of either 2PB or 4PB, this is due to the accumulation of permanent
deformation during the ITFT; however ITFT results are reliable and
statistically not different from 4PB results.

It is true that pure fatigue does not really exist in real life; failure is a more
complicated phenomenon. Thus, developing ITFT in strain control mode could
reduce the gap between research in the laboratory (where pure fatigue tests
often are used) and in the field (where experience showed that quick and
simple tests are preferred by civil engineering consultancy). As researchers,
we should not forget that the first aim is always to describe and understand
the reality and flexural fatigue is still one of the main failure modes in
pavements. As pavement engineers, we should not forget that the first aim is
to design a more efficient pavement and in order to do that we would need a
laboratory machine that better describes reality; the ITFT is a very good link

between research and reality.

Numerical quantification of the repeatability and reproducibility of the ITFT in
strain control mode needs to be obtained in order for the test method to
become a full national standard. Further testing of unusual and new mixtures
is required to ensure that the ITFT can be applicable to all mixture types. Also,
there are many areas this research could be developed such as size effect,
temperature effects, but mostly varying the loading time and rest time in the
ITFT to better understand the influence of healing for this test.
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CHAPTER 1

Introduction

1.1 The history of the paved roads

The Romans were famous for their roads. They built roads so that the army
could march from one place to another and they tried to build the roads as
straight as possible, so that the army could take the shortest route. In general
there were 3 layers. The first layer of large stones was covered by a second
layer of smaller stones, then a top layer of gravel or small stones (see Figure
1).

CURVED SURFACE, CALLED A CAMBER

DITCH
FOR DRAINAGE
| l
4 I } l /
SMALL STONES OR LARGE STONES GRAVEL OR
BROKEN TILES CORBLES

Figure 1 Cross section of a Roman road (Encyclopaedia Britannica, no date)

Modern roads were the result of the work of a French and two Scottish
engineers, Pierre Marie Tresaguet (1716-1796), Thomas Telford (1757-1834)
and John Loudon McAdam (1756-1836). Among these three engineers, John
Loudon McAdam was the most important in the English road construction
design. He designed roads using well compacted broken angular stones,
smaller than the previous designs, laid in symmetrical, tight patterns and
covered with small stones to create a hard surface (see Figure 2). This course
could reduce the stresses on the subgrade to an acceptable level, provided
the subgrade was kept relatively dry and drained. The strength and stiffness
of the course of compacted angular stone came from the mechanical interlock
that developed between individual pieces of stone; this principal is still used in
the modern road construction. McAdam's design, called "macadam roads,"
spread very quickly across the world and it provided a great advancement in
road construction (Lay, 2009).
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Figure 2 Cross sections of John McAdam (Encyclopaedia Britannica, no date)

Over time McAdam’s road construction provided the cheapest pavement, but
its unbound surface was difficult to maintain and was usually either slippery or
dusty as a consequence of water. Thus, roads at the turn of the 20th century
were largely inadequate for the demands about to be placed on them by the
newly developed automobile and truck. As vehicle speeds increased rapidly,
the available friction between road and tyre became critical for accelerating,
braking, and cornering, thus much stronger and tougher materials were
required. All those problems were solved by the introduction of bituminous
materials or asphalt mixtures. Bitumen is defined as a black, sticky, highly
viscous, liquid or semi-solid material; asphalt material is made up of a mixture
of coarse and fine aggregate, bound together by bitumen. Nowadays road
construction involves combinations of asphalt layers between the surface and
the ground. Each layer has a specific role and its own mechanical properties

strictly related with its thickness, thus the pavement design (Hunter, 2000).
1.2 Typical pavement structure

Different types of pavement are commonly used in the construction of
roadways. There are three generic classes of pavement based on the

structural performance and layered structure; these are:

¢ Rigid Pavement,

e Flexible Pavement, and

e Composite pavement (rigid pavement overlaid with an asphalt

layer).

Rigid pavements are usually composed of a surface layer, made up of slabs
of concrete (PQC), a base course that provides a stable base for the surface
course and assists in drainage; the base course sits on a sub-base course,
usually more flexible than the previous two layers. As the name implies, a

rigid pavement deflects very little under loading due to the high modulus of


http://training.ce.washington.edu/WSDOT/Modules/04_design_parameters/04-2_body.htm#elastic_modulus

elasticity of their surface course and tends to distribute the load over a wide
area of sub-grade (see Figure 3). Rigid pavements tend to have higher
construction costs and lower maintenance costs; however the main

advantage is its durability.

In a flexible pavement, the main structural layer is the road base, which is
usually covered by a base course, directly underneath the wearing course.
The main role of the wearing course is to ensure safety and comfort to the
driver/vehicle and waterproofing. Wearing course and base course are part of
the surfacing (or bituminous layers) and their main role is to spread the wheel
load in order to not overstress the layers below. The foundation is composed
of the sub-base and the capping and it is laying on the sub-grade. The
foundation is usually highly stressed (mostly during the construction phase)

and it is made by granular materials and soil.

Wheel load stresses are transmitted to the lower layers by grain-to-grain
transfer through the points of contact in the granular structure. The wheel load
is transferred from a small area on the surface of the pavement, at high stress
level, and in to a larger area at the bottom of the pavement, at lower stress
level. For this reason the strength of each layer is different: the strongest
material (least flexible) is in the top layer and the weakest material (most
flexible) is in the lowest layer (Mallick and El-Korchi, 2009), See Figure 3.

Load Load

i i

Flexible Pavement
S

Flexible Pavement
o RN B T

) i Bhse T

Figure 3 Rigid and Flexible Pavement Load Distribution (Pavement Interactive, no
date)

Flexible pavements normally consist of the following layers:


http://training.ce.washington.edu/WSDOT/Modules/04_design_parameters/04-2_body.htm#elastic_modulus

e Surface course (20-50 mm).

e Binder course (50-80 mm).

e Base course (200 mm or more).

e Sub-base course (about 150 mm).

e Subgrade or existing soil.
1.3 Critical stress and strain in flexible pavement

Repetitive moving wheel loads cause different kinds of distress in flexible
pavements (see Figure 4). There are two main kind of distress located in two

critical different locations:

e Vertical compressive strain at the top of the sub-grade due to the
vehicle weight, which can cause sub-grade deformation resulting in
permanent deformation at the pavement surface.

e Horizontal tensile strain or stress at the bottom of the asphalt layers
due to vehicle weight, motion, braking and curving motion, which can

cause fracture of the bituminous layer.

Pavements do not fail suddenly; they gradually deteriorate until they lose their
serviceability. The two major kinds of failure of asphalt in a pavement are:
fatigue cracking, caused by excessive horizontal tensile strain at the bottom of
the asphalt layer, and rutting, caused by excessive vertical compressive strain
on top of the sub-grade. In the design of an asphalt pavement, it is necessary
to investigate these critical stresses and strains and design the right thickness
to avoid them. Fatigue cracking is a phenomenon which occurs in pavements
due to repeated applications of traffic loads. Permanent deformation or rutting
is a manifestation of depressions that form in the wheel path.



Binder Course

Fatigue Cracking
? Tensile Strain
) -

Granular Base | Sub Base Course

+ Compressive Strain
A

Rutting \*/

Sub Grade Soil

Figure 4 Stress and Strain in a flexible pavement
1.4 Flexural Fatigue

Flexural fatigue is one of the main failure modes of flexible pavement

structures.

From a mechanical point of view, the mechanism of fatigue can be divided
into two parts: the first one is the occurrence of tensile stress/strain in the
base layer; the second one is the repetitive occurrence of such tensile
stress/strain under traffic repetitions. The repetition of the tensile stress/strain
causes the accumulation of micro damage in the bottom of the base layer that,
over time, results in the break between the aggregate and the binder, thus
generating more or less deep cracks. In other words if a beam is subjected to
load, the beam would tend to assume a convex downward shape, with tensile
stress/strain in the bottom part and compressive stress/strain in the top one.
Since the asphalt pavement has viscoelastic behaviour, it recovers when the
load is removed. At the end of this first cycle there is part of the strain that is
recovered and a small part that is permanent. Under the next load the
pavement undergoes the same cycle. Ultimately the pavement will fail due to

damage accumulation (Mallick and El-Korchi, 2009).

Physically speaking, micro cracking originates at the bottom of an asphalt
concrete layer caused by horizontal tensile strain; this compromises the

contact between the aggregate skeleton and the binder (particle-to-particle



contacts). Furthermore the water trapped in the cracks and the repeated
loading leads to a decrease in the strength of the mixtures and micro cracking
starting to propagate towards the layers above and leading to pavement
collapse. This phenomenon is called Bottom-Up Cracking (Thom, 2008).

Depending on the type of road structure, the materials and the progress of
deterioration, cracks can take different orientations and patterns. They usually
are parallel to the direction of vehicle travel (longitudinal cracking) or
perpendicular to the direction of travel (transverse cracking). They, also, can
be single breaks in the pavement or double, branched or interlaced
(Colombier, 1997). As shown in Figure 5, longitudinal cracks, over time, may
be connected to transversal cracks to form a pattern of blocks (block cracking)

or small polygons (alligator cracking).

isolated crack block cracking alligator cracking

T o

Figure 5 Common crack patterns (Colombier, 1997)

All cracks allow the water to enter in the pavement structure, thus the final
degradation due to this phenomenon is the development of potholes as

shown in Figure 6 and Figure 7.

Figure 6 Alligator Cracking. Figure 7 Pothole.



1.5 Objectives and methodology

This project is part of the Marie Curie Initial Training Network: TEAM -
Training in European Asset Management, funded under the Seventh
Framework Programme (FP7) by the European Commission that deals with
Training in European Asset Management. The TEAM proposal exploits the
benefits of new sensor and processing technologies, methodologies, models
and algorithms to monitor the condition and safety of transport infrastructure.
Partners of the TEAM are: University College Dublin (UCD), ROC
Systemtechnik, University of Nottingham (UoN), Institut Francais des
Sciences et Technologies des Transports, de ’/Amenagement et des Reseaux
(IFSTTAR), Ecole Polytechinique Federal de Lausanne (EPFL), Ramboll,
ABM Contruction, Trinity College Dublin (TCD) and the Forum of European
National Highway Research Laboratories (FEHRL). The TEAM project
comprises several work packages; this research project was developed under
the pavement service life optimisation work package and it was based 80% at
the University of Nottingham and 20% at IFSTTAR. The topic of the project is

fatigue in asphalt materials.

Flexural fatigue is one of the main failure modes in asphalt mixtures and
flexible pavement structures, so a good prediction of the fatigue life of the

pavement will help to develop and improve pavement design procedures.

The primary research goal of this project is to understand better the fatigue
phenomenon in asphalt materials. Several approaches such as
phenomenological approach, fracture mechanics, dissipated energy methods
have been developed in research. This project focuses on the
phenomenological and different dissipated energy methods to describe
fatigue because dissipated energy is strongly related to fatigue; it changes
during a fatigue test: it increases during a stress control test; it decreases
during a strain control test. Therefore a deep literature review about the

fatigue phenomenon and fatigue failure in asphalt materials was undertaken.

The second main aim of this research project was choosing different fatigue
testing machines to collect data. Three main tests were chosen: 2 Point
Bending (2PB), 4 Point Bending (4PB) and Indirect Tensile Fatigue Test



(ITFT). 4PB test was chosen because is widely used in the world; 2PB was
chosen because an exchange with IFSTTAR was planned during this project.
IFSTTAR is the French institution where 2PB was designed and developed for
pavement research. The novelty of the research project is the development of
a new fatigue test: the ITFT in strain control mode. ITFT is a more practical
test and very often chosen by engineering consultancies. Undertaking the
ITFT in strain control mode represents a big chance to better link research
and pavement design and reduce the existing gap between the two.

To investigate the differences between various fatigue methods, various
materials, various fatigue tests, and statistical comparisons were involved in
the project. Due to lack of information in pavement engineering, a deep
literature review on statistics was involved in this study. In general, statistics
includes the design of experiments, the collection, the analysis and the
interpretation of data; understanding and introducing the appropriate
technique to analyse fatigue data in pavement engineering was one of the
main challenges in this project. Several techniques are presented in this

thesis.

The University of Nottingham recently (September 2012) bought a new 4PB
test where different prismatic size specimens could be tested. One of the aims
was to calibrate the test to ensure a good performance and reliable results.

Healing is one of the factors that most influences fatigue performance in
asphalt materials. Not many testing machines are suitable to set up a rest
time after a load cycle, and this includes 2PB; thus, healing tests were
undertaken by means of 4PB and ITFT in strain control mode. 4PB does not
allow undertaking healing tests; therefore a modification in the software was
necessary to build a new healing test to evaluate the effects of healing during

a fatigue test.

Finally, writing fatigue testing procedures for the new ITFT test in strain
control mode, as well as 2PB and 4PB tests, was the final aim of this project

to help future researchers.



CHAPTER 2

Literature review about fatigue

The purpose of this chapter is to review the literature about fatigue in asphalt
materials. This literature review consists of four parts; the first part describes
different approaches to evaluate fatigue such as phenomenological approach,
fracture mechanics approach and dissipated energy approach. This project
focuses more on the dissipated energy concepts; so a description of several
dissipated energy methods is presented in the second part of this chapter.
The main topic in the third part is to identify the common factors affecting
fatigue in asphalt mixtures like environmental and loading conditions, rest

period, material characteristics, etc.

Healing is one of the factors that most influences fatigue performance in
asphalt materials. A literature review on the mechanism of healing and its

relation with fatigue is presented in this chapter.

Finally, different laboratory fatigue tests and the two main modes of loading

(control stress and control strain) are presented in the fourth part.
2.1 Different approaches to characterise fatigue behaviour

It has been generally accepted that fatigue is a process of cumulative damage
and one of the major causes of cracking in asphalt concrete pavement. Three
approaches are usually used in characterising fatigue behaviour: the
phenomenological approach; the fracture mechanics approach; and the
energy-based approach.

2.1.1 Phenomenological approach

The fatigue characteristics of asphalt mixtures can be expressed as
relationships between the initial stress or strain and the number of load
repetitions; the relationship usually is not derived from a theoretical analysis of

pavement mechanics (Hamed, 2010).

Depending on the mode of loading, results from fatigue tests are typically

formulated as follows (Shen, 2007):



b
j in strain control mode Equation 1

d
lj in stress control mode Equation 2
o

e Nf = Number of cycle to failure,
e ¢, 0 = Tensile strain or stress repeatedly applied, and

e A, b, C, d= Material coefficients, derived by fitting the data from

laboratory testing.

Usually researchers tend to use the controlled strain mode because the
results tend to be independent of the temperature; this does not happen for
the controlled stress mode. When the controlled strain mode is considered, it
is easier plotting and comparing the results of the same material for different

temperatures.

Pell suggested the following observed relationship between the tensile strain
at the bottom of the asphalt concrete layer (¢)) and the number of load

applications to crack appearance in the pavement (Ny):

Kz
1 .
N, = K{—j Equation 3

gt
in which K; and K; are the intercept and the slope respectively, determined by

linear regression (Pell, 1967 and 1987).

Afterwards many researchers stated that in controlled strain laboratory tests
the stiffer mixtures generally have shorter fatigue life; thus, they introduced
the stiffness modulus into the fatigue relation to absorb temperature and
loading time effects (Monismith et al., 1985):

K, Ks
N, = Kl(ij (ij Equation 4

&y =

Where:
e N; = number of cycles to failure,

e ¢ = tensile strain at the bottom of the asphalt layer,
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o Ep = initial asphalt mix stiffness, and

e Kj, Ky and K3 are regression constants obtained from laboratory
testing.

To account for strain variations, Miner’'s hypothesis of damage has been used

(Miner, 1945). Miner’s hypothesis is represented as a relative damage factor

where the crack will occur when the sum of the damage factors equals one.

Miner’s linear law of cumulative damage in conventional asphalt pavement

design is given as follow:
n
D= Z—' =1 Equation 5

Where:
e D =damage,
e T =number of periods,
e n; = number of load applications during a period i, and

e N; = the ultimate number of load applications the pavement could
carry.

To use Miner's approach, N; is determined from the fatigue equation
(Equation 4).

In those first models there are always some coefficients that need to be
determined: K;, K; and K3 as shown in the equation 3 and equation 4 These
parameters represent the material properties of the mixture and they are
experimentally determined through the fatigue tests. Different researchers
found different values for these coefficients; the typical range for K; values is
between 3 and 6 (Barenberg and Thompson, 1992). It is not possible
establish a range for the K; coefficient, because it varies by several orders of
magnitude. In any case, the two coefficients (K; and K;) seem to be highly
correlated and the relation suggested from some researchers (Pell and
Cooper, 1975) is:

K, =-0.313log K, +0.5 Equation 6

11



Mode of loading, testing temperature and asphalt content has a more
significant effect on the K;-K; relation than asphalt type, air voids levels and

aggregate gradations (Ghuzlan and Carpenter, 2002).

Although widely used, the traditional phenomenological approach does not
provide a mechanism of damage accumulation in the mixture under the
repetitive load. Furthermore, the accumulated damage is treated as linear in
the strain-fatigue life relationship, which has been found to be incorrect mostly
at low strain/damage condition (Carpenter et al., 2003). The

phenomenological approach is also material and loading dependent.
2.1.2 Fracture mechanics

Fracture mechanics relates fatigue life of asphalt mixtures to the cracking
mechanism. Asphalt materials are not homogenous (the hypothesis in the
phenomenological approach) but they are characterised by pre-existing
internal flaws (microcracks) in the form of air voids, surface irregularities and
internal defects; cracking is considered to develop progressively through three
stages: crack initiation, crack propagation, and failure. The first phase is
characterised by the formation and growth of pre-existing microcracks. During
crack propagation, the cracks start to propagate at a given state of stress and
reach critical dimensions and pattern until they reach the failure. The number
of load repetitions at which the rate of crack growth increases is designated
as the fatigue life of the mixture (Khatakk and Baladi, 2013).

A simple and well-known method for predicting fatigue crack propagation (this
stage consumes most of the fatigue life) is the power law described by Paris
and Erdogan (1963), and it is also known as the Paris law. The equation
represents the first application of fracture mechanics to fatigue and it relates
the increase in crack length per load cycle (da/dN) to the stress intensity

factor (AK) (Paris and Erdogan, 1963). The relationship is the following one:

da m .
— =C(AK
N (AK) Equation 7

Where:

e da/dN = crack growth rate,

12



e AK=AK,, —AK_. is the range of the stress intensity factor (the

difference between the stress intensity factor at maximum and

minimum loading),

e C and m = material constants, precisely C is the intercept and m is

the slope on the log-log plot of da/dN versus AK (see Figure 8).
K is the crack tip stress intensity factor and a simple model to identify K for
finite plates is:

K =oY+Jma Equation 8

Where:
e 0 = uniform tensile stress perpendicular to the crack tip,

e Y = is a function depending on the specimen geometry and the
crack (Masad et al., 2008).

If K is known, it is possible to obtain AK, considering Ac which is the range of

cyclic stress amplitude.

AK =AcYma Equation 9

Substituting this equation in the Paris law, the differential equation can be

solved via separation of variables and subsequent integration.

W% da 1 % .m
dN = = 24 _
?[ § J:C(AO‘Y\/E)m C(AO'Y\/H)m é[a : Equation 10
2—-m 2-m
Z(acz—ai?] |
N. = Equation 11
" (-m)xlaoyvn)
Where:

e Nf = number of load cycles to fracture,
e a. = critical length at which instantaneous fracture will occur,

e a; = initial crack length at which fatigue crack growth starts for the

given stress range Ao.

Equation 10 represents a straight line on the log-log plot of da/dN versus AK

and thus describes region Il (see Figure 8) of the fatigue rate curve. The

13
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limitation of the Paris law is that it is only capable of describing data in region

. If the data shows a threshold (region I) or an accelerated growth (region III)

the Paris law cannot effectively describe these regions.

Region | . i
Region 1l | /

=

b
N
e

| dad=ciaKm

da‘dMN mmieyele

| Region I1I

Log AK
Figure 1: Typical da/dN versus AK curve

Figure 8 Typical da/dN versus AK curve.

Later work proposed a different relationship, adding more terms in the Paris

law as follows (Majidzadeh et al., 1971):

d .
ﬁ:Ale +AK* Equation 12
Where:
2 3
e A10°=7.02+77.9 10090‘ 6.0 e Equation 13
E 1000
3 3
e A10°-31.36+1132.4 0009 | 4335 Kic. Equation 14
E 1000

o; = tensile stress,
E* = complex modulus, and

Kic = fracture toughness.

Different researchers have tried to better define the “A” value (Molenaar,
1983). Molenaar, in his PhD thesis in 1983, estimated the “A” value from

laboratory tests as follows:

14



log A =4.389—2.5log(Ec,m) Equation 15

Where:
e E = stiffness modulus of the asphalt mixture,
e O =tensile stress,

Lytton also incorporating field effects expressed the “A” value as follows:
log A=4.389—-2.5log(Ko,m) Equation 16

Where:
e K = coefficient determined through field calibration, and
e O =tensile stress.

In general, fracture mechanics can be divided into two main groups: linear
elastic fracture mechanics (LEFM) and nonlinear fracture mechanics (NLFM).
It has been shown that in LEFM the intensity of the stress field near the crack
is measured by means of the “stress intensity factor” and it is a linear function
of the stress, the crack length and the structure’s geometry. In addition the
LEFM describes fracture behaviour well for brittle materials and asphalt is a

brittle material at low temperatures.

Since LEFM cannot satisfactorily characterize the cracking and failure of
asphalt materials, different nonlinear models have been developed to better
simulate stable crack growth. In particular, two approaches have been used to
evaluate the nonlinear response: the compliance approach and the R-Curve
approach (Mamlouk and Mobasher, 2004). The compliance approach is
generally limited to defining the condition of crack instability; in particular it
allows measurement of the energy release rate and of the stress intensity
factor. The R-Curve approach, instead, evaluates the fracture resistance of
the material at different crack lengths providing more insight of the crack
propagation phenomenon.

Even if fracture mechanics is a good method to describe the crack
propagation in asphalt materials, it has still some gaps concerning crack

initiation and failure.

15



2.1.3 Dissipated Energy concepts

Asphalt is a viscoelastic material, thus it dissipates energy under mechanical
work (loading and relaxation). Its mechanical behaviour depends on the
temperature and loading conditions; it has an elastic behaviour under low
temperatures and short loading time conditions; it has a viscous behaviour
under high temperatures and long loading time conditions. Figure 9 shows the
behaviour of asphalt when a constant load is applied on it. The elastic
material (a) is characterised by a complete recovery to the original position
when the load is removed; in the viscous material (b) the strain increases over
time and there will be a permanent deformation when the load is removed,; in
the viscoelastic material the strain increases over time and, when the load is
removed, it tends to the original position but it still maintains a residual
deformation on it (Suthersan, 2010, Hamed, 2010).
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Figure 9 Response of elastic, viscous and viscoelastic material under constant
stress loading (Hamed, 2010)

Energetically, in an elastic material the energy is stored in the system when
the load is applied, all the energy is recovered when the load is removed; in
this case the unloading and the loading curves coincide. Viscoelastic
materials are characterised by a hysteresis loop because the unloaded
material traces a different path to that when loaded (phase lag is recorded
between the applied stress and the measured strain); in this case the energy
is dissipated in the form of mechanical work, heat generation, or damage (see
Figure 10, Figure 11 and Figure 12).
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Figure 10 Elastic and viscoelastic behaviour under loading and unloading conditions
(Rowe, 1996)
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Figure 11 Hysteresis loop
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Figure 12 Phase lag between the applied load and the measured strain

The area of the hysteresis loop represents the dissipated energy in a load
cycle and the following equation can be used to calculate its value in a linear

viscoelastic material:
W, = 7o &; Sin g, Equation 17
Where:

e W, = Dissipated energy in cycle i,

o; = stress level in cycle |,

&; = strain level in cycle i, and

e @ = phase angle in cycle i.
During a fatigue test, the stiffness reduces, the fatigue process starts and
microcracks are induced in the material; therefore the dissipated energy, W,
varies per loading cycle and it, usually, increases for controlled stress tests

and it decreases for controlled strain tests, as shown in Figure 13 (Rowe,
1996).
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Figure 13 DE versus load cycle for different loading modes (Rowe, 1996)

The hysteresis loop and the stress and strain sinusoidal waveforms start to
change (see Figure 14); microcracks generate discontinuities in the stress-
strain path; in the beginning the waveforms are smooth and well defined, then
they start to deform (first failure: cracking) and in the end they are flat (fatigue
failure) (Al-Katheen and Shenoy, 2004). In addition the dissipated energy is
history dependent, i.e. the energy dissipated in a cycle depends on the energy
dissipated in the previous cycle (Shen and Carpenter, 2007).

Some researchers (Ghuzlan and Carpenter, 2000; Ghuzlan and Carpenter,
2001; Shen and Carpenter, 2007 and Shen, 2007) believe that in order to
have damage in the material there should be a change in the hysteresis loop,
and thus a change in dissipated energy. Since the dissipated energy is path
dependent, it is a parameter well related to the damage accumulation in a

specimen.
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Figure 14 Changing of the hysteresis loop during a fatigue test (at 20°C, 15Hz; at
160 pg; on 210mm DBM)

2.2 Dissipated Energy approaches

In the literature, several dissipated energy based methods exist. In following
sections, a description and analysis of some dissipated energy methods is
reported.

Initial Dissipated Energy (IDE) approach

The initial dissipated energy is the dissipated energy measured at initial
loading cycles, usually measured at the 50th cycle from the beginning of the
fatigue test.

Different researchers (Rowe, 1993; Shen and Carpenter, 2007; SHRP-A-404,
1994; Baburamani, 1999) have showed that the initial dissipated energy is a
factor that affects the fatigue in asphalt mixtures, thus it could be a good
parameter to describe the fatigue behaviour of pavements. The SHRP-A-404
Project developed the following surrogate fatigue model to relate the fatigue

life to the initial dissipated energy:

N, =2.365e"%°%% (W, )% Equation 18

W, =0.257z2 - (E, sin g, ) Equation 19
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Where:
¢ N; = the fatigue life,
e W, = the initial dissipated energy at the 50" cycle, and
e VFB = the percentage void filled with binder.

Other researchers (Shen, 2007) have found out that the initial dissipated
energy approach is not appropriate for fatigue tests that are taken under low

strain levels.

Cumulative Dissipated Energy (CDE) approach

The cumulative dissipated energy is the total energy dissipated by the
material during the fatigue test; in particular it is the sum of all areas within the
stress-strain hysteresis loop for every cycle until failure, relating the fatigue
behaviour to both initial and final cycles. Van Dijk was one of the earliest
researchers that applied the dissipated energy concepts to study fatigue in
asphalt mixtures. To better describe fatigue behaviour in asphalt mixes, Van
Dijk led a laboratory campaign of bending tests (i.e. two and three point
bending tests) undertaken under a different range of temperature (between 10
and 40°C) and several frequencies (between 10 and 50 Hz). Based on past
investigations (i.e. Heukelom and Quedeville in 1971), he calculated the total

dissipated energy per unit volume given by the following summation:
W =D W, Equation 20
i=1

Where: W; is the dissipated energy at i cycle using the mean values for
stress, strain and phase angle. Van Dijk in 1975 determined a unique
equation that relates the total dissipated energy to the number of cycles to

failure for the different loading conditions as follows:
W, = AN, f Equation 21
Where:

e Wiy = the cumulative dissipated energy to failure,

¢ N =the number of load cycle to failure, and

e A, z = the mixture dependent constants (experimentally determined).
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The relationship seems to be independent of the mode of loading,
temperature and rest periods; but it is very material dependent (Van Dijk,
1975 and Van Dijk and Visser, 1977).

Figure 15 shows cumulative dissipated energy (CDE) versus cycles to failure
obtained by using a 2PB fatigue test in strain controlled mode at 20°C and 15
and 25 Hz; for a higher fatigue life of the mix more energy is dissipated.
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Figure 15 CDE versus cycles to failure using 2PB in strain controlled mode at 20°C,
at 15 and 25Hz (10mm DBM)
Van Dijik developed his research and he introduced an energy ratio g that
related loading mode and the mixture properties (stress, strain and phase
angle). y is the ratio between the initial cumulative dissipated energy ZWinitial
and the total dissipated energy Wiy :
W itiar

\p = —_nitial i
S Equation 22

Where: W.

initial

=N, -7-0,-&,-sing, and Nf is the total number of cycles to

failure (subscript “0” indicates the initial values of the material characteristics).

[{Ae. )

Since the dissipated energy decreases in a controlled strain test, the ratio “gp
was found to be greater than 1 for controlled strain tests; since the dissipated

energy increases in a controlled stress test, the ratio “@” was found to be less
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than 1 for controlled stress tests; therefore y is dependent on the type of test
and the mix stiffness as shown in Figure 16 (Van Dijk 1975; Van Dijk and
Visser, 1977; Rowe, 1996 and Shen, 2007).
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Figure 16 Evolution of g during stress and strain controlled tests (Van Dijk, 1975

and Van Dijk and Visser, 1977)
CDE is not a good parameter to describe the fatigue phenomenon in asphalt
materials; it does not distinguish the amount of DE due to damage rather than
viscoelasticity. Also, Equation 21 is not unique; it was found that it changes
depending on the mode of loading frequency and temperature. The same
result was found by SHRP-A-404 1994 for stress controlled tests (SHRP-A-
404, 1994).

Dissipated Energy Ratio approach

Some researchers in 1989 proposed a new dissipated energy method based

on the determination of the dissipated energy ratio (DER) defined as follows:

W,
DER=—"_ i
W, Equation 23

Where: W; is the dissipated energy at the cycle i, W, =N, -7-o, - &, -sing,, ZW,
is the accumulated dissipated energy up to the cycle n (Hopman et al., 1989;
Pronk and Hopman, 1990; Pronk, 1995).

Pronk suggested a new definition of fatigue life N1 based on the idea that a
difference between the energy needed for the creation of micro cracks and
the energy needed for the growth of these cracks exists. N; represents the
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point where the widening of hair cracks starts and the creation of crack

network develops until failure (Pronk, 1999).

In order to obtain Nj, it is necessary to plot DER versus number of cycles. If
the specimen is tested in strain controlled mode, the DER will be a straight
line with a rapid increase after a certain number of cycles, N; (see Figure 17).
If the specimen is tested in stress controlled mode, the DER will be a straight
line with a rapid decrease after a certain number of cycles, N; (see Figure 18).
N, is determined graphically and it is the point at which data deviates from the

straight line.
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Figure 17 DER vs Number of cycles during a fatigue test undertook in strain
controlled mode at 190ug, 10°C, 25 Hz on 20mm DBM
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Figure 18 DER vs Number of cycles during a fatigue test undertaken in stress
controlled mode at 1500 kPa, 10°C, 25 Hz on 20mm DBM

The determination of N; is subjective and is dependent on the mode of testing.

Energy Ratio approach

Energy ratio (ER) was developed from previous works such as Van Dijk and
Visser (1975) and Pronk (1990). ER is the ratio between the product of the
initial dissipated energy W, multiplied by the number of load cycles n, and the
dissipated energy at the i cycle, as calculated in the following expression:

_n-W, .
W Equation 24

ER

The ER can be written as:

n-(z-c,-&-sing,)

ER = . Equation 25
T-o;-& SN,

For strain controlled tests, the strain level remains constant during the test

and if the stress is replaced by the product of strain € and modulus E,
Equation 25 can be rewritten as follows:

n-(ﬂ'-gé-E;-sin%)

ER = . Equation 26
r-gl -E; -sing, 9
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For stress controlled tests, the stress level remains constant during the test
and if the strain is replaced by the ratio between stress o and modulus E’,

Equation 25 can be rewritten as follows:

( 002 ! J

n-| z-—%-sing,
EO

ER =

2

L-sing,

Equation 27

ﬂ'.

Removing constant terms and considering that the change of sing, is smaller

compared to the change in E’, the Equation 26 and Equation 27 can be

written as follows (Rowe, 1993 and Rowe, 1996):

n
ER, ZE_i for strain controlled test Equation 28
ER, =n-E; for stress controlled test Equation 29

The number of cycles to failure, N;, corresponds to the formation of sharp
cracks. N; is determined by plotting ER against the number of cycles for both
controlled strain and stress tests. Nj is the number of cycles at which a
change in behaviour of the curve is underlined; for a controlled strain test N
coincides with the point where the slope of ER-N; deviates from a straight line;
for a controlled stress test, N; coincides with the peak of the curve ER-N;. The
same author plotted data from strain control test using the criteria developed
for stress control test; in this case, data shows a further stage of behaviour
due to the crack slowly propagating through the specimen as the stress

decreases during a fatigue test (see Figure 19).
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Figure 19 ER for a strain control test using stress control criteria (Rowe, 1996)
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Ratio of Dissipated Energy Change Approach

Since the dissipated energy is history dependent and, in order to accumulate
damage there should be a change in dissipated energy value, some
researchers (Ghuzlan and Carpenter, 2000; Carpenter et al. 2003 and Shen
and Carpenter, 2007) have suggested the Ratio of Dissipated Energy Change,
RDEC as a parameter to describe fatigue in asphalt materials. The same
researchers believed that the RDEC is a true indicator of damage because it
is able to eliminate the other forms of dissipated energy due to mechanical
work or heat generation; so it can be considered a good parameter to
describe the fatigue process in asphalt, and is calculated with the following

expression:

Wn+ _Wn .
RDEC = \1N— Equation 30

Where:
e RDEC =ratio of the dissipated energy change per load cycle,
e W, = dissipated energy produced in load cycle n, and

e W, = dissipated energy produced in load cycle n+1.

Figure 20 shows the variation of the RDEC with load cycles, and is

representative of fatigue behaviour (Shen, 2007).
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Figure 20 The variation of RDEC with Load cycles obtained from 2PB test
undertaken in strain control mode at 180 ug, at 20°C and 25 Hz on 10mm DBM
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The RDEC, after a rapid decreasing (stage 1), reaches a plateau stage in
which there is constant energy value being turned into damage (stage II);

finally the RDEC rapidly increases until true fatigue failure (stage III).

Ntso Is the typical failure criterion used by many researchers (Tayebaldi et al.,
1993) and it corresponds to the 50% initial stiffness reduction and this value
was defined as the Plateau Value (PV). Ghuzlan found that the Plateau Value
is load dependent for different mixtures and it is mixture dependent for
different load levels, and moreover he believed that the PV is a good
parameter to obtain a unique relationship for fatigue life (Ghuzlan and
Carpenter, 2001).

The procedure to obtain the PV from laboratory fatigue tests, suggested by
Shen and Carpenter in 2007, is (Shen, 2007):

¢ Obtaining the dissipated energy relationship for each loading cycle (a fitting

process may be needed to obtain a best relationship);

e Calculation of the parameter RDEC,, the average ratio of dissipated energy
change between two loading cycles (W, W) divided by the number of
cycles between the two cycles (a, b):

Wa _Wb

RDEC, =—2 >
* W, -(b-a)

Equation 31

e |If the regressed dissipated energy curve vs. loading cycle follows the power
law (Ax“), the average RDEC can be simplified and calculated by the

following equation:

100\
1_(“ a j Equation 32
RDEC=———<%
100

where Kk is the exponential slope of the regressed dissipated energy

curve versus loading cycle.

e Calculation of the PV parameter at normal strain level (200-1000 pg); the PV

can be calculated with the following expression:
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k
100
1_(“ Nf,soJ Equation 33
pv=— 0/
100

where k is the exponential slope of the regressed dissipated energy curve vs.

loading cycle, and Nisg is the failure point.

By means of a statistical approach and laboratory fatigue tests, the same
researchers (Ghuzlan and Carpenter, 2000; Carpenter et al., 2003; Shen,
2007; Carpenter and Shen, 2005) verified that the PV-N; relationship is unique
for different loading modes, mixture types and testing conditions. In other
words the relationship is valid for different mixture types, loads, strains,
frequencies and rest periods. The relationship, between the Plateau Value
(PV) and the fatigue life at 50% stiffness reduction (Ny), is reported as:

PV =cN!? Equation 34

The value of the constants ¢ and d were determined experimentally (Shen
and Carpenter 2007).

According to Ghuzland and Carpenter (2000), Ghuzland and Carpenter
(2003), and Shen and Carpenter (2007) failure corresponds to the transition
point at which RDEC starts to increase dramatically (transition point between
the second and the third stage) and this can be considered as the true failure
point (macro-cracking propagation initiates), defined as Ni, (Shen and Lu,
2010).

In order to obtain Ni,, the difference between the area under the dissipated
energy curve (SDE) and the trapezoidal area (AT) obtained by linearly
connecting the initial dissipated energy and the dissipated energy at cycle n,
has be calculated. AT and SDE are calculated as follows:

(DE, + DE,)-n
2

AT =

Equation 35

SDE =) DE Equation 36
0

Where DE;y is initial dissipated energy, calculated as the average value of the

DE between the cycle 100" and 500" to take into account the variation of the
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data; DEn is the dissipated energy produced in load cycle n, and n is the

number of load cycles. The difference is:
AA = |AT — SDE| Equation 37

By plotting AA against the number of cycles, it is possible to obtain N, as the

peak value of the curve as shown in Figure 21.
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Figure 21 AA against number of cycles during a fatigue test for the 10mm DBM
2.3 Factors affecting fatigue in asphalt mixtures

Various factors affect the fatigue behaviour such as: the method of specimen
construction (compaction), the loading (axle loads, modes and patterns), the
rest periods (healing effect), the material characteristics, traffic and
environmental variables (temperature, ageing, healing, etc.). In theory,
construction variables and material characteristics can be controlled, but load

and environmental variables can change significantly.

This project focuses more attention on the healing phenomenon, thus the

effects of including rest periods, in asphalt materials.

Traffic Loading

Traffic loading is one of the main inputs in the design procedure (others are
subgrade strength and temperature). Usually it is convenient to convert every
real traffic load (wheel loads of various magnitudes and repetitions) into an
equivalent number of a standard axle loading — ESAL (equivalent 80 kN single

axle load) (HRB, 1962). Several loading waveforms are used to simulate
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traffic loading in the laboratory; the most common is the sinusoidal: it
approximates more realistically the traffic load expected in the field. Loading
frequency and duration influence the fatigue life; increasing the frequency or
decreasing the duration of load pulse increases the stiffness, thus the fatigue
life increases (Read, 1996).

Temperature

Pavement temperatures are affected by air temperatures as well as
precipitation, wind speed, and solar radiation. Also, annual, seasonal, and
daily variations in temperature and precipitation have large influences on
pavement service life. For flexible pavements, temperature has an effect on
the stiffness of the bituminous layers. Asphalt concrete becomes stiffer at
lower temperatures and softer at higher temperatures and exhibits different
material characteristics at different temperatures. Stiffness of a general
asphalt layer seems to decrease by about three times when the temperature
increases by ten degrees, which means that temperature influences the
fatigue behaviour of asphalt material (Ongel, A. and Harvey, J. 2004).

Rest Period

Usually, a fatigue test is carried out through a dynamic test with continuous
loading cycles without any rest. To better simulate what in the reality happens
(elapsing time between two successive axles of the same or different
vehicles), it could be helpful introduce a rest period between successive load

cycles.

Many researchers (SHRP-A-404, 1994, De La Roche and Riviere, 1997,
Baburamani, 1999, Si et al. 2002a, Si et al. 2002b, Kim et al. 2003, Kim and
Roque, 2006, Castro and Sanchez, 2006 and Shen and Carpenter, 2007)
have demonstrated an increases in the fatigue life when a rest period is
introduced during a fatigue test. In particular, the improving in fatigue life is

shown in Figure 22.
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Figure 22 The effect of rest periods during a fatigue test (Castro and Sanchez, 2006)

During a fatigue test, the stiffness modulus decreases (curve ABD); when a
rest period is considered during the test, the stiffness modulus recovers;
healing is taking place during the rest. So, after the rest, when the load is
applied again on the specimen the stiffness modulus decreases again (curve
B’CD).

Material characteristics

In general, for continuously graded mixes, the two primary factors influencing
fatigue life are: the asphalt content and the air void content (aggregate type
seems to have less influence). The increase of asphalt content will increase
the fatigue resistance of the mixture. The decrease of air void content
(compaction level) will increase the fatigue resistance; also in this case it

should comply with the permanent deformation requirements (Read, 1996).

Ageing

Another factor that can influence the fatigue life in asphalt material is: ageing
or hardening. Usually ageing is a phenomenon linked with the bituminous
binder and is manifested as an increase in viscosity of the bitumen and
consequential stiffening of the mixture. Ageing is primarily associated with the
loss of volatile components and oxidation of the bitumen in the process of
asphalt mixture construction (short-term ageing) and progressive oxidation of
the in-place material in service (long-term ageing). Both phenomena can
change the fatigue resistance in asphalt mixtures (Raad et al., 2001 and Airey,
2003).
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2.4 Healing

Since 1970, the healing of asphalt mixtures has been considered a very
important phenomenon, responsible for the difference between the laboratory
and the field experience in fatigue behaviour. Healing in asphalt mixtures has
been analysed by few researchers and its connection to fatigue behaviour is
still far from clear. Thus, more research and more tests should be done to

better improve this knowledge.
2.4.1 Mechanism of healing

Kim et al (1990) considers two different mechanisms for healing occurring
simultaneously in an asphalt pavement. The first one is the chemical healing
in microcrack and macrocrack faces; the second one is the relaxation of
stresses due to the viscoelastic behaviour proper of an asphalt mixture (Kim
et al.,, 1990, Kim et al.1991). The same researchers have evaluated the
effects of the two healing mechanisms during rest periods in cyclic uniaxial
tests. They have considered the nonlinear viscoelastic correspondence
principle, including pseudostrain concepts, to evaluate the mechanisms
separately, transforming a viscoelastic problem into an elastic one by means
of a constitutive model. In the end they believe the stress increase after a rest
period is due to the chemical healing and viscoelastic behaviour of asphalt.
They also believe that the chemical healing has a strong influence on the
evaluation of fatigue life; in particular they noticed that the aliphatic chains in
the binder influence the chemical healing, by means of chemical analyses.
The chemical analysis, however, was not fully understood by the authors, so
the same researchers believe that more testing is necessary to better
understand chemical healing and its influence in fatigue life.

According to some researchers (Bhasin et al, 2009, Little and Bhasin, 2008)
healing is a “two step” process in asphalt: viscoelastic recovery and healing in
asphalt material. The first one occurs also when the stress or strain is too low
to damage the material and recovery is due to the rearrangement of
molecules in the material. Healing occurs only for high levels of stress that
generate damage, and it is due to the wetting and intrinsic healing processes

occurring across a crack interface.
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2.4.2 Healing in literature

Several researchers (Little et al., 2001, Lytton et al., 1993, Si et al., 2002b,
Shen, 2007) have used different ways to quantify and characterise the impact
of healing occurring during rest periods in fatigue.

Some researchers (Lytton et al., 1993) used a shift factor to include the
effects of healing in the evaluation of fatigue life from laboratory tests.
Generally laboratory fatigue life (Njap) IS multiplied by a shift factor (SF), in
order to obtain fatigue life in the field (Nfieig):

N g = Niap < SF Equation 38

There are many values for the SF but, Lytton et al. defined it as the results of
three individual processes occurring in the material: healing, residual stresses
and resilient dilatation. In particular, for the healing processes SF has the

following expression:
SF, =1+aft, )’ Equation 39

Where:

o SFy is the shift factor due to the healing process,

o t; is the rest period,

o a and b are the healing coefficient and the exponent respectively.
For the same researchers the SFy varies between 1 and 10, for other
researchers (Bhasin et al., 2009) the SFy, can be between 1.09 and 2.7 for a
30 seconds rest period.
Previously, the Ratio of Dissipated Energy Change (RDEC) approach was
presented (Carpenter and Shen, 2006 and Carpenter and Shen, 2007). In this
approach the researchers have quantified the healing effects by considering
the reduction of PV due to the rest periods in a fatigue test. In this way the
healing effect can be included in the PV prediction model as shown in the

following equation:

PV, =PV,,, xhealing _ factor Equation 40

Where:

o PVj is the PV value considering healing, and
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° PVwois the PV value not considering healing.

In this case the healing factor is evaluated based only on the influence of the
rest periods. Later, the same researchers were able to rewrite the equation
above, considering the laboratory fatigue behaviour based on energy

principles, as follows:
PV, =PV,,, x(RP +1)"" Equation 41
Where (RP+1)°°" is the healing factor and the slope represents the healing

rate for a particular mixture (Shen, 2007).

The healing rate is the gradient of the relation between PV and rest period
(RP) on a log-log scale and it represents the energy recovery per unit of rest
time; see Figure 23 (Carpenter and Shen, 2006 and Sutharsan, 2010).

In (PV)
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Figure 23 PV-RP curve on a log-log scale (Sutharsan, 2010)

The researchers believed that the healing rate is not affected by the duration

of rest period.

Kim and Roque (2006) have analysed the healing effect of four asphalt
mixtures and they have considered the dissipated creep strain energy (DCSE)
recovered per unit of time to better understand healing in asphalt.

DCSE is the absorbed energy that damages the material (Kim and Roque,
2006). They undertook several creep tests in order to obtain the parameters
necessary to express the accumulated DCSE as the following expression:

DCSE _ 1 _
cycle 20 %

[ e D;M(100)]" Equation 42

Where:

o Oave IS the average stress applied,
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. D; and m are material properties

To consider the healing effect the same researchers considered the plot of
DCSE versus time and they noticed that healing is not linear; the rate of
healing reduced with time and is proportional to the DCSE applied. See
Figure 24.
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Figure 24 Healing test: DCSE plotting versus time (Kim and Roque, 2006)
They considered the normalized DCSE (DCSE divided by the total DCSE) to

define the healing properties of a material, and it seems to be affected by the
binder content and temperature. Healing rate increases when the binder
content is low; healing rate increases when the temperature increases (Kim
and Roque, 2006).

Daniel and Kim (2001) have compared the healing potential of two asphalt
mixtures, during a fatigue test (3 Point bending test) by means of a non-
destructive method based on the stress wave propagation. In particular they
analysed the fatigue damage growth in the material demonstrating the
different healing potential of the two materials and evaluating the effects of
rest periods and temperature. The researchers (Daniel and Kim, 2001)
evaluated several methods to compare the healing potential in the two

mixtures:
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e Percent Increase (PI) in the number of cycles to failure. This is the
difference between the number of cycles of a fatigue test with or without
a rest period.

Pl — N ¢ heating = N¢ Equation 43

N f

e Damage Indicator (DI). This is the ratio between the number of cycles
that a specimen has reached at a particular rest period and the number
of cycles to failure.

N

D| _ at_a_ particular_rest_time

N

Equation 44

f ,healing

e Horizontal Increase (HI). This is the ratio between the number of

cycles reached during three rest periods and the number of cycles to

failure.

AN +AN(, +AN, Equation 45
N

HI

f ,healing

e Comparison of the decreasing and increasing of the flexural stiffness
before and after a rest period.

All four methods have shown that the stiffness modulus was decreasing as
the temperature increases and it was increasing during rest periods as
microcracks heal; the higher temperatures seem to encourage healing in
asphalt mixtures (Daniel and Kim, 2001 and Kim et al., 2003).

2.5 Laboratory fatigue testing

Researchers have brought forward their research projects by means of
several fatigue tests. Below some general categories of the most used test
methodologies over the past are presented (Rao Tangella et al., 1990).
Simple Flexural

The stress or the strain is applied with sinusoidal waveform until the specimen
reaches the failure point. So the mathematical results will be expressed
linking the number of cycles to failure to the stress or strain level. In simple
flexural tests, usually a prismatic beam (or a trapezoidal beam) is subjected

sinusoidally to a load under center-point or third-point configuration;
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Supported Flexural

The stress or strain is directly related to the number of cycles to failure
(fatigue life). The specimen (beam or circular slab) is supported in several
ways to simulate in-situ stress and modes of loading conditions. In this type of
test there is a better simulation of the field conditions, but at the same time it
is more time consuming, more costly and more complex than other kinds of
fatigue test

Direct axial

In this kind of test, the stress (usually conducted in the controlled stress mode
of loading) is applied using sinusoidal or pulsating loads in a uniaxial manner
to the specimen (circular or rectangular shape). Different types of this kind of
tests are: tension (uniaxial tensile tests without stress reversal), compression
(uniaxial compressive tests without stress reversal) and tension-compression

tests (uniaxial tensile and compressive loading tests).
Traixial

This test is similar to the previous one but in this case the test is characterised
by specimens (cylindrical shape) subjected to a sinusoidal axial stress with
confinement. One of the main advantages is that this test simulates the
loading conditions in the field very well, even if this test seems be time

consuming.
Diametral

Also in this kind of test, the stress or the strain is applied using pulsating loads
in a diametral direction. It is an indirect tensile fatigue test - ITFT, usually,
conducted on cylindrical specimens by means of a compressive load. In this
way, a uniform tensile stress perpendicular to the load and along the vertical
diametral plane is developed. Even if it is a simple test that can also be
performed on field cores it tends to underestimate the fatigue life of the

mixture, due to accumulation of permanent deformations during the test.

Fracture Tests

The main characteristic is that for this kind of test the user considers fracture
mechanics principles to predict the fatigue life of the mixture under testing.
The fatigue crack growth usually considers three main stages: crack initiation,

stable crack propagation and failure. This kind of test is able to explain and
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represent the crack propagation stage very well, but it is not able to quantify

the crack initiation and the failure stages.

Wheel-tracking tests

The stress or the strain is related to the number of load applications or to the
amount of cracking in the specimen/slab. In the laboratory a wheel tracking
machine is used, a loaded wheel (with a pneumatic tire) moved back and forth
over a specimen. Of course one of the limitations of this test is the speed of
the rolling wheel and sometimes rutting could be more significant than fatigue.

However it is a good simulation of the field conditions.

For the full-scale arrangements a good example is the Pavement fatigue
carrousel in Nantes, France (see Figure 25). It is composed of a central tower

and four arms, usually ended with different configurations of loads (single or

twinned wheels on simple or tandem axle or single wheel on a triple axle).

Figure 25 Pavement Fatigue Carrousel in Nantes, France

Certainly this kind of test can do an excellent simulation of the field conditions,
but the initial investment cost and the annual maintenance cost is very high.
This project involved the use of 2 Point Bending test (2PB), 4 Point Bending
test (4PB) and Indirect Tensile Fatigue test (ITFT). Also, a new test was
developed: Indirect Tensile Fatigue test in strain control mode. An in-depth
description for each test used in this project is presented in Chapters 5, 6 and
7.

2.5.1 Considering healing in fatigue tests

To better understand and quantify the healing effects in asphalt material,
researchers usually consider rest periods during a fatigue test.
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Depending on the way the material is allowed to rest, there are two different

types of test (see Figure 26):

e With rest intervals: the fatigue test is stopped during a rest interval and, at
the end of it, it is continued until the next rest interval,

e With intermittent loads: each loading cycle is followed by a rest period;
usually this kind of test reflects the true traffic load better than the
previous one and the duration of the rest period is a multiple of the

loading cycle duration (Castro and Sanchez, 2006).

ATTATATARTATATA

TEET WITHOUT REST

MV N

(1) REST INTERVALS

)\ N\

(Bl INTERMITTENT LOADINGS

Figure 26 Test with and without rest (Castro and Sanchez, 2006)

Many researchers have noticed that introducing a rest period during a fatigue
test, results in a recovery of the stiffness modulus value, thus the fatigue life
increases. Of course this increase is caused by the healing that takes place
during the rest periods. Fatigue life, however, does not seem to increase for
rest periods greater than ten times the loading time (Castro and Sanchez,
2006, Bonnaure et al., 1983, Di Benedetto et al., 1997, Raithby and Sterling,
1972). So the conclusion is that the optimum rest period value is around ten

times the loading time (See Figure 27).

WITH REST PERIODS

14 l
TT T
Loading Resttime=1s
time=0.1s

Figure 27 Optimum rest period value (Castro and Sanchez, 2006)
2.6 Summary

This chapter presents an in-depth literature review about fatigue. Several

fatigue methods exist in the literature such as phenomenological approach
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(that is also the traditional approach used to analyse fatigue), fracture
mechanics approach and dissipated energy approach. This project chose to
focus more on the dissipated energy methods; thus the dissipated energy
concepts related to asphalt materials are described and several methods in

this area are presented.

Among all them, three in particular have been chosen to analyse fatigue data:
the Dissipated Energy Ratio (DER) by A. Pronk, the Energy Ratio (ER) by G.
Rowe, and the Ratio of Dissipated Energy Change (RDEC) by S. Carpenter
and S. Shen. Those were chosen because a strong correlation between the
changing of dissipated energy and fatigue damage has previously been found.
Many other dissipated energy methods do not distinguish the amount of DE
due to damage rather than viscoelasticity or heating phenomena and they

strongly depend on loading and environmental conditions.

The chapter has also reviewed the different factors affecting fatigue life in
asphalt pavement such as temperature, material characteristics, traffic loading,
etc.

One of the purposes of this project is to include rest periods during a fatigue
test, thus better understand how healing is correlated to fatigue. A literature
review about healing phenomenon has been presented. The main reason to
do that is because in Pavement Design some of these factors are considered
already such as temperature, traffic loading and material resistance. Influence
of rest period is not taken into consideration yet, although loading in the field

is not applied continuously but rest periods happen in real asphalt pavements.

To better understand fatigue behaviour, three different testing machines are
involved in this project: 2 Point Bending, 4 Point Bending and Indirect Tensile
Fatigue test. 2PB and 4PB are flexural fatigue tests; ITFT is a diametral test.
ITFT is a common test used by different civil engineering and construction
companies for pavement design purposes. As part of the project an
exchange with the French Institution IFSTTAR in Nantes was planned to get
knowledge about the 2PB. 4PB test and ITFT tests were, instead, undertaken
at the University of Nottingham. The same loading and environmental

conditions were chosen to undertake tests on the same material. A key point
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of this project is the development of the ITFT in strain control mode to be able

to compare results with the flexural fatigue tests mainly used in research.
2.7 List of variables
¢ N;is the Number of cycle to failure,
e ¢ is the tensile strain
e 0o is the tensile stress

e A b, C, d are material coefficients, derived of fitting the data from

laboratory testing.
e ¢ is the tensile strain at the bottom of the asphalt layer,
e Ejis the initial stiffness modulus (at the 50th cycle);
e K, Ky and K3 are regression constants obtained from laboratory testing.
e D is the damage,
e T is the number of periods,
e n;is the number of load applications during a period I;

e N; is the the ultimate number of load applications the pavement could

carry.
e Pl is the Penetration Index of the bitumen,

e E is the stiffness of the mixture.

e E*is the complex modulus.

e V), is the percentage of bitumen by volume in the layer;

e V,is the percentage of aggregate by volume in the layer;
e V, is the percentage of air voids by volume in the layer;

e C is the correction factor;

e g, is the tensile microstrain;

e E*is the complex modulus;

e VFB is the percentage of voids filled with bitumen;

e &g is initial tensile strain;

e 0 is the phase angle;

e da/dN is the crack growth rate;
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AK is the range of the stress intensity factor;

C and m are material constants: the intercept and the slope on the log-
log plot of da/dN versus AK;

Y is a function depending on the specimen geometry and the crack;
a. is the critical length at which instantaneous fracture will occur;

a; is the initial crack length at which fatigue crack growth starts for the

given stress range Ao;

Kic is the fracture toughness;

o is the tensile stress;

Wi is the Dissipated energy in cycle i;

;i is the stress level in cycle i;

& is the strain level in cycle i;

@i is the phase angle in cycle i;

IDE is the Initial Dissipated Energy method;

W, is the initial dissipated energy (at the 50th cycle);
CDE is the Cumulative Dissipated energy method
>Wi4 is the cumulative dissipated energy to failure,
>Winiiial IS the initial cumulative dissipated energy ;
DER is the Dissipated Energy Ratio method;

>Wi; is the accumulated dissipated energy up to the cycle n;
N; is the number of cycle to failure (in both DER and ER methods);
ER is the Energy Ratio method,;

N is the number of cycle;

Op is the initial stress level (at the 50th cycle);

€0 is the initial strain level (at the 50th cycle);

@o Is the initial phase angle (at the 50th cycle);

RDEC is the Ratio Dissipated Energy Change method;
W, is the dissipated energy produced in load cycle n;

W1 is the dissipated energy produced in load cycle n+1;
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k is the exponential slope of the regressed dissipated energy curve

versus loading cycle;
PV is the plateau value;

Nfso is the number of cycle that corresponds to the 50% initial stiffness

reduction;

Ax¥ is the power law;

Pasp is the percentage by weight of asphalt (aggregate basis);
Gasp Is the specific gravity of asphalt;

Gagg IS the specific gravity of aggregate;

MF is the mode factor;

Y is the energy ratio of the initial dissipated energy;

Nsielg IS the fatigue life in the field,

Niap is the laboratory fatigue life;

SF is the shift factor;

t; is the rest period;

PVy is the PV value considering healing;

PVwio is the PV value not considering healing;

DCSE is the absorbed energy that damages the material,
Pl is the Percentage Increase in the number of cycles;

Dl is the Damage Indicator;

HI is the Horizontal Increase.
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CHAPTER 3

Applying statistics to fatigue test data

Statistics is necessary to organize, analyse, and interpret numerical
information from data. Descriptive statistics involves methods of organising
and summarising information from data. Inferential statistics involves methods

of using information from a sample to draw conclusions about the population.

In this project, an in-depth study in statistics was done to compare different
fatigue lines obtained from different loading conditions, different fatigue
methods and different laboratory tests. This chapter shows the statistical
background necessary to understand what statistical test is more appropriate

depending on the initial hypothesis to compare data.

Note: a population is a group of measurements about which a researcher
wishes to draw conclusions; a sample is a subset of all the measurements in
the population and it is usually random. If the population is very small, it may
be reasonable to consider the whole population as the sample

(sample=population). A variable is a characteristic of the single measurement.
3.1 Simple linear regression

A regression represents a relationship between two variables. The term
simple refers to the simplest kind of regression, one in which only two
variables are considered; the term linear refers to the relationship between
the two variables being a straight line. One of the two variables is usually a
dependent variable and the other one is independent. In an experiment, the
dependent variable is studied in order to analyse how and if it varies when
the independent variable changes. Fatigue data are usually pairs of
experimental data where the independent variable is the strain level (g)

applied and the dependent variable is the number of cycles to failure (Nf).
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The simplest relationship between two variables in a population is the

simplest linear regression (equation for a straight line) as follows:
Y, =a+bX; Equation 46

Where: Y; is the dependent variable, X; is the independent variable, a and b
are population parameters and they represent the intercept and slope

respectively.

Usually, researchers collect several pairs of experimental data and there may
be considerable variability; thus the traditional procedure is to plot them in a
log-log chart (¢, Nf) and to determine what is commonly called the “best-fit
line” (the equation of the fatigue line by using the best-fit regression line).
That means that, after plotting the pairs of data, a unique relationship
between the two variables is determined using the concept of the least
squares. The method of the least square is an approach to minimise the sum
of the squared residuals (a residual is the difference between the
experimental data and the fitted value provided by the best-fit regression); in
other words, the least square approach considers the deviation of each
experimental point from the best-fit line. The best-fit line is the regression line
that has the minimum value of the sum of the squares of these deviations for

all the experimental data.

The distribution of fatigue life (Nf values) is usually unknown, but it is
common to assume that the logarithms of the fatigue lives are normally
distributed and the variance of log life is constant over the entire range of the
independent variables used in testing (that is the strain level applied €). Thus,
in order to have a straight line, fatigue life is usually represented in a log-log
plot (ASTM E739-10). See Figure 28.
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Figure 28 Best-fit regression line between the fatigue life Nf,50 and the strain level

applied €.

Considering a sample of n; data, the slope b of the regression line is

estimated by means of the following equation:

LTy XXX oY) 2K

in)'(ZYi)

ST R x)

( X )2 Equation 47

X7

Where:

Xi and Y; are the abscissa and the ordinate, respectively, of
experimental data point;

X and Y are the average values of the n abscissa and n ordinate of
the data set;

2xy is the sum of cross products;

¥x? is the sum of squares;

b is the slope of the best fitted-line regression.

In Equation 47, the denominator is always positive; the numerator can be

positive, negative, or zero; thus the value of b can vary from -« to +~ as

shown in Figure 29.
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Figure 29 Slope of linear regression line

The intercept a is the height of the line that means that mathematically it
represents the average value of y when x equals zero. It is determined by
means of the following:

Y =a+bX =a=Y —bX Equation 48

In the case of fatigue life of a material, it is always assumed that fatigue lives
are log-normally distributed and the variance of log life is constant over the

entire range of the independent variable used in testing (ASTM E739-10).
3.2 Testing the significance of a regression: Fisher and
Student t tests

Once the linear regression line is determined, it is necessary to analyse the
variance of testing data (ANOVA) that examines the several sources of
variation among all the data in an experiment by determining the sum of
squares.

The aim of ANOVA is to test appropriate hypotheses about the values
determined on a chosen data set. Usually a null hypothesis Ho:f=0 and an
alternative hypothesis, Ha:f#0, are set up. If there is a probability (usually
greater the level of significance for example 5%) that the calculated 8 could
have come from sampling a population with =0, the Hyis rejected and the
alternative hypothesis is true. In order to proceed, several quantities have to
be defined (see Table 1) and calculated such as:

e Total SS. The total sum of squares of deviations of Y;values from the

mean value Y .

Totalss =3 (v, -V ) =3 y? Equation 49
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Regression SS. The linear regression sum of squares that determines
the variability of the Y; values because they are in a linear regression.

2
regressionSS = Z(Y, —\7)2 = (Z_xyz) =b-> xy Equation 50

D x

The regression SS is equal to the total SS only if the data points fall on

the regression line.

Residual SS. The residual sum of squares corresponds to the errors.
residualSS = Z(Yi —Y,)2 =totalSS — regressionSS Equation 51

Degree of freedom (DF). The number of variables that are free to vary.
The DF associated with the total variability of Y; is shown in Equation
52; the DF associated with the variability of Y; due to the regression is
always 1 in the case of simple linear regression. The residual DF is

calculated by means of the equation (Equation 53).
totalDF =n-1 Equation 52

residualDF = totalDF — regresionDF =n—2 Equation 53

Means sum of squares (MS) or variance. The mean squared deviation
from the mean and is calculated by taking the sum of squared

differences from the mean and dividing by the degree of freedom
(Equation 54). The residual mean square is also written as S7, to
denote the variance of Y after taking into account the dependence of
Y on X. The square root of s{, is called standard error of estimate.

S

MS=—
DF

Equation 54
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Table 1 SS, DF and MS (Zar, J.H. 2010)

Source of Variation SS DE MS
Total Z y? -1
(Z XY)2 regressionSS
Linear regression = 1 Y
Z X regressionDF
Residual totalSS — regresionSS n-2 res_ndﬂ
resicualDF

In order to test the null hypothesis, it is necessary to consider the Fisher
analysis of variance. Fisher introduced the concepts of comparing the
variance among groups to the variance within groups. So the F-test, that is
the ratio between the means of squares of the regression and the errors

(residual MS), is calculated as follows:

Fo regressionMS
residualMS

Equation 55

The computed value is then compared to a critical value that is
Fa(l)’vllv2 = Fa(l),(kfl),(ka)' In general, it represents the value of F at the one-
tailed significance level a and with numerator degree of freedom of v;=k-1
(regression DF) and denominator degree of freedom of v,=N-k (residual DF);

where k is the number of groups considered. If |F|2Fa(l),vl,v2 then the

hypothesis Hy is rejected.
The residual mean square is also written as S, to denote the variance of Y

after taking into account the dependence of Y on X. The square root of s’

is called standard error of estimate. It indicates the accuracy with which the
fitted regression predicts the dependence of Y on X. The proportion of the
total variation in Y is called the coefficient of determination R?, often used as
a measure to indicate the goodness of a fitted line to the data (or as the

precision of regression). R? is calculated as follows:

R? _ regressionSS

Equation 56
totalSS
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Another way to test the null hypothesis is to use the Student’s t test. It is
usually applied when the data are normally distributed and the aim is to
determine if two set of data are significantly different from each other. In
general the t value is calculated as:

(= (p arameter_estimate - parameter_value_hypcthesized)
standard_error_parameter_estimate

Equation 57

If we consider the two-tailed previous hypothesis Ho:f=0 and Ha:B#0, the t

parameter can be calculated as:

Equation 58

2
|'s
Where Sg is the variance of b equal to S, = # and b is the estimated
X

value of B.

The computed value of t is then compared to a critical value, that is t,,, . It

represents the value of t at the two-tailed significance level a and with degree

of freedom of v (v =n-1). If [t >t,,), then the hypothesis Ho is rejected.

For the two-tailed hypothesis Ho:=0, either t or F may be used, obtaining the

same results.

3.3 Confidence interval, confidence bands and prediction
bands in regressions

A confidence interval gives an estimated range of values which is likely to
include all the data according to a certain confidence level (usually 95%), in
other words it represents the level of certainty about an estimated value. The
precision of the estimated parameter is proportional to the width of the
confidence interval: a wide interval may indicate that more data should be
included in order to have more confident estimation. Assuming that the

estimator is normally distributed and the variance of log-normal distribution is

constant, the confidence intervals for a=¢a and b :,3 are given by:
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atto|—+——m— Equation 59

R Ve
[ tto Z(Xi ~ X 2)} Equation 60
i=1

Where t is the value of the t distribution that depends on the confidence level

chosen (usually 95%) and the degree of freedom (v=n-2).

Confidence bands represent the uncertainty in an estimate of a curve or
function based on limited data. It gives a visual sense of how well data define
the best-fit curve. The confidence bands are defined by a lower and an upper

curve by the following equations:

(x - XJ

a+ X +N2Fo 1+ - Equation 61
" XX -X)

i=1

where F is the value of the F distribution that depends on the confidence level
chosen (usually 95%), the degree of freedom of v; (regression DF) and the
degree of freedom of v, (residual DF). As shown in Figure 30 , the dashed
hyperbolic lines are the confidence bands relating to the best fitted line of e-Nf
data. The confidence bands represent the boundaries of all possible linear
regression lines relating to a certain set of data. Considering a 95%
significance level, it means that the upper and lower confidence curves
enclose the true best fitted line with 95% of confidence, leaving a 5% chance

that the true regression line is outside the boundaries.
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Figure 30 Confidence bands related to the best fitted regression line of a sample
data.
In contrast, prediction bands represent the area in which future data points
are expected to fall. They take into account the uncertainty in the true position
of the fitted curve and the scatter of data around the fitted curve. For this
reason they are always wider than confidence bands (Little, 1975).

3.4 Testing the adequacy of a linear model

There may happen to be more than one observed value of fatigue life Nf (Y)),
for a certain strain level € (X;, where | is = 3). In this case, it is necessary to
verify the linearity based on the F distribution. Assuming that fatigue tests are
conducted at ¢ different strain levels of X and m; replicate values of Y are
observed at each X;. In order to verify the linearity, a computed value L has to

be calculated by means of the following equation:

Zg:mi (Y: _Y_i)z/(g_z)
L= Equation 62

ZZ(YU’ _Yi)z/(N —5)

i=1 j=1

where Y;; is the log life of the j" replicate specimen tested at i level of strain

(X)), and where N is the total number of specimens tested N = Zmi .
i=1
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After that, the L value has to be compared with the critical value F for the

significance level chosenF ) ,,,,. Note: significance level is defined as the

probability in percent of incorrectly rejecting the hypothesis of linearity when
there is indeed a linear relationship between X and Y (ASTM E739-10).

Fa(l),vl,vz represents the value of F at the one-tailed significance level a (i.e.
95%) and with numerator degree of freedom of v; (regression DF = ¢ - 2) and
denominator degree of freedom of v, (residual DF = N - €). If |L|>F,,
then the hypothesis of linearity is rejected.

3.5 Sample size

According to the American standards (ASTM E739-10), the minimum number
of specimens necessary for obtaining the regression line depends on the type
of test conducted. In the case of this thesis the planned kind of test is related
with research and development testing and for this reason the minimum
number suggested is between 6 and 12. In the case of design and reliability
data the minimum number suggested is between 12 and 24.

3.6 Comparing simple linear regressions

It may happen that several samples of fatigue data have to be fitted, that
means several best fitted regression lines will be obtained. An interesting
thing to do is to compare different regression lines, this may mean either
comparing different materials at the same loading and environmental
conditions or different fatigue approaches for the same material (or both!). In
order to verify difference between regressions, the slopes and the intercepts
of different regressions have to be compared to understand if they are either
significantly different or not. In order to proceed the first thing to know is how
many regression lines (k) have to be compared: if k = 2 then the Student’s t
test will be involved in the analysis, if k = 2 than a multiple analysis has to be

done using the analysis of covariance (ANCOVA) and different kinds of tests.

Comparing two reqgression lines

Comparing two different regression lines means to evaluate if the slopes and

the elevations of the two regression lines are significantly different.

In the case of the slopes, the hypotheses are:
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e Ho:B1=B>

o Ha:B1#B2.
Student’s t test is considered by determining the t function as follows (ASTM:
E739-10):

Equation 63

S _ (SYZX @ 4 S E i 64
b-b, — (ng)l (zxz)z quation

(residualSs ),

(s2,) (residualSs ),
“ (residualDF ),

Y« (residualDF ), i

Equation 65

Where b; and b, are regression coefficients, Sp1.n2is the standard error of the

difference between regression coefficients, (SYZ,X )ais the pooled residual mean
square; the subscripts 1 and 2 refer to the two regression lines. The critical
value of tis 1., and it represents the value of t at the two-tailed significance
level a and with degree of freedom of v equal to the sum of the two residual
degrees of freedom v=(n, —2)+(n,~2)=n,+n, -4 . If [t|>t,,  then the

hypothesis Hy is rejected. The next step might be to calculate the point where

the two lines intersect (X, Y)) by using the following equation:

a,—a
X — 2 1 .

| b, —b, Equation 66
Y, =a, +b X, Equation 67

If the hypothesis of equality is not rejected (Ho:B1=B2), the two regression lines
are parallel and a common regression coefficient b can be determined as

follows:

b, = %:Z;i i%fgt Equation 68

In the case of the elevation, the hypotheses are:

e Ho: the two regression lines have the same elevation

e Ha: the two regression lines do not have the same elevation
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The Student’s t test is considered also in this case, but first several quantities

for the common regression have to be calculated as follows:
e Sum of squares of X, A, = (sz)l +(Zx2)2
e Sum of crossproducts, B, = (Z xy)l +(ny)2 ;
e Sum of squares of Y, C, =(Zy2)l+(2y2)2:

BZ

e Residual SS, SS=C, -

e Residual DF, DF, =n, +n, -3 :

SSC .
DF.

c

e Residual MS, MS, = (52, ), =

Then, the t value can be calculated by using the following expression:

t= (Y_l_Y_Z)_bc()zl_iz)
j— —_— 2 .
- Equation 69
J(sf.x) {uu(xlxz)}
o A

The critical value of tis t,,, and it represents the value of t at the two-tailed

significance level a and with degree of freedom of v equal to DF.. If [t >t ),

then the hypothesis Hy is rejected, which means that the two regression lines
are parallel but does not have the same vertical position on a graph. In this

case, the two regressions can be written as follows:
Y, =a, +b.X, Equation 70
Y, =a, +b X, Equation 71

If |t| <t,(, then the hypothesis Ho is not rejected, which means that the two

regression lines are parallel and have the same elevation. In this case, a

unique regression equation can be determined as follows:
Y, =a, +b X, Equation 72
Where a is the common regression intercept defined as:

a, =Y, —b.X, Equation 73
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Where Vp and )?p are the pooled sample means obtained by:

- n X, +n,X,

X, n Equation 74
1 2
—nY,+n,Y,
Y, :ﬁ Equation 75
1 2

Comparing more than two regression lines

When more regression lines have to be compared, there could be
misunderstanding trying to apply two-sample t tests to all possible pairs of
samples. In this case an error could be made and the probability of
incorrectly rejecting at least one of the hypotheses is:

1-(1-a) Equation 76
C= k(k2—1) Equation 77

Where C is the number of possible different pair combination of k samples.
As the number of samples increases, the probability of committing at least
one type | error by using two-sample t tests increases.
Thus, in case k regression lines have to be compared, the first thing to verify
is that the k sampled populations do not have the same slope. The
hypothesis of equality between slopes of different regressions is usually
tested with the analysis of covariance (ANCOVA). The hypotheses are:

e Ho:B1=Bo=...= B«

o  Ha:B1#B2#%...# Bk
Several calculations necessary to compare the k slopes have to be calculated

as follows:

o D X% > y% > xy, for each regression k;

e Residual SS and residual DF, for each regression k;
K

e Pooled residual sum of squares SS = ZSSi ;
i=1

K
e Pooled residual degree of freedom DF, =>"(n, -2);

i=1
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2 k
e Common residual sum of squares SS, :Cc—i—C, where A =Y A,

c i=1

B, :iBi and C, :ici ;
i=1

i=1

k
e Common residual degree of freedom DF, = Zni -k-1;
i=1

Thus, the F test is considered using the following expression:

(SSC—SSpj
k-1
F

B Equation 78

p

DF

p

The computed value is then compared to a critical value that is Fa(l),vl,vZ' If

IF| < F )12 then the hypothesis Ho is not rejected, which means that the

slopes are not significantly different and a common regression coefficient can

be determined as:

Z(ny)

b=—"—— Equation 79

i)

If |F|2 F.a).1,2 then the hypothesis Ho is rejected, which means that the

slopes are not all equal and the next step will be a multiple comparison to
understand which of the k regression slopes differ from which others. Two

different tests could be used:

e Tukey test. This test is usually used to compare each possible pair of
slopes in the group of k regressions.
e Dunnett’s test. This test is usually used to compare each slope to a

“control” slope chosen a priori before the analysis.

The Tukey test is similar to the t test, apart from the corrections that have to
be considered due to the fact that a probability of making a type | error exists
(when a multiple analysis is made). Considering two regressions A and B of

the groups of k regressions, the test g is calculated as follows:
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q= Equation 80

Where:

SE = \/(SYZ'ZX ) [(212)8 + (Ziz)A] Equation 81

The degree of freedom is the pooled residual DF. The critical value isq

a,v.k
where a is the significance level, v is the residual pooled degree of freedom

and k is the number of regressions in the group.

If ©x? is the same for regressions A and B, the standard error is:

2
SY~X p

NG

SE = Equation 82

In contrast, in Dunnett’'s method, a regression is chosen to be the “control”
regression. All the other regressions are compared to the control one. In

Dunnett’s test the value SE is expressed as follows:

(S\?-x) [ 1 1 ]
SE = F + Equation 83
\/ 2 (ZXZ)A (ZXZ)Control

And the critical value isd,, where a is the significance level (in this case

either one-tailed or two-tailed hypothesis can be tested), v is the residual

pooled degree of freedom and k is the number of regressions in the group.
In both cases, if the values calculated (d,,, and d,,,) are greater than the

critical values, then the hypotheses are rejected. In contrast, if the hypotheses
are not rejected then a multiple comparison between the elevations has to be
made using either the Tukey test or Dunnett’s test (Dunnett, C.W. 1964 and
Dunnett, C.W. 1964). The test for the Tukey test is:

‘(Y_A _Y_B)_bc(XA_XB]

q= Equation 84
SE

Where:
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)1 1 (X.-X.f |
SE:\/ ) E+E+(Zx25;+(281x2)A Equation 85

If Dunnett’s test is used then the expression for SE is the following:

- 2
SE = \/(SYZ_X )c! L L ()2<A ~ X i) } Equation 86

—+ + 2
r-]A nControl (Z X )A + (Z X )Control

3.7 Summary

This chapter has presented the statistical background necessary to
understand which statistical test is more appropriate depending on the initial
hypothesis to compare different sets of data. In this project, fatigue lines have
been obtained by calculating the slope and the intercept for each set of data.
Comparisons between different fatigue methods have then been made by
using the Dunnet test considering the phenomenological approach as a
“control method”. Comparisons between different tests were made by using

the Tukey test considering each possible pair of fatigue lines.

3.8 List of variables

e ¢ is the strain level;

e Nfis the fatigue life;

e Yiis the dependent variable;

e X;is the independent variable;

e a is a population parameter and it represents the intercept;

e [ is a population parameter and it represents the slope;

e n (X, Y))is adata point;

e X;and Y; are the abscissa and the ordinate, respectively, of experimental
data point;

e X andY arethe average values of the n abscissa and n ordinate of the
data set;

e >xy is the sum of cross products;

e Ix?is the sum of squares;
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b is the slope of the best fitted-line regression;

k is groups of data (n;);

N is the total number of data in all k groups;

Ho is the null hypothesis;

Ha is the alternative hypothesis;

Total SS is the total sum of squares of deviations Y;values from the mean
value Y ;

Regression SS is the linear regression sum squares;
Residual SS is the residual sum of squares;

DF is the degree of freedom;

v is regression DF;

v, is residual DF;

MS is the means sum of squares or variance;

s; . is the residual mean of square, also known as standard error;

Fa(l),vl,vZ represents the Fisher test;

R? is the coefficient of determination;

t,(2), is the Student t test;

a and ,B are the confdence interval;

m; represent the replication of a value of Y;

L is a paramenter to verify the linearity;

Yj is the log life of the ™ replicate specimen tested at i level of strain (X));
N is the total number of specimens;

(SYZ,X )ais the pooled residual mean square of regression line;

ANCOVA is the analysis of covariance;
g is Tukey test;

g’ is Dunnett test.
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CHAPTER 4

Experimental Program

4.1 Introduction

Fatigue cracking occurs due to repeated applications of tensile stress and
strain. There are different ways of carrying out fatigue tests in the laboratory,
thus there are different ways to simulate reality. Mostly bending tests such as
2 point bending (2PB) and 4 point bending (4PB) tests are used in pavement
research; sometimes, the equipment and the testing procedures are relatively
complex and the preparation of specimens (trapezoidal for the 2PB and
prismatic for the 4PB) is time consuming. Consequently, such pure fatigue

test methods are usually confined to a research laboratory.

An attractive alternative is the Indirect Tensile Fatigue Test (ITFT). It is a
simple fatigue test method; no special specimen preparation techniques are
necessary and it is easily suitable for cylindrical specimens manufactured in
the laboratory or cored from a flexible pavement. Currently, it is only possible
to carry out ITFT in control stress mode. In this project, the development of
ITFT in strain control mode was developed; also, dissipated energy concepts
were included in the software. Results were compared with other pure fatigue

testing methods such as 2PB and 4PB.

A disadvantage of this testing machine is the accumulation of permanent
deformation; thus the ITFT is not a pure fatigue testing machine (does not
measure fatigue behaviour directly), especially at high temperature when the

viscoelastic behaviour is more pronounced.
4.2 Materials
Two different materials were used in this project: a 10 mm Dense Bitumen

Macadam (DBM) and a 20 mm DBM. The aggregate types used are:

e porphyritic andesite (Aggregate Industries’ Bardon Hill quarry) for the
20mm DBM,

e crushed limestone (Ivonbrook Quarry) for the 10mm DBM.
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The mixture design for the asphalt mixtures was based on a 0/20 and 0/10

mm size course according to BS 4987-1: 2005.

Two different penetration bitumen grades from the same crude source

(Venezuelan) were used for the project:
e 40 pen bitumen,
e 100 pen bitumen.

The grading specification for the 10 mm DBM is reported in Table 2 whereas

the design gradation curve is shown in Figure 31.

Four lines are presented: the upper, the lower limits and the mid-point curve
from the British Standards and the aggregate gradation (BS-4987-2005).

Table 2 0/10 mm size DBM specification

Test sieve aperture size (mm) Passing sieve (% by mass)
14 100
10 85-100
6.3 30-60
2 10-30
0.063 2-7
100 : A S N S N .
90 1+ ==Upper
80 11 — Lower /
70 - 1
- Mid range / /
o 60 1~ /]
%, 50 || ==0/10 Dense surface course / /
1]
O
o 40
S 30 / j
”—’=//'
20 4/”‘f‘
10 L=
oy
0
0.01 0.1 1 10 100

Sieve Size (mm)

Figure 31 Gradation curve 10 mm DBM

The grading specification for the 20 mm DBM is reported in Table 3 whereas

the design gradation curve is shown in Figure 32.

Table 3 0/20 mm size DBM specification
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Both mixtures, 10mm DBM and 20mm DBM, were chosen because they are

Test sieve aperture size (mm) Passing sieve (% by mass)
315 100
20 95-100
14 65-85
10 52-72
6.3 38-56
1 20-40
0.25 6-20
0.063 2-9
100 T T [T 7
90 11— o/20mm Dense Binder Course //
80 |
70 1| — Upper and Lower Limits //
(@)}
% 60 | Mid Range B /
§ 50 :
< 40 | //
30 P L /
20 S
’/ //// iy
10 :::/’/
O T 1 [
0.01 0.1 1 10 100

Sieve Size (mm)

Figure 32 Gradation curve

typical of those used in pavement design, often as base and binder layers.

The procedures chosen for the production of the control asphalt mixtures, in
terms of laboratory mixing and compaction by roller compactor, conform to BS
EN 12697-35: 2004 and BS EN 12697-33: 2003 respectively. Once the
aggregates, bitumen and filler are uniformly mixed and the temperature before
compaction is within the specified range, a calculated amount of hot mixture is
poured into pre-heated square moulds (305 mm by 305 mm) and compacted

to the required slab thickness in order to achieve the desired air void content

4.3 Mixing and compaction

(see Figure 33 and Figure 34).
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Figure 33 Mixing according to BS EN 12697-35: 2004

Q

Figure 34 Compacting according to BS EN 12697-33: 2003
4.4 Specimen cutting

Each testing machine requires different specimen shape (see Section 5.2, 6.2
and 7.2).

45 Volumetric characteristics

After the specimens are trimmed, they are placed on absorbent paper and

allowed to dry out at room temperature.

The dimensions of each specimen are measured and the specimens are then
tested for bulk density as detailed in BS EN 12697-6: 2003. The bulk densities
are used together with the maximum theoretical densities, which were
determined on loose mix samples by the volumetric procedure BS EN 12697-
5: 2009, to calculate the actual percentage of air voids of each test specimen
according to BS EN 12697-8: 2003.

The target void content was 4+1% for the 10mm DBM; it was 6+1% for the

20mm DBM. See Appendix B for bulk density and air void content details.
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Note: cylindrical specimens (20mm DBM only) have a higher air void content.
Those specimens (even if out of the target air void range) were used for
calibrating the ITFT in strain control; some results are presented to show the
difference between ITFT in strain and stress control mode. Due to a big
difference in air void content those results were not compared with the 2PB

results.
4.6 Storage

The cored and cut specimens were then stored at room temperature on one
of their flat faces for up to two weeks from compaction and then stored in a
dry atmosphere at a temperature of 5°C to prevent distortion. Specimens
were only removed from this controlled environment to be conditioned and

tested at the required temperature.
4.7 Testing machines

As shown in Chapter 2, different testing machines exist in order to describe
fatigue behaviour in asphalt materials. In this project, three different testing
machines were involved: 2 Point Bending test (2PB), 4 Point Bending test
(4PB) and Indirect Fatigue Tensile test (ITFT). Each of them is described in

the following sections.

The 2 Point Bending test is widely used for measuring fatigue resistance and
stiffness for asphaltic paving materials. For this laboratory activity, fatigue
tests were performed at IFSTTAR, the French institute of science and
technology for transport, development and networks, in Nantes (France) and
at the University of Nottingham (United Kingdom). Regarding the 10mm DBM
material, fatigue tests were carried out at two different temperature (10 and
20°C) and two different frequencies (15 and 25 Hz). Regarding the 20mm
DBM material, fatigue tests were carried out in both strain and stress control
mode at 10 °C and 25 Hz.

The 4 Point Bending test is the most used fatigue test in the United States.
The tests were performed with a servo-hydraulic testing system at the
University of Nottingham. Only the 20mm DBM material was tested at 10 °C
and 25 Hz. Healing tests were performed at different rest time periods and

different loading time periods.
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The Indirect Tension test is a simple fatigue test widespread in the United
Kingdom due to the fact that it is a simple test, easily suitable for cylindrical

specimens manufactured in the laboratory or cored from a flexible pavement.

For each testing machine involved in this project, stiffness modulus and

fatigue resistance were obtained.

Stiffness modulus

Stiffness modulus is the absolute value of the complex modulus, that relates
stress to strain under a continuous sinusoidal loading in the frequency domain
for linear visco-elastic materials (Maggiore, C. at al. 2012, Pais J. at al. 2009,
Di Benedetto, H., 2001).

The complex modulus (at any given temperature) is defined as the ratio of the
amplitude of the sinusoidal stress (at any given time and load frequency) and

sinusoidal strain (at the same time and frequency) as follows:

e olt) _ ogsen(et) _ o . gie | E" |6

= 8(t) = gosen(a)t—gp) = & Equation 87

Where:
e | E" |is stiffness modulus;
e o, is the peak (maximum) stress;
e ¢, is the peak (maximum) strain;
e =27 is the angular velocity;

of is the load frequency;

¢ @ is the phase angle that represents the lag time between stress and
strain;

et is the time;

ei is the imaginary unit.

The complex modulus (see Figure 35) can also be defined as (EN 12697:24).
E" = E"|-(cosp+i-senp) = E, +iE, Equation 88

The real component E1 (see Equation 89) represents the elastic behaviour of
the material while the imaginary component E2 (see Equation 90) describes

the viscous behaviour. They are defined as follows:
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E, =|E"|-cose Equation 89

E, =|E"|-seng Equation 90

Stiffness modulus |E*| (the absolute value of the complex modulus) and the

phase angle ¢ (phase lag between stress and strain waveforms) can be
calculated as:

|E" = J(E] +E;) Equation 91

¢ =arctg(E,/E,) Equation 92

g= arctal{%] - E = |£' *| cos @

.
L

Figure 35 Representation of complex modulus

According to the standard BS EN 12697-26:2004, the two components can be

expressed in general terms by the following expressions:

F
Elzyx(—xc05¢+i3xa)2J Equation 93
z 10
F . :
E, = ;/x[7><sm (pj Equation 94
Where:

e 7is the form factor as a function of specimen size and shape;

e 1is the mass factor, a function of the mass of the specimen (M in

grams) and the mass of the movable parts (m in grams), that
influence the resultant force by their inertial effects;
e F is the applied force;

e zis the displacement.
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Depending on the type of test and the shape of the specimens, yand x have
different expressions.

The stiffness modulus provides important information about the linear
viscoelastic behaviour of that particular mix over a wide range of temperature
and loading frequencies. A deeper study about fatigue was undertaken during

the exchange at IFSTTAR, in Nantes by means of the 2 Point Bending test.
Thus, stiffness tests were included in the laboratory plan in this project.

Fatique resistance

A summary of the tests undertaken is shown in Table 4 and
Table 5.

The dissipated energy methods used to compare sets of data are: DER by
Pronk, ER by Rowe and RDEC by Carpenter and Shen. These three methods
were chosen because they relate fatigue life with the change in dissipated

energy during a fatigue test.

Table 4 Experimental work for 10mm DBM

Fatigue test Temperature Frequency Healing Mode of loading

2PB 10-20°C 15-25Hz NA Strain control
4PB 10°C 25Hz Yes Strain control
ITET 10-20°C NA Yes Strain and stress

control

Table 5 Experimental work for 20mm DBM

Fatigue test Temperature Frequency Healing Mode of loading

Strain and stress

2PB 10°C 25Hz NA
control

Strain and stress

ITFT 10°C NA Yes
control

4.8 List of variables

e 2PBis 2 Point Bending;

e 4PB is 4 Point Bending;

e |TFT is Indirect Tensile fatigue Test;
e DBM is Dense Bitumen Macadam;

e pen is penetration;
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p is the bulk density of specimen (in 1000kg/m?);

pw is the bulk density of specimen (1000kg/m?);

m; is the mass of dry specimen in the air unsealed;

m; is the mass of dry specimen in the air sealed in foil;

msis the mass of in the water, sealed in foil;

Psm is the relative density of the aluminium foil (1603 kg/m®):;

Pmax IS the maximum theoretical density of the mixture (in 2000kg/ m3);

pa is the proportion of aggregates in the mixture in percent;

pa is the particle density of aggregate (in 1000kg/m?);

ps is the proportion of binder in the mixture in percent;

pg is the density of binder (in 1000kg/m?);

Prarget is the target density;

Vm.target IS the target air void content;

Vn, is the air voids content of the mixture in percent;

IFSTTAR is the French institute of science and technology for transport,
development and networks;

| E” |is complex modulus;

o,is the peak (maximum) stress;

&, Is the peak (maximum) strain;

w =24 is the angular velocity;

f fis the load frequency;

¢ is the phase angle that represents the lag time between stress and strain;
tis the time;

I is the imaginary unit;

yis the form factor as function of specimen size and shape;

1 is the mass factor, function of the mass of the specimen (M in grams)

and the mass of the movable parts (m in grams), that influence the
resultant force by their inertial effects;

F is the applied force;

zis the displacement.
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CHAPTER 5

2 Point Bending Test

5.1 Introduction

The test consists of applying a continuous sinusoidal waveform at the top of a
trapezoidal specimen. The specimen is glued to metal plates at the top and at
the bottom (see Figure 36 and Figure 37). The specimen is mounted as a
vertical cantilever and sinusoidal constant displacement is applied at the top

of the specimen, while the bottom base is fixed.

B g

Figure 36 Trapezoidal specimen Figure 37 Glued specimen

Usually four specimens were tested for each strain level at IFSTTAR; two
specimens for each strain level at the University of Nottingham. Figure 38
shows the 2PB equipment at IFSTTAR. Figure 39 shows the 2PB equipment
at the University of Nottingham.

During a fatigue test, the fracture (failure) usually occurs at 1/3 of the height of
the specimen from the bottom, where the tensile stress is a maximum (see
Figure 40 and Figure 41) (BS-EN 12697-24, 2004; BS-EN 12697-26, 2004).
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Figure 39 2PB equipment at the University of Nottingham
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Strain Amplitude
Figure 40 Stress in the 2PB specimen Figure 41 Fractured specimen

The initial stiffness is usually chosen between the 50" and the 100™ load
application. Traditionally, a fatigue test ends when the stiffness has decreased
to half of its initial value (Rowe, 1993; SHRP-A-404, 1994).

5.2 Trapezoidal Specimens

Trapezoidal test specimens are manufactured from slabs using a masonry

saw and a purpose-built clamping device (see Figure 42).

Masonry

-

Specime

Clamping

Figure 42 Jig for sawing trapezoidal specimens from compacted asphalt mixture
slabs.

The procedure consists of sawing the specimens along horizontal planes in
the direction of compaction. Using this procedure it is possible to produce 10

specimens per slab (see Figure 43).
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direction of
‘l'compaction

24

sawing specimens
slab procedures (10 per slab)

WA WV

Figure 43 Coring and trimming procedure

The dimensions required for a 20 mm and a 10 mm size DBM, according to
BS EN 12697-24: 2004, are reported in Figure 44 and Table 6.

-
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b
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Figure 44 Geometry of trapezoidal specimens: BS EN 12697-24: 2004.

Table 6 Dimensions of the specimens: BS EN 12697-24: 2004.

Dimensions of the RS
Specimens 14<D <20 mm D<14 mm
B 70+ 1 mm 56+ 1 mm
b 25+ 1 mm 25+ 1 mm
e 25+1 mm 25+1mm
h 250+ 1 mm 250 £ 1 mm

5.2.1 Gluing of Trapezoidal Specimens

The trapezoidal specimens are bonded to steel end plates using epoxy resin

to enable them to be fitted to the test apparatus. This operation is carried out
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on a special jig to ensure the correct specimen positioning on the base during
the resin hardening process (in accordance to the European specification BS
EN 12697-24: 2004) as shown in Figure 45. The glue film is kept as thin as
possible and the resin is allowed to harden for a minimum period of 24 hours

prior to testing.

Figure 45 Jig for gluing trapezoidal specimens to two point bending apparatus end

plates

2 Point bending tests were carried out at IFSTTAR in Nantes. The trapezoidal
specimens were manufactured at the University of Nottingham and then
shipped to Nantes in order to ensure the consistency in manufacturing

specimens (materials, mixing, compaction, coring, etc.).
5.3 Test results

53.1 10mm DBM

Stiffness modulus

According to the standards BS EN 12697:26:2004, the form (y) and the mass

factor () for a trapezoidal specimen are expressed as:

_1n (z_gjg_g_mg Eauation 95
% «(B_b)’ BJB 2 B quation
£ =0.135M +m Equation 96

Stiffness test were carried out at 7 different temperatures (-10, 0, 10, 15, 20,
30 and 40°C) and 6 different frequencies (1, 3, 10, 25, 30 and 40 Hz). Four
different specimens were tested at the same time (see Figure 46).
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Figure 46 Stiffness testing machine at IFSTTAR

In order to understand the effect of the frequency on the modulus of the
mixture a frequency sweep was considered and isotherm curves were
obtained (Figure 47). Also, temperature sweeps were considered in order to

evaluate the effect of the temperature on the stiffness modulus. See Figure 48.

As expected, the stiffness modulus decreases when the temperature
increases (and the effect of temperature is amplified at lower frequencies); it
decreases when frequency decreases (and the effect is amplified at higher
temperatures). Asphalt pavements tend to fail in permanent deformation when
they are subjected to slow moving traffic; they tend to fail in fatigue when they
are subjected to faster traffic during their life (Hunter, R.N., 2000).
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Figure 47 Isotherm curves (frequency sweeps)
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Figure 48 Isochrones curves (temperature sweeps)

Although temperature and frequency sweeps give a good indication of the
material behaviour, researchers express both data sets on a single axis

(usually frequency) by means of the Time/Temperature superposition principle.
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This involves undertaking different frequency sweeps at different
temperatures and then shifting each of the curves until they lie on the same
plan as the curve chosen a priori as a reference curve. This is called a master
curve and the reference temperature is 15°C (see Figure 49). Master curves
help to understand the behaviour of the mixture at higher and lower

frequencies (also outside of the measured ranges).

100000 -

10 T T T
0.001 1 1000 1000000
F requency (Hz)

Figure 49 Master curve at a reference temperature of 15°C
Generally phase angle increases when stiffness decreases or when
temperature increases (this is not true at temperature as high as 40 °C).
Higher values of phase angle indicate a tendency towards more viscous

behaviour, whilst lower values indicate more elastic response (see Figure 50).
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Figure 50 Phase angle at different temperatures

The phase angle increases when the temperature increases (and the effect of
temperature is amplified at lower frequencies); it decreases when frequency
increases. This can be easily explained by the fact that the lower the
temperature the more elastic behaviour is exhibited; whilst at higher

temperatures asphalt materials demonstrate a more viscous behaviour.

Fatique
Fatigue tests were carried out in strain control mode at constant temperature

and frequency;

Two different temperatures (10°C and 20°C) and two different frequencies
(15Hz and 25Hz) were used in the test program.
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Figure 51 shows fatigue life at two different frequencies at 20°C. Figure 52
shows fatigue life at two different frequencies at 10°C. Figure 53 shows
fatigue life at two different temperatures at 15 Hz. Figure 54 shows fatigue life
at two different temperatures at 25 Hz. Regression lines were calculated for
each case and then compared using the t test; results are shown in Table 7.

Table 7 Comparison between temperatures and frequencies

Cases Slope Elevation Result

15-25Hz _ _ Regressions are
@20°C t5.65>t0.052)11=2.201 ) different

Regressions have

15°25Hz | o1 BO<tyos)22=2.074 | 1=0.68<loosn=1.318 | SATE Slopesand

@10°C elevations =
Unigue equation
10-20°C Regressions have
@15Hz t:1.76<t0.05(2)ylg:2.093 t:0.72<t0.05(2)ylg:2.093 same SIOpeS but
not elevations
10-20°C _ _ Regressions are
@25Hz t=4.08>%,05() 1672.120 ) different

Fatigue data are characterised by different regression lines for different
frequencies (15 and 25 Hz) and different temperatures (10 and 20 °C).
Asphalt material has a more elastic behaviour at lower temperatures or at
higher frequencies and fatigue life is strongly influenced by stiffness modulus;
stiffness increases when temperature decreases, it increases when
frequencies increases. During a fatigue test in strain control mode, the
specimen is subjected to a higher stress at lower temperatures or higher

frequencies therefore fatigue life decreases.

Statistically it was found that regression lines at 15 and 25 Hz are the same at
10 °C and different at 20°C; this is explained by the fact that the chosen
material is characterised by a soft binder (100 pen), this underlines the effects
of temperature on fatigue life: it increases at higher temperatures. For this
particular case, a unique equation that characterises fatigue data was
obtained. A similar scenario was obtained when frequency increases (at
25Hz).
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Figure 51 Fatigue life at 20°C — 10 mm DBM
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Figure 52 Fatigue life at 10°C - 10 mm DBM
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Figure 53 Fatigue life at 15 Hz - 10 mm DBM
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Figure 54 Fatigue life at 25 Hz - 10 mm DBM

Dissipated energy methods were analysed and compared for the different
temperatures and frequencies; in particular the criteria chosen were:
traditional method (Nf,50), Dissipated Energy Ratio (N1 Pronk), Energy Ratio
(N1 Rowe) and RDEC method (Nfm).

Figure 55, Figure 56 and Figure 57 show the fatigue lives obtained from the
different dissipated energy methods at 20°C and 15 Hz. As it can be noticed,
the Energy Ratio method by Pronk generates fatigue life values smaller than

the traditional method (see Figure 55). The same method reviewed by Rowe
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generates fatigue lives larger than the traditional method (see Figure 56). The
third method used in this paper was RDEC; Nfm was calculated and the
results show that Nfm values are slightly larger than Nf,50 values at lower
strain levels, the values almost coincide at higher strain levels (see Figure 57).
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Figure 55 Fatigue lives obtained by means of Energy Ratio (Pronk) and traditional

methods
1000
loge =-0.67084logN1 - 0.00621
— R?=0.6962
w
2
c ( 4
'E W
& 100
° loge = -0.68311logNf,50 - 0.00542
oy 2 _
<& R"=0.8604 ¢ Rowe method (N1)
A Traditional method (Nf,50)
10 T T 1
100000 1000000 10000000

Number of cycles

Figure 56 Fatigue lives obtained by means of Energy Ratio (Rowe) and traditional

methods

85



1000

loge = -0.67154logNfm - 0.00156

v R?=0.6722
E H\g_‘\ A
o A A
& 100 -
S loge = -0.68311logNf,50 - 0.00542
= R? = 0.8604
oy Shen method
<
A Traditional method (Nf,50)
10 1
100000 1000000

Number of cycles

Figure 57 Fatigue lives obtained by means of RDEC (Shen) and traditional methods

Regression lines were calculated for each case and then compared by using
the appropriate statistical method. Statistically, first the hypothesis of equality
between slopes of different regressions was tested with the analysis of
covariance (ANCOVA); the hypothesis is Ho:B1=B.=...= Bk and it was rejected
for a significance level of 0.1. Therefore, Dunnett's test was used for a
multiple comparison considering Nf,50 as the control fatigue line; regression
lines obtained from different dissipated energy methods statistically are not
different from Nf,50; they are different for a significance level of 0.01
(considering a smaller significance level means a smaller probability to make
a mistake). Results are shown in Table 8. The same behaviour was noticed

for the test results undertaken at 20°C and 25 Hz.

Table 8 DE method comparison by using Dunnett’s test

Case Slope Elevation Results

Regressions do not have same
Nf.50 - F=2.84<F0_05(1)'3120=3.1 F=7.6>F0_05(1)13120=3.1 elevations for a significance level
DER - ER - a=0.05
Nfm Regressions are not all the same

F=2.84>Fo1)32072.3 i for a significance level 0=0.01

Nf,50 -
DER

Regressions are the same for a

0'=1.5<q’0.05(1),20,3=2.5 q'=1.4<q'0.05(1)203=2.5 significance level a=0.05

Regressions are the same for a

Nf.50 - ER | 9'=0.98<Q'0.051)203=2.5 | q'=0.8<q'0.05)20572.5 significance level 0=0.05

Nf,50 -
Nfm

Regarding the Ratio of Dissipated Energy Change approach, a comparison

Regressions are the same for a
significance level a=0.05

q'=0.92<q’0.05(1),203=2.5 | 0'=0.2<q’0.05(1),20,3=2.5

between different temperatures and different frequencies was done. The
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plateau value is correlated with a number of fatigue cycles to failure by using
Equation 34 (see Paragraph 2.2). The value of the constants ¢ and d were
determined experimentally. The coefficient d varies from -0.80 and -1.60
according to Shen (2007). It can be seen from the experimental curve that the
fit line, of the experimental data at 20°C and both 15 and 25 Hz, is

characterised by a coefficient d equal to -1.048 (see Figure 58).
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3 M 25Hz
(T
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3
©
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0.00000
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Figure 58 RDEC at 20°C at two different frequencies (15 and 25Hz)
The same behaviour was noticed for the test results undertaken at 10°C.

Fatigue data have a different behaviour when different temperatures are
compared at constant frequency: Figure 59 and Figure 60 show the data at 15
and 25 Hz. Also in this case, regression lines were calculated for each case

and then compared using the t test; results are shown in Table 9.

Table 9 RDEC: temperature comparison at 15 and 25 Hz

Cases Slope Elevation Result
10-20°C _ _ Regressions are
@15Hz t55.62>%.05(2)19=2.093 i different
10-20°C _ _ Regressions are
@15Hz t510.09>t 05()18=2.101 i different

It is not possible to get a unique relationship when RDEC is used at different

temperatures.

Only two temperatures and two frequencies were tested so more research

would be needed to confirm those results.
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Figure 59 RDEC at 15Hz at two different temperatures (10 and 20°C)
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Figure 60 RDEC at 25Hz at two different temperatures (10 and 20°C)
5.3.2 20mm DBM

Stiffness modulus

Stiffness tests were carried out at 11 different temperatures (-20, -15, -10, -5,
0, 5, 10, 15, 20, 25 and 30°C) and 8 different frequencies (1, 2, 5, 10, 15, 20,

25 and 30 Hz). Two different specimens were tested at the same time and in
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this case the experimental work was undertaken at the University of

Nottingham (see Figure 39).

Also for this material, a frequency sweep and a temperature sweep were

obtained (see Figure 61 and Figure 62).

As for the previous material, the stiffness modulus decreases when the
temperature increases (and the effect of temperature is amplified at lower
frequencies); it decreases when frequency decreases (and the effect is
amplified at higher temperatures).

The evolution of phase angle at different temperatures is shown in Figure 63;
stiffness modulus master curve is shown in Figure 64. Phase angle became
unstable at lower temperature and higher frequency; one reason may be that
the testing machine is not stiff enough at lower temperature and higher
frequency compared to the stiffness of the specimen; therefore it becomes
unstable.
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Figure 61 Isotherm curves (frequency sweeps)
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Figure 63 Phase angle at different temperatures for 20mm DBM
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Figure 64 Master curve at a reference temperature of 10°C (20mm DBM)

Fatigue

Fatigue tests were carried out in both strain and stress control mode at 10°C
and 25 Hz. Strain levels used for testing were from 80 ue to 190 pg; stress
levels from 1150 kPa to 1750 kPa. Regression lines were calculated for each
mode of loading and then compared using the t test; to make a right
comparison initial strain was calculated for each test undertaken in stress
control mode (see Figure 65). Another comparison between the two modes of
loading was made using the RDEC approach. In this first case, the regression
lines have the same slope and same elevation, thus a unique relationship
could be found as shown in Figure 66; R? decreases though. In the second
case (RDEC), the regression lines are different; thus this method is not
independent on the mode of loading (see Figure 67). Results are shown in

Table 10.
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Table 10 Comparison between stress and strain mode of loading

Case Slope Elevation Result

Nf,50
(Strain-stress t=0.63<tg 05(2),14=2.145 t=0.42<tg 05(2)14=1.76
control mode)

Regressions
are not different

PV
. Regressions
(Strain-stress | t=4.33>t005(2,14=2.145 - aregdifferent

control mode)

1000
Loge=-0.7047logNf,50 - 0.0211

E R?=0.8066
E
3 100 . m
£
(0]
g Loge=-0.71821logNf,50 - 0.01278

R?=0.872 @ Stress control

M Strain control
10 T T 1
10000 100000 1000000 10000000

Number of cycles

Figure 65 Fatigue life at 10°C and 25 Hz in both stress and strain control mode (20

mm DBM)
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Figure 66 Unique regression line for fatigue life data at 10°C and 25 Hz in both

stress and strain control mode

94



0.0010000000 T T T 1

0.0001000000

0.0000100000
) \ PV = 2.9123Nf1265
%.0000010000 R2=0.8901 [——
=3
Tg *

#.0000001000
g PV= 27.42Nf152 ';‘\0
a R? = 0.9388

0.0000000100 =

0.0000000010

1000 10000 100000 1000000 10000000

Number of cycle

# Strain control M Stress control

Figure 67 RDEC at 10°C and 25 Hz in both stress and strain control mode

Dissipated energy methods were analysed and compared for the different
modes of loading; in particular the criteria chosen were: traditional method
(Nf,50), Dissipated Energy Ratio (N1 Pronk), Energy Ratio (N1 Rowe) and
RDEC method (Nfm).

Figure 68, Figure 69, Figure 70, Figure 71, Figure 72 and Figure 73 show the
fatigue lives obtained from the different dissipated energy methods at 10°C
and 25 Hz in both modes of loading. As for the 10mm DBM, in strain control
mode, the DER (by Pronk) method generate fatigue life values smaller than
the traditional method; although fatigue values are different, there is no
difference between the two methods if the trend lines are compared in stress
control mode. DER s strictly related to the stiffness evolution; unlike the
10mm DBM, DER shows smaller values than Nf,50; this is due to the stiffness
of the material: 20mm DBM is characterised by higher stiffness values than
10mm DBM.

The last method considered was Shen’s method (Nfm); also in this case, the

fatigue curves are slightly different in both strain and in stress control mode.
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Table 11 DE method comparison by using Dunnett’s test — 20mm DBM @25Hz and

10°C
Strain Slope Elevation Results
Nf,50 - Regressions have same
DER - ER - | F=1.88<F.05(1),3,32=2.9 F=11.6>Fq.05(1),3,32=2.9 slopes but elevations for a
Nfm significance level a=0.05
Nf 50 - Regressions are the same
! q'=1.1 <q’o_05(1),32,4:2.46 q'=1 .3<q’o_05(1),32,4:2.46 for a significance level
DER —
a=0.05
Regressions are the same
Nf,50 - ER | 9'=0.4<q’0.05(1)32,4=2.46 9'=0.4<Qq'0.05(1),32,4=2.46 for a significance level
a=0.05
Nf 50 - Regressions are the same
Nf’ q'=0.6<q’0_05(1),32,4:2.46 q'=0.6<q10_05(1),32,4:2.46 for a significance level
m —
a=0.05
Stress Slope Elevation Results
Nf,50 - Regressions have same
DER - ER - F:1.02<F0,05(1),3,24:3.01 FZZ.39<F0,05(1),3,24:3.01 slopes and elevations for a
Nfm significance level a=0.05
Nf,50 - ER | '=0.39<q’0.05(1),24,3=2.01 q'=0.44<q’0.05(1),24,3=2.01 Regressions are the same
for a significance level
a=0.05
Nf,50 - q'=0.31 <q'o_05(1),24,3:2.01 q'=0.36<q’o_05(1),24,3:2.01 Regressions are the same
DER for a significance level
a=0.05
Nf,50 — q'=0.26<q’0.05(1),24,3=2.01 q'=0.35<q’0.05(1),24,3=2.01 Regressions are the same
Nfm for a significance level
a=0.05

Statistically, regression lines are slightly different in strain control mode; they
are not different in stress control mode. Dunnett's test was used for the
multiple comparison of the difference between the dissipated energy methods
for fatigue lives obtained in strain and stress control modes (see Table 11).
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Figure 68 Fatigue lives obtained by means of Dissipated Energy Ratio (Pronk) and

traditional methods in strain control mode

10000
Logo=-0.5053logNf,50 - 0.0081
— R?=0.8107
P
5 M
o
2 1000 L
ﬁ Logo=-0.51logNf,50 - 0.0079
= R? = 0.8005
» A Traditional method (Nf,50)
B Pronk method
100 f f 1
10000 100000 1000000 10000000

Number of cycles

Figure 69 Fatigue lives obtained by means of Energy Ratio (Pronk) and traditional

methods in stress control mode
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Figure 70 Fatigue lives obtained by means of Energy Ratio (Rowe) and traditional

methods in strain control mode
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Figure 71 Fatigue lives obtained by means of Energy Ratio (Rowe) and traditional

methods in stress control mode
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Figure 72 Fatigue lives obtained by means of RDEC (Shen) and traditional methods

in strain control mode
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Figure 73 Fatigue lives obtained by means of RDEC (Shen) and traditional methods

in stress control mode

Comparison between 10mm DBM and 20mm DBM

A comparison in terms of stiffness, phase angle and fatigue was made
between the two materials.

Figure 74 and Figure 75 show the isotherm curve and the phase angle at
10°C for both materials.
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10mm DBM is characterised by lower stiffness values and higher phase angle
values; one of the reasons is the lower penetration bitumen for the 10mm
DBM (the material tends to be characterised a more viscous behaviour). A
comparison in terms of fatigue between the two materials was also done. As
can be seen from Figure 76, there is only a small difference between the two

regression lines.
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Figure 74 Isotherm curves at 10 °C (10 and 20mm DBM data)
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Figure 75 Phase angle at 10°C (10 and 20mm DBM data)
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Figure 76 Fatigue lives for 10 and 20mm DBM
5.4 Summary

The 2 Point Bending (2PB) test is described in this chapter. A detailed

description of the test, the production of trapezoidal specimens and

configuration of the machine is presented. Two materials were tested: 10mm
DBM and 20mm DBM.

For the 10mm DBM the following conclusions can be drawn:

In terms of fatigue, graphically, data are characterised by different
regression lines for different frequencies (15 and 25 Hz) and different
temperatures (10 and 20 °C). Statistically it was found that regression lines
at 15 and 25 Hz are the same at 10 °C and different at 20°C; this is
explained by the fact that the chosen material is characterised by a soft
binder (100 pen), this underlines the effects of temperature on fatigue life:
it increases at higher temperatures. A similar scenario was obtained when
frequency increases (at 25Hz).

A comparison between different dissipated energy methods (Pronk, Rowe
and Shen’ methods) was made. Statistically, Dunnett’s test was used for a
multiple comparison considering Nf,50 as the control fatigue line;
regression lines obtained from different dissipated energy methods
statistically are not different from Nf,50. Regarding the RDEC method, PV-

101




Nf,50 relationship was found to be unique for data obtained at different
frequencies; if different temperatures are compared, it was found that data
have different behaviour, therefore the RDEC is not dependent on
temperature (only two temperatures and two frequencies were tested so

more research would be needed to confirm these results).

For the 20mm DBM the following conclusions can be drawn:

A comparison between different modes of loading was made. Statistically,
regression lines were calculated for each mode of loading and then
compared using the t test according Nf,50 and RDEC method. In the first
case, the regression lines have the same slope and same elevation, thus a
unique relationship could be found; in the second case (RDEC), the
regression lines are different; thus it was found that this method is not
independent of the mode of loading.

In terms of DE, statistically, Dunnett’'s test was used for the multiple
comparison and results show that DE methods give the same fatigue

values in both strain and stress control mode.

A comparison between the two materials was also made. The two materials

show a similar behaviour in terms of fatigue although the 10mm DBM is

characterised by a softer binder and it shows smaller values of stiffness.
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CHAPTER 6

4 Point Bending Test

6.1 Introduction

The test consists of applying a continuous sinusoidal waveform at the top of a
prismatic specimen by means of two load points (inner clamps). The
specimen is restrained at four points by means of four clamps: the two outside
remain static (they can only shift horizontally), the two inner clamps deflect
according to the strain/stress applied. Free translation and rotations are
allowed at all loads and reactions points. See Figure 77.

Figure 77 Clumped specimen

The deformation of the specimen is measured at the bottom between the two
inner clamps (BS-EN 12697-24, 2004; BS-EN 12697-26, 2004). Deformation
is calculated by means of three LVDTs (Linear Variable Differential

Transformers) located in three different points (see Figure 78). Total
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deformation is given by Equation 97:

I LVDT, + LVDT
D= LVDTl—( Z“ZL Sﬂxz
O D1+Ag_[D2+A5+D3+AgﬂX2
i 2
1
D, =D, =D,
Dl Dl
—+Ae+-——+A¢ D
D=|D,+A¢— 2 5 2 XZ:(Dl—i-Ag—?l—Agjx

Equation 97

Equation 98

Equation 99

2= )
Eduatlon 100

Figure 78 4 PB equipment at the University of Nottingham

This test simulates very well a pavement fatigue failure under traffic loading

because repeated loading causes tension in the bottom zone of the specimen,

cracking will initiate and then propagate to the top zone until failure; fracture

usually occurs in the area of constant maximum value of bending moment

between the two inner clamps (See Figure 79).
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Strain Amplitude

Figure 79 Load and strain amplitude for the 4PB
In this type of test free lateral translation are permitted to prevent internal
stresses developing in the specimen.
In the 4 point bending test, initial stiffness is usually chosen between the 50"
and the 100" load application. Conventionally, fatigue failure is the moment
when the stiffness has decreased to half of its initial value (SHRP-A-404,
1994; Di Benedetto et al. 1997; Shen, 2007).

6.2 Prismatic specimens

Prismatic test specimens are manufactured from the large slabs.
The procedure consists of sawing the specimens along horizontal planes in
the direction of compaction. Using this procedure it is possible to produce 10

specimens per slab (see Figure 80).

direction of

\Lcompaction

Yy A 1
— => =
sawing specimens
slab
procedures (10 per slab)

Figure 80 4PB Coring and trimming procedure
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Regarding the dimensions of the prismatic specimen, both the AASHTO T
321 and ASTM D7460-10 require the beams to be 380 + 6 mm in length, 50 +
2 mm in height, and 63 = 2 mm in width. The length of 380 mm traditionally
depends on the chosen span (distance between the clamps) that it is typically
118.5 mm (118.5 x 3 = 355.5 mm plus the width of the outer clamps; that’s

why it is 380 mm for most machines).

The BS EN 12697-24:2012 is more general. The standard suggests that the
width (B) and height (H) of the specimen should be at least three times larger
than the maximum aggregate size (D) of the mixture and, in order to ensure
the slenderness of the beam, the effective length between the outer clamps

(L) should be at least six times the maximum value for B and/or H.

After determining the maximum aggregate size, what really matters are both

the height and the effective distance between the outer clamps’ edges.

Depending on the height of the beams, different clamp sets are available. The
4PB at the University of Nottingham was designed to ensure that beams with
different heights (within a certain range) can be tested with the same
machine. In a bending test the specimen is clamped; the clamps allow both
free horizontal translations and free rotations. Ideally the centre of the rotation
must be the same as (or very close to) the centre of the beam (for example 25
mm from the bottom for a 50 mm high beam). So having the same machine,
we use thicker (taller) clamp supports for smaller (thinner, less tall) beams
and, conversely, smaller (less tall) clamp supports for higher beams. That’s
because the centre of rotation of the clamps is fixed in a certain position, so in
a way by using different clamp supports for different beam’s sizes the centre
of rotation of the clamps (fixed) is practically aligned with the centre of the
beam (see Figure 81).

i !
e

Figure 81 Different beam heights for the 4PB
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The dimensions chosen for a 10 mm size DBM, are reported in Figure 82 and
Table 12.

P!

L
Figure 82 Geometry of prismatic specimens: BS EN 12697-24: 2004.

Table 12 Dimensions of the specimens: BS EN 12697-24: 2004.

Dimensions of the Type of Mixture
Specimens 10 mm DBM
L 380
w 50
H 60

6.3 Calibration of the testing machine

4 PB testing machine was bought in September 2012. Before starting any
tests, the new machine was checked and calibrated by means of an
aluminium specimen where geometrical and mechanical properties were
known. Table 13 shows the geometrical characteristics of the aluminium
beam. Figure 83 and Figure 84 show the section and the longitudinal profile of

the aluminium beam used for the calibration of testing machines.

Table 13 Dimensions of aluminium specimens

Specimen Total length Width Height Mass Stiffness
Reference (mm) (mm) (mm) (@) Modulus (GPa)

Dogbone 470 10.23 49.92 1318.1 73573
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Figure 83 Section of aluminium beam

Figure 84 Longitudinal profile of aluminium beams

Depending on the size of the specimen, three different clamping longitudinal

position configurations could be used for testing as shown in Figure 85.
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118.5 mm

Medium beam size

140 mm

Large beam size

The dogbone aluminium beam was tested in strain controll at two different
strain levels (50 and 100 ug) at 20°C at 12 different frequencies (from 1 to 60
Hz). Figure 86 and Figure 87 show the stiffness and phase angle evolution

when frequency increases for the aluminium beam; stiffness and phase angle

200 mm

Figure 85 Small, medium and large beam size configurations

values become more unstable for frequency higher than 30-40 Hz.
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Figure 86 Stiffness versus frequency. Aluminium beam
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Figure 87 Phase angle versus frequency. Aluminium beam

After testing the aluminium beam, correction factors were determined (see

Table 14) and inserted into the software as shown in Appendix A.

After determining the phase correction values and inserting them into the
software, a validation on asphalt beams was made at different frequencies
(from 1 to 30 Hz). Figure 88, Figure 89, Figure 90 and Figure 91 show the
improvement obtained after the calibration in stiffness and phase angle results
obtained for the aluminium beam. Figure 92 and Figure 93 show the
behaviour of asphalt material before and after the determination of phase

angle compensation.
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Table 14 Phase compensation

Phase Angle (°) - Compensation Factors

Frequency (Hz) First Test Second Test Average Value
1 0.4 0.6 0.5
2 0.5 0.7 0.6
5 1.6 14 15
8 2.0 2.2 2.1
10 2.9 2.7 2.8
15 4.1 4.0 4.0
20 5.1 5.1 5.1
25 6.4 6.1 6.3
30 7.2 7.2 7.2
40 9.7 9.4 9.5
50 12.0 12.2 12.1
60 12.9 12.7 12.8
30000
25000 A =
— Q
© 20000 a G 8
= Q g ¢ 'S *
# 15000 +© *
=
£
= 10000
5000
O T T T T T T
0 5 10 15 20 25 30
Frequency (Hz)
& Isttest BW2ndtest A3rdtest O 4thtest

Figure 88 Stiffness versus frequency before calibration (20mm DBM)
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Figure 90 Stiffness versus frequency after calibration (20mm DBM)
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Figure 93 Phase angle versus frequency after calibration (10mm DBM)

6.4 Test results

6.4.1 10mm DBM

Stiffness modulus

According to the standards BS EN 12697:26:2004, the form () and the mass

factor () for a prismatic specimen are expressed as:

L’A(3 A? )
7:W 1712 Equation 101
1 =R(X {%juﬁj Equation 102
Where:

R(X)= 12L 5 1 Equation 103
A | 3X/L-2X?/17 - A%/1?

o« A- LI Equation 104

e Xs the coordinate at which the deflection is measured;
e L is the span length between outer supports in the bending tests;
¢ his the mean thickness of the specimen,;

e M is the mass of the specimen;
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e mis mass of the movable parts;

e b is the length of the prismatic specimen.

Stiffness and phase angle values are obtained at 10°C and 25 Hz; it was not
possible to obtain isothermal curves or master curves due to lack of time (the

machine was reliable only after calibrating it at the end of the project).

If the stiffness values obtained by means of the 4PB are compared with the
values obtained by means of the 2PB, it can be noticed the difference
between the two machines is bigger at lower frequency; stiffness obtained
with the 4PB is higher than that one with 2PB (see Figure 94).
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Figure 94 Isotherm curve at 10°C (2PB and 4PB data)
If the phase angle values obtained by means of the 4PB are compared with
the values obtained by means of the 2PB, it can be noticed the difference
between the two machines is bigger at lower frequency; phase angle values

obtained with the 4PB are lower than that one with 2PB (see Figure 95).
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Figure 95 Phase angle at 10°C (2PB and 4PB data)
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Considering the 2PB results, phase angle values increase more than 4PB
values at higher temperature; also stiffness values are slightly different. As
said previously, higher values of phase angle indicate a tendency towards
more viscous behaviour, whilst lower values indicate more elastic response,
thus it seems that 2PB stiffness tests at high temperature underline more the

viscous behaviour of the materials compared with the 4PB stiffness tests.

Fatigue

Fatigue tests were carried out at 10 °C and 25 Hz in strain control mode for
the 10mm DBM,; strain levels applied vary from 100 to 220 ue. Healing was
also involved considering different loading and resting time periods; the

fatigue test at 160 pe was taken as a reference test to compare healing effects.

Results obtained according the phenomenological approach (Nf,50) are

shown in Figure 96.
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Figure 96 Fatigue life at 10°C and 25 Hz in strain control mode (10 mm DBM)

Different dissipated energy methods were considered and comparisons with
the traditional approach were made; in particular the criteria chosen were:
traditional method (Nf,50), Dissipated Energy Ratio (N1 Pronk), Energy Ratio
(N1 Rowe) and RDEC method (PV).

Figure 97,Figure 98 and Figure 99 show the fatigue lives obtained from the
different dissipated energy methods at 10°C and 25 Hz. The Energy Ratio
method by Pronk generates fatigue life values smaller than the traditional
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method. The same method reviewed by Rowe generates fatigue lives very
similar to Nf,50 values; the two trend lines coincide. The last method
considered was Shen’s method (Nfm); graphically, Nf,50 values are smaller
than Nfm.
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Figure 97 Fatigue lives obtained by means of Dissipated Energy Ratio (Pronk) and
traditional methods
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Figure 98 Fatigue lives obtained by means of Energy Ratio (Rowe) and traditional

methods
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Figure 99 Fatigue lives obtained by means of RDEC (Shen) and traditional methods

Regression lines were calculated for each case and then compared by using
the appropriate statistical method. Statistically, first the hypothesis of equality
between elevations of different regressions was tested with the analysis of
covariance (ANCOVA); the hypothesis is Ho:1=B2=...= Bx was not rejected for
both significance level of 0.05. Therefore, Dunnett’'s test was necessary to
compare the regressions; results show that the regression lines obtained by
the different DE methods are not different from the traditional method (Nf,50).

Table 15 DE method comparison by using Fisher test

Case Slope Elevation Results

NF,50 - Regressions are not the same
DER - ER - | F=0.85<Fo.051)326=2.95 | F=10.3>Fo0s)3.26¥2.95 | ¢, gignificance level a=0.05
Nfm ’

Nf,50 - ER | q'=0.91<q’0.05(1),283=2.0 | q'=0.9<q’0.05(1),28,3=2.0 Regressions are the same for a
significance level a=0.05

Nf,50 - q'=0.02<q’0.05(1),283=2.0 | q'=0.01<q’0.05(1),283=2.0 | Regressions are the same for a
DER significance level a=0.05
Nf,50 - q'=0.7<q’0.05(2),28,3=2.5 q'=0.81<q’0.05(1),283=2.0 | Regressions are the same for a
Nfm significance level a=0.05

The third method used for this set of data was RDEC; PV was calculated and
the relationship between PV and Nf,50 was experimentally calculated. 4PB
fatigue data were compared with 2PB fatigue data at 10°C and 25 Hz.
Regression lines were compared using the t test. As shown in Table 16, and

seen in Figure 100, the two regression lines are not the same. In this case it is
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not possible to consider a unique regression line for both sets of data; fatigue
data are not independent of the test used.

Table 16 RDEC: 2PB-4PB comparison at 10°C and 25 Hz

Cases Slope Elevation Result
_ _ Regressions are
2PB - 4PB t=2.27>1) 05(2.10=2.093 different
0.00010000000 . . . .
m2PB
¢ 4PB
0.00001000000
E o0 B [ |
@ *
E . PV = 0.4873Nf,501132
£0.00000100000 S R?=0.7286 —
3
g PV = 0.0017Nf 500822 ¢ \
(T 2 _
= R?2=0.5184 ]
0.00000010000 -
"%
0.00000001000
1000 10000 100000 1000000 10000000
Number of cycle
Figure 100 PV- Nf, 50 relationship obtained by 4PB and 2PB
Healing

Healing was involved in this study. Healing tests were undertaken at 10°C, 25
Hz; the applied strain was 160u¢ for each test and five different rest times and
four different loading times were considered. Table 17 shows the eight

combinations of loading time and rest time chosen for the healing tests.
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Table 17 Loading times and rest times (in number of cycles)

Number of cycles
Loading time Rest time
1,000 10,000
10,000
30,000
10,000 50,000
75,000
100,000
20,000 10,000
30,000 10,000

A fatigue test usually is divided in several stages of loading times and rest
times. During the loading time, 160 pe is applied on the specimen; during the

rest time, the specimen is unloaded (0 pe¢) as shown in Figure 101.
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Figure 101 Healing test: 10,000 cycles for each loading time stage and 10,000

cycles for each rest time stage
At the end of the test, all data of each stage is registered and analysed.
Figure 102 shows the behaviour of asphalt material during a fatigue test when
healing is included in the test. In this particular case, the fatigue test was
undertaken at 160 pe at 10°C and 25 Hz; the specimen was loaded for 10,000
cycle (400 seconds) and it was left to rest for other 10,000 cycles (400

seconds).
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Figure 102 Example of healing test (10,000 cycles of loading time and 10,000 cycles
of rest time)
Figure 103 shows the number of cycle of failure (Nf,50 and Nf,30) for different
loading times when rest time is constant (10,000 cycles that corresponds to
400 seconds). Figure 104 shows the number of cycles to failure (Nf,50 and
Nf,30) for different rest time periods when loading time is constant (10,000
cycles that corresponds to 400 seconds). Fatigue life decreases when loading
time period decreases; it increases when rest time period increases. The
behaviour of asphalt material in tests with longer loading time periods is closer
to a fatigue test without rest periods; that is because the first rest time period
may happen after fatigue phenomena have started in the specimen already.
The behaviour of asphalt material in tests with shorter rest time periods is
closer to a fatigue test without rest periods because the material does not

have enough time to heal (to recover the stiffness).
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Figure 103 Number of cycles (Nf,50 and Nf,30) for different loading times (constant
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Figure 104 Number of cycles (Nf,50 and Nf,30) for different resting times (constant
loading time)
Figure 105, Figure 106 and Figure 107 show a comparison between a
traditional fatigue test (at 160 pe at 10°C and 25 Hz) and two healing tests
characterised by the same loading time period (10,000 cycles) and two
different rest time periods (10,000 and 100,000 cycles of rest time). In terms
of fatigue, both healing tests show a bigger (and similar) stiffness ratio for the
first half of the test. Once the stiffness ratio has reached the 50% (Eso) Of its
initial value (Eo), the first healing test (10,000 cycle of rest time period) seems

to have a very similar behaviour to the traditional fatigue test; the second

122



healing test (100,000 cycles of rest time period) has a different behaviour:
stiffness ratio has a bigger value, thus the number of cycles to failure (50%

reduction in stiffness) is bigger.
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Figure 105 Variation in stiffness at different rest time periods (fixed loading time =
10,000 pulses)
In terms of dissipated energy, the dissipated energy ratio was used. It is the
ratio between the dissipated energy per cycle divided by the initial dissipated
energy (obtained at 50™ cycle). A clear healing effect is observed in the three
tests; although energy is dissipated more slowly in the test with the highest

rest time, there is a lower dissipated energy change (see Figure 106).
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Figure 106 Variation in dissipated energy at different rest time periods (fixed load
time = 10,000 pulses)
In terms of phase angle, small differences can be noticed for the three tests;
although those differences are not that big: phase angle varies by 2° (see
Figure 107).
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Figure 107 Variation in phase angle at different rest time periods (fixed load time =
10,000 pulses)
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Figure 108, Figure 109 and Figure 110 show a comparison between a
traditional fatigue test (at 160 pe at 10°C and 25 Hz) and two healing tests
characterised by the same rest time periods (10,000 cycles) and different
loading time period (10,000 and 20,000 cycles). In terms of fatigue, in both
healing tests there is an improvement in terms of stiffness: in particular,
stiffness improves by 10% when the loading time period is 10,000 cycles; it
improves by 30% when the loading time period is 20,000 cycles. Therefore in
both cases, the number of cycles to failure is bigger than the traditional fatigue

test continuously loaded (see Figure 108).
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Figure 108 Variation in stiffness at different load time periods (fixed rest time =
10,000 pulses)
In terms of dissipated energy, when loading time period increases the
behaviour of the material tends to be similar to the behaviour of the material
during a traditional fatigue test (when a rest period is not included) as shown
in Figure 109. This was confirmed by a final test undertaken at the same
loading conditions, characterised by 30,000 cycles of loading time period and

10,000 cycle of rest time period.
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Figure 109 Variation in dissipated energy at different load time periods (fixed rest
time = 10,000 pulses)
Also in this case, in terms of phase angle, small differences can be noticed for
the three tests; although those differences are not that big, phase angle varies
by 2° (see Figure 107).
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Figure 110 Variation in phase angle at different load time periods (fixed rest time =
10,000 pulses)
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A Healing Ratio was determined with the following equation to be able to

represent the healing test results:

HR=—" Equation 105

Where Ny, is the number of cycles when rest periods are included in a fatigue
test; N is the number of cycles during a fatigue test when rest periods are not
included. The two values are compared at the same Stiffness Ratio value.
Results are shown in Figure 111 and Figure 112.

For different loading time periods, when the loading time period increases, the
healing test is similar to a traditional fatigue test; the specimen is already

partially damaged after a longer loading time period (as 30,000 cycles).
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Figure 111 Healing Ratio for different load time periods (fixed rest time = 10,000
cycles)

For different rest time periods, when the rest time period decreases, the
healing test is similar to a traditional fatigue test. In both scenarios healing
effects are bigger at the first stage of the test. The effects are similar if rest
time (or load time) varies after a certain amount of cycles; increasing rest time
does not make a huge difference for rest time values bigger than 50,000
cycles (see Figure 112).
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Figure 112 Healing Ratio for different rest time periods (fixed load time = 10,000

cycles)
Another phenomenon to be taken in consideration is that healing effects are
influenced by the amount of heat produced inside the specimen during a test.
The main assumption was that loading and environmental conditions are
homogenous in the specimen during the test. This research did not take into
consideration the heating phenomenon due to experimental limits; however
Pronk has previously shown that the decrease in stiffness due to internal
heating is small compared to the decrease in stiffness due to damage (Pronk,
2000).

6.5 Summary

A detailed description of the 4PB test, the production of prismatic specimens
and configuration of the machine are presented. The following conclusions

can be drawn for this chapter:

e A comparison with 2PB tests was made and results show that stiffness

values obtained by 2PB are smaller than values obtained by 4PB; phase
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angle values obtained by 2PB are bigger than values obtained by 4PB.
Higher values of phase angle indicate a tendency towards more viscous
behaviour, whilst lower values indicate more elastic response, thus it
seems that 2PB stiffness tests at 10°C underline more the viscous
behaviour of the materials compared with the 4PB stiffness tests.

In terms of fatigue, the hypothesis of equality between elevations of
different regressions (obtained by using different DE methods) was not
rejected for a significance level of 0.05. Therefore, Dunnett’s test was
necessary to compare the regressions; results show that the regression
lines obtained by the different DE methods are not different from the
traditional method (Nf,50).

4PB fatigue data were compared with 2PB fatigue data considering the
RDEC method. The two regression lines are not the same. In this case it is
not possible to consider a unique regression line for both sets of data;
therefore RDEC is dependent on the test used.

In terms of healing, results show that the number of cycles to failure
decreases if loading time increases; it increases if resting time period
increases. In terms of DE, it was found that the specimen dissipates
energy very slowly when a rest time is included during a fatigue test: small
changing in DE was noted when a rest time is included in a fatigue test.
Thus, DE might not be a very good parameter to include the effect of

healing in the evaluation of fatigue behaviour.
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CHAPTER 7

Indirect Tensile Fatigue Test

7.1 Introduction

The Indirect Tension Fatigue Test (ITFT) is a simple fatigue test with
widespread use in the United Kingdom due to the fact that it is a simple test,
easily suitable for cylindrical specimens manufactured in the laboratory or
cored from a flexible pavement. A disadvantage of this testing arrangement
is the accumulation of permanent deformation which tends to hide the real
fatigue damage; thus the ITFT does not measure fatigue behaviour directly,
especially at high temperatures where the viscoelastic behaviour is more
dominant (Cocurullo et al., 2008, Read, 1996, Hartman, 2001).

Among the advantages, it is important to stress that the test is simple to
conduct and suitable to characterise the stiffness and fatigue properties of

asphalt materials particularly for construction sites.

The ITFT configuration was used to determine the stiffness modulus and the
fatigue behaviour of the asphalt mixture in both stress and strain controlled
modes. ITFT is usually undertaken in load controlled mode: a repeated
compressive load with a haversine signal is applied through the vertical
diameter plane of the cylindrical specimen. In this project, the ITFT in
deformation controlled mode was developed: repeated deformation
amplitude with a haversine signal is applied through the vertical diameter
plane on the cylindrical specimen.

7.2 Cylindrical specimens

To obtain specimens for the indirect tensile test configuration, five cores (100
mm in diameter) are taken from each slab (305 x 305 mm and 60 mm high),
uniformly mixed and compacted according to EN 12697-35:2002 and EN
12697-33:2003. Cylindrical specimens, 100 mm in diameter and 40 mm high,
are then obtained by trimming the top and the bottom of each core using a
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masonry saw (see Figure 114). This is done in order to eliminate the parts

that usually contain higher air void contents.

Figure 113 shows a schematic representation of the coring and cutting

procedure.

The cylindrical specimens were used for the Indirect Tension to CYlindrical

specimen (IT-CY) and Indirect Tensile Fatigue test (ITFT).

Q@®—»%»@ ®

specimens

slab cores
(5 per slab)

Figure 113 Coring and trimming procedure

Figure 114 Cylindrical specimen (10mm DBM)

7.3 Indirect tension to cylindrical specimen - IT-CY

Equipment

In order to understand this type of test, a brief description of the equipment is
given. As shown in Figure 115 the equipment is composed of several parts: a
steel load frame holds the specimen and the pulsating load/deformation is
applied by means of a pneumatic actuator. The specimen is located in a
central position between two loading platens (upper and lower); two LVDTs
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are mounted in a frame and they, being directly in contact with the specimen
along the width, record the horizontal deformation when the vertical force is

applied (see Figure 116).

Load Cell
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LVDT adjuster

Figure 116 Frame for measuring horizontal diametral deformation
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To evaluate stiffness modulus of the mixture, repeated load pulses with rest
periods are applied along the vertical diameter of the specimen. The load
waveform is haversine and the rise-time is 124 + 4 ms according to EN
12697-26:2004 (see Figure 117). The peak deformation is measured along
the horizontal diameter using linear variable displacement transducers (LVDT)
(see Figure 118); experience indicates 5+2 pe as suitable values for a 100

mm diameter specimen.
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Figure 117 Stress pulse applied.
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Figure 118 Strain waveform recorded.
Usually 10 preloading pulses are applied before applying 5 load pulses for
the determination of stiffness. After that, the specimen is rotated through 90°
in order to repeat the same procedure. Stiffness modulus is obtained from

the average values recorded at those two tests. In order to achieve a correct
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stiffness modulus mean value the second test should be within +10% and -

20% of the mean value recorded for the first test.
The test parameters for the stiffness modulus tests are:

e Two test temperatures: 10 and 20 °C;

e Poisson’s ratio: 0.35

e Loading rise-time: 124 + 4 ms;

e Pulse repetitions: 3 £ 0.1 sec;

e Number of load pulses: 10 (preloading time) + 5 (recording time)

e Peak horizontal deformation: 5£2 .

The measured stiffness modulus Sy, is calculated using the following formula:

m (zx) quation
Where F is the peak value of the applied vertical load (N); z is the amplitude
of the horizontal deformation obtained during the load cycle (mm); h is the
mean thickness of the cylindrical specimen (mm); v is the Poisson’s ratio

(0.35).

Stiffness results

IT-CY tests were conducted mainly at 10 and 20 °C on the 10mm DBM,
because a fatigue analysis was conducted at the same temperatures.
Specimens with either low (<3.5%) or high (>5.0%) air void content were not
included in the specimen set for fatigue analysis. The rejected specimens
were used to calibrate and develop the new test machine (ITFT in strain
control mode). Variations in air void content between 3% and 5% do not

result in big variation of stiffness modulus as shown Figure 119.
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Figure 119 Stiffness versus air void content (10mm DBM)

A few tests were conducted at 5°C in order to evaluate the viscoelastic
behaviour of the material at different temperatures. Figure 120 shows the
relationship between the temperature and stiffness values. Stiffness values
strongly decrease when temperature increases for this material (10mm DBM
mixture with 100 pen bitumen is highly dependent on the temperature).
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Figure 120 Stiffness results for 10mm DBM mixture with 100 pen bitumen (10mm
DBM)
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7.4 Indirect Tension Fatigue Test (ITFT)

Equipment

The specimen is located in a central position between two loading strips
(upper and lower), characterised by a concave surface and rounded edges;
two deformation strips are glued on opposite sides of the horizontal diameter
plan using a position rig. Also the deformation strips have a concave surface
and they hold two LVDTSs located horizontally in order to record the variation
of the horizontal diameter considering the variation of the distance between

the two deformation strips (see Figure 121).

e

Deformation Strips

Indirect tension fatigue tests (ITFT) in stress and strain controlled mode will
be conducted to better understand the fatigue behaviour of the mixture;

healing effects will also be included (see Figure 122).

The experimental test is analogous to the IT-CY but with some changes. In
stress controlled mode a haversine compressive load is applied to the
vertical diameter plane of the cylindrical specimen with 0.1 sec loading time
and 0.4 sec rest time. This creates a uniform “indirect” tensile stress
perpendicular to the direction of the applied load (along the horizontal
diameter). Repeated applications of the vertical force will usually result in a
crack along the vertical diameter; in stress control mode, failure corresponds

with the fracture in two halves of the specimen (see Figure 123).
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Figure 123 Mechanism of failure in stress control mode

The rest time is usually fixed for the standards. Healing effects can be
studied by varying the rest time after every loading pulse or by considering a
rest time after a certain amount of pulses. The second option was chosen for
this project (see Section 2.5.1).

Fatigue life is usually determined as the number of load applications that
cause the complete fracture of the asphalt specimen.

The test parameters for the fatigue tests are:
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e Two tests temperatures: 10 and 20 °C;

e Poisson’s ratio: 0.35

e Loading time: 0.1 sec;

e Resttime: 0.4 sec;

e Failure indication: 9 mm vertical deformation.

The maximum tensile stress omax (MPa) and the maximum tensile strain in

the centre of the specimen gnax (UE) are:

2P )
o-max = M—xQ Equat|0n 107
. (ZAH 1+3v Equation 108
mx 0 A+xv—r1

Where P is the maximum load applied (N); t is the specimen thickness (40
mm); Q is the specimen diameter (100 mm); v is the Poisson’s ratio (0.35);

AH is the horizontal deformation (mm).

For the 10mm DBM mixture, fatigue tests were conducted at 10 and 20°C at
stress levels between 100 and 600 kPa (see Figure 124). Fatigue life at 20°C
is represented only by a few specimens because the tests were hard to
control due to the fact that the LVDTs went out of the range very often (thus
many tests could not be included as reliable data). This can be explained by
the fact that 10mm DBM (100 pen) is a soft material and the viscous

behaviour is more evident at higher temperatures.
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Figure 124 Fatigue tests in stress control mode at 10 and 20°C (10mm DBM)
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7.5 ITFT in strain control mode

In this research project, the ITFT was also developed to be undertaken in
strain control mode.

The equipment and the specimen preparation in the new test is exactly the
same as for the ITFT in stress control mode. The test consists of applying a
constant deformation during the fatigue test; with the recoverable
deformation being chosen as the constant parameter for the test (see Figure
125); it occurs during the unloading time of one pulse. Permanent
deformation is the amount of deformation that is unrecoverable after one
pulse and it is the total deformation minus the recoverable deformation. The
main aim of the development of ITFT in strain control mode was to be able to
compare stiffness and fatigue results with pure fatigue tests such as 2PB and
4PB. Pure fatigue tests are characterised by a sinusoidal loading waveform
about zero stress point, thus no permanent deformation are involved.
Therefore, recoverable deformation was chosen to not include permanent

deformation when an ITFT test is undertaken.
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Figure 125 Recoverable deformation (10 mm DBM)

In strain control mode, the specimen does not reach the complete fracture
along the vertical diameter at failure as in the case of a stress control test; it
is characterised by localised deformation at the edge of the loading strips

with visible cracks observed along the vertical plane of the specimen as

shown in Figure 126.
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Figure 126 Failure in strain control mode

Fatigue life is determined as the number of pulses that causes a 50%

reduction of stiffness from its initial value.

For the 10mm DBM mixture, fatigue tests were carried out at 10°C at

different strain levels between 80 and 180 pe (see Figure 127).
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Figure 127 Fatigue life in strain control mode at 10°C (10mm DBM)

Dissipated energy concepts were included during the development of the
testing machine in the software. Dissipated energy is traditionally the
hysteresis loop when stress (sinusoidal waveform) is plotted against strain
(sinusoidal waveform) and its shape is elliptical. In the case of the ITFT,
stress and strain are characterised by a haversine waveform, thus dissipated
energy looks like half of a typical elliptical hysteresis loop; this is due to the
rest time after every single pulse (see Figure 128 and Figure 129).
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Figure 129 Dissipated energy for a bending test and the ITFT

Figure 130 shows the real hysteresis loop when stress pulse (raw data) is

plotted against strain pulse (raw data) during an ITFT test.
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Figure 130 Stress-strain hysteresis loop for a single pulse in ITFT (10mm DBM)
The software did not calculate dissipated energy before starting the project.
Dissipated energy was calculated as the sum of small trapezoidal areas of
two following experimental points as shown in Figure 131. In terms of
equations the infinitesimal dissipated energy (trapezoidal area) is calculated
by the following equation:

(01 + 02)' (52 _51) Equation 109
DE, = -

The total dissipated energy (the area of the hysteresis loop) is the sum of

each infinitesimal area as follows:

N Equation 110

Where N is the total number of points recorded by the software.
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Figure 131 Calculation of Dissipated Energy

The software records the dissipated energy for each cycle and the

cumulative dissipated energy during a fatigue test.
7.6 Testresults

7.6.1 Fatigue life: initial strain calculation

Three different ways to calculate the initial strain value for each fatigue test in

stress control mode were considered:

= EN 12697-24: 2004. Resistance to fatigue
= EN 12697-26: 2004. Stiffness
= EN 12697-24:2012. Resistance to fatigue

According to EN 12697-24:2004, the maximum tensile stress (oo in MPa) and
strain (go in pe) at the centre of the specimen shall be calculated using the

following equations:

2P .
Oy = XIxO Equation 111
2H 1+3 :
&y = X i Equation 112
Q d+rxxv—-rx
If v=0.35, then:

H :
&y =21x— Equation 113
Q
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Where:

= Pisthe applied load (in Newton),
= tisthe specimen thickness (in mm),
= Q) is the specimen diameter (in mm),

= AH is the horizontal deformation (in mm).

The initial strain value is then calculated from the difference between the
average of the total deformation of 5 load applications from 98" to 102™
cycle and the average of the minimum horizontal deformations of 5 load

applications from 60™ to 64™ as shown in Figure 132.
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Figure 132 Initial strain amplitude EN 12697-24:2004
According to EN 12697-26:2004, the horizontal deformation (g in pg) is the
distance between the segment that links the maximum values of horizontal
deformation of two consecutives cycles and the segment that links the
minimum values of horizontal deformation of two consecutives cycles (see
Figure 133).
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Figure 133 Initial strain amplitude EN 12697-26:2004
According to EN 12697-24:2012, the tensile stress (0o in MPa) and strain (&g

in pe) at the centre of the specimen shall be calculated using Equation 111,
Equation 112 and Equation 113. The new standard introduces the resilient
(or recoverable) strain value (goin in pe) : this is the total horizontal
deformation at the 100™ load pulse minus the plastic deformation (Eplin i ME).
See Figure 134.
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Figure 134 Initial resilient strain amplitude EN 12697-24:2012
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The ITFT in strain control mode was developed initially considering the strain
according to EN 12697-24:2004. The first material to be tested was the
20mm DBM at 10°C at different strain levels between 125 and 220 pe (see
Figure 135). Subsequently, the ITFT in strain control mode was developed
considering the resilient strain value (€qi, in pg) constant during the fatigue
test, according to the new standard EN 12697-24:2012; the tested material
was the 10mm DBM (see Figure 136). In both cases (for both materials:
10mm DBM and 20mm DBM), fatigue tests were undertaken also in stress

control mode.
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Figure 135 Fatigue life obtained in stress and strain control modes (20mm DBM)
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Figure 136 Fatigue life obtained in stress and strain control modes (10mm DBM)

Fatigue life strongly depends on the definition of initial strain; as it can be
noticed there is a big different between fatigue lines. The resilient strain was
chosen as the strain to apply during a fatigue test because permanent
deformation is not included (EN 12697-24:2012); therefore strain amplitude in
the oldest standard (EN 12697-24:2004) is bigger than in the new standard.
This allows a more reasonable comparison between ITFT (in strain control

mode) and other fatigue tests such as 4PB and 2PB.

Statistically, a comparison between the three regression lines was made for
the 10mm DBM. In this case, the t test was used to better evaluate the
difference between the stress control fatigue lines (strain levels were
calculated considering EN 12697-24:2004 and 2012). Results show that strain
control and stress control fatigue (2012) lines have similar regression lines;
strain control and stress control (2004) fatigue lines are different for the 10mm
DBM after the new calibration (see Table 18). The aim of the calibration was
to allow researchers to make a more reasonable comparison between ITFT
and bending tests, avoiding including permanent deformation in the

calculation of the strain.
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Table 18 Strain control fatigue life vs stress control fatigue life — 10mm DBM

10mm DBM
Case Slope Elevation Results
Strain vs Regressions are not the
Stress t=2.414>t) 95(2)10=2.228 - same for a significance
(2004) level a=0.05
Strain vs Regressions have same
(SztgelSZS) (004 <hoosiz102:228 1=0-3<t0.05(2)10=2.228 slopes and elevations

7.6.2 Fatigue life: dissipated energy

As discussed previously, the development of the ITFT in strain control mode
also included the development of dissipated energy concepts during a fatigue
test. Thus different dissipated energy methods were considered and
comparisons with the traditional approach were made for ITFT undertaken on
10mm DBM. The criteria chosen were: traditional method (Nf,50), Dissipated
Energy Ratio (N1, Pronk), Energy Ratio (N1, Rowe) and RDEC method (PV).

Figure 137, Figure 138 and Figure 139 show the fatigue lives obtained from
the different dissipated energy methods at 10°C in strain control mode. As for
the 2PB and 4PB, the Energy Ratio method by Pronk generates fatigue life
values smaller than the traditional method (the two trend lines almost coincide
though). The same method reviewed by Rowe generates fatigue life values
bigger than the Nf,50 values. Nfm generates fatigue lives slightly bigger than
Nf,50.
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Figure 137 Fatigue lives obtained by means of Dissipated Energy Ratio (Pronk) and

traditional methods
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Figure 138 Fatigue lives obtained by means of Energy Ratio (Rowe) and traditional

methods
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Figure 139 Fatigue lives obtained by means of RDEC (Shen) and traditional
methods
Regression lines were calculated for each case and then compared by using
the appropriate statistical method. Statistically, first the hypothesis of equality
between slopes of different regressions was tested with the analysis of
covariance (ANCOVA); the hypothesis is Ho:B1=B>=...= Bk; the hypothesis was
confirmed by the Fisher test; Therefore, regression lines obtained from
different dissipated energy methods statistically have the same slopes and

elevations. Results are shown in Table 19.

Table 19 DE method comparison by using Dunnett’s test

Case Slope Elevation Results

Regressions have same
F=0.61<Fg.05(1),320=3.1 F=2.59<Fg.05(1),320=3.1 slope and elevation for a
significance level a=0.05

Nf,50 - DER -
ER - Nfm

7.6.3 Fatigue life: healing

Healing was involved in this study (only the 10mm DBM was tested for the
healing analysis). Healing tests were undertaken at 10°C; the applied strain
was 160pe for each test and four different rest time periods and three different
loading time periods were considered. Table 20 shows the nine combinations
of loading time and rest time chosen for the healing tests.
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Table 20 Loading times and rest times (in number of pulses)

Number of pulses
Loading time Rest time
1,000
5,000 5,000
10,000
15,000
10,000 5,000
10,000
5,000
15,000 10,000
15,000

A fatigue test usually is divided in several stages of loading times and rest
times. During the loading time, 160 pe is applied on the specimen; during the
rest time, the specimen is unloaded (no strain is applied in the specimen) as

shown in Figure 140.
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Figure 140 Healing test: 10,000 pulse for each loading time stage and 10,000 pulse
for each rest time stage

Figure 141 shows the behaviour of asphalt material during a fatigue test when

healing is included in the test. In this particular case, the fatigue test was

undertaken at 160 pe at 10°C; the specimen was loaded for 10,000 cycle (84

minutes) and it was left to rest for other 10,000 cycles (84 minutes). The
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healing behaviour is less pronounced if ITFT data are compared with 4PB
data; although fatigue life values are bigger when rest time is included in a

fatigue test.
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Figure 141 Example of healing test (10,000 pulses of loading time and 10,000 pulses
of rest time)
Figure 142 and Figure 143 show the number of cycles to failure (Nf,50 and
Nf,30) for different rest time periods when loading time is constant (5,000
cycles corresponding to 42 minutes and 15,000 cycles corresponding to 126
minutes). Figure 144 and Figure 145 show the number of cycles to failure
(Nf,50 and Nf,30) for different loading times when rest time is constant
(20,000 pulses corresponding to 84 minutes and 15,000 pulses corresponding
to 126 minutes). As for the 4PB, fatigue life decreases when loading time

period decreases; it increases when rest time period increases.

As noted previously, the behaviour of asphalt material in tests with longer
loading time periods is closer to a fatigue test without rest periods; that is
because the first rest time period may happen after the fatigue phenomenon
has already started in the specimen. The behaviour of asphalt material in
tests with shorter rest time periods is closer to a fatigue test without rest
period because the material does not have enough time to heal (to recover

the stiffness).
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Figure 142 Number of cycles (Nf,50 and Nf,30) for different rest times (constant

loading time = 5000 consecutive pulses)

50000
]
]
#0000 . R2 = 0.9023
[7,]
9
(8]
S 30000
[T
o
€ 20000 3
3
z * R2=0.726
® Nf,50
10000 Nesol
B Nf,
O T T T T T T T 1

0

2000 4000 6000 8000 10000 12000 14000 16000

Rest time (mins)

Figure 143 Number of cycles (Nf,50 and Nf,30) for different rest times (constant

loading time = 15000 consecutive pulses)
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Figure 144 Number of cycles (Nf,50 and Nf,30) for different loading times (constant

rest time = 10,000 consecutive pulses)
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Figure 145 Number of cycles (Nf,50 and Nf,30) for different loading times (constant

rest time = 15,000 consecutive pulses)

If fatigue tests at different constant rest times (10,000 and 15,000) are plotted
for different loading times, it is noted that for a shorter rest time (10,000

pulses) fatigue lives are bigger than for a longer rest time (15,000 pulses).
This is true for Nf,50 and Nf,30 values (see Figure 146).
Figure 147 shows instead Nf,50 plotted versus different rest times considering

two constant loading times (5,000 and 15,000 pulses); also in this case, it was

noted that fatigue life values are bigger when a loading time of 5,000 pulse is

considered. This may be due to the accumulation of permanent deformation in
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this kind of test. Permanent deformation is much more accumulated after
15,000 pulses than after 5,000 pulses, thus it is not easy to heal a bigger
amount of accumulated permanent deformation for the asphalt material.
Unfortunately only few healing data are used for this comparison (also only
one material and one temperature condition was tested due to lack of time).
Thus, further investigation should be carried out to verify if the results found

are still valid for other asphalt mixtures and temperatures.
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Figure 146 Number of cycles (Nf,50) plotted vs different loading times considering
two constant rest times (10,000 and 15,000 pulses)
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Figure 147 Number of cycles (Nf,50) plotted vs different rest times considering two
constant load times (5,000 and 10,000 pulses)
Figure 148 and Figure 151 show the evolution of stiffness for different rest
times and load time periods. Stiffness increases in every single case

considered; although the maximum improvement in stiffness was obtained
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when 10,000 pulses (84 minutes rest) was considered as either rest time or
load time. Figure 149 and Figure 152 show the evolution of dissipated energy
for different rest time and load time periods. Asphalt material dissipates more
energy if a rest time is included due to the healing effects; the maximum
amount of dissipated energy is registered when a rest time of 10,000 pulses is
included. If load time changes, it seems to have an insignificant difference in
terms of dissipated energy.

Total vertical deformation is shown in Figure 150 and in Figure 153. It is
primarily an accumulation of small amounts of deformation happening at the
end of each pulse. Asphalt material is characterised by two different stages: a
zone of initial adjustment and a zone of stable condition where the behaviour
of the total vertical deformation is linear. Some researchers (Kennedy, 1983)
believe that a third stage exists, the failure zone; it corresponds to the
complete failure of the specimen in which excessive vertical deformation
develops; this stage was not recorded in the tests undertaken. In this study, it
was found that the total vertical deformation is a function of the rest period
(see Figure 150); it was not found to make a significant difference if the
loading time changes in fatigue tests (see Figure 153). If the first stage is
ignored, the experimental relationship between the total vertical deformation
and the number of pulses for different rest times can be determined as shown
in Figure 154.
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Figure 154 Linear relationship between total vertical deformation and number of

pulses for different rest times when load time is constant (5,000 pulses)

The Healing Ratio (HR) was determined with Equation 105. For different load

time periods, when the loading time period increases, the healing ratio

decreases; healing tests tend to have the same behaviour as a traditional

fatigue test; this is because the specimen is already partially damaged after a

longer loading time period and there is a higher amount of accumulated

permanent deformation (see Figure 155).
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Figure 155 Healing Ratio for different load time periods (fixed rest time = 10,000
pulses)
For different rest time periods, when the rest time period decreases, healing
ratio decreases; healing test tends to have the same behaviour of a traditional
fatigue test; shorter rest periods do not allow the specimens to heal
deformations. If the rest time increases, HR increases up to a certain point; in
the case of this project the maximum value of HR was reached for 10,000

pulses as the load time period (see Figure 156).
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Figure 156 Healing Ratio for different rest time periods (fixed load time = 10,000
pulses)

7.6.4 Fatigue life: permanent deformation

Mode of loading was also compared in terms of permanent deformation for
specimens tested at the same temperature (10°C) and same loading
conditions (140ug in strain control mode and 600kPa=146u¢ in stress control
mode). Permanent vertical deformation is shown in Figure 157 ; permanent

horizontal deformation is shown in Figure 158.

In stress control mode, permanent deformation reaches higher values
quicker (both horizontal and vertical) because strain increases during the test
and it is characterised by three stages (as previously described): failure
corresponds to the fracture in two halves of the specimen (see Figure 123);
this is due to the increase of the strain level during a test. In strain control
mode, the strain level is constant during the test and the evolution of
permanent deformation is slower (both horizontal and vertical) and it is
characterised by two stages: the specimen does not reach complete failure;
as a consequence localised deformation at the edge of the loading strips is
observed in the specimen (see Figure 126).
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Figure 158 Permanent horizontal deformation depending on the mode of loading

7.7 ITFT and other fatigue tests

As presented in Chapter 4, several fatigue tests have been undertaken by

means of different testing machines, under different loading conditions. A

summary is shown in Table 4 and

Table 5 (see Paragraph 4.7).

A final comparison was made for the three machines used in this project for
the 10mm DBM,; fatigue curves obtained by the traditional method (Nf,50) at
10°C in strain control mode is shown in Figure 159; comparisons in terms of

dissipated energy (DER, ER and Nfm methods) are shown in Figure 160,

163



Figure 161 and Figure 162. Graphically, fatigue life depends on the test used.
In all cases, fatigue curves obtained by ITFT are characterised by smaller
value of fatigue life than 2PB and 4PB; this is due to the accumulation of
permanent deformation during the test in addition to fatigue damage. In all
cases, fatigue lives obtained by 2PB are smaller than values obtained by
4PB; this may be linked to the manufacture and shape of the specimen.
Trapezoidal shape is not easy to obtain compared to the trapezoidal shape
and the specimen may be affected by during the sawing time; also, stresses
and strains in the specimen is not homogenous in the trapezoidal specimen

as in the prismatic specimen (between inner clamps).
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Figure 159 Fatigue life obtained in strain control mode, at 10°C by means of 2PB,
4PB and ITFT according to the phenomenological method (Nf,50) for the 10mm
DBM
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Figure 160 Fatigue life obtained in strain control mode, at 10°C by means of 2PB,
4PB and ITFT according to the Dissipated Energy Ratio (Pronk) for the 10mm DBM
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Figure 161 Fatigue life obtained in strain control mode, at 10°C by means of 2PB,
4PB and ITFT according to the Energy Ratio (Rowe) for the 20mm DBM

165




1000

Loge =-0.76logN1-0.013

R2=0.7853
- - Loge =-0.702logN1-0.008
! ° R?=0.9161
E
o 100
£
o Loge =-0.794logNfm-0.03
@ R?*=0.9114 4PB
A 2PB
O ITFT
10 T T 1
10000 100000 1000000 10000000

Number of cycle (Nfm, Shen)

Figure 162 Fatigue life obtained in strain control mode, at 10°C by means of 2PB,
4PB and ITFT according to the RDEC (Shen) for the 10mm DBM
Statistically, a comparison between the three regression lines was made in
each scenario. First the hypothesis of equality between slopes of different
regressions was tested with the analysis of covariance (ANCOVA); the
hypothesis is Hop:B1=p>=...= Bk and it was rejected for a significance level of
0.05. In this case, Tukey’s test was used to better evaluate the difference

between each possible pairs of slopes in the group of the three regressions.
Results show that fatigue regression lines obtained from ITFT and 4PB tests
are characterised by similar regression lines (they have same slope but
slightly different elevation in each case analysed); fatigue results may be
independent of the fatigue testing machine but more fatigue tests are needed
to confirm this finding. Opposite results are obtained if fatigue lives obtained
by means of ITFT and 2PB are compared; the two regression line in all cases
are different. Also 2PB and 4PB give similar fatigue results and this was noted
previously when 2PB and 4Pb fatigue life values were compared with the t
test (see Table 21, Table 22, Table 23 and Table 24).
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Table 21 ITFT, 2PB and 4PB — Phenomenological approach (Nf,50)— Tukey’s Test

Case Slope Elevation Results
Regressions are not
ITFT — 2PB - _ _ the same for a
4PB F=19.6>Fo.051).22273.44 i significance level
0=0.05
_ _ Regressions are not
ITFT — 2PB q—8.26>qO_05'2213—3.55 - the same
Regressions have
ITFT — 4PB 0=2.96<qp05,22,3=3.55 0=3.78>(0 05 223=3.55 | same slope but not
elevations
Regressions have
2PB - 4PB 0=1.6<(o.05,203=3.55 0=1.79<(005,223=3.55 | same slope and
elevation
Table 22 ITFT, 2PB and 4PB — DER approach — Tukey’s Test
Case Slope Elevation Results
Regressions are not
ITFT — 2PB - _ _ the same for a
4PB F=10.9>F0 05(1),2,20=3.49 - significance level
0=0.05
_ _ Regressions are not
ITFT —2PB | q=7.64>00.05225=3.55 - the same
Regressions have
ITFT — 4PB 0=1.62<(0 05 223=3.55 0=3.73>(0.05,22,3=3.55 | same slope but not
elevations
Regressions have
2PB - 4PB 0=1.5<q0.05,22,3=3.55 0=1.02<( 05,223=3.55 | same slope and
elevation
Table 23 ITFT, 2PB and 4PB —ER approach — Tukey’s Test
Case Slope Elevation Results
Regressions are not
ITFT — 2PB — _ _ the same for a
4PB F=13.6>F0.05(1),2,20=3.49 significance level
a=0.05
_ _ Regressions are not
ITFT — 2PB q—6.65>qO_05'22,3—3.55 - the same
Regressions have
ITFT — 4PB 0=1.41<(0 5 223=3.55 0=3.69>(0.05.223=3.55 | same slope but not
elevations
Regressions have
2PB - 4PB q:0.9<q0_05’22’3=3.55 q=0.94<q0.05’22'3:3.55 same Slope and
elevation
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Table 24 ITFT, 2PB and 4PB —RDEC approach — Tukey’s Test

Case Slope Elevation Results

ITFT — 2PB - the same for a
4PB

Regressions are not

F=9.77>Fo051)220=3.44 significance level

0=0.05

ITFT — 2PB q:5.83>qO_05'2213:3.55 -

Regressions are not
the same

ITFT — 4PB 0=1.95<qp05,22,3=3.55 0=3.65>(00 05 22,3=3.55 | same slope but not

Regressions have

elevations
Regressions have
2PB - 4PB 0=1.9<00.05.223=3.55 0=3.23<0.0522,3=3.55 | same slope and
elevation
7.8 Summary

IT-CY and ITFT are presented in this chapter. A detailed description of the

test in stress control mode, the production of specimens and configuration of

the machine is presented. The main part of the chapter focused on the

development of a new testing procedure: the ITFT in strain control mode.

The following conclusions can be drawn for this chapter:

In terms of stiffness, three temperatures were considered to better
understand the viscoelastic behaviour of the material. Stiffness values
strongly decrease when temperature increases for this material (10mm
DBM mixture with 100pen bitumen highly depends on the temperature).
Ideally it is recommended to undertake stiffness test at 10°C to avoid that
viscous effects influence the stiffness values of the material.

In terms of fatigue, tests were undertaken in stress and strain control
mode at different loading conditions. A comparison was made for the two
modes of loading; it was necessary to calculate the initial strain for each
fatigue test undertaken in stress control mode (to compare the modes of
loading). Mainly two different standards (EN 12697-24:2012 and EN
12697-24:2004) were followed to calculate stress and strain. Test results
show that EN 12697-24:2012 generates strain levels statistically not
different to the strain levels applied during fatigue tests undertaken in

strain control mode; this means that fatigue lines statistically do not have
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significant difference when EN 12697-24:2012 is used to calculate initial
strain levels. This finding allows a more reasonable comparison between
ITFT and bending tests, avoiding including permanent deformation in the
calculation of the strain.

Dissipated energy methods were also used to determine fatigue life values;
statistically no significance difference was found betweeen them. This
means that they are giving the same answer in term of fatigue life as the
traditional method (Nf,50). The ITFT is consietent with the other tests used.
In terms of healing, results show that HR decreases if loading time
increases; it increases if resting time period increases up to certain limit.
This is due to the accumulation of permanent deformation and shorter rest
time periods do not allow the specimen to recover and heal properly. The
optimum value was found to be 10,000 pulses loading; for higher values
there is not a significant improvement in the fatigue life.

ITFT is characterised by accumulation of permanent deformation during a
test. In stress control mode, permanent deformation reaches higher values
quicker (both horizontal and vertical) than in strain control mode. This is
explained because strain increases during a fatigue test in stress control
mode; it is constant in strain control mode, thus the evolution of the strain
is characterised by a slower process, although localised deformation at the
edge of the loading strips is observed in the specimen at the end of the
test.

Asphalt material dissipates more energy if a rest time is included due to
the healing effects; the maximum amount of dissipated energy is
registered when a rest time of 10,000 pulses is included. If load time
changes, it was not found a significant difference in terms of dissipated
energy.

A comparison between ITFT in strain control mode and flexural fatigue
tests such as 2PB and 4PB was done. Based on the plots, fatigue life
depends on the test used. In all cases, fatigue lives obtained by 2PB and 4
PB can be fitted by the same fatigue curve; therefore there is a good
correlation between the two different sets of data. Fatigue curves obtained
by ITFT are characterised by smaller value of fatigue life than 2PB and
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4PB; this is due to the accumulation of permanent deformation during the
test in addition to fatigue damage. Statistically, a comparison between the
three regression lines was made in each scenario. Tukey’s test was used
to better evaluate the difference between each possible pairs of slopes in
the group of the three regressions. Results show that fatigue regression
lines obtained from ITFT and 4PB tests are characterised by similar
regression lines (they have same slope but slightly different elevation in
each case analysed); fatigue results may be independent of the fatigue
testing machine but more fatigue tests are needed to confirm this finding.
Opposite results are obtained if fatigue lives obtained by means of ITFT

and 2PB are compared; the two regression lines in all cases are different.
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CHAPTER 8

Conclusions and future work

8.1 Conclusions

This project is part of the Marie Curie Initial Training Network, TEAM -
Training in European Asset Management, funded under the Seventh
Framework Programme (FP7) by the European Commission that deals with
Training in European Asset Management. TEAM is arranged in three different
clusters: this project is in Pavement Service Life Optimization and its aim is to
improve understanding of fatigue damage in asphalt mixtures.

More specifically, the main key points developed in this research project are:

e Critical review of fatigue phenomenon in asphalt materials by means of
different research methods.

e Due to lack of statistical technigues in pavement engineering, statist was
involved to collect, analyse and interpret fatigue data.

e Fatigue data were obtained by means of simple flexural (such as 2PB and
4PB) and diametral tests (such as Indirect Tensile Fatigue Test or ITFT).

e Development of a new fatigue method: ITFT in strain control mode. ITFT
test is currently one of the few tests used in industry by pavement
engineers for pavement assessment (HD29/08); therefore, ITFT

represents a good link between research and industry.

The starting point in this project was a deep literature review about fatigue
and healing phenomena in asphalt pavement; comparison and evaluation of
the different approaches that characterise the fatigue and healing behaviour in
asphalt mixtures, with particular attention to the dissipated energy approaches
was considered because it takes into account the evolution of the material
during a fatigue test (see Chapter 2).

The findings from the literature review showed a lack of statistical techniques

in pavement engineering used to analyse and evaluate differences between
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different sets of data; this was one of the main reasons to introduce
knowledge of statist in pavement engineering (see Chapter 3).

Further research involved the use of different traditional fatigue tests, in
particular simple flexural tests such as 2PB and 4PB (see Chapter 5 and 6)

and diametral fatigue test, such as ITFT (see Chapter 7).

Currently, the ITFT characterises the behaviour of asphalt material only under
repeated constant load; so no ITFT data obtained in strain control mode exist.
To overcome this lack of data, the ITFT was developed in strain control mode;
this allows comparing of results between simple flexural tests and diametral

tests also in strain control mode (see Chapter 7).

Writing procedures to perform correctly 4PB, 2PB and, particular, the new
ITFT test in strain control mode for future research (and researchers) was one
of the goals of the project; the new procedures can be found in Appendix A.
For each test, the procedure, the characteristics of the test and the
manufacturing of specimens are described; stiffness, fatigue and healing tests
have been performed by means of each test, in stress and in strain control

mode.

The main conclusions that can be drawn from this research project are the

following:

1. Several approaches are usually used in characterising fatigue behaviour in
asphalt materials. This research project decided to focus more on energy-
based approaches because asphalt is a viscoelastic material; it dissipates
energy under the form of mechanical work, heating and damage.
Dissipated energy is history dependent (the energy dissipated in a cycle
depends on the energy dissipated in the previous cycle). In order to have
damage in the material there should be a change in the hysteresis loop,
and thus a change in dissipated energy. Since the dissipated energy is
path dependent, it is a parameter well related to the damage accumulation
in a specimen. Among several dissipated energy methods, three in
particular have been chosen to analyse fatigue data: the Dissipated Energy
Ratio (DER) by Pronk, the Energy Ratio (ER) by Rowe, and the Ratio of
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Dissipated Energy Change (RDEC) by Carpenter and Shen. These were
chosen because a strong correlation between the changing of dissipated
energy and fatigue damage was previously found. Many dissipated energy
methods do not distinguish the amount of DE due to damage rather than
viscoelasticity or heating phenomena and they strongly depend on loading
and environmental conditions. A comparison between the traditional fatigue
method and the three dissipated energy methods chosen was made by
using statistical analysis. Graphically, results shows that each DE method
gives different fatigue life values from the phenomenological approach
(traditional method or Nf,50).

2. Due to lack of information in pavement engineering, statistics was involved
in this study by presenting a wider range of techniques for the analysis of
different data sets. Commonly, multiple comparisons are made by
employing the Student t test; depending on the data and on the hypothesis
there is a high chance to get a mistaken answer, and therefore a mistaken
analysis and findings. This thesis presents several multiple comparison
procedures (such as Fisher, Tukey and Dunnett theories) that properly
suits comparison of several sets of fatigue data in different situations. The
results of statistical analysis show that, statistically, different DE methods
are giving a similar answer; the failure point obtained by each method does
not lie far away from the transition point from micro to macro cracking
determined with the traditional method (Nf,50). Thus, the phenomenological
failure criterion still represents an easy and quick way to determine the

failure point.

Further investigations involved different test methodologies used to evaluate
and understand fatigue in asphalt material in the laboratory. Three different
fatigue tests were used: 2PB, 4PB and ITFT.

3. In terms of stiffness, results show that stiffness values obtained by 2PB are
smaller and phase angle values obtained by 2PB are bigger than values
obtained by 4PB. Higher values of phase angle indicate a tendency
towards more viscous behaviour, whilst lower values indicate more elastic

response, thus it seems that 2PB stiffness tests at lower temperature
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reflect more the viscous behaviour of the materials compared with the 4PB
stiffness tests. In terms of fatigue, fatigue lives obtained by 2PB are smaller
than values obtained by 4PB; this may be linked to the manufacture and
shape of the specimen. The trapezoidal shape is not easy to obtain
compared to the prismatic shape and the specimen may be affected during
the sawing time; also, stresses and strains in the specimen are not
homogenous in the trapezoidal specimen as in the prismatic specimen
(between inner clamps). RDEC was used to compare the two fatigue lines
and results show that regression lines (compared using the t test) are not
the same. In this case it is not possible to consider a unique regression line
for both sets of data; fatigue data are not independent on the test used
when RDEC is used.

A diametral fatigue test was also used in this project: the Indirect Tensile
Fatigue Test (ITFT). Currently, the ITFT could only be performed in stress
control mode; in this project, the ITFT in strain control mode was developed.
Fatigue tests were performed in stress and strain control mode and the results
were compared. Test results show that EN 12697-24:2012 generates strain
levels statistically closer to the strain levels applied to the developed fatigue
tests (fatigue lines statistically do not have significant difference when EN
12697-24:2012 is used to calculate initial strain levels). This allows
researchers to make a more reasonable comparison between ITFT and
bending tests, avoiding including permanent deformation in the calculation of

the strain.

4. A comparison between ITFT in strain control mode and flexural fatigue
tests such as 2PB and 4PB was done. Based on the plots, fatigue life
depends on the test used. In all cases, fatigue lives obtained by 2PB and 4
PB can be fitted by the same fatigue curve; therefore there is a good
correlation between the two different sets of data. Fatigue curves obtained
by ITFT are characterised by smaller value of fatigue life than 2PB and 4PB;
this is due to the accumulation of permanent deformation during the test in
addition to fatigue damage. Statistically, a comparison between the three

regression lines was made in each scenario. Tukey’s test was used to
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better evaluate the difference between each possible pairs of slopes in the
group of the three regressions. Results show that fatigue regression lines
obtained from ITFT and 4PB tests are characterised by similar regression
lines (they have same slope but slightly different elevation in each case
analysed); fatigue results may be independent of the fatigue testing
machine but more fatigue tests are needed to confirm this finding. Opposite
results are obtained if fatigue lives obtained by means of ITFT and 2PB are
compared; the two regression lines in all cases are different.

Those results show that fatigue life obtained by ITFT in strain control mode is
not different from fatigue life obtained by 4PB. 4PB test simulates the
pavement behaviour under traffic loading better than the 2PB. The main
advantage of using the ITFT in strain control mode is related to the simplicity
of performing the test and specimen’s manufacture. ITFT cores can be easily
extracted from a pavement, and can therefore provide original and real
characteristics of pavements; traditional test methods would require bigger
pieces of pavement. The ITFT in stress control mode is already part of the
standards; ITFT in strain control mode is not. Therefore, this research allows
overcoming of the lack in the standards and performing of fatigue tests also in
strain control mode. Numerical quantification of the repeatability and
reproducibility of the ITFT in strain control mode needs to be obtained in order
for the test method to become a full national standard. Also, further testing of
unusual and new mixtures is required to ensure that the ITFT can be

applicable to all mixture types.

e Healing is one of the factors that greatly influence fatigue performance in
asphalt materials. Healing is still a very complicated factor to evaluate,
mostly because not many testing machines are suitable to set up a rest
time after a load cycle. This was one of the most challenging issues in this
project and the solution was to undertake healing tests considering a rest
time period after a certain number of load cycles. It was not feasible to
perform healing tests by means of the 2PB due to the test set up; thus,
healing tests were undertaken by means of 4PB and ITFT in strain control

mode. Related to the 4PB, it was found that the specimen dissipates
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energy very slowly when a rest time is included during a fatigue test: small
changing in DE was noted when a rest time is included in a fatigue test.
Thus, DE might not be a very good parameter to include the effect of
healing in the evaluation of fatigue behaviour. Related to the ITFT, it was
found that the optimum value was found to be 10,000 pulses loading; for
higher values there is not a significant improvement in the fatigue life; this
is due to the accumulation of permanent deformation, shorter rest time

periods do not allow the specimen to recover and heal properly.

To conclude, researchers usually tend to use strain control mode to evaluate
mixes for thin pavements (thickness of asphalt layers less than 50 mm);
stress control mode for thicker and relatively stiffer structures (thickness of
asphalt layers greater than 150 mm). Currently, the Indirect Tensile Test
characterises the behaviour of asphalt material under repeated constant load;
so no ITFT data obtained in strain control mode exists. To overcome this lack,
ITFT was developed in strain control mode; this allows comparing results
between simple flexural tests and diametral tests also in strain control mode.
Results show that in fact fatigue lives obtained by means of the ITFT are

statistically not different from 4PB results.

It is true that pure fatigue does not really exist in real life; failure is a more
complicated phenomenon. Thus, developing ITFT in strain control mode could
allow reducing the gap between research in laboratory (where pure fatigue
tests often are used) and in the field (where experience showed that quick
and simple tests are preferred by civil engineers). As researchers, we should
not forget that the first aim is always to describe and understand the reality
and flexural fatigue is still one of the main failure modes in pavements. As
pavement engineers, we should not forget that the first aim is to design a
more efficient pavement and in order to do that we would need a laboratory
machine that better describes reality; the ITFT is a very good link between

research and reality.
8.2 Future work

There are many areas where this research could be developed in the future.

The following outlines the key topics which were observed through this study.
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Effect of specimen sizes

It has been observed that phenomena such as size effect experimentally exist
and it affects the strength and the fracture toughness of structural materials
such as cement concrete, composite materials, etc. Concerning asphalt
mixtures in fatigue, the influence of the shape has been observed in the
literature (SHRPA-404 1994; Benedetto et al., 2003) but only few researchers
have evaluated the influence of specimen size (Bodin et al., 2006).
Specifically, Bodin et al. showed that the stiffness decrease vs the number of
cycles is faster when specimen size is bigger; the bigger the size, the shorter
the fatigue life and the effect of the size seems to be more important with the
increasing of the loading level; the fatigue slope of Wéhler curves does not
seem to depend on the size, the value of ¢4 (the loading level leading to a
fatigue life of 10° cycles) appears to be a function of the specimen size and

decreases when size increases.

All the fatigue testing machines involved in this research project (2PB, 4PB
and ITFT) have different set-ups depending on the aggregate size of the

mixture.

Table 25 Specimen dimensions (EN 12697-24: 2004)

Fatigue Test Size Shape
>PB Two different sizes depending on the Two different shapes:
aggregate size prismatic and trapezoidal
Nominal proportions and tolerance limits
4PB between length, width and height of the Prismatic
specimen

Two different sizes depending on the

ITFT .
aggregate size

Cylindrical

A Dbetter evaluation of the specimen size effects in terms of fatigue is
recommended for all the machines. Using the same material and loading
conditions could be helpful to evaluate the specimen size influence on fatigue
by using 2PB, 4PB and ITFT. Note that for the new 4PB machines (at the
University of Nottingham) there are three different setups: small, medium and

large (see Chapter 6).
Effect of temperature

Asphalt is a viscoelastic material, therefore its properties depend on
temperature. Many researchers (SHRPA-404 1994; Baburamani, 1999, Ongel,
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and Harvey, 2004) have studied the effect of temperature on asphalt materials.
Results show that stiffness of a general asphalt layer seems to decrease by
three times with a temperature increase of 10°C, thus temperature influences
the fatigue behaviour of asphalt material.

Other researchers (Bodin et al. 2010) conducted a study of temperature
effects on fatigue characteristics of asphaltic mixes for a wide range of
temperatures (from 0° to 30 °C). Results showed that €5 (the loading level
leading to a fatigue life of 10° cycles) is not constant and follows a parabolic
like trend with a minimum at intermediate temperatures and the slope

decreases with the increase of temperature.

One of the main assumptions in these cases is that the temperature is
constant for the whole fatigue test, but after starting a fatigue test stiffness will
decrease immediately at a high rate (Phase 1). This can be explained by the
fact that the dissipated energy is transformed into heat and will warm up the
specimen. However, it is not known which part of the decrease is due to the
increase of temperature (self-heating) or to damage. Pronk (2000) tried to
answer this question by using the uniaxial push-pull (UPP) test. Results
showed that the decrease in stiffness due to internal heating is small
compared to the decrease in stiffness due to damage. Nevertheless only one
temperature and one frequency were tested; a wider range of temperatures
and frequencies by using other tests such as 2PB, 4PB and ITFT is

recommended.
Loading time and rest time - ITFFT

In this project fatigue and healing were evaluated without changing the pulse
characteristics of the test. Specially, fatigue tests were conducted considering
repetitive pulses (0.1 sec loading time + 0.4 sec resting time) and healing was
evaluated considering several continuous pulses followed by a rest time in

which the test was stopped (no pulses applied).

To better evaluate fatigue and healing future investigations could analyse the
effect of changing the loading time and resting time; therefore changing the
pulse shape. Some researchers (Beeson, 2012) have already changed the
rest times for ITFT in stress control mode by means of Universal Software

(see Figure 163).
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Figure 163 Varying rest time in ITFT

Results showed that a longer rest period resulted in a greater fatigue life for
the asphalt concrete specimens; this was due to a prolonged period of healing,
as would be expected. Investigating the influence of varying rest time and,
also, load time of the pulse during an ITFT in strain control mode could be

interesting for future research.

Finding an answer to these key points would improve the knowledge about
fatigue, healing and in particular would improve the new ITFT in strain control
mode. A research project of this nature could only be successful if it was
carried out with collaboration between researchers, technicians and engineers.

Curiosity and passion about research is always the leading feature.
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Appendix A

Fatigue Test Protocols



Testing protocol for

Measurement of resistance to fatigue using Two Point bending test

(2PB) in strain controlled mode.

1. Scope

This procedure outlines the steps to be taken for characterising the fatigue

behaviour and stiffness modulus of bituminous mixtures by 2 Point Bending

(2PB) test in strain controlled mode.

2. Equipment

The main equipment includes:

a rigid frame made from welded steel section;

a three phase electric motor to received its supply from an inverter
which is powered by a single phase, 230 V supply;

an adjustable eccentric fitted to the drive shaft of the electric motor;

a Proxister is mounted beneath the eccentric to provide a means of
counting cycles and determining motor speed,;

a lever arm assembly hinged on leaf springs that gives a 1:5 reduction
in horizontal movements;

two horizontal mounted loading arms that transmit the reduced
movement from the lever arm through force transducers to the tops of
two trapezoidal test specimens;

a rigidly mounted LVDT displacement transducer measures the
horizontal movement of the loading arm assembly;

a temperature cabinet;

test software.

3. Conditioning and test temperature

The specimens shall be placed in the thermostatic chamber and exposed to

the specified test temperature for at least 4 hours prior to testing.

4. Sample Preparation

See Section 5.2.



5. Geometric measurement of trapezoidal specimens

Take eight measurements of thickness (e) around the trapezoidal as
shown in Figure Al, using the calliper with the fine point fittings
measure to 0.1 mm. All readings shall be taken approximately 5 mm in
from the edge. Record all measurements and calculate the mean of the
eight thickness readings (e) and record to 0.1 mm.

Take two readings of the top width (b) of the specimen as shown in .
These readings need to be taken as close to the top of the specimen
as is physically possible. Calculate the mean of the top width (b) and
record to 0.1 mm.

Take two readings of the base width (B) of the specimen as shown in
Figure Al. These readings need to be taken as close to the bottom of
the specimen as is physically possible. Calculate the mean of the base
width (B) and record to 0.1 mm.

Take two readings of the height (h) of the specimen as shown in Figure
Al. These readings need to be taken with the steel rule against the
specimen as the calliper does not expand enough). Calculate the mean
of the height (h) and record to 0.1 mm.

Take the reading of the weight (W) of the specimen

Thickness e

Top width b ‘

P el
g

Base Width B

Height h

Figure A1 Measurement of trapezoidal specimen



6. Procedure for evaluating resistance to fatigue in strain controlled
mode
e Turn on the equipment (power bottom) and the computer system. Then,
set up the test temperature (see Figure A2). Note: RESET bottom is on
at this stage of the test.

TWO POINT TRAPEZOIDAL m a‘
BENDING TEST J<
HNOLOGY

E1930 2-POINT BEND

E2156 CONDITIONING CABINET
EUROTHE

Figure A2 2PB system
e Open the 2PB Bending 2.21.0 software by double clicking the software

icon, shown in Figure A3 and Figure A4.

Initialising data acquisition drivers

(Step 5 Of 6]

Excellence & Reliability
in Advanced Asphalt Testing Solutions

Figure A4 2Pt Bending v 2.21.0 Software

e By means of the 2 Point bending test, it is possible either run a
stiffness test or a fatigue test (see Figure A5). This procedure outlines



the steps to be taken for a fatigue test, thus the referent standard is the

EN 12697 Part 24: Resistance to fatigue (see Figure A6).

Bz e o . - wae

CRT-2PT-Polynomial

FATIGUE TEST

COMPLEX MODULUS TEST

CHECK PANEL

Figure A5 2 Point Bending Fatigue Test (in strain controlled)

= |
Run Fatigue Test as per EN 12697-247

Figure A6 EN 12697-24: Resistance to fatigue

After clicking on fatigue test, the software requires data entry: the
specimen dimensions (previously measured for both specimen A and B)
and the test parameters (temperature, frequency, failure criterion and
displacement amplitude) as shown in Figure A7.



2 Point Bending Test - Cooper Technology Ltd

Data Entry

b [24.50 2] mm

|

h2
25110 2| m

|

8 (5550 | mm e $ 82 [5510 [ mm 2 520 B

e 11-2788 Specimen B Reference 11-2790
0812 £ Specimen B Mass (Kg) 0801 |5

C:\2pt\2ptdata\Cinzia\l1- P Filename B C:\2pt\2ptdatalfilename
2788 160me 10dea 25Hz.bxt
(Deg.C) 100 : Target Displacement Amplitude (mm)

Test Frequency (Hz) 250 o Microstrain Amplitude A

Failure % 20 % Microstrain Amplitude B

FATIGUE TEST

Figure A7 Data Entry

Once the tab next is clicked, the specimens could be inserted in the
cabinet and the bottom plates could be fixed. Note: it is very important
not to screw the top plates to the machine (see Figure A8).

B0 ==

Insert Specimens But DO NOT Screw Top Plates On Until Instructed

Figure A8 Insert the specimen in the cabinet

After clicking ok, the software shows the system setup screen. The main
purpose at this point is to adjust the eccentricity of the system and set
up the displacement chosen for the fatigue test. The system setup
window shows three different amplitude (Figure A9):
1. Detected displacement amplitude: it is the displacement (in mm)
that the machine record after adjusting the eccentricity.
2. Microstrain amplitude: it is the value (in microstrain) that
corresponds to the detected displacement amplitude.
3. Required displacement amplitude: it is the target displacement
amplitude (in mm) setup in the previous tab (it is the desired

strain level for the fatigue test).



2 Point Bending Test - Cooper Technology Ltd > P )

1. Set deformation to zero as shown on the scale engraved on the
eccentric.

2. Check by rotating the eccentric and adjusting to get minimal
movement of needle on gauge (above).

3. The eccentric can now be adjusted to the required displacement
amplitude by first loosening the four eccentric retaining screws and
turning the aduster knob slightly.

Detected Displacement Amplitude 000022 4. Tighten the eccentric retaining screws - click the RESET button and
rotate the eccentric by hand several turns.The new detected
displacement amplitude will be displayed on screen.

}.h(rostram Amplitude

5. Continue adjusting until the displacement is correct. Tighten all
four retaining screws.

6. Now rotate the eccentric until the needle on the gauge above
Required Displacement Amplitude turns GREEN - the eccentric is now in the correct start position.

7. Press NEXT to proceed

COMPLEX MODULUS

Figure A9 LVDT reading and displacement amplitude

To adjust the eccentric, loosen the four clamping screw until the
eccentric adjustment knob behind can be turned. Note: do not
completely loosen all the clamping screw otherwise, when manually
turning the drive, the eccentric will try to return towards the zero
position.
In order to set up the right displacement the following steps are
recommended:
1. Set the deformation to zero as shown on the scale engraved on
the eccentric (see Figure A10). Note: the specimen is in position
but without the top screw in place (so the top cap can slide to

and fro on the specimen top plate).



Eccentric

Clamping

sCcrews

Figure A10 Deformation = 0 mm in the eccentric.

2. Check by rotating the eccentric and adjust to get minimal

movement of needle on gauge (see Figure Al1l).

r
2 Point Bending Test - Cooper Technology Ltd

1. Set deformation to zera as shown on the scale engraved on the
eccentric,
2. Check by rotating the eccentric and adjusting to get minimal
movement of needle on gauge (abovel.
he required displacement
entric retaining screws an.

Detected Displacement Amplitude 000004

st Ampice E

Required Displacement Amplitude 0.20700 mm

FATIGUE TEST

Figure A1l Eccentricity: zero value

3. Tighten the eccentric retaining screws. Click RESET button and
rotate the eccentric by hands several turns. The new detected
displacement amplitude will be displayed on screen. Figure A12
is an example how to set the required displacement; specifically
in this case the target displacement is 0.228 mm. Figure A13
shows how to compare the detected displacement amplitude
with the required amplitude in order to be more précised.



V - | Eccentric
Deformation=0.228

Clamping

Screws

1. Set deformation to zero as shown on the scale engraved on the
eccentric,

2. Check by rotating the eccentric and adjusting to get minimal
movement of needle on gauge (above).

3. The eccentric can now be adjusted to the required displacement
amplitude by first loosening the four eccentric retaining screws and
turning the aduster knob slightly.

Detected Displacement Amplitude mm 4. Tighten the eccentric retaining screws - click the RESET button and

rotate the eccentric by hand several turns.The new detected
displacement amplitude will be displayed on screen.

Al
Migostatampltude 170 5. Continue adjusting until the displacement is correct, Tighten all

four retaining screws.

6. Now rotate the eccentric until the needle on the gauge above

Required Displacement Amplitude 0.22800 m turns GREEN - the eccentric is now in the correct start position.

7. Press NEXT to proceed

COMPLEX MODULUS

Figure A13 Eccentricity: detected displacement amplitude=required
displacement amplitude
Once the detected displacement is close enough to the required

displacement, tighten all four clamping screws (see Figure Al4).



Eccentric
Clamping Screws

Clamping

sCrews

Figure Al14 Set up displacement amplitude.

Rotate the eccentric until the needle on the gauge above turns

green, in order to put the eccentric in the correct position before

screwing the top plates of the specimens (see Figure A15).

2 Point Bending Test - Cooper Technology Ltd =)

RESET

1. Set deformation to zero as shown on the scale engraved on the
eccentric,

System Setup
Reset

2. Check by rotating the eccentric and adjusting to get minimal
movement of needle on gauge (above).

3. The eccentric can now be adjusted to the required displacement
amplitude by first loosening the four eccentric retaining screws and
turning the aduster knob slightly.

Detected Displacement Amplitude 0.22531 4. Tighten the eccentric retaining screws - dlick the RESET button and
rotate the eccentric by hand several turns.The new detected
displacement amplitude will be displayed on screen.

Microstrain Amplitud
AgorEnNIRELce 5. Continue adjusting until the displacement s correct. Tighten all

four retaining screws.

6. Now rotate the eccentric until the needle on the gauge above
Required Displacement Amplitude turns GREEN - the eccentric is now in the correct start position.

7. Press NEXT to proceed

COMPLEX MODULUS

Figure A15 Correct start position.
Note: after adjusting the eccentric in order to reach the correct
start position, close the temperature cabinet and wait few
minutes before clicking next. The main reason is that the LVDTs
are very temperature sensitive; they may slightly change

A-10



positions during to the temperature changing inside the cabinet.
If they reach a new position and the needle become red again,
the operator should adjust the needle again until it turns green
again.
6. Once the needle is in the right start position (and it is green),
click next.
Once next is clicked, tight the top cap screws of both specimens; close
the temperature cabinet and click on RESET (see Figure Al16 and
Figure Al17). Note: if the operator does not press RESET, the test will

not start after the conditioning stage.

[ 2 Point Bending Test - Cooper Technology Ltd

System Setup

RESET

1. Set deformation to zero as shown on the scale engraved on the
eccentric,

2. Check by rotating the eccentric and adjusting to get minimal
[ Neuge (above).
s puoe eoove
e adjusted to the required displacement

Close the temperature cabinet door and RESET before clicking OK to continue | [ag the four eccentric retaining screws and
slightly.

Detected Displacement Amplitude f taining screws - click the RESET button and
d several turns.The new detected
il be displayed on screen.

Microstrain Amplitud
S 5. Continue adjusting until the displacement is correct, Tighten all

four retaining screws.
6. Now rotate the eccentric until the needle on the gauge above
Required Displacement Amplitude turns GREEN - the eccentric is now in the correct start position.

7. Press NEXT to proceed

COMPLEX MODULUS

TWO POINT TRAPEZOIDAL m a‘
BENDING TEST
TECHNOLOGY

E1930 2-POINT BEND

\ E2156 CONDITIONING CABINET
“’!1;4' TuROTHERM
(94

TEMPERATURE

O
|

POWER LIGHT

\___TEMPERATURE CONTROL

Figure A17 RESET button



e Once ok is clicked, the user can chose to start a fatigue test in two
different ways before the condition stage (see Figure A18 and Figure
A19)

1. Start test automatically:

2. Start test manually:
' Test Start Time [E==)

Current Date & Time

Set Date & Time
18/06/2013 12:00:00

Decrease Time (-)

Increase Time (+) ]

START TEST = START TEST =
AUTOMATICALLY MANUALLY

Figure A18 Start testing

Test Start Time

Start Conditioning?

START TEST = START TEST =
AUTOMATICALLY MANUALLY

Figure A19 Start conditioning
e Figure A20 shows the temperature conditioning window. As said before,
it is recommended to condition the trapezoidal specimens for at least

four hours before testing them.



2 Point Bending Test - Cooper Technology Ltd 4 . _ [==

Temperature Conditioning

TC-A (Deg.Q TC-B (Deg.C)

00:00:02

COMPLEX MODULUS Start Test = ‘Lo Exit ‘

Figure A20 Conditioning stage

e Once the specimens are conditioned, the fatigue test can start. For
each of the two specimens regularly updated plots and text boxes are
shown providing information on elapsed cycles, stress, strain,
deformation, load, phase angle, stiffness (real part, imaginary part and
complex modulus), frequency and temperatures. The test will end once
both specimens have reached the failure point (failure criterion decided
a priori during the data entry stage).

e At the end of the tests, the software shows the cycle at which both
specimens have reached the failure point (see Figure A21).

2 Paint Bending Test - Cooper Technalogy Ltd

Main Test

! ] 7 ! ]
1000 10000 1000 10000
Number Of Cycles Number Of Cycles

Specimen A Failed At 71575 Cycles

Specimen B Failed At 88399 Cycles

0.235

umber Of Cycles 88399 0oL
178
el rea y o icrostrain 176
18 e re 10.24 Ph ?Z:
. o o Stress (Kpa)
77 = Stiffness (Mpa) 1870
13
s Real Part (L) 1616
Imaginary Part (E2) 06 Imaginary Part (E2) 241

Complex Modulus E* (MPa) E* =123 +i706 Complex Modulus E* (MPa) * = 1616 + 1941

FATIGUE TEST

Figure A21 Failure cycles: end of the fatigue test
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e At this point, the user can remove the failed specimens from the
cabinet and install the next pair and re-adjust the eccentric if required.
e The test data is recorded every 100 cycles.
7. Measurement of stiffness

In order to run a stiffness test (see Figure A22), the procedure is the same as
showed for a fatigue test; in this case the referent standard is the EN 12697
Part 26: Stiffness (see Figure A23).

I 2 oint Bening Tet - Cooper Technology L . . . —~

CRT-2PT-Polynomial

FATIGUE TEST

COMPLEX MODULUS TEST

CHECK PANEL

Figure A22 2 Point Bending Stiffness Test

B
Run Complex Modulus Test as per EN 12697-267

Figure A23 EN 12697-26: Stiffness

The procedure is exactly the same as for a fatigue test. The test specimen is
cycled for a pre-defined time (usually 2 minutes), with data being acquired
over the last 10 seconds of the test and the mean of these value being
recorded to file at the end of test. Thus, the test will end when the test time

has elapsed.
8. Check Panel

By means of the check panel is possible to control the LVDTs readings (see
Figure A24 and Figure A25).



2 Point Bending Test - Cooper Technology Ltd

System Check Panel

LVDT Reading

mm

Load A (kN)
0.00045- ‘ .
HH

i

Channel 0 (Load Cell &)
Channel 1 (LVDT A)
Channel 2 (LVDTE)
Channel 3 (Load Cell B}
Channel 4 (Not Used)
Channel 5 (Proxister)
Channel 6 (Therm A}
Channel 7 (Therm B}

FATIGUE TEST

COMPLEX MODULUS TEST

CHECK PANEL

LVDT Reading
Digital Inputs

0000

- £
"
e Increase Sensitivity =N

Interface Unit Power

Reduce Sensitivity

safety Doors

Load B (kN)
0.00045-

= 000035+ Analogue OQutput

(Mator Speed)

Output To Inverter
Linear Units Poly Units

0.0004
0.0002
0.0003 .
Digital Qutputs
0.0003

Reset Charge
-50.0037

-48.6671

Continue

Figure A25 System check panel



Testing protocol for

Measurement of resistance to fatigue using Four Point bending test

(4PB) in strain controlled mode.

1. Scope

The 4PB is a test widely used to determine the stiffness modulus and the
fatigue resistance of the asphalt mixture. The four point bending tests are
included in CEN (European Committee for Standardization), AASHTO
(American Association of State Highway and Transportation Officials) and
Chinese test specifications. The specimen is a prismatic beam which is
subjected to sinusoidal loading in either the controlled strain or controlled
stress modes

2. Equipment

The main equipment includes:

e Load cell;

e Main hydraulic actuator;

e Alignment plate;

e 4 clamps;

e Three LVDTs;

e Air inlet manifold;

e Servo valve;

e Actuator LVDT;

e Thermostatic chamber.
3. Conditioning and test temperature
The specimen is placed in the thermostatic chamber and exposed to the

specified test temperature for at least 4 h prior to testing.
4. Sample Preparation
See Section 6.2.

5. Measurement of resistance to fatigue
e Turn on the equipment (on/off button and start button) and the computer

system. Also, set up the temperature manually (see Figure A26).
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Figure A26 4PB system

Open the 4PB Bending 4.2.0 software by double clicking the software icon,
shown in Figure A27 and Figure A27. Note: ensure that all operators are
clear of the beam fatigue rig. Once the software is opened, the machine

will rise up automatically (as red arrows show in Figure A28).

[:Z| CRT BEAM FLE

File Tools View Help

INOLOGY

Clickto peform s resistance to fatiguetest (BN 12697-
28 Tt or 79 201

| Beam Flex

www.cooper.co.uk

Figure A27 4 CRT Beam Flex Software
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Figure A28 4 Point bending testing machine

By means of the 4 Point bending test, is possible either run a stiffness test or
a fatigue test (see Figure A29). The following procedure outlines the steps to
perform a fatigue test in strain control mode, thus the referent standard is the
EN 12697-24: Resistance to fatigue (see Figure A30).

| CRT BEAM FLEX

File Tools View Help

Resistal to Fati
Welcome o the Cooper Research Technology Beam
Flex software. Select a test type to begin.

www.cooper.co.uk

Figure A29 4 Point Bending Fatigue Test

() Select Fatigue Standard 055

Standard
EN 12697-24 [=]

Figure A30 EN 12697-24: Resistance to fatigue

Note: three different standards could be considered for a fatigue test in the
software (see Figure A31). The three standards are:
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1. EN 12697-24. The European Standard was approved by CEN

(European Committee for Standardization) in 2004, a new version of

the standard was recently released in 2012. The main aim is to
characterise the fatigue of bituminous mixtures by different tests such
as bending tests and direct and indirect tensile tests. This standard is
used to rank bituminous mixtures on the basis of resistance to fatigue
and as guide to evaluate the performance of road pavements in Europe.
2. AASHTO T321-07. The American standard is the standard method of

test for determining the fatigue life of compacted hot-mix asphalt (HMA)

subjected to repeat flexural bending until failure in United States. The
standard was developed by AASHTO the American Association of
State Highway and Transportation Officials.

3. T0739-2011. This is the Four-point Bending Fatigue Life Test of
Bituminous Mixtures standard and it is part of the Chinese standards
JTG E20-2011 Standard Test Methods of Bitumen and Bituminous
Mixtures for Highway.

Select Fatigue Standard e

Standard
EN 12697-24 -
« EN12697-24

T321-07
T0733-2011 E

Figure A31 Three different standards to run a fatigue test

e After selecting the appropriate standard, select the project where all the
files will be collected; the operator can choose the project depending on the

mode of loading (see Figure A32).

[ Select Project ;J Select Project l_J
Project: | Controlled Strain [=][+ | Addnew Project | Controlled Stress [=][+ ] AddNew

o)

Figure A32 Select project: stress and strain controlled

Note: the operator has the possibility to create a new project. In this case,

click on add new and enter a project name as shown in Figure A33.
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Select Project [ Create New Project [

Enter Project Name

Project: | Controlled Strain [=] Add New Name

Figure A33 Select project: new project

e After clicking on fatigue test, the software will require the data entry, that is:
the measurement details, the specimen details (dimensions and weight of
each specimen previously measured) and the test conditions (mode of
loading, temperature, frequency, failure criterion and strain level).

As shown in Figure A34, measurement details refer to the beam size.
Three different beam sizes are possible, thus three different configurations:
1. Small size: effective length 355.5 mm and middle span length
118.5 mm. Mass of clamp 16384.0 g (see Figure A35);
2. Medium size: effective length 420 mm and middle span length 140
mm. Mass of clamp 16798.0 g (see Figure A36);
3. Large size: effective length 600 mm and middle span length 200

mm. Mass of clamp 17474.0 g (see Figure A37).

|[File Tools Help

Operator: Guest

Measurement Details

Beam Size: Small [=] MClamp,  Mass Of Clamp 163840 | g

L Effective Length:  Small MSensor,  Mass Of Sensor 00 g
Medium -

Mid-Span Length: Large Additicnal Mass Of Moving Parts 00 [ g

Specimen Details

Specimen Reference:

Ltot,  Total Length: 000 H mm
B Width: 000 | mm
H, Height: 0.00 2 mm
MBeam, Mass: 0.0 H g
Test Conditions
Control Method: Constant Strain [=]
fo, Frequency: 00 3 Hz
g Microstrain: 0 = pm/m
8 Temperature: 200 2 <
Test End Value: 50.0
Comments: "
a | =
CRT-EN12697-24  Project: Andrea dpb-itftstrain | Progress $win Lab 09/07/2013 0845

Figure A34 Measurement details



File Tools Help

Operator: Guest

Measurement Details

Beam Size: Small [=] MClamp, Mass Of Clamp 163840 | g
L Effective Length: 3555 S mm Msensor, Mass Of Sensor 00 g
2, Mid-Span Length: usse B mm Additional Mass Of Moving Parts |00 2] g
Specimen Details
Specimen Reference: *
Ltot,  Total Length: 0.00 2 mm -
8 Width: 000 2 mm »
H Height: 0.00 = mm +
MBeam, Mass: 0.0 Y 4 B
Test Cenditions
Control Method: Constant Strain [=]
fo,  Frequency: 00 2| Hz *
3 Microstrain: 0 3 umim .
8 Temperature: 200 =l ¢
Test End Value: 50.0 H %
Comments: ~

@ | = .

CRT-EN12687-24  Project: Andrea 4pb-itftstrain |Progress Fowin Lab 09/07/2013 | 09:45

Figure A35 Small beam size

File Tools Help

Operator: Guest

Measurement Details

Beam Size: Medium =] MClamp,  Mass Of Clamp 167980 | g
L Effective Length: 4200 2 mm MSenser,  Mass Of Sensor 00 .
a Mid-Span Length: 14000 5 mm Additional Mass Of Moving Parts 00 & g

Specimen Details

Specimen Reference: -
Ltot,  Total Length: 0.00 = mm *
B Width: 0.00 | mm -
H, Height: 0.00  mm -
MBeam, Mss: 00 2 q B
Test Conditions
Control Method: Constant Strain [=]
fo,  Frequency: 0.0 s He B
g Microstrain: 0 S pm/m *
@, Temperature: 200 = -c
Test End Value: 50.0 H %
Cemments: -

@ =) ) om

CRT - EN 12697-24 Project: Andrea 4pb-itftstrain IPrograss thm Lab 09/07/2013 09:45

Figure A36 Medium beam size
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[iZ] CRT - EN 12697-24: Fatig @

[ File Tools Help

Operator: Guest

Measurement Details

Beam Size: Large = MClamp,  Mass Of Clamp 14780 | g
I, Effective Length: 5000 2| mm Msensor, Mass Of Sensor o0 .
a  Mid-Span Length: 2000 f| mm Additional Mass Of Moving Parts |00 [ g

Specimen Details

Specimen Reference:

Ltot,  Total Length: 0.00 ) mm
B Width: 0.00 2 mm
H, Height: 0.00 H omm
MBezm, Mass: 0.0 g
Test Conditions
Centrol Method: Constant Strain [+]
fo,  Frequency: 0.0 3 Hz
e Microstrain: 0 2 pmim
g, Temperature: 200 | =
Test End Value: 500
Comments: T
- || =
CRT-EN12697-24  Project: Andrea dpb-itftstrain |Progress BDwin Lab 09/07/2013 0945

Figure A37 Large beam size

Note: the beam size used for this project is small (that is: effective length
355.5 mm and middle span length 118.5 mm). However, the specimens used
in this project are slightly wider and higher thus a medium size clamping
configuration was used (medium clamps size); in order to consider the mass
of clamps correctly, the medium beam size configuration was chosen and
then the effective length and middle span length was modified manually (see
A38). Mass of clamps’ value includes both sensors and moving parts, so the
operator should not consider mass of sensor and additional mass of moving

parts (values = zero).



o .~

File Tools Help
Operator: Guest
(~ Measurement Details
Beam Size: Medium [=] MClamp, Mass Of Clamp 167980 | g
L Effective Length: 3555 2 mm MSensor, Mass OF Sensor 00 g
“ 3, Mid-Span Length: 1850 (5 mm Additional Mass OF Moving Parts 00 =g
N
Specimen Details
Specimen Reference:
Ltot,  Total Length: 000 2 mm
B Width: 0.00 2 mm
H, Height: 0.00 % mm
MBeam, Mass: 0.0 q
Test Conditions
Control Methed: Constant Strain [=]
fo,  Frequency: 00 2| He
3 Microstrain: 0 S pmim
B Temperature: 200 2l -
Test End Value: 500 H %
Comments:
- | = |
CRT-EN12697-24  Project: Andrea dpb-itftstrain |Progress Bowin Lab 09/07/2013 | 09:45

Figure A38 Medium clamping configuration for small specimens

e For each specimen, the total length (in millimetres), the width (in

millimetres), the height (in millimetres) and the mass (in grams) have to be

measured previously. It is recommended to measure four values for each

face of the prismatic specimen (eight values of width and eight values of

height in total) and four values of total length. After measuring and

determined the average values, it is possible to complete the specimen

details tabs as shown in Figure A39.

= o e s

File Tools Help

=

e

Operats Guest
M ment Detail
Beam Size: Medium MClamp,  Mass Of Clamp 16780 | g
L Effective Length: 3555 2] mm Msensor, 00
id- 118,50 mm 00 12
ails
i 12-1496
Ltet,  Total Length: 38220 mm
8 Width: 5055 mm
H. Height: 6324 mm
MBeam, Mass: 2675 g
Canstant Strain [=]
fo, 00 4 Hz
3 0 pmm
6 200 ¢
500 %
Comments:
| = u
CRT-EN12697-24  Project: Andrea dpb-itftstrain |Prag Bowi 09/07/2013 | 09:47
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Figure A39 Specimen details

e Choose the test conditions either for stress or strain controlled fatigue test
(see Figure A40).
3 AT - en 1269728 Fai

File Tools Help
|
Operator: Guest
Measurement Details
Beamn Size: Medium =] MClamp, Mass Of Clamp 167980 | g
L Effective Length: 3555 12 mm MSensor,  Mass Of Sensor 00 g
3, Mid-Span Length: 1850 [ mm Adcitional Mass Of Moving Parts 00 4| g
Specimen Details
Specimen Reference: 12-1496
Ltot,  Total Length: 38220 | mm
B Width: 50.55 H mm
H, Height: 5324 = mm
MBeam, Mass: 26715 1 g
Test Conditions
Control Method: Constant Strain [=]
- o
. Microstrain: CunstantStESs
&  Temperature: 100 | e
Test End Value: 200
Comments: ~
<::I B
CRT-EN12697-24  Project Andrea 4pb-itftstrain |Progress Bowin Lab 09/07/2013 | 0947

Figure A40 Stress and strain controlled fatigue test

For a strain controlled fatigue test, frequency (in Hertz), temperature (in
Celsius degree), test end value: failure criterion (for example, if the
operator has chosen 20% as test end value, the test will stop when the
stiffness values reaches the 20% of its initial value and strain level (in

microstrain) are the parameters to choose for each test (see Figure A41).



[iZ] CRT - EN 12697-24: Fa

File Tools Help
Operator: Guest
Measurement Details
Beam Size: Medium =] MClamp,  Mass Of Clamp 167980 | g
L Effective Length: 355 14| mm MSensor,  Mass Of Sensor 00 5
a Mid-Span Length: ngs0 = mm Additional Mass Of Moving Parts 00 [ g
Specimen Details
Specimen Reference: 12-149
Ltot,  Total Length: 8220 = mm
B Width: 5055 = mm
H, Height: 624 2 mm
MBeam, Mass: 28615 3 g
Y Test Conditions
Control Method: Constant Strain [=]
fo,  Frequency: 250 | He
3 Microstrain: 160 2 pmim
8 Temperaturs 100 | ¢
\ Test End Value: 200 o =
Comments:
CRT-EN12697-24  Project: Andrea dpb-itftstrain |Progress hDwin Lab 09/07/2013 | 09:47

FigureA41 Strain controlled test conditions

For a stress controlled fatigue test, frequency (in Hertz), temperature (in
Celsius degree), failure criterion (as percentage of initial stiffness value
reduction) and stress level (in Kilo Pascal) are the parameters to choose for

each test (see Figure A42).

File Tools Help

Operator: Guest

167980 | g
Mass Of Sensor 00 B

Medium [+
3555 [ mm
1850 1 mm

Mclamp,  Mass Of Clamp
Msensor,

Additional Mass Of Maving Parts 00 9

12-149
38220 & mm
5055 3 mm

Ltot,  Total Length:
8 Width

H  Height: 6324 2 mm
MBeam, Mass: 28675 2| g
N
Test Conditions
Contrel Methed: Constant Stress [=]
fo.  Frequency: 250 | He
Stress: 500 4| kpa
8 Tempersture: 100 2|
Test End Value: 200 | %
\\§ y
Comment ts:
CRT-EN12697-24  Project: Andrea dpb-itftstrain |Progress Bowin Lab 09/07/2013 | 09:47

Figure A42 Stress controlled test conditions

e After completing measurement and specimen details, and after choosing
test conditions, press the blue arrow for the next tab: save the test file.
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Identify a file name for the test (see Figure A43). Usually, the file name is
chosen considering the ID number of the specimen and the test conditions

(frequency, loading level and temperature).

Help
Operator: Guest
Messurement Details
Beamn Size: Medium [=] MClamp,  Mass Of Clamp 167980 | g
L, Effective Length: 355 2 mm MSensor, Mass Of Sensor 00 )
s Mid-Span Length: 1850 |2l mm Fr—
Chaose or Enter Path of File |
Specimen Detsils
Specimen Reference: 121496 Savein: || Ancrea 4pb-tfstrain - @1 aEr
Ltot,  Total Length: /220 = mm I Name = Date modified Type
B Width: 5055 & mm e fatigue 04/04/201311:50  File folder
H, Height 6324 5] mm Recent Places healing 26/06/201310:59  File folder
MEeam, Mass: B615 E| g = Phase cormection 21/03/201311:56  File folder
tes Cond stiffness 130520131213 File folder
=t Conditions Deskiop 1232 19/06/201314:21  Text Docu
Centrol Method: Constant Strain [=] ;
fo,  Frequency: 50 |2 He =
& Microstrain: 160 3 pvm Libraries
6 Temperature: 100 H ¢ P ..
Test End Value: 200 H % T
Computer
“w
. . « m r B
Comments: i L
File name: [12-143¢] - OK
Saveastype: (o ('bd) - [ cancel | I
| =
CRT-EN12697-24  Project: Andrea dpb-itftstrain |Progress fowin Lab 09072013 | 0847

Figure A43 Save test file

e Insert a specimen in the cabinet is the next step (see Figure A44).

Test Settings Percentage Initial Stiffness VS Cycle
f Frequency: 0 Hz
1 Target Strain: 0 pm/m

Test Parameters

Cycle Number: 0
Elapsed Time: .
Iritial Dsta
Smix,o, Initial Stiffness Modulus: 0 MPa
. Strain Amplitude: 0000 a/m
5 Stress Amplitude: 0000 ®s
Messured Data
Fo,  Force: 000 N
Z(xs), Deflection: 0.000 mm
®*(xs), Measured Phase Lag: 0.00
Cycle
Temperature RTD 1: 0.000 c oefection - 26e) )
Temperature RTD 2: 0.000 - .
Calculated Data 0021
. Strain Amplitude: 000 prim
0 Stress Amplitude: 000 s
Smix  Dynamic Stffness Modulus: |0 MPa
©  Phaselag 000
LW Dissipated Energy: 0000000 | kfm?
Wdis,  Cumulated Dissipated Energy: | 0.000000 Kifm? me_d 10 20 30 40 50 60 70 80 9 %9 -Umié 10 20 30 4D 50 60 70 80 90 9
Time -t (me) Tieme -t (ms)
>
CRT-EN1267-24  Project: Andrea dpb-itftstrain [Progress Bowin Lsb 09/07/2013 | 0948

Figure A44 Insert a specimen in the cabinet

Note: the specimen should be placed in a symmetric position with respect to
the outer and inner clamps (see Figure A45). Also, the inner clamps are free



to translate along the longitudinal side and rotate; in order to place them in the
right position, the inner clamps should be aligned at this stage as shown in
Figure A46 (two arrows have been marked on the base. A ruler should be
placed vertically against the clamp’s support. The clamps’ package should be
moved (rotated) until the bottom edge of the ruler is aligned to the arrow

drawn on the base plate).

Figure A46 Alignment of the inner clamps
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e Clamping stage. After inserting a specimen (and press previously OK), the
clamping phase starts (see Figure A47). Note: press continue when this
phase is completed, that means the specimen is fully clamped (see Figure
A48).

iZ] CRT - EN 12697
Help
Test Settings Percentsge Intial Stffness V5 Cycle
f Frequency: 0
. Target Strain: 0
Test Parameters
Cycle Number: 0
Elapsed Time:
Initial Data
S0, Initial Stiffness Modulus: 0
3 Strsin Amplitude: 0.000
3 Stress Amplitude: 0.000
Messured Data
Fo, Force: 0.00
Zixs),  Deflection: 0.000 Once the specimen has been clamped click continue.
®*(es), - Measured Phase Lag: 0.00 WARNING: Do ot continue untilthe specimen s fully clamped! | |
i e [

Calculated Data

3 Strain Amplitude: 0.00 z
£

o, Stress Amplitude: 0.00 £
ey

Smix  Dynamic Stiffness Modulus: |0 I

P Phase Lag: 0.00

LW Dissipated Energy: 0.000000

Wdis, Cumulated Dissipated Energy: | 0.000000 0 10 20 30 40 50 60 70 80 90 99 0 10 20 30 40 50 60 70 S0 90 99

Time - t (ms) Time - t (ms)
B ::>
CRT-EN12697-22  Project: Andrea dpb-itftstrain [Progress JDwin Leb 09/07/2013 | 0951

Figure A47 Clamping phase

Figure A48 Clamped specimen

e Figure A49 shows the following window that appears after pressing

continue.



Adjust the three specimen LVDTs on the prismatic beam until each LVDT is
in range (see Figure A49); in order to ensure that, the red cross should turn
to green thick (see Figure A50 and Figure A51). Make sure the Ivdts’

supports are tightened appropriately.
PEREDEEEE 5

Help

Test Settings

Measured Data

Temperature RTD 1:
Temperature RTD 2:

Calculated Data

Percentage Initial Stiffness VS Cycle

f, Frequency: 0 He
. Target Strain: [ pm/m
Test Parameters
Cycle Number 0 g
g
Elapsed Time: . £
&
Tnitial Data el
Smixo, Initial Stiffness Modulus: 0 MPa =
. Strain Amplitude: LVDT Setup
o, Stress Amplitude:

LVDT#1

Fo, Force: ':'
Z(xs),  Deflection: H
©°(xs), Measured Phase Lag: H

LVDT#2 LVDTE3

- Z(xs) (mm)

InRange:  |% InRenge  |X InRange:  |X

. Strain Amplitude:
I3 Stress Amplitude:
Smix  Dynamic Stiffness Modulus:
® Phase Lag: h T

12000
AWdi  Dissipated Energy: 0.000000 W/m oo
Welis,  Cumulated Dissipated Energy: | 0.000000 /m "0 10 20 30 40 50 60 70 80 90 %0 1 20 0 40 50 60 0 &0

Time -t (ms) Time -t (ms)

o]~ 2]

CRT - EN12697-24

Project: Andrea 4pb-itftstrain

|Progress $Dwin Lab 09/07/2013 09:53

Figure A49 LVDTs Setup: not in range

Help )

Test Settings

Temperature RTD1:
Temperature RTD 2:

Calculated Data

Percentage Initial Stiffness V5 Cycle

1, Frequency: [} Hz
3 Target Strain: 0 pm/m
Test Parameters

Cyele Number: 0 é

Elapsed Time: . £

n

Initial Data 3
Smixo, Initial Stiffness Modulus: 0 1Pa )
. Strain Amplitude: 3 LT Setup
o, Stress Amplitude:
Measured Data VDT LvDTE2 LvDT=3
Fo, Force: 7
Z(xs),  Deflection: H I I I
©*(s), Measured Phase Lag: 3

InRange ||

- Z(xs) (mm)

InRange o InRange: ||

5 Strain Amplitude:
o tress Amplitude:
Smix  Dynamic Stiffness Modulus:
® Phase Lag: ki T

120.00-
AWdi  Dissipated Energy: 0.000000 Wfm om0

.00- 0.7

Wdis,  Cumulated Dissipated Energy: | 0.000000 Kfm 10 20 30 40 50 60 70 80 90 %9 0 10 20 30 40 S0 60 T0 &

Time - t (ms) Time -t (ms)

m - H
CRT - EN 12697-24 Project: Andrea 4pb-itftstrain BDwin Lab 09/07/2013

[Progress 09:55

Figure A50 LVDTs Setup: in range.



Figure A51 LVDTs in range.

e Once the LVDTs are set up, the conditioning stage can start. As said
before, it is recommended to condition the prismatic beams for at least four
hours before testing them. At this stage the software is waiting for the

operator to press play and thus start the test (see Figure A52).

i=| CRT - EN 12697-24: Fatig

Help

| [ Test Settings Percentage Initial Stiffness VS Cycle
3 Frequengy: 0 He 120
. Target Strain: 0 um/m 110~

Test Parameters 1001

Cycle Number: 0
Elapsed Time: s
Tnitial Data
Smixo, Initial Stiffness Modulus: 0 MPa
3 Strain Amplitude: 0.000 pm/m
o, Stress Amplitude: 0.000 kPa
Measured Data
Fo,  Force 0.00 N
Z(xs),  Deflection: 0,000 mm o-
) d
©%(xs), Measured Phase Lag: 0.00 - 100 1000
= i Cycle
Temperature RTD 1: ! C Force - Fo (N] Deflection - Z(xc) (mm)
Temperature RTD 2: 0.000 c 000 e
Calculated Data _10.00-] 002
g Strain Amplitude: 0.00 pm/m -60.00- E 003
= £
o, Stress Amplitude: 0.00 kPa < s000-] 7 -001-
£ g
Smix  Dynamic Stiffness Modulus: |0 MPa 10000 N oosd
® Phase Lag: 0.00
A -120.00] 006+
AWdi  Dissipated Energy: 0.000000 [ 1000
By s 007
Wis,  Cumulated Dissipated Energy: | 0.000000 d/m 0 10 20 30 40 50 G0 70 80 90 80 0 10 20 30 40 50 60 70 80 90 99
Time - t (ms) Time - t (ms)
E I::>
| J
CRT-EN12687-24  Project; Andrea 4pb-itfistrain [Progress Bowin Lab 09/07/2013 | 09:56

Figure A52 Conditioning stage



e After the conditioning stage, the green button play will let the operator start
the test. The main screen will show test settings (frequency and target
strain/target stress), test parameters (current cycle number and time), initial
data (initial stiffness modulus, initial strain and stress amplitude usually
calculated at 100™ cycle), measurement data (current force, deflection, and
phase lag) and calculated data (current strain and stress amplitude,
dynamic stiffness modulus, phase lag, dissipated energy and cumulative
dissipated energy) as shown in Figure A53.
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Figure A53 Start test

e Once the specimen has failed, the test is finished and it is possible to
remove the specimen from the machine (see Figure A54 and Figure A55).
Failure corresponds to the complete failure of the specimen in stress
controlled mode; fracture usually happens in the middle of the specimen
where the bending moment is maximum (see Figure A56). In strain
controlled mode, the specimen fails when the stiffness value has decrease
of 50% from its initial value (determine at 100™ cycle). Figure A57 shows
the typical evolution of stiffness during a fatigue test in strain controlled
mode; two different criteria are shown: 50% and 30% stiffness reduction

from its initial value (Eo).
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Figure A54 End test

Remove specimen then press Continue

Figure A56 Fracture in the middle of the specimen in stress controlled fatigue test
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Figure A57 Evolution of stiffness during a fatigue test in strain controlled mode

e At this point, the user can remove the failed specimens from the cabinet
and place the next one and set a new test up.

e The test data is recorded every cycle for the first 500 cycles, every 100
cycles until the end of the test.

6. Measurement of stiffness

This procedure is for a stiffness test, thus the reference standard is the EN
12697-26: stiffness (see Figure A58).

File Tools View Help

caoper

Resistar to Fati
Clickto perform a stfnesstest EN 12697-26)

Beam Flex

www.cooper.co.uk

Figure A58 4 Point Bending Stiffness Test

e After clicking on stiffness test, the software will require the data entry: the
measurement details, the specimen details (such as dimensions and

weight, previously measured) and the test conditions (mode of loading,
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temperature, frequency, failure criterion and strain level). Figure A59 shows
measurement and typical specimen details refer to the beam size for a

stiffness test. See the previous section related to fatigue test.

[iZ] CRT - EN 12697-26: Stiffnes
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= E
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Figure A59 Measurement and specimen details

Regarding the test conditions, choose to run the stiffness test either in
controlled strain or stress (see Figure A60). The reference standard (EN

12697-26) describes the method to measure stiffness in strain control mode.
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Figure A60 Stiffness test either in strain or stress controlled mode

e Next stage is running a stiffness test. The operator has the chance to
personalise the test depending on the frequencies and strain/stress levels
desired. The amplitude of the load shall be such that no damage can be
generated during the time needed to perform the measurements (usually
50 ue is a typical value). The range of frequencies is device dependent. A
typical set of frequencies could be 1 Hz, 2 Hz, 5 Hz, 10 Hz, 15 Hz, 20 Hz,
25 Hz and 30 Hz and again the starting frequency of 1 Hz. This last
measurement is to check that the specimen has not been damaged during
the loading with various frequencies. If the difference between stiffness of
the specimen at the first and last measurements at identical frequency and
at the same temperature is greater than 3%, it can be concluded that the
specimen is damaged and, therefore, cannot be used for further testing
Two different options are available in the software (see Figure A61):

1. Create a new file test. Press Add Stage and choose frequency,
strain level and number of cycles (see Figure A62). Repeat the
same things as many as the number of frequency (and/or strain
levels) it needs to be checked.

2. Open an existing test profile (previously built and saved) as

shown in Figure A63.
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Figure A61 Stiffness test
' Add Stage lﬂ
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Figure A62 Add stage
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Figure A63 Test profile

A typical stiffness test profile is shown in Figure A64 where frequency varies
from 1 to 30 Hertz and a strain level is 50 pe. Each stage lasts 60 seconds,
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free to change the time and thus the number of cycles for each stage.

[iZ] CRT - EN 12697-26: Stiffnes

thus the number of cycles depends on the frequency selected. The user is

=)
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Figure A64 Stiffness Test profile

e Identify a file name for the test (see Figure A65). The file name is, usually,
chosen considering the ID number of the specimen and the test conditions
(loading level and temperature).
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Figure A65 Stiffness test: file name
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¢ Insert a specimen in the cabinet is the next step (see Figure A66). See the

section related to the fatigue test for the set-up of the specimen.

13 CRT- EN 12697-26: St
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e Clamping stage. After inserting a specimen (and press previously OK), the

clamping phase starts (see Figure A67). Note: press continue when this

Figure A66 Stiffness test: Insert the specimen

phase is completed, that means specimen fully clamped.
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Figure A67 Stiffness test: clamping phase
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e As for the fatigue test, the operator needs to adjust the three specimen
LVDTs on the prismatic beam until each LVDT is in range; in order to
ensure that, the red cross should turn to green thick.

e Once the LVDTs are set up, the conditioning stage can start. As said
before, it is recommended to condition the prismatic beams for at least four
hours before testing them. At this stage the software is waiting for the

operator to press play (see Figure A68).
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Figure A68 Stiffness test: start

e After the conditioning stage, the green button will let the operator start the
test. The main screen will show the stage settings (stage number,
frequency and target strain/target stress, target number of cycle and time),
stage parameters (current cycle number and time), measured data (phase
lag, force, deflection and both temperatures) and calculated data (current
strain and stress amplitude, stiffness modulus, phase lag and complex

modulus) as shown in Figure A69.



CRT - EN 12697-26: Stif

File Tools Help
Sweep Settings Force - Fo (N) Normalised -
No. of Stages: 9 80
Stage Settings
Stage Number: 1
£ Frequency: 1 Hz z
Target Strain: 50 um/m &
M
Target No. of Cycles: 60 E.
Target Stage Time: 60 H
Stage Parameters
Cycle Number: 18
Elapsed Time: i i ] ] | A i ] ]
opsed e 180 s 200 400 500 800 990 400 600
Measured Data Time - t (ms) Time - t (ms)
q Measured Phase Lag: 4569 - Deflection - Z(xs) (mm) Hysteresis
F Force: 6699 N 005
z Deflection: 0021 mm 0.045-]
Temperature1: 2200 . oo ~
: c 7 00 5
Temperature 2: 200 - E 0035 =
7 g
) "
& 003 8
Calculated Data ) £ 0025 &
& Strain Amplitude: 494 um/m 2
B 002-
a. Stress Amplitude: 11782 kPa %
S 0.015-]
[E"l, Stiffness Modulus: 238497 MPa -
13 Phase Lag: 45,69
£, Complex Modulus: 1666 +1707i W00 600 800 990
Time - t (ms) Strain = um/m
| = ]
CRT-EN12697-26  Project: Andrea dpb-itftstrain Broghess $:Dwin CPU Lab 09/07/2013 1007
4 »

Figure A69 Stiffness test

e Once the test is finished and it is possible to remove the specimen from the
machine (see Figure A70).
® )

Remove specimen then press Continue

Figure A70 Stiffness test: end
e The test data is recorded every cycle for the first 500 cycles, every 100
cycles until the end of each stage.
7. Advanced Software features

Advanced features of the software are restricted to selected users. There are

three security levels:
e Lab Technician

e Technical Users
e CRT Engineer
To access restricted functions users are required to sign in. To sign in select

sign in from the tools menu. Select the user name from the operator list and

then enter the operator password.



Phase compensation

The new machine was checked and calibrated by means of a dogbone
aluminium specimen which geometrical and mechanical properties were
known. A dogbone aluminum beam was tested in strain controlled at two
different strain levels (50 and 100 pe) at 20°C at 12 different frequencies (from
1 to 60 Hz). After testing the aluminium beam, correction factors were
determined (see Table Al).

Table A1 Phase compensation

Phase Angle (°) - Compensation Factors

Frequency (Hz) First Test Second Test Average Value
1 0.4 0.6 0.5
2 0.5 0.7 0.6
5 1.6 14 15
8 2.0 2.2 21
10 2.9 2.7 2.8
15 4.1 4.0 4.0
20 5.1 5.1 5.1
25 6.4 6.1 6.3
30 7.2 7.2 7.2
40 9.7 9.4 9.5
50 12.0 12.2 121
60 12.9 12.7 12.8

The compensation values were inserted in the software and the following
calibration procedure was followed:

e Click on phase correction after opening the tools menu (see Figure A71).

(:Z| CRT BEAM FLEX_

Resistance to Fatigue |

| Test Panel |

Figure A71Tools menu: Phase Correction
e After clicking on phase correction tab, the phase correction table will

show the values set up previously. In order to correct the phase angle

values, press edit (see Figure A72).
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Phase Correction Table [—J

Phase Compensation Table
Freq. (Hz) Phaze (%) -
R
200 0,60
‘ 5.00 1.50 |
800 210 I
10.00 2,80
15.00 4,00
20.00 510
25.00 6.30
30.00 7.20
40.00 9.50
50.00 1210

&N nn 1300

Figure A72 Phase Correction Table

e Enter the compensation value depending on the frequency tested (see
Figure A73). Then press ok. Repeat the same thing for every frequency

tested.

Enter Compensation Values @J

Frequency (Hz) 1
Phase (*) 05

Figure A73 Enter compensation value

Control Setting

Among the software features, controller gain settings was used to set the

stress and strain input in terms of waveforms.
Four different parameters have to be considered for tuning the machine:

e K, is the main system gain which affects the responsiveness of the
system overall; a higher value will make the system more responsive at
the risk of overshooting the target amplitude.

e K; is an additional term in the control algorithm; a higher value will
actually have less effect (a lower value will have a greater effect). If the
operator finds that the control performance is good at low frequencies
(for example up to 5 Hz) but becomes progressive more unstable as
frequency increases then increase K; could be a solution.

o Kspstrain affects both strain and stress control tests, a higher value will
increase stability

o Kspstress does not affect the test.
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Note: changing the controller gain settings might affect the performance of
the SA4PT-BB. Contact CRT before making any adjustments.

A sensible level of stability and minimal overshoot was found with the values
reported in the Table A2.

Table A2 Control parameters

Mode of
. Ko KspStress KspStrain Ky
loading
Strain control
0.08 1000 1000 80
mode
Stress control
0.3-0.4 1000 1000 80
mode

Note: Ko = 0.3 was chosen for 10mm DBM; Ko = 0.4 was chosen for the

20mm DBM. In case of healing (in strain control mode) and stiffness test,
Ko=0.8 was found to be more suitable after the tuning of the machine.
In order to change the control parameters should be followed:

e Click on Control Settings after opening the tools menu (see Figure A74).

Figure A74 Tools menu: Control Settings

e After clicking on control settings tab, the control factors table will show

the values set up previously. Insert the correct load and deformation
parameters and then press OK (see Figure A75).

P Control Factor ==
Displacement Control Settings I Position Control Setfings | Load Control Settings |
Feedback Polarity ~ Offset Convergence IntegralLimit  Integral Time  Proportional Gain
£ L f L L
-ve o o1 o o

ﬂu_lgn gn.s an‘a gn.g 91 _ijm gl‘z

ﬂu_bll os Hlos os 03 04 06

Ko KspStress KspStrain ke
Lim gzuun glu gjan
oK

Figure A75 Control factors

A- 43



Testing protocol for

Measurement of resistance to fatigue using Indirect Tensile Fatigue

Test (ITFT) in strain controlled mode.

1. Scope

This procedure outlines the steps to be taken for characterising the fatigue
behaviour of bituminous mixtures by Indirect Tensile Fatigue Test (ITFT) in
strain control mode.

2. Equipment

The main equipment includes:

e a steel loading frame;
e aload cell;
e two loading strips;
e two deformation strips (glued to the specimen);
e two LVDTs;
e atemperature cabinet;
e test software.
3. Conditioning and test temperature
The specimens shall be placed in the thermostatic chamber and exposed to

the specified test temperature for at least 4 h prior to testing.
4. Sample Preparation
See section 7.2.

5. Geometric measurement of cylindrical specimens
e Take six measurements of diameters (d) around the cylindrical
specimen: two measures for each side of the specimen and two in the
middle section as shown in Figure A76, using the calliper with the fine
point fittings measure to 0.1 mm. Drawing the diameters could help in
the measurements. Record all measurements and calculate the mean

of the four diameters readings (d) and record to 0.1 mm.



D =

Two diameters for Four thicknesses around
each side of the Cores the specimen
(5 per slab)

Figure A76 Measurement of the cylindrical specimen

e Take four readings of the thickness (t) of the specimen as shown in
Figure A76. Calculate the mean of the top width (b) and record to 0.1
mm.
6. Measurement of resistance to fatigue in strain controlled mode
e Turn on the equipment (air compressor) and the control box (see
Figure A77).

Computer system

Figure A77 Air compressor and computer system

e Open the ITFT strain controlled software by double clicking the

software icon, shown in Figure A78.

Figure A78 ITFT strain controlled mode icon
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After opening the software, the first screen window shows the
reference standards and gives a brief introduction of the fatigue test
(see Figure A79).

ITFT-EN-1
The Indirect Tensile Fatique Test
Indirect tensile fatigue test (constant dynamic
recoverable strain) on cylindrical shaped specimens.
Adirect compressive vertical stress The specimen is tested in the fatigue The testwill be stopped when the

results in an indirecttensile stress (and  sub-frame using the actuator LVDT to dynamic stress reguired to maintain
strain) acting horizantally. During atest  measure vertical deformation and the dynamic strain at the required lewvel

dynarmic strain is kept constant and harizontal LYDTs to measure tensile has decreased o the selected
dynamic stress will decrease strain targetvalue
Indirect Crack
tension

Cooper Research Technology Limited ‘

Figure A79 The Indirect Tensile Fatigue Test (strain controlled)

After pressing continue, the software automatically will ask for the
name of the file in which the test data will be stored during the test. It is
recommended to create a new folder first, and then choose a filename

(example: specimen reference number_strain level_temperature). After
that, click save.

[

The Indirect Tensile Fatique Test
Indirect tensile fatigue test (constant dynamic

recoverable strain) on cylindrical shaped specimens.

A direct compressive verical stress The specimen is tested in the fatigue The testwill be stopped when the
results in an indirect tensile stress (and  sub~frame wsing the actuatar LvDT to dhynamic stress required to maintain
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Figure A80 Filename



e Before starting a test, it is necessary to choose the Operator (the user
that will be in charge of the test). At this point, either add a new
operator (by pressing add) or select a nhame on the list as shown in
Figure A81. Note: it is recommended to know all the specimen’s
characteristics such as: thickness, diameter, specimen reference
number, etc.

Qperator

Select the test apsrator name. Add a new name

Indirect Tensile FatigueTest
of delete urwranted names from the fist — o

Add

Fanayiols -~
Adereni

Dami

Cinzia

Kranthi

Delete

Garirn )
a nsions and

Jian

Zhau *lumber have
not already been noted, this
should be done at this stage.
Note that the specimen ends
should be flat and the specimen
should be clean and free from
loose particles.

ITFT

R |

Continue
Cooper Research Technology Limited

Figure A81 Select or Add the operator

e Once continue is clicked, the software automatically will ask for the
reference of the specimen (ID reference number) as shown in see
Figure A82.
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Figure A82 Specimen reference number

e After clicking OK, a message box will ask if the test temperature is not
significantly different from the previous test (see Figure A83). This is a
new intuitive way to help the testing machine to reach the target strain
level as fast as possible. Basically, if the test temperature is not
significantly different from the previous test, the software knows the
material stiffness and it will reach the target very quickly; if the test
temperature is significantly different from the previous test and/or if the
material is different from the previous test, the software will apply few
initial pulses at very low strain level and slowly it will reach the target
strain level; this was made in order to not over stress the specimen at

the beginning of a fatigue test.

MsgBox Demonstration

:’:J‘ Is the test temperature or the specimen material significantly different from that used in the previous ITFT (Const strain) test 7

Figure A83 Message Box: Temperature of the test

e Data Entry window is shown in Figure A84. The user has to set-up the

target temperature, the diameter and the thickness of the specimen



(previously measured) and the strain level desired and the failure
criterion. Press ok to go to the next tab.

ITET-EN-3

Data Entry
Target test temperature ("C)= 10.0 i
Specimen diameter (mms) = 995 ﬁ
Specimen thickness {(mms) = 401 i
Target dynamic horizontal micrastrain = 80 ﬂ
Test will stop when percent of initial stifiness = 20 ﬂ

Figure A84 Fatigue test set-up

Cooper Research Technology Limited

e After clicking ok, the polynomial relationship between deformation in
millimetres and binary bits is shown in the next window (see Figure
A85).

Indirect tensile test on cylindrical shaped specimens.
EN 12697-24, Annexe E

Polynomial relationship between deformation in millimetres and binary bits

_ 3 2 LVDT-1 constants | LVDT-2 constants
y=axX*+bx*+cx+d
a= 184141E-156 a= 3.073b9E-1b

where: b= -1.09722E-11 b= -1.46689E-11
c= 795801E-05 c= 7.86897E-0b

y is mms
d= 1.00000E+00 d= 1.00000E+00
xis bits Mot that 1 234E-12 [scientiic forma) i the same =s 0.000000000001234,
There s one number before the decmal point and you then just count the
e of fimes that the decimal paint must be moved in the flasting point
s M, Gy rurabeer o be in the comect position. Far the decimal
a, b, c, d are constants e to bes i th For 000000000001 234 the decimal
) (2 s e 28 5 s e
001234 becomes 1.234E-2 and 1234 becomes
1234E00 etc. Altematively, pe the number inta
Excel and convert the cel fomat inla ‘Scientiic’.

| Exit | ‘

Figure A85 Polynomial relationship between deformation in millimetres and binary
bits

Continue

Cooper Research Technology Limited

e After clicking continue, a new message box will appear (see Figure
A86).

Information

§ ) This test wil stop when the specimen has Failed. Ta minimise possible damage ta the LYDT Frame, please ensure that the actuator willnot travel more
than d = 15% of specimen diameter from the start to the fully extended position




Figure A86 Protection of the LVDT

The test will stop when the specimen fails (see Figure A87). In strain
controlled mode, failure usually corresponds with the number of cycle
at which stiffness values is 50% decreased from its initial value (Ey). It
is rare that the specimen breaks in two halves as in stress controlled
mode, but it often shows a crack along the longitudinal diameter as
shown in Figure A88.

Figure A88 Cracked specimen after testing it

In order to minimise possible damage to the LVDT frame, it is
necessary to ensure that the actuator will not travel more than the 15%
of specimen diameter from the start to the fully end. Two pieces of
rubber tube have been fitted in order to stop the upper loading strip

A-50



from falling down when the specimen splits. This way the LVDTs are
protected.
After ensuring that the crosshead nuts are tight and that the specimen

is central on the lower loading strip, press OK (see Figure A89).

ITET-EN-35

" Ensure that the crosshead
nuts are tight and that the
specimen is central on the
lower loading strip.

ok |

1.84141E-15 3.07358E-15

Click to pause -1.09722E-11 -1.46689E-11
7.95801E-5 7.86897E-5
Cooper Research Technology Limited 1.00000E0 1.00000E0

Figure A89 Crosshead nuts should be tight and the specimen should be located

centrally under the actuator

Figure A90 shows how to adjust the range of the LVDTs by means of a
spanner number 7. It is recommended not to set the LVDTs at the very
end of their range.

NOTE: the end of LVDTs range corresponds to 0 mm on this case. So
the LVDTs should be set-up at their maximum compression (0 mm)
because the horizontal diameter will increase during the fatigue test
(see Figure A91). The LVDTs should be adjusted so that they are
almost fully retracted because the horizontal deformation increases
during the test and the LVDTs need to be free to extend (see Figure
A90). Make sure the LVDTSs’ reading is not too close to the end of
travel to avoid damage. Be aware that in stress control mode the
maximum compression corresponds to 2.5 mm. The LVDTs readings

are different depending on the mode of loading.
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Figure A90 Adjustment manually of the LVDTSs.

ITFT-EN-35
Transducer outputs
Fully
extended LVDT1
L 12232 bits
=
C—— 0.0126 mms
<o
LVDT-2
12442 bits
LYDT-1 mms
LYDT-2 mms -0.0008 mms
25
25 Load cell
2
2 -24 bits
1.5
1.5
-0.003 kN
1
1
05 Thermocouples
0.5
g Do not set the LVDTs 0 180°C
at the end of their 18.0°C
range
B.03558E-16 40173316
Click to pause 1.74773E-11 59156312 . it y 1 i
2 0.05626E-5 80104765 ‘ Exit | iPrevious| | Continue
Cooper Research Technology Limited 9.98231E-1 1.0011ED

Figure A91 Adjustment (software) of the LVDT: maximum compression

e Once the LVDTs are in the right position, after pressing continue, the
software will remind the operator to place test assembly under the
actuator when it has retracted (see Figure A92).

ITFT EN 2June2008

Placs test assembly centrally under actuator when it has retracted.

Figure A92Place test assembly under the actuator

e After pressing OK and placing the test assembly under the actuator, it
is possible to start a fatigue test. NOTE: the actuator position should be
at half of its range at this stage, which means around the zero value.
See Figure A93.
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EN 12637-25 (Annex C). Note that risstime and cycls periods (0115 and 055) are shotter than for nomal ITSM tests (01245 and 3.0s)

I

Cooper Research Technology Limited [

Exit

Figure A93 Actuator position. Starting the fatigue test.

During a fatigue test is possible to check the values of different
measurements such as number of pulse, stiffness modulus, dissipated
energy, cumulative dissipated energy, permanent horizontal and

vertical deformations, etc. See Figure A94.
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Figure A94 Fatigue test
During a test, it may happen that one of the LVDTs extends more than

its calibrated range (see Figure A95). In this case, the operator needs
to adjust them (see Figure A96) and press resume test when the

LVDTs are in range again (see Figure A97).
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\y The L¥DTs need to be adjusted so that they stay in their calibrated range.

Figure A95 LVDTs out of their calibrated range
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Figure A96 Adjust LVDTs
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Figure A97 Resume Test
e When stiffness is at 50%o0f its initial value (see Figure A98), the test

ends.
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Information

\l) Stiffness is 50% of initial value

Figure A98 End of test
e At this point, the user can remove the failed specimen from the cabinet

and install the next one and re-set up a new fatigue test.
e The test data is recorded every 10 cycles for the first 100 cycles; every
100 cycle for the first 1000 cycles; every 500 cycles until the end of the

test.
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Table B1 Air Void and Dimensions of trapezoidal specimens (2PB)

Bulk Maximum _ _ e b B h
Sample ID Densny densny Air Void % mm) | (mm) | mm) | (mm)
(Kg/m?) | (Kg/m®)
11-2801 2367 2479 4.5 24.9 23.9 54.5 250.2
11-2802 2320 2479 6.4 25.2 24 54 250.5
11-2803 2378 2479 4.1 25.1 24.7 54.5 250.5
11-2804 2368 2479 4.5 25.1 23.9 56 250.3
11-2805 2370 2479 4.4 25.3 23 55.3 251
11-2806 2346 2479 5.4 25.2 23.8 55.9 250.5
11-2807 2362 2479 4.7 25.1 23.3 54.9 250.5
11-2808 2347 2479 5.3 25.3 24.2 56 250.2
11-2809 2355 2479 5.0 25.3 23.9 56.1 250.3
11-2810 2317 2479 6.5 25.2 24.8 56.3 249.4
11-2811 2382 2479 3.9 25.2 24.2 55 249.9
11-2812 2353 2479 5.1 24.9 25.3 55.2 249.4
11-2813 2327 2479 6.1 25.1 24.8 55.6 249.4
11-2814 2367 2479 4.5 25.1 24 55.2 250
11-2815 2349 2479 5.2 24.3 245 54.5 249.7
11-2816 2350 2479 5.2 25.1 24.9 54.9 250
11-2817 2349 2479 5.2 25.2 24.5 54.9 249.7
11-2819 2327 2479 6.1 25.1 24.7 55.2 249.9
11-2821 2353 2479 5.1 24.7 24 54.7 249.5
11-2822 2342 2479 5.5 25.3 24.7 55.1 249.9
11-2823 2339 2479 5.6 24.9 25.1 54.8 250
11-2824 2356 2479 5.0 24.6 24 54.8 251.1
11-2825 2377 2479 4.1 25.2 24.4 54.6 251.6
11-2826 2345 2479 5.4 24.9 24.8 55.1 251.3
11-2827 2390 2479 3.6 25 24.4 54.4 251.2
11-2828 2361 2479 4.8 25 24.9 54.9 251.7
11-2829 2379 2479 4.0 24.8 24.5 54.8 251.1
11-2830 2363 2479 4.7 24.9 24.5 55 250.9
11-2831 2337 2479 5.7 24.8 24.1 55.5 250.6
11-2832 2337 2479 5.7 25.3 24.9 56.2 250.2
11-2833 2372 2479 4.3 24.3 23.8 54.3 251.4
11-2834 2321 2479 6.4 25.4 24.6 55 251.2
11-2835 2353 2479 5.1 25.1 24.9 55.5 252.3
11-2836 2362 2479 4.7 24.9 24.9 55.3 250
11-2837 2371 2479 4.4 25.2 24 54.3 250.5
11-2838 2382 2479 3.9 25.3 23.8 55 250.5
11-2839 2329 2479 6.1 25 24.5 56.1 249.9
11-2840 2368 2479 4.5 24.7 24 55 250
11-2841 2367 2479 4.5 24.8 25 554 250.4




11-2842 2384 2479 3.8 25 24.7 55.4 250.3
11-2843 2381 2479 4.0 25.2 24.7 55.4 250
11-2844 2355 2479 5.0 24.9 24.6 55.7 250.5
11-2845 2365 2479 4.6 25.1 24.3 55.2 250.5
11-2846 2358 2479 4.9 23.7 23.6 54.9 249.7
11-2847 2325 2479 6.2 24.9 24.9 56.3 249.8
11-2789 2332 2479 5.9 24.9 25 55.7 251.2
11-2799 2330 2479 6.0 25.1 24 56.4 250.4
11-2794 2329 2479 6.1 25.1 24 54.9 251.7
11-2795 2325 2479 6.2 25.3 24.7 55 251.4
Table B2 Air Void of prismatic specimens (4PB)
specimen [ o2ty | aency | A1 | oy | oy | o | "
(Kg/m”) (Kg/m~)
12-1489 2360 2344 5.3 381.7 51.28 | 64.82 | 2982.3
12-1490 2374 2344 4.8 381.4 | 51.38 | 62.73 2905
12-1491 2378 2344 4.6 381 50.45 | 63.36 | 2876.6
12-1492 2382 2344 45 380.5 50.11 | 63.33 | 2853.2
12-1493 2387 2344 4.3 380.87 | 50.34 | 63.15 | 2876.6
12-1494 2380 2344 45 380.37 50.8 64.18 | 2948.5
12-1495 2369 2344 5.0 381.5 | 50.77 | 64.09 2924
12-1496 2356 2344 55 382.2 | 50.55 | 63.24 | 2867.5
12-1497 2399 2344 3.8 3815 | 53.06 | 67.32 | 3277.8
12-1498 2403 2344 3.6 380 52.23 | 64.48 | 3083.3
12-1499 2378 2344 4.6 383.25 | 53.17 | 65.75 | 3170.6
12-1500 2394 2344 4.0 380.1 | 52.38 | 64.21 3059
12-1501 2401 2344 3.7 380.3 52.55 64.26 | 3068.3
12-1502 2379 2344 4.6 383.25 | 52.14 | 62.90 | 2983.3
12-1503 2391 2344 4.1 382.5 | 52.59 | 64.08 | 3059.3
12-1505 2359 2344 5.4 380.6 50.9 63.5 2985
12-1506 2400 2344 3.7 380 50.19 | 64.20 2911
12-1507 2383 2344 4.4 380 50.03 | 64.51 | 2894.7
12-1508 2364 2344 5.2 380 49.7 63.65 | 2808.8
12-1509 2396 2344 3.9 380 50.03 | 64.64 | 2915.2
12-1510 2396 2344 3.9 380 49.80 | 63.37 | 2849.5
12-1511 2405 2344 35 380.1 49.9 63.5 | 2956.3
12-1512 2408 2344 3.4 379 49.85 | 63.75 | 2881.5




Table B3 Air Void and Dimensions of cylindrical specimens (ITFT)

Spneclll:r)ne DSr?!l(ty I;:rqglet;/ G r(())(/);)ld Diameter (mm) Th'((r:nerss
(Kg/m”) (Kg/m”)
12-159 2406 2367 2.90 90.6 40.2
12-160 2389 2367 3.60 90.1 39
12-161 2395 2367 3.40 99.1 41.7
12-162 2391 2367 3.50 09.3 40.9
12-163 2394 2367 3.40 99.2 41
12-164 2398 2367 3.30 904 40.6
12-165 2389 2367 3.60 99 40.5
12-166 2359 2367 4.80 99.2 41.2
12-167 2384 2367 3.80 90.1 37.9
12-168 2386 2367 3.80 99.1 40.4
12-169 2410 2367 2.80 99.1 40.8
12-170 2390 2367 3.60 99 40.7
12-171 2387 2367 3.70 99.2 40.4
12-172 2407 2367 2.90 99.1 40.6
12-173 2399 2367 3.20 99.2 39.4
12-174 2395 2367 3.40 99.2 40.2
12-175 2381 2367 4.00 99.1 40.5
12-176 2370 2367 4.40 99.1 38.7
12-177 2374 2367 4.20 99.2 39.8
12-178 2372 2367 4.30 99.2 39.9
12-1018 2403 2479 3.06 904 38.79
12-1019 2395 2479 3.4 99.4 39.3
12-1020 2362 2479 4.7 904 39.43
12-1021 2361 2479 4.7 99.41 40.15
12-1022 2378 2479 4 99.42 40.46
12-1023 2405 2479 3 99.38 39.83
12-1024 2375 2479 4.2 99.48 38.99
12-1025 2363 2479 4.7 99.47 39.86
12-1026 2380 2479 4 99.43 40.13
12-1027 2360 2479 4.8 99.52 39.55
12-1028 2397 2479 3.3 99.42 40.38
12-1029 2356 2479 49 99.44 39.64
12-1030 2343 2479 5.4 99.53 38.94
12-1031 2354 2479 5 99.48 38.8
12-1032 2362 2479 4.7 09.49 40.1
12-1033 2346 2479 5.3 99.45 39.21
12-1034 2367 2479 45 99.47 39.36
12-1035 2328 2479 6 99.52 40.51
12-1036 2386 2479 3.75 99.45 39.66
12-1037 2376 2479 4.13 99.41 40.23
12-1038 2364 2479 4.6 99.44 407




12-1039 | 2396 2479 3.35 99.41 39.01
12-1040 2392 2479 3.5 99.43 39.06
12-1041 2391 2479 3.4 99.45 40.15
12-1042 2396 2479 3.6 99.46 39.07

Table B4 2PB stiffness test (Nantes, France)

Temperature | Frequency El E2 Stiffness Phase
(°C) (Hz) (MPa) (MPa) (MPa) Angle (°)
-10 40 23820 1635 23877 3.9
-10 30 23531 1685 23592 4.1
-10 25 23349 1746 23415 4.3
-10 10 22271 1987 22360 5.1
-10 20633 2308 20762 6.4
-10 1 18948 2537 19117 7.7

0 40 18379 2728 18581 8.5
0 30 17900 2775 18115 8.8
0 25 17559 2847 17789 9.2
0 10 15802 3064 16096 11.0
0 13397 3295 13796 13.8
0 11045 3332 11536 16.8
10 40 11778 3504 12289 16.6
10 30 11118 3489 11653 17.4
10 25 10668 3524 11235 18.3
10 10 8584 3468 9258 22.0
10 5972 3157 6756 27.9
10 3932 2599 4714 335
15 40 8465 3530 9172 22.7
15 30 7806 3450 8534 23.9
15 25 7357 3430 8117 25.0
15 10 5389 3104 6219 30.0
15 3244 2445 4063 37.0
15 1 1856 1717 2529 42.8
20 40 5505 3195 6365 30.2
20 30 4932 3034 5790 31.6
20 25 4551 2957 5427 33.0
20 10 2979 2391 3820 38.8
20 1542 1588 2213 45.8
20 788 949 1234 50.3
30 40 1674 1762 2430 46.5
30 30 1403 1554 2093 47.9
30 25 1236 1435 1894 49.2
30 10 681 916 1141 53.4




30 321 463 564 55.3
30 1 175 229 288 52.8
40 40 408 636 756 57.3
40 30 339 531 630 57.5
40 25 298 476 561 57.9
40 10 179 268 322 56.2
40 110 126 167 48.8
40 74 62 97 40.4

Table B5 4PB stiffness test at 10 °C (University of Nottingham, UK)

Fre?ﬁze)”cy Stiffness (MPa) Phas?Q)A”Q'e
1 7957 26.4
2 9444 23.4
5 11523 20.2
10 13150 17.7
15 14048 16.2
20 14439 15.6
25 14648 15.1
30 14624 16.4
1 7670 27.2
1 8394 26.4
2 9947 23.7
5 12126 19.9
10 13810 175
15 14701 16.3
20 15275 15.7
25 15688 15.1
30 15974 15.0
1 8146 26.8
1 9119 25.4
2 10719 22.5
5 12962 19.2
10 14697 16.7
15 15522 12.0
20 16044 15.0
25 16397 14.4
30 16610 14.3

8749 25.6
9521 24.3
11155 21.8
13343 185
10 15030 16.0
15 15890 15.0




20 16385 14.4
25 16731 13.8
30 16921 13.7
1 9243 24.6
1 9459 24.2
2 11159 21.8
5 13416 18.4
10 15051 16.5
15 15908 151
20 16542 14.6
25 16931 14.4
30 17327 135
1 9244 24.9
1 9367 24.6
2 10994 22.1
5 13244 18.9
10 14948 16.5
15 15845 155
20 16269 151
25 16602 15.3
30 17325 175
1 9072 25.0
1 8603 26.8
2 10189 24.4
5 12492 20.2
10 14276 18.1
15 15206 16.8
20 15772 16.0
25 16020 154
30 16216 15.2
1 8303 27.5




Table B6 IT-CY stiffness test (University of Nottingham, UK)

Temperature (°C) Stiffness (Mpa)
5 8847
S 9428
5 9398
5 9589
5 9140
10 5284
10 5437
10 5058
10 5447
10 6491
10 8322
10 7736
10 7965
10 7077
10 7403
10 6028
10 6891
10 6092
10 7022
10 7286
10 7731
10 6609
10 6671
20 1516
20 1405
20 1648
20 1659
20 1763
20 2158
20 2241
20 2248
20 2069
20 2033
20 1858
20 2247
20 1942
20 1775
20 1681
20 1902
20 1674
20 2395
20 2314




Table B7 2PB Fatigue test at 20°C and 15Hz in strain control mode

Strain Level Initial Stiffness Eq Nf
(pe) (Mpa) o0%
124 3756 953244
120 3759 681862
140 4095 595498
158 4332 399921
145 5917 303400
178 4051 172294
180 3428 195630

Table B8 2PB Fatigue test at 20°C and 25Hz in strain control mode

Strain Level Initial Stiffness Eq Nf
(Me) (Mpa) 0%
142 4775 222437
142 5013 187850
160 4637 130307
157 4620 121058
185 4374 82147
180 4732 76547
187 4578 58497
190 4640 94470

Table B9 2PB Fatigue test at 10°C and 15Hz in strain control mode

Strain Level Initial Stiffness Eq Nf
(pe) (Mpa) 50%
87 10069 1239150
90 10585 1127009
90 10358 848083
104 9947 561855
105 10688 602085
106 10734 640683
108 10463 557413
114 10025 351178
115 9987 343231
117 10830 177597
119 10189 132904
150 8950 47200
151 8941 124600
153 8281 39700
170 8599 75700
173 8587 32900




Table B10 2PB Fatigue test at 10°C and 25Hz in strain control mode

Strain Level Initial Stiffness E, Nf
(pe) (Mpa) o0%
84 11888 1008972
88 11160 1198681
91 11862 935122
93 11788 678376
94 11967 1012494
94 11983 890526
95 11905 1123379
112 12107 183493
115 11791 302358
115 11163 216982
116 11873 405438
116 11456 252832

Table B11 4PB Fatigue test at 10°C and 25Hz in strain control mode

Strain Level Initial Stiffness Eg Nf
(pe) (Mpa) °0%
100 15880 481500
120 15501 221500
130 17266 191500
140 16359 78000
160 14450 49500
160 16805 59000
180 14766 28000
200 15827 31500
220 16016 23500

Table B12 4PB Healing test at 10°C and 25Hz in strain control mode

Strain Lpad Load no | Resttime Rest no _ImUa
Level (ue) | ['Mme cycle (min) cycle | Stiffness Bo | Nfso,

(min) (Mpa)
160 - - - - 16805 59000
160 400 10000 400 10000 17762 58800
160 400 10000 4000 100000 15641 73400
160 400 10000 1200 30000 16351 77300
160 40 1000 400 10000 17207 148002
160 400 10000 2000 50000 17051 62801
160 800 20000 400 10000 17054 70501
160 400 10000 400 10000 16255 80000
160 400 10000 800 30000 15596 70001
160 400 10000 3000 75000 16537 75002
160 1200 30000 400 10000 17058 64901
160 400 10000 2000 50000 15922 79901
160 400 10000 1000 25000 11066 25000




Table B13 ITFT test at 10°C in stress control mode

Initial Stiffness Nf
Stress Level (KPa) E, (Mpa) (fracture)

200 8931 640500
250 8250 199500
300 7895 246500
400 8880 68000
500 8145 16000
500 7642 35166
600 8103 9300

Table B14 ITFT test at 20°C in stress control mode

Initial Stiffness Nf
Stress Level (KPa) E, (Mpa) (fracture)
100 2288 56000
200 3344 12500
300 3256 3000
400 3092 1000

Table B15 ITFT test at 10°C in strain control mode

Strain Level | Initial Stiffness E, Nf
(ue) (Mpa) oo
80 7593 239500
100 8132 167500
120 7022 57000
140 7077 33500
160 7965 17000
170 7403 12000
180 8322 18500

Table B16 ITFT Healing test at 10°C in strain control mode

Strain . . Initial

Level Lo(amdi:]l)me Lgicljsgo Re(?;itri;ne R((:es(t:lr;o Stiffness Eg Nfs006
(pe) y (Mpa)
160 - - - - 7965 17000
160 126 15000 84 10000 7300 20500
160 84 10000 84 10000 7037 27000
160 42 5000 84 10000 8718 22500
160 42 5000 42 5000 8255 18000
160 126 15000 42 5000 7920 22000
160 42 5000 9 1000 8129 22500
160 84 10000 42 5000 8082 14730
160 126 15000 126 15000 7272 26000
160 42 5000 126 15000 7994 21500
160 84 10000 126 15000 8813 16000




Data for 20mm DBM



Table B17 Air Void and dimensions of trapezoidal specimens (2PB)

Specimen | air void (%) | e (mm) (mBm) (mbm) (mhm)
10-2230 5.3 25.2 68.9 25.3 250.3
10-2226 5.7 25 68.5 24.4 251
10-1823 6.2 24.9 69.7 25.2 252.7
10-1820 5.4 254 69.9 25.1 252.1
10-1804 5.7 25.5 70 24.6 250.1
10-1803 5.0 25.3 70 25.7 249.8
10-2232 5.4 24.9 68.5 25.2 250.5
10-2231 5.5 254 68.5 25.1 251
10-1807 5.2 25.7 69.6 24.9 250.5
10-1819 5.2 25.3 69.6 25.3 251.8
10-1810 5.4 25.4 69.7 25.4 250.4
10-1808 6.2 25.6 69.9 25.2 250.4
10-1796 5.7 25.5 69.8 25.5 250.1
10-1800 5.8 25.5 70 25.2 250.3
10-1793 5.1 254 70 254 249
10-1806 5.3 254 69.5 25.5 250.2
10-1798 5.0 25.3 69.6 25 250
10-1799 6.5 25.5 69.7 25.2 250.3

Table B18 Air Void and Dimensions of cylindrical specimens (ITFT)
Specimen 1D DErl:s”i(t J:rzgﬁt Air Void Diameter Thickness
(Kg/m% (Kg/m%l (o) (mm) (mm)

11-863 2373 2600 9 99 39.2
11-872 2401 2600 8.3 98.9 39.8
11-870 2376 2600 8.3 99 40.6
11-857 2385 2600 8.2 99.1 39.7
11-868 2420 2600 7.4 99 40.3
11-877 2400 2600 7.5 98.9 39.1
11-850 2415 2600 7.4 98.9 39.5
11-864 2450 2600 6 99 39.7
11-860 2375 2600 9 98.9 40
11-869 2438 2600 6.4 99 40.4
11-865 2412 2600 7.2 99 40.1
11-852 2402 2600 8 98.9 39.2
11-851 2405 2600 7.6 99 40.2
11-855 2384 2600 8.1 99 40.5
11-849 2387 2600 8.7 98.9 41.5
11-856 2373 2600 8.8 98.9 40.3
11-859 2364 2600 8.9 99.1 40.5
11-858 2353 2600 9.8 99 40.8
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Table B19 2PB stiffness test

*

Tem?oeé;ature Fret(q;:;)ncy (|\|/|EP<L1) Phase Angle (%)
-20 1 26752 3.1
-20 2 27285 2.8
-20 5 27950 2.4
-20 10 28466 2.0
-20 15 28587 1.8
-20 20 28849 2.3
-20 25 28964 2.2
-20 30 29046 2.1
-15 1 25381 3.8
-15 2 26041 3.4
-15 5 26801 2.9
-15 10 27413 2.6
-15 15 27547 2.3
-15 20 27870 2.7
-15 25 28087 2.6
-15 30 28208 2.5
-10 1 22693 5.5
-10 2 23585 4.9
-10 5 24650 4.1
-10 10 25432 3.4
-10 15 25667 3.4
-10 20 26065 3.6
-10 25 26357 3.5
-10 30 26435 3.4
-5 1 19935 7.5
-5 2 21040 6.7
-5 5 22376 5.6
-5 10 23290 5.0
-5 15 23697 4.5
-5 20 24066 4.8
-5 25 24380 4.8
-5 30 24631 4.5
0 1 16410 10.7
0 2 17653 9.5
0 5 19248 8.0
0 10 20427 7.0
0 15 20972 6.5
0 20 21423 6.7
0 25 21807 6.5
0 30 22094 6.2
5 1 12632 155
5 2 13978 13.7
5 5 15827 114
5 10 17182 10.1
5 15 17865 9.2
5 20 18366 9.3
5 25 18827 9.0
5 30 19154 8.6
10 1 8968 22.0




10 2 10403 19.3
10 5 12307 16.1
10 10 13791 14.2
10 15 14600 12.9
10 20 15205 12.8
10 25 15692 12.4
10 30 16022 11.8
15 1 5668 30.3
15 2 6942 26.8
15 5 8849 22.6
15 10 10346 19.7
15 15 11194 18.1
15 20 11838 17.7
15 25 12347 17.1
15 30 12753 16.4
20 1 3269 38.7
20 2 4256 35.4
20 5 5860 30.4
20 10 7237 26.8
20 15 8057 24.8
20 20 8657 24.2
20 25 9146 23.4
20 30 9584 22.6
25 1 1720 46.3
25 2 2367 43.5
25 5 3582 38.7
25 10 4664 34.9
25 15 5372 32.6
25 20 5886 32.0
25 25 6378 30.9
25 30 6756 30.1
30 1 857 50.2
30 2 1225 49.2
30 5 2005 46.1
30 10 2782 42.9
30 15 3325 40.9
30 20 3713 40.4
30 25 4062 40.1
30 30 4375 39.7
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Table B20 IT-CY stiffness test (University of Nottingham, UK)

Temperature (°C) Stiffness (Mpa)
10 10582
10 10206
10 10231
10 11081
10 10220
10 9828
10 10089
10 9245
10 9928
10 9133
10 9913
10 12539
10 10329
10 9713
10 10900
10 10361
10 9660
10 10976

Table B21 2PB fatigue test at 10 °C and 25 Hz in strain control mode

Strain Level Initial Stiffness Eg Nf

(e) (Mpa)

75 15888 1084300
75 16518 686900
84 15581 943900
85 16225 888950
99 15663 373900
105 15158 1354950
122 15459 154900
123 15796 254700
140 16067 162100
183 15630 29900

Table B22 2PB fatigue test at 10 °C and 25 Hz in stress control mode

Strees Level Initial Stiffness Eq Nf
(kPa) (Mpa) o0%
1153 16071 702883
1167 16329 1184813
1268 17106 1026122
1269 16322 841377
1523 16131 164249
1524 15788 450981
1777 16789 212218
1778 15511 108008




Table B23 ITFT test at 10 °C in stress control mode

Strees Level

Initial Stiffness Eg

Nf (fracture)

(kPa) (Mpa)
600 12776.52 41217
650 13943.2 34851
700 14641.51 41908
750 14712.94 22213
800 13878.97 15179
850 14465.25 5709
900 12858.78 10751
1000 15221.39 3668
1200 13650.76 1009

Table B24 ITFT test at 10 °C in strain control mode

Strain Level

Initial Stiffness Eg

) (Mpa) Nfsos
125 10900 149243
135 10329 126500
145 11081 88923
155 10231 42613
165 10220 49383
175 10582 22393
185 90828 30963
200 9928 18683
220 9245 17773




