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Effets de la lignine sur les propriétés et les performances du bitume et des enrobés
chauds a I'asphalte

Wesam AL-FALAHAT
RESUME

Ce programme de recherche vise a étudier les effets de 1'ajout de lignine, sous forme de poudre
et de granules, sur les propriétés du bitume et les performances des enrobés (HMA). Le
processus d'incorporation de différentes teneurs en lignine dans le bitume est étudié afin de
sélectionner les paramétres (température, vitesse et durée) du processus d'incorporation et de
montrer l'effet de chaque paramétre sur la stabilité et I'nomogénéité du bitume modifié. Le
processus d'incorporation est évalué en effectuant un test de stabilité au stockage et une
observation au microscope. Ensuite, les propriétés rhéologiques et chimiques du bitume
modifié par la lignine sont étudiées en détail a I'aide du viscosimetre rotatif Brookfield (BRV),
du rhéomeétre a cisaillement dynamique (DSR), de la récupération par fluage sous contraintes
multiples (MSCR), du rhéometre a flexion de poutres (BBR), du module complexe complet
(G*) et des tests infrarouges a transformée de Fourier (FTIR). L'effet antioxydant de la lignine
sur les propriétés de vieillissement du bitume modifié par la lignine est également discuté. Pour
les enrobés, des essais de compactage par cisaillement giratoire (PCG) sont effectués pour
examiner les effets de la lignine sur la compactabilité de I'enrobé modifi¢ en utilisant le
processus humide et sec. Ensuite, la performance de 1'enrobé est évaluée par une série d'essais,
y compris la sensibilité¢ a I'humidité, la résistance a la traction indirecte (ITS), le module
complexe (E*), I'orniérage, et l'essai de retrait thermique empéché (TSRST). Les résultats
montrent que la lignine est stable dans le bitume et que la lignine est bien dispersée et répartie
sur le bitume. L'effet de la température et de la durée d'incorporation sur la stabilité et
I'homogénéité du bitume doit €tre pris en compte pour les teneurs €élevées en lignine. La poudre
de lignine augmente la viscosité du bitume, la rigidité a haute et basse température et la
résistance a la déformation permanente. Les granules de lignine ont un comportement différent
qui est di a la présence d'huile de soja qui dilue le bitume. La lignine ne présente pas d’effet
antioxydant limitant le vieillissement du bitume. Aussi, la lignine augmente la teneur en vides
d'air dans les enrobés, et le processus humide produit des vides d'air plus faibles que le
processus sec. Le tall oil des granules diminue la teneur en vides d'air. La lignine améliore la
sensibilité a I'humidité et la résistance a 'orniérage de I'enrobé. La lignine augmente la rigidité
du bitume et diminue 1'angle de phase. L'ajout d'une faible teneur en lignine ne montre pas de
changement significatif sur la performance a basse température, tandis qu'une teneur élevée en
lignine réduit la résistance a la fissuration thermique. Globalement, il est possible de remplacer
une partie du bitume par de la lignine.

Mots-clés: lignine, bitume, HMA, rhéologie, performances thermomécaniques






Effects of lignin on the properties and performance of bitumen and hot mix asphalt
Wesam AL-FALAHAT
ABSTRACT

This research program aims to investigate the effects of lignin addition, in powder and pellet
form, on the properties of bitumen and performance of HMA. The incorporation process of
different lignin contents into bitumen is investigated in order to select the parameters
(temperature, speed and duration) of the incorporation process and to show the effect of each
parameter on the stability and homogeneity of the modified bitumen. The incorporation process
is evaluated by performing storage stability test and microscope observation. Afterwards, the
rheological and chemical properties of lignin-modified bitumen are studied in detail by
performing Brookfield rotational viscometer (BRV), dynamic shear rheometer (DSR), multiple
stress creep recovery (MSCR), bending beam rheometer (BBR), full complex modulus (G*)
and Fourier-transform infrared (FTIR) tests. The anti oxidative effect of the lignin on the aging
properties of the lignin modified bitumen is also discussed. For HMA, shear gyratory
compaction (SGC) tests are performed to examine the lignin effects on the compactability of
modified HMA by using the wet and dry process. Following, the HMA performance is
evaluated through a series of tests, including moisture sensitivity, indirect tensile strength
(ITS), complex modulus (E*), rutting and thermal stress restrained specimen test (TSRST).
The results show that the lignin is stable in bitumen and lignin is well dispersed and distributed
over bitumen. The effect of incorporation temperature and duration on the stability and
homogeneity of bitumen should be considered for high lignin content. Lignin powder increases
the viscosity of the bitumen, stiffness at high and low temperatures and resistance to permanent
deformation, while the pellets show different behaviour which is due to the presence of
soybean oil that dilutes the bitumen. Lignin does not show anti oxidative aging properties of
bitumen. For the HMA compactability, lignin increases the air voids content, while the tall oil
decreases it. The wet process shows lower air voids than the dry process. Lignin improves the
moisture sensitivity and rutting resistance of HMA. Lignin increases the stiffness of the
bitumen and decreases the phase angle. Adding low lignin content does not show a significant
change on the low temperature performance, while high lignin content reduces the resistance
to thermal cracking. Overall, it is possible to replace part of the bitumen by lignin.

Keywords: lignin, bitumen, HMA, rheology, thermomechanical performance
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INTRODUCTION

Asphalt pavement is considered one of the main components of road networks worldwide.
Constructed from a composite material termed asphalt mix which consists of mainly mineral
aggregates such as crushed stone, gravel and sand bound together by a petroleum-derived
binding agent known as bitumen. Mixing aggregates with bitumen, forming asphalt mixture,
produces a flexible road surface capable of withstanding, to some extent, heavy vehicular
loads, traffic stresses and environmental conditions. Asphalt mixes are the first layers of a
flexible pavement structure. Other than flexible pavements, you can find rigid pavement, made

with concrete, but this research program focuses on only the flexible pavement.

Flexible pavement is typically built with three to four layers. These layers are asphalt mix
layers (1 to 3 layers), granular base course, and sometimes granular subbase course constructed
over a compacted natural soil subgrade (Jenks et al., 2011). Usually, asphalt mix layer
comprises interconnected sublayers, collectively responsible for bearing the loads applied by
traffic. These layers are surface course and then base course. There can be a third layer, in
between, that is called the binder course. Since the asphalt mix layer is in direct touch with
traffic, high quality (better properties) is needed for the materials of its composition. The layer
positioned below is the granular base course. This layer provides the thickness essential for the
pavement's enduring quality against both traffic and environmental effects. Many researches
stated that great care should be taken when designing the granular base course layer and care
even more rigorously than the asphalt mix layer to ensure the durability and lifespan of asphalt
pavement (Maupin & Diefenderfer, 2006; Olard, 2012; Theyse et al., 1996). In regions
characterized by notably weak subgrade soils, a subbase layer is used. In Canada, for high
traffic loads, there is always a granular subbase, regardless of the conditions of the subgrade
layer. It is used for frost protection purposes. This layer functions like the granular base course
layer, but the material specifications for the subbase layer are relatively less stringent compared
to those for the granular base course layer. This is justified by the fact that the load subjected
to the subbase layer is lower than that for the base course layer. The subbase layer composes

of compacted or stabilized granular materials, fulfills its function (Huang, 2004). Lastly, the



subgrade layer is the natural soil beneath the pavement structure. Usually, the top of this layer
is graded and compacted, aiming to address inconsistencies and improve load-bearing

capability.

Constructing this sequence of layers in accordance with the defined specifications, thereby
constituting a flexible pavement system, provides safe roadways that effectively cater to driver
needs. However, asphalt pavement is not impervious to challenges. Over time, temperature
fluctuations, water infiltration and freeze-haw cycles can result in deterioration of asphalt
pavement. To this end, improving the properties and the performance of the asphalt pavement

is necessary.

Asphalt mixes can be classified into four types according to their corresponding mixing
temperatures (Alossta & Zeiada, 2011). These types are cold mix asphalt (CMA), warm mix
asphalt (WMA), half WMA and hot mix asphalt (HMA). The research is concentrated on
HMA. HMA is a blend of heated aggregate and bitumen. The mixing temperature for HMA is
typically at a range of approximately 150 to 180 °C. In Quebec, the maximum mixing
temperature of polymer-modified bitumen is 170 °C (LC 26-003). Dense-graded mix, stone
matrix asphalt (SMA) and open-graded mix are the subcategories of HMA (Alossta & Zeiada,
2011). The dense-graded mix is used in constructing roadways with high traffic volumes due
to its durability. However, dense-graded mix can also be used in rural very low volume roads.
In Canada, the dense-graded mix is the predominant choice for paving applications whereas
the SMA and open-graded mixes are limited instances. Generally speaking, the performance
of HMA is mainly affected by the aggregate type and gradation, grade of base bitumen and
additives. Some researchers stated that the aggregate skeleton should be considered in the
analysis of test results for better evaluation of HMA performance since it carries most of the
loads (Sefimazgi et al., 2012). Regarding the full-scale production of HMA, it can be done by
using one of the two HMA plants: dryer drum mixer and batch plants (Olard et al., 2008). The
data obtained from the field section can be used to help pavement designers improving and

developing the design methods.



This research program focuses on improving the performance and sustainability of the HMA.
Using modifiers within this layer can increase the durability, sustainability and service life of
the asphalt pavement (Robert & Suckhong, 1996; Mirabdolazimi & Shafabakhsh, 2017).
Different modifiers and their corresponding effects on the asphalt mix are presented in
chapter 2. In this research program, lignin, as a modifier, is used due to its demonstrated
efficacy in improving the performance of the asphalt mix (Batista et al., 2018; Gao et al., 2020;
Norgbey et al., 2020). Using lignin presents a promising opportunity to revolutionize the
asphalt industry. Traditional asphalt production process requires a lot of energy and emits a
huge amount of greenhouse gases (GHG). In this context, lignin, derived from renewable
sources such as wood pulp, aligns with the sustainability goals since incorporating it into the
bitumen reduces the dependence on fossil fuels (Khandelwal, 2019). So, considering lignin as
an eco-friendly alternative and a green solution for asphalt production is standing. In
conclusion, the integration of lignin into the asphalt industry is a forward-thinking choice that

combines improved performance with environmental benefits.

However, due to a shortage in the information provided in the literature review, questionable
findings and the limitations stated by the researchers, further investigation is needed to develop
the utilization of lignin within the asphalt mix. In particular, several critical gaps such as long-
term performance hinder the understanding of how lignin-modified bitumen holds up under
different conditions like environment and traffic loads. In addition, there is a need for
standardized testing protocols in order to guarantee consistent evaluation of the properties and
performance of lignin-modified bitumen across different regions and research studies. In
summary, addressing these research gaps will promote the widespread adoption and
acceptance of lignin-modified bitumen in sustainable infrastructure projects. Overall, the use
of lignin in HMA is not common. The work done in this research program answers many
questions and provides new information into the field of asphalt industry. During this research,
several lignins were tested, and with the active participation of the industrial partner,

significant changes were made to the initial planning throughout the project.






CHAPTER 1

PROBLEM STATEMENT AND OBJECTIVES

1.1 Problem statement

For more than a century, asphalt mixtures have been utilized in the construction of paved road
networks in Canada and worldwide. Nonetheless, significant challenges are still existing in the
realm of asphalt pavement, involving various forms of damage such as rutting, fatigue, thermal
cracking and potholes. These forms of damage stem primarily from a growth of traffic loads
and adverse environmental conditions that decrease the performance, quality and the service
life of the asphalt pavements. Particularly in frigid climates like Canada, the performance of
asphalt pavements under low temperatures proves unsatisfactory. As a result, the incorporation
of additives becomes imperative to improve the efficacy of asphalt pavement and boost its
overall quality and lifespan. Herein, the incorporation of lignin into the bitumen is possible.
Lignin, among the potential bitumen modifiers, is selected owing to its abundant presence in
Canada's forested landscapes where lignin can be found. Consequently, a significant amount
of unused lignin exists, since it is a waste product of the paper and wood industry. However,
the literature review did not show the methodology of the incorporation wet process of lignin
into the bitumen and its limitations. Furthermore, limited studies have been conducted
concerning the incorporation of lignin into HMA. Therefore, the effects of lignin on the
properties and performance of the bitumen and HMA remain relatively unexplored, leaving
the optimum lignin dosage undetermined. This knowledge gap has consequently hindered the
development of pavement designs for asphalt pavements modified with lignin, as the
ramifications of introducing lignin into the complex modulus of HMA have not been
comprehensively assessed. Moreover, the sparse research undertaken on lignin has not been
followed up with extensive implementations, such as trial sections. This deficiency in practical
application has left the thorough evaluation of full-scale production for lignin-modified HMA
incomplete. As known, bitumen, being a non-renewable resource, has notable adverse
environmental consequences arising from its extraction and production. Regrettably, the

potential environmental benefits of substituting bitumen with lignin have not undergone a



thorough evaluation. To this end, this research offers innovative insights and a fresh

perspective on the utilization of lignin in HMA.

1.2 Objectives

The main objective of this research program is to develop the modified hot mix asphalt (HMA)
with Kraft lignin for Canada. The following are the specific objectives to achieve the main
objective:

e To establish a methodology of incorporating lignin into bitumen;

e To evaluate the effects of lignin on the bitumen properties and performance;

e To evaluate the effects of lignin on the oxidation of the bitumen;

e To evaluate the effects of lignin on the compaction of the HMA;

e To evaluate the effects of lignin on the rheological properties and thermomechanical

performance of the HMA.

1.3 Thesis structure

The research is divided into seven chapters, overall conclusion, three annexes and a list of
references. In Chapter 1, the foundation is laid by discussing asphalt pavements and mixtures,
outlining the research objectives, elucidating the problem statement, and providing an
overview of the thesis structure. Chapter 2 delves into previous researches that present the
performance of HMA and the effects of modifiers on the properties and behaviour of modified
bitumen and HMA. In Chapter 3, the focus shifts to the types of lignin used in this research,
detailing the research methodology, and providing descriptions of the different tests performed
on both, bitumen and HMA. Chapter 4 centers on the incorporation of lignin into bitumen
through the wet process. Specifically, this chapter presents results from storage stability tests,
morphological analysis of microscope observations and shows a summary outlining the
parameters selected for the incorporation process. Chapter 5 investigates the effects of adding
lignin in both forms, powder and pellets, on the rheological properties of bitumen and its

behaviour, along with assessing the antioxidative aging properties of the lignin-modified



bitumen. Chapter 6 presents how lignin, in powder and pellets forms, affects the
compactability of HMA. In Chapter 7, the focus shifts to the effects of lignin on the
thermomechanical behaviour and performance of HMA at high and low temperatures.
Subsequently, a summary of the main findings of this research is presented in the conclusion.
Following this, Annex I shows the trial sections conducted in different provinces in Canada.
The impact of the addition of tall oil on HMA compactability is presented in Annex II. The
effect of lignin on fatigue cracking resistance of HMA is presented in Annex III. Lastly, the

list of references used in this research is provided.






CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter presents the previous studies that were conducted on the use of the modifiers with
bitumen and hot mix asphalt (HMA). In particular, the effects of these modifiers on the
performance of bitumen and HMA at high, intermediate and low temperatures are discussed.
This research focuses on the lignin in both forms, powder and pellets. First, the asphalt mix
design and compactability of HMA are presented. Afterwards, the thermomechanical
behaviour of bituminous materials is presented. Then, modifiers such as polymers, recycled
plastic, crumb rubber and cement are discussed briefly. Following, the incorporation process
of lignin into bitumen and the verification of the lignin-modified bitumen in terms of the
stability and homogeneity are presented. Afterwards, the effects of the lignin on the behaviour
of the bitumen, including oxidation process, and HMA at high, intermediate and low
temperatures are shown. Since the lignin is a powder, the effects of the inert filler on the
bitumen and HMA are presented. Finally, a summary presents the advantages of the integration

of lignin with the asphalt industry in comparison with the other modifiers.

2.2 Asphalt mix design

Asphalt mix design is an important and critical process to construct a durable flexible pavement
that can carry the traffic loads and the environmental conditions. This process aims to
determine the optimal combination of asphalt binder and aggregate, forming asphalt mix, that
leads to the desired performance (Leandro et al., 2017). In addition, the materials selection
stage should be done carefully. More specifically, aggregates with good gradation, surface,
shape and texture are usually required, and for the bitumen, the selection process is influenced

by many factors such as climate and traffic.
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The volumetric properties of asphalt mix play a crucial role in the design process of asphalt
mix. In particular, the air voids, voids filled with asphalt (VFA) and voids in mineral aggregate
(VMA). The percentage of the total volume of air inside a compacted HMA specimen
represents the air voids. Excessive air voids within an asphalt mix can result in a reduction of
durability due to permeability issues, while insufficient air voids can lead to potential moisture
damage and permanent deformation (rutting). For VFA, it represents the voids in percent that
are filled with asphalt binder. It is an important property for the evaluation of the asphalt mix
durability and moisture damage resistance. The VMA property represents the percentage of

the volume of voids within the aggregate particles in HMA specimens.

As mentioned previously, the mix design process aims to determine the optimal asphalt binder
content that leads to the desired volumetric properties and performance characteristics (Wang
et al., 2019). In this context, a range of asphalt binder contents is typically tested in order to
determine the optimum one that meets specific requirements. To this end, the above-mentioned
volumetric properties (air voids, VFA and VMA) of an asphalt mix are affected by the volume
of asphalt binder, particularly the effective volume, and absorbed asphalt binder. An adequate
effective volume of asphalt binder leads to adequate air voids within asphalt mix. Regarding
the workability and compactability of an asphalt mix, they are affected by the effective volume
and absorbed asphalt binder. Finally, the volumetric properties of an asphalt mix can be studied

after conducting the compaction process on this asphalt mix.

In this research program, the Laboratoire des Chaussées (LC) method from Ministére des
Transports du Québec (MTQ) is used. The principle of LC mix design is to reach a specific
effective volume of bitumen which differs according to the mix type (12.2 % for the ESG-10
used in this research program), and then verify the compaction, moisture sensitivity and rutting
performance of the produced HMA. It should be noted that VMA and VFA are not used in the
LC method.
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2.2.1 Compaction process of HMA

The air voids content within the HMA is considered one of the main factors that influence the
thermomechanical performance of HMA (Bell et al., 1984; Linden et al., 1989; Harvey et al.,
1994; Roque et al., 1995; Harrigan, 2002). In other words, the air voids content is considered
as a key parameter influencing the resistance of HMA to the fatigue cracking, moisture
damage, rutting and low temperature cracking (Monismith, 1992). Determining the evolution
of the air voids content during the compaction process is an efficient method to evaluate HMA
compactability (Kassem et al., 2011). The Marshall and shear gyratory compactor (SGC) are
the most common methods that can be employed for the HMA compaction in the laboratory
(Guler et al., 2000). Yue et al. (1995) stated that the SGC, a laboratory compaction method,
can simulate the field compaction method since both methods showed uniform orientation and
distribution of coarse aggregate through the HMA. Consuegra et al. (1988) demonstrated that
the SGC method, among other methods, produced HMA specimens with properties closest to
those determined from the field HMA cores. Wang et al. (2019) stated that the particle rotation
and movement pattern in SGC, due to particle close proximity to the nearby particle in a
confined particulate structure, is very similar to that in the rollers used in field compaction,
especially pneumatic rollers. This can be explained by the fact that SGC applies both shear and
compression simultaneously to the HMA. The shear force can well simulate the kneading

process by pneumatic roller.

As a prior step for the compaction process, it is necessary to measure the viscosity of the asphalt
binder. Many methods can be employed to measure the viscosity such as equiviscous and
steady shear flow (SSF) methods (Almusawi et al., 2019). In equiviscous method, the
Brookfield rotational viscometer (BRV) is used. In this method, a spindle rotates inside a
cylindrical mold at a certain speed which is 20 rpm to measure the viscosity of the unaged
bitumen at specific temperatures, usually 135 and 165 °C. Whereas in the SSF method (Reinke
method), the DSR is utilized. In this method, the unaged bitumen specimen is placed between
two parallel plates of a specific gap, usually 0.5 mm, and different shear stress levels, from 0.3

to 500 Pa (or 1000 Pa), are applied. Therefore, the behaviour of the bitumen in this method is
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shear-dependent (Reinke, 2003). The targeted viscosity of the mixing temperature Tm for the
BRV and DSR is the same, 170 + 20 mPa-s. Whereas this viscosity is different for the
compaction temperature Tc, 280 = 30 mPa-s for the BRV and 350 + 30 mPa-s for the DSR.
According to these targeted viscosities, the Tm and Tc temperatures can be determined for the
HMA. However, Raschia et al. (2020) stated that Tc plays a major role for the evaluation of
the compactability of HMA, while Tm did not show significant effect.

In order to evaluate the compaction process of the HMA, three parameters can be discussed,
namely workability, compactability and compaction energy index (CEI). Figure 2.1 shows an
example of the compaction curve and its parameters. The air voids content in the mix after 10
gyrations is called workability parameter and it is denoted by Vm (10). A low value
corresponds to a better workability. The compactability parameter (K) represents the slope of
the curve. A high value of (K) corresponds to a better compactability. The CEI, in general, is
the area under the compaction curve from the 8th gyration to the number of gyrations
associated with 92 % of the maximum theoretical specific gravity (Gmm) (Raschia et al., 2020;
Jamshidi et al., 2022). It represents the work applied by a roller to reach the target compaction
degree during the construction phase. Low value means improved constructability, but very
low value should be avoided since it indicates a tender mix which makes it difficult to handle
the traffic loads at the opening stage without causing distresses or at least early problems for

the asphalt pavement.
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Figure 2.1 Example of the compaction curve obtained by Superpave gyratory compaction
SGC test (in semi-log presentation) and its parameters
Taken from Raschia et al. (2020)

2.3 Thermomechanical behaviour domains of the bituminous materials

The behaviour of the bituminous materials depends on several factors such as the temperature
(T), the loading frequency, the strain amplitude (¢) and the number of the load repetitions(N)
(Mangiafico, 2014; Di Benedetto et al., 2007b; Olard et al., 2005). As indicated in Figure 2.2,
the behaviour can be considered as a linear viscoelastic (LVE) (section 2.2.1), if a small € is
applied for a relatively low N on the bituminous material. The fatigue can occur if a small € is
applied for a relatively high N on the bituminous material. However, the mechanical behaviour
of the bituminous material becomes non-linear if it is subjected to high €. For the rutting
domain (repeated cyclic stress loading not centered on zero), the bituminous material can
experience a permanent deformation if it is subjected to a combination of high N and €. The
highest the strain is, the less repetition is needed for a permanent deformation. More details

about these mechanical behaviours are shown in section 2.3.2.

The threshold value is called “linear viscoelastic limit” (Mangiafico, 2014). This strain value

depends on the temperature of the test and the material, and it is approximately 100
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microstrains for bituminous material (Airey et al., 2003). Anyway, the threshold value of each
mechanical behaviour domain is displayed as only an indication of the order of magnitude. In
the field, the transition process from a mechanical behaviour domain to another is not abrupt

(Mangiafico, 2014).
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Figure 2.2 Mechanical behaviour domains of the bituminous materials
Taken from Olard & Di Benedetto (2005b)

2.3.1 Linear viscoelastic behaviour

Materials can exhibit different behaviours under various conditions. Materials can behave as
purely elastic (solid) or purely viscous (liquid) or both (viscoelastic). For the LVE domain, the
temperature (weather conditions) and frequency (loading rate) are the main factors that govern
the mechanical behaviour of the bituminous materials (El-Hakim and Tighe, 2014). In addition,
different aspects of the mechanical behaviour, depending on the test performed, can be defined
based on the rheology of the material which is the study of the response of a material subjected

to a load.

The elastic behaviour can be considered if the material returns instantaneously to its original

shape when the applied load is removed (Lundstrom, 2002). In particular, at low temperatures
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and/or high frequencies (short loading times), the material exhibits elastic behaviour. Hook’s

law describes the linear elastic behaviour of the material (Pellinen, 2001).

In a similar pattern, Newton’s law describes the viscous behaviour of the material (Lundstrom,
2002). This law indicates that the viscous behaviour can be considered if the applied shear
stress on the material is directly proportional to the resultant strain rate. However, based on
Hook’s and Newton’s laws, a linear relationship between the stress and strain is obtained as
long as the strain rate is low (Lundstrom, 2002; Young, 1998). With the increase of the strain
rate, deviation is expected to occur. In general, at high temperatures and/or low frequencies

(long loading times), the material exhibits viscous behaviour.

However, most materials exhibit behaviour that is neither purely elastic nor purely viscous, but
behaviour in between that can be defined as viscoelastic behaviour (Lundstrom, 2002). This
behaviour can be seen at intermediate temperatures and frequencies. Bituminous materials
exhibit linear viscoelastic (LVE) mechanical behaviour (Di Benedetto and Corte, 2005). LVE
materials obey the Boltzmann superposition principle (Boltzmann, 1876). Therefore, the total
response of a material to a superposition of different loads is equal to the superposition of

individual responses to each load (Salengon, 2009).

Recalling the effect of temperature and frequency factors on LVE behaviour, the equivalence
effect of both factors on the material behaviour allows applying Time-Temperature
Superposition Principle TTSP (Basueny, 2016). TTSP allows using the isothermal curves (plot
in logarithmic scale between the norm of the complex modulus (|[E*|) and the corresponding
test frequencies, for each test temperature of the complex modulus to obtain unique |[E*| and
phase angle (¢) curves at an arbitrarily chosen reference temperature Trer. This curve is called
master curve. This procedure consists of shifting the isothermal curves along the horizontal
frequency axis to superpose all points having the same ordinate. Simply, the shifting of the
isothermal curves is operated by multiplying the frequencies of all points of each curve by the

so-called shift factor at which depends on the temperature of the curve to shift.
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Many rheological models can be used to express the viscoelastic behaviour of the bituminous
materials such as Maxwell, Kelvin-Voigt and 2S2P1D model. These rheological models can
be described as a combination of basic elements like elastic spring and viscous dashpot that
obey Hook’s and Newton’s law, respectively. These elements can be linked in series (Maxwell
model) or parallel (Kelvin-Voigt model). The two models, Maxwell and Kelvin-Voigt, are
considered as the simplest models. From a practical perspective, these models cannot express
correctly the complex behaviour of bitumen, mastic and HMA in the LVE domain (Orald and
Di Benedetto, 2003). The 2S2P1D model is frequently selected to describe the LVE behaviour
of the bituminous materials since it translates this behaviour correctly (Orald and Di Benedetto,
2003; Delaporte et al., 2007). Figure 2.3 shows the representation of the 2S2P1D model for the
HMA.

E..-Eo

EII

Figure 2.3 2S2P1D model representation for HMA
Taken from Di Benedetto et al. (2004)

At a given temperature, the complex modulus of the 2S2P1D model can be expressed by the

following equation (Olard et al. 2003):
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where i is complex number defined by i = -1, Eo is the glassy modulus when ( & — 0), Eoo is
the static modulus when ( ® —0), ® is the pulsation (equal to 27 f,. ), f; is frequency, & (delta)
is constant, B is dimension constant linked with the Newtonian viscosity 1 (n = (Ey — Egg) *
B * Tg), and h and k are the parameters of the parabolic elements of the model (0 <k <h <1).
Tgis characteristic time, which varies only with the temperature. The changing of tg by the

temperature can be explained by means of the ar if the TTSP holds as shown in Eq. 2.2.

15(T) = ar(T) * Top (2.2)

where a1 (T) is the shift factor at temperature T and tyg = ©(Trer) at reference temperature Trer.
Only seven parameters (Eq, Eg, 0, k, h, B, and t) of the 2S2P1D formula are needed to analyze
the linear viscoelastic behaviour of the tested material at a given temperature. The progression
of T was determined by the William-Landel-Ferry (WLF) equation (Olard & Di Benedetto,
2003). When the temperature effect is determined, the number of the parameters becomes nine,

including the two WLF constants (C1 and C2) which are determined at the Trer (Eq. 2.3).

—C1 (T — Tyref)
C2+ (T — Tyef)

log(ay) = (2.3)

where C1 and C2 are constants varying with the material and Trer. T, Tref and at are explained

above.

2.3.2 Thermomechanical tests of the bituminous materials

This section presents the thermomechanical tests that are related to the different behaviours
and performance of HMA and bitumen (Figure 2.2). In particular, tests to describe the LVE
behaviour, fatigue cracking resistance, high and low temperature performance and water

damage tests.
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2.3.2.1 Test related to LVE behaviour

The evaluation of the mechanical behaviour of bitumen and HMA, bituminous materials, in
the LVE domain can be done by performing the shear complex modulus (G*) and complex
modulus (E*) tests, respectively. The main concept of these two tests is similar. In general,
from the measurement of a dynamic oscillation, G* or E* are defined as the ratio calculated
by dividing the stress (absolute value of the peak-to-peak) by the strain (absolute value of the
peak-to-peak). This ratio represents the stiffness of the bituminous materials. These tests allow
determining the rheological properties of the bituminous materials at a wide range of

temperatures and frequencies.

Different types of tests exist to evaluate the LVE behaviour of bituminous materials. This
research program focuses on tension-compression test for HMA. Figure 2.4 shows the setup
of tension-compression test on a cylindrical specimen for complex modulus. During this test,
a sinusoidal oscillating axial load is applied on the specimen. The axial deformation is
measured by three on-specimen extensometers spaced 120° apart and connected by springs
around the middle of the specimen. The sequence of temperatures starts from the lowest to the
highest. A 4-hour conditioning period is mandated to ensure uniform temperature within the
specimen whenever the testing temperature is altered. At each temperature, in order to reach
constant variation of strain, stress is applied to the different target frequencies starting from the
fastest to the slowest. Rest period, approximately 120 seconds, is considered each time the

frequency is changed (Basueny, 2016).

The data collected from the test is employed to study the properties of the tested specimen. The
force, axial deformation from each extensometer and the temperature recorded by the probe
are collected at each data acquisition (two consecutive cycles). Herein, it is important to check
the quality of the signal during the test. The quality index (QI) that represents the gap between
the experimental points and the sinusoidal function can be used. According to QI values, the

test 1s considered ideal (QI is less than 10 %) or acceptable (QI is less than 15 %) (Basueny,
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2016). Particularly, this applies to stress and strain signals measured by the extensometers

which are the equipment used to control the test.

Connection

Extensometer

Cylindrical specimen
75 x 120 mm

Connection

Hydraulic actuator

Temperature gauge

Hydraulic actuator

Figure 2.4 Tension-compression test setup for complex modulus

Taken from Basueny (2016)

The collected data from the test is processed and results presented to be analyzed, leading to

the evaluation of the bituminous materials behaviour within the LVE domain. Many graphical

representations of complex modulus test results can be displayed such as Cole-Cole diagram

(Figure 2.5), master curves of the norm of complex modulus |[E*| (Figure 2.6) and phase angle

¢ (Figure 2.7). The Cole-Cole plot is a graph obtained between the storage modulus E1 (real

axis, X-axis), which represents the elastic aspect of the E*, and the loss modulus E2 (imaginary

axis, Y-axis), which represents the viscous aspect of the E*.
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Figure 2.5 Example of the Cole-Cole diagram for HMA
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Figure 2.7 Example of the master curve of the phase angle ¢ for HMA
Taken from Siroma et al. (2021)

The complex modulus represents the stiffness of the tested materials at a given temperature
and frequency. When the asphalt material is loaded a high number of times, this stiffness will
change. Because of that, it is common to use the change of complex modulus as a measure of

the fatigue resistance of the materials.

2.3.2.2 Fatigue behaviour

The fatigue phenomenon is defined as a reduction in the strength and/or stiffness (material
properties) of the HMA, eventually leading to failure, caused by the repetition of small strain
loads with (Lundstrom, 2002; Iliuta et al., 2004; Di Benedetto & Corté¢, 2005; Moghaddam et
al.,2011; Mangiafico et al., 2014). Also, the fatigue of HMA leads to the appearance of surface
fatigue cracking (Al-Qadi & Nassar, 2003).

For the evaluation of the fatigue behaviour of HMA, a fatigue test is performed at one
temperature and one frequency, usually around 10 °C and 10 Hz (Basueny, 2016). Different
strain amplitudes should be chosen in order to develop the Wohler curve which is a plot with

a linear regression in log-log scale that represents values of fatigue life (number of loading
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cycles) and corresponding strain amplitude obtained for each tested specimen (Wdhler, 1870;
Di Benedetto et al., 2004; Mangiafico, 2014). The fatigue behaviour of HMA can be evaluated
by performing bending tests (two-, three- and four-points), indirect tensile test) and cyclic
tension-compression test (Di Benedetto et al., 2004). The main advantage of cyclic tension-
compression test is that it is a homogeneous test. So, the modulus at each loading cycle can be

directly determined (Mangiafico et al., 2014).

A uniaxial tension-compression test can be considered as a suitable way to predict the design
life of the pavement structure in terms of € ¢ (strain amplitude at one million cycles). During
the fatigue test, the material properties undergo a progressive deterioration which is considered
as the effect of the repeated loading (number of cycles). In fatigue tests, the evolution of the
|[E*| as a function of the number of cycles (N) can be observed and three phases (Figure 2.8)

can be distinguished (Lamothe, 2014; Mangiafico, 2014; Basueny, 2016):

e Phase I (adaption phase): |E*| decreases rapidly due to mostly the biasing effects: the non-
linearity of the behaviour of the mix, the self-heating of the material and the thixotropy of
the bitumen. Because of the internal structure of the asphalt mixture, the binder located
within inter-aggregate voids can be subjected to higher strain amplitudes than the overall
strain of the mix. Thus, the mix can exhibit non-linear behaviour. The self-heating bias
effect is due to the increase of the temperature when the repeated loading is subjected to the
mix. The recovery of the original viscosity is called thixotropy. Applying a finite shear to a
material system after a long time of rest may cause a viscosity reduction. During this phase,
fatigue damage does not seem to have a major role in the evolution of the material

properties;

e Phase Il (quasi-stationary): |E*| shows a slow and quasi-linear decrease. The fatigue
damage contributes to the deterioration of the material properties. Besides the fatigue
damage, the biasing effects (self-heating and thixotropy) are still present and need to be

considered despite the fact that their influence is less important compared to phase II;
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e Phase III (failure): |E*| decreases rapidly and the material shows a failure due to the
propagation of the microcracks and their transformation to the macro-cracks. Therefore, the
use of the continuum mechanics assumption (quantifying the damage of the material by
fatigue from the measurement of the stiffness of the material) is not valid anymore and the

test can no longer be interpreted. In addition, the LVE properties cannot be determined.

The two most commonly criteria that are employed to develop the Wohler curve are classical
(Nrso%) and local (Nrmr) criteria (Di Benedetto et al., 2004). Nrsov% is the number of cycles
corresponding to the loss of 50 % of the initial norm of complex modulus [E*o| (Figure 2.8).
Niso% criterion is criticized by the majority of the researchers and the choice of the reduction
percentage (50 %) of the [E*| is arbitrary (Di Benedetto et al., 2004; Di Benedetto et al., 1996;
Kim et al., 1997).

|E*| 4 Phase I: thermal heating and thixotropy
Phase II: Fatigue predominant

Phase ITI: macro cracks: failure
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s 4

Figure 2.8 Evolution of the curve of |[E*| as a function of N and its phases and
definition of the classical criteria Nfsov
Taken from Basueny (2016)

N is the number of cycles corresponding to the transition between phase II and III. N is
considered as a representative specimen failure since it is the propagation of the microcracks
and, therefore, disturbing the homogeneity of the strain field of the specimen (Ashayer Soltani,

1998; Baaj, 2002). Nar.ii can be determined based on the average of many values such as Nfacax
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and N (Mangiafico, 2014). Niaeax (Figure 2.9 a) is the number of cycles that indicates a
difference of more than 25 % between the deformation (non-homogeneous test) of one of the
extensometers compared to the average value of the three extensometers. Nfag (Figure 2.9 b) is
the number of cycles that indicates a deviation of more than 5° of the phase angle (non-
homogeneous test) for one of the extensometers compared to the average value of the three

extensometers.
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Figure 2.9 Example of estimation of NfAgax (a, top) and
Niag (b, bottom) for a tension-compression fatigue test
performed on a cylindrical specimen of HMA
Taken from Mangiafico (2014)
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2.3.2.3 Tests related to the high temperature performance

The bituminous materials undergo softening at high temperature, leading to reduced stiffness
and increased flowability. This can contribute to the permanent deformation of the asphalt
pavement under repeated cycles of the traffic loading. More specifically, at high temperature,
bituminous materials become more viscous, and their elastic properties diminish.
Consequently, bituminous materials become more susceptible to deformation with the
repetition of traffic loading. The combination of both effects, high temperature and repeated
loading, can cause the bituminous materials to undergo cumulative permanent deformation,
leading to rutting over time. Accordingly, rutting (permanent deformation) is defined as a
progressive accumulation of the permanent viscoplastic deformation in the wheel path which
is caused by the repetition of the traffic loading (Abdulshafi, 1988; Tayfur et al., 2007). The
thermomechanical performance of bituminous materials at high temperature is evaluated by
the resistance to the permanent deformation (rutting). Many factors affect the rut depth such
as speed and axle load of vehicles, HMA thickness and properties and temperature. Therefore,
it is difficult to find a specific equation that evaluates the rutting performance (Moghaddam et
al., 2011). However, the Esso model that was developed for Hamburg wheel tracking device
(HWTD) can be employed in the evaluation of the rutting performance (Romero & Stuart,
1998). Figure 2.10 Shows the evolution of the rut depth with the number of loading cycles that
is obtained by using French laboratory rut tester (FLRT). In the first phase, the beginning of
pavement life, the relationship between the rut depth and number of loading cycles is non-
linear, as illustrated in Figure 2.10. This trend alters into a linear relationship, representing the
second phase. For the conventional HMA, the rut depth increases remarkably with number of
loading cycles (first phase) which can refer to the compaction process due to the axle load of

vehicles. Following, second phase, the rate of the rut depth decreases.
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Figure 2.10 Evolution of the rut depth with number of loading cycles
Taken from Leonardi (2015)

However, the permanent deformation of the asphalt pavement is not only linked to the
deformation of the HMA layer, but also to the granular and subgrade layers. Accordingly, three
different types of rutting can be generally considered (Emery, 2005). These are wear rutting,
viscoplastic deformation and structural rutting. The wear rutting of the HMA layer is a result
of wear in the wheel path. The viscoplastic deformation is associated with the densification
(compaction) and/or shear of the HMA in the wheel path. This deformation is directly linked
to the mix design of HMA and it causes either dilatation or densification of HMA (Dongmo-
Engeland, 2005; Olard & Di Benedetto, 2005a; Ossa & Collop, 2006; Di Benedetto et al.,
2007a). The structural rutting is accompanied with a general subsidence of the bottom layers,

granular and subgrade, of the asphalt pavement (Dongmo-Engeland, 2005).

In general, wheel-tracking tests (WTT) can be employed to evaluate the rutting performance
of HMA. The French wheel tracking tester (FWTT), accelerated pavement testing (APT) and
HWTD are some of the different types of tests that have been developed to measure the rut
depth at the surface of the HMA layer (Olard & Di Benedetto, 2005a; Ossa & Collop, 2006).
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For the bitumen, the dynamic shear rheometer (DSR) and multiple stress creep recovery
(MSCR) tests can be employed to evaluate the performance at high temperature (rutting
performance). However, these bitumen tests results are just indicators of the rutting
performance, so it is still important to perform tests on mixtures in order to obtain the full
evaluation of the rutting performance. From the DSR test, the norm of the shear complex
modulus (|G*|), stiffness, and phase angle (d) values can be obtained. According to strategic
highway research program (SHRP), the |G*|/sin(d) is considered as a rutting parameter (Xu et
al., 2017). Performing the MSCR test allows evaluating the elasticity of the bitumen by
applying a series of loading and relaxation cycles. In particular, this test shows the non-
recoverable part of the deformation which is so-called permanent deformation. The DSR and
MSCR tests can also be used for the classification of the high temperature performance grade
(PG) and traffic level, respectively. For PG classification, the high temperature of the bitumen
class is determined as the temperature at which |G*|/sin(d) is greater than 1.0 kPa for unaged
bitumen and greater than 2.2 kPa for aged bitumen. This parameter indicates the material’s
rheological behaviour at high temperature and assesses the ability to resist rutting. Also, it
provides insights into the viscoelastic nature of the material and how it performs under high-

temperature loading conditions.

2.3.2.4 Tests related to the low temperature performance

Bituminous materials undergo significant changes in their properties at low temperature. The
behaviour of bituminous materials at low temperature is crucial for the asphalt pavement
performance. More specifically, the ability of bituminous materials to resist cracking and
maintain their structural integrity is affected. Particularly, the bituminous materials tend to
become less ductile at low temperature, making them more prone to cracking. As temperature
decreases, these materials become increasingly brittle. The transition from a ductile to a brittle
state is characterized by an increase in the likelihood of cracking and a reduction in flexibility.
In this regard, bituminous materials must have sufficient flexibility to resist the tensile stresses

induced by the temperature fluctuations. If these materials become too brittle, they may crack
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under these stresses. To this end, the performance at low temperature is evaluated by the

resistance to the thermal cracking (Jung & Vinson, 1994).

The TSRST is used to evaluate the low temperature performance of HMA (Tapsoba et al.,
2016). This test involves placing a cylindrical specimen of HMA in an enclosure at which the
temperature is controlled. The specimen should be well glued with two fixed ends. At the
beginning of the test, the temperature inside the thermal chamber starts to decrease at a constant
rate and the HMA specimen tries to shrink while it is prohibited from the longitudinal
contraction. At this point, the thermal stresses start to increase within the HMA specimen and
these stresses intensify with the progression of the cooling process. When the induced thermal
stress due to the restrained longitudinal contraction exceeds the tensile strength of the HMA,
the specimen breaks. Figure 2.11 shows an example of the stress-temperature curve of TSRST
test on HMA specimen that represents the evolution of the thermal stress with temperature. It
can be seen that the corresponding value of the failure point (breakage of the specimen) on x-
axis is called failure temperature which is associated with the failure strength, the
corresponding value on y-axis. The failure strength is defined as the maximum thermal stress
that can be carried by the specimen, and the obtained temperature at the maximum stress is
defined as the failure temperature (Carter & Paradis, 2010). Another important output of the
test is the glass transition temperature (Tg). It represents the end of the stress relaxation domain
and the beginning of a linear relationship between the thermal stress and temperature (Badeli
et al., 2018). During the relaxation stress phase, the slope of the stress-temperature curve
maintains relatively consistent until a certain temperature at which point the slope increases
remarkably and the stress-temperature curve becomes linear. In most of the analysis, Tg can
be assumed the temperature that corresponds to the determined stress at 50 % of the failure
strength (Tapsoba et al., 2016). Therefore, Tg corresponds to the temperature that describes
the change in the behaviour of the material, from brittle to ductile or vice versa. Also, it can be
used to characterize the rheological behaviour of HMA at low temperatures and in the

evaluation of the repeatability of the TSRST test (Jung & Vinson, 1994).
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Figure 2.11 Stress-temperature curve of TSRST test on HMA specimen
Taken from Tapsoba et al. (2016)

For the bitumen, the bending beam rheometer (BBR) test can be employed to evaluate the
performance at low temperature. Through the outputs of this test, the low temperature
performance of HMA can be predicted. The stiffness and relaxation (slope) parameters, outputs
of the test, are used to describe the resistance of the bitumen to the thermal cracking. In this
test, a load is applied to the center of a rectangular beam of bitumen. Based on the measured
deflection against time, the stiffness is calculated, and the relaxation properties describe how
the bitumen dissipates the induced thermal stresses. However, this test can also be used for the

low temperature PG classification.

The presence of low temperature cracks on the surface of the HMA layer allows water to
penetrate the asphalt pavement layers. In cold regions (e.g. Canada), due to the temperature
oscillation, the freeze and thaw cycles of the water can cause serious damage to the asphalt

pavement system (Badeli et al., 2018).
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2.3.2.5 Water damage tests

The resistance of HMA to the moisture damage can be evaluated by the moisture sensitivity
and moisture-induced damage tests (Shatnawi et al., 1995; Pinzén & Such, 2004; Junior et al.,
2019; Soenen et al., 2020). The chemistry of the asphalt binder, aggregate mineralogy and
texture and the interaction between both components are the main factors that affect the
moisture damage of HMA (Solaimanian et al., 2006). Two main mechanisms are responsible
for the degradation of HMA through the moisture damage: loss of adhesion bond between the
aggregate and asphalt binder and loss of cohesion within the asphalt binder (Terrel & Al-
Swailmi, 1992). In particular, the loss of adhesion mechanism refers to the degradation of the
asphalt binder-aggregate bond which occurs due to the very thin film of mastic, asphalt binder
and filler, and the presence of the moisture that enters the pore structure (i.e. air voids) of HMA
(Lytton, 2004; Copeland, 2007). On the other hand, the loss of cohesion mechanism refers to
the infiltration and the action of the moisture within the mastic or bitumen, and the very thick
film of mastic helps this mechanism to occur (Kennedy et al., 1984; Lytton, 2004). However,
Caro et al. (2008) stated that the loss of adhesion is more responsible, compared to the cohesion
loss, for the moisture distress of an asphalt pavement. To this end, these two mechanisms can

lead to the loss of strength and reduction in the durability of HMA.

Many reasons can cause the loss of the adhesion and cohesion such as weather conditions,
aggregate gradation, water absorption, heavy traffic loads and aggregate-mastic compatibility
(Goh & You, 2012). Bausano et al. (2006), reported four theories that can explain the
characteristics of adhesion in HMA, namely mechanical adhesion, surface energy, molecular
orientation and chemical reaction. Also, the mechanical interlock is reported as one of the main
concepts that contribute to the adhesion mechanism, as stated by Stuart, (1990). However, there
is no correlation between moisture damage of HMA and the properties of aggregate (Hicks,

1991; Yoon & Tarrer, 1988).

During the moisture sensitivity and moisture-induced damage tests, the HMA specimen is

subjected to different moist conditions that accelerate the deterioration of the HMA properties.
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More precisely, these conditions work on weakening the ability of the bitumen to agglutinate
to the aggregate surface, leading to stripping. Generally, stripping is defined as the reduction
in the bonding strength that occurs due to the water infiltration into the HMA, including asphalt
binder-aggregate separation (Chen & Huang, 2008; Omar et al., 2020). Following the applied
moist conditions on the HMA specimens, Marshall stability and indirect tensile strength (ITS)
are measured for the moisture sensitivity and moisture-induced damage tests, respectively.
Accordingly, these tests can be used as indicators for the durability of the asphalt pavement

(Solaimanian et al., 2003; Shamshuddin et al., 2010).

2.4 Most common bitumen and HMA modifiers

In general, different bitumen and HMA modifiers have been widely used to enhance the high,
intermediate and low temperature performance of the bitumen and HMA while reducing the
environmental impact of the pavement industry (Li et al., 2020a). In this section, the effects of
the modifiers, lignin not included, will be presented. The most common modifiers are
polymers. There are other modifiers such as recycled plastic, fibers, crumb rubber and cement.

Despite the fact that lignin is a polymer, it is presented in a specific section (section 2.5).

2.4.1 Polymers

The performance of the polymer-modified bitumen (PmB) depends on the properties of the
polymer and the micro-structure of PmB (Topal, 2010). The polymers are usually incorporated
to the preheated base bitumen at 160-180 °C for 2-4 hours with a speed of 4000-5000 rpm by
using high shear mixer (HSM) (Zoorob et al., 2018; Jeli¢ et al., 2017). The principle of the
HSM is to create flow and shear by rotating a high-speed rotor. This rotor is powered by an
electric motor. The rotation of the rotor draws upwards movement of the liquid (bitumen) and
solid materials (additive) from the bottom of the vessel into the workhead center of the
incorporation zone. Because of this movement, a generated centrifugal force drives the
materials towards the workhead where a milling action is applied on these materials. This
milling process occurs between the inner wall of the stator and the ends of the rotor. Moreover,

the speed of the materials (bitumen and lignin powder or pellets) at the inner wall of the stator
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and the ends of the rotor is different. This difference in the speed creates shear. At this point,
the intensive shear and movement force the materials, at high speed, to go out of the stator
through the perforations and then circulated into the incorporation high-shear zone (within the
stator). Keeping the same pattern, many cycles are required to obtain well-incorporated
materials. However, many key design factors govern the incorporation process such as the time
in the mixer, the rotational speed of the rotor and its diameter and the distance between the
stator and the rotor. The opening width of the perforations, their angle and the number of rows
that contain the perforations, are considered as variables (Banaszek, 2009; IKA laboratory

equipment, 2009; Czerwinski & Birsan, 2017).

Different types of polymers can be incorporated into the bitumen such as styrene-butadiene-
styrene (SBS), the most common one (Lu & Isacsson, 1997), styrene-butadiene rubber (SBR),
ethylene-vinyl acetate (EVA), and polyphosphoric acid (PPA) (Behnood and Olek, 2017). As
long as the polymer content is low (less than 3 %), a continuous phase of bitumen with
dispersed particles of polymer can be seen, leading to stable and homogeneous PmB (Topal,
2010). While the use of higher polymer content (5-7 %) leads to a continuous matrix of
polymer with dispersed globules of bitumen which negatively affects the storage stability and
homogeneity of PmB (Lu & Isacsson, 2000). In other words, the compatibility of the polymer
with bitumen is poor and the modification of the bitumen is futile (Zhu et al., 2014). Increasing
the incorporation temperature is not beneficial to get stable modified bitumen with high
polymer contents (Topal, 2010). Adding PPA could improve the compatibility of bitumen with

polymers by changing the bitumen structure from sol (low viscosity) to gel (high viscosity).

Modified bitumen with 2-4 % of SBS, 4-8 % of SBR, 3-7 % of EVA, and 0.3-1.2 % of PPA
showed an improvement on the resistance to the permanent deformation (rutting) at high
temperature (Behnood and Olek, 2017; Mostafa and Mahmoud, 2018; Zoorob et al., 2018).
For the performance at the intermediate and low temperatures, it was stated that the effect is
not significant (Zoorob et al., 2018). While the modified bitumen with 8-16 % of grounded tire
rubber GTR showed a significant decrease of the stiffness of the bitumen. By performing DSR
and MSCR tests, adding 6 % of SBR latex and styrene-ethylene—butylene-styrene SEBS
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copolymer and 8 % of chloroprene rubber CR latex improved the rutting performance at high
temperature (Jiang et al., 2018). Generally speaking, the use of polymers increased the high
and low temperatures of the bitumen PG, including improvement on the temperature
susceptibility of the bitumen (JelCi¢ et al., 2017). In addition, according to the MSCR tests
results, PmB showed higher elasticity than the unmodified bitumen, including better
performance at high temperature, which encourages the use of polymers with the bitumen

(Mostafa and Mahmoud, 2018).

2.4.2 Recycled plastic

Using 1.5-4.5 % of low-density polyethylene (LDPE) and 1-3 % of high-density polyethylene
(HDPE) and Polypropylene (PP) improved the moisture sensitivity, fracture toughness,
indirect tensile strength (ITS) and compressive strength of HMA, and they also enhanced the
physical characteristics by reducing the penetration and ductility accompanied with an increase
in the softening point and viscosity (Othman, 2010; Prasad, 2012; Nasir et al., 2014). In
addition, they increased the rutting resistance, creep and resilient modulus at high temperature.
At low temperature (below -10 °C), the stiffness of HMA was increased (Attaelmanan et al.,
2011; Prasad, 2012; Abdullah et al., 2017). For the performance at intermediate temperature,
it was stated that the cross-linked polyethylene PEX improved the fatigue cracking resistance
(Costa et al., 2017). Azam et al., 2019 and Liu et al., 2019 stated that the use of polymer
products and wax improved the Marshall stability, cohesion and freeze-thaw resistance of
HMA in cold weather. Moreover, the overall performance of modified HMA with Recycled
Plastic Waste Aggregate (RPWA) was improved (Abas and Abass, 2014).

2.4.3 Fibers and crumb rubber

Rubberized HMA can be produced using a wet or dry mixing process. In the wet process, tire
rubber is added to a heated virgin bitumen before mixing with the aggregates, while in the dry
process tire rubber is added directly with the aggregates in the mixing step of HMA production
(Bairgi, 2015). Crumb rubber of 2.0 to 6.3 mm is mixed with the aggregates (usually within a
range of 1 to 3 % by the total weight of the mix) before adding the asphalt binder (Cheriet et
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al., 2021). Tire rubber can be considered as a part of the bitumen or the aggregates. The
gradation of the tire rubber used in the dry process is coarser than the gradation of the tire
rubber used in the wet process. In this case, the tire rubber is considered as aggregates in HMA

(Bairgi, 2015).

The modified HMA with fibers and 5-20 % of crumb rubber improved the performance by
increasing Marshall stability, tensile strength and the resistance to the permanent deformation
and abrasion (Ziari et al., 2016; Kumar and Mahendran, 2014; Ferrotti et al., 2014; Al Qudah
et al., 2018; Al-Azawee and Qasim, 2018; Irfan et al., 2018; Msallam and Asi, 2018; Bakheit
and Xiaoming, 2019). Using fibers as a bitumen modifier in the production of cold mix asphalt
(CMA) has demonstrated its efficacy when compared to HMA (Shanbara et al., 2018). It
improved the indirect tensile stiffness, moisture damage and the resistance to the cracking and
permanent deformation. Merging of fibers and crumb rubber in the asphalt mixtures containing
Reclaimed Asphalt Pavement (RAP) showed higher Indirect Tensile Strength (ITS). Also,
merging of crumb rubber, epolene EE-2 and date palm ash DPA improved the rheological
characteristics and the performance of the asphalt pavement at high temperature and under
heavy traffic loading (Khan et al., 2019). However, it was found that and the HMA modified
with SBS and PmB showed higher Marshall stability in comparison with the modified HMA
with fibres (Eskandarsefat et al., 2019). This means that these HMAs are less likely to lose

their structural integrity when exposed to water.

2.4.4 Cement and other modifiers

Iwanski and Chomicz-Kowalska, 2013 indicated that the addition of Portland cement to HMA
materials increased the Marshall stability, ITS, MR and improved the resistance to the water
damage. On the other hand, only 1-2 % cement content is recommended in HMA due to the
increase in the brittleness of HMA and its strong negative impact on the environment (Fang,
2016). Moreover, some researchers stated that the addition of cement is critical for the
development of the strength of emulsion asphalt since it accelerates the breaking of the

emulsion and it behaves as a secondary binder after the hydration process (Fang et al., 2016).
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In addition, using cement with lime showed an improvement on the volumetric properties of
the HMA (Babagoli et al., 2016). Also, they increased the resistance to permanent deformation.
Anyway, using other modifiers such as nano-clay and nano-lime highlighted the effects on the
performance grade PG of the bitumen and increased the stiffness of the HMA, especially at
high temperatures (Ghanoon et al., 2020). Regarding the stiffness parameter, using
Construction and Demolition Waste (CDW), as recycled waste materials, instead of the natural

aggregates increased the stiffness of the HMA (Gomez-Meijide et al., 2016).

2.5 Lignin

The researchers are concerned about improving the performance and sustainability of HMA.
This can be achieved by using additives. These additives change the HMA properties and
enhance its durability. Bio-derived materials, such as lignin, can be used with HMA. In general,
lignin has a complex chemical structure and its properties depend on the extraction process
(Kun and Pukanszky, 2017). In particular, lignin is a three-dimensional, highly cross-linked
macromolecule that is composed of three kinds of substituted phenols: sinapyl, coniferyl, and
p-coumaryl alcohols (Watkins et al., 2015). This structure is formed by the enzymatic
polymerization process which allows producing huge number of functional groups and

linkages. One of the factors that affect the lignin properties is the raw material (original source).

There are different types of lignin such as lignosulfonate, soda-anthraquinone, organosolv,
ethanol process, and Kraft lignins. These lignins can be characterized by a functional group’s
analysis, elemental analysis, Mannich reactivity, molecular weight distribution and other
techniques (EI Mansouri and Salvadé, 2006). However, the chemical and physical behaviour
of the lignin vary according to the extraction method used and the original source of the lignin.
Lignin is the second most abundant natural polymer, while cellulose is ranked first (Watkins
et al., 2015). Lignin makes up to 10-25% of lignocellulosic biomass (Watkins et al., 2015). In
addition, lignocellulosic biomass was acknowledged for potential use in the production of
chemicals and biomaterials due to its reaction with the component of these materials and

products.
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There are many different sources of lignin extracted from wood cellulosic biomass such as
wood pulp and cotton (Figure 2.12). Also, lignin can be extracted from non-wood cellulosic
biomass (wheat straw, pine straw, flax fiber and alfalfa fiber) by formic acid treatment followed
by peroxyformic acid treatment (Figure 2.13). These kinds of treatment affect the chemical
composition and the thermal properties of the produced lignin (Watkins et al., 2015). Using of
Fourier transform infrared spectroscopy (FTIR) and thermogravimetric analysis (TGA),
respectively, can be used to determine the effects of the treatment process of each source of
lignin (Watkins et al., 2015). For example, the lignin extracted from the wheat straw and flax

fiber shows the greatest thermal stability among the other sources.

Figure 2.12 Extraction sources of lignin from wood cellulosic biomass: a) wood pulp,
b) cotton
Taken from Watkins et al. (2015)
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Figure 2.13 Extraction sources of lignin from non-wood cellulosic biomass:
a) Wheat straw, b) Pine straw, c) Flax fiber, d) Alfalfa fiber
Taken from Watkins et al. (2015)

The produced lignin from the presented extraction sources, wood and non-wood cellulosic
biomass, are in the powder form. Accordingly, many problems are expected to appear such as
safety issues, health risks and air pollution due to the dust and emissions to the atmosphere.
Nowadays, many organizations are concerned with the environmental problems. Therefore,
the attention is directed towards mitigating the impacts of these problems on the environment
by searching for alternative solutions. One of these alternatives is the use of the biomass
(Garcia, 2012; Nunes et al., 2014). In addition to the environmental benefits, substantial socio-
economic ones can be obtained from the use of the biomass (Miranda et al., 2015). More
precisely, the biomass that is used as an energy source can be utilized to compress the raw

materials with homogeneous properties and size.
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Pelletizing technique is the most common one among the other available techniques that are
used to compress the raw materials (Poddar et al., 2014). In this technique, different types of
oil or bark can be used to compress the raw materials of certain industries (Filbakk et al., 2011).
Many factors govern the properties of the pellets, especially the durability, such as the
proportions of the raw material and oil or back, moisture content and treatment conditions.
However, this thesis focuses only on the Kraft lignin in both forms, powder and pellets. More

details about these materials are presented in chapter 3 (section 3.2.1 and 3.2.2).

2.5.1 Effects of the lignin on the performance of the bitumen and HMA

The use of lignin with bitumen is possible (Al-falahat et al., 2023), and lignin can be introduced
as a bitumen modifier, extender or replacement (Gaudenzi et al., 2023). Thus, it is expected
that lignin could become a common renewable source to be used in asphalt mixture production.
It is worth mentioning that the chemical structure of the bitumen and lignin is similar since
both are primarily carbon-based materials (Watkins et al., 2015; Boeriu et al., 2014). According
to the literature (Wu et al., 2021; Yu et al., 2021; Xie et al., 2019), it is possible to have a stable
lignin-modified bitumen and the lignin can be well dispersed. As well, the storage stability test
can be employed to check the stability of the modified bitumen. Anyway, if some segregation
is noticed, a simple mixing is sufficient to put the lignin back in suspension (Pérez et al., 2019;
Norgbey et al., 2020). To this end, it is very important to check the stability of lignin-modified

bitumen in order to obtain representative results.

At very high temperatures, using lignin increases the viscosity () of bitumen, mainly at 135 °C
(Batista et al., 2018). However, Norgbey et al. (2020) mentioned that the effect of lignin on the
viscosity of bitumen is limited when used in small amounts (up to 10 %). Nonetheless,
according to Wu et al. (2021), the mixing and compaction temperatures that are required for
the Superpave gyratory compaction (SGC) test for HMA need to be increased by over 10 °C.
However, bio-oils such as soybean oil or tall oil can be used in order to reduce the viscosity of

HMA (Fini et al., 2010; You et al., 2011; Fini et al., 2013; Mills-Beale et al., 2014; Guduru et
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al., 2021). Li et al. (2020b) showed the effectiveness of the use of waste cooking oil as a

rejuvenator to restore the properties of the HMA.

At high temperatures, the addition of Kraft lignin tends to improve the performance of the
bitumen. In particular, lignin improved the rutting resistance of the bitumen (Ren et al., 2021;
Zhang et al., 2022). Nevertheless, according to Fu et al. (2021), incorporating an appropriate
percentage of lignin (12 %) will reduce the softening point (SP) of the bitumen. It should be
noted that the pH value of the lignin used in this study is 6.9-8.0 which means base lignin and
this might explain this finding. Others have shown a significant improvement on the elastic
recovery due to the addition of organosolv lignin and bio-oil to the bitumen, while the creep
compliance was decreased (Zhang et al., 2022). Lignin also improved the resistance of bitumen
to permanent deformation (Gordobil et al., 2015; Xie et al., 2017; Batista et al., 2018; Zarei et
al., 2018; Luo et al., 2019; Yue et al., 2019; Gao et al., 2020; Norgbey et al., 2020).

At intermediate temperatures, Yu et al. (2021) showed that the lignin powder (up to 10 %)
improved significantly the fatigue performance of bitumen. However, Ren et al. (2021), Zhang
et al. (2022), Xu et al. (2017) and Gao et al. (2020) mention the adverse effects on the fatigue
performance of bitumen due to the weakness of the molecular interaction and internal friction.
At low temperatures, the addition of Kraft lignin tends to reduce the resistance of bitumen and
HMA to thermal cracking (Batista et al., 2018; Norgbey et al., 2020; Arafat et al., 2019; Fakhri
and Norouzi, 2022). Yu et al. (2021) showed a slight reduction in the low-temperature cracking
was observed with high incorporation percentage (15 % and 20 %). However, Xu et al. (2021)
showed that adding 5 % of lignin to the bitumen enhanced the low temperature performance.
While, Wang and Derewecki (2013) and Gao et al. (2020) stated that adding up to 10 % of
lignin did not significantly affect the susceptibility of the bitumen to the low temperature
thermal cracking. According to Xie et al. (2017), using 6 % of lignin in HMA improved the
low temperature performance. Overall, Batista et al. (2018) and Wu et al. (2021) explained that
the incorporation of lignin increased the stiffness (S) of bitumen, while the temperature
susceptibility was reduced resulting in a wider thermal range of use of bitumen (difference

between high and low temperature performance grade PG of bitumen).
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Regarding the damage due to the presence of water, lignin increased the Marshall stability and
the indirect tensile strength (ITS) for HMA. Therefore, the lignin-modified HMA has better
resistance to cracking and less likely to absorb water and lose its structural integrity.
Maintaining a good structural integrity can be due to a good adhesion bond between aggregates
which will help to prevent or at least retard the stripping distress of HMA, leading to longer
service life of the asphalt pavement (Fayzrakhmanova et al., 2016; Zarei et al., 2018; Luo et
al., 2019; Pérez et al., 2019). This includes that the resistance to the water damage was
improved by adding lignin to HMA (Yue et al., 2019; Pérez et al., 2020; Zhang et al., 2020).
However, many agents can be utilized in order to obtain superior resistance to the water
damage resulting in longer-lasting pavements. One of these agents is Morlife 5000 (Badry et
al., 2021). Morlife 5000 works on the improvement of the retained strength of HMA by

increasing the bond between the bitumen and aggregates.

Besides, it is important to note that from the previous studies mentioned, and according to Xu
et al. (2021), the lignin does change the viscoelastic behaviour of the modified bitumen.
Because of this, it can be stated that at least part of the lignin plays the role of a binder and a
bitumen modifier. In this context, Hobson (2017) has shown an increase in the content of
extracted binder from lignin modified mixes compared with non-modified mixes, considering

lignin as a bitumen extender.

Globally, according to Pérez et al. (2019 and 2020), up to 20 % of the bitumen could be
successfully replaced with lignin. The effects of the lignin addition to the bitumen are different,
and they depend on many factors (for example, but not limited to, the chemical and physical

properties of the lignin).

Since the production of lignin-modified HMA on the laboratory scale is possible, there is no
doubt that it is also possible on the large scale, field trial section. Constructing trial sections
provides substantial data to the municipalities and transportation agencies. These data can be
used to improve pavement designs and material selections (Hesp et al., 2007; Hesp et al.,

2009a; Rigg et al., 2017). In addition, the test methods and acceptance criteria for the bitumen
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and HMA can be developed and validated (Iliuta et al., 2004; Bodley et al., 2007; Hesp et al.,
2009b; Hesp et al., 2009c¢; Evans et al., 2011; Wright et al., 2011; Erskine et al., 2012; Paul
Togunde and Hesp, 2012; Freeston et al., 2015; Holt et al., 2015). Modified asphalt pavements
showed better performance at high, intermediate and low temperatures and higher resistance
to the water damage (Ma et al., 2022). Moreover, the use of the modifiers reduced the
maintenance cost of the asphalt pavements. In particular, the partial replacement of bitumen
by lignin improved the performance of the asphalt pavements at very high, high and
intermediate temperatures (Lamothe et al., 2022). Regarding the low temperature performance,

no negative effects can be observed as long as the content of lignin is low.

Following the implementation of the field trial section, it is worth investigating the
environmental impact of using modifiers by performing life cycle assessments (LCA). The
production process of the bitumen requires a lot of energy and fuel, which causes a large
amount of greenhouse gas (GHG) emissions (Gao et al., 2020). This confirms that fully or
partially replacement of bitumen with greener and sustainable products is needed (Al-Hadidy,
2023). Khandelwal (2019) showed GHG emissions between 53 and 65 kg CO2 eq. for lignin-
modified asphalt pavement and 72 kg CO2 eq. for the unmodified asphalt pavement. Also,
Lamothe et al. (2022) indicated that the use of lignin in the asphalt pavement industry is
promising in terms of the GHG emissions to the atmosphere. To this end, besides using of
lignin as a binder or bitumen modifier in HMA, it can be used as a greener product which will

open a market for the use of lignin in the asphalt pavement industry.

2.5.2 Incorporation process

Lignin, powder and pellets forms, can be incorporated into the bitumen by using the low shear
mixer (LSM) and HSM. Xu et al. (2017) used LSM to incorporate 5 % and 10 % of lignin
powder with two different types of bitumen, unmodified and SBS-modified bitumen. The
incorporation temperature and speed were 163 °C and 1500 rpm, respectively. At the beginning
of the incorporation process, a volumetric expansion was observed in addition to floated air

bubbles on the bitumen surface. The incorporation process continued for 30 minutes until the
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air bubbles disappeared. These observations might be due to the moisture content within the
added lignin which made the bitumen foam. Accordingly, it is necessary to make sure that the
added lignin is completely dry before being incorporated into the bitumen. Pérez et al. (2019)
incorporated 5, 10, 20 and 40 % of lignin powder into the bitumen by employing LSM. The
incorporation temperature and speed were 160 °C and 300 rpm. The incorporation process
continued for 60 minutes. Herein, it may be concluded that the incorporation time can be

increased due to the addition of high lignin content, 40 % in this study.

HSM was used in many studies in order to prepare lignin-modified bitumen. Different contents
of lignin powder, from 1 % to 12 %, were incorporated into different types of bitumen (Batista
et al., 2018; Zhang et al., 2019; Gao, et al. 2020; Norgbey et al., 2020; Zahedi et al., 2020).
The incorporation temperature, speed and time were 150-160 °C, 5000-6000 rpm and 30-60

minutes, respectively.

2.5.3 Verification of the incorporation process

The performance of asphalt pavements is strongly influenced by the performance of the
bitumen. The modification of the bitumen resulted in chemical and physical changes in the
bitumen composition (Almusawi et al., 2019). In most cases, these changes appear as an
increase in the viscosity and stiffness of the modified bitumen. However, when something is
added to bitumen, it is necessary to verify the stability and homogeneity of the modified
bitumen. This verification process can be done by performing the storage stability test and
taking microscope images (Diebold, 1999; Batista et al., 2018; Norgbey et al., 2020). In the
storage stability test, upon the completion of the conditioning, the softening point of the lower
and upper part of a filled tube of bitumen is measured. Simply, the absolute difference value
of the two softening points represents the storage stability of the modified bitumen. According
to the laboratoire des chaussées (LC 25-003) and the American society for testing and materials
(ASTM D 5892) standards, the absolute difference value should be less than 2.0 and 2.2 °C,
respectively, to consider the modified bitumen as stable. Pérez et al. (2019) reported that the

maximum difference is 5.0 °C.
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For the microscope images, they have become a hotspot in many researches, especially for the
quantifying of particles morphology (Koohmishi & Palassi, 2017). Although it is difficult to
link the observation of these images with a successful incorporation process, many
morphological indices can be used as indicators to describe the particles of a filler or additive
such as surface texture, shape and angularity (Liu et al., 2017; Rajan & Singh, 2017; Xie et al.,
2017). For example, the formation of rough edges of an additive may result in stiff and viscous
bitumen. However, these morphological indices are independent of each other (Xing et al.,
2022). In other words, if one of these indices undergoes a change, the other indices will not be
affected. Also, the dispersion of the particles of an additive throughout the bitumen can be used
to describe the homogeneity (Norgbey et al., 2020). The uniform dispersion of the particles
leads to a homogeneous modified bitumen (Zhang et al., 2018). This may result in a better
overall performance of HMA. As the content of an additive increases, the small particles start
to coalesce and form big ones which will affect negatively the stability and homogeneity of the
modified bitumen (Pérez et al., 2019). However, the content of the aromatics and asphaltenes
plays a significant role in the compatibility of the lignin with the bitumen (Dong et al., 2014).
In particular, high aromatics content and low asphaltenes content lead to well-dispersed
particles throughout the bitumen, including stable and homogeneous modified bitumen. On the
other hand, although high aromatics content shows better performed bitumen, but low

asphaltenes content leads to less performed bitumen at high temperature (Dong et al., 2014).

2.5.4 Antioxidation properties of lignin

As time progresses, the bitumen stiffens, becomes brittle and eventually cracks. This occurs
due to the reaction of bitumen with air, including oxidized bitumen. The oxidation mechanism
leads to the deterioration of the properties of bituminous material, which identifies by aging
(Read and Whiteoak, 2003). For this purpose, using of antioxidants, lignin included, can be
utilized to delay the aging of bitumen and, thus, extend the service life of the road asphalt
pavements (Zhang et al., 2019). In order to simulate the oxidative aging process, the bitumen
must be subjected to the regimes of accelerated oxidative aging (Oliviero Rossi et al., 2018).

In particular, the short-term aging process according to the rolling thin film oven RTFO
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(AASHTO T 240-13) and long-term aging process according to the pressure aging vessel PAV
(AASHTO R 28-12) methods can be employed.

The addition of lignin improved the long-term aging index of the bitumen (Arafat et al., 2019).
Zhang et al. (2019) pointed out that the microstructure of the aged lignin-modified bitumen,
compared to the unaged one, was not affected. In addition, as obtained from FTIR tests results,
different functional groups of lignin did not change significantly. Moreover, in order to
evaluate the aging state of lignin-modified bitumen, the sulfoxide and carbonyl indices could
still be employed. Regarding the viscoelastic properties, lignin showed a little effect on the
aged bitumen, as revealed by DSR tests. Oliviero Rossi et al. (2018) studied three antioxidant
agents: phospholipids, ascorbic acid and lignin. Lignin, among the other agents, showed minor

effect on the resistance to the oxidative aging in addition to the highest age-hardening effect.

A global interlaboratory study was carried out on seven different types of bitumen from
different geographical places in the world in order to evaluate the effectiveness of using
antioxidant agents with bitumen (Adwani et al., 2023). Four different agents were studied,
including lignin. For the majority of the tested bitumens, lignin did not highlight a high degree
of effectiveness in terms of oxidative aging. Luz et al. (2021) stated that the use of lignin
delayed the stiffening of bitumen which was subjected to the short-term aging process (RTFO
method).

On the other hand, Su et al. (2023) and Lu et al. (2022) pointed out that lignin-modified
bitumen has better resistance to the oxidative aging than the unmodified bitumen. This was
due to changes of the indices of some of the functional groups. However, this result proved
that the state of the oxidative aging mechanism was the decomposition of the lignin itself,

which inhibited the bitumen from being aged.
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2.6 Effects of inert fillers

Since lignin is a powder form, it could be just a filler. Herein, it is worth investigating the
effects of fillers on the properties and performance of bitumen and HMA. This helps to
distinguish between inert fillers and lignin. Different types of filler are used in the asphalt
pavement industry such as lime, stone dust and cement (Kavussi & Hicks, 1997; Little &
Petersen, 2005; Lesueur et al., 2013). In general, fillers represent the particles that passed sieve
no. 200, smaller than 75 pm in diameter (Sharma et al., 2010; Zulkati et al., 2012; Csanyi,
1962; Muniandy et al., 2012). Due to the significant difference of density between fillers, some
researchers suggested using volume proportioning while using fillers in HMA (Tapkin, 2008;
Xue et al., 2009; Uzun & Terzi, 2012). For example, using low-density filler leads to the use
of higher quantity in HMA than what is desirable (Chen et al., 2011a). However, the use of
fillers in HMA weakens the adhesion bonding between the asphalt binder and aggregates,
which is due to the acidic nature of fillers and the presence of silica (Kiitiik-Sert & Kiitiik,
2013; Kuity et al., 2014). In addition, fillers showed a negative effect on the ITS of HMA,
which might be due to the high clay content for some types (White et al., 2006). Also, the use
of filler increases the density and stiffness modulus of HMA (Sengoz & Topal, 2005; Kiitiik-
Sert & Kiitiik, 2013; Barra et al., 2014). Wong et al. (2007) indicated that the resilient modulus
of a control mix was comparable with a mix that has 6 % of recycled concrete. A study was
conducted on the use of 4 % of recycled brick powder and limestone filler by the weight of
aggregate in HMA (Chen et al., 2011b). It was reported that the water sensitivity, ITS, rutting
and fatigue were improved. The incinerator ash filler can be used in HMA for up to 15 % to
improve the stability (Hassan, 2005). However, this type of filler is recommended for roads

with low traffic volume.

Generally speaking, some studies showed positive effects of using fillers in HMA and others
presented negative effects. However, the difference of the HMA performance depends on the
physical and chemical properties of the used filler and its interaction with the HMA, including
asphalt binder. Moreover, the particle size of the filler plays a major role in the rheological

properties of the asphalt binder (Chen & Peng, 1998). To this end, particle size and surface
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area of the filler are considered as the main factors that are responsible for the interfacial
interaction between filler and asphalt binder, while the chemical composition of filler did not
show a significant effect on the interfacial interaction (Antunes et al., 2015; Antunes et al.,
2016). Herein, it is necessary to quantify the morphology of the filler particles. For different
types of fillers, it was found that the filler particles tend to form clusters (Feng et al., 2020; Su
et al., 2020). This observation indicates that it is difficult for filler particles to disperse into a
single particle (Kuang et al., 2017). Therefore, according to the morphological quantifying of
filler particles by microscope images, it is expected to observe negative effects on the

performance of HMA that has been treated by adding fillers.

Robati et al. (2015) studied the effect of the inert filler on the asphalt binder. They stated that
the effect is governed by the properties of the filler and its concentration. Optimum
concentration of the inert filler in the asphalt binder gives optimum interaction between the
particles of the filler, forming a mastic. In other words, low filler concentration leads to
minimal interaction of the mastic due to the presence of high amount of free asphalt binder,
while high filler concentration results in a reduction of the capability of the mastic to adhere
and then to bond the aggregates together. They also showed that in case of the high filler
concentration, the increase rate in the stiffness of the mastic is sharp. Michel et al. (2023)
showed that the stiffness of the mastic was significantly affected by another parameter which
is the effective volume of the inert filler. The effective volume is the virtual volume fraction
of the filler for a given volume of filler when its fractional voids, also known as Rigden voids,
are added. High value of this parameter prevented the dispersion of the filler particles in the
asphalt binder matrix and coating issue was observed, including difficulties in the preparation

of the mastic.

2.7  Summary

Based on the findings from the literature, lignin can be incorporated into the bitumen as a
partial replacement. Although it increases the viscosity of the bitumen which will negatively

impact the workability of HMA and results in higher air voids content within HMA (very high
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temperature), it shows an improvement on the performance of bitumen at intermediate and
high temperatures, including fatigue cracking and rutting resistance respectively. Regarding
the low temperature performance, lignin does not show negative effects as long as its content
is low. Moreover, lignin increased the HMA resistance to the water damage. Besides, lignin
can be integrated with the HMA production on the large scale. Therefore, it is possible to open
a market for the use of lignin in the modification of road asphalt pavements. Following, lignin
is distinguished from the other modifiers as a greener and sustainable product, in addition to

its abundance in the nature, especially in Canada.

Despite the amount of work conducted on lignin-based asphalt, more work is required not only
to better understand its behaviour, but also to address the non-completed or unknown aspects.
For example, there is no clear methodology for how lignin is added to the bitumen (wet
process) or HMA (dry process). In addition, the effects of the incorporation process parameters
(temperature, time and speed) are not discussed. Also, it is not reported if there is a need for
using specific mixer (LSM or HSM) or even the effects of these mixers on the incorporation
process. In other words, the methodology for the incorporation process that is used in each
cited study is often based from previous studies without any further discussion. In addition, the
evaluation of the effects of adding lignin to the bitumen is still incomplete. For example, the
combination of the BBR and DSR tests results is not shown and discussed in the literature
review. In general, combining and linking the results of the performed tests can help to

understand the behaviour of the lignin as a powder (filler or binder or both).

Regarding the anti-oxidation process of lignin-modified bitumen, the studies reported that the
lignin can be considered as an antioxidant agent despite the non-remarkable effects on the
oxidative aging. However, this conclusion was drawn based on test results that had been
performed on the residue of RTFO or after 10 hours of PAV (one completed cycle of PAV is
equal to 20 hours). In other words, lignin-modified bitumen was not aged aggressively.

Therefore, the real long-term of oxidative aging process should be further investigated.



48

Regarding the fatigue cracking resistance and rheological properties (E*) of lignin-modified
HMA, there is a strong need to perform the related tests since it is not possible, through the
research in the literature review, to find a study that presents these behaviours. In addition, the
evaluation of the high and low temperatures performance of lignin-modified HMA should be
further developed in order to better characterize the thermomechanical behaviour in different

domains.



CHAPTER 3

MATERIALS CHARACTERIZATION AND TEST METHODS

3.1 Introduction

This chapter explains the materials and tests employed in this research program. The
experimental tests of the research program were carried out on both bitumen and hot mix
asphalt (HMA). The shown tests in this research were chosen to evaluate the effects of bitumen
substitution by lignin on the properties and performance of the bitumen and HMA at high,
intermediate and low temperatures. The different tests of the research program were selected
in order to reach the different objectives. To that end, the tests are separated into two main
parts. The first part covers the procedure used to add lignin in bitumen and the related tests
where the second part covers the work done on the addition of lignin directly in HMA. More
specifically, the experimental program begins with the study of the lignin incorporation
process, followed by the evaluation of the impact of the replacement of part of the bitumen
with lignin on the properties of the resulting binder. This is followed by the study of the impact
of the addition of lignin by the dry process on the preparation of mixes before studying the
properties of the asphalt mixes modified with lignin by the wet or dry process. Before showing

the methodology, the different materials used are presented.

3.2 Materials

This section presents the materials used in this research program and their properties. These
materials are: Kraft lignin in powder and pellet forms, bitumen and the aggregate used to

produce the HMA.

3.2.1 Kraft lignin

In this research, eight various types of Kraft lignin were studied, each with different sizes. Each

is a biopolymer and waste product of the Canadian wood industry, which is derived from soft
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or hard wood and has acid (A) form or basic (B) form which is the pH. Some were received as
junk particles and they were grinded twice at the provider’s facility in order to have fine
powder. Each lignin has a brown color, light or dark, and can be described as a sticky powder
material, especially after being grinded. These lignins were produced by different lignin
producers in Canada. Table 3.1 shows each type of lignin and the details about the abbreviation
of the name. It should be noted that the lignins HT SW A 1 and HT SW A 2 are basically the
same, but the conditions during the manufacturing process are different. As shown in Table 3.1,
with the 8 initial lignins, 19 lignins were studied since they have been modified from their

original version.

Table 3.1 Types of lignin studied in this research program

No. | Type of lignin Details of the type

;‘ §$ gg i ;_ Hinton soft wood, acid form

3 HT SWB?

4 |HTSWB %P Hinton soft wood, base form

5 |HTSWB2™M¢

6 TBHWA?

7 | TBHW A 1%° Thunder Bay-hard wood, acid form
8 | TBHW A2me¢

9 TBHWB?

10 | TBHW B 1% Thunder Bay-hard wood, base form
11 | TB HW B 2"°¢

12 |[KSWA?

13 | KSWA 18P Kruger soft wood, acid form

14 | KSW A 2nde

15 |[KSWB?

16 | KSWB 1P Kruger soft wood, base form

17 | K SW B 2m¢

18 | HT SW A-modified | Hinton soft wood, acid form (modified)
19 | K SW A-modified Kruger soft wood, acid form (modified)
2The lignin is not grinded (junk particles);

®The lignin is grinded once (smaller size of solid particles);

The lignin is grinded twice (fine powder).
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Figure 3.1 and Table 3.2 show the photo and the main properties of the first type of lignin (HT
SW A 1). For the other types, there is no available information from the supplier. However,
the potential hydrogen (pH) test was done at ETS in addition to the laser granulation, which
was done with Mastersizer 3000 laser granulometry device (Figure 3.2). Figures 3.3 to 3.10
show the other types of lignin in different sizes: junk particles and after the first and second

grinding process.
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Figure 3.1 HT SW A 1 lignin

Table 3.2 Properties of the HT SW A 1 lignin provided by the supplier

Property Value *
Passing of 100 mesh or 149 pm (%) 99.3

Passing of 200 mesh or 74 um (%) 97.6

Density, p (g/cm3) 1.2-1.3
Potential hydrogen (pH) 3-4

Moisture content, w (% mass) 1.0
Decomposition temperature (°C) 160-170
Glass transition temperature, Tg (°C) 150-160
Purity (%) 95

" The values are provided by the supplier: no specific standards.
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Figure 3.2 Mastersizer 3000 laser granulometry apparatus
and its attachments
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Figure 3.3 HT SW A 2 lignin
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Figure 3.4 HT SW B lignin: a) junk particles, b) after first grinding, c) after
the second grinding process
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Figure 3.5 TB HW A lignin: a) junk particles, b) after first grinding, c) after
the second grinding process
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Figure 3.10 K SW A modified lignin

3.2.2 Lignin Pellets

In order to limit the potential health and environmental problem of working with a fine powder,
lignin pellets were produced for us. Simply, the pelletizing process of the Kraft lignin consisted
in mixing lignin with soybean oil in different percentages and at different moisture before being
compressed into pellets. Two types of the pellets were tested in this research: high durability
index (HDI) and low durability index (LDI) pellets. The durability index represents the
resistance of pellets to degradation, heat, aging and environmental influences. In this research
program, the pellets that have a durability index of 79.2 is considered as HDI, while a durability
index of 43.4 is considered as LDI. However, from the properties of the pellets (Table 3.3), the
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acquired durability could be obtained mostly by adding more soybean oil in addition to the
moisture condition. For example, 10 % soybean oil and 0 % added moisture are needed for the
HDI, while for LDI, 5 % soybean oil and 5 % added moisture are needed. Figure 3.11 shows
the HDI and LDI pellets tested in this research. The pellets were produced by CPM, a company
located in Iowa, USA, specifically for this research program. The soybean oil content was

decided by CPM based on their experience in producing pellets.

Table 3.3 Properties of the high and low durability index pellets provided by the supplier

Property High durability index pellets | Low durability index pellets
HDI” LDI"

Soybean oil content (%) 10 5

Moisture content (%) >1 2.1

Density, p (g/cm?) 0.42 0.34

Pellets Durability Index PDI | 79.2 43.4

" The values are provided by the supplier: no specific standards.
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Figure 3.11 High (a) and low (b) durability index pellets

3.2.3 Bitumen

Two soft and unmodified bitumens adapted for cold climates and standard traffic level were

used in this research: PG 58S-28 and PG 52S-34. According to the Transports Quebec,
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PG 58S-28 is specified for Montreal’s area. PG 52S-34 was chosen to see the impact of lignin
on softer bitumen, compared to PG 58S-28. Table 3.4 shows the main properties of the two

bitumens according to the bitumen suppliers, Suncor Energy and McAsphalt.

Table 3.4 Properties of the bitumen PG 58S-28 and PG 52S-34 provided by the suppliers

Aging  |Test Property Value for PG |Standard or
level 58S-28 | 52S8-34 Test method
None *  [FP Flash point, FP (°C) 305 305 |ASTM D 92
SP Softening point, SP (°C) 42.5 36.0 |LC 25-003
BRV Viscosity, n, at 135 °C 254.0 | 174.0 AASHTO T 316
(mPa-s)
Viscosity, n, at 165 °C 80.0 590
(mPa-s)
DSR |G*|/sin (8) at 58 or 52 °C AASHTO T 315
1.3 1.1
(kPa)
High temperature, Thigh (°C) 59.7 52.8 |ASTM D 7643
RTFO |Mass variation (% mass) -0.415 | -0.717 |AASHTO T 240
Short MSCR |Jnr3.2 at 58 or 52 °C (kPa™!) 2.84 | 3.68 |[AASHTO T 350
term ° Jnrdiff. at 58 or 52 °C (%) 12.7 8.3
R3.2 at 58 or 52 °C (%) 0 0
Traffic level at 58 or 52 °C (n:
S S
letter)
Long BBR Low temperature, Tiow (°C) 301 34.7 AASHTO T 313
term © T | 77" |ASTM D 7643
?  The tests were carried out on unaged bitumen.
® The tests were carried out on the rolling thin-film oven (RTFO) residue.
¢ The tests were carried out on the RTFO and pressure aging vessel (PAV) residue.

3.2.4 Aggregate

The aggregate used in this research to produce the HMA was sampled directly from the quarry
and characterized in the laboratory. Table 3.5 shows the type, size and source of each aggregate
category. The sieving process of the aggregate was conducted and the results were analyzed.
Quebec’s Laboratoire des chaussées LC method was employed in order to check the eligibility
of the aggregate to be used in the HMA. Figure 3.12 shows the gradation curve of the mix and

the LC-4202 requirements (control points and restriction zone) for an ESG-10. According to
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Quebec provincial (LC-4202) requirements, the gradation curve must be located between the
control points and out of the restriction zone (MTMDET, 2017). For this research program, it
was decided to produce and test an ESG-10, which is the most common surface mix used on

high traffic roads in Quebec (MTQ, 2015).

Table 3.5 Properties of the aggregate used to produce HMA

Aggregate type Aggregate size (mm) Source
Limestone 5-10 DJL Saint-Bruno
0-5
Non-washed limestone 0-5 DJL Saint-Philippe
Natural sand 0-1.25 DJL Saint-Rock
Limestone filler 0-0.315 DJL coating plant
120
100

LC-4202 requirements

N

o0
=
L

LC-4202 restriction zone

Passing (%)
&2
jen] o

[
=
1

0 T LI L LR T LR | T LI | T LI L LI
0.01 0.1 1 10 100

Sieve size (mm)

Figure 3.12 Particle size distribution of the aggregate and LC-4202
requirements for ESG-10

3.3 Tests methods

The research program is divided into six phases, each represents the corresponding chapter

(Figure 3.13). The program starts from phase A which is the wet process incorporation of lignin
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into the bitumen and the verification of the wet process incorporation through the
corresponding tests (phase B, CH. 4). The lignin modified bitumen was studied at high and
low temperatures and the oxidation process as well (phase C, CH. 5). After, the compactability
of the HMA produced by wet and dry processes was investigated (phase D, CH. 6). The
rheological properties and thermomechanical performance of the HMA at high and low
temperatures were examined (phase E, CH. 7). Lastly, three annexes are presented (phase F).
Annex I shows the full-scale production of the modified HMA with lignin. Annex II shows the
effect of tall oil on the HMA compactability. Annex III shows the fatigue tests results of the
lignin-modified HMA.
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Research program to evaluate the effects of lignin in both powder and pellet form.

Phase A
Preparation of:
e Lignin-modified bitumen (incorporation wet process).
e Lignin-modified hot mix asphalt HMA with ESG-10 formulation (wet and dry).

!

Phase B (CH. 4)
Verification of the incorporation process by:
e Storage stability test;
e Microscope observation.

|

Phase C (CH. 5)
Rheological tests of bitumen:

For effects of lignin on bitumen

e BRV e DSR e MSCR e BBR o G* e FTIR

For the oxidation process (bitumen was subjected to repeated long-term
aging process; 0, 20, 40 and 60 hours of PAV).

|

Phase D (CH. 6)
Compactability of HMA produced by dry and wet processes:
e SGC

Phase E (CH. 7)
Rheological properties (E*) and thermomechanical tests of HMA:

e E* e Moisture sensitivity e I[TS

e Rutting e TSRST

Phase F (Annexes)
Annex I: Trial sections.
Annex II: Using tall oil with lignin-modified HMA.
Annex III: Fatigue tests results of lignin-modified HMA.

Figure 3.13 Summary of the research program
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3.3.1 Verification of the incorporation of lignin into the bitumen (wet process)

The lignin was incorporated with the bitumen under different conditions. The incorporation
process was verified by performing the storage stability test and with microscope observation

in order to check the stability and homogeneity of the lignin modified bitumen.

3.3.1.1 Storage stability test

The purpose of the storage stability test is to provide evidence on how the stability of a product
varies with time under the influence of environmental factors such as temperature, humidity
and light (Quebec test method LC 25-003 and American standard ASTM D 5892). In this case,
the objective of the test was to check the stability of the modified bitumen after the addition of
the lignin. If the binder is stable, it means that the dispersion of the lignin does not change over
time. Two types of mixers (Figure 3.14) were employed to perform the incorporation process.
An overhead stirrer (IKA RW16) and a high shear mixer (HSM SILVERSON L4RT-W).
Tubes partly filled (50 + 0.5 g) with bitumen (modified with lignin or not) were conditioned at
163 °C for 48 hours (Figure 3.15 a) and were then placed in a freezer at -5 °C for 3 hours. After
this conditioning, thin discs of bitumen were cut at the top and at the bottom of each tube
(separation tube test) and their softening point (SP) was determined (Figure 3.15 b). The
softening point (SP) is defined as the temperature at which a bitumen disc can no longer support
the weight of a 3.5 g steel ball (ASTM D 36). Finally, the storage stability of the bitumen
corresponds to the absolute difference between the SP of the top disc and the bottom disc. The
closest the two temperatures are, the better the stability is. Two repetitions are planned to
perform for this test. According to LC 25-003 and ASTM D 5892, the difference should be

less than 2.0 and 2.2 °C, respectively, to consider the mix as stable.



Figure 3.14 Two mixers used in this study. a) IKA RW16 basic
overhead stirrer, b) SILVERSON L4RT-W high shear mixer

Figure 3.15 Storage stability test. a) tubes for the storage stability
test, b) Softening point test

65
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3.3.1.2 Microscope observations

The aim of these observations is to verify that the lignin is homogeneously distributed in the
bitumen and that there are no lignin clusters in the mixes. For this, a very thin layer (obtained
by sliding two hot parallel glass plates) of hot bitumen was spread on a glass plate (Figure 3.16
a) and the microscope (Figure 3.16 b) was used to make a visual evaluation of the homogeneity
of the material at room temperature (20-25 °C). There are no standards to evaluate the
homogeneity of a modified bitumen with microscopy. In this research program, a software
which is called FIJI/IMAGEJ is used for the quantification of the microscope images. This
software can detect the solid particles in the images and draw line borders with highlighted
colour. In this regard, the most important step for detecting particles is the thresholding which
is a technique to separate objects (lignin particles) from the background (bitumen). Due to the
sensitivity of this technique, the results of the quantification for those images vary according
to the thresholding value of the objects and background. Many trials (thresholding values) can
be done to obtain the best thresholding that represents the microscope image. With this
thresholding, the lignin particles can be distinguished from the bitumen. Following, with the
morphological analysis of the microscope images, the homogeneity of the bitumen is evaluated
based on the dispersion of the lignin particles throughout the bitumen. In other words, the
distances between the lignin particles can refer to the homogeneity of the lignin-modified
bitumen. For further analysis, the shape, surface texture and angularity of the lignin
particles can be used to predict the properties (viscosity) and thermomechanical performance
of HMA, especially stiffness and resistance to the water damage. One observation is planned

to perform for each lignin content.
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Figure 3.16 Homogeneity tests with microscopy. a) bitumen drops on the
glass plates, b) microscope apparatus

3.3.2 Aging processes, rheological and chemical tests of bitumen

According to the standards of some rheological tests (AASHTO T 350 and AASHTO T 313),
the specimen of the bitumen to be tested should be from the residue of different aging
processes. For that specimen which is not required to be aged (AASHTO T 316, LC 25-007
and AASHTO T 315), the test was performed directly upon the completion of the incorporation
wet process. However, the time between the incorporation process and testing varies from a
few minutes (about 10 minutes) to approximately one hour. It is important to note that the

resting period did not change the results, according to the performed repetitions.

3.3.2.1 Rolling Thin Film Oven (RTFO)

The RTFO is the simulation of the short-term aging process that occurred during production
and paving operations (AASHTO T 240-13). RTFO ages the bitumen by applying heat and air

and it is necessary for predicting the behavior of early age HMA pavements and distresses. For
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this purpose, eight glass containers (Figure 3.17 a) were filled with 35 g of bitumen and cooled
down for one hour before being arranged in the carriage of the RTFO apparatus (Figure 3.17
b). As specified in the standard, the aging process was conducted for 85 minutes at 163 °C of

temperature and 4000 ml/min of airflow.

Figure 3.17 RTFO aging. a) glass containers filled with bitumen, b) RTFO apparatus

3.3.2.2 Pressure Aging Vessel (PAYV)

The PAV is the simulation of the long-term aging process of the asphalt binder (AASHTO R
28-12). The PAV aging process is always done after completing the RTFO aging process. The
asphalt binder is subjected to heat (100 °C) and pressure (2.11 MPa) for 20 hours to simulate
in-service aging over a period of 5 to 10 years (AASHTO R 28-12). A stainless steel pan
(Figure 3.18 a) was filled with 50 g of the RTFO residue and then placed in the pan holder
inside the PAV apparatus (Figure 3.18 b). The vacuuming process should be applied on the
PAYV residue before being used for the tests in order to remove the air bubbles from the

bitumen.
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Figure 3.18 PAV aging. a) stainless steel pan, b) PAV apparatus

3.3.2.3 Brookfield Rotational Viscometer (BRYV) test

The BRYV test was carried out by following the AASHTO T 316 standard and Quebec test
method LC 25-007. This test was performed on the unaged bitumen. The viscosity (1), which
is the flow resistance of the bitumen, has a direct impact on the ability of the bitumen to coat
the aggregates during mixing, and on the workability and compactability of the mix afterwards.
Some bitumens need to be heated to a higher temperature to reach the viscosity targeted for
mixing (N targeted for mix.: 170 = 20 mPa-s) and compaction (0 targeted for comp.: 280 £ 30 mPa-s)
process. According to the standard and test method, the test should be performed at 135 and
165 °C. In this research, the test was also performed at 145 and 155 °C to get more information
about the viscosity-temperature relationship of the bitumens since the addition of lignin may
impact the normally linear viscosity-temperature relationship. For this purpose, a spindle was
immersed in a cylindrical mold filled with 8.16 g of bitumen (Figure 3.19 a) and the BRV
apparatus (Figure 3.19 b) allows the spindle to rotate with a speed of 100 rotations per minute.

An average of five measurements for one specimen are planned to perform for this test.
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Figure 3.19 Brookfield Rotational Viscometer (BRV) test. a) BRV mold,
b) BRV apparatus

3.3.2.4 Steady shear flow (SSF) method

The SSF method, also known as Reinke method (Almusawi et al., 2019), was also used to
measure the viscosity of the unmodified and lignin-modified bitumen. It was decided to have
a second viscosity measurement method because we had a problem with the Brookfield device

at the beginning of the project which lasted for a long time.

Like for BRV, the tests were performed on the unaged bitumen specimens. SSF method is
based on the shear dependency behaviour of the bitumen. The dynamic shear rheometer (DSR)
is employed to perform the test (Figure 3.20 a). In this test, a specimen of 25 mm in diameter
(Figure 3.20 b) is placed between the two-parallel plate of DSR with 0.5 mm gap. High shear
stresses sweep (50 to 1000 Pa) are applied on the specimen at different temperatures (88 to 112
°C). The test starts at 88 °C and 50 Pa and then conducting a constant shear until steady state
is achieved at each shear stress level. The duration time of data sampling is 12 seconds. When
three consecutive sampling duration generates viscosity values within 2 %, the steady state is

achieved. The specimen should be conditioned for 10 minutes at each temperature. In this
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method, the targeted viscosity for the mixing process is the same as in BRV (170 + 20 mPa-s),
while the difference is in that for the compaction process (350 + 30 mPa-s compared to 280 +

30 mPa-s for BRV). One repetition is planned to perform for this test.

Figure 3.20 Dynamic Shear Rheometer used for the Steady shear flow (SSF) method.
a) DSR apparatus, b) 25 mm geometry used for the test

3.3.2.5 Dynamic Shear Rheometer (DSR) test

The DSR test was used to evaluate the performance of the bitumen at high temperatures, and
it could be utilized to characterize the viscoelastic behaviour of the bitumen (AASHTO T 315).
The DSR tests were performed on the unaged bitumens to determine the norm of complex
shear modulus (|G"|) and the phase angle (3) at the frequency of 1.59 rad/s (or 10 Hz) and for
different temperatures, starting from the high temperature PG of the bitumen (52 and 58 °C for
bitumens PG 52S-34 and PG 58S-28, respectively) and continue with a 6 degrees increment
until criterion’s failure. |G"| represents the stiffness of the bitumen, while § represents the lag
between the applied stress and the material response. According to the standard, the
classification of the bitumen is based on the value of the ratio |G’|/sin(8). It should be higher
than 1 kPa at the H temperature of the performance grade (PG) of the bitumen examined. In
addition, the value of 1 kPa is used to determine the high temperature (Thigh) of the bitumen.

One repetition is planned to perform for this test.



72

3.3.2.6 Multiple Stress Creep Recovery (MSCR) test

The MSCR test evaluates the traffic level (n) class of bitumen, and it is also related to the
rutting performance of the bitumen (AASHTO T 350). This test was added recently to the
Transports Quebec standard (TQ 4101) that refers to the American standard (AASHTO
M 332). The test was carried out on the RTFO residue at two different stress levels: 0.1 and
3.2 kPa. The non-recoverable creep compliance values at the stress level of 3.2 kPa (Jnrs .2, kPa-
1, the difference in non-recoverable creep compliance between 0.1 and 3.2 kPa (Jnraifr, %) and
the average recovery at 3.2 kPa (R32, %) were determined at the high (H) temperature grade
of the unmodified bitumen. The Jnrs2 value ranges from 0 to 4.5 kPa! and the lower the value
is the better resistance to permanent deformation of the bitumen. The DSR apparatus (Figure
3.20 a) is used to perform the MSCR test using the same geometry of the specimen (25 mm
diameter, Figure 3.20 b). Table 3.6 shows the traffic level (n) of the bitumen determined with
the parameters of MSCR test according to the standard TQ 4101. One repetition is planned to

perform for this test.

Table 3.6 Traffic level (n) class of bitumen determined with the MSCR test specifications

Traffic level (n) class? Jors2 value (kPa™!)  |Jnrairr (%) ° R32 (%)°¢
Standard (S) <45 75 max. > 29.371Jnr3 270263
Heavy (H) =2

Very Heavy (V) <1

Extreme (E) <0,5

The class of bitumen is determined with parameters requirements of MSCR test
specified in Transports Quebec standard TQ 4101.

Does not apply to class E bitumen.

Does not apply to bitumens of traffic level S class and is limited to a minimum of
55 % for bitumens with Jnr3 < 0.10 kPa™.

3.3.2.7 Bending Beam Rheometer (BBR) test

The BBR test was used to evaluate the performance of the bitumen at low temperatures
(AASHTO T 313). Since bitumens are more prone to low temperature cracking with age, this

test is performed on PAV residue. Figure 3.21 (a) shows the BBR apparatus used in this
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research. In this test, the hot bitumen is poured in a rectangular mold to form the BBR beam
(102 mm x 12.5 mm x 6.25) shown in Figure 3.21 (b). The excess of the bitumen on the surface
of the beam is trimmed after 45 minutes of cooling down and then the beams are demolded
after another 45 minutes of cooling down. The beams are placed in the testing bath and
conditioned at the testing temperature for 60 minutes. The load is applied to the bitumen beams
to determine the creep stiffness modulus, S(60), and the creep relaxation, m(60), at 60 seconds
loading time. Those parameters are used to evaluate the performance of the bitumen at low
temperatures. To ensure that the bitumen has a good thermal cracking resistance at
temperatures superiors than the L temperature grade, the S(60) value must be lower than
300 MPa and the m(60) value must be higher than 0.3. The low temperature (Tiow) of the
bitumen is calculated from the most restrictive of those parameters. Three repetitions are

planned to perform for this test.

Figure 3.21 Bending Beam Rheometer (BBR) test. A) BBR apparatus,
b) specimen of the beam

3.3.2.8 Shear complex modulus G*

The G* tests are performed to characterize the complete linear viscoelastic (LVE) properties

of the bitumens. The LVE domain was determined as a prior step to be able to perform the G*
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test. To do so, stress-strain curves were obtained at specific temperature and frequency,
depending on the G* testing temperatures. In particular, to determine the LVE domain for G*
tests at high, intermediate and low temperatures, fixed temperatures were used (40, 4 and -16
°C, respectively) by using specific geometries (25 mm with gap of 1 mm, 8§ mm with gap of 2
mm and 4 mm with gap of 2 mm, respectively). The frequency was fixed at 10 Hz. The linearity
was determined at which the stiffness decreased to 95 % of its initial value. Following, the G*
tests were done at a wide range of temperatures (-30, -18, -6, 0, 10, 22, 34, 46, 58, 70 and
82 °C) and frequencies (10, 8, 6, 4, 2, 1.59, 0.9, 0.7, 0.5, 0.3 and 0.1 Hz). The geometries 25,
8 and 4 mm are shown in Figures 3.20 b and 3.22 a and b, respectively. The chosen rheological
model and its graphical representations used to analyze the test results are mentioned in section

3.3.3.3 (complex modulus E* for HMA). One repetition is planned to perform for this test.

Figure 3.22 Mold for the specimen preparation for G*. a) 8§ mm, b) 4 mm geometry
used for G* test

3.3.2.9 Fourier transform infrared (FTIR)

The FTIR technique was employed to obtain an infrared spectrum of emission or absorption
of the lignin. The basis of the chemical composition of the lignin could be provided by the
FTIR. More precisely, FTIR is used to determine the components and identify the compounds
of the material. It can also be used to highlight if there are new spectra that refers to a new
produced component. Data of high spectral resolution could be collected over a wide range
(from 10 000 to 400 cm™ wavelength). In this test, the absorbed monochromatic light beam by

the specimen is measured. The spectroscopy of FTIR detects functional groups of the specimen
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such as N-H, O-H, C-H, C = O, C = C, and C = N. For this purpose, one drop of the bitumen
was poured on a thin glass plate to be tested. Figure 3.23 (a) and (b) show the FTIR
spectroscopy and the prepared specimen for the test, respectively. One repetition is planned to
perform for this test. From the FTIR spectrum, the carbonyl (C=0 at 1700 cm™ wavenumbers)
and sulfoxide (S=O at 1030 cm™' wavenumbers) indices can be determined by calculating the

area under the corresponding peak relatively to a 2-endpoint baseline.

Figure 3.23 Fourier transform infrared (FTIR). a) FTIR spectroscopy apparatus, b) drop of
bitumen on a thin glass plate

3.3.3 Compactability, rheological properties and thermomechanical performance tests
of HMA

This section includes the tests performed on the HMA in order to evaluate the effects of lignin
addition on the viscosity, rheological properties and thermomechanical performance at high,
intermediate and low temperatures. These tests are shear gyratory compaction (SGC), complex
modulus (E*), moisture sensitivity, rutting resistance, thermal stress restrained specimen TSRS

for thermal cracking resistance and fatigue cracking resistance.

For the HMA preparation, the aggregates were separated by the mechanical separator in order
to have equal portions for each type of the aggregate. Then the aggregates were placed in the
oven at 15 °C higher than the mixing temperature (measured using DSR, Reinke method) for

around 24 hours. For the bitumen, the oven was programmed to run at the mixing temperature
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for 3 hours. The lignin was added, at room temperature, to the bitumen (wet process) or directly
to the HMA (dry process). All accessories (bowl, mixer, spoon and pans) that are needed for
the mixing process are placed in the oven at the aggregate temperature. A countertop mixer,
Hobart model A200, (Figure 3.24 a) was used to prepare the HMA specimens for SGC,
moisture sensitivity and moisture-induced damage tests. A thermo-regulated (TR) mixer
(InfraTest model 30 1) (Figure 3.24 b) was used to prepare the HMA slabs for the E*, rutting

and fatigue tests.

Figure 3.24 Mixers used in this study. a) Hobart model A200
countertop mixer, b) Thermoregulated TR (InfraTest model 30 1) mixer

3.3.3.1 Shear gyratory compaction (SGC) test

The SGC test was employed to evaluate the compactability of the modified HMA with lignin
(LC 26-003). There are three test standards that are associated with this test; LC 25-007
(Section 3.3.2.3), LC 26-045 and LC 26-010. LC 26-045 is used for the measurement of the
maximum theoretical specific gravity Gmm, while LC 26-010 is used for the separation

(reduction) of the HMA specimen. The separation process was done with a sample splitter in
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order to obtain two equal portions of HMA. In the first step of the separation process, the
difference between the two portions should be less than 3 %, and less than 5 % for the other
steps until the end of the process. Upon the completion of the mixing and separation processes,
the HMA specimen is placed in the oven at the compaction temperature Tc+ 2 °C (measured
using DSR, Reinke method) for a minimum of 30 minutes and a maximum of 2 hours. Then,
the specimen was placed in the preheated cylindrical mold at the Tc. The test starts to compact
the HMA specimen that is placed in an inclined mold of about 1.25° with respect to the
horizontal axis. The machine applies a pressure of 600 kPa while rotating at 30 gyrations per
minute. The height of the specimen is determined after each gyration in order to calculate the
air voids content and the test stops after 200 gyrations. Figure 3.25 (a) and (b) show the scheme
of the SGC test and the gyratory shear press, respectively. The compaction curve between the
air voids content (%) with the number of gyrations (N) in semi-logarithmic scale can be
obtained. According to the LC-4202 requirements for ESG-10, the air voids content at 10
gyrations should be higher than 11 %, between 4 and 7 % at 80 gyrations and higher than 2 %

at 200 gyrations. Three repetition is planned to perform for this test.

In this research program, the CEI is calculated between gyration number 10 and the number of
gyrations required to reach the target air voids of 5.5 % (average of 4 and 7 %). Herein, to
compare the CEI results, it is not useful to consider the area below the target air voids.

Therefore, an equation characterized by the parameters Vm (10) and (K) could be used:

_ (Vm(10) — Vm.t)?
CEI = 2% K| (3.1)

where CEI is compaction energy index, Vm (10) is the air voids in the mix at N=10, V. is

the target air voids in the mix (5.5 %) and K is the slope of the compaction curve.
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a) 600 kPa pressure

30 gyrations
per minute

Figure 3.25 Shear gyratory compaction (SGC) test. a) scheme of the SGC test,
b) gyratory shear press

3.3.3.2 Maximum theoretical specific gravity (Gmm) test

The Gmm (LC 26-045) value is needed to determine the required mass for the SGC test. This
test is performed on loose (uncompacted) HMA (Figure 3.26). The loose HMA was placed in
the oven at Tc+ 2 °C for 2 hours and then cooled down at the room temperature. In order to
have the Gmm value, the air trapped in the specimen is removed while being subjected to a
partial vacuum. For the vacuuming process, the glass container was filled with water of about
2.5 cm above the HMA specimen surface and the process had been conducted for 10 minutes,
one minute without shaking and 9 minutes with shaking. Three masses are required to calculate
the Gmm value. The dry mass of the specimen (at least 1000 g for ESG-10), the mass of the
glass container filled with water and its cap and the mass of the specimen and the glass
container filler with water and its cap. The last mass should be measured after the vacuuming
process. The temperature of water should be 25 + 0.5 °C. Two repetitions are planned to

perform for this test.
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Figure 3.26 Loose HMA specimen used for Gmm

3.3.3.3 Complex modulus (E¥)

This test method was employed to evaluate the rheological properties of the HMA within the
linear viscoelastic LVE domain at a wide range of temperatures and frequencies. The tests
done are based on the Laboratoire sur les Chaussées et les Matériaux Bitumineux (LCMB)
methodology which is similar to the LC 26-700 method from the MTQ. The standard LC 26-
690 was used for the production of the HMA specimens using Laboratoire des Ponts et
Chaussées (LPC) compactor. Two specimens (75 £ 1 mm in diameter and 135 £ 1.5 mm in
height) were extracted from the compacted slab (500 mm x 180 mm x 100 mm) by LPC
compactor. The specimens were placed in a sand container to avoid any deformation and cured
for two weeks at room temperature and then the air voids content was measured for each
specimen. The test was performed by applying cyclic tension-compression load on the
specimen. This test can be performed under stress or strain control mode, but in this research
program, the strain control mode was employed. The test was performed at a wide range of
temperatures (-35, -25, -15, -5, 5, 15, 25 and 35 °C) and frequencies (10, 3, 1, 0.3, 0.1, 0.03
and 0.01 Hz). One repetition is planned to perform for this test. The 2S2P1D rheological model
was used to analyze and evaluate the viscoelastic behaviour of the HMA in the LVE domain.
The graphical representations of the 2S2P1D model, Cole-cole diagram and master curves of

the norm of complex modulus |[E*| and phase angle ¢, were employed.
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3.3.3.4 Moisture sensitivity tests

In this section, two tests are employed to evaluate the resistance to the moisture or the water
damage. The tests are the moisture sensitivity LC 26-001 and moisture-induced damage
AASHTO T 283. Both tests provide valuable information for ensuring durability and
improving the resistance of HMA to common distress modes such as cracking and moisture
damage. They also provide a more comprehensive understanding of the HMA performance

characteristics by focusing on stability, flow and tensile strength of HMA.

For the moisture sensitivity test, the associated tests standards are LC 26-020, LC 26-040 and
LC 26-060. LC 26-020 was used for the preparation of the Marshall specimens by the Marshall
compactor (Figure 3.27 a). The specimens were placed in the oven at Tc+ 2 °C for 2 hours
before being compacted. After 24 hours of curing time of the compacted specimens at room
temperature, the specific gravity for each specimen was measured according to LC 26-040.
The air voids content of the specimens was determined and specimens were grouped into two
subsets of three specimens having approximately equal average of the air voids content. The
specimens in the first subset were subjected to the vacuuming process and then soaked directly
in a water bath without contacting the air for 24 hours at 60 = 1 °C. This condition allows the
specimens to undergo accelerated aging by soaking (LC 26-001). The specimens in the second
group were placed in a water bath for 30-40 minutes at 60 + 1 °C. The test was performed at
25 °C after the conditioning of the specimens. LC 26-060 was used to determine the resistance
to the deformation by applying a constant speed of load to the jaw of the Marshall apparatus
(Figure 3.27 b). The maximum carried load by the specimen is called Marshall stability. The
ratio of the average Marshall stability of the soaked specimens divided by the average Marshall
stability of the non-soaked specimens is called stability retained or water resistance (WR). To
meet the standard requirement, the WR should be higher than 70 %. The moisture-induced
damage test includes one cycle of freeze and thaw. An indication of the cracking resistance at
low temperatures could be obtained. After mixing, the specimens were cooled down at the
room temperature for 2 hours and cured in the oven at 60 °C for 24 hours. The temperature

was increased to the Tc for 2 hours. The gyratory shear press was used to compact eight
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specimens in order to obtain 7 + 0.5 % air voids. The compacted specimens were cooled down
at the room temperature for 2 hours before being extracted from the mold. The fan was
employed to accelerate the cooling process. The specimens were stored at room temperature
for 24 hours. The eight Marshall compacted specimens were grouped into two subsets of four
specimens having approximately equal average of the air voids content. The specimens in the
first subset, which is called conditioned subset, were subjected to a vacuum saturation for 5-
10 minutes until obtaining 70-80 % of degree of saturation. The saturated specimens were
wrapped with a plastic film and placed in a plastic bag containing 10 ml of water and then
placed in the freezer at -16 °C for 18 hours. The plastic bags were removed and the specimens
were placed in the water bath at 60 °C for 24 hours. Finally, before starting the test, the
specimens were placed in another water bath at 25 °C for 2 hours. The specimens of the dry
subset were wrapped with plastic in a heavy-duty, leakproof plastic bag, and then they were
placed in the water bath at 25 °C for 2 hours. The load was applied to the specimen by forcing
two steel loading strips together at a constant rate of 50 mm per minute (Figure 3.28). The
maximum carried load by the specimen is called indirect tensile strength ITS. The indirect
tensile strength ratio ITSR at 25 °C was calculated by dividing the average ITS for the
conditioned subset by the average ITS for the dry subset.

Figure 3.27 Marshall compaction. a) Marshall compactor,
b) Marshall specimen during the test
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Figure 3.28 Marshall specimen during the indirect tensile

3.3.3.5 Rutting resistance test

In this test method, the HMA slab undergoes the repeated load of 5 KN to evaluate the rutting
performance of the HMA at high temperature (LC 26-410). The LC 26-400 was used for the
production of the slabs using the LPC slab compactor (Figure 3.29 a). In addition, this test
provides an appreciation of the stress and temperature conditions that are applied on the asphalt
pavement (Moghaddam et al., 2011; Perraton et al., 2011). The TR mixer was used to produce
25 kg of HMA for two slabs, each of 500 mm x 180 mm x 50 mm, and then they were
compacted by LPC compactor. The slabs were cured at room temperature for 48 hours and the
specific gravity of each slab was measured at the end of the curing time. The French Laboratory
Rut Tester FLRT (Figure 3.29, b and ¢) was employed to perform the tests. According to the
test standard (LC 26-410), the testing temperature should be 58 + 2 °C for the asphalt binder
PG 58 n-L. FLRT measures the rutting of two slabs that are subjected, at the same time, to the
loaded wheel that moves back and forth at a sinusoidal rhythm, including rutting. At the
beginning of the test, 1000 cycles were applied at the room temperature to complete the
installation of the HMA specimens in the mold and the rut depth as an average of 15 different
points was measured. After, the rut depth was measured as an average of 15 different points
on the surface after applying 1000, 3000, 10 000 and 30 000 cycles at 58 °C. The plot of the

average rut depth of the two slabs in percent with the number of loading cycles could be
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obtained. According to the requirements of the standard, the average of the rut depth after 1000
and 3000 cycles should be less than 10 % and 20 %, respectively.

Figure 3.29 Rutting resistance test. a) LPC plate, b) rut tester, ¢) zoom on
the loaded wheel

3.3.3.6 Thermal stress restrained specimen test (TSRST)

This test method was used to evaluate the resistance to the low temperature thermal cracking
of the HMA (AASTHO TP 10). Three specimens were extracted from the SGC specimen, each
of 511 mm in diameter and 115+2 mm in length. This is different from the test standard
(60£5 mm in diameter and 250+5 mm in length). The specimens were placed in a sand

container to avoid any deformation and cured for three weeks and then the air voids were
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measured. The two ends of the specimen were glued with slow setting epoxy to the aluminum
platens in two stages. The bench stage which was performed for four hours. The other end was
glued in the Material Testing System MTS 858 press directly (Figure 3.30 a). A low force of
40 N was applied on the specimen for 4 hours at room temperature. This gluing condition
allows the specimen to obtain a perfect alignment with the press. Upon the completion of the
gluing process, the specimen was conditioned for 6 hours at 5 °C and then the temperature
inside the thermal chamber starts to decrease at a cooling rate of 10 °C/hour measured at the
surface of the specimen while the specimen is kept restrained from the longitudinal contraction.
The thermal stress inside the HMA specimen starts to build up and increase over the time until
it exceeds the strength of the HMA. The specimen starts to crack until breakage and then the
test stops automatically (Figure 3.30 b). The evolution of the thermal stress with the decrease
of the temperature can be obtained. It is very important to check the starting temperature of the
test to better evaluate the relaxation properties of the HMA. According to the evolution of the
curve of the thermal stress, the maximum carried thermal stress at the breakage point is called
fracture strength (St) and the associated temperature with St is called fracture temperature (Tr).
The temperature at which the material changes its behavior from viscoelastic to elastic, or vice

versa, is called glass-transition temperature (Tg).

Figure 3.30 Thermal stress restrained specimen test (TSRST) a) specimen
inside the thermal chamber, b) broken specimen after the test
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3.3.3.7 Fatigue test (DGCB method)

This test was performed to simulate the behaviour of the HMA under actual loads. In this
research program, the fatigue behaviour of the HMA was investigated by the uniaxial tension-
compression test in strain-controlled mode according to the DGCB method (Département de
Génie Civil et Batiment) developed at the ENTPE (Ecole Nationale de Travaux Publics de
I’Etat, (Lyon, France)). The preparation of the tested specimens (75 + 1 mm in diameter and
135 £ 1.5 mm in length) is explained in the E* test (Section 3.3.3.3). The same specimens that
were used for the E* tests, are utilized for the fatigue tests since E* is actually a non-destructive
test. The test was performed at one temperature and one frequency (10 °C & 10 Hz) and at four
strain amplitudes (80, 90, 100 and 120 pm) to develop the Wohler curve. Two repetitions at

each strain amplitude are planned for this test. The results are presented in annex III.

34 Field sections

In the summer of 2021, four different field sections with HT SW A 1 lignin modified asphalt
mixes were built in Canada. Two sections were constructed in the province of Quebec while
another one in Ontario and a fourth one in Alberta. Two different processes were used, which
are dry and wet process. The amount of lignin from 5 % to 20 % by the weight of asphalt binder
was added. Reclaimed asphalt pavement (RAP) content of 10 % was used in Alberta’s trial
section. For all trials, the aggregates were heated for 30 seconds then the asphalt binder was
added and the mixing process was continued for another 30 seconds. This section is presented
in annex I where the details are shown such as the dimensions of the field sections for the
unmodified and lignin-modified HMA, asphalt binder type, compaction process, number of
passes and HMA type. In addition, some photos taken during the construction works are

shown.






CHAPTER 4

LIGNIN INCORPORATION PROCESS IN BITUMEN

4.1 Introduction

This chapter presents the study of the incorporation process of lignin powder and pellets into
bitumen. This process is called the wet process. As stated in chapter 2, through the research in
the literature, the information about the incorporation process is limited. In other words, there
is almost no information on how the lignin is precisely added to the bitumen and the effects of
each parameter on the incorporation process, especially the temperature, speed and duration.
Therefore, a study considering these issues was done on one type of lignin in order to better

understand the incorporation process of lignin in bitumen.

In this chapter, the methodology used to incorporate HT SW A 1 (available in higher amount
among than the other types) lignin in powder form into bitumen is first presented. Based on
the results of this study, the parameters of the incorporation process for the other types of the
lignins and pellets were selected. The incorporation of an inert filler is also discussed in order

to compare the lignin-modified bitumen properties with a common filler.

As mentioned in chapter 3 (section 3.2.3), the base bitumen used in this research program is
without polymers. This is to avoid seeing any effects other than lignin since it is a biopolymer
product. Therefore, it is important to note that the results presented in all chapters should not

be assumed for polymer-modified bitumen.

However, the modification of the bitumen needs to be followed by a quality control process
that was, here, separated in two steps. Accordingly, upon the completion of the incorporation
process, all lignin-modified bitumens were verified in terms of the stability and homogeneity
through performing the storage stability test and with microscope observations. Figure 4.1

shows the different steps and the objective of each step.
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Step 1: Incorporation of one type of Kraft lignin into a PG 58S-28 and a PG 52S-34
bitumen.
Objectives: To determine the incorporation parameters, evaluate the maximum lignin

content to obtain stable mix and to evaluate the effect of bitumen type on the mix stability.

A 4
Step 2: Incorporation of different types of Kraft lignin into a PG 58S-28 bitumen.

Objective: To evaluate the effect of lignin type on the mix stability.

A 4
Step 3: Incorporation of an inert filler into a PG 58S-28 bitumen (mastic).

Objective: To evaluate the effect of an inert filler on the mix stability.

v

Step 4: Incorporation of lignin pellets into a PG 58S-28 bitumen.

Objective: To evaluate the effect of pellets on the mix stability.

Figure 4.1 Summary of the different steps and the objective of each step

4.2  Preparation of the lignin-modified bitumen

This section presents the preparation of the modified bitumens with different types of the lignin
in powder form or pellets, and an inert filler (mastic). Three main parameters (temperature,
speed and duration) of the incorporation process are discussed. The storage stability tests were
performed on the mentioned materials, and the effect of each parameter of the incorporation
process is discussed. It should be noted that despite the fact that there is no mention of

repetitions in the storage stability test, two repetitions were performed on each material.

The detailed study of the incorporation process that includes the change of the different
parameters used in the incorporation process is presented in section 4.2.1, while the part of the
study on the incorporation of different lignins into the bitumen is shown in section 4.2.2. This
is followed by section 4.2.3 where the incorporation of an inert filler in the bitumen is studied.

This is done to investigate if the added lignin, in powder form, behaves like a filler or like a
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binder. The last part, section 4.2.4, shows the incorporation of the pellets (HT SW A 1 lignin

powder + soybean oil) into the bitumen.

All lignins in powder form and the inert filler were incorporated into the bitumen by using an
IKA RW16 basic overhead stirrer: classified as a low shear mixer (LSM). While the pellets-
modified bitumens were prepared by using LSM and high shear mixer (HSM) (section 2.4.2).
For the pellets, the LSM and HSM are used since the results for LSM are not conclusive. As a
prior step to the incorporation process, the bitumen was heated to 165 + 5 °C, according to the
findings from the previous studies (Xu et al., 2017; Batista et al., 2018; Pérez et al., 2019;
Zhang et al., 2019; Gao et al., 2020; Norgbey et al., 2020).

For the incorporation process, a beaker of 1000 ml was partially filled with the preheated
bitumen and, afterwards, the lignin or pellets were added to the bitumen. Herein, it is worth
mentioning that the added lignin powder or pellets were not heated since the moisture content
is low (=1 %) for both (Table 3.2 or 3.3). For some types of the lignin in junk shape, the
moisture content was measured and found to be 12-14 %, which made the bitumen foam (as
observed visually). So, it was necessary to dry the lignin before incorporating it into the

bitumen.

4.2.1 Study of the incorporation lignin HT SW A 1 into the bitumen

The conducted study on the incorporation process was done on the first type of lignin powder
that is shown in Table 3.1 (HT SW A 1). Based on the findings from this study, the parameters
of the incorporation process were selected for the preparation of the modified bitumens with
different lignins. This study was divided into three steps. In the first step, 20 % lignin contents
were incorporated into the bitumen PG 58S-28 which was used for all mixes in this chapter.
The lignin content (e.g. 20 %) represents a percentage of the total weight of the mix (bitumen
and lignin). The incorporation temperature and speed were fixed at 165 £ 5 °C and 1000 + 20
rotations per minute (rpm), respectively. During the mixing, the temperature of the bitumen

was maintained constant by a hot plate. For the incorporation duration, three different durations
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(15, 60 and 90 minutes) were used. The reason behind those selected durations was that most
of the above-mentioned studies (section 4.2) used 60 minutes duration. So, it was decided to
select lower (15 minutes) and higher (90 minutes) durations in addition to 60 minutes. For the

comparison purpose, one mix was done manually for 60 minutes.

In the second step, three different lignin contents (10, 20 and 30 %) were incorporated into the
bitumen. According to the previous studies (Gao et al., 2020), the effect of the lignin is not
significant when the content is low (5-8 %). So, it was decided to start with 10 % and keep an
increase of 10 % until observing storage stability issues which is not the case for 30 % lignin
content at high incorporation temperature (165 + 5 °C) and, therefore, the increase in
percentage was continued in the third step. Regarding the incorporation temperature, in
addition to the selected one (165 £+ 5°C) from to the previous studies, another lower
temperature was selected (140 + 5°C). The reason behind this selected temperature, and not
lower, is to avoid some issues during the incorporation process such as the low workability
(higher viscosity at lower temperature than 140 + 5 °C) and safety problems (related to the
mixer). This step is to evaluate the effect of the temperature on the incorporation process. In
this step, the mix was continued for 15 minutes at 900 + 20 rpm for 10 % lignin content and
1000 rpm for 20 and 30 % lignin contents. In the third step, higher lignin content (50 %)
compared to those in the first and second steps was incorporated into the bitumen at
temperatures of 140 = 5 and 165 + 5 °C with a speed of 1100 + 20 rpm. The maximum speed
of the model of the mixer is 1200 rpm which was not reached due to safety purpose (vibration
of the whole mixer). Two different durations were used for these mixes (30 and 60 minutes).
The incorporation duration for all mixes starts when all amounts of lignin is incorporated into
the bitumen. Following, storage stability tests and microscope observations were performed to
check the stability and homogeneity of the lignin-modified bitumen. Moreover, the dispersion
of the lignin particles over the bitumen, the tendency of these particles to form clusters and the
decomposition of the lignin particles are presented in details by using the morphological
analysis of the microscope images (section 4.2.5). Also, these tests were employed to evaluate
the effects of different conditions of the incorporation process on these properties (stability and

homogeneity). Two repetitions were performed for each test of the storage stability.
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During the initial stages of the lignin incorporation process in bitumen, great care was taken to
avoid losing lignin. Since lignin has a low density, it’s volume can be significant when high
content (by mass) is used. Consequently, the lignin was added gradually, for 30 and 50 % of
lignin content, and the mixer speed was reduced to avoid lignin being blown out of the mixing
pot, and also to avoid bitumen from splashing. As a general guideline, it is advisable to consider
these measures as safety precautions during the incorporation process. Based on the visual
observation during the incorporation process, the speed was adjusted until it reached the final
speed (900, 1000 and 1100 rpm for 10, 20 and 30 and 50 % lignin content, respectively). In
other words, the selected incorporation speed is affected directly by the lignin content which
governs the viscosity of the bitumen. Table 4.1 shows the summary for all prepared mixes and

tests done in this study.

Table 4.1 Summary of the prepared mixes by LSM and tests done to study the
incorporation process of lignin HT SW A 1 into the bitumen PG 58S-28

Step 1
Lignin | Incorporation | Incorporation | Incorporation | Storage | Microscope
content | temperature duration speed stability | observation
(%)? (x5°0 (= 1 min.) (£ 20 rpm)
0 - - -
15 v
60 1000 v -
20 165 90 -
60 manually -
Step 2
10 900
b C
20 140 & 165 15 1000 v v
30
Step 3
140
d
50 165 30 & 60 1100 v v
Lignin content (%) by the total weight of the mix (bitumen and lignin).
®The mix of 20 % lignin at 165 °C was prepared in the first step.
¢The microscope observations were performed for the mixes prepared at 165 °C.
4The microscope observation was not performed for the mix prepared at 140 °C
for 60 minutes.
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4.2.1.1 Storage stability tests results of the study on the incorporation process of lignin
into bitumen

This section presents the storage stability tests results of the unmodified and modified bitumen
with HT SW A 1 lignin. The coefficient of variation (COV) value is low for all repetitions (less
than 1.0 %) and, according to the ASTM C 670 standard, it is located within the maximum
acceptable range. This applies for the storage stability tests results shown in the next sections.
Table 4.2 shows the results for the two repetitions of the storage stability tests of the conducted
study on the prepared mixes of the modified bitumen PG 58S-28 with the lignin HT SW A 1
(section 4.2.1, Table 4.1). Mixes are considered stable if the storage stability result is less than

2.0 or 2.2 °C according to standards LC 25-003 and ASTM D 5892, respectively.

In the first step, the storage stability tests results show stable lignin-modified bitumen for each
incorporation duration (maximum storage stability value of 0.5 °C). This indicates, indirectly,
that the lignin particles are homogeneously spread in the bitumen. The convergence of the
density values for bitumen and lignin, approximately 1.0 g/cm?, helps to obtain a stable lignin-
modified bitumen. In other words, the lignin stays in suspension within the bitumen. It is
interesting that the manual incorporation of the lignin for 60 minutes resulted in a stable lignin-
modified bitumen. So, the incorporation of the lignin powder into the bitumen can be done
without using advanced equipment. However, according to the tests results in this step, the
incorporation duration does not seem to be a key parameter in the incorporation process of 20
% lignin content. Therefore, in order to reduce the energy consumption during the
incorporation process, the shortest incorporation duration (15 minutes) was selected for all

mixes in the next step.

In the second step, it can be seen that the incorporation temperature has a significant impact
on the stability and homogeneity of the lignin-modified bitumen. In particular, the stability of
the modified bitumen with 30 % of lignin at 140 °C is negatively impacted by the lower
temperature compared to the stability of the mix which was incorporated at 165 °C. In other
words, the use of 140 °C as an incorporation temperature resulted in unstable modified bitumen

with 30 % of lignin (storage stability value is 2.6 °C which is higher than 2.0 or 2.2 °C). This
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finding might be due to the low workability (high viscosity) of the mix and, therefore, the
lignin particles may tend to form clusters within the modified bitumen. As a consequence,
lignin particles are collected at the bottom of the tube, which indicates that the mix is not stable.
On the other hand, the incorporation temperature did not show an effect on the stability of the
modified bitumen with 10 % lignin. However, the incorporation temperature of 165 °C was
selected to be employed in the incorporation process. Higher incorporation temperature than
165 °C for this lignin content (30 %) was not tried in order to avoid the decomposition of the

lignin particles (Table 3.2).

In the third step, as expected, incorporation of high lignin content (50 %) at low incorporation
temperature (140 °C) resulted in unstable mix (storage stability of 5.0 °C). This is observed at
the lower incorporation temperature (140 °C) used in this study (Table 4.2). Accordingly, this
might indicate that the bitumen is not liquid enough to mix the lignin and, therefore, lignin
particles are adjoining each other forming a cluster that falls, by its self weight, at the bottom
of the tube causing a separation between the lignin and bitumen. On the other hand,
incorporation of 50 % lignin at higher temperature and longer duration (165 °C and 60 minutes,
respectively) resulted in stable and homogeneous mix compared to what was incorporated for
30 minutes at 165 °C. Regarding the incorporation speed, it was not found to have an impact
on the stability of the lignin-modified bitumen. It is mostly governed by the viscosity of the
bitumen; the more lignin content the more viscous bitumen. In general, the incorporation of
the lignin powder into the bitumen is possible with simple equipment such as LSM and hot
plate. Therefore, it was decided to not use more developed equipment such as HSM. To this
end, based on the findings of this study, specific values for the parameters of the incorporation
process done by LSM are selected for all the following lignin-modified bitumen. In particular,
the incorporation temperature and duration are 165 °C and 15 minutes, respectively. For the
incorporation speed, 900 + 20 rpm is selected for 10 % lignin content and 1000 rpm for higher

contents.
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Table 4.2 Storage stability tests results of the study on the incorporation process of the

lignin HT SW A 1 into the bitumen PG 58S-28

Step 1
Lignin |[Temperature| Duration Speed Softening point | Storage | Avg. of
content (£5°C) (= I min.) |(%20 rpm) (SP) stability | storage
(%) (°O) (°O) stability
Top | Bottom O
0 - - - 41.1 40.8 0.3 0.5
41.3 41.9 0.6
15 44.2 43.3 0.9 0.5
1000 44 .4 44.5 0.1
60 43.9 44.0 0.1 0.1
20 165 448 | 449 0.1
90 44.1 44.5 0.4 0.4
44.6 44.9 0.3
60 minutes 45.0 45.2 0.2 0.2
(manually) 44.9 45.1 0.2
Step 2
140 56 s 02|
10 900 : : :
165 42.1 42.9 0.8 1.0
41.7 42.8 1.1
20 140 15 47.0 45.0 2.0 2.1
46.9 44.7 2.2
48.3 50.8 2.5 2.6
140
30 1000 48.5 51.1 2.6
165 46.0 46.1 0.1 0.1
46.6 46.7 0.1
Step 3
30 64.8 63.9 0.9 5.0
140 61.8 70.8 9.0
a0 Seo o]
50 1100 - - .
- 61.2 - -
30
165 61.4 62.2 0.8
60 60.3 59.6 0.7 0.4
60.1 60.2 0.1
® The mix could not be poured and tested due to the collected specimen at the bottom of
the tube (unstable mix).
° The sample was lost during the test.
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After conducting this study, the same lignin (HT SW A 1) was incorporated into the bitumen
PG 52S-34 in order to evaluate the effects of the lignin on the stability and homogeneity of
another (different) unmodified bitumen. Three different contents of lignin HT SW A 1 (10, 20
and 30 %) were incorporated at a temperature of 165 + 5 °C for 15 minutes with a speed of
900 + 20 rpm for 10 % lignin content and 1000 rpm for 20 and 30 % lignin contents. Following,
the storage stability tests were performed on the modified bitumens. In addition, the stability
of the unmodified PG 52S-34, as a reference, was checked. Table 4.3 shows the summary of
the modified bitumens and tests done. Two repetitions were performed for each test of the

storage stability.

Table 4.3 Summary of the prepared mixes of the modified bitumen PG 52S-34 with
lignin HT SW A 1 by LSM and tests done

Lignin Incorporation | Incorporation | Incorporation | Storage | Microscope
content temperature duration speed stability | observation
(%) " (x5°0) (= 1 min.) (£ 20 rpm)
0 - - ~ v -
10 900
20 165 15 v -
1000
30
" Lignin content (%) by the total weight of the mix (bitumen and lignin).

Table 4.4 shows the results for the two repetitions of the storage stability tests of the prepared
mixes of different modified bitumen (PG 52S-34) with the lignin HT SW A 1. All lignin-
modified bitumens are stable and homogeneous. In addition, no significant difference
(maximum of 0.6 °C) between the storage stability values of the lignin-modified bitumens
PG 58S-28 and PG 52S-34. Accordingly, the type of bitumen does not seem to affect the
stability of the lignin-modified bitumen. To this end, the compatibility and suspensibility of
the lignin within the two unmodified bitumens is similar with respect to small differences

which can be due to the chemical structure of the base bitumens used.
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Table 4.4 Storage stability tests results of the modified bitumen PG 52S-34 with the
lignin HT SW A 1

Lignin | Temperature | Duration | Speed SP Storage | Avg. of
content o (= 1 min.) | (£ 20 rpm) (°O) stability | storage
@) | 370 (°C) | stabilit

° Top | Bottom : ao Y

(9]

0 - - - 36.2 36.1 0.1 0.1
36.4 36.3 0.1

10 38.6 38.1 0.5 0.4
200 38.4 38.7 0.3

20 165 15 39.1 39.2 0.1 0.2
1000 39.6 39.9 0.3

30 42.2 42.3 0.1 0.2
43.1 42.9 0.2

Based on the obtained results, it is possible to have stable lignin modified bitumen, and there
is very little difference between the results obtained for bitumen PG 52S-34 with the other
bitumen (PG 58S-28). Because of this, the bitumen PG 58S-28 will be used in the following
parts of this study since it is the specified bitumen for Montreal’s area. In the following section,
the incorporation of different types of the lignin into one type of the bitumen (PG 58S-28) is
presented. These different types include different properties such as the source of the lignin

(hard wood (HW) or soft wood (SW)) and potential hydrogen (pH).

4.2.2 Preparation of the modified bitumen with different types of the lignin

All other types of the lignin, including acidic (A) and basic (B) types, were incorporated into
the bitumen PG 58S-28 by using LSM. Each type was incorporated with a content of 20 % at
a temperature of 165 £ 5 °C for 15 minutes with a speed of approximately 1000 rpm. The
lignins HT SW B, TB HW A, TB HW B, K SW A and K SW B (Table 4.5) were grinded and
dried twice by the supplier. Accordingly, the incorporation process and the storage stability
tests for these lignins were performed three times; for the original version (junk), after the first
grinding process and after the second grinding process. Herein, the selected parameters of the
incorporation process for the original version of these lignins were used in the incorporation

process for the lignins that were produced after the first and second grinding process. It was
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necessary to place the junk lignin particles in the oven since these particles made the bitumen
foam (12-14 % moisture content) in the first trial of the incorporation into the bitumen. For the
lignins HT SW A 2, HT SW A-modified and K SW A-modified, the incorporation process and
the storage stability tests were performed once since there was no grinding process done. One
repetition was performed for each test of the storage stability. Table 4.5 shows the summary

of the preparation of the modified bitumens with the lignins and tests done.

Table 4.5 Summary of the prepared (LSM) modified bitumen PG 58S-28 with 20 %
of each type of the lignin and tests done

Lignin
type

Incorporation
temperature
(x5°0)

Incorporation
duration
(£ 1 min.)

Incorporation
speed
(= 20 rpm)

Storage
stability

Microscope
observation

HT SW A
2
HT SW B
TB HW A
TB HW B
K SW A 165 15 1000 Y -
K SW B
HT SW A-
modified
K SW A-
modified

4.2.2.1 Storage stability tests results of the modified bitumen PG 58S-28 with different
types of the lignin

Table 4.6 shows the storage stability tests results of the modified bitumen PG 58S-28 with
different types of the lignin before and after the first grinding process. As can be seen, only the
modified bitumen with HT SW A 2 lignin is stable. This lignin type is similar to the
HT SW A 1 type in terms of the color (dark brown) and pH (3-4). For the other types of lignin,
many lignin particles are collected at the bottom of the tube, which indicates that these types
of lignin are not stable in the bitumen. This finding might be due to the weight of the junk
particles. Herein, it was decided to carry out the grinding process of these particles which was

done by the lignin producer at their facility. This decision was taken based on the storage
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stability test result of the stable modified bitumen with HT SW A 2 lignin. In other words, the
size of the lignin particles might be one of the key parameters to achieve a stable lignin-

modified bitumen.

The lignins that were grinded, based on the producer availability, are HT SW B, TB HW A,
TB HW B, K SW A and K SW B. Following, the storage stability tests were continued on the
modified bitumen with the different lignins after the first grinding process. It is worth
mentioning that these types have different particle sizes then the HT SW A 2 lignin. However,
as expected, it can be seen in the lower part of Table 4.6 that all mixes are unstable. Figure 4.2
shows the lignin particles fall at the bottom of the tube which indicates that the lignin is not
stable in the bitumen. The second grinding process with the target of the fine powder form was

done at the same facility.

Table 4.7 shows the storage stability tests results of the modified bitumen with the different
lignins after the second grinding process. The lignins HT SW B, TB HW A and TB HW B are
stable in the modified bitumen (the maximum storage stability value is 0.8 °C). This finding
confirms that the size of the lignin particles affects the stability of the modified bitumen. On
the other hand, the modified bitumen with the lignins K SW A and K SW B are unstable mixes.
This shows that the stability of the modified bitumen is governed by not only the particles size
but also other factors. These factors might be the chemical interaction, molecular weight, pH,
densities of the lignin and bitumen and the viscosity of the modified bitumen. In this research
program, it is possible that the grinding process affects the properties of the lignin particles due
to the energy used to grind these particles. In other words, this energy might affect the electrical

charge of the lignin particles.

However, to make sure of the effect of the size of the lignin particles, the size of the particles
was measured for A and B lignins that were produced after the first and second grinding

process, including the lignins HT SW A-modified and K SW A-modified (Figure 4.3).
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Table 4.6 Storage stability tests results of the modified bitumen PG 58S-28 with different
types of the lignin before and after the first grinding process

Grinding Lignin Incorporation of 20 % of each type SP Storage
level type (°O) stability
Temperature, duration & speed °C
@& spoc, + 1 min. & = 20 rim) Top | Bottom | )
HT SW A 43.3 43.4 0.1
2
HT SW B 43.9
TB HW A 43.5
Before | TB HW B 42.9
(Gunk | KSW A 44.1 - -
particles) | K SW B 44.2
HT SW A- 42.3
modified 165, 15 & 1000
K SW A- 43.5
modified
Afterthe | HT SW B 43.3
first TB HW A 43.7
grinding | TB HW B 43.1 - -
process KSW A 44.5
K SWB 44.6

* The mix could not be poured and tested due to the collected specimen at the bottom of

the tube (unstable mix).

Figure 4.2 The bottom (left) and top (right) of the tube
for the modified bitumen with K SW B lignin after
the first grinding process
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Table 4.7 Storage stability tests results of the modified bitumen PG 58S-28 with
different types of the lignin after the second grinding process

Lignin Incorporation of 20 % of each type SP Storage
type (°O) stability
Temperature, duration & speed °C
@& 5p°c, + 1 min. & = 20 rﬁm) Top |Botom| )
HT SW B 43.6 44.3 0.7
TB HW A 43.5 44.1 0.6
TB HW B 165, 15 & 1000 44.1 44.9 0.8
KSW A 45.0 47.6 2.6
KSWB 44.6 47.3 2.7

Figure 4.3 shows Dx (50) parameter used to compare the particle size of each lignin. This
parameter represents the median diameter of the particles (50% of the particles are greater and
50% are smaller). It is chosen to facilitate the comparison with what is observed from the
analysis of microscope observation (section 4.2.5). It should be noted that Dx (90) is checked
and it shows similar trend as Dx (50). Regarding the variability of Dx (50), the software itself
performs automatically five repetitions for each test. The COV value is checked for each test
and it is found to be maximum of 2 % which is acceptable according to the ASTM C 670
standard. It can be seen that the HT SW B lignin after the second grinding process is finer (32.3
um) compared to the first grinding process (55.4 um). Therefore, the particles size for this
lignin seems to have an effect on the stability of the modified bitumen. While it is interesting
to see that even the K SW A lignin is finer after the second grinding process, it is unstable in
the modified bitumen. That being said the particle size of the lignin is not the only or the most
important parameter for the stability of the modified bitumen, but it still needs to be as small
as possible (powder form) since the particle size of other types showed an influence on the
stability of the lignin-modified bitumen. The lignin HT SW A-modified (unstable) in
comparison with the HT SW A 1 and HT SW A 2 lignins (stable) can be considered a good
example to show the effect of the particle size. For the TB HW A lignin, despite it is stable in
the modified bitumen after the second grinding process, the particle size is similar after both
grinding processes. For TB HW B lignin, the average particle size (Dx (50)) is coarser after
the second grinding process which is not expected. This might be due to the way how the

grinding process was done at the facility of the lignin producer. These findings for TB HW A
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and TB HW B lignins might be due to the effects of the other factors such as pH. Finally,
according to Figure 4.3 and the storage stability tests results, it is difficult to determine a
threshold value of the particle size that guarantees a stable lignin-modified bitumen,

considering the effect of the other factors.

In general, incorporation a powder of the lignin into the bitumen has many advantages such as
better compatibility and suspensibility within the bitumen and making the storage stability test

possible to be completed, leading to the final result (stable or unstable).

0 S: Stable OHTSWA L
o | BHT SW A 2
B OHT SW B Ist
= 0] DHT SW B 2nd
g =TB HW A 1st
° 40 | B TB HW A 2nd
@ S STB HW B Ist
£ 30 - ] ®TB HW B 2nd
s K SW A Ist
20 - BK SW A 2nd
@K SW B 2nd
10 4 B HT SW A-modified
. BK SW A-modified

Figure 4.3 Particles size based on Dx (50) value for A (including modified types) and B
lignins after the first and second grinding process

Since the compatibility between the lignin and the bitumen is improved, it is expected that the
lignin will change the properties of the bitumen. In other words, the presence of the lignin in
powder form might modify the bitumen in a way to produce a stable lignin-modified bitumen.
Herein, it is worth investigating the effect of the powder of a standard inert filler on the stability

of the modified bitumen with inert filler (mastic).
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4.2.3 Preparation of the mastic

In order to investigate the effect of the inert filler on the bitumen, two mastics (modified
bitumen with inert filler) were prepared by using LSM. Herein, it is worth mentioning that the
same bitumen (PG 58S-28) was used as that for the lignin-modified bitumen. In addition, the
same apparatus, equipment and tools that were employed in the incorporation process of the
lignin-modified bitumen were used. To do so, due to the significant difference of the density
between the lignin (=1.25 g/cm?) and inert filler (=2.70 g/cm?), the equivalent in volume of the
inert filler to 10 % and 20 % lignin of the total weight of the mastic were prepared. To facilitate
the comparison, the corresponding percentage weight of filler in the mastic is 22 % and 44 %
for 10 % and 20 % of lignin, respectively. As observed, the values for filler are twice that for
lignin which is expected according to the density values for filler (=2.70 g/cm?) and lignin
(=1.25 g/cm?). These mixes of mastic were incorporated into the bitumen at 165 + 5 °C for 15
minutes with a speed of approximately 900 and 1000 rpm for 10 % and 20 % inert filler content,
respectively. The preparation of the mixes of mastic was followed by performing only the
storage stability tests. It was decided that checking the stability and homogeneity of the mixes
of mastic is enough to distinguish between the lignin, as a powder, and the inert filler. One
repetition of the test was performed. Table 4.8 shows the summary of the prepared mixes of

mastic with the bitumen PG 58S-28 and tests done.

Table 4.8 Summary of the prepared mixes of mastic with the bitumen PG 58S-28

by LSM and tests done
Inert filler | Incorporation | Incorporation | Incorporation | Storage | Microscope
content temperature duration speed stability | observation
(%)" (£5°0) (£ 1 min.) (= 20 rpm)
10 900
165 15 v -

20 1000
" The filler content corresponds to the equivalent in volume to 10 % or 20 % of the
lignin by the total weight of the mastic.
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4.2.3.1 Storage stability tests results of the mastic

Table 4.9 shows the storage stability tests results of the modified bitumen PG 58S-28 with the
inert filler (mastic). It can be seen that the mix with 10 % filler content is unstable (storage
stability value of 3.3 °C). For 20 % filler content, the collected specimen at the bottom of the
tube made the test not possible to be completed, because the filler and the bitumen were
separated (Figure 4.4). It is worth reminding that these filler contents, 22 % and 45 %,
correspond to the equivalent in volume to 10 % and 20 %, respectively, of the lignin by the
total weight of the mastic. The incorporation of the lignin into the bitumen with these contents
(10 and 20 %) did not show what is observed here (unstable mastic). The lignin showed a good
compatibility with the bitumen (0.5-1 °C storage stability values) which is completely the
opposite of the mastic. The important factor here is probably the density of the two components
of the mastic, inert filler and bitumen. The density of the inert filler particles is higher than that
for the bitumen, causing them to settle at the bottom due to their higher molecular weight.
Herein, in comparison with 10 and 20 % of lignin content, it might indicate that at least part of
the lignin, as a powder, does not behave as a filler. In other words, the lignin may play both
roles: filler and bitumen modifier. However, further investigation to better describe the status
of the lignin in the bitumen is highly recommended for future studies. In addition, performing
the rheological and thermomechanical tests should help to understand the behaviour of the

lignin in the bitumen and HMA.

Table 4.9 Storage stability tests results of the modified bitumen PG 58S-28 with
the inert filler

Filler Temperature | Duration Speed SP Storage
cor;ent (5 °C) (= 1 min.) | (£20 rpm) (°O) staobiclity
(%) Top | Bottom 0
10 165 15 900 43.1 46.4 33
20 1000 43.5 - -

" The mix could not be poured and tested due to the collected specimen at the
bottom of the tube.
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Figure 4.4 Collected filler at the bottom
of the tube for storage stability test

As mentioned in previous sections (4.2.1, 4.2.2 and 4.2.3), the use of lignin in powder form
may be problematic for health and safety reasons. Based on that, it was decided to test lignin
in pellet form. The pellets within the bitumen will help to reduce the health risks. In particular,
some dust was generated from the incorporation process of the lignin and inert filler (materials
in powder form). Therefore, this issue is believed to be a major concern, especially in a larger
scale than the laboratory scale (field scale). The following section shows the effect of using

pellets on the storage stability of the unmodified bitumen.

4.2.4 Preparation of the modified bitumen with pellets

This section presents the incorporation process of two types of the pellets into the bitumen. As
mentioned before, HT SW A 1 lignin is used with the soybean oil to form pellets. These types
are the high durability index (HDI) pellets and low durability index (LDI) pellets. The HDI
pellets contain 10 % of soybean oil and has a durability index of 79.2, while the LDI pellets
contain 5 % of soybean oil and has a durability index of 43.4. Both types of the pellets were
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incorporated into the bitumen PG 58S-28 by using both mixers, LSM and HSM. The content
of 10 % of both types of pellets was incorporated at a temperature of 165 + 5 °C.

For LSM, the incorporation process was continued for a total of 90 minutes with a speed of
approximately 700 rpm. For HSM, the total incorporation duration was 40 minutes at a range
of speed of 5000-7000 rpm. The mix was inspected every 15 minutes during the incorporation
process in order to observe the existence of the particles of pellets in the bitumen. After 90
minutes of incorporation by LSM, the particles of the HDI pellets can still be seen in the mix
despite they were broken down into small solid particles. Figure 4.5 shows a photo which
explains this observation. It is worth mentioning that the particles of the HDI pellets
incorporated by HSM disappeared after the first 15 minutes of the visual observation.
Therefore, the use of the HSM showed the effectiveness of its principle for the incorporation

process of pellets into the bitumen.

For the incorporation of the LDI pellets, it was necessary to increase the speed of the HSM at
the beginning of the process from 5000 rpm to 7000 rpm to allow the particles get mixed with
the bitumen. This observation was found for only the LDI pellets which can be explained due
to its low density, compared to the HDI pellets, that resulted in a higher amount of the added
pellets. Then, the speed was decreased to 5000 rpm which was used for the whole duration of
the incorporation of the HDI pellets into the bitumen. One repetition was performed for each
test of the storage stability. Table 4.10 shows the summary of the prepared modified bitumens

with pellets and tests done.

For future investigation, it is strongly recommended to perform tests on the bitumen with
soybean oil only. This will help to differentiate between the effect of the lignin and the effect

of the soybean oil on the bitumen.
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Figure 4.5 A photo taken during the incorporation
process of the HDI pellets by LSM showing the
presence of pellets

Table 4.10 Summary of the modified bitumen with pellets prepared by
LSM and HSM and tests done

Pellets | Pellets | Incorporation Total Incorporation | Storage
type | content | temperature | duration of speed stability
(%) (x5°0C) incorporation | (£ 20 rpm)
(£ 1 min.)

LSM | HSM | LSM | HSM

HDI
10 165 90 40 | 700 | 5000- J
LDI 7000

4.2.4.1 Storage stability tests results of the modified bitumen with pellets

Table 4.11 shows the storage stability tests results of the modified bitumen PG 58S-28 with
the HDI and LDI pellets incorporated by LSM and HSM. Both types that were incorporated
by both mixers showed instability in the bitumen. In particular, the tests were not possible to
be completed due to the collected specimen at the bottom of the tube. The presence of the oil
used to compress the lignin powder, forming pellets, affects the stability and homogeneity of

the pellet-modified bitumen. In particular, the density of the soybean oil is approximately 0.92
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g/cm® which helps to dilute the bitumen and, therefore, reduces the density of the bitumen. As
a result, the ratio of lignin density to bitumen density becomes higher, leading to the settling
of lignin particles at the bottom due to their molecular weight. Herein, it is worth investigating,
in future studies, some methods such as using an agent that helps to improve the compatibility

between the pellets and bitumen, leading to obtain a stable pellets-modified bitumen.

Table 4.11 Storage stability tests results of the modified bitumen PG 58S-28 with
different types of the pellets incorporated by LSM and HSM

Mixer Pellets | Incorporation of 10 % of each type SP Storage
type type ' (°O) sta:t))ility
Temperus G 00| oo | €
LSM 1;11))% 165, 90 & 700 ﬁ: é -
HSM ISDD% 165, 40 & 5000-7000 j}g :i :

" The mix could not be poured and tested due to the collected specimen at the bottom
of the tube.

According to the results of the storage stability tests shown in the previous studies, it is
necessary to perform the morphological analysis of the microscope images taken. This will
help to quantify the effect of the incorporation of lignin into the bitumen. The following section

shows the microscope observations of the lignin-modified bitumen.

4.2.5 Microscope observations

Figures 4.6 to 4.13 show the microscope images for the HT SW A 1 lignin, unmodified and
modified bitumen PG 58S-28 with different contents. In addition, Table 4.12 summarizes the
diameter of the particles, the mean, total and maximum area of the lignin particles in addition
to their area in the bitumen specimen in percent (all values are rounded to the unity). It is
important to note that each figure presented in this section, including the calculation, represents
one zone of the bitumen specimen laid on the glass plate shown in Figure 3.16 a. Moreover,
thresholding and detecting lignin particles in those images is not easy to control which implies

variation in the results, especially for lignin alone (Figure 4.6). In order to reduce this effect,
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many thresholding attempts were done and the one with better detected particles (all lignin
particles can be seen clearly) is presented. All images of the lignin-modified bitumen are those
for which the lignin was incorporated at 165 °C except the mix shown in Figure 4.11 for which
it was incorporated at 140 °C. The difference in the background color between the photos is
due to the passing light which was affected by the thickness of the bitumen layer laid on the
glass plate. It is interesting to see, based on visual evaluation, that the shape of the lignin
particles did not change when they were incorporated into the hot bitumen. This indicates that
the lignin particles did not decompose nor break during the incorporation process at high
temperature. The images showed that the lignin particles were re-distributed during the
incorporation process in a way to present a good dispersion over the bitumen. According to the

storage stability tests results, the lignin is in suspension in the bitumen.

The summary of the results (Table 4.12) of microscope images for the modified bitumen with
10 and 20 % lignin (Figure 4.8 and 4.9) shows that the mean value of the area is 406 and 489
um?, respectively, which is an increase of 20 %. This means that the lignin particles tend to
agglomerate with each other. However, the agglomeration of lignin particles is marginal
compared to 30 % lignin content. Also, the percentage area of those particles (Table 4.12) is
11 % and 22 % for 10 % and 20 % lignin, respectively. This is expected and reflects the lignin
content incorporated into the bitumen. To put it differently, this shows that all lignin particles
are detected by the software and the results of quantifying the studied zone of those images are

representative.

For the modified bitumen with 30 % lignin (Figure 4.10), the mean area increased significantly
(784 um?) compared to 10 and 20 % lignin (406 and 489 pum?, respectively). It is worth
mentioning that the white circles in Figure 4.10 are not included in the calculation for the
analysis of the lignin particles since they are air bubbles. The significant increase in the mean
area indicates the agglomeration of some lignin particles, forming a cluster. To confirm this, it
can be seen from Figure 4.10 that the presence of the lignin clusters in this modified bitumen
is clear. As can be seen from the figure, it is difficult to define what is considered a cluster

based on the number of particles agglomerated together. However, according to the results for
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20 % and 30 % lignin at which the particles agglomerate, an average area for lignin clusters
can be assumed. Herein, in order to define the cluster in this study based on what is observed,
the lignin particles that have an average area of 635 pm? (midpoint of 489 pm? for 20 % and
784 um? for 30 %) or higher is considered a cluster. The clusters might be considered as a
concern for the homogeneity of the lignin-modified bitumen. Despite that, the storage stability
tests results showed a stable modified bitumen with 30 % of lignin. Generally, the presence of
the lignin clusters limits the movements of the bitumen molecules which result in a viscous
modified bitumen. However, it is expected to have homogeneity issues for higher lignin
contents than 30 % in the bitumen. The area and diameter values shown in Table 4.12 for 50
% lignin content are much higher than 30 % which confirm the homogeneity and stability
issues. In this case, the lignin is almost in a continuous phase of suspension instead of the
bitumen. This is due to the agglomeration of lignin particles in a big cluster. As can be seen,
the incorporation of 50 % lignin at 165 °C for 60 minutes showed smaller values of the
diameter compared to 30 minutes (49 pm compared to 56 um, respectively). This finding might
be due to long incorporation time that result in a better dispersion of the lignin particles in the
bitumen. Combining this with the storage stability tests results that showed stable lignin-
modified bitumen, it is recommended to increase the incorporation duration for high lignin
content while maintaining high incorporation temperature. In general, the rough edges of lignin
particles help to improve the adhesion property of the bitumen and other characteristics such
as the resistance to the water damage and high temperature performance. This improvement is
due to a three-dimensional multi-directional spatial network that is formed by the lignin with
the bitumen. The rough edges of the lignin particles can be observed through the photos shown
in Figures 4.8 to 4.13.

Finally, it is interesting to compare the average particle size (diameter) of HT SW A 1 lignin
based on Dx (50) parameter shown in Figure 4.3 with what is observed from the microscope
observation. From the mean area values shown in Table 4.12 for Figures 4.6 to 4.13, the
diameter can be determined assuming that the lignin particles are circular in shape (applying
the mathematical equation used to calculate the area of a circle). Depending on the lignin

content, the lignin particles in those figures obtained from the microscope observations show
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bigger diameter values (Table 4.12: ranges from 23 to 56 um) than that observed from the laser

gradation shown in Figure 4.3 (11 pum). This confirms the formation of lignin clusters within

the bitumen. It can be seen that the values of the mean area and diameter for lignin alone are

higher than that for 10 % and 20 % lignin content which can be due to the sampling of lignin

(many particles stick together).

Table 4.12 Summary of the microscope observations obtained from ImageJ for the lignin
alone and modified bitumen PG 58S-28 with different contents of HT SW A 1 lignin

Material Area (um?) Diameter Area of lignin
(lignin content %) [N ean Total Maximum | (Rm) A | particles in percent

of specimen

surface (%)
Lignin alone 561 361,842 13,881 27 20
Bitumen PG 58S-28 - - - - -
10 406 660,629 6,108 23 11
20 489 990,912 9,636 25 22
30 784 | 1,160,540 26,432 32 33
50 (30 min at 140 °C) | 2,244 | 3,020,679 | 437,397 54 49
50 (30 min at 165 °C) | 2,501 | 2,638,884 196,324 56 43
50 (60 min at 165 °C) | 1,889 | 2,603,136 | 444,672 49 43

A This value is determined based on the mathematical equation used to calculate the area of
a circle assuming that the lignin particles have circular shape.
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Figure 4.6 Microscope image for HT SW A 1 lignin alone
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Figure 4.7 Microscope image for the unmodified bitumen PG 58S-28
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Figure 4.8 Microscope image for the modified bitumen PG 58S-28
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Figure 4.9 Microscope image for the modified bitumen
PG 58S-28 with 20 % of the HT SW A 1 lignin
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Figure 4.10 Microscope image for the modified bitumen
PG 58S-28 with 30 % of the HT SW A 1 lignin
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Figure 4.11 Microscope image for the modified bitumen PG 58S-28
with 50 % of the HT SW A 1 lignin (30 min at 140 °C)
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Figure 4.12 Microscope image for the modified bitumen PG 58S-28
with 50 % of the HT SW A 1 lignin (30 min at 165 °C)
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Figure 4.13 Microscope image for the modified bitumen PG 58S-28
with 50 % of the HT SW A 1 lignin (60 min at 165 °C)

43  Summary

This chapter discussed the incorporation process of different types of lignins, inert filler and
pellets into the bitumen. In particular, a study of the incorporation process with different
parameters (temperature, duration and speed) was done with one type of lignin in order to
characterize the effects of these parameters on the stability and homogeneity of the lignin-
modified bitumen. Afterwards, according to the results of this study, specific values for the
parameters of the incorporation process were selected for the incorporation of the inert filler
and pellets into the bitumen. Following, the storage stability tests and microscope observations
were performed to verify of the incorporation process in terms of the stability and homogeneity
of the lignin-modified bitumen. The results have shown that it is possible to add lignin in
bitumen. More specifically, the following conclusions can be drawn:

e Incorporation of the lignin, in powder form, with the bitumen by using simple equipment

(LSM and hot plate) is possible.

e Lignin-modified bitumens are stable and homogeneous for up to 30 % lignin content.
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e The effect of the incorporation temperature on the stability of the modified bitumen is not
significant for low lignin contents (10 and 20 %).

e The incorporation duration is not a key parameter in the incorporation process for up to
30 % lignin content. For 50 %, it is recommended to increase the duration while maintaining
high temperature. Since lignin is a biopolymer, longer duration (up to 4 hours used for
polymers) should be used to evaluate the effect on the stability of the modified bitumen.

e The type of bitumen does not seem to affect the stability of the lignin in the mix.

e The size of the lignin particles is not a major factor for the stability of the lignin-modified
bitumen. Other parameters such as the molecular weight, pH, densities of the lignin and
bitumen, viscosity of the modified bitumen and the electrical charges of the lignin particles
should be taken into account.

e The lignin did not decompose during the incorporation process at high temperature.

e The lignin is well dispersed and homogeneously distributed in the bitumen for lignin
contents less than 20 %. However, for higher lignin contents, lignin particles tend to
agglomerate and form clusters, leading to unstable mix.

e The inert filler is not stable in the bitumen which can be due to its high density.

e The modified bitumens with 10 % of HDI and LDI pellets incorporated by LSM and HSM

mixers are unstable. This might be due to the presence of the soybean oil within the pellets.

According to the findings and drawn conclusions of this chapter, a specific value of each
parameter of the incorporation process can be selected. The incorporation temperature and
duration are 165 + 5 °C and 15 minutes, respectively, for 10, 20 and 30 % lignin contents. A
duration of less than 15 minutes can be studied in future. For 50 % lignin content, the duration
should be increased to 60 minutes. For the incorporation speed, it is 900 = 20 rpm for 10 %
lignin content, 1000 + 20 rpm for 20 and 30 % and 1100 £ 20 rpm for 50 %. The incorporation
process of the lignin powder into the bitumen can be done by using LSM. Using HSM is highly
recommended for the pellets. The incorporation temperature, speed and duration should be 165
+ 5 °C, 5000-7000 rpm and 40 minutes, respectively, for 10 % pellets content. Using agents to

obtain stable pellets-modified bitumen is recommended for future investigation.






CHAPTER 5

ANTIOXIDATION PROPERTIES AND EFFECTS OF LIGNIN ADDITION ON THE
BITUMEN PROPERTIES

5.1 Introduction

After having established the incorporation process of the lignin into bitumen as presented in
Chapter 4, it is now important to quantify the effect of the lignin on the properties of the lignin-
modified bitumen. This chapter presents the effects of the different types of lignin powder and
pellets on the rheological properties of the bitumen. In particular, a study on the effects of one
type of lignin on two different grades of unmodified bitumen was done. More specifically, the
effects on the viscosity, the mechanical behaviour and the performances at high and low

temperatures are studied.

Afterwards, according to the findings of this study, the effects of different types of lignin
powder and pellets on the same mentioned rheological properties of one bitumen type were
evaluated. The work with different types of lignin powder was aimed at seeing if the different
lignins have the same effect on the bitumen and if a specific combination of lignin and bitumen

performs better than the others.

Last but not least, a study on the effect of the aging process on the properties of the lignin-
modified bitumen is presented in order to evaluate the antioxidation capacity of lignin. In this
study, different contents of one type of lignin were incorporated into the bitumen. Following,
three consecutive 20 hours long-term aging processes (PAV) were applied on the RTFO
residue of the lignin-modified bitumen. The related tests were performed to evaluate the
antioxidation properties of the aged lignin-modified bitumen. In addition, the FTIR test was
performed to assess the evolution of the chemical composition of the lignin-modified bitumen
during the aging process. Finally, the drawn conclusion of the main findings of this chapter is

presented in the last section.
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5.2 Effects of lignin on the rheology and oxidative aging properties of bitumen

The work in this section is divided into four consecutive steps. Thus, the bitumen grade used
and lignin contents incorporated were determined based on the results of the previous step. The
following diagram is a summary of these four steps that are described in details in the next

sections.

Step 1: PG 58S-28 and PG 525-34 with 0, 10, 20 and 30 % of HT SW A 1 lignin.
Objective: To evaluate the effects of one lignin type (HT SW A 1) on two bitumens.

v
Step 2: PG 58S-28 with 20 % of each lignin type.

Objective: To evaluate the effects of different lignins on one bitumen.

Step 3: PG 58S-28 with 10 % of each pellets type.

Objective: To evaluate the effects of pellets on bitumen.

Step 4: PG 58S-28 with 0, 5 and 10 % of HT SW A 1 lignin at different aging levels.

Objective: To evaluate the effects of lignin on the antioxidation properties of bitumen.

Figure 5.1 Summary of the four steps and the objective of each step

In the first step, the work aims to characterize the rheological properties of lignin-modified
bitumen. In this regard, this study investigates the incorporation of different contents (0, 10,
20 and 30 % by total mass of the modified bitumen) of HT SW A 1 lignin powder into two
unmodified bitumens adapted for cold climates and a standard traffic level (PG 58S-28 and
PG 528-34). Different tests were performed to evaluate the effects of the lignin incorporation
on the performance of those two bitumens, based on Superpave classification (the PG
classification: PG Hn-L), at high to low temperature for a more complete characterization. In

particular, the BRV test is used to evaluate the effects on the viscosity (1) of the lignin-
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modified bitumen and to determine the mixing (Tmix) and compaction (Tcomp) temperatures of
the two bitumens. The DSR, the MSCR and the BBR tests are used to determine the high
temperature (Thigh: determined high temperature of PG based on ASTM D 7643) and the high
temperature grade (H: high temperature PG), the traffic level (n) and the low temperature (Tiow:
determined low temperature of PG based on ASTM D 7643) and the low temperature grade
(L: low temperature PG) of the bitumens, respectively. Table 5.1 shows the lignin contents (by

total mass of the modified bitumen) incorporated into both bitumen and the tests performed.

Table 5.1 Summary of the experimental campaign of the tests performed on the
modified bitumen with HT SW A 1 lignin (step 1)

Bitumen | Lignin | Testing temperatures, Tt (°C) and number of repetitions for each test [#]
PG |content BRV DSR MSCR BBR
(Hn-L) | (%)
58528 | 0 135 [1+3]B H[1+3]8 H[1+3]8 L+4[2-3]°
and 10 145 [1+3]8 H+6[1+3]® L+10[3]P
528-34 | 20 155 [1+3]° L+16[3]"
30 165 [1+3]B

A Lignin content in relation to the total mass of the modified bitumen (lignin + bitumen)
and lignin is there to substitute the bitumen.

The first repetition was performed about a year before the three other repetitions.

For PG 58S-28 (0, 10 and 20 % of lignin) and PG 52S-34 (0 % of lignin).

For both bitumen.

For PG 58S-28 (20 and 30 % of lignin) and PG 52S-34 (10, 20 and 30 % of lignin).

W g QO w

In the second step, the work done aims to evaluate the effect of using different lignins,
including different physical and chemical properties, on the rheological properties of the
unmodified bitumen PG 58S-28. The same tests (BRV, DSR, MSCR and BBR) used in the
previous study (first step) were employed in this work. Some of these lignins are extracted
from the hard wood (HW) while others from the soft wood (SW). In addition, some of them
are in acid (A) form (pH=3) while others are in base (B) form (pH=10). The most interesting
point in this section is that the differences between the lignins show whether they have the
same effect or not on a fixed bitumen, in addition to see if there is a specific combination of
lignin, among the others, and bitumen that performs better than the others. For this purpose,

the lignin content within the bitumen is 20 % for all types of lignin. This content was selected
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based on the results of the study performed on HT SW A 1 lignin. In contrast to the previous
study, BRV tests were performed at the two temperatures specified in the standard, 135 and
165 °C. This is due to the linear relationship, in a semi-logarithmic scale, between the testing
temperatures and the viscosity. However, the results, an average of three repetitions, of the
rheological tests for the unmodified bitumen (0 % lignin) used in this step were taken from the
previous step. Herein, it is worth mentioning that only one repetition was considered for BRV,
DSR and MSCR tests performed on the modified bitumen with different types of lignin. This
is due to the small variability (COV values) of the three repetitions performed in the previous
study. In other words, the difference in the values between the different repetitions is small.
For BBR tests, three repetitions were kept due to the long duration of time required for the
conditioning and preparation of the beams. Table 5.2 shows the lignin content (by total mass

of the modified bitumen) incorporated into the bitumen and the tests performed.

Table 5.2 Summary of the experimental campaign of the tests performed on the
modified bitumen with different lignins (step 2)

Bitumen Lignin type Lignin | Testing temperatures, Tt (°C) and number of
PG content repetitions for each test [#]
(Hn-L) (%)* | BRV DSR® | MSCR?® BBR
58S-28 HT SW A2 20 135[1] H[1] H[1] L+10[3]
HT SW B 165[1] | H+6[1] L+16[3]
TB HW A
TB HW B
KSWA
K SWB
HT SW A-modified
K SW A-modified

Lignin content in relation to the total mass of the modified bitumen (lignin + bitumen)
and lignin is there to substitute the bitumen.

B DSR and MSCR tests were not performed for the HT SW A-modified and K SW A-
modified lignins.

In the third step, the work aims to evaluate the effect of using pellets on the rheological
properties of the unmodified bitumen PG 58S-28. In this study, the HT SW A 1 lignin powder
was mixed with the soybean oil to form the pellets. The pellets were prepared for us by a third

party. The same tests (BRV, DSR, MSCR and BBR) are employed in this work. Two types of
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the pellets are studied in this section. The first one is the high durability index (HDI) type that
has a durability index of 79.2 and a soybean oil content of 10 %. The second one is the low
durability index (LDI) type that has a durability index of 43.4 and a soybean oil content of 5
%. Only one content (10 %) of each type of the pellet is incorporated into the unmodified
bitumen. This was due to the fact that the work was started lately, compared to the work on the
lignin in powder form. More specifically, the pellets materials were involved at the end of this
research. The reason behind the selected content (10 %) is that it is the same as the first content
studied for the HT SW A 1 lignin. The benefit of this point is to have a base layer of tests
results which will help the subsequent studies to continue on studying the pellets-modified
bitumen and having a comparison with the results of the modified bitumen with the lignin in
powder form. Table 5.3 shows the content of both types of the pellets (by total mass of the
modified bitumen) incorporated into the bitumen and the tests performed in this experimental

campaign.

Table 5.3 Summary of the experimental campaign of the tests performed on the
modified bitumen with HDI and LDI pellets (step 3)

Bitumen | Pellets | Pellets |Testing temperatures, Tt (°C) and number of repetitions for
PG type | content each test [#]
(Hn-L) (%) A BRV DSR MSCR BBR
58S-28 | HDI 10 135[1] H[1] H[1] L+4/[3]
DI 165 [1] H+6[1] L+10(3]

A Pellets content in relation to the total mass of the modified bitumen (pellet + bitumen)
and pellets are there to substitute the bitumen.

In the fourth step, the use of lignin as an antioxidant product within bitumen is discussed. In
particular, to see whether the lignin accelerates or slows down the effect of the aging on the
modified bitumen. To do so, different HT SW A 1 lignin contents (0, 5 and 10 %) were
incorporated into the bitumen PG 58S-28. According to Zhang et al. (2019) and Xu et al.
(2017), the lignin content to show antioxidation properties is low (7-8 %). In addition, higher
lignin content than 10 % was not used in order to limit the stiffening effect of lignin on the
bitumen. Moreover, the high stiffness of the aged-modified bitumen with lignin requires a

caution in handling equipment, especially DSR, and avoiding damage to them (safety measures
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to not break the equipment). First, short-term aging process (RTFO) is applied once and then
different long-term aging processes (PAV) (0, 20, 40 and 60 hours) are applied. The unaged
bitumens (0 hours of PAV) are tested with the BRV, DSR, full G* and FTIR tests. For G* and
FTIR, this was decided to get the chance of having a complete image (at a wide range of
temperatures and frequencies) of the LVE behaviour (full G*) and to see the effect of lignin
on the chemical composition of the unaged bitumen (FTIR). The other tests (BRV, DSR,
MSCR and BBR) on the unaged bitumen are presented before G* and FTIR sections. It should
be noted that the 40 hours and 60 hours PAV are not standard tests. However, since lignin is
considered to have antioxidant capacities, it is decided to prolong the artificial aging to verify
if it is possible to better quantify the impact of the lignin on the aging properties. Table 5.4
shows the campaign of the tests performed on the unmodified and modified bitumen with

different contents of HT SW A 1 lignin at each conducted PAV aging process.

Table 5.4 Summary of the experimental campaign of the tests performed on the modified
bitumen with different contents of HT SW A 1 lignin and aging levels of PAV (step 4)

Bitumen | Lignin | Testing temperatures, Tt (°C) and number of repetitions for each test
PG content [#] after each aging level (20, 40 and 60 hours of PAV)
(Hn-L) | (%)* BRV DSR MSCR BBR Full G*E | FTIRF
58S-28 0 135[1] H[1] H[1] L+4[3]® | -30-82[1] | 20-25[1]
150[1] | H+6[1] | H+6[1] | L+10[3] ¢
5 165[1] | H+12[1] | H+12[1] | L+16 [3] P
H+18 [1] | H+18 [1]
10 H+24 [1] | H+24 [1]

A Lignin content in relation to the total mass of the modified bitumen (lignin + bitumen) and
lignin is there to substitute the bitumen.

B For all unmodified aged bitumens, modified bitumens with 5 % after 20 and 40 hours of
PAYV and modified bitumen with 10 % after 20 hours of PAV.
CFor all aged bitumens, including unmodified and modified ones.
D For modified bitumen with 5 % after 60 hours of PAV and modified bitumens with 10 %

after 40 and 60 hours of PAV.
EThe Tr for the low, intermediate and high temperature ranges are (-30, -18, -6 and 0 °C),
(-6, 0, 10, 22 and 34 °C) and (34, 46, 58, 70 and 82 °C), respectively, at the frequencies
0f0.1,0.3,0.5,0.7,0.9, 1.59, 2, 4, 6, 8 and 10 Hz.
E.F Applied for the unaged (0 hours of PAV) and aged (20, 40 and 60 hours of PAV)
unmodified and modified bitumens with 5 and 10 % of lignin.
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5.2.1 Results and analysis

This section contains the test results of the unmodified and lignin-modified bitumens for all
steps. Therefore, the variability of the results should be addressed and controlled by repeating
the test more than once. Each value shown in the Tables and Figures of the first step is the
average value of more than one repetition. Table 5.1 shows the number of repetitions ([#]) for
each test. The repetitions for BRV, DSR and MSCR tests were not all performed at the same
time. The first repetition was performed about a year before the three other repetitions.
Consequently, a small difference between the first and the other three results is observed for
these tests because the bitumen was aged during the period separating the two series of tests.
For the rest of the tests, the repetitions were all performed at the same time. Regarding the
variability of the results, the COV is a well-known statistical tool which evaluates the
variability of the results. The COV of the three (3) repetitions, which are performed at the same
period, ranges from 0.2 % to 0.9 % for all tests results. Combining the first (1) repetition with
the three (3) repetitions increases the COV to a maximum of 3.2 %. ASTM C 670 standard is
used to check the acceptability of the variability since the standard for the test indicates the
acceptable variability range for only two (2) repetitions. According to this standard, the

variability of the results is within the maximum acceptable range of 3.5 %.

As mentioned earlier, the results are presented in terms of the tests performed. More
specifically, for example, the results of BRV tests for all steps are presented in one section:
effects of HT SW A 1 lignin on two different unmodified bitumens (first step), effects of
different types of lignin on fixed unmodified bitumen (second step), effects of pellets on the
unmodified bitumen (third step) and effects of HT SW A 1 lignin on the oxidative aging
properties of bitumen (fourth step).

5.2.1.1 BRY tests

This section shows the viscosity results of the different steps. The effect of lignin on the
viscosity of bitumen is discussed firstly in general. Then, more details for the results of each

step are presented.
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General considerations

Since lignin, a powder, is mixed with the bitumen, it is expected that there will be an effect on
the viscosity. Figure 5.2 shows the viscosity (1) values, obtained with the BRV tests, for the
PG 58S-28 bitumen with different HT SW A 1 lignin contents, 20 % of other lignins and 10 %
of pellets. As can be seen and as expected, the viscosity of the bitumen increases with the
addition of all lignins in powder form except for the lignin in pellets form. This means that the
lignin in powder form increase the resistance to flow and hinder the movement of the bitumen
at high testing temperatures (Tt = 135 to 165 °C). The increase in viscosity will lead to the
increase of the mixing (Tmix) and compaction (Tcomp) temperatures of the bitumen. In this
regard, the lignin-modified bitumen should be heated more to well coat the aggregate and to

meet the air voids requirements of the asphalt mix during the compaction process.

Many studies showed that the addition of mineral filler increases the stiffness and viscosity of
the bitumen (Robati et al., 2015). This effect depends on the concentration and properties of
mineral filler used and the bitumen content within the mastic (filler + bitumen). However, the
overall trend observed for the results presented in this section fits with the findings of the
literature for a filler. Despite that, more work is needed to fully understand how the addition
of lignin affects the viscosity. The viscosity would probably be less impacted if the lignin
behaves fully as a binder, but at this point and with the results available, it is not possible to
state with confidence if the lignin should be considered as a binder, a filler or a bit of both in
the bitumen. It is believed that depending on the amount used, part of the lignin may not work
as a filler. The rheological tests such as DSR, MSCR and BBR should help to better understand
that.
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Figure 5.2 Viscosities (1) of PG 58-28 with different HT SW A 1 lignin contents, 20 % of
different lignins and 10 % of pellets as a function of testing temperature (Tt) and lignin

content (% in relation to the total mass of bitumen) and targeted viscosities for mixing

(Ntargeted for mix: 170 mPa-s) and for compaction (Ntargeted for comp: 280 mPa-s)

Step 1 (effects of one lignin type on two bitumens)

Figure 5.3 shows the viscosity (1) values for the PG 52S-34 bitumen with different contents of

HT SW A 1 lignin. The addition of lignin to the PG 52S-34 bitumen shows the same overall
trend as observed for the PG 58S-28 bitumen. Table 5.5 shows the Tmix and the Tcomp for the

two bitumens with HT SW A 1 lignin corresponding to the targeted viscosities that are shown

in Figures 5.2 and 5.3. The Tmix increases from 150 to 173 °C and from 138 to 170 °C for the

PG 58S-28 and the PG 52S-34 bitumen, respectively, with increasing lignin content

(Table 5.5). These temperatures for the unmodified bitumens (0 % lignin) fit with those
proposed in LC 26-003 Annex A. The Tecomp increases from 140 to 164 °C and from 127 to
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159 °C for the PG 58S-28 and the PG 52S-34 bitumen, respectively, with increasing lignin
content (Table 5.5).

In Figures 5.2 and 5.3, it can be easily observed that the PG 58S-28 with 10 % of HT SW A 1
lignin has almost the same viscosity values as the PG 52S-34 with 20 % of the same lignin.
Also, for HT SW A 1 lignin, the Tmix and Tcomp are almost the same (154 and 143 °C,
respectively) for PG 58S-28 with 10 % of lignin and (154 and 142 °C, respectively) for
PG 528-34 with 20 % of lignin (Table 5.5).

It is important to mention that increasing the construction temperatures will result in more
energy consumption and it can cause safety issues. However, increasing the construction
temperatures is acceptable if compared with other bitumen modifiers: for example, the Tmix of
bitumen modified with crumb rubber could reach up to over 170 °C (Wu et al., 2021; Xie et
al., 2019). Despite the additional gas emissions due to the increase in the construction
temperatures, performance and environmental benefits could still be gained by lignin addition.
Since the addition of lignin increases the viscosity and stiffness of the bitumen, it becomes
interesting or necessary to use warm mix asphalt (WMA) technology, which uses a lower
production temperature, in order to limit the increase in bitumen heating due to the addition of
lignin and to limit the aging and stiffness of the bitumen, as proposed and confirmed by Rubio

et al. (2012) and Al-Qadi et al. (2012).
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Figure 5.3 Viscosities (n) of PG 52-34 with different HT SW A 1 lignin contents as a
function of testing temperature (Tt) and lignin content (% in relation to the total mass
of bitumen) and targeted viscosities for mixing (Ntargeted for mix: 170 mPa-s) and
for compaction (Ntargeted for comp: 280 mPa-s)

Table 5.5 Mixing (Tmix) and compaction (Tcomp) temperatures for both
bitumens corresponding to the targeted viscosities

Lignin | Targeted Bitumen PG 58S-28 Bitumen PG 52S-34
content | viscosity, Tmix * Teomp * Trmix 2 Teomp
(%) | n(mPa-s) O °C) (W9 O
0 170 for 150 140 138 127
10 mixing; 154 143 146 132
20 280 for 163 151 154 142
30 compaction | 173B:€ 164 1708.€ 159
A

Tmix and Tecomp were determined mathematically with viscosities at 135 and
165 °C in accordance with Quebec test method (Laboratoire des chaussées:

LC 25-007).

Value outside the measurement area.

For your information, in Quebec, the maximum Tmix is limited to 170 °C for
polymer modified bitumen.

Figure 5.4 shows the increase of Tmix and Tcomp for both bitumens (PG 58S-28 and PG 525-34
modified with HT SW A 1 lignin) by calculation the difference between the temperature for

the reference mix and the temperature for a modified mix (the ATmix and ATcomp). The ATmix
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increases from 0 to 23 °C and from 0 to 32 °C for PG 58S-28 and PG 52S-34, respectively.
The ATcomp increases from 0 to 24 °C and from 0 to 32 °C for PG 58S-28 and PG 52S-34,
respectively. Although, the unmodified PG 52S-34 is less viscous than the unmodified
PG 58S-28, the ATmix and the ATcomp of PG 525-34 is bigger compared to the PG 58S-28.
Accordingly, the effect of the lignin addition is greater on PG 525-34 than PG 58S-28 for Tmix
and Teomp (Figure 5.4). This difference might be due to the nature of the physical interactions
and/or chemical reactions occurring between the lignin and the different bitumens. It is worth
mentioning that the lignin addition has a greater effect on the Tmix (ATmix), where the viscosity

of the bitumen is lower than the Tcomp (ATcomp), Where the viscosity of the bitumen is higher.

40 ,
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Figure 5.4 Increase of mixing (ATmix) and compaction (ATcomp) temperatures
of the modified bitumens compared to the unmodified bitumen (0 % of lignin)

Step 2 (effects of different types of lignin)

As can be seen in Figure 5.2, the different lignins all increase the viscosity of the bitumen but
with different magnitudes. These differences can be interpreted by the different chemical and
physical properties of each type of lignin. In particular, the difference in pH (acid or base),
gradation (Figure 4.3) and other properties of the different types of lignin which result in a
production of different levels of bitumen’s viscosity. However, there is no clear trend between

the different viscosities of the modified bitumens and the lignin supplier (HT or TB or K) or
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from hard (HW) or soft wood (SW) or have acid (A) or base (B) form. This means that there
is no variable seems to have more influence on the viscosity results than the other variables
(supplier or type of wood or pH). It is interesting to see that the variation of viscosity at 135
°C for the use of different types of lignin is bigger than what is observed for the use of different
contents of HT SW A 1 lignin (Figure 5.2). This is not the case at higher temperature (165 °C).
Finally, it can be easily observed that the combination of bitumen PG 58S-28 and 20 % of K
SW A lignin shows the highest viscosity (1333 mPa.s) among all modified bitumens with 20
% of other lignins and even higher than 30 % of HT SW A 1 lignin, including unexpected trend
of result at 135 °C compared to other bitumens. This might be due to different patterns of the
chemical interaction in a way to create very strong bonds between the bitumen molecules. In
this regard, according to this observation, it is expected that the workability and compactability
issues of the modified HMA with this lignin type (K SW A) will be greatly challenged.
However, it was decided to modify this lignin at the facility of the producer in order to reduce
the viscosity. Following, the modified version of K SW A lignin (K SW A-modified) was
tested and it shows expected results as other lignins except K SW A lignin. This confirms that
the properties, chemical and/or physical, of the lignin have a significant effect on the viscosity

of the bitumen.

Step 3 (effects of pellets)

As can be seen in Figure 5.2, the modified bitumens with 10 % of both pellet types show similar
viscosities to the unmodified bitumen. Therefore, the mixing and compaction temperatures for
10 % pellets are similar to those for the unmodified bitumen. It is worth mentioning that the
same lignin (HT SW A 1) in powder or pellet form does not show the same effect on the
viscosity of the bitumen. This is mostly due to the presence of soybean oil within the pellets.
Herein, the exact lignin content in pellets form is not 10 % since the pellets contain a portion
of oil. The soybean oil is a low-density oil that dilutes the bitumen and decreases the viscosity
caused by the addition of lignin in powder form in the bitumen. Also, the oil facilitates the
movement of the bitumen molecules and reduces its density. The presence of soybean oil is
expected to improve the workability and compactability of HMA. It should be noted that the
only difference between the LDI and HDI pellets is the soybean oil content (5 and 10 %,
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respectively). This difference is not significant enough to show consequences on the viscosity

results of the bitumen.

Step 4 (anti-oxidation properties)

It is well known that the increase of the viscosity of bitumen is not only due to the addition of
the modifiers, but also the aging process of the bitumen itself. In this context, it is interesting
to see the behaviour of the aged lignin-modified bitumen. In other words, to see what happens
when the modified bitumen gets aged and if the lignin behaves as an antioxidant product within
the bitumen. Figure 5.5 shows the Viscosities (1) obtained from the BRV tests for the aged
unmodified and modified bitumens with 5 and 10 % of HT SW A 1 lignin. According to the
test standard, the test should be performed at 135 and 165 °C. In this study, the average
temperature (150 °C) is used to see if the aging process will affect the normally linear viscosity-
temperature relationship. As can be seen from Figure 5.5, the linear relationship can be
observed which means that there is no effect of the aging on the normal viscosity-temperature

relationship.

Generally speaking, increasing the aging level from 0 to 60 hours of PAV increased the
viscosity of the bitumen which is expected due to the effect of the aging process itself. This
leads to increase the construction temperatures, Tmix and Tcomp, of the bitumen in order to have
coated aggregates and compactable HMA. However, in this study, these observations are due
to not only the effect of the aging but also the effect of the lignin. It is interesting to see that
the curves of the different bitumens at each aging level are grouped together (Figure 5.5). This

means that the effect of aging is greater than the effect of lignin.

According to the location of the curves of the bitumens at 20 hours of PAV aging level, it can
be seen that the modified bitumen with 10 % lignin has higher viscosity (472 mPa.s at 150 °C)
than the modified bitumen with 5 % lignin (427 mPa.s at 150 °C) and the unmodified one
(360 mPa.s at 150 °C) at the same aging level (20 hours of PAV). Comparing those bitumens
at the unaged level (0-hour PAV), in addition to the effect of lignin, this increase in the

viscosity can be due to the oxidation that occurs during the aging process. That being said that
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both effects, lignin addition and aging, produce more viscous bitumen, resulting in more

reduction in the movement of the bitumen molecules.

On the other hand, it is interesting to see that the modified bitumen with 10 % lignin at 40
hours of PAV aging level shows lower viscosity than the modified bitumen with 5 % lignin at
the same aging level (755 and 810 mPa.s at 150 °C, respectively). It also shows the same trend
at 60 hours of PAV aging level, even with bigger difference (1047 mPa.s at 150 °C for 10 %
lignin and 1514 mPa.s at 150 °C for 5 % lignin). Herein, one possible hypothesis can be
assumed for this observation is that the presence of lignin within bitumen creates a defense
line to the aging effect, leading to protect the bitumen from being aged or retard the hardening
effect resulted from the aging process. However, comparing the results for 0 % lignin with 5

and 10 %, lignin does not show the anti-oxidation properties.

Figure 5.6 shows the ratio of viscosity at 150 °C for all bitumens at different aging levels
referenced to the unaged level (0 hours of PAV). It is interesting to see that the aging effect
occurred at 40 and 60 hours of PAV is bigger than that at 20 hours of PAV. As can be seen,
the modified bitumen with 5 % lignin shows the highest ratio among all bitumens. Accordingly,
the use of 5 % lignin does not show anti-oxidative aging properties. For 10 % lignin, the ratio
is slightly lower than that for the unmodified bitumen. However, based only on this, the use of

lignin as antioxidant product cannot be stated with a confidence.
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Figure 5.5 Viscosities () of the unmodified and modified bitumens with different
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Figure 5.6 Ratio of viscosity at 150 °C of the unmodified and modified bitumens
with different contents of HT SW A 1 lignin referenced to unaged level
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Generally speaking, as presented in this section, the addition of lignin increases the viscosity
of the bitumen. This effect varies according to the type of lignin. Using pellets decreases the
viscosity of the bitumen which is due to the presence of the soybean oil. The aged lignin-
modified bitumen shows higher viscosity than the unaged bitumen. However, the use of lignin
within the bitumen does not show antioxidation properties. Higher lignin contents could be
used to better investigate the use of lignin as an antioxidant product. Finally, according to the
results, lignin changes the properties of the bitumen and, therefore, the behaviour. In this
context, the stiffness of the bitumen is expected to be affected. DSR tests can be used to

examine the effect of the addition of lignin on the bitumen’s stiffness.

5.2.1.2 DSR tests

This section shows the DSR results of the different steps. The effect of lignin on the high
temperature performance of the bitumen is discussed firstly in general. Then, in more details

for the results of each step are presented.

General considerations

Lignin increases the viscosity (1) of the bitumen, which results in stiffer bitumen. As
mentioned before, the stiffness of the bitumen, a viscoelastic material, can be measured with
the DSR. All lignins increase the |G"|/sin (8) value of the bitumen except for the 10 % of HDI
pellets type (Figure 5.7). Lignin addition shifted the high temperature (Thigh) performance
grade to higher temperature for which the |G*|/sin (8) specification (1.0 kPa) is satisfied.
Overall, the addition of lignin produced stiffer bitumen and higher viscosity () which results

in an improvement of the performance at high temperatures.
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Figure 5.7 DSR test results for PG 58-28 with different HT SW A 1 lignin contents,
20 % of different lignins and 10 % of pellets

Step 1 (effects of one lignin type on two bitumens)

As can be seen from Figures 5.7 and 5.8, the effect of HT SW A 1 lignin on both PG 58S-28
and PG 52S-34 bitumens is roughly similar: the |G"|/sin (§) value increases as the lignin content
increases. The DSR test results (|G'|/sin (3)) are used to determine the Thigh of both bitumens
(Table 5.6). It can be seen that using 20 and 30 % of lignin shifted Thigh to higher temperature

for both bitumens, while it is not the case for 10 % lignin.
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Figure 5.8 DSR test results for PG 52-34 with different HT SW A 1 lignin contents

Table 5.6 Specification and DSR test results for both bitumens modified with HT SW A 1

Thigh is determined according to ASTM D 7643 standard.

lignin
Lignin Values of |G"|/sin (§) * and corresponding high temperature (Thigh)
content Bitumen PG 58S-28 Bitumen PG 52S-34
(%) | At 58 °C |Phase angle, §| At 64 °C | Thigh® | At 52 °C |Phase angle, 5| At 58 °C | Thign B
(kPa) | (®)at58°C | (kPa) | (°C) | (kPa) | (®)at52°C | (kPa) | (°C)
0 1.5 87.2 0.7 60.9 1.3 87.2 0.6 53.8
10 1.7 87.0 0.8 61.9 1.8 86.9 0.9 57.0
20 2.2 86.7 1.0 64.3 2.3 86.1 1.1 58.4
30 4.0 85.9 1.8 68.7 3.8 85.3 1.7 62.3
z Specification for |G*|/sin (3) at the Thigh=1 (kPa).

Figure 5.9 shows the increase of Thigh (the AThigh) with the HT SW A 1 lignin content for both
bitumens. The AThigh of the lignin-modified PG 52S-34 is higher (0 to 8.5 °C) than the lignin-
modified PG 58S-28 (0 to 7.8 °C) where the lignin content varies from 0 to 30 %, which means
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that the stiffening effect of the lignin is slightly greater for the PG 52S-34, which has a lower
viscosity. The trend observed here, for DSR, is the same trend as for the BRV tests results for
the modified bitumens with HT SW A 1 lignin (greater effect on PG 52S5-34 than PG 58S-28).
The difference in the stiffening effect between both bitumens may be due to the different
physical and chemical interactions with the lignin. In general, lignin changes the viscoelastic

behaviour of the bitumen.
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Figure 5.9 Increase of high temperature (AThigh), compared to the bitumen
with 0 % of lignin, according to the lignin content for both bitumens

Step 2 (effects of different types of lignin)

The different types of lignin increase the |G*|/sin () value with different magnitudes. The
increase is sufficiently important to result in a shift of Thigh to a higher temperature (from 58 to
64 °C) except for HT SW A 2 lignin. As observed for the BRV results, there is no clear
tendency if the lignin supplier or the type of wood or pH has more influence on the |G*|/sin (9)
value. The variation of |G*|/sin (3) values between different lignins is higher than what is
observed for 0 to 20 % of HT SW A 1 lignin only. It is interesting to see that the increase in
|G*|/sin (0) follows the same order as for the viscosity results (e.g. K SW A lignin shows the
highest |G*|/sin () value and highest viscosity results). Therefore, the combination of bitumen

PG 58S-28 and K SW A lignin is expected to show the best rutting performance.
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The DSR tests on the HT SW A-modified and K SW A-modified lignins are not presented here
due to the abnormal and out of the ordinary results. This is strongly related to the presence of
the big solid particles, compared to powder, of lignin on the DSR plate (Figure 5.10). This
observation raises doubts about the results, including the representativeness issue and

questionable results.

Figure 5.10 A photo shows the particles of HT SW A-modified
lignin on the plate used for the DSR test

Step 3 (effects of pellets)

As can be seen from Figure 5.7, the modified bitumens with 10 % of each pellets type show
similar |G*|/sin (8) values than the unmodified bitumen. Also, those values for 10 % pellets are
similar to those for 10 % of HT SW A 1 lignin in powder form. This includes small variation
of |G*|/sin () values for 10 % pellets compared to 10 % of HT SW A 1 lignin in powder form.
This observation is a little different from what is observed for the BRV tests results. However,
it is worth mentioning that the modified bitumen with LDI pellets (5 % soybean oil) is slightly
stiffer than that with HDI pellets (10 % soybean oil). Therefore, the content of the soybean oil
affects not only the durability of the pellets, but also the stiffness of the bitumen. Both modified

bitumens remain in the same high temperature PG (58 °C) as the unmodified one. This can be
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due to the presence of soybean oil that dilutes the bitumen. Therefore, the rutting performance
at high temperature will not be significantly improved compared to the unmodified bitumen.

However, the effect of the pellets type is clearer, here with DSR, than with BRV.

Step 4 (anti-oxidation properties)

Figure 5.11 shows the values of |G*|/sin (3) obtained from the DSR tests at different
temperatures for the unaged and aged-unmodified and modified bitumens with 5 and 10 % of
HT SW A 1 lignin. It can be seen, as expected, that all bitumens show higher values of |G*|/sin
(0), at a specific temperature, with the increase of the aging level. This leads to increase the
high temperature PG from 58 to 82 °C for all bitumens except for those tested at 82 °C with
20 hours of PAV aging level. This indicates that the rutting performance for the aged bitumens
is better than that for the unaged ones. However, the modified bitumens show higher |G*|/sin
() values than the unmodified bitumen at all aging levels. It is important to note that the

hardening effect due to the lignin addition is completely negligible compared to the effect of
aging.

Both lignin contents (5 and 10 %) show higher |G*|/sin (5) values than the bitumen without
lignin (0 %). It is interesting to look at the ratio of these values at different levels of aging.
Figure 5.12 shows the ratio of |G*|/sin (8) values at 58 °C for all bitumens at different aging
levels referenced to the unaged level (0 hours of PAV). This temperature (58 °C) is chosen
since it is the high temperature PG of the bitumen used. However, it should be noted that the
ratio at the other testing temperatures shown in Figure 5.12 is checked and it shows the same
trend as 58 °C. It can be seen that the difference in this ratio is not significant between all
bitumens at 20 hours of PAV aging level. The ratio at 40 hours of PAV is bigger compared to
20 hours of PAV. At 60 hours of PAV, the ratio is much greater than that at 20 and even 40
hours of PAV. This means that the rate of increase of the aging (oxidation) increases at higher
aging levels. This observation is the same as what is observed for BRV tests. As can be seen,
comparing the ratio values for 0 % lignin with those for 5 and 10 %, the lignin does not show

anti-oxidative aging properties within bitumen.
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Figure 5.11 G*/sin (0) values at different temperatures for the bitumen modified
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Figure 5.12 Ratio of G*/sin () at 58 °C of the bitumen modified with
different contents of HT SW A 1 lignin referenced to unaged level
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Overall, the effect of lignin on the stiffness (DSR results) of the bitumen follows the same
trend as for the viscosity (BRV results), including an increase of the bitumen’s stiffness. This
includes the effect of different types of lignin in powder form on the unaged bitumen, pellet-
modified bitumen and antioxidative aging properties. However, despite the fact that the
|G*|/sin (8) parameter is the rutting parameter in SHRP (Xu et al., 2017), conducting MSCR
test is needed since it evaluates the permanent deformation resistance of the bitumen under
loading and the relaxation time which better characterizes the accumulated permanent strain,
the rutting, that is associated with the stress levels (0.1 and 3.2 kPa). The phase angle () values
for the modified bitumen with HT SW A 1 lignin presented in Table 5.6 are shown at only the
H temperature grade of bitumen (58 or 52 °C) to help in the interpretation of MSCR tests
results. It is well known that the phase angle () increases as the temperature increases and,
however, the lower it is, the more elastic the bitumen behaves, which is beneficial in reducing

permanent deformation (or rutting).

5.2.1.3 MSCR tests

This section shows the MSCR tests results of the different steps. The effect of lignin on the
bitumen resistance to permanent deformation is discussed firstly in general. Then, more details

for the results of each step are presented.

General considerations

Lignin increases the stiffness of the bitumen, |G*|/sin (6) value from DSR test, which will affect
the rutting performance. The non-recoverable creep compliance (Jnr3.2) values are obtained
with MSCR tests for the bitumen PG 58S-28 modified with different contents of HT SW A 1
lignin and are shown in Figures 5.13. It can be seen that all lignins decrease Jnr3 2 value except
for the 10 % HDI pellets. This indicates better resistance of the bitumen to permanent
deformation. Accordingly, lignin improves the rutting performance at high temperature. This

finding is in accordance with the study by Zhang et al. (2022).
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Figure 5.13 Jnr3 2 values at 58 °C for PG 58-28 with different HT SW A 1 lignin
contents, 20 % of different lignins and 10 % of pellets

Step 1 (effects of one lignin type on two bitumens)

Figure 5.14 shows the Jnr3.2 values for the bitumen PG 52S-34 modified with different contents
of HT SW A 1 lignin. As can be seen, the Jnr32 value decreases as lignin content increases
which is the same trend observed for the PG 58S-28 bitumen. The difference in non-
recoverable creep compliance between 0.1 and 3.2 kPa (Jnraifr), the average recovery of strain
(R3.2) and the traffic level (n) values for both bitumens are presented in Table 5.7. Based only
on Jnrs2: the unmodified bitumens and lignin-modified bitumens with 10 % lignin have a
standard (S) resistance to traffic. Lignin-modified bitumens with 20 % and 30 % lignin have a
heavy (H) and very heavy (V) resistance to traffic, respectively. Nevertheless, if all test
parameters are considered, all bitumens will have standard (S) resistance to traffic (Table 5.7).
For both modified bitumens with 20 and 30 % of lignin, the tests should have been performed
at 64 °C, for PG 58S-28, and 58 °C, for PG 52S-34, according to the results obtained by the
DSR tests (see Table 5.6). As shown by Cardone et al. (2015), increasing the temperature will
increase the Jnr3 .2 value. In this regard, the traffic level “n” class obtained for the Jnrs2 (H and

V) are surely overestimated.
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Figure 5.14 Jnrs2 values at 52 °C for PG 52-34 with different HT SW A 1 lignin contents

Table 5.7 MCSR test results, requirements and traffic level (n) class obtained for both

bitumens
Lignin Bitumen PG 58S-28 Bitumen PG 525-34
content MSCR at 58 °C? MSCR at 52 °C?
(%) Jnrs2 Jnraiee R32  [Nobtained Jnrs 2 Jnraiee R32  |Nobtained
(kPa™h) (%) (%) |(letter)]  (kPa™!) (%) (%) |(letter)
0 [2.73<4,5(9)|12.5(0k)| 0.5°(S)| S [3.36<4,5(S)|[15.8 (ok)| 0(S) S
10 [2.11<4,5(S)[14.0 (0k)| 0.5°(S)| S [2.18<4,5(S)[14.5(0k)| 0.6(S)| S
20 [1.32<2.0(H)[12.8(ok)| 1.0°(S) | S 1.63<2.0(H)[14.9 (ck)|1.1(S)| S
30 10.84<1.0(V)[12.9(0k)| 0.8°(S)| S ]0.86<1.0(V)16.3 (0k)|0.8°(S)| S
?  Tests performed at the high temperature grade (H).
® Due to the very low values for R32, it is possible to put the bitumen only in traffic level
“Standard” class.

When combining and analyzing the MSCR results with the DSR’s, the addition of lignin

increases the stiffness (Table 5.6: DSR results) and does not significantly change the capacity

to recover at high stress level, which means a small increase in the resistance to permanent
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deformation of the bitumen. This is in accordance with what is observed in a few studies (Gao
et al., 2020; Pérez et al., 2020; Zhang et al., 2019) which is that the addition of lignin means a

better performance at high temperature.

Step 2 (effects of different types of lignin)

Regarding the effects of the different lignin types, the resistance to permanent deformation is
improved with different levels. There is no clear pattern if the lignin producer or wood type or
pH shows more influence on the bitumen resistance to permanent deformation. On the contrary
to what is observed for the DSR tests results, the variation of Jnrs2 values for using different
types of lignin is lower than that for using of 0 to 20 % of HT SW A 1 lignin. As observed for
the DSR tests, the combination of bitumen PG 58S-28 and K SW A lignin shows the lowest
Jnrs2 value. Therefore, this combination has the highest capacity of the resistance to permanent
deformation. Finally, the effect of the type of lignin is less visible with the MSCR test than
with the DSR test.

Step 3 (effects of pellets)

It can be seen from Figure 5.13 that the type of pellets has an impact on the bitumen resistance
to permanent deformation. The 10 % HDI pellets shows higher Jnr3.2 value than the 10 % LDI
pellets. This highlights the key role of the soybean oil that reduces the resistant to permanent
deformation of the bitumen by diluting it. This means that the lignin in pellets form shows a

different trend from what is observed for the powder form.

Step 4 (anti-oxidation properties)

Regarding the antioxidative aging properties, when the bitumen ages, it shows higher stiffness
(DSR results) and, therefore, its resistance to permanent deformation (MSCR results) is
improved. Figure 5.15 shows the values of Jnr32 parameter obtained from the MSCR tests at
different temperatures, same as those that are used for the DSR tests, for the aged unmodified
and modified bitumens with 5 and 10 % of HT SW A 1 lignin. Based on what is seen from
BRYV and DSR tests (big part of the aging effect occurs at high PAV aging levels), it possible
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to evaluate the antioxidative aging properties of lignin considering the 20 hours of PAV aging

level as a reference.

At a specific temperature, the Jnr32 values for the aged lignin-modified bitumens are lower
than those for the unmodified bitumen. Therefore, the combination of the effects of aging and
lignin indicates superior resistance to the permanent deformation at high temperatures.

However, comparing 0 % lignin with 5 and 10 %, lignin does not show anti-oxidation

properties.
N 0% lignin 20hrs PAV 0% lignin 40hrs PAV  @0% lignin 60hrs PAV
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0 10% lignin 20hrs PAV @ 10% lignin 40hrs PAV O 10% lignin 60hrs PAV|
10
8 Toa N N ; § \ ]
2 TN N
g S Nyl N
= 5 P28 o NN q
bt 1 1§ N
= 4 N N N
' | 0.1 : S—:
1N NN |
3, 18 L —‘n NIRIL
7 58 64
- s q
b
o INo Bo o NENm o
58 64
Temperature (°C)

Figure 5.15 Jnr32 values at different temperatures for the unmodified and modified
bitumens with different contents of HT SW A 1 lignin at different aging levels

According to the presented results in this section, lignin increases the resistance to permanent
deformation of the bitumen. As mentioned before, this increase differs according to the type

of lignin. For the pellet-modified bitumen, the presence of the soybean oil affects the resistance
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to permanent deformation. Regarding the antioxidative aging properties for the lignin-modified
bitumen and comparing it with the unmodified one, using lignin does not show anti-oxidation
properties. Finally, since lignin improves the high temperature performance, replacing part of
the bitumen by lignin would be beneficial. However, investigating the effect of lignin on the
bitumen at low temperature would be interesting. In particular, to see if lignin shows the same

trend as for the tests at high temperature.

5.2.1.4 BBR tests

This section shows the BBR tests results of the different steps. The effect of lignin on the low
temperature performance of the bitumen is discussed firstly in general. Then, more details for

the results of each step are presented.

General considerations

The stiffness and the relaxation characteristics at low temperature of the bitumen are indicators
for the low temperature performance. Figures 5.16 and 5.17 show stiffness (S(60)) and slope
(m(60)) values, respectively, for the bitumen PG 58S-28 modified with different contents of
HT SW A 1 lignin, 20 % of different lignins and 10 % of pellets. As can be seen, all lignins
increase the stiffness of the bitumen and decrease the relaxation properties except for the HDI
pellets where the trend is slightly different. In general, the lignin-modified bitumens are stiffer
and less able to dissipate the thermal stresses, and therefore are more fragile at low
temperatures and have less resistance to the thermal cracking compared to the unmodified
bitumen. The lignin addition shifts the low temperature (Tiow) to higher temperature. These

findings are in accordance with Batista et al. (2018), Wu et al. (2021) and Yu et al. (2021).
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Figure 5.16 Stiffness values for PG 58S-28 with different HT SW A 1
lignin contents, 20 % of different lignins and 10 % of pellets
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Figure 5.17 Slope values for PG 58S-28 with different HT SW A 1
lignin contents, 20 % of different lignins and 10 % of pellets
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Step 1 (effects of one lignin type on two bitumens)

Figures 5.18 and 5.19 show stiffness (S(60)) and slope (m(60)) values, respectively, for the
bitumen PG 52S-34 modified with different contents of HT SW A 1 lignin. As can be seen for
PG 58S-28 and PG 52S-34 bitumens, as the lignin content increases, the creep stiffness, S(60),
increases, and the relaxation parameter, m(60), decreases. Table 5.8 shows the Tiow values
according to S(60) and m(60) values obtained with the BBR for the modified bitumen with HT
SW A1 lignin, averaged from two or three repetitions of the test at each temperature. All
lignin-modified bitumens PG 52S-34 are shifted to higher grade (-28 °C) in addition to
modified bitumens PG 58S-28 with 20 % and 30 % of lignin (-22 °C). As shown by Badeli et
al. (2018), the resistance to thermal cracking of the bituminous materials depends mainly on

the low temperature PG of the bitumen.

Considering the determined Tiow (Table 5.8) of lignin-modified bitumen, a negative impact on
the low temperature performance of the bituminous materials is possible. Figure 5.20 shows
the increase of Tiow (the ATiow) with the lignin content for both bitumens. The ATiow is similar
for both bitumens (Figure 5.20: varies from 0.0 to 6.1 °C with the lignin content). This means

that the effect of lignin is similar for both bitumens.

In general, in terms of PG classification, the tests results performed at high temperatures (BRV,
DSR and MSCR) exhibit slightly more pronounced differences compared to what is observed
here at low temperature (BBR). This indicates that the behaviour at low temperature is mostly

controlled by the bitumen.
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Table 5.8 Specifications and BBR test results for both bitumens with different HT SW A 1
lignin contents

Lignin | Tt*| Bitumen PG 58S-28 Bitumen PG 52S-34 Specifications
content | (°C) | S(60) | m(60) |Tiow®| S(60) | m(60) | Tiow®
(%) (MPa) | (MPa/s) | (°C) | (MPa) | (MPa/s) | (°C)
0 30| --- — - 570 0.258 | -35.0
-24 | 429 0.275 |-30.9| 263 0.333 | -36.6
-18 | 216 0346 |-319| --- --- ---
10 | -24| 56l 0.249 |-28.6| 357 0.296 | -32.7
-18 | 281 0312 [-29.1| 157 0.363 | -33.6 | S(60)<300
20 [ -24| 653 0217 |-262| 434 0.283 | -30.9 and
-18 | 384 0.288 |-27.0| 212 0.352 | -32.5 | m(60)>0.3
-12 | 167 0.361 --- --- --- ---
30 |24 - --- - 554 0.262 | -28.9
-18 | 413 0.277 |-249| 270 0.323 | -30.3
-12 | 221 0346 [-26.0| --- --- ---
A Through correlations, it was determined that it was possible to test the bitumen at
a temperature 10°C above the target temperature as specified in the standard.
B Determined the two Tiow based on S(60) and m(60) according to ASTM D 7643
standard [29].
The highest Tiow value is used (underlined value) for the PG classification.
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Figure 5.20 Increase of low temperature (ATiow), compared to the bitumen
with 0 % of lignin, according to the lignin content for both bitumens
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Step 2 (effects of different types of lignin)

The different types of lignin have different stiffening effect on the bitumen. Regarding the
variation of S(60) and m(60) values, it is lower for the use of different types of lignin than that
for the use of 0 to 20 % of HT SW A 1 lignin (Figures 5.16 and 5.17). There is no clear pattern
weather the lignin supplier or the wood type or pH has more impact on the stiffness and
relaxation properties of the bitumen. The low temperature PG of all modified bitumens
increases to higher temperature (from -28 to -22 °C). It is interesting to see that the combination
of bitumen PG 58S-28 and K SW A lignin still show the highest stiffness which indicates the
worst low temperature performance among the other lignin-modified bitumens. The effect of
lignin type is less visible here in the BBR than that with the DSR. However, due to the
observation in Figure 5.10 that leads to not test the HT SW A-modified and K SW A-modified
lignins for the DSR and MSCR tests, the results from the BBR tests need to be verified by

performing more tests with more repetitions.

Step 3 (effects of pellets)

The HDI pellets show different trend from the LDI pellets which is due to the presence of
higher content of the soybean oil that dilutes the bitumen. Herein, the oil decreases the stiffness
of the bitumen at low temperature and increases the relaxation properties. So, the HT SW A 1
lignin in pellets form, compared to the powder form, improves the ability of the bitumen to
dissipate the thermal stresses and increases the resistance to the thermal cracking. It is
interesting to see that the low temperature PG for the HDI pellets remains at -28 °C, while for
the LDI pellets, it increases to higher temperature (-22 °C). More work is required to

understand the results obtained here.

Step 4 (antioxidation properties)

Figures 5.21 and 5.22 show, respectively, the stiffness (S(60)) and slope (m(60)) values at
different temperatures (-12, -18 and -24 °C) obtained from the BBR tests for the aged
unmodified and modified bitumen with different contents (5 and 10 %) of HT SW A 1 lignin.
The 20 hours of PAV aging level is used as a reference in order to evaluate the antioxidative

aging properties of lignin at low temperature (based on BRV and DSR tests: big part of the
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aging effect occurs at high PAV aging levels). It can be seen that the stiffness, at a specific
temperature, of all bitumens increases as the aging level and lignin content increase. It should
be noted that the effect of lignin addition itself seems not negligible in comparison to the effect
of aging, especially for S(60). It is interesting to see that there is a smaller shift, for each
bitumen, to higher low temperature PG of the bitumen compared to that observed at the high
temperature PG. Both effects, aging and lignin addition, reduce the ability of the bitumen to
dissipate the thermal stresses. In comparison with what is observed at high temperature, the
effect of lignin and aging is limited at low temperature which is due to the statues of the
bitumen where the matrix of bitumen molecules is frozen. Combining both parameters of the
BBR tests, S(60) and m(60), lignin does not show antioxidative aging properties on the bitumen

at low temperature.

0% lignin 20hrs PAV  80% lignin 40hrs PAV @ 0% lignin 60hrs PAV
5% lignin 20hrs PAV  @5% lignin 40hrs PAV @ 5% lignin 60hrs PAV

3 10% lignin 20hrs PAV 010% lignin 40hrs PAV O 10% lignin 60hrs PAV
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Figure 5.21 Stiffness (S(60)) values at different temperatures for the unmodified and
modified bitumens with different contents of HT SW A 1 lignin at different aging levels
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Figure 5.22 Slope (m(60)) values at different temperatures for the unmodified and
modified bitumens with different contents of HT SW A 1 lignin at different aging levels

Generally, the effect of lignin is similar for PG 58S-28 and PG 52S-34 bitumens. All lignins
increase the stiffness of the bitumen and decrease the relaxation properties. Using different
types of lignin affects these properties with different magnitudes. The pellets show the opposite
trend which is due to the soybean oil. Using lignin within the bitumen does not show the

antioxidation properties.

For further investigations, direct tension tests (DTT) could also be performed for materials
with stiffness values between 300 and 600 MPa to evaluate the strain failure of the bitumen
which is the criterion of the test. This is recommended for future studies since most of the
lignin-modified bitumens show stiffness values within this range (300-600 MPa). So,
combining BBR and DTT tests results should provide better evaluation of the low temperature

performance of lignin-modified bitumen.
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As mentioned earlier, the lignin addition affects the PG of the bitumen by shifting it to higher
grade. Depending on how much the shift is, the thermal sensitivity of the bitumen is affected.
The DSR, MSCR and BBR tests results are used to determine the PG of the bitumen. In
particular, the high temperature PG (DSR), traffic level (MSCR) and low temperature PG
(BBR).

5.2.1.5 Evolutions of the thermal range (Thigh-Tiow) and the performance grade (PG Hn-
L) of bitumens with the lignin content

The evolution of the thermal range indicates the gap between the high (Thigh) and the low (Tiow)
temperatures. The standard for the determination of the Thigh and the Tiow temperatures and, the
performance grade (PG Hn-L) is ASTM D 7643. Figure 5.23 displays the Thigh-Tiow Which
represents the thermal range of bitumen at which the DSR and BBR tests criteria are satisfied.
As can be seen, the thermal range (Thigh-Tiow) does not significantly change with the addition
of HT SW A 1 lignin for both bitumens. Yet, the lignin increases both Thigh and Tiow
(Figure 5.23) which means that lignin-modified bitumens perform better at high temperatures

but worse at low temperatures.

In addition, this evolution of Tiow and Thigh inevitably translates into a change (or a shift) in the
performance grade (PG Hn-L) of bitumen. Also, it can be noted that the lignin addition does
not improve much the thermal sensitivity of the bitumen which is in accordance with Batista
et al. (2018). In this regard, Table 5.9 shows the summary of the PG (Hn-L) for all bitumens
tested. For example, the modified bitumen PG 52S-34 with 20 % of HT SW A 1 lignin meets
the requirements to classify as a PG 58S-28. Finally, the thermal range of use of bitumen (H-

L) is presented in Table 5.9.
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Figure 5.23 High (Thign) and low (Tiow) temperatures and the resulted gap
(Thigh-Thow: the thermal range) for both bitumens modified with HT SW A 1 lignin

Table 5.9 Summary of the high (Thign) and low (Tiow) temperatures, the thermal
range (Thigh-Tiow), the performance grade (PG Hn-L) and the thermal range of
use of bitumen (H-L) for all bitumens modified with HT SW A 1 lignin

Original Lignin  [Thign n Tiow Thigh-Tiow |PG H-L

bitumen type |content |(°C) ) °O) (°O) (Hn-L) |(°C)
(%)

PG 58S-28 |0 60.9>58 |S -30.9<-28 [91.8 58S5-28  |86.0
10 61.9>58 |S -28.6 <-28 190.5 585-28 186.0
20 643>64 |S -26.2 <-22 190.5 064S-22  186.0
30 68.7>64 |S -24.9 <-22 [93.6 645-22  186.0

PG 52S-34 |0 53.8>52 |S -35.0<-34 |88.8 525-34  |86.0
10 57.0>52 S -32.7<-28 [89.7 525-28 |80.0
20 584>58 |S -30.9 <-28 189.3 585-28 186.0
30 62.3>58 |S -28.9<-28 [91.2 58S5-28 [86.0

According to the results of the tests performed on the HT SW A 1 lignin-modified bitumen,
lignin has almost the same effects on both bitumens. All previous tests performed so far are at
specific temperatures and frequencies. So, it is interesting to see the effect of lignin on the

bitumen (PG 58S-28) at a wide range of temperatures and frequencies which provides better
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evaluation and links with the results of the previous tests. This can be done by performing more

complex tests.

5.2.1.6 Complex modulus G* tests

This section shows different graphical representations of the G* tests for the unmodified and
modified bitumens with different contents (5 and 10 %) of HT SW A 1 lignin and different
aging levels (0, 20, 40 and 60 hours of PAV). In particular, Cole-Cole diagrams, master curves
of the norm of complex modulus (|G*|) and phase angle (¢) at 22 °C as a reference temperature
(Trer). In addition, graphs indicate the ratios of the |G*| and the absolute difference of phase
angle for the modified bitumens referenced to the unmodified bitumen (0 % lignin) at all aging
levels. Finally, a graph shows the difference in percentage of the |G*| between the experimental

data and 2S2P1D model referenced to the experimental data of |G*|.

The Cole-Cole diagrams (Figure 5.24) for all unmodified and modified bitumens, including
unaged and aged ones, show unique curves. Accordingly, the lignin did not create any polymer

effects within the bitumen.

Generally, the loss modulus (viscous component of G*) of the base bitumen (imaginary G*)
increases with aging due to the increase in the storage modulus (elastic component or real G*)
and stiffness (G*). In addition, the storage modulus increases because the increase in the
stiffness compensates the reduction in the phase angle. Herein, the stiffening effect observed
for the aged lignin-modified bitumen at different levels is due to not only the presence of lignin
but also the effect of the aging process. The effect of the aging on the hardening of the bitumen

is major due to the oxidation mechanism.
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Figure 5.24 Cole-Cole diagram for the unmodified and modified bitumen with different
contents of HT SW A 1 lignin at different aging levels, 2S2P1D model and its parameters

All unaged and aged unmodified and lignin-modified bitumens are thermo-rheological simple
materials. Thus, the time-temperature superposition principle (TTSP) is valid. Therefore,
TTSP can be applied on all bitumens in order to construct the master curves of the |G*|
(Figure 5.25) and phase angle (Figure 5.26). It can be seen from the master curves of the |G*|
for all bitumens that the aging and lignin increase the stiffness of the bitumen. This can be
observed through the shift in the master curves and at the same time the distortion (flattening
change in the shape) of these curves compared with the curves for the unaged bitumens. The
curves for all bitumens (0, 5 and 10 % of lignin) at each aging level are grouped together which

makes them easy to be distinguished. In other words, the effect of aging is clearer than the

effect of lignin addition.
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Lignin decreases the phase angle of the bitumen at high temperature (low frequency). In
addition to the increase in the stiffness, this improves significantly the performance of the
bitumen at high temperature. In particular, it increases the resistance of the bitumen to the
permanent deformation. This observation confirms what is observed from the DSR and MSCR
tests. In terms of the antioxidant capacity of the lignin to the aging effects on the bitumen, no

anti-oxidation properties can be seen when comparing 0 % lignin to 5 and 10 %.

e 0 % lignin No aging e 5 % lignin No aging © 10 % lignin No aging

¢ 0 % lignin 20hrs PAV ¢ 5 % lignin 20hrs PAV ¢ 10 % lignin 20hrs PAV
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Figure 5.25 Master curves of the norm of complex modulus (|G*|) at Trer=22 °C for the
unmodified and modified bitumens with different contents of HT SW A 1 lignin at
different aging levels and 2S2P1D model
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Figure 5.26 Master curves of the phase angle (¢) at Trer=22 °C for the unmodified and
modified bitumens with different contents of HT SW A 1 lignin at different aging
levels and 2S2P1D model

For the 2S2P1D model, it was calibrated with the experimental data, and it fits these data
correctly with calibration errors between +10 % and -20 % for most of the data (Figure 5.27).

The results of the G* tests, especially the main findings, are not affected significantly for -20

% calibration error.




159

* 0 % lignin No aging * 5 % lignin No aging ° 10 % lignin No aging
* 0% lignin 20hrs PAV ~ * 5 % lignin 20hrs PAV ¢ 10 % lignin 20hrs PAV
® 0 % lignin 40hrs PAV = 5 % lignin 40hrs PAV 0 10 % lignin 40hrs PAV
200, 4 (0 % lignin 60hrs PAV 2 5% lignin 60hrs PAV 2 10 % lignin 60hrs PAV
0
20% A o
& 1
5 10%
2
& 0%
-*7”
O -10%
5 -20%
-30%
Y L J
-40%
1.0E-05 1.0E-02 1.0E+01 1.0E+04 1.0E+07 1.0E+10
ar . frequency (Hz)

Figure 5.27 Difference in percentage of the norm of complex modulus (|G*|) between the
experimental data and 2S2P1D model referenced to the experimental data of |G*| for the
unmodified and modified bitumens with different contents of HT SW A 1 lignin at
different aging levels

Table 5.10 shows the summary of the 2S2P1D model parameters (shown in Cole-Cole
diagrams) and the constants of WLF equation (C1 and C2) for the unmodified and modified
bitumens with different contents (5 and 10 %) of HT SW A 1 lignin and aging levels (0, 20,
40 and 60 hours of PAV). Due to the small differences of the values for some parameters such
as Go, k and h, it is difficult to observe the antioxidative aging properties of these bitumens.
The low lignin content might explain these small differences. It can be seen that the
characteristic time (tg) is more affected by the aging than the lignin addition (similar values

for the unaged bitumens).
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Table 5.10 Summary of the parameters of 2S2P1D model and the constants of WLF
equation for the unmodified and modified bitumens with different contents of
HT SW A 1 lignin at different aging levels

Lignin | Aging | Parameters of 2S2P1D model WLF

content | level constants

o0

(%) g;‘ours Go |Go |k h o & B |Cl |C2
PAV) (MPa) | (MPa)

0 0 0 750 0.270 |1 0.62 | 2.7 |0.0000026 | 70 13.4 | 1343
20 1000 ] 0.255]0.60 | 5.0 | 0.000008 | 550 |[25.6 |230.2
40 950 0.250 | 0.58 | 5.0 | 0.000025 | 1450 | 26.4 | 230.4
60 930 0.235]0.58 | 6.5 | 0.00005 2900 [ 21.4 | 179.9

5 0 825 0.270 |1 0.62 | 2.8 | 0.0000029 | 70 25.1 230.5
20 980 0.250 | 0.60 | 4.8 | 0.000012 | 550 |253 |217.7
40 1000 ] 0.250 | 0.58 | 5.0 | 0.000025 | 1450 | 26.4 | 2304
60 1040 ] 0.255(0.60 | 10.5 | 0.00021 2000 | 27.3 | 230.1

10 0 1060 ] 0.260 | 0.62 | 3.0 | 0.0000025 | 75 14.0 | 134.2
20 1030 ]0.250 [ 0.61 | 4.5 | 0.000024 | 380 |[18.8 |161.6
40 930 0.245 1 0.57 | 4.8 | 0.00005 1450 | 26.7 | 230.2
60 1030 ]0.250 [ 0.60 | 9.5 | 0.00023 1200 | 26.7 | 223.3

As can be seen from the figure of the master curves of |G*| (Figure 5.25), the effect of the aging
and lignin at the low temperatures (high frequencies) is limited and it increases with the
increase of temperature. Since this effect is limited, it is difficult to observe it through the
logarithmic scale of the master curves of the |G*|. Therefore, the ratios of the |G*| of the aged
unmodified and lignin-modified bitumens referenced to the unaged (0-hour PAV) bitumens
are presented in Figure 5.28. Generally speaking, these ratios are bigger at high temperatures
(low frequencies) than those at low temperatures (high frequencies). This is due to the low
stiffness of bitumen at high temperature that results in a huge ratio. This ratio becomes clearer
as the aging level increases which confirms the finding observed from Figure 5.25 (the effect
of'aging is clearer than the effect of lignin addition). As can be seen from Figure 5.28, the ratio
of stiffness for 5 and 10 % lignin is higher than that for 0 %. This indicates that the lignin does

not show the anti-oxidation properties.

For the phase angle, the results of the absolute difference presented in Figure 5.29 for all

bitumens referenced to the unaged level confirm what is observed for the ratio of |G*| (Figure
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5.28). In addition to the aging and lignin addition effects, it should be noted that some of the
results shown in Figures 5.28 and 5.29 are due to the differences (discrepancy range) of the

calibration of 2S2P1D model (Figure 5.27).
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Figure 5.28 Ratio of the norm of complex modulus (|G*|) of the unmodified and modified
bitumen with different contents of HT SW A 1 lignin referenced to unaged level
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Figure 5.29 Absolute difference of phase angle of the unmodified and modified bitumen with
different contents of HT SW A 1 lignin referenced to unaged level

According to the results presented, lignin does change the properties and behaviour of the
unaged and aged bitumen. This may indicate that some changes/modifications have been done
by the addition of lignin. In particular, the chemical structure of the bitumen, including its
molecules. Therefore, performing chemical tests is necessary to investigate the chemistry of

the lignin-modified bitumen.

5.2.1.7 FTIR tests

Figure 5.30 shows the FTIR tests results for the unmodified and modified bitumens with
different contents (5 and 10 %) of HT SW A 1 lignin and aging levels (0, 20, 40 and 60 hours
of PAV). As illustrated in this figure, several peaks can be observed at different wavenumbers.
Typically, each peak represents a specific chemical identification for a specific component. In
this study, in addition to the qualitative analysis purpose that can be obtained by this test, a
quantitative analysis can also be obtained since the results of the reference materials are

available.
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It is worth mentioning that the preparation and testing conditions were kept the same for all
bitumen specimens in order to avoid the effects of the external factors such as temperature and
storage duration of the specimens (i.e. interaction with the atmosphere). All tests were
performed within one hour (12-15 specimens can be tested within an hour). This helps to
increase the accuracy of the intensity of the transmittance/absorbance that is correlated to the

quantity of the chemical components in both regions, especially the functional group one.

Generally speaking, Figure 5.30 shows that there are no new peaks introduced or disappeared
from the existing ones in both regions, functional group (from 4000 to 1450 cm
wavenumbers) and fingerprint (from 1450 to 500 cm™ wavenumbers). This means that there
are no new chemical components produced for all bitumens. Therefore, there is no indication
of any chemical modifications of the bitumen due to the incorporation of lignin. In addition,
all peaks of the different curves in the functional group region are close to each other, including

small effects of the aging and lignin.

These effects are more obvious in the fingerprint region since the differences, at a given
wavenumber, between the peaks are bigger. However, since no new chemical components
produced, these differences can be explained by the change of the ratio or the content of these
bitumen components. To this end, according to these differences and changes, the bitumens
are aged due to the oxidation and lignin effects. Herein, as a result of the oxidation process,
the bitumen starts to lose an electron H™ which leads to transform to another structure such as
unsaturated compounds (e.g. C=C and C=C), including strong bonds between the molecules

that are resulted in stiffer bitumen.

Many researchers stated that the peaks of the FTIR spectra introduced at 1030 cm™ and 1700
cm’! wavenumbers correspond to the vibrations of sulfoxide (S=O) (fingerprint region) and
carbonyl (C=0O) (functional group region) bonds, respectively, which are the two major
products of bitumen aging (Ouyang et al., 2006; Yao et al., 2013). In other words, the observed

differences at these peaks can be presented due to the effect of aging itself.
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According to the whole FTIR spectra of all bitumens shown in Figure 5.30, it is difficult to see
clearly the effect of lignin on the anti-oxidation properties. Herein, in order to have a better
conclusion from the FTIR spectra, the area under the curve at 1700 and 1030 cm
wavenumbers can be calculated to obtain the carbonyl and sulfoxide indices, respectively. This
requires the absorbance value at each wavenumber which can be easily obtained by having the
logarithm of the transmittance value shown in Figure 5.30. Figures 5.31 and 5.32 show the
carbonyl and sulfoxide indices, respectively, for all bitumens at different aging levels. As can
be seen, the values of both indices for 5 and 10 % lignin at different aging levels are slightly

higher than that for 0 % lignin. This means that the lignin does not show the anti-oxidation

properties.
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Figure 5.30 FTIR results for the unmodified and modified bitumens with different
contents of HT SW A 1 lignin at different aging levels
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Figure 5.31 Carbonyl index for the unmodified and modified bitumens with
different contents of HT SW A 1 lignin at different aging levels

—-—0% lignin ~ ——5% lignin o 10% lignin

0.008
0.007 -

° |
0.006 - e
0.005
0.004
0.003
0.002 -

0.001 ~

0.000 T .
0 20 40 60
PAV aging (hours)

8l @

Sulfoxide index

Figure 5.32 Sulfoxide index for the unmodified and modified bitumens with
different contents of HT SW A 1 lignin at different aging levels



166

Based on the findings shown, the lignin addition does not produce new chemical components,
including no new peaks observed. The difference observed of the peaks within both regions,
functional group and fingerprint, can be due to the change of the components of bitumen.
Regarding the antioxidative aging properties of the aged modified bitumen with lignin, no

visible effect can be observed.

5.3  Summary

This chapter discusses the effects of using different types of lignin in both forms, powder and

pellets, and the anti-oxidation properties of the lignin-modified bitumen. Regarding the first

step (effect of lignin on two bitumens), a paper is published in the international journal of
pavement research and technology (DOI:10.1007/s42947-023-00302-1). The main
conclusions of this chapter can be drawn as follows:

e At high temperature, lignin in powder form increases the viscosity, stiffness and resistance
to permanent deformation and decreases the phase angle of the bitumen. At low
temperature, lignin increases the stiffness and decreases the relaxation properties.

e Using different types of lignin shows the same trend but with different magnitudes.

e Lignin shows similar effects on PG 58S-28 and PG 52S-34 bitumens.

e Lignin shifts the high and low temperature PG to the higher temperature.

e Lignin in pellets form shows a different behaviour which is due to the presence of soybean
oil that dilutes the bitumen.

e Lignin does not show anti-oxidation properties on the bitumen. The effect of lignin addition
is negligible in comparison with the effect of aging.

e Incorporation of lignin does not show any chemical modifications of the bitumen.

Finally, lignin can be used to replace part of the bitumen and it affects the properties and
behaviour of the bitumen. Accordingly, the performance of the HMA 1is expected to be
affected. Although the results of the bitumen tests provide indications regarding the HMA
performance, it is still necessary to perform the tests on the HMA itself to better evaluate the

effects of the lignin addition on the HMA.



CHAPTER 6

EFFECTS OF THE LIGNIN ON THE COMPACTION PROCESS OF THE
ASPHALT MIXTURE

6.1 Introduction

After presenting the effects of lignin addition on the bitumen which provide indications of the
effects on the HMA, it is still necessary to perform the tests on the HMA itself for better
evaluation of the lignin impact. The viscosity of the lignin-modified bitumen was discussed in
chapter 5. According to the BRV tests results (section 5.2.1.1), the compactability of the lignin-
modified HMA is expected to be affected since lignin increases the viscosity of the bitumen.
This chapter presents the work done on the compaction process of the HMA. In particular, the
evaluation of the effects of using the wet and dry process, different compaction temperatures
and different types of lignin in powder and pellets form on the compactability and workability
of HMA which are the three objectives of this chapter. To do so, the shear gyratory compaction
(SGC) test was employed in this study. The test to determine the value of the maximum
theoretical specific gravity (Gmm) of HMA was also performed as a prior step of the SGC test
in order to determine the mass of HMA needed to compact the SGC specimens. Also, the Gmm
test is used to evaluate the effects of lignin on the density of HMA. The bitumen PG 58S-28
was used as the specified one for Montreal’s area. A ESG-10 (enrobé semi-grenu) formulation
was selected since it is one of the most used HMA in Quebec. In this chapter, the major
hypothesis that was made is that the lignin fully replaces the bitumen and therefore behaves

only as a binder.

In the first section (section 6.2), the evaluation of the effect of the lignin HT SW A 1 on the
compactability of the HMA produced by using the wet and dry processes is presented (section
6.2.1). In section 6.2.2, since the lignin increases the air voids content, it was decided to study
the possibility of solving this issue by increasing the compaction temperature of lignin-
modified HMA. Then, the effect of different types of lignin in powder and pellets forms on the

compaction of HMA produced by the dry process at fixed compaction temperature is shown
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(section 6.3). In each section, different parameters (workability, compactability and
compaction energy index) of each compaction curve are used for better evaluation of SGC tests

results. Lastly, a summary shows the main findings of this chapter is presented (section 6.4).

In addition to the viscosity measured with the BRV, it was also measured with the DSR (Reinke
method). As mentioned in chapter 3 (section 3.3.2.4), this second measurement is used due to
a problem with the Brookfield device at the beginning of the project (it was broken for a long
time). Two contents (0 and 20 %) of HT SW A 1 lignin are incorporated into the bitumen
PG 58S-28 to measure the viscosity with the DSR. Using these contents (0 and 20 %) was

enough to start with the project, considering the absence of BRV (more accurate than DSR).

Table 6.1 shows the mixing (Tmix) and compaction (Tcomp) temperatures of the unmodified and
modified bitumen PG 58S-28 with 20 % of HT SW A 1 lignin measured with the BRV and
DSR tests. As can be seen, the DSR shows different values from the BRV. This is expected
and can be interpreted by the different nature of each test in addition to the conditions applied

on the material during the test.

Table 6.1 Mixing (Tmix) and compaction (Tcomp) temperatures measured
with BRV and DSR corresponding to the targeted viscosities for the
unmodified and modified bitumen with 20 % of HT SW A 1 lignin

Lignin | Targeted viscosity (mPa-s) Bitumen PG 58S-28

E(;Stent Mixing Compaction | Tmix® (°C) Teomp ™ (°C)
BRV | DSR | BRV [ DSR | BRV |DSR |BRV |DSR

0 150 140 135

20 170 2801350 163 155 151 145

A Tmix and Tcomp are obtained from the DSR using Reinke method at the
targeted viscosities for mixing and compaction.

6.2  Effect of the lignin on the compactability of HMA

This section shows the effect of the lignin HT SW A | on the HMA compactability. In
particular, specimens of ESG-10 with different contents of lignin (0, 5 and 20 %) were
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produced with the wet and dry process. Afterwards, different compaction temperatures were
employed in order to evaluate the effect of increasing the compaction temperature on the

compactability of lignin-modified HMA.

6.2.1 Comparison between the wet and dry processes

Various HT SW A 1 lignin contents were added to the conventional HMA. The lignin was
added to the HMA by using two processes, wet and dry. In the wet process, the lignin was
incorporated into the bitumen before being mixed with the aggregate. While in the dry process,
the lignin was added directly to the mix. These contents were selected based on the results that
are presented in section 5.2.1.1 (Figure 5.1). Table 6.2 shows the summary of the performed
SGC tests on the different mixes produced by wet and dry processes at different mixing and
compaction temperatures measured with the DSR (Table 6.1). The mixing and compaction
temperatures for the unmodified HMA (0 % lignin) are 150 and 135 °C, respectively. For the
modified HMAs with 5 and 20 %, it is decided to use the temperatures obtained for 20 % which
are 155 and 145 °C, respectively, in order to facilitate the comparison between the modified
HMAs. It is necessary to mention that the Gmm test was performed on each lignin content shown
in Table 6.2. Two specimens were used for each Gmm test. The Gmm value was employed to

determine the mass of HMA to compact in the SGC molds.

Table 6.2 Summary of the performed SGC tests of the unmodified and
HT SW A 1 lignin-modified HMA produced by wet and dry processes
with different mixing (Tm) and compaction (T¢) temperatures

Lignin content | Incorporation process of | Tc of SGC tests and repetitions

(%) A lignin (wet or dry) and Tm | number for each test [#]
0 Tm=150 °C Te=135 °C [3]
5

Wet and dry at Tm=155 °C | T.=145 °C [3]

20

A Lignin substitution by the asphalt binder mass.
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6.2.1.1 Results and analysis

Table 6.3 shows the Gmm values of each mixture. Each value represents the average of two
specimens. Generally speaking, the Gmm value increases with the quantity of lignin in the
HMA. This is expected since the density of the lignin (1200-1300 kg/m?) is higher than that of
the bitumen (= 1020 kg/m?®). As can be seen, the effect of the wet or dry process on the Gmm
value is not significant for both lignin contents (difference of 0.001 for 5 % lignin content and
0.005 for 20 % lignin content). These differences are less than the maximum acceptable
difference (0.011 according to LC 26-045) between two specimens of the same mixture.
Herein, as expected, there is no difference observed for the Gmm values between the wet and
dry process since the same quantities of each material are put together. According to the
standard of the SGC test (LC 26-003, equation 1), the Gmm value was used to calculate the
mass of HMA that is required to produce the SGC specimens.

Table 6.3 Summary of the Gmm values for each mix
produced by wet and dry process

Lignin content | Incorporation process of Gmm

(%) lignin (wet or dry) and Tm

0 Tm=150 °C 2.555

5 Wet at Tm=155 °C 2.562
Dry at Tm=155 °C 2.563

20 Wet at Tm=155 °C 2.585
Dry at Tm=155 °C 2.580

Figure 6.1 shows the compaction curves of the HMAs obtained from the SGC tests. In
particular, the air voids content (%) (average of three repetitions) with the number of gyrations
(N) of the unmodified and modified HMAs with different contents of HT SW A 1 lignin
produced with the wet and dry processes. For each lignin content, the standard deviation and
maximum difference of the air voids are checked and they meet the requirements of the SGC
standard (0.25 for standard deviation and 0.7 for the maximum acceptable difference,

according to Table 1 of LC 26-003). This applies for all results presented in the different
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sections of this chapter. The coefficient of variation (COV) was calculated for each set of
repetitions in order to control the variability of the results. The COV values range from 0.004
to 0.53. The standard of the SGC test (LC 26-003) considers the variability of only two
repetitions. So, since three repetitions were performed on the SGC test, the ASTM C 670
standard was used to check the variability of the results. The previous-mentioned COV values

are located within the maximum acceptable range (3.3), according to ASTM C 670.

As can be seen (Figure 6.1), the lignin increased the air voids content within the HMA. This
means, as expected, that the lignin increased the viscosity of the bitumen which will negatively
affect the workability and compactability of the lignin-modified HMAs. As shown in
Figure 6.1, only the unmodified and modified HMAs with 5 % lignin content produced by both
processes (wet or dry) met the LC-4202 requirements for ESG-10 formulation although the
compaction temperature is 10 °C higher (145 °C instead of 135 °C for 5 and 0 % lignin content,
respectively). According to this observation, it is necessary to increase the compaction
temperature by almost 10 °C for the use of 5 % lignin within the HMA in order to compensate
for the increase in the viscosity of the bitumen due to the presence of lignin and, more
importantly, the slight reduction in the volume of bitumen, especially the effective volume. As
mentioned previously, the density of lignin is higher than that of bitumen. Herein, it is worth
mentioning that the increase in the bitumen density due to the presence of lignin translates into
a slight reduction in the effective volume of bitumen for the same mass content. The lignin-
modified HMAs with 5 % produced by the wet and dry processes showed similar air voids
content. Therefore, the effect of the use of the wet or dry process is not significant for 5 %

lignin content.

Based on the results for 5 % lignin content, and as expected, increasing the lignin content
results in higher viscosity which leads to lower compactability and workability of HMA. In
this regard, the modified HMA with 20 % lignin showed the highest air voids content among
the other HMAs. It is interesting to see the difference in the air voids content between the
modified HMAs with 20 % lignin produced by using the wet and dry processes. This difference

in the air voids content ranges from 1.3 % to 2 % which is significant according to the SGC
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standard (higher than 0.7). Therefore, the production process (wet or dry) used to produce the
modified HMA with 20 % lignin affects the compactability and workability of HMA, including
the air voids content. This might be due to the higher viscosity of bitumen in the wet process
where the lignin is trapped in bitumen compared to the viscosity in the dry process where the
lignin and bitumen are separated at the beginning of the mixing process with the aggregates.
Consequently, in the wet process, there is maybe less absorption of bitumen by aggregate
which means more effective bitumen volume available to fill the voids within the HMA (less
voids). Despite that, the dry process (more voids) to produce the lignin-modified HMA is
selected to be used in the following sections of this chapter. This is due to its ease, practicality

and the fact that there is no need to check the stability of the lignin-modified bitumen.

There are agents that can be used in order to reduce the viscosity of the bitumen by diluting it
which will positively reflect on the HMA workability, leading to lower air voids content. In
this regard, tall oil (an oil that is a derivative of wood) was used with different lignin-modified
bitumens used to produce HMAs. The results of the SGC tests performed on the modified

HMAs with lignin and added tall oil are presented in annex II.
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Figure 6.1 Air voids content (%) of the unmodified (0 %) and modified HMA with different
contents (5 and 20 %) of HT SW A 1 lignin using wet and dry processes and LC-4202
requirements for ESG-10 formulation
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Figures from 6.2 to 6.4 show the parameters of the compaction curve for each HMA. These
parameters are the air voids in mix (Vm) at 10 gyrations which represents the workability of
HMA (Figure 6.2), slope of the compaction curve (K) in semi-logarithmic graph (Figure 6.3)
which represents the compactability of HMA and compaction energy index (CEI) (Figure 6.4)
which represents the work applied and energy consumed by a roller to reach the target
compaction degree of HMA (5.5 % was selected in this research program which represents the
average of the air voids content at 80 gyrations (4.0-7.0 %)). In addition, the air voids content
at 80 (design number of gyrations (Ndesign) for ESG-10 formulation) and 200 (Nfina1) gyrations
is presented in Figure 6.2. As can be seen, the difference between the workability,
compactability and CEI parameters for 0 and 5 % lignin is not significant, maybe because the
compaction temperature was increased by 10 °C for 5 % lignin (145 °C for 5 % instead of
135 °C for 0 %). For 20 % lignin, as pointed out by the corresponding compaction curves, the
use of dry process resulted in lower workability (high Vm value at 10 gyrations) and higher
energy required (high CEI value) to compact the HMA (Figures 6.2 and 6.4, respectively).

Although, as mentioned earlier, the dry process was selected for all lignin-modified HMA.

It is difficult to differentiate between the modified HMAs with different lignin contents through
the compactability parameter K (slope of the compaction curve). All lignin-modified HMAs
show similar K values to each other at the same compaction temperature (Figure 6.3). This
means that the lignin addition has almost the same effect on the compactability of the HMA.
Moreover, this confirms that the HMA compactability is mostly affected by, first, the quantity
of bitumen and its effective volume and, secondly, by the skeleton of the aggregate at the early-
stages of the compaction process when the machine starts applying pressure. Finally, as can be
observed from Figure 6.2, the air voids content at 80 (Ndesign) and 200 (Nfinal) gyrations is

increased with the increase of lignin content within the HMA.
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Figure 6.2 Air voids in mix at different gyrations for the unmodified and HT SW A 1
lignin-modified HMA produced by wet and dry processes
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Figure 6.3 K values for the unmodified and HT SW A 1 lignin-modified HMA
produced by wet and dry processes
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Figure 6.4 Compaction energy index (CEI) values for the unmodified and
HT SW A 1 lignin-modified HMA produced by wet and dry processes

According to the results presented in this section, lignin increases the air voids content within
the HMA. Herein, it is possible to increase the compaction temperature in order to improve the

workability of HMA and, therefore, decrease the air voids content.

6.2.2 Effect of compaction temperature

As mentioned earlier, the compaction temperature is measured with the DSR and BRV tests.
This shows different results which is expected due to the different natures of both tests.
However, it is important to note that the main objective of this section is to see if the
compaction issue observed in the previous section can be solved by using higher compaction
temperature. In this section, different SGC tests were performed on the unmodified (0 %) and
modified HMA with 10 and 20 % of HT SW A 1 lignin produced by the dry process at different
compaction temperatures. For 0 % lignin, 135 and 145 °C compaction temperatures are used.
For 10 % lignin, 145 and 160 °C compaction temperatures are used while 135 and 151 °C for
20 % lignin. Table 6.4 shows the summary of the performed SGC tests on the unmodified and
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modified HMAs with 10 and 20 % of HT SW A 1 lignin produced at different compaction

temperatures.

Table 6.4 Summary of the performed SGC tests of the unmodified and
modified HMA with 10 and 20 % of HT SW A 1 lignin produced
at different compaction temperature (Tc)

Lignin content | Tm Te of SGC tests and repetitions
(%) A number for each test [#]
0 150 °C Te=135 °C [3]
Te=145 °C [3]
10 155°C Te=145 °C [3]
Te=160 °C [3]
20 155 °C Te=135 °C [3]
163 °C Te=151 °C [3]
A Lignin substitution by the asphalt binder mass.

6.2.2.1 Results and analysis

Figure 6.5 shows the air voids content of the unmodified and modified HMAs with 10 and 20
% of HT SW A 1 lignin tested at different compaction temperatures. As can be seen, the
compaction curves of the unmodified HMA (0 % lignin) show significant difference in the air
voids (ranges from 0.8 to 1.8 % which is higher than 0.7), including lower air voids at higher
compaction temperature. While for the modified HMAs with 10 and 20 %, the compaction
curves of the two tested temperatures are close to each other. In other words, the difference in
the air voids content is not significant between the two different compaction temperatures (the
difference ranges from 0.1 to 0.3 % which is lower than 0.7). Comparing to what is observed
for 0 % lignin, this mean that the increase in air voids for lignin-modified mixtures is not only
a consequence of the viscosity increase of the bitumen, but it is related to the reduction in the
effective volume of bitumen due to the presence of lignin. Therefore, increasing the
compaction temperature is not an effective solution to improve the compactability of the
modified HMA with lignin, but is necessary to also consider mix design aspects, especially the

volumetric approach. Moreover, it should be noted that increasing the compaction temperature
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does not result in meeting the LC-4202 requirements (4.0-7.0 % at 80 gyrations). However,
increasing the compaction temperature can be a solution in some cases to reduce the air voids
within HMA, especially when the lignin content is low, as it was observed in the previous

section for 5 %.

For 10 % lignin content, despite the fact that it showed a slight effect, compared to 0 %, on the
viscosity of the bitumen itself (section 5.2.1.1: Figure 5.2), it showed an observable effect on
the air voids content within the HMA. This confirms again that the reduction in the effective
volume of bitumen within lignin-modified HMA plays an important role in the air voids
increase. Consequently, since the higher compaction temperature did not show significant
effects on the compaction process of the HMA, the lower compaction temperature (obtained

from the DSR tests) will be employed in the next sections of this chapter.
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Figure 6.5 Air voids content (%) of the unmodified and modified HMA with 10 and 20 %
of HT SW A 1 lignin produced at different compaction temperatures and LC-4202
requirements for ESG-10 formulation

Figures 6.6 to 6.8 show the parameters of the compaction curves for the unmodified and
modified HMA with 10 and 20 % lignin produced at different compaction temperatures. In
addition, the air voids content at 80 and 200 gyrations for each HMA is presented (Figure 6.6).
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As can be seen, according to the values of the parameters presented in Figures 6.6 to 6.8, the
effect of the different compaction temperatures on the compaction process of the modified
HMA is not significant, including not significant difference, compared to the unmodified HMA
where the compaction temperature affects those parameters. Moreover, the air voids content at
80 and 200 gyrations confirms that (a slight difference between the values for the modified
HMA compared to the unmodified ones). This confirms that the mix design aspects should be
considered in order to improve the workability and compactability of lignin-modified HMA.
However, it is interesting to see that the air voids at 10 gyrations and CEI parameters are more

affected than K parameter by the use of different compaction temperatures.
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Figure 6.6 Air voids in mix at different gyrations for the unmodified and HT SW A 1
lignin-modified HMA produced by dry process at different compaction temperatures
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Lignin content and compaction temperature
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Figure 6.8 Compaction energy index (CEI) values for the unmodified and HT SW A 1
lignin-modified HMA produced by dry process at different compaction temperatures

According to the findings presented in this section, the lower mixing and compaction

temperatures, the ones measured with the DSR tests will be employed for all HMAs. More



180

specifically, for the unmodified HMA (0 % lignin), the mixing and compaction temperatures

are 150 and 135 °C, respectively, while 155 and 145 °C for the modified HMA.

6.3 Effect of different types of lignin in powder and pellets forms on the
compactability of HMA

In this section, different modified HMAs (ESG-10) were produced with different types of
lignin powder at constant mixing and compaction temperatures by using the dry process. In
particular, based on the findings from the previous section (6.2.2), the mixing and compaction
temperatures were selected to be 155 and 145 °C, respectively. This allows to evaluate the
effect of the lignin type, including different properties, on the HMA compactability. Moreover,
the lignin content was selected to be constant in all mixes, 20 % of each lignin type, in order
to have comparable results. The reason behind this selected content is to have more visible
results and at the same time to have a link with what was done in chapter 5 (section 5.2.1.1). It
was also decided to study the use of pellets (HT SW A 1 lignin powder + soybean oil), because
this form of lignin reduces potential health and safety risks associated to the powder form, and
it is believed that the presence of soybean oil in the pellets may help to reduce compaction
issues. Two types of pellets (HDI and LDI) were added to the HMA by using the dry process.
As mentioned previously, the HDI and LDI pellets contain 10 and 5 % of soybean oil,
respectively, and have 79.2 and 43.4 durability index (for more details see section 3.2.2). The
selected content of the pellets (10 %) is the same as used for the bitumen study in chapter 5
(section 5.2.1.1). The unmodified HMA is used in this section to facilitate the comparison with
other HMAs. Regarding the mixing and compaction temperatures, since the viscosity results
of bitumen are similar for 0 and 10 % pellets, the unmodified and modified HMAs with pellets
were produced at the same mixing and compaction temperatures (150 and 135 °C,
respectively). This allows to compare the results with each other and to evaluate the effect of
the presence of the soybean oil within the pellets which is expected to improve the HMA
compactability. One SGC test was performed on each modified HMA with lignin in powder
and pellets forms. This was decided due to the low COV values which were observed in the
previous section (6.2). For the Gmm tests, two specimens were used for each HMA. Table 6.5

shows the summary of the performed SGC tests of the unmodified and modified HMA with
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20 % of different types of lignin powder and 10 % of each pellets type produced by the dry

process.

Table 6.5 Summary of the performed SGC tests of the unmodified and modified HMAs
with 20 % of different types of lignin and 10 % of pellets types produced by dry process

Te of SGC tests and repetitions

Lignin Lignin or pellets Incorporation process
content of lignin and Tm number for each test [#]
(%) A type
0 - Tm=150 °C Te=135 °C [3]
10 HDI Dry at Tm=150 °C Te=135°C[1]
LDI
20 HT SWA 1 Dry at Tm=155 °C Te=145 °C [1]
HT SW A2
HT SW A-modified
HT SW B
TB HW A
TB HW B
KSW A
K SW A-modified
KSWB
A Lignin substitution by the asphalt binder mass.

6.3.1 Results and analysis

As a prior step for the SGC test, the Gmm tests were performed on each HMA. Table 6.6 shows
the summary of the Gmm values for the unmodified and modified HMAs with 20 % of each
type of lignin powder and 10 % of each pellets type produced by using the dry process. As can
be seen for lignins powder, all Gmm values are close to each other, including small differences.
These differences may be due to the slight differences between the densities of the different

types of lignin powder, but the results vary between 2.572 and 2.587 so the differences may
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also be only due to experimental variability. It is interesting to see that the Gmm values for all

types of lignin are similar.

For pellets, the Gmm value of the HDI type (2.570) is higher than that for the LDI type (2.563).
As observed for lignins in powder form, this difference may be due to the difference in the
density of pellets type. However, as mentioned previously, this difference is most probably
nothing else than the variability of the test itself since it is within the maximum acceptable

range of variation for the test repetition.

Table 6.6 Summary of the Gmm values for the unmodified and modified HMAs with
20 % of each type of lignin and 10 % of pellets types produced by the dry process

Lignin content | Lignin or pellets type | Incorporation process of Gmm
(%) lignin and Tm

0 } Tm=150 °C 2.555

10 HbI Dry at Tm=150 °C 2.570

LDI 2.563

HT SWA'1 2.580

HT SW A2 2.578

HT SW A-modified 2.572

HT SW B 2.582

20 TB HW A Dry at Tm=155 °C 2.575

TB HW B 2.586

K SW A 2.577

K SW A-modified 2.577

KSWB 2.587

Figure 6.9 shows the air voids content of the unmodified and modified HMAs with 10 % of
each pellets type and 20 % of each type of lignin powder using the dry process and compacted
at 135 and 145 °C, respectively, in addition to the LC-4202 requirements for ESG-10

formulation. The air voids content for 20 % of different lignins powder is located between the
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minimum and maximum results, the two dashed lines shown in Figure 6.9. That being said, the
addition of different types of lignin resulted in different compaction curves. In other words,
the workability and compactability of the modified HMAs were affected differently according
to the lignin type and its properties. The minimum line represents the results for TB HW A
lignin while the maximum one represents those for K SW B lignin. As can be seen, and
expected, the HT SW A 1 lignin fits with the trend observed for the other types of lignin
powder. However, it should be noted that none of the modified HMAs with 20 % of each lignin
type met the requirements of LC-4202. It is interesting to see that the difference between the
air voids of the 20 % HT SW A 1 lignin mix and the 0 % (2.5 %) is higher than the observed
difference between the different 20 % lignin mixes (2.0 %). However, the type of lignin
generates a relatively high variability that seems to be equivalent to increase the lignin content
from 0 to 10 % (Figure 6.5). Similarly to what is observed for the BRV tests on bitumen
modified with different lignins, there is no clear pattern if the lignin producer or type of wood

or pH has more influence on the workability and compactability of HMA.

For pellets form, as can be seen, only the unmodified and modified HMA with LDI type met
the requirements of LC-4202, including air voids content between 4.0 and 7.0 % at 80
gyrations. It is interesting to see that the use of HDI type shows, unexpectedly, higher air voids
content compared to the LDI type although the soybean oil content within the HDI type is
higher (10 %) than that within the LDI type (5 %). This is unexpected since the presence of
higher content of the soybean oil is supposed to reduce the viscosity of the bitumen by diluting
it, leading to lower air voids content within the HMA. This observation might be due to the
high durability of the pellets that requires longer duration of time of mixing in order to crush
the pellets. Indeed, a study conducted by another student showed that a much longer mixing
time (5 minutes) than what was used in this study (90 seconds) is required to crush the HDI

pellets type while 90 seconds is sufficient to crush the LDI pellets type.

Another possible explanation of the difference between HDI and LDI pellets is the bitumen
absorption. In particular, compared to LDI pellets, the bitumen with HDI pellets has a lower

viscosity since it contains more soybean oil, which may result in more bitumen absorption and
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less effective bitumen. Combining this with the impact of the effective volume of bitumen
could interpret the observation of the higher air voids content for the modified HMA with HDI
type compared to LDI type.

However, since HT SW A 1 lignin powder is used with the soybean oil to form pellets, it is
expected that using pellets compared to powder form will result in lower air voids content
when using the same content and compaction temperature for both forms. This is duo to the
presence of the soybean oil that decreases the viscosity of the bitumen and, therefore, the

workability of the HMA will be improved.
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Figure 6.9 Air voids content (%) of the unmodified, minimum and maximum air voids of the
modified HMAs with 20 % of each type of lignin and 10 % of each pellets type using dry
process and LC-4202 requirements for ESG-10 formulation

Figures 6.10 to 6.12 show the parameters of the compaction curve for the unmodified and
modified HMAs with 20 % of each lignin powder type and 10 % of each pellets type produced
by using the dry process. Comparing the different lignins in powder form with each other, as
expected, the workability and CEI parameters are slightly affected (including not significant
difference) according to the chemical and physical properties of each type of lignin. The

compactability parameter (K) shows similar values (small differences compared to the
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workability and CEI) which means that it is less affected by the type of lignin and its properties
compared to the other parameters. Combining this with what is observed from Figure 6.9, the
parameters of compaction curves (especially workability and CEI) are more affected by the
lignin content than the lignin type. Also, the air voids content at 80 and 200 gyrations is not

significantly affected by using different lignins in powder form.

As observed from Figure 6.9, the use of TB HW A lignin showed the highest workability and
lowest CEI among the other types of lignin. On the other hand, the K SW B lignin showed the
lowest workability and, therefore, the highest energy required in the compaction process (CEI).
In addition, the highest air voids content at 80 and 200 gyrations can be seen for this lignin (K
SW B). Comparing those parameters of the modified HMAs with 20 % of lignins in powder

form with 0 %, the differences between the values are significant.

For the pellets, the difference in the values of the compaction curve parameters (especially
workability and CEI) between 10 % of LDI pellets and 0 % is not significant while it is higher
for 10 % of HDI pellets, including significant difference. Moreover, the use of HDI pellets
resulted in the highest air voids content at 80 and 200 gyrations compared to 0 % and 10 % of
LDI pellets which means the lowest workability and, therefore, the highest CEI (Figures 6.10
and 6.12). This seems to be due to the high durability of HDI pellets that are not fully crushed,
so the soybean oil does not dilute the bitumen enough to improve the workability. For K values,
as observed for the previous sections, it is less affected than the workability and CEI
parameters. However, it looks like the lignin in pellets form can be utilized to solve the

workability issue of HMA.
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Figure 6.10 Air voids in mix at different gyrations for the unmodified, minimum and
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Figure 6.12 Compaction energy index (CEI) values for the unmodified and modified HMAs
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As mentioned in chapter 5, the pellets were involved at the end of this research program. This
means that the work on pellets material was not continued although it showed positive effects.
However, according to the previous studies and the findings presented in this study, it is worth
investigating higher contents of the pellets due to the benefits on the compactability of HMA.
Moreover, this helps to better understand and evaluate the effect of the soybean oil on the

compaction process of HMA.

6.4  Summary

This chapter presented the work done on the compaction process of the unmodified (0 % lignin)
and modified HMAs with different contents of the lignin in powder and pellets forms. The
SGC test was employed to evaluate the compaction process of HMA. The main conclusions of
this chapter can be drawn as follows:

e Lignin decreases the workability and compactability of HMA and increases the air voids

within the HMA.
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e The difference of the air voids between the wet and dry processes is small for 5 % lignin,
while it is significant for 20 % where the dry process showed higher air voids than the wet
process.

e Increasing the compaction temperature did not result in a significant reduction of the air
voids within the lignin-modified HMA. This might be due to the reduction of the effective
volume of bitumen with the presence of lignin.

e All lignin types in powder form increase the air voids content. This increase differs from
one type to another which is due to the different properties of each type.

e For the lignin in pellets form, it shows different behaviour which is due to the presence of

soybean oil that dilutes the bitumen.

According to the results presented in this chapter, the air voids content of the modified HMA
is increased due to the addition of lignin. Herein, it is interesting to see how lignin affects the
performance of HMA where the air voids content has an impact. The evaluation of the

thermomechanical performance of the lignin-modified HMA is presented in the next chapter.



CHAPTER 7

EFFECTS OF THE LIGNIN ON THE THERMOMECHANICAL BEHAVIOUR AND
PERFORMANCE OF THE ASPHALT MIXTURE

7.1 Introduction

As discussed in chapter 6, the air voids content is an important volumetric factor of HMA.
Without mix design adjustments, which was not the purpose of this study, the modified HMA
with lignin have higher air voids contents than the unmodified one. In this context, since this
factor affects the HMA behaviour and performance, the tests results shown in this chapter are
not only due to the effect of lignin addition, but also the effect of the different air voids
contents. This chapter presents the work done on the thermomechanical properties and
performance of the lignin-modified HMA. In particular, the evaluation of the effects of lignin
on the moisture susceptibility, LVE behaviour and HMA performance at high and low

temperatures by conducting the corresponding thermomechanical tests.

7.2  Effects of HT SW A 1 lignin on the thermomechanical performance of HMA

This section presents the effects of the addition of HT SW A 1 lignin on the resistance of HMA
to the moisture damage, rheological behaviour and the performance at high and low
temperatures. In particular, the moisture sensitivity and indirect tensile strength (ITS) tests
were employed to evaluate the moisture susceptibility, while tension-compression complex
modulus (E*) tests at a wide range of temperatures (-35, -25, -15, -5, 5, 15, 25 and 35 °C) and
frequencies (10, 3, 1, 0.3, 0.1, 0.03 and 0.01 Hz) were employed in the evaluation of the
rheological behaviour of HMA within the LVE domain. The rutting and thermal stress
restrained specimen tests (TSRST) were used to evaluate the HMA performance at high and
low temperatures, respectively. For the fatigue cracking resistance of HMA at intermediate
temperatures, the results are presented in annex III which is due to the problem with the tests
results. As studied in chapter 6, the lignin contents 5 and 20 % are selected in this chapter to

evaluate the effects of the addition of low and high lignin contents, respectively. The PG 58S-
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28 bitumen is used with aggregate to produce HMAs following the ESG-10 formulation
(Quebec’s HMA) by using the dry process (section 6.2.1) at the mixing and compaction
temperatures obtained from the DSR tests (Table 6.1). Table 7.1 shows the summary of the

mechanical tests performed on the unmodified and lignin-modified HMAs.

Table 7.1 Summary of the mechanical tests performed on the unmodified and modified
HMA with different contents of HT SW A 1 lignin produced by using the dry process

Lignin Performed tests and number of repetitions for each test [#]
content Mixing process Moisture
(%) A o ITS E* Rutting | TSRST
sensitivity
0 Tm=150 °C and T.
R st T ECC o | B
5 | Tw=155°C and Tc [3]NB [4]1D
20 =145 °C

A Lignin substitution by the asphalt binder mass.

BS: soaked specimens. N: non-soaked specimens.

€ C: conditioned specimens. D: dry specimens.

D Three specimens were extracted from one SGC specimen for each lignin content.

7.2.1 Results and analysis

This section shows the results of the mechanical tests presented in Table 7.1 and performed on
the unmodified and modified HMAs with different contents of HT SW A 1 lignin. The COV
value was calculated for those tests that had been repeated (moisture sensitivity, ITS, rutting
and TSRST). The COV ranges from 0.01 % to 0.27 % but no mention of acceptable COV
values are specified in the corresponding test standards. Though, according to the general
ASTM C 670 standard, these COV values are located within the maximum acceptable range
which is 3.5 %. For rutting tests, the results meet the acceptability criteria shown in Table 2 of

the test standard (LC 26-410).
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7.2.1.1 Moisture sensitivity

Figure 7.1 shows the moisture sensitivity tests results (average of 3 results) of the unmodified
and modified HMAs with different contents of HT SW A 1 lignin. In particular, the Marshall
stability at 60 °C, water resistance (WR) and the air voids content (underlined value in %). All
HMAs meet the requirements of the standard (LC 26-001) for the moisture sensitivity test (WR
is higher than 70 %). The error bars (calculated based on the standard deviation of the
experimental data obtained as tests results) shown in Figure 7.1 indicate that the differences
between all HMAs are statistically significant (no overlap). These significant differences can
indicate that the properties of HMA are changed/modified due to the lignin addition. Generally
speaking, the lignin addition increases the Marshall stability of HMA although the air voids
content of the lignin-modified HMAs is higher than that for the unmodified HMA. Thus, the
WR is increased (90.8 and 86.5 % for 5 and 20 % lignin content, respectively, compared to
82.2 % for 0 %).

Figure 7.2 shows the ITS tests results (average of 4 results) of the unmodified and modified
HMA s with different contents of HT SW A 1 lignin. More specifically, ITS at 25 °C, ITS ratio
(ITSR) and the air voids content (underlined value in %). According to the standard of ITS test
(AASHTO T 283), the air voids content is maintained at 7.0 £+ 0.5 % which is not the case in
the moisture sensitivity tests. This leads to better evaluation of the effects of the lignin addition
on the resistance of HMA to the damage caused by the moisture. The error bars show,
statistically, significant differences between the HMAs (no overlap). As can be seen, lignin
increases the indirect tensile strength of the HMA (Figure 7.2). Also, the ITSR is increased
(0.98 for 5 % and 0.91 for 20 % compared to 0.88 for 0 %).

Since the Marshall stability and ITS are increased, the lignin increases the adhesion bonding
between the aggregates which helps to retard the appearance of the stripping distress within
the asphalt pavement. This can be due to the viscous and strong film (lignin-modified bitumen)
that coats the aggregates and increases the friction angle between them which requires more

energy to separate the aggregates mixed by lignin-modified bitumen. Therefore, the lignin
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addition results in the increase of the HMA strength. However, it should be noted that there is
no clear trend observed from Figures 7.1 and 7.2 (the HMA with 5 % performs better than the
one with 20 %) and although the differences shown from these figures are statistically

validated, they remain slight variations for both, Marshall stability and ITS.

As highlighted by Omar et al. (2020) in his research, the increase in the viscosity of the bitumen
due to the lignin addition affects positively the adhesion of the HMA. This improvement can
lead to an increase in the HMA resistance to the abrasion (disintegration and degradation of
the aggregates). As stated by Zhang et al. (2020), the increase in the adhesion between the
aggregates will help to delay the development of the fatigue cracking within the asphalt
pavement. In other words, the lignin increases the durability and stability of the HMA which

leads to longer service life of the asphalt pavement.

Finally, according to the results obtained from both tests, it is possible that the lignin increases
the surface tension of the bitumen which means high resistance to the penetration of water into
the aggregates. In this regard, the use of lignin can retard the degradation of aggregate caused
by weathering and, especially, freeze-thaw (FT) cycles. However, ITS test includes one FT
cycle so the conclusion regarding the resistance of HMA to the FT can’t be drawn without

applying more FT cycles.

The results of both tests show the same overall trend. However, it is still recommended to
perform both tests since the moisture sensitivity test focuses on stability and deformation of
HMA, while the moisture-induced damage test focuses on tensile strength of HMA which is
critical for understanding its resistance to cracking. Overall, lignin-modified HMA is less
sensitive to the moisture damage and water effects compared to the unmodified one despite the

high air voids content within the HMA.
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Figure 7.1 Moisture sensitivity test results for the non-soaked (N) and soaked (S) specimens
of the unmodified and modified HMA with different contents of HT SW A 1 lignin: Marshall
stability at 60 °C, water resistance (WR) and air voids content (underlined value in %)
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Figure 7.2 Indirect tensile strength (ITS) test results for the dry (D) and conditioned (C)
specimens of the unmodified and modified HMA with different contents of HT SW A 1
lignin: ITS at 25 °C, ITS ratio (ITSR) and air voids content (underlined value in %)
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Since the tests results show that the lignin changes the properties of HMA, it is expected that
the behaviour of the modified HMA will be also changed/modified. To confirm this, more
complex tests should be performed to better understand the effects of lignin addition. Herein,
complex modulus tests were performed to see the lignin effects on the rheological behaviour

of HMA.

7.2.1.2 Complex modulus (E¥)

Figure 7.3 shows Cole-Cole diagram of the unmodified and modified HMA with different
contents of HT SW A 1 lignin in addition to 2S2P1D model parameters (Eoo, Eo, h, k and 9).
As can be seen, the data is continuous which results in unique curves. The modified HMAs
with lignin are thermo-rheological simple materials. Therefore, the Time-Temperature
Superposition Principle (TTSP) is valid and lignin does not create any biased effects observed

with mixes with high polymer content.

° 0% lignin ° 5% lignin
o 20% lignin —2S2P1D model
)
a
S
%
)
af
<
kE
0 h g T T T T T T T
k) 10,000 20,000 30,000 lﬁl0,000
Foo Real (E*) (MPa) E,

Figure 7.3 Cole-Cole diagram for the unmodified and modified HMA with different
contents of HT SW A 1 lignin and 2S2P1D model parameters (E00, EO, h, k and 9)
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TTSP is used to construct the master curves of the norm of complex modulus (|E*|) (Figure 7.4)
and phase angle (Figure 7.7) for all HMAs. Generally speaking, lignin increases the stiffness
despite that the lignin-modified HMA specimens have greater air voids. The effect of lignin
addition on the stiffness at high temperatures (low frequencies) is clearer than that at the low
temperatures (high frequencies) (Figure 7.4). According to the results, it is difficult to see a
difference between the different contents of lignin. It seems that there are 2 trends; one without

lignin and one with lignin (5 % or 20 %).

e 0% lignin ® 5% lignin
o 20% lignin —282P1D model
100,000
10,000 -
£ 1,000 -
= Tret=10 °C
¥ 100 A
=1
10 -
1 T T T T
1.0E-08 1.0E-04 1.0E+00 1.0E+04 1.0E+08 1.0E+12
at . frequency (Hz)

Figure 7.4 Master curves of the norm of complex modulus (|[E*|) at
Trer=10 °C for the unmodified and modified HMA with different
contents of HT SW A 1 lignin and 2S2P1D model

As mentioned previously, the three considered HMAs have different air voids (5.4 % for 0 %
lignin, 4.3 % for 5 % lignin and 6.9 % for 20 % lignin), which greatly impact stiffness results.
Herein, the use of the normalized Cole-Cole diagram is strongly suggested (Figure 7.5). The
purpose of this diagram is to visualize the results with less influence of the different air voids.
As can be seen, the normalized Cole-Cole diagram for all HMAs show small differences. In
other words, the use of this diagram shows its effectiveness to get rid of the air voids effect but

the lignin effects are still visible.
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Figure 7.5 Normalized Cole-Cole diagram for the unmodified and
modified HMA with different contents of HT SW A 1 lignin

The ratio of |E*| of the lignin-modified HMA to the unmodified one can be used to better show
the effect of lignin addition on the stiffness at low temperatures (high frequencies). Figure 7.6
shows the ratio of [E*| of 5 and 20 % to 0 % of lignin. At low temperatures (high frequencies),
the ratio of 20 % to 0 % lignin is lower than that for 5 % to 0 % lignin. This means that the
modified HMA with 20 % lignin has lower stiffness than that modified with 5 % lignin. As
mentioned above, and expected, this reduction in the stiffness is strongly related to the high air
voids content within the modified HMA with 20 % lignin. At high temperatures (low
frequencies), it is interesting to see that the ratio of |E*| for 20 % to 0 % lignin increases rapidly
compared to 5 % to 0 % lignin. This confirms the finding observed from the plot of |[E*| shown
in Figure 7.4 (higher stiffness for the modified HMA with 20 % lignin). However, in addition
to the lignin effect, it should be noted that the results shown in Figure 7.6 are also influenced
by the calibration of 2S2P1D model (Figure 7.8), especially at low frequencies where there is

more difference between the model and experimental data.
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Figure 7.6 Ratio of the norm of complex modulus (|JE*|) for the modified HMA
with different contents of HT SW A 1 lignin referenced to the unmodified HMA

Besides the effects of lignin addition on the stiffness of HMA, it is interesting to see also the
effect on the phase angle. Figure 7.7 shows the master curves of the phase angle at Trer=10 °C
for the unmodified and lignin-modified HMAs with different contents and 2S2P1D model. As
can be seen, the lignin addition caused a shift and reduction in the master curves of the phase
angle for the modified HMAs. Accordingly, the lignin-modified HMAs show lower phase
angle than the unmodified one. This means that the lignin addition reduces the viscous
component of the behaviour, so the material loses ability to relax stress, while the elastic

component of the behaviour becomes greater.
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Figure 7.7 Master curves of the phase angle (¢) at Trer=10 °C for the unmodified and
modified HMA with different contents of HT SW A 1 lignin and 2S2P1D model

As can be seen from Figure 7.8, the 2S2P1D model was calibrated on the experimental data,
and it fits the data correctly. Most of the data lies in the discrepancy range of = 10 % which
means that the calibration of the model is good. Few points are out of this range, but they do

not impair the calibration of the 2S2P1D model.
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Figure 7.8 Difference in percentage of the norm of complex modulus (|[E*|) between
the experimental data and 2S2P1D model referenced to the experimental data of [E*|
for the unmodified and modified HMA with different contents of HT SW A 1 lignin

Table 7.2 shows the summary of the air voids content, 2S2P1D model parameters (shown in
Cole-Cole diagram, Figure 7.3) and the constants of WLF equation for the unmodified and
modified HMAs with different contents (5 and 20 %) of HT SW A 1 lignin. As can be seen
from Table 7.2, the modulus (Eo and Eoo) is affected by not only the lignin content but also the
air voids contents. Also, since lignin is used to replace part of the bitumen, it is believed that
the amount of added bitumen affects the modulus. The parameters h, k and 6 are related to the
rheology of the bitumen. For the h parameter, all values are the same (0.63) and, also, the
values for the k parameter are similar (0.20 for 0 % and 0.21 for 5 and 20 % lignin). On the
other hand, the difference for the 6 parameter is more visible (2.32, 2.10 and 2.20 for 0, 5 and
20 % lignin) compared to k and h parameters, but it remains not significant. Herein, with the
small differences for h, k and 9, a big part of the lignin probably acts as a filler and does not
modify the bitumen which aligns with the FTIR results. However, it is important to look at the
mastic (filler + bitumen) as a binder and not only the bitumen. In other words, it is possible
that the bitumen remains unchanged, but the mastic holding the aggregates together is different.

For the characteristic time (t), the effect of lignin addition on it can be observed (0.01, 0.013
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and 0.035 for 0, 5 and 20 % lignin) and attributed to the viscosity of the modified HMAs with
lignin. However, it is still important to evaluate the effects of lignin addition away from the

effects of the air voids content.

Table 7.2 Summary of the air voids content, parameters of the 2S2P1D model and
constants of WLF equation for the unmodified and modified HMA with different
contents of HT SW A 1 lignin

Lignin | Air Eo Eoo k h ) T B Cl1 C2
content | voids | (MPa) | (MPa)
(%) (%)

0 5.4 10 34500 [ 0.20 | 0.63 | 232 |0.01 | 150 |19.4 | 148.1
5 4.3 35 37300 | 0.21 | 0.63 |2.10 | 0.013 | 150 | 17.7 | 139.8
20 6.9 25 33300 | 0.21 | 0.63 |2.20 | 0.035| 150 |23.7 | 180.1

As can be seen from Table 7.1, one repetition is used for this test due to a shortage in the
materials. The quality index (QI) is checked and found to be acceptable (less than 15 %).
However, more repetitions are needed for this test. As mentioned earlier, the E* tests results
are used to show the behaviour of HMA at all temperatures. Regarding the thermomechanical
performance of HMA, it is necessary to perform the corresponding test in order to better

evaluate the effects of lignin addition on the HMA performance at high and low temperatures.

7.2.1.3 Rutting

Figure 7.9 shows the results of the rut depth at 58 °C versus the number of loading cycles for
the unmodified and lignin-modified HMAs with different contents in addition to the
requirements of LC 26-410. As can be seen, lignin-modified HMAs meet the LC 26-410
requirements (< 10 % at 1000 cycles and <20 % at 3000 cycles). At 1000 cycles, the rut depth
is 4.1 % for both lignin contents, 5 and 20 %, compared to 6.1 % for 0 % lignin. At 3,000
cycles, it is close to 6.0 % for 5 and 20 % and 8.0 % for 0 % lignin content (less rut depth in
percent at 58 °C for the modified HMAs with lignin). In the evaluation of the rutting

performance of HMA, the air voids content has a significant influence and the rutting resistance
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tends to decrease with increasing air voids. Despite the air voids content (average of the results
for two slabs) is higher for lignin-modified HMAs (5.3 % for 0 % lignin, 6.4 % for 5 % lignin
and 8.2 % for 20 % lignin), they show better rutting performance. Besides this, since lignin is
used to substitute bitumen, these modified HMAs contain less bitumen. It is well known that
the rutting resistance increases when the bitumen content decreases.

It can be seen from Figure 7.9 that the rut depth (%), for all HMAs, increases rapidly at the
early stage of the test, which is due to the compressive loading pressure on the loose HMA.
Then, the rut depth reduces gradually, which can be attributed to the shear flow of the HMA.
The slope of the rut depth located between 10,000 and 30,000 cycles is lower for the modified
HMA with 5 and 20 % of lignin (0.016 for both contents) than that for 0 % lignin (0.025).
Lower slope means higher dynamic stability and rutting resistance of the HMA (Zhang et al.,
2020). In conclusion, the use of lignin within the HMA improves the resistance to permanent
deformation. These findings, obtained from the rut tests, confirm the results of DSR and MSCR

tests (sections 5.2.1.2 and 5.2.1.3, respectively) performed on the bitumen itself.
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Figure 7.9 Rut depth at 58 °C for the unmodified and modified HMA with different
contents of HT SW A 1 lignin, air voids (Av) and requirements of LC 26-410
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Since the lignin shows effects on the performance of the HMA at high temperatures, it is
expected to see effects on the low temperature performance as well. Performing the
corresponding test can be used to evaluate the thermal cracking resistance of HMA at low

temperatures.

7.2.1.4 TSRST

Figure 7.10 shows the evolution of the thermal stress versus the decrease in the temperature
for the unmodified and lignin-modified HMAs with different contents (three specimens for
each lignin content). All tests started at almost the same temperature (5.6-5.8 °C). This is very
important to be checked to better evaluate the performance of HMA at low temperatures. As
can be seen, at the beginning of the test, the thermal stress increases slowly with the decrease
in the temperature, which is mostly due to the relaxation of the HMA. Then, at specific
temperature, the HMA changes its behaviour and the relationship between the thermally
induced stresses and the temperature is approximately linear. This temperature is called the
glass-transition temperature (Tg) at which the material changes its behavior from viscoelastic
to elastic, or vice versa. Then, the thermal stresses continue increasing, with decreasing of the
temperature, up to the maximum stress (upper left corner of Figure 7.10), defined as fracture
strength. The corresponding temperature of the fracture strength is called the fracture

temperature.

All above-mentioned parameters are determined from the results of the TSRSTs (Figure 7.10)
for each specimen of the unmodified and lignin-modified HMAs. Since the size of the
specimens is different from what is in the standard for TSRST, it is worth discussing the effect
of the specimen size on the tests results. As stated by Jung & Vinson (1994), the fracture
temperature is mostly affected by the bitumen type and barely followed by the specimen size.
The only dimension that can influence the tests results is the diameter (51 = 1 mm in this study)
and not the length. This comes from the direction of the heat transfer through the specimen
inside the thermal chamber (horizontally from the outer to the inner surface). This affects the

time required to reach the thermal equilibrium inside the specimen. In particular, the shorter
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time that is needed for smaller diameter may result in higher fracture and glass-transition

temperatures (Jung & Vinson, 1994).

Figure 7.11 shows the average value (three results) for the fracture and glass-transition
temperatures and fracture strength of each lignin content. The fracture temperatures for 0, 5
and 20 % lignin content are -29.6, -29.7 and -28.2 °C, respectively. This temperature is affected
by the performance grade (PG) of the bitumen (PG 58S-28 is used). Herein, it is interesting to
present the values of the low temperature PG obtained from the BBR tests (section 5.2.1.4) and
compare them with what is obtained here. Thus, the link between the BBR and TSRSTs can
be better highlighted. The low temperature PG for 0, 5 and 20 % lignin contents are -30.9, -
29.1 and -26.2 °C, which are similar to the temperatures obtained from the TSRSTs. This
indicates that both tests, BBR and TSRST, are strongly linked with each other. It should be
noted that the TSRSTs for all HMAs show good repeatability.

The mixture with 5% lignin shows similar fracture temperature to 0 % lignin (-29.7 and -29.6
°C, respectively), while for 20% lignin the fracture temperature is slightly higher (-28.2 °C for
20 % compared to -29.6 °C for 0 %). This means that there is a negative effect on the low
temperature performance of HMA due to the use of 20 % lignin, but it is limited. Regarding
the fracture strength, the addition of lignin does not show an effect since all values are similar

to each other (3.4 MPa for 0 and 5 % lignin content and 3.3 MPa for 20 %).

Due to the test principle and set up that leads to a failure of the bitumen film, TSRSTs results
are not much affected by the different air voids contents of the mixtures (1.0, 1.5 and 2.4 % for
0, 5 and 20 % lignin, respectively). The glass-transition temperatures for 0, 5 and 20 % lignin
are-15.3,-16.7 and -11.7 °C, respectively. According to this, the addition of lignin shows more
visible effects than on the fracture temperature. However, these effects show the same trend as
for the fracture temperature (slight improvement for 5 % lignin and visible negative effect for

20 %).
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Figure 7.10 Evolution of the thermal stress versus the decrease in the temperature for
each specimen of the unmodified and lignin-modified HMAs with different contents

S B Fracture temperature E Transition temperature & Fracture strength

< 8 4

b

E 3.4 o 33

s o

Q ~—

= B

5 =

= =

Zg I ) =y

% = O

= [11.7 &

& 2

177) =

& 8

&b &
L1 &

= &

< .

O L

H -

g l -29.6 -29.7 28.2

& -34 0

=

0 % lignin 5 % lignin 20 % lignin

Figure 7.11 Fracture and glass-transition temperatures and fracture strength for the
unmodified and lignin-modified HMAs with different contents (average of 3 results)



205

In conclusion, for high lignin contents (20 % or more) the resistance to thermal cracking is
decreased. On the other hand, for low lignin content (5 % or less), there is not a significant

change of the performance at low temperatures.

7.3  Summary

This chapter presents the evaluation of the effects of lignin addition on the moisture

susceptibility, LVE behaviour and thermomechanical performance of HMA at different

temperatures. The main conclusions of this chapter can be drawn as follows:

e Lignin addition increases the Marshall stability, indirect tensile strength and water
resistance of HMA.

e Lignin increases the stiffness of HMA and decreases the phase angle.

e Lignin improves the HMA resistance to permanent deformation at high temperature.

e Using 20 % of lignin decreases the HMA resistance to thermal cracking at low

temperatures, while the 5 % of lignin does not show significant change.

Finally, according to the presented findings of the thermomechanical tests performed in this
chapter, the lignin can replace part of the bitumen and improve the thermomechanical

performance of HMA.






CONCLUSION

This research program investigates the effects of lignin on the behaviour and performance of

bitumen and HMA. In particular, a methodology to incorporate lignin into bitumen is

established. Following, the effects of lignin on bitumen in addition to the anti-oxidative aging

properties are evaluated. Then, the effect of lignin addition on the workability and

compactability of HMA is evaluated. Afterwards, the behaviour and thermomechanical

performance of lignin-modified HMA are evaluated. Herein, the main and specific objectives

of this research program are achieved. Accordingly, the main conclusions of this research

program can be drawn as follows:

The incorporation process of lignin into bitumen is possible;

The lignin-modified bitumen is stable and homogeneous for up to 30 % lignin content;
Increasing the incorporation temperature does not have a significant effect on the stability
for low lignin content (up to 20 %). For high lignin content (50 %), the incorporation
temperature, speed and duration should be increased;

Changing the lignin type impacts the storage stability in the bitumen,;

The microscope observations show that the lignin is well distributed in bitumen. Clusters of
lignin are observed for 30 % lignin content and higher;

Incorporating pellets into bitumen results in unstable modified bitumen which can be due to
the presence of soybean oil;

Lignin in powder form increases the viscosity, stiffness at high and low temperatures and
resistance to permanent deformation of the bitumen, while for pellets form, the behaviour
is different which is due to the presence of soybean oil;

Lignin shows similar overall impact on two different grades of unmodified bitumen;

Using different types of lignin affects the bitumen properties differently, according to the
physical and chemical properties of each type;

Lignin does not show anti oxidative aging properties of the bitumen;

Lignin in powder form increases the air voids content within HMA while the pellets
decrease this content which is due to the soybean oil that dilutes the bitumen;

The dry process results in higher air voids compared to the wet process;
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e Increasing the compaction temperature is not an effective solution to improve the
compactability of the modified HMA with lignin, but is necessary to also consider mix
design aspects, especially the volumetric approach;

e The use of different types of lignin affects the air voids content within HMA differently;

e Lignin improves the moisture sensitivity of HMA;

¢ Lignin increases the HMA stiffness and decreases the phase angle;

e Lignin improves the resistance of HMA to the permanent deformation at high temperature;

e At low temperature, the low lignin content (5 %) does not show a significant change, while

the high content (20 %) reduces the HMA resistance to thermal cracking;

According to the main findings presented in this research program, lignin can be used to replace
part of the bitumen. These results fill some of the research gaps such as establishing a
methodology for incorporating lignin into bitumen, investigating the effects of each parameter
of the incorporation process, evaluating the anti oxidation properties for the long-term aging
process and evaluating the effects of lignin on the rheological behaviour and fatigue cracking
resistance of HMA. Based on those findings, it is believed that the lignin, as a powder, behaves

as a binder and filler within the bitumen and HMA.

Finally, the results of this research program are useful and should be used for further research.
This implies more work with more lignin contents, and different lignins, and more tests are
required for a more comprehensive understanding of how lignin addition affects the bitumen
and HMA. In addition, a mix design study to determine the optimum lignin content within the
HMA is highly recommended. Also, a study to better understand the behaviour of lignin is
suggested. In other words, to see if lignin in powder form behaves as a binder or filler or both
in addition to determine the percentage of each role. Lastly, since lignin is a biopolymer, it is
recommended to use polymer-modified bitumen (PmB) in order to evaluate the effect of lignin

on unmodified bitumen and PmB.



ANNEX I

FIELD TRIAL SECTION AND LIFE CYCLE ASSESSMENT

Introduction

After presenting the effects of lignin addition on the properties and performance of HMA
produced in laboratory scale, it is interesting to translate the production process into a bigger
scale. This annex, as a part of this research program, shows the use of lignin within the asphalt
pavement on a full scale. In this context, four field trial sections were executed in different
provinces across Canada, one in Alberta, one in Ontario and two in Quebec (one in Laval
University and one in Quebec City). This is decided based on what is seen in the lab, including
tests results shown in different chapters of this research program. Similar to the work done in
the laboratory, the trial sections were done with two different lignin addition process; the wet
process and the dry process. In the wet process, the lignin is added directly in the bitumen by
the bitumen supplier. In the dry process, the lignin is added in the HMA at the asphalt plant by

the contractor.

It is important to mention that in all four trial sections, unmodified HMAs (reference mix) were
placed beside the lignin modified HMAs in order to have a good comparison in terms of
properties and performance under the same climatic conditions, the same traffic and built on
the same pavement structure. Also, except for the Laval University trial section, only a surface
course was built with the lignin modified HMA. For the Laval University trial section, a lignin
modified HMA was built as a base course layer. For all trial sections, the aggregates were
heated for 30 seconds, then the bitumen was added and the mixing time was 30 seconds. The

mixing temperature for all sections is 150 °C.

For the three sections using the dry process, the lignin was added in the asphalt plant directly.
To do that, pre-weighted plastic (LDPE) bags of lignin were prepared by the lignin producer
and a specific number of bags were just thrown into the mixer in order to get the desired

percentage of lignin, which was 5%, 10% or 20% depending on the section. The lignin was put
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in plastic bags which melted when in contact with the hot aggregates and the bitumen, therefore
releasing the lignin. The impact of the presence of plastic was considered insignificant because
of the small quantity. For the three sections built on road sections, no gauges were installed in
the pavement to measure precisely the properties of the HMA under load. However, for the
Laval University section, strain gauges and thermocouples were installed in the test pit. The
main advantage of the Laval University test pit is the fact that the temperature and humidity
are controlled and that it is possible to accelerate the loading. The results are not available yet.
However, the initial observations have shown that the lignin modified HMA did perform better
than the unmodified HMA in terms of rutting resistance. Another important aspect to note is
the use of recycled asphalt (Reclaimed Asphalt Pavement: RAP) in two of the trial sections.
For the field trial section in Alberta and the one at Laval University, RAP was used in the
HMAs. As expected, no issues were observed in the HMA production because of the use of
RAP and no issues were observed for the placement of the lignin-modified HMA with RAP,
even with 20% RAP for the base layer at Laval University. Even if no long-term performance
data is available yet, this is good since the combination of RAP and lignin means an even lower
amount of unmodified bitumen is used in the mixes. It should be noted that though some
compaction issues were observed in the laboratory, the compaction process of the lignin-
modified HMA in the field did not cause any problem and the operators of the compaction
rollers did not notice a significant difference between the unmodified and the lignin-modified
HMA. Table-A I-1 shows the details for each trial section. Figures-A I-1 to 4 show photos of

the trial section paved in Alberta, Ontario, Laval University and Quebec City, respectively.



Table-A I-1 Summary for the trial sections
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Alberta Ontario Quebec Laval
(Sturgeon County) | (Thunder Bay) | (Quebec City) University
Date 26, Aug, 2021 20, Sep, 2021 | 14, Oct, 2021 13, Oct, 2021
Type Mill & overlay New paving Mill & overlay
Dimensions of
unmodified
section (length, 279.5*%7*0.065 296*7*0.05
width, depth)
. (m) 250*3*0.055 3%9%0 14
Dimensions of
modified
section (length, 140.5*7*0.065 215*7*0.05
width, depth)
(m)
ESGI10 (top)
HMA (type) 10mmHT HLA4 ESG10 and GB20
(bottom)
Lignin content 5 5 10 10 (top) and 20
(%) (bottom)
RAP((?A‘)’)‘“em 10 ] ] 20 (bottom)
Addition
process Wet Dry Dry Dry
Laydown 125-145 °C 120-150°C | 135-155°C 125-145 °C
temperature
Double steel roller (breakdown) Doubﬁ steel
Compaction Pneumatic rubber tire roller (brer;k di)rwn) Small double
Double steel roller for Alberta and steel roller
procedure . Small double o
small double steel roller for Ontario (finishing)
(finishing) steel roller
(finishing)
2-5 (breakdown)
Number of | ¢ ) (pneumatic) 4-6 - 15-22
Passes 2-5 (finishing)
PG 58-28 PG 52-34 PG 58-34 PG 58-34

Bitumen (type)
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Figure-A I-1 Alberta’s trial



213

Figure-A I-2 Ontario’s trial
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Figure-A 1-4 Laval University’s trial
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Observations

A follow-up over several years will be carried out to verify if the durability of the sections with
lignin is similar to that of the reference sections. However, the preliminary observations for
the four trial sections are positive. First, it was shown that it is simple to make lignin modified
HMA in the field. For both processes, wet and dry, there was very little modification to the
process. For the wet process, the only change was the modification of the bitumen by the
supplier. So, except that extra step, nothing was different for the contractor who constructed
the trial section. For the dry process, the only difference was the addition, manually, of the
bags of lignin in the mixer. It is believed that setting up an automated process to deliver the
bags of lignin in the mixer would not be complicated. However, it would be better if no plastic
were used in terms of sustainability. To that end, it would be required to modify the lignin, to
change its format from a powder to something bigger that is not blown away by the wind.

Herein, using pellets is possible.

As mentioned earlier, for HMA mixing and compacting, the temperature of the HMA was not
modified to take into account the presence of lignin, i.e. the lignin-modified HMAs were
considered as usual HMAs. For Ontario and Quebec field trial sections, no compaction issues
were perceived by the construction crews. For Alberta sections, the lignin modified HMA
behaved stiffer than the reference HMA, and it was difficult to remove rubber-tired roller
marks with the finishing roller and required a higher compaction effort, similar to a polymer-
modified bitumen. Here, it is questionable whether it was the combination of RAP and lignin
that generated this phenomenon. Other than the process of the addition of the lignin itself, the
mix preparation process and the pavement construction was done without modifications.
Visually no difference between the unmodified HMAs and the lignin-modified HMAs were
observed, and the properties of the lignin HMA prepared in the field are comparable than the
reference HMAs.

For the trial section at Laval University, as shown on Figure-A I-4 (left), strain gauges were

installed for this trial section in order to better evaluate the behaviour of the lignin modified
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HMA compared to the unmodified HMA under loading. The main observations obtained from
this trial section are, firstly, slight better rutting resistance for the lignin-modified section and,
secondly, lower strain under the load for the section with lignin-modified HMA, which means
higher stiffness. Those two aspects are very important and positive results. There were not
enough loading cycles to see cracking fatigue, but it is worth mentioning that neither
unmodified section nor modified sections have shown surface distresses related to cracking. A
conference paper specifically on the trial sections was presented at the Canadian Technical
Asphalt Association (CTAA) in 2022. The paper is titled: Field Trial Sections of Kraft Lignin-
Modified Hot Mix Asphalt.

Summary

This annex shows the use of lignin with HMA on a field scale. Lignin-modified HMA can be
produced on a full scale using either wet or dry process without major difficulties. Establishing
an automated set up to deliver lignin into the mixer would not be complicated. Also, no real

challenges during the construction process were observed by the contractors crew.



ANNEX II

EFFECT OF TALL OIL ON THE COMPACTIBILITY OF LIGNIN-MODIFIED
HMA

Introduction

As shown in chapter 6, lignin addition in powder form increases the viscosity of the HMA and,
therefore, the air voids content within the HMA because it increases the difficulty of the
compaction process. To this end, using agents to reduce the viscosity of HMA is possible. This
annex shows the effects of the tall oil on the compactibility of lignin-modified HMA. Tall oil
is used since it is an oil that is a derivative of wood, like lignin. This oil is used in the paper
and pulp industry and it is obtained from the black liquor which is a mixture of lignin, water
and other by-products that result from the Kraft pulping process. The primary components of

tall oil are fatty acids, resin acids and neutral materials.

Tall oil was used with the same modified HMA with different lignins (HT SW A 2, TB HW A
and K SW B) that were employed in chapter 6 (section 6.3). Herein, it should be noted that the
same lignin content (20 %) is used in order to have comparable results and, thus, better
evaluation of the tall oil effects. Also, SGC test is employed in this study. These lignins were
selected due to the low workability and compactability observed among the other types of
lignin. Tall oil is added to the lignin-modified HMA with different contents (3, 4 and 5 % by
the bitumen mass), so less unmodified bitumen is used within the HMA. More specifically,
adding 20 % lignin and 3 % tall oil (for TB HW A lignin) means a replacement of the
unmodified bitumen by 23 %. The tall oil content used with K SW B lignin type is 5 % since
it shows the highest air voids content within the HMA compared to the other types of lignin,
which means low workability. The same mixing (155 °C) and compaction (145 °C)

temperatures as used in chapter 6 are employed here.
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Summary of the results

In order to facilitate the comparison process, the SGC tests results for the lignin-modified
HMAs with (dashed line) and without (solid line) tall oil are presented in Figure-A II-1. It can
be seen that the tall oil addition decreases the viscosity of the HMA which results in lower air
voids content, including better workability. This refers to the presence of the fatty acids within
the tall oil that act as rejuvenators. Despite that, none of the lignin-modified HMAs met the
LC-4202 requirements except the HT SW A 2 with 4 % tall oil. Adding more tall oil is possible
and it is expected to help in reducing the viscosity. However, the effect of the tall oil on the
compactibility of the HMA is different. Particularly, as shown in Figure A II-1, adding tall oil
to the modified HMA with HT SW A 2 lignin shows bigger effect than that on the K SW B
lignin, including bigger reduction of the air voids content. This can be due to the difference in
the chemical interaction between tall oil and different types of lignin that have different
chemical properties. For TB HW A lignin, tall oil did not show a reduction of the air voids
content. This might indicate that this lignin (with its properties) needs longer duration of

mixing time with tall oil in order to have sufficient chemical interaction.

Overall, adding tall oil shows some benefits on the compactibility of the HMA which may
reflect on the performance of HMA. To this end, more work is needed to better evaluate the
effect of tall oil on the HMA and to find the optimum dosage of tall oil which helps to avoid
the negative impact on HMA properties. Finally, since the tall oil replaces part of the bitumen,

the consequent environmental impact should be investigated in future researches.
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Figure-A II-1 SGC tests results for the lignin-modified HMA with and without tall oil






ANNEX III

EFFECTS OF LIGNIN ON FATIGUE CRACKING RESISTANCE OF ASPHALT
MIXTURE

Introduction

This annex shows the work done to evaluate the effects of lignin on the HMA performance at
intermediate temperature, particularly fatigue cracking resistance. Fatigue (tension-
compression) tests were performed at a temperature of 10 °C and a frequency of 10 Hz and at
different strain levels (80, 90, 100 and 120 pdef). The same bitumen (PG 58S-28), HMA
formulation (ESG-10) and lignin contents (0, 5 and 20 %) as used in chapter 7 are employed
in this work. The same applies for the mixing process (dry) and construction temperatures
(mixing and compaction temperatures measured with the DSR). Two specimens were tested at

each strain level.

Results and analysis

This section shows the fatigue tests results for the unmodified and lignin-modified HMAs at
each imposed strain level. One tested specimen is considered for some lignin contents and
strain levels. This is due to the heterogeneity of the tested specimen and thus indicating the
presence of a crack, including failed tests/specimens. The non-homogeneous distribution of
the air voids content within the specimen can interpret this heterogeneity. In general, this
observation can generate a variability in the stiffness of the material and, subsequently, a non-

uniform deformation of the specimen under the applied stress.

However, only the good tests results are shown in the analysis of this section. Table-A III-1
shows the summary of the fatigue tests results and the air voids content within each tested
specimen for each lignin content. It should be noted that the tests results in red color are not
considered in Wohler curves shown in Figures A III-1 and A III-2. This is due to issues with

the fatigue tests.



222

For all tests, the same imposed strain level was applied on the two specimens (e.g. A1 and A2)
cored from the same slab (e.g. slab number 1 (S1)). As can be seen from Table-A III-1, and
expected, increasing the imposed strain level results in shorter fatigue life. In addition, the use
of 20 % lignin content leads to reduce the fatigue resistance of the HMA which is not
unexpected for an increase in the stiffness, as observed for the complex modulus tests. In order
to better evaluate the effects of the addition of lignin on the fatigue cracking resistance of
HMA, the imposed strain (deformation) level and fatigue life (Nf so% criterion) were used to

construct the Wohler curve for each lignin content used within the HMA.

Table-A III-1 Summary of the air voids content and fatigue tests results for each specimen
of the unmodified and lignin-modified HMAs

Lignin | Tested Air voids | Real Nf s0% |Eo*| Average of |[Eo*|
content | specimen | (%) deformation | (cycles) (MPa) | (MPa)#
(%) (uudef)
S2A1 4.1 97.5 225,446 9,413 8,732
S3A1 4.8 86.9 1,238,849 | 8,300
0 S4A2 4.4 77.7 2,299,527 | 8,483
S1A1 4.5 116.6 367,687 9,097
S2A2 3.7 96.3 413,662 9,131
S4A1 5.7 77.7 1,244,902 | 8,666
S3A1 4.0 77.0 3,906,581 | 9,117 9,023
S4A1 4.6 87.0 2,660,796 | 8,645
5 S4A2 4.2 87.1 1,645,025 |9,306
S1A1 4.3 110.3 513,837 8,524
S1A2 4.4 116.1 275,645 9,938
S1A1 6.8 69.8 1,079,784 110,643 | 10,630
S2A1 6.7 87.8 916,558 10,643
S3A2 6.8 105.9 131,250 10,605
20 S1A2 6.5 78.1 501,856 10,587
S2A2 6.5 86.8 557,981 10,657
S4A1 6.6 97.8 307,502 10,194
S4A2 6.6 98.4 109,173 10,723
A The average value of [Eo*| is calculated based on only the values in black.

Figure-A III-1 shows the results (Wohler curves) of the fatigue tests performed by using
uniaxial tension-compression tests at 10 °C and 10 Hz for the unmodified and lignin-modified

HMAs with different contents. The most important things to be looked at in these curves are
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the position of the curve on the log Nfsox axis and the slope of the curve. As can be seen, the
ranking of the HMAs is similar to what was observed for the complex modulus (section
7.2.1.2). The modified HMA with 5 % lignin (first/upper trend line) shows the highest fatigue
life since the strain level required to reach 1,000,000 cycles (6.0 on the log scale, y-axis) is the
highest. The unmodified HMA (0 % lignin) is second (middle trend line) and followed by the
modified HMA with 20 % lignin (third/lower trend line). In terms of the slope, the unmodified
HMA shows steeper slope compared to the modified HMAs with 5 and 20 % lignin content.
Therefore, the unmodified HMA is more sensitive to a change of strain. In the context of using
lignin, the modified HMA with higher lignin content (20 %), ranked third, shows lower slope
compared to the low lignin content (5 %), ranked first, leading to less sensitive HMA to a
change of strain. In order to get out of this, the use of pavement design software (e.g. Alize),
with the help of the complex modulus, can assist which lignin content is better among the
studied contents. Regarding R? value for each lignin content, fatigue tests have higher intrinsic
variability compared to the other tests presented here, so the dispersion of the data points

around the trend lines is normal.

® 0 % lignin @ 5 % lignin © 20 % lignin

y=-53x-15.193

6.5 :\. R2= (.68

y=-10.1x - 35.073
R2=10.93

4.5

4-0 I 1 T T
-4.20 -4.15 -4.10 -4.05 -4.00 -3.95
log Def real (pdet)

Figure-A III-1 Wohler curves (Nrso% criterion) of the uniaxial tension-compression tests
results of the unmodified and lignin-modified HMAs tested at 10 °C and 10 Hz and
different strain levels



224

The fact that the specimens of the modified HMA with 20 % lignin have higher air voids
(average of 6.8 %) compared to the reference HMA (average of 4.4 %) and 5 % lignin (average
of'4.3 %) interprets most of the differences between the HMAs. In other words, higher air voids
content means lower fatigue life. However, the differences observed here are important, but
not unexpected for a high difference in the air voids content as it is the case here. To this end,
the presented tests results (Wohler curves, Figure-A III-1) are not only due to the lignin

addition itself, but also the higher air voids content compared to the unmodified HMA.

In order to better evaluate the effects of the lignin itself, a correction of the fatigue tests results
based on the air voids content within the tested specimen was done. More specifically, the
effect of the air voids on the results is limited/reduced. This was done by using the equation
presented in Moutier (1991). The correction was done only on the deformation (strain), and
the number of cycles was kept as it is. By applying this principle, a new Wohler curve for each
lignin content can be obtained. Figure-A III-2 shows the new Wdhler curves obtained based
on the corrected air voids content. As can be seen, the position of the curves is not affected
(modified HMA with 5 % lignin is ranked first, unmodified HMA is second and the modified
one with 20 % is third). As for the slope of the curve and the dispersion of the data points (R?
value), slight effects can be observed and the main findings are not changed. To this end, the
use of Nf so% criterion does the job to evaluate the effect of lignin addition on the fatigue
cracking of HMA. In this context, other criteria such as Nf i.mi (fatigue life at the transition
point from phase 2 to 3) can be used. In fact, although all tests were performed and Nf 1-m
criterion was discussed but it is not presented here due to some values of Nfacax and Nfag
(section 2.2.2.2) that are out of the acceptable range ( 25 % for Nfacax and £ 5 % for Nfayp),

including non-homogeneous test.
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Figure-A III-2 Wohler curves (Nrsox criterion) of the uniaxial tension-compression tests
results based on the corrected air voids content of the unmodified and lignin-modified
HMAs tested at 10 °C and 10 Hz and different strain levels

From the Wohler curves shown in Figures A I1I-1 and A III-2, the corresponding strain value
(on the log scale of x-axis) of 1,000,000 cycles (6.0 on the log scale of y-axis) can be
determined. This value is called € . Table-A III-2 shows the summary of & ¢ values determined
before and after (Figures A III-1 and A III-2, respectively) the correction of the air voids
content within the tested specimens of the unmodified and lignin-modified HMAs with
different lignin contents. As can be seen, the use of 5 % lignin content within the HMA shows
the highest ¢ ¢ value, which is expected since it shows the highest fatigue life (ranked first)
among the other HMAs. While the modified HMA with 20 % lignin shows the lowest £ ¢ value,
leading to shorter fatigue life compared to 5 % lignin. However, the determined values of & ¢
before and after the correction of the air voids content within the tested specimens for each
lignin content are similar. This is expected since the correction of the air voids does not affect
significantly the slope of the Wohler curves of the HMAs and the position of these curves

remains the same (Figure-A I11-2).
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Table-A I1I-2 Summary of ¢ ¢ values obtained before and
after the correction of the air voids for each lignin content

Lignin content | ¢ ¢ (before/after the correction of the air
(%) voids content)
Before After
0 86.1 85.9
5 94.4 95.0
20 78.3 78.3

According to the presented findings of the fatigue tests, the lignin can be used to increase the
fatigue cracking resistance of the HMA. More tests, including specimens at similar air voids,
can be performed and many criteria can be discussed and involved in the analysis. Finally, for
future studies, it is recommended to perform fatigue tests on the modified HMAs with different
lignin contents maintaining the same bitumen content within the HMA (all lignin contents

studied here are to replace part of the bitumen).
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