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Abstract

The design of asphalt pavement has an impact on a country’s economic and environ-
mental development. The main factors limiting the service life of flexible pavements are
severe weather and increasing traffic volumes. Rutting and cracking of flexible pavement
are two common types of distress that affect the serviceability and quality of the world’s
transportation network. This subject has been studied extensively for decades, and it has
evolved into a serious challenge that has yet to be fully resolved. Multiple research efforts
have been undertaken around the world to increase pavement service life to fulfil future
demand for economic expansion and community development. Multiple options for de-
veloping sustainable and cost-effective asphalt mixes with extended service life are being
investigated. Although improving the characteristics of the asphalt binder has been shown
to be a promising strategy.

Geopolymer research is gaining a lot of attention these years because it can be employed
in a variety of applications, such as geopolymer concrete and mortar, soil stabilization, and
pavement construction. The geopolymer is formed when the aluminosilicate source, such
as fly ash, reacts with the alkaline solution. Geopolymers are environmentally friendly
materials that emit minimal CO2 during manufacture and can be used to eliminate waste
and by-product materials like fly ash. It has also demonstrated its potential to rapidly ac-
quire mechanical properties, improve fire resistance, and reduce energy use and greenhouse
emissions. Despite, the use of geopolymer materials as a modifier for asphalt binder and
mixture has gotten minimal attention, which could be due to the lack of research linking
the effect of temperature and curing time on geopolymer performance and asphalt binder
rheological behavior. Thus, considering these effects could motivate scientists to employ
various types of geopolymers using by-products and waste materials, which would have
significant financial and environmental benefits.

This research aimed to evaluate the effects of geopolymers on the rheological and perfor-
mance of asphalt binder, considering the impact of temperatures, frequencies, and stresses.
The rheological and performance properties of neat and modified asphalt binder were in-
vestigated using Dynamic Shear Rheometer (DSR), Bending Beam Rheometer (BBR),
and Environmental Scanning Electron Microscopy (ESEM) imaging devices. Also, the
Viscoelastic Continuum Damage (VECD) model with the Linear Amplitude Sweep (LAS)
was utilized to evaluate the fatigue behavior of the asphalt binder. Moreover, the Multiple
Stress Creep Recovery (MSCR) test was conducted at various temperatures and stresses
to calculate the non-recoverable creep compliance (Jnr) and the percent strain recovery
(R). Furthermore, the Hamburg Wheel Rut Test (HWRT), dynamic/complex modulus,
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and moisture damage evaluation tests were conducted to evaluate the effect of additives
on the performance of asphalt mixes.

On the other hand, the interactive effects of geopolymer content and temperature on
non-recoverable creep compliance (Jnr) and creep recovery percentage (R) of geopolymer
modified asphalt binders were investigated and predictive mathematical models were devel-
oped using the Response Surface Method (RSM) and regression method. Also, the Artificial
Neural Networks (ANNs) model was developed to predict the recovery and non-recovery
performance of asphalt binders using five input parameters (temperature, frequency, stor-
age modulus, loss modulus, and viscosity) and one hidden layer with five neurons. To im-
plement a backpropagation learning process in a feed-forward neural network, Scaled Con-
jugate Gradient (SCG), Levenberg-Marquardt (LM), and Bayesian Regularization (BR)
training algorithms were performed.

The results showed that fly ash and glass powder could be used as an aluminosilicate
source during the preparation of geopolymer as an asphalt modifier, which has an essential
influence on the rheological and performance of asphalt binder. While increasing the
percentage of the geopolymer does not seem to affect the microstructure of the asphalt
binder. The geopolymer has a significant impact on the binder’s sensitivity to temperature,
whereby the temperature sensitivity for both unaged and RTFO modified asphalt binders
decreases. While adding the geopolymer to SBS enhances the binder’s ability to withstand
extremely heavy traffic under high stress and temperature, the permanent deformation of
the asphalt mix decreases by 82% compared with using the neat asphalt binder. Therefore,
the combination of geopolymer and SBS could be used to improve the rutting resistance
capability of asphalt concrete in hot climate countries. Furthermore, it was noted that the
ANNs model is appropriate to predict the percent recovery and non-recovery compliance
of modified asphalt binder using unaged or aged binders at different temperatures.
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Chapter 1

Introduction

1.1 Preface

This thesis includes two journal articles and three unpublished journal articles, in addition
to a general introduction, literature review, methodology, and general conclusion. The
�rst manuscript, which is published in the Advances in Materials Science and Engineering
journal, investigates the possibility of preparing a suitable geopolymer as a modi�er for
asphalt binder, considering the e�ect of temperature, additive content, and curing time
on the rheological properties of asphalt binder. The e�ect of geopolymer particles on the
microstructure of asphalt binder was also evaluated. The second manuscript, which is pub-
lished in the Polymers journal, presents the in
uences of temperature, stresses, polymer1

type, and modi�cation rate on the rutting behavior of the asphalt binder modi�ed with

y ash-based geopolymer (GF), Styrene Butadiene Styrene (SBS) polymer, and a combi-
nation of SBS and GF. In addition, additive e�ects on the rutting resistance of asphalt
mixtures were investigated. It was found that using geopolymers as an asphalt binder
modi�er proved to be an e�ective way to improve rutting performance. Furthermore, the
�ndings of the article might help asphalt pavement designers choose appropriate modi�ers
based on local temperature, stress, and tra�c volume.

In the third manuscript, temperature and aging e�ects on the rheological and perfor-
mance of asphalt binder and mixture were investigated. Also, the in
uence of additives on
moisture damage and cracking resistance was studied. The fourth article investigates the
e�ects of temperature and additive content on the performance of asphalt binder modi�ed

1A macromolecule with a de�ned size and molecular weight is referred to as a polymer [68]
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with glass powder and 
y ash-based geopolymer. While predictive mathematical mod-
els were developed using the response surface method (RSM) and regression method. It
was noted that the RSM is an e�ective method to predict the recovery and non-recovery
performance of geopolymer modi�ed asphalt binder. The �fth manuscript predicts the
recovery and non-recovery performance of asphalt binders using the Arti�cial Neural Net-
works (ANNs) model and considering the mechanical test parameters (temperature and
frequency) and asphalt binder properties (storage modulus, loss modulus, and viscosity)
as inputs. The optimal ANN architecture was chosen and the Levenberg-Marquardt (LM)
algorithm was used to train the ANN model. It was found that the model performed better
in estimating the recovery and non-recovery performance of asphalt binders. Furthermore,
aged input variables have a higher level of predictability when it comes to the non-recovery
performance.

1.2 Research Signi�cance

Asphalt binder is the most widely used pavement material in the world. The production
of asphalt binder requires a signi�cant amount of energy and results in CO2 emissions into
the atmosphere. Meanwhile, greenhouse gas (GHG) emissions must be reduced by 50 to
80 percent by 2050 to keep global warming below 2� C, which is considered a di�cult goal
to attain [125]. The production stage of raw materials and the mixing process of asphalt
concrete should be focused on lowering (GHG) emissions from the construction of asphalt
pavement [144], whereby reducing the amount of asphalt binder used and the amount
of energy consumed during the production of hot mix asphalt could have the potential
to save the environment. Modi�ers in asphalt binder would lower the optimum asphalt
content while enhancing stability by increasing the bond between the asphalt binder and
the aggregates [49].

On the other hand, there is a global trend toward reducing waste materials and then
lowering pollution. Therefore, governments set aside a signi�cant budget to develop ways
to incorporate these materials with the raw materials used in many �elds. The amount
of waste products such as 
y ash and glass powder has increased worldwide because of
increasing human activity, which has resulted in more land�ll space being utilized to dispose
of these wastes. Furthermore, the construction industry's use of natural aggregates and
asphalt binders during the construction and rehabilitation of asphalt pavement has been
shown to be environmentally deteriorating and unsustainable over time. So, using waste
materials to reduce the use of asphalt binder during the construction of 
exible pavement
would have signi�cant economic and environmental bene�ts by reducing emissions and fuel
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consumption due to the extraction and transport of asphalt binders.

1.3 Research Objectives

Three primary objectives are de�ned for this research: a) evaluate the in
uence of geopoly-
mer on the rheological and performance of asphalt binder, b) generate su�cient experimen-
tal data, to develop new proper models for predicted recovery and non-recovery behavior
of asphalt binder; considering the e�ect of temperature, stresses and asphalt modi�ers on
the rheological properties of asphalt binder, and c) evaluate the e�ects of additives on the
rutting, cracking, and moisture resistance of asphalt mixture. A detailed breakdown of the
objectives includes:

1. Develop a suitable geopolymer as an asphalt modi�er, considering the e�ect of tem-
perature and curing time on the rheological and performance of the asphalt binder.

2. Investigate the potential usage of geopolymer-based on 
y ash and glass powder on
the rheological and performance of asphalt binder.

3. Evaluate the e�ects of temperature, additive content, and stresses on the creep
recovery and non-recovery behavior of asphalt binder.

4. Develop new models considering the e�ects of the three variables that signi�cantly
impact the performance of asphalt binder: a) additive content; b) temperature; and
c) asphalt binder properties. A sensitivity analysis will be conducted to evaluate the
in
uence of each variable, individually and in combination, to assess the e�ect of
asphalt modi�ers on the recovery and non-recovery performance.

5. Investigate the in
uence of geopolymer additives on the performance of asphalt
mixtures.

1.4 Dissertation Outline

This manuscript-based thesis is divided into nine chapters:

Chapter 1: Introduction - This chapter explains the research's general scope and
overall objectives.

Chapter 2: Literature Review - This chapter contains a comprehensive literature
review that covers a variety of subjects relating to this study, including:
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ˆ Flexible pavements

ˆ Asphalt pavement distresses

ˆ Viscoelastic behavior

ˆ Arti�cial Neural Networks (ANNs)

ˆ Geopolymer material

Chapter 3: Methodology - This chapter describes the research methods used to
meet the study's objectives. There is also a description of the materials utilized in this
study, as well as laboratory testing and analysis methods.

Chapter 4: Evaluating Fly Ash-Based Geopolymers as a Modi�er for As-
phalt Binders -This chapter investigates the rheological and microstructural properties
of the neat and modi�ed asphalt binders were investigated using an experimental matrix
of laboratory testing with various amounts of geopolymer using a Rotational Viscometer,
a Dynamic Shear Rheometer (DSR), and an Environmental Scanning Electron Microscopy
(ESEM) imaging instrument. The in
uence of geopolymer curing time on rheological prop-
erties has also been studied.

Chapter 5: Rutting Behavior of Geopolymer and Styrene Butadiene Styrene-
Modi�ed Asphalt Binder - This chapter evaluates the e�ects of temperature, stress,
polymer type, and modi�cation rate on the rutting behavior of asphalt binder modi�ed
with 
y ash-based geopolymer (GF), Styrene Butadiene Styrene (SBS), and a mix of SBS
and GF. The frequency sweep test was used to study the rheological properties of asphalt
binders at various temperatures. The Multiple Stress Creep Recovery (MSCR) test was
also carried out at various temperatures and stresses to determine the non-recoverable
creep compliance (Jnr ) and percent strain recovery (R). The Hamburg wheel rut test was
used to determine the asphalt mixture's rutting resistance (HWRT).

Chapter 6: Temperature and Aging E�ects on the Rheological Properties
and Performance of Geopolymer-Modi�ed Asphalt Binder and Mixture - This
chapter evaluates the in
uence of geopolymer and geopolymer combined with SBS polymer
on the rheological and performance of asphalt binder and mixture at low and intermediate
temperatures. Using Dynamic Shear Rheometer (DSR) and Bending Beam Rheometer
(BBR) instruments, the rheological and performance of neat and modi�ed asphalt binder
were examined. In addition, the Viscoelastic Continuum Damage (VECD) model with
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the Linear Amplitude Sweep (LAS) was used to assess the asphalt binder's fatigue behav-
ior. The e�ect of additives on the performance of asphalt mixtures was evaluated using
dynamic/complex modulus and moisture damage evaluation tests.

Chapter 7: Evaluating the E�ect of Glass Powder/Fly Ash-Based Geopoly-
mer on the Rheological and Performance of Asphalt Binder - This chapter inves-
tigates the e�ects of temperature and additive content on the performance of the asphalt
binder modi�ed with glass powder/
y ash-based geopolymer (GFG). A dynamic shear
rheometer was used to test the performance of the asphalt binder with various amounts
of GFG. The Multiple Stress Creep Recovery test was used to investigate the rutting ca-
pabilities of asphalt samples that were tested at various temperatures. The interaction of
geopolymer content and temperature on non-recoverable creep compliance (Jnr ) and creep
recovery percentage (R) of geopolymer modi�ed asphalt binders was explored, and predic-
tion mathematical models employing the response surface method (RSM) and regression
technique were developed.

Chapter 8: Predicting the Recovery and Non-Recovery Performance of As-
phalt Binders Using Arti�cial Neural Networks - This chapter employs the arti�cial
neural networks (ANNs) to predict the recovery and non-recovery performance of asphalt
binders using mechanical test parameters and binder properties. The study includes the
manufacture of 11 laboratory-blended asphalt binders with a total of 880 data points, as
well as rheological testing of asphalt binders using a dynamic shear rheometer (DSR). The
recovery and non-recovery properties of asphalt binders were also evaluated using Multiple
Stress Creep Recovery (MSCR). Five input parameters (temperature, frequency, storage
modulus, loss modulus, and viscosity) and one hidden layer with �ve neurons were used to
develop the ANN model.

Chapter 9: Conclusions and Recommendations - This chapter includes a broad
conclusion as well as an overview of the research's signi�cant �ndings. This chapter also
includes recommendations for future work.
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Chapter 2

Literature Review

2.1 Flexible Pavements

Flexible pavement is a structure that consists of multiple layers of materials that can resist
the tra�c loads under di�erent environmental conditions for a speci�c minimum lifespan.
It is expected to withstand di�erent types of distresses such as rutting, fatigue cracking,
and thermal cracking. The 
exible pavement is typically constructed in di�erent ways,
conventional, full depth, deep strength, or perpetual asphalt pavements [109]. The primary
objectives of this research are to investigate the geopolymer e�ects on the performance of
asphalt concrete. Therefore, in this section, brief information regarding the conventional
asphalt pavement and its components will be discussed.

The traditional 
exible pavement, as shown in Figure 2.1, usually constructed using
hot mix asphalt (a mixture of aggregate, �llers, and asphalt binder). Then a layer of
aggregate that has less asphalt content is directly applied to the surface layer and called
the course cement. While the base layer is located directly underneath the course cement.
Below the base layer, there is the subbase, which typically consists of granular materials.
Finally, the subgrade, or natural soil, is the foundation on which the road is constructed.
In the conventional asphalt pavement, each layer has a function, such as distress resistance,
enhancing the strength of the pavement, or drainage system [78]. The conventional asphalt
pavement mainly consists of the following layers:
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Figure 2.1: Flexible Pavement

2.1.1 Wearing Surface Layer

The surface layer is relatively thin HMA surface courses that is directly exposed to the
tra�c loading and severe weather. This layer contains the highest quality materials and
acts to provide a smooth riding and waterproof surface to prevent the spread of surface
water to the underneath layer [91, 109].

2.1.2 Intermediate Layer

The Intermediate layer is a thick aggregate layer which sometimes called cement course and
essentially consisted of one or more lifts. The main function of this layer is to distribute
the loading of tra�c on the base layer [91, 109].

2.1.3 Base Layer

HMA or high-quality granular material is used to design the base layer [91], which be
located below the intermediate course layer. The main function of this layer is to resist
the stresses due to the cycles of freeze-thaw and promote the drainage in the pavement. In
Ontario, Canada, the granular material is widely used, which called \Granular A" [78].

2.1.4 Subbase Layer

The granular material is used to construct the subbase layer which called \Granular B"
regarding some references and textbooks [78]. The main purpose of this layer is enhancing
the drainage, minimizing the freeze-thaw in
uences, and acting as a proper stand for the
upper layers. The material quality of the subbase layer should be better than subgrade
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material whereby this layer is not essential in all pavement constructions and could be
constructed depending on the material properties of the subgrade layer.

2.2 Asphalt Pavement Distresses

Rutting and Cracking of 
exible pavement is a widely noticeable modes of distresses impact-
ing the serviceability and the quality of the roadway network in the world. This problem
has been intensively investigated for decades whereby it is becoming a critical challenge, but
not fully solved until now. Numerous additives and solutions were developed to improve
the performance of paving materials by enhancing its properties, optimizing aggregate gra-
dation, improving the quality of aggregates, and using additives to enhance the quality of
asphalt binder [247].

The asphalt binder is a viscoelastic material that exhibits both viscous and elastic prop-
erties when deformed. The asphalt binder is suitable for most environmental conditions
that lie between the extremes of hot and cold climates. Because of this variety of behavior,
asphalt binder is an appropriate adhesive substance for paving. However, due to its com-
plexity, it is a di�cult material to understand and describe [109]. While the production of
asphalt binder requires a substantial quantity of energy, resulting in the emission of CO2.
Therefore, lowering the amount of asphalt binder and energy utilized in the production of
hot mix asphalt could be bene�cial.

Governments provide signi�cant budgets to improve their road infrastructure, as this
is critical for the growth of the country's economy. In this regard, it is worth noting that
countries spend a signi�cant amount of money each year on road infrastructure main-
tenance due to severe weather and high tra�c loads that cause pavement deterioration.
Modi�ers that have a signi�cant e�ect on the performance of asphalt binders could be
used to reduce pavement distress such as rutting and cracking [19, 107]. Consequently, the
potential development of modi�er materials could reduce maintenance and rehabilitation
costs.

2.2.1 Permanent Deformation (Rutting)

The surface depression in the wheel path is known as permanent deformation or rutting, as
depicted in Figure 2.2, which usually appears when the wheel routes are �lled with water
during the rainy seasons [116]. Pavement rutting is caused by increased loads, continuous
tra�c loads, soil volume changes, compressive material under the pavement system, and
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