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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
first manuscript, which is published in the Advances in Materials Science and Engineering
journal, investigates the possibility of preparing a suitable geopolymer as a modifier for
asphalt binder, considering the effect of temperature, additive content, and curing time
on the rheological properties of asphalt binder. The effect 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 influences of temperature, stresses, polymer1

type, and modification rate on the rutting behavior of the asphalt binder modified with
fly ash-based geopolymer (GF), Styrene Butadiene Styrene (SBS) polymer, and a combi-
nation of SBS and GF. In addition, additive effects on the rutting resistance of asphalt
mixtures were investigated. It was found that using geopolymers as an asphalt binder
modifier proved to be an effective way to improve rutting performance. Furthermore, the
findings of the article might help asphalt pavement designers choose appropriate modifiers
based on local temperature, stress, and traffic volume.

In the third manuscript, temperature and aging effects on the rheological and perfor-
mance of asphalt binder and mixture were investigated. Also, the influence of additives on
moisture damage and cracking resistance was studied. The fourth article investigates the
effects of temperature and additive content on the performance of asphalt binder modified

1A macromolecule with a defined size and molecular weight is referred to as a polymer [68]
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with glass powder and fly 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 effective method to predict the recovery and non-recovery
performance of geopolymer modified asphalt binder. The fifth manuscript predicts the
recovery and non-recovery performance of asphalt binders using the Artificial 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 Significance

Asphalt binder is the most widely used pavement material in the world. The production
of asphalt binder requires a significant 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 difficult 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. Modifiers 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 significant budget to develop ways
to incorporate these materials with the raw materials used in many fields. The amount
of waste products such as fly ash and glass powder has increased worldwide because of
increasing human activity, which has resulted in more landfill 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 flexible pavement
would have significant economic and environmental benefits 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 defined for this research: a) evaluate the influence of geopoly-
mer on the rheological and performance of asphalt binder, b) generate sufficient experimen-
tal data, to develop new proper models for predicted recovery and non-recovery behavior
of asphalt binder; considering the effect of temperature, stresses and asphalt modifiers on
the rheological properties of asphalt binder, and c) evaluate the effects 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 modifier, considering the effect of tem-
perature and curing time on the rheological and performance of the asphalt binder.

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

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

4. Develop new models considering the effects of the three variables that significantly
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
influence of each variable, individually and in combination, to assess the effect of
asphalt modifiers on the recovery and non-recovery performance.

5. Investigate the influence 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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• Flexible pavements

• Asphalt pavement distresses

• Viscoelastic behavior

• Artificial Neural Networks (ANNs)

• 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 Modifier for As-
phalt Binders -This chapter investigates the rheological and microstructural properties
of the neat and modified 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 influence of geopolymer curing time on rheological prop-
erties has also been studied.

Chapter 5: Rutting Behavior of Geopolymer and Styrene Butadiene Styrene-
Modified Asphalt Binder - This chapter evaluates the effects of temperature, stress,
polymer type, and modification rate on the rutting behavior of asphalt binder modified
with fly 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 Effects on the Rheological Properties
and Performance of Geopolymer-Modified Asphalt Binder and Mixture - This
chapter evaluates the influence 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 modified 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 effect of additives on the performance of asphalt mixtures was evaluated using
dynamic/complex modulus and moisture damage evaluation tests.

Chapter 7: Evaluating the Effect of Glass Powder/Fly Ash-Based Geopoly-
mer on the Rheological and Performance of Asphalt Binder - This chapter inves-
tigates the effects of temperature and additive content on the performance of the asphalt
binder modified with glass powder/fly 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 modified 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 Artificial Neural Networks - This chapter employs the artificial
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 five 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 significant findings. 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 traffic loads under different environmental conditions for a specific minimum lifespan.
It is expected to withstand different types of distresses such as rutting, fatigue cracking,
and thermal cracking. The flexible pavement is typically constructed in different ways,
conventional, full depth, deep strength, or perpetual asphalt pavements [109]. The primary
objectives of this research are to investigate the geopolymer effects 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 flexible pavement, as shown in Figure 2.1, usually constructed using
hot mix asphalt (a mixture of aggregate, fillers, 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
traffic 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 traffic 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 influences, 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 flexible 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 difficult 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 beneficial.

Governments provide significant 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 significant amount of money each year on road infrastructure main-
tenance due to severe weather and high traffic loads that cause pavement deterioration.
Modifiers that have a significant effect 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 modifier 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 filled with water
during the rainy seasons [116]. Pavement rutting is caused by increased loads, continuous
traffic loads, soil volume changes, compressive material under the pavement system, and
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climate changes [192]. Rutting can be caused by the asphalt mix’s plastic deformation in
hot weather or by poor compaction during construction [116], as depicted in Figure 2.3.
Asphalt mixture properties have a significant influence on the rutting behavior of asphalt
pavement [207, 86, 117]. Tarefder et al. (2003) [207] noted that binder content, temper-
atures, aggregate gradation, moisture condition (wet or dry), and the content of asphalt
binder significantly affect the rutting performance of asphalt mixes. Temperature and ma-
terial qualities, according to Feyissa (2009) [86], have a major impact on the development
of rutting distress. While Hussan et al. (2017) [117] noted that rut depth has a direct link
with aggregate flakiness index, bitumen penetration, and temperature, while rut depth has
an inverse relationship with percent coarse aggregates.

Figure 2.2: Permanent deformation (rutting) - The pictures were taken by Abimbola Grace
Oyeyi

2.2.2 Fatigue and Thermal Cracking

Cracking is one of the crucial problems in asphalt concrete pavement, which occurs due
to heavy traffic, harsh environmental conditions, and construction deficiencies. It leads to
pavement failure in its later stages. Cracking appears at the top of the pavement layer in
different shapes such as longitudinal, alligator, transverse, and reflective cracks.

Fatigue cracking is considered the main mode of pavement failure, which occurs when
the pavement has been stressed for a long time by repeated load applications [109]. The
fatigue life measures the resistance of the asphalt concrete to fatigue cracking and is defined
as the number of cycles to which the material can be subjected before failing. Tensile
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Figure 2.3: Pavement layers effect on the rutting performance [89]

stresses occur as repeated traffic loading acts on the pavement surface after the pavement
has been in service [109]. There are two types of fatigue cracking, alligator or bottom-up
cracking, as shown in Figure 2.4(a) and longitudinal or top-down cracking as depicted
in Figure 2.4(b). Alligator cracking occurs when cracks initiate at the bottom of the
asphalt layer and then propagate to the surface of the pavement under repeated load
applications. Whereas longitudinal cracking occurs when cracks initiate at the pavement
surface and propagate downwards under repeated load applications. Fatigue cracks in
asphalt pavement are influenced by different external factors such as compaction level and
method, time of asphalt placement, and poor subgrade drainage [109]. Also, temperature,
air voids, and amount and type of asphalt binder are affected the fatigue life [179]. The
best ways to avoid fatigue cracking are to design for the expected traffic loads during the
service life; keep the subgrade dry; use thicker pavements; use paving materials that can
resist moisture; and use resilient paving materials that can endure normal deflections [89].

Thermal cracking in asphalt pavement is a critical problem in the cold regions. Thermal
cracking occurs as a result of gradual tensile stress that builds up in the asphalt layer due
to the temperature drops [36]. When these stresses exceeded the capacity of the material
to relieve stress through deformation, cracks form on the surface perpendicular to the road
direction, as depicted in the Figure 2.5. With time, thermal cracking leads to water
infiltration, loss of smoothness [36], and finally structural failure of the asphalt pavement.
There are many factors influence the rate at which thermal cracks occur, such as decreases
in temperature, the properties of the asphalt binder and aggregate, the asphalt rheological
properties, and other environmental factors [222]. Yin et al. (2010) [232] indicated that
thermal cracking could be reduced by using asphalt concrete mixture with a higher ductility
for the surface layer. The asphalt binder is crucial in low temperature cracking, which is
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Figure 2.4: Fatigue cracks in asphalt pavement, (a) alligator cracking, (b) longitudinal
cracking

more common in hard and aged asphalt binders than in soft asphalt binders [89]. Therefore,
the designers must choose a soft binder that can resist ageing during the service life to
prevent low temperature cracking.

Figure 2.5: Low-temperature (thermal) cracking
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2.3 Viscoelastic Behavior

The asphalt binder exhibits the characteristics of both viscous liquids and elastic solids
depending on the temperature and rate of loading. When heated, asphalt acts as a lubri-
cant, allowing the aggregate to be mixed, coated, and tightly compacted. Because of this
range of behavior, the asphalt binder is termed viscoelastic [109].

Figure 2.6 demonstrates the Visco-Elastic behavior of asphalt binder. For one hour at
60 ◦C or ten hours at 25 ◦C, the flow behavior of asphalt binder could be the same. Asphalt
binder behaves like a viscous liquid and flows at high temperatures, which is sometimes
referred to as plastic because it does not return to its original position (non-recovery). As
a result, wheel path ruts develop. However, aggregate quality influences rutting in asphalt
pavements during hot weather, so it’s probably more accurate to say the asphalt mixture
behaves like a plastic.

Figure 2.6: Viscoelastic behavior of asphalt binder [89]

Figure 2.7 and Table 2.1 show the Superpave tests that are used to characterise
asphalt binder at various temperatures and ages. Superpave classifies them based on the
real pavement temperatures as well as the times when asphalt distress is most likely to
occur [89].

Viscoelastic materials can be classified into two groups: viscoelastic solids, when the
phase angle value lies between 0◦ and 45◦, and viscoelastic fluids, when the phase angle
value lies between 45◦ and 90◦. While the materials behave ideally elastic if the phase angle
is equal to 0◦, whereby there is no time lag between the stress and the strain, as shown
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Figure 2.7: Viscoelastic behavior of asphalt binder [89]

Table 2.1: Superpave asphalt binder tests [89]
Superpave Binder Test Purpose
Dynamic Shear Rheometer (DSR) Measure properties at high and

intermediate temperatures
Rotational Viscometer (RV) Measure properties at high tem-

peratures
Bending Beam Rheometer (BBR)
Direct Tension Tester (DTT)

Measure properties at low tem-
peratures

Rolling Thin Film Oven (RTFO)
Pressure Aging Vessel (PAV)

Simulate hardening (durability)
characteristics

in Figure 2.8. On the other hand, the materials behave ideally viscous when the phase
angle value is 90◦. Figure 2.8 shows a typical viscoelastic response of asphalt mixture.
The stress can be expressed by Equation 2.1:
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Figure 2.8: Graphical explanation of dynamic modulus parameters

σ = σ0 sinωt (2.1)

Where σ0 is stress amplitude, ω is related to frequency (f), ω = 2πf, and t is the time
(seconds). The strain can be expressed by Equation 2.2:

ε = ε0 sin(ωt+ δ) (2.2)

where ε0 is strain aplitude, δ is phase angle. The complex modulus is expressed by
Equation 2.3:

E∗(iω) =
σ∗

ε∗
=

σ0

ε0
× eiδ = E

′
+ iE

′′
(2.3)
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E
′
is the storage modulus and E

′′
is the loss modulus (see Figure 2.9), which are

calculated using equations 2.4 and 2.5 respectively.

E
′
=

σ0 cos(δ)

ε0
(2.4)

E
′′
=

σ0 sin(δ)

ε0
(2.5)

The complex modulus value is expressed by Equation 2.6.

|E∗| = σ0

ε0
(2.6)

Figure 2.9: Relationship between storage modulus and loss modulus

Dynamic/complex modulus test data analysis contains constructing master curves;
whereby the generation of the master curve helps to perform a comparison of the stiff-
ness of asphalt mixture over different ranges of temperatures and frequencies. The master
curve was constructed using a shift factor to the E∗ values to normalize them to a refer-
ence temperature. The master curve can be developed using a randomly specified reference
temperature and applying a relationship between complex modulus and frequency [57].

Numerous models have been used to describe the relationship between shift factor (at)
and temperature (T) for viscoelastic materials, such as the Williams-Landel-Ferry (WLF)
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equation (Equation 2.7) [227], modified Kaelble equation (Equation 2.8) [182], Arrhenius
equation (Equation 2.9), and log-linear equation (Equation 2.10) [234].

Log at =
−C1(T − Tref )

C2 + (T − Tref )
(2.7)

Log at =
−C1(T − Tref )

C2+ | T − Tref |
(2.8)

Where Tref is the reference temperature, and C1 and C2 are constants to reduce the
difference between actual and predicted data [234]. The WLF equation has been shown to
be suitable for asphalt binders and mixes [90, 135].

Log at = C (
1

T
− 1

Tref

) =
0.434Ea

R
(
1

T
− 1

Tref

) (2.9)

Where T and Tref are test and reference temperatures in kelvins, R is the common gas
constant (8.314 J/mol.K), and Ea is the activation energy1 (J/mol).

Log at[
T

Tref

] = β (T − Tref ) (2.10)

Where β is the straight-line slope of the temperature - Log at correlation [162]. The
log-linear equation has been shown to be suitable for asphalt mixtures [90]. Figure 2.9
shows a master curve that was constructed using a shift factor to the E∗ values to normalize
them to a reference temperature.

Modifying asphalt binders is an effective method of improving the viscoelastic prop-
erties of asphalt binders such as their resistance to rutting, fatigue, and fracture issues
[220]. Application of modifiers in asphalt binder would result in a reduction of optimum
asphalt binder content, increasing stability, increasing the bond between asphalt binder
and aggregates, and improving density [49]. Also, modifiers would minimize the environ-
mental impact on roads, such as traffic noise and the total expenditure for repair and
maintenance of road structures. However, because modification changes the behavior of
binders, substantial laboratory testing is required before field application to determine the
best mixtures, which means substantial time and cost.

1The minimum amount of energy required before any intermolecular movement may take place [234]
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Figure 2.10: Example of a complex modulus master curve [57]

2.4 Artificial Neural Networks (ANNs)

The ANNs is a mathematical model made up of many interconnected neurons, with three
groups of rules in this model: multiplication, summation, and activation [170]. The link
between input parameters and targets is learned using a training data set. The principal
work of an artificial neuron is demonstrated in Figure 2.11 and Equation 2.11.

Several studies have recently used various methods to predict the rheological and per-
formance of asphalt binders and mixes, such as regression models, the Response Surface
Method (RSM), and artificial neural networks (ANNs), which could have a significant im-
pact on reducing the time and cost of experimental work. The ANNs has been used in a
variety of pavement applications, such as designing the airfield pavement [53, 52, 176, 126],
predicting the rutting performance [26, 71] and the indirect tensile strength [130] of flexible
pavement. Also, the ANNs model was used to predict the performance of asphalt mixture
modified with recycled asphalt shingles [140], fiber [208], nano-silica [87], SBS [39], glass
fiber [214], crushed Boron Waste [127]. Table 2.2 summarizes the ANNs models that were
used to predict the performance of asphalt mixtures.
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Moreover, the ANNs model was used to predict the rheological and performance of
asphalt binder modified with rubber [220, 241], SBS [131, 216], geopolymer [22], filler
[231], and waste engine oil [230]. Table 2.3 summarizes the ANNs models that were used
to predict the rheological and performance of asphalt binder. It was noted that the ANNs
model is an effective tool to predict the rheological and performance of modified asphalt
binder with high accuracy.

Figure 2.11: The principal work of an artificial neuron

yi(k) = f(
m∑
i=0

wi(k)× xi(k) + b) (2.11)

yi(k): Output value

f : Transfer function

wi(k): Weight value

xi(k): Input value

b: The bias
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Table 2.2: Predicting the performance of asphalt mixtures Using ANNs model
Ref. Predicted

parameter
ANNs model Train Al-

gorithm
Main Comments

[208] FT and FS Four inputs, one hidden
layer with four neurons,
and 73 data points were
used.

LM The asphalt mixture’s
FT and FS may be
predicted using the
ANNs model.

[140] E∗ Nine inputs, two hidden
layers with 15-15 neurons,
and 1701 data points were
used.

BPNN The ANNs model is an
effective tool to pre-
dict the E* of the as-
phalt mixture.

[87] TS Five inputs, one hidden
layer with four neurons,
and 48 data points were
used.

LM A more accurate
model is provided by
the ANNs model.

[39] ITSM, MS,
and MQ

6 inputs, 1 and 3 hid-
den layers with 8 neurons
in each layer for MQ and
ITSM and MS. 129 data
points were used.

- Using the ANNs
model during the
design phase of as-
phalt mixtures can be
extremely beneficial.

[127] Flow and
stability

Seven inputs, two hidden
layers with 20 and 15 neu-
rons were used.

LM The ANNs model can
be used to predict the
stability and flow of
asphalt mixtures.

[214] MS Five inputs, one hidden
layer with six neurons, and
128 data points were used.

BPNN The ANNs model can
accurately predict the
MS of asphalt con-
crete reinforced with
glass fibre.

Note: BPNN: back-propagation neural network, FT: Fracture Temperature, FS: Fracture
Strength, TS: Temperature Sensitivity, ITSM: Stiffness modulus, MS: Marshall stability,

MQ: Marshall quotient

2.5 Geopolymer Material

Geopolymer is an inorganic polymer that incorporates the properties of polymers and ce-
ments by combining the silica and alumina using high alkaline solution. Historically, the
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Table 2.3: Predicting the rheological and performance of asphalt binder Using ANNs model
Ref. Predicted

parameter
ANNs model Train Al-

gorithm
Main Comments

[231] G∗ Three inputs, two hidden
layers with five or four neu-
rons, and 201 data points
were used.

LM, CPG,
SCG

The ANNs model is a
powerful tool for accu-
rately predicting G*.

[220] η, G∗/sinδ,
and tanδ

Eight inputs, two hidden
layers with seven and three
neurons, and 2,200 data
points were used.

SCG The ANNs model
could be well used
in predicting asphalt
binder performance.

[22] G*, G
′
, G

′′
,

and δ
Three inputs, one hidden
layer with eight or five neu-
rons, and 252 data points
were used.

LM, CPG,
SCG

The highest perform-
ing model was the G*
model using the LM
algorithm and 1-5-1
network structure.

[216] G∗/sinδ and
G∗.sinδ

16 inputs, one hidden layer
with twelve neurons, 1980
and 1668 data points for
rutting and fatigue param-
eters.

- ANNs model can be
used to predict rut-
ting and fatigue pa-
rameters with R2 >
0.95.

[230] G∗ and δ Three inputs, one hidden
layer with twelve neurons.

LM The ANNs model can
predict the rheologi-
cal characteristics of
asphalt binders with
high accuracy.

[241] Viscosity Eight inputs, one hidden
layer with five and three
neurons, 90 data points.

- The training data
for an ANN network
model should involve
a variety of indicators
and be as practical as
possible.

Note: SCG: Scaled Conjugate Gradient, LM: Levenberg-Marquardt, and CPG:
Polak-Ribiere conjugate gradient

Cheops Pyramid in Gaza was built using formed in-situ blocks made of alkali activated
aluminosilicate minerals, according to Demortier (2004) [70]. Geopolymer belongs to the
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alkali activated cementitious materials group, which has a low calcium concentration [221],
as shown in Figure 2.12. Davidovits (1989) [65] reported that geopolymer, like zeolites
2 and feldspathoids3, can adsorb harmful chemical contaminants. It operates as a binder
to turn semi-solid waste into an adhesive solid and bind toxic elemental waste inside the
geopolymer framework. Hazardous components in waste materials blended with geopoly-
mer compounds are retained in the geopolymer matrix’s three-dimensional framework.
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.

Figure 2.12: Classification of Geopolymer as a part of alkali activated materials [172]

2.5.1 Chemical Reaction

The geopolymer is formed when the aluminosilicate source, such as fly ash, reacts with the
alkaline solution, as summarized in Figure 2.13. This reaction was summarized into the

2”A class of hydrated aluminosilicates of highly crystalline alkaline and alkaline earth metals with pores
smaller than 2.0 nm” [136]

3”Feldspars are more closed than zeolites [136]”
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following steps [76]: (a) hydroxyl ions (OH−) in the highly concentrated alkaline solution
cause the dissolution of fly ash minerals such as alumina and silica. (b) diffusion of the
silica and alumina monomers, which interact to form dimers, trimers, tetramers, and so
on. (c) condensation with sodium cations (Na+) to form the N-A-S-H gel with time, as
shown in Figure 2.13(a). This gel changes with time [59], whereby the initial gel 1 consists
of high alumina ions in the early stages of the reaction because the Al-O bond is weaker
than the Si-O bond. The second gel 2 is formed due to increasing the Si-O with time,
which raises the silicon concentration in the N-A-S-H gel, as illustrated in Figure 2.14.
(d) The last step is crystallization to hardening, whereby the tetrahedral silica (SiO4) and
alumina (AlO4) are joined by oxygen (O2) in the three-dimensional chain networks that
are called geopolymers. Equation 2.12 and 2.13 describe the chemical reactions during the
geopolymerisation process [229].

n(Si2O5,Al2O2)+2nSiO2+4nH2O+NaOH

→ Na+ + n(OH)3 − Si−O − Al−(OH)2 −O − Si−(OH)3 (2.12)

n(OH)3-Si-O-Al−(OH)2-O-Si-(OH)3+NaOH

→ Na+ − (Si−O − Al− −O − Si−O−) + 4nH2O (2.13)

Figure 2.16 demonstrates the developed model by Fernandez-Jimenez et al. (2005) for
fly ash-based geopolymer using a high alkaline activator (8 molar of NaOH). Figure 2.16
(a,b) and Figure 2.15(a) depict the initial chemical attack on a particle’s surface, which
eventually expands into a larger hole, as shown in Figure 2.16(b). As a result, reaction
products are formed both inside and outside the sphere’s shell until the ash particle is
consumed completely or nearly completely, whereby dissolution is the mechanism in play
at this point, as depicted in Figure 2.16(c). As a result of reaction product precipitation,
a coating of reaction products covers portions of the smaller fly ash spheres, as shown
in Figure 2.16(e) and Figure 2.15(b). This cover keeps the alkaline activating solution
out. As the alkaline activation process continues, the unreacted fly ash hidden behind
the precipitates may be unaffected by the high pH of the activating solution, resulting
in a decrease in reaction rate. As shown in Figure 2.16(d), diffusion currently controls
activation at this stage.

2.5.2 Application of Geopolymer

Geopolymer has many applications in the field of construction materials such as concrete
construction, soil stabilization, asphalt materials enhancement. Geopolymers are environ-
mentally friendly materials whereby there are minimal CO2 emissions during production,
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Figure 2.13: Chemical reaction steps during the geopolymerisation process [92]

and it has ability to reduce the waste and by-product materials such as fly ash and slag.
Geopolymer has also demonstrated its capacity to improve mechanical characteristics, in-
crease fire resistance, and reduce energy use and greenhouse emissions [67, 99, 223, 107].
Geopolymer is used in a variety of industries, including aerospace and automotive, metal-
lurgy and nonferrous foundries, civil engineering, and the plastics industry [68]. Because
of their propensity to absorb harmful chemical wastes, geopolymer materials are used in
toxic waste management [68].

Geopolymer Concrete

During the past two decades, geopolymers were widely used as an environmentally friendly
additive to Cementous construction materials, because of its ability to reduce the CO2

emissions [79]. One tonne of kaolin-based geopolymer generates 0.180 tonnes of CO2 which
is six times less than Portland cement production. Meanwhile, producing fly ash-based
geopolymer emits up to nine times less CO2 than Portland cement [68]. For instance,
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Figure 2.14: A diagram depicting the progression of mechanical performance over time [85]

Figure 2.15: SEM images of fly ash based geopolymer, (a) a big sphere’s reaction process,
(b) the response of a few tiny spheres [84]
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Figure 2.16: Fly ash alkali activation: a descriptive model [84]

it is mixed with concrete for casting structural elements [99, 199]. Nmiri et al. (2017)
[157] investigated the possibility of using the kaolinitic clay material as an aluminosilicate
source to produce geopolymer concrete. The clay was heated to a temperature between
550 and 1100 ◦C and NaOH and KOH solutions at concentrations of 5, 8, 10, 13, 15, or
18 molar were used to activate the calcined clay. X-ray diffraction, infrared spectroscopy,
and thermal analysis were used to characterize the mineral and chemical composition of
clay and geopolymer. Compressive strength, porosity, and water absorption were used to
characterise the physicochemical characteristics of samples. According to the findings, a
temperature of around 700 ◦C and an alkaline concentration of 13 molar are required to
develop a metakaolin with the highest degree of reactivity, whereby the various physical
characteristics reach their optimal levels. Whereas at greater temperatures and concentra-
tions, these values declined.

Hadi et al. (2017) [102] used slag as an aluminosilicate source and sodium hydroxide and
sodium silicate as alkaline activators to produce the geopolymer, while the Taguchi method
has been used to design optimum mix proportions. The effects of binder content, alkaline
activator to binder content (Al/Bi) ratio, sodium silicate to sodium hydroxide (SS/SH)
ratio, and sodium hydroxide (SH) concentration were studied. The results showed that the
specimens with the maximum 7-day compressive strength (60.4 MPa) had a binder content
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of 450 kg/m3, an Al/Bi ratio of 0.35, an SS/SH ratio of 2.5, and an SH concentration of
14 molar. On the other hand, fly ash (FA), metakaolin4 (MK), and silica fume (SF) were
utilized to enhance the setting time of geopolymer concrete by partial replacements for
slag in various amounts.

Soil Stabilization

Geopolymer was used to enhance soil properties. Geopolymer has a significant effect on
the clayed soil properties and it can also be used as an effective alternative binder to
ordinary Portland cement (OPC) in soil stabilization [12, 93]. Abdullah, et al. (2017)
[12] investigated the potential usage of slag and fly ash geopolymers for stabilizing clayed
soil. It was noted that replacement of fly ash using slag in the geopolymer-clay mixture
induces a significant increase in soil strength. Ghadir and Ranjbar (2018) [93] stabilized
clayed soil using geopolymer and OPC and compared the mechanical performance, whereby
the impact of curing time and conditions, volcanic ash/clay ratio, and alkali activator
was investigated. The results showed that alkali activator has a significant effect on the
compressive strength of the geopolymer treated soil and soil stabilized by OPC has less
ductility compared by geopolymer treated soil.

Table 2.4 summarizes the types of geopolymer that were utilized to stabilized different
types of soil. Phummiphan et al. (2018) [167] used high calcium fly ash geopolymer to
stabilize silty clayed sand; whereas slag was utilized as a replacement material in the soil.
Three factors, slag content, curing time, and Na2SiO3/NaOH ratio, were used to investigate
the effect of stabilizers on the soil properties. The results indicated that the soaked 7-day
UCS of stabilized soil with different ratios of Na2SiO3/NaOH met the strength for both
high and low volume roads, and 10% of slag is recommended at high Na2SiO3/NaOH ratios
(> 80:20).

Sore et al. (2018) [195] studied the feasibility of using geopolymer to stabilize com-
pressed earth blocks (CEBs). The geopolymer was formed using metakaolin as an alumi-
nosilicate source and sodium hydroxide with a concentration of 12 molar as an alkaline
activator. Different percentages of geopolymer were utilized to stabilize the CEBs, and
their physical, mechanical, and thermal properties were compared to CEBs and CEBs
with 8% Portland cement. The results indicated that using geopolymer with CEBs greatly
improved their mechanical performance and provided them with thermal properties that
were quite close to those of CEBs without geopolymer. While stabilizing the CEBs with

4Metakaolin is a highly reactive pozzolana made by calcining kaolin clay at temperatures between 700
◦C and 900 ◦C [96]
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15% of geopolymer achieved properties like Portland cement stabilized CEBs, particularly
in terms of water resilience.

Asphalt Pavement Construction

Mohammadinia et al. (2016) [151] investigated how geopolymer stabilized recycled con-
struction and demolition (CD)5 materials behaved. The geopolymers were developed by
combining various percentages of fly ash (FA) and slag (S) (4% FA, 2% FA+ 2% S, or 4% S)
as an aluminosilicate source and NaOH and Na2SiO3 as alkaline activators. The geotechni-
cal engineering and strength parameters of these materials were tested to determine their
performance for pavement base and subbase applications. For unconfined compression and
repeated load triaxial testing, the effect of curing duration on the strength of CD materi-
als was investigated. The results showed that using the geopolymer enhanced the resilient
modulus and compressive strength, which were increased. When compared to fly ash-based
geopolymer stabilization, slag-based geopolymer stabilization attained a higher compres-
sive strength. While using geopolymer as a RAP stabilizer is a realistic and long-term
solution for future pavement bases and subbases.

Hoy et al. (2016) [114] conducted the environmental evaluation of geopolymer stabilized
RAP. High calcium fly ash is used as an aluminosilicate source and NaOH and Na2SiO3 as
alkaline activators. XRD and SEM techniques were used to investigate microstructural de-
velopment. The Unconfined Compressive Strength (UCS) of RAP-FA blends and RAP-FA
geopolymers was compared to the requirements of road authorities. Toxicity Characteris-
tic Leaching Procedure (TCLP) is used to determine the heavy metals’ leachability and
compare it to international standards. The findings showed that utilizing geopolymer with
RAP in pavement construction has no environmental hazard, as the geopolymer binder
lowers heavy metal leaching in the RAP-FA mixture.

Dayal and Nagan (2018) [69] explored the potential of employing geopolymer as a
coating for aggregates and its impact on asphalt mixture properties. The geopolymer
was formed using fly ash as an aluminosilicate source and NaOH and Na2SiO3 as alkaline
activators. Aggregate testing, SEM analysis of fly ash and fly ash-based geopolymer,
Marshall mix design, indirect tension tests, and repetitive load tests on asphalt mixtures
were conducted during this study to evaluate the effect of geopolymer. The results revealed
that the geopolymer based on fly ash can be utilized to coat natural aggregate to improve
its physical and mechanical properties. Furthermore, using geopolymer to coat aggregates

5Crushed brick (CB), recycled crushed aggregate (RCA), and reclaimed asphalt pavement (RAP) are
examples of construction and demolition materials
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Table 2.4: Using geopolymers as an effective stabilizer for soil

Ref. Soil Type Geopolymer Main Comments

Activator Pozzolanic

[239] Clay NaOH+
Na2SiO3

MK Metakaolin-geopolymer can
be used as a soil stabilizer
for clayey soils.

[187] Silty sand NaOH+
Na2SiO3

FA+S+
RG

Improving the strength and
durability of soil.

[198] Silty clay NaOH+
Na2SiO3

FA Improving the compressive
strength of soil.

[60] Sandy clay NaOH+
Na2SiO3

FA Reducing activator/ash ra-
tio has a significant effect on
the strength.

[165] Silty clay Na2SiO3+
CCR+
water

FA CCR can be used as an al-
ternative alkaline activator
to produce geopolymer.

[164] Silt, sand,
and clay

NaOH+
Na2SiO3

FA+ CCR FA-geopolymer enhanced
the strength and considered
as an effective green soil
stabilizer.

[75] Clay Na2SiO3+
CCR

S Improving water absorp-
tion, permeability, and
strength.

[12] Clay NaOH FA+S Improving the compressive
strength of soil.

[134] Silt, sand,
clay, and
gravel

NaOH (or
KOH)+
Na2SiO3

FA Increasing the compressive
strength as the ratio of FA/
soil increases.

Note: MK: Metakaolin; FA: Fly Ash; S: Slag; RG: Red Gypsum; CCR: Calcium Carbide
Residue
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Table 2.5: Using geopolymers as a modifier for asphalt binder

Ref. Asphalt
Type

Form of
Additive

Geopolymer Main Comments

Activator Pozzolanic

[118] 80/100 Gel NaOH+
Na2SiO3

FA (F) Asphalt binder modified
with geopolymer could re-
main stable at high storage
temperature.

[204] AH-90 Dry NaOH+
Na2SiO3

MK+S+SF Geopolymer is a suitable
additive for developing
high-performing WMA.

[181] 80/100 Gel NaOH+
Na2SiO3

FA (F) Structural chain mobility
properties and storage sta-
bility of geopolymer modi-
fied asphalt are enhanced.

[205] AH-90 Dry NaOH+
Na2SiO3

MK+S+SF The potential of geopolymer
to absorb bitumen VOCs
and PM emissions is rela-
tively high.

Note: MK: Metakaolin; FA: Fly Ash; S: Slag; SF: Silica fume; VOCs: volatile organic
compounds

in asphalt mixtures will improve the mixture’s stability and service life, and can thus be
used as a corrective method for fly ash disposal.

Recently, geopolymer was used as a modifier for asphalt binder, as summarized in
Table 2.5. Tang et al. (2018) [204] investigated geopolymer uses in warm mix asphalt.
As an activator for aluminosilicate in metakaolin, slag, and silica fume, sodium hydroxide
and sodium silicate were utilized at various concentrations. The findings revealed that
geopolymer has excellent performance and numerous advantages, such as lowering the
mixing temperature and minimizing the cost.

Rosyidi et al. (2020) [181] investigated the geopolymer effect on the chemical properties
of asphalt binder using the Fourier Transform Infrared Spectroscopy (FTIR). The geopoly-
mer were prepared using fly ash (class F) and alkline activator (NaOH and Na2SiO3). The
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results showed that the addition of geopolymer had no significant effect on the FTIR spec-
tra, showing that the asphalt binder’s functional group has not changed, as shown in Figure
2.17. This could be due to the addition of a small amount of geopolymer (less than 10%),
which had no major impact on the geometry of the modified asphalt binder’s FTIR spec-
trum. Physically, but not chemically, the reaction that occurs throughout the modified
asphalt binder process was observed. Beside using geopolymer as a modifier increased the
asphalt binder’s bonding workability, and the high work cohesion6 value indicates that the
cracking resistance of the asphalt binder is enhanced as shown in Figure 2.18.

Figure 2.17: Base bitumen, geopolymer, and GMBs FTIR spectra [181]

Moreover, Rosyidi et al. (2020) [181] used Surface Free Energy (SFE) test to evaluate
the effect of geopolymer on the adhesion properties between asphalt binder and two types
of aggregate (limestone and granite). The results showed that the work of adhesion of
samples with geopolymer modified asphalt binder was higher than that for the control
sample, with the exception of 5% of geopolymer modified asphalt binder which showed
a slightly lower work of adhesion7 compared to the control asphalt binder, as shown in
Figure 2.19.

6The energy that separates asphalt binder from one unit of an area into two new surfaces is known as
asphalt binder cohesion work[181]

7The energy required to remove the asphalt binder bond from the aggregate interface is known as
adhesion work [181]
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Figure 2.18: Effect of geopolymer on cohesion work [181]

Figure 2.19: Effect of geopolymer on adhesion work [181]

Tang et al. (2020) [205] prepared the geopolymer in the dry state using fly ash (class
F) and alkaline activators (NaOH and Na2SiO3). Two types of geopolymer were used;
un-calcined (G) and calcined (AG) geopolymers. The solvent precipitation and chromato-
graphic column test methods were used to investigate the effect of geopolymer on the
SARA (saturates, aromatics, resins, and asphaltenes) components of asphalt binders, as
shown in Figure 2.20. The results revealed that the addition of geopolymer to asphalt
binder had no significant impact on the SARA components and properties of the asphalt
binder. As a result, geopolymers have a lot of potential for use as modifiers for asphalt
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binder.

Figure 2.20: Geopolymer effect on the SARA components of asphalt binder [205]

2.6 Summary and Research Gaps

Geopolymer has environment benefits by reducing the waste and by-product materials,
there are minimal CO2 emissions during its production, and it can adsorb harmful chemical
contaminants. Therefore, geopolymer has many applications in the field of construction
materials, such as concrete construction and soil stabilization, whereby, it can also develop
mechanical properties rapidly. Recently, there have been attempts to employ geopolymer to
improve the quality of the pavement base and subbase layers or incorporate the geopolymer
with the RAP to enhance its properties. There are promising and encouraging results,
whereby it was noted that utilizing geopolymer with RAP in pavement construction has
no environmental hazard, as the geopolymer binder reduces heavy metal leaching. On the
other hand, the effect of geopolymer on the chemical and SARA component properties of
asphalt binder has been investigated, which indicated that there is no significant effect on
the FTIR spectra and SARA components. Thus, the geopolymer has a lot of potential for
use as a modifier for asphalt binder.

The literature review showed that the use of geopolymer materials as a modifier for
asphalt binder and mixture has received little attention, which may be because there has
been no investigation to link the effect of temperature and curing time on the performance
of geopolymer and the rheological behavior of asphalt binder. While the effect of temper-
ature and frequencies on the rheological behavior of geopolymer modified asphalt binder
hasn’t been extensively investigated, considering the effect of geopolymer type and amount.
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Thus, developing a geopolymer by considering the effect of temperature and cuing time
on the performance of a geopolymer could encourage scientists to use different types of
geopolymers with different by-products and waste materials, which will have essentially
financial and environmental benefits.

Moreover, the geopolymer exhibits more resistance to high temperatures, which could
be used to enhance the rutting performance of asphalt binder at high temperatures. Be-
sides, the MSCR test has been widely utilized to predict the influence of polymer-modified
asphalt binders on creep recovery and link that effect to rutting in the asphalt mixture.
Unfortunately, the influence of geopolymer additives on the creep recovery behavior at high
temperatures has not been investigated yet.

Furthermore, the literature review revealed that the geopolymer additive increased
the asphalt binder’s bonding and the high work cohesion value, which indicates that the
cracking resistance of the asphalt binder is enhanced. In addition, the adhesion between
asphalt binder modified using geopolymer and aggregate is improved. While the effect of
geopolymer content on the fatigue and low temperature crack resistance of asphalt binder
has not been investigated yet. The influence of aging and climate change conditions on the
geopolymer modified asphalt binder and mixture should also be evaluated.

Globally, SBS was widely employed in many nations, and it had a considerable impact
on the rheological and performance of asphalt binder. As a result, comparing the promised
effects of employing the geopolymer as a modifier with the results of another modifier,
such as SBS, could motivate the use of the geopolymer during pavement construction.
Many studies have also noticed the effects of additives, temperatures, and frequencies on
viscoelastic characteristics. On the other hand, the ANNs model is an effective tool for
accurately predicting the rheological and performance of asphalt binder as discussed in the
literature review (see Table 2.3). Predicting the creep recovery behavior of the asphalt
binder using these effects and their changes in viscoelastic characteristics as inputs to
the ANNs model could be effective for developing an accurate model that could have a
significant effect on saving time and money during laboratory work.
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Chapter 3

Research Methodology

3.1 Introduction

The main purpose of this study is to investigate the effects of geopolymer on the rheological
and performance properties of asphalt binder and mixture, and to evaluate the impact of
temperatures, stresses, and modifier content on the recovery and non-recovery properties
of asphalt binder. According to the findings of the literature, there is a need to develop a
new type of geopolymer that has a significant influence on the rheological and performance
of asphalt binder, taking into account the effects of temperatures and curing time. Besides
developing new models, considering the effects of geopolymer content, temperatures, and
frequencies. The following methodology was conducted through several laboratory tests
for prepared asphalt binders and mixtures with different percentages of modifiers. The
research plan includes five tasks designed to achieve the general objectives of the project.
The overall research methodology is presented in Figure 3.1.

3.2 Materials Preparation

3.2.1 Geopolymer Preparation

Geopolymer is made up of an alkali activator and fly ash mixture. Alkali activators in-
cluded sodium silicate solution (Na2SiO3) and sodium hydroxide (NaOH) at an 8-molar
concentration. Before making the geopolymer, the sodium hydroxide (NaOH) solution is
prepared in a fume cabinet for at least one day. The low calcium fly ash (Class F) employed
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Figure 3.1: Research methodology

in this study has more silica and alumina, which is preferable than high calcium fly ash
(Class C) as recommended by many researchers [110, 76, 92].

It was shown that curing time and type of activator have significant effects on chemical

35



reactions during preparation of geopolymer [59]. Also, it is noted that the sodium hydroxide
and sodium silicate combination provide geopolymer with high mechanical performance
[166]. The highest yield stress and storage modulus values are obtained when 8 molar of
NaOH is used as an activator during the preparation of the fly ash-based geopolymer [177].

The geopolymers used in this investigation were fly ash-based geopolymer (GF) and
glass powder and fly ash-based geopolymer (GFG). To activate the alumino-silicate pre-
cursors in fly ash and glass powder, a mixture of sodium silicate and sodium hydroxide
solution in a 1:2 mass ratio was utilized. More information on the preparation of the two
types of geopolymers can be found in Chapters 4 and 6. Figure 3.2 shows the different
types of additives that were used in this research and the steps of geopolymer preparation.

Figure 3.2: Additives preparation

3.2.2 Asphalt Binder Preparation

Modified asphalt binders were prepared using two scenarios. In the first one, the geopolymer-
modified asphalt binder was prepared by heating 300 g of asphalt binder (PG 58-28) at 140
◦C. Then the geopolymer was added into the neat asphalt blend in different amounts. A
mechanical shear mixer, as depicted in Figure 3.3(a), was used at a speed of 2000 r/min for
60 minutes, controlling the temperature at 140 ◦C ± 5 to prepare a homogenous blend. In
the second scenario, the SBS-modified asphalt binder was prepared by heating the asphalt
binder (PG 58-28) at 170 ◦C. The SBS polymer has a linear microstructure with a styrene
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content of 31.6%. The SBS was added and mixed, using the high shear mixer and heating
mantle for 60 minutes at a temperature of 170 ◦C, as shown in Figure 3.3(b). At the end
of the hour, 10% of the crosslinking agent was added and mixed for 30 minutes. Finally,
a curing time of another 60 minutes was conducted by controlling the temperature at 180
◦C ± 5 and reducing the high shear mixer speed.

Figure 3.3: Asphalt binder mixing using (a) mechanical shear mixer and (b) high shear
mixer

3.2.3 Aging Procedures

Short-Term Aging

The short-term aging simulates the aging during asphalt mixing when exposed to elevated
temperatures. The Rolling Thin-Film Oven (RTFO), as depicted in Figure 3.4, was used
to prepare the short-term aging of neat and modified asphalt binders according to the
AASHTO T 240 [2]. The asphalt binders were filled into cylindrical glass bottles with 35
± 0.5 g following the asphalt binders mixing method. All bottles were placed horizontally
in a vertically revolving frame, rotating at a speed of 15 revolutions per minute, after
cooling for 60 to 180 minutes. Because of the heat and motion, the samples flow along the
walls of the glass bottles. During each cycle, which took a few seconds, air was blasted
into each glass container once, whereby this procedure took 85 minutes at 163 ◦C.
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Figure 3.4: Short-Term Aging, (a) Rolling Thin-Film Oven and (b) Inside the oven

Long-Term Aging

The long-term aging is designed to simulate the oxidative aging that occurs in asphalt
binders during pavement use. The physical and chemical properties of asphalt binders
after 5 to 10 years of in-service aging in the field can be estimated using the residue from
this procedure [3]. The Pressure Aging Vessel (PAV), as shown in Figure 3.5, was used
to prepare the long-term aging of neat and modified asphalt binders according to the
AASHTO R 28 [3]. The RTFO asphalt binder was poured into stainless steel pans with 50
± 0.5 g and aged in a vessel pressured with air to 2.10 MPa for 20 hours at the appropriate
aging temperature of 100 ◦C. After that, the asphalt binder residue is vacuum degassed
when the PAV process is completed.

3.3 Asphalt Binders Characterization

This section described the tests that were used to investigate the rheological and perfor-
mance of neat and modified asphalt binders, as depicted in Figure 3.6.

3.3.1 Rotational Viscometer Test

The viscosity of neat and modified asphalt binders was measured using the Rotational
Viscometer with 10 g of asphalt binder, as shown in Figure 3.7. For each test temper-
ature, three readings were taken, and the average was used to calculate the test result.

38



Figure 3.5: Long-Term Aging, (a) Pressure Aging Vessel and (b) Aged binders

Figure 3.6: Asphalt binders characterization

The viscosity of asphalt binder at various temperatures is used to determine mixing and
compaction temperatures.

39



Figure 3.7: Viscosity determination

3.3.2 Dynamic Shear Rheometer (DSR) Test

The Dynamic Shear Rheometer (DSR), as shown in Figure 3.8, is used to investigate the
rheological behavior of asphalt binder at intermediate and high temperatures. Furthermore,
DSR determines the complex shear modulus (G∗) and phase angle (δ) of asphalt binder
at various temperatures and loading frequencies, as per AASHTO T315 [6]. In this study,
DSR tests such as frequency sweeps, Linear Amplitude Sweep (LAS), and Multiple Stress
Creep Recovery (MSCR) were performed for the neat and modified asphalt binders. The
master curves, isochronal plots, and rutting and fatigue figures were all created using the
DSR data. The DSR-grading test was also used to evaluate the failure temperatures.
The construction of the master curve helps in the comparison of asphalt binder stiffness
over various temperature and frequency ranges. A shift factor should be applied to the
experimental complex modulus (G∗) and phase angle (δ) values to normalise them to a
reference temperature in order to get the master curve.

Linear Amplitude Sweep (LAS)

The DSR-Linear Amplitude Sweep (LAS) test was conducted, according to AASHTO
TP101 [1], using an 8 mm diameter plate with a 2 mm gap at three different temperatures:
10 ◦C, 20 ◦C, and 30 ◦C. Before the strain sweep test, a frequency sweep test was used
to determine how the undamaged material responded. As a result, the strain sweep test
was performed at a constant frequency (10 Hz) to accelerate fatigue damage. The VECD
model was applied to analyse the test results and estimate asphalt binder fatigue life (Nf ).
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Figure 3.8: Dynamic Shear Rheometer (DSR) Test

The main benefit of this test is that it takes approximately 30 minutes to complete [112].
The VECD model was used to predict asphalt binder fatigue life (Nf ) as the following
[158]:

Nf = A(γmax)
−B (3.1)

Where B = 2α , α = 1/m , and γmax = the maximum strain, (%).

A =
f(Df )

k

K(πC1C2)α
(3.2)

where f is the loading frequency (10 Hz), K is calculated using Equation 3.3.

K = 1 + (1− C2)α (3.3)

Df = (
C0 − C

C1

)1/C2 (3.4)

where Df is the value of D(t) at failure, which can be calculated using Equation 3.5.

The curve-fit coefficients C1 and C2 were computed from the relationship between C(t)
and D (t) as represented in Equations 3.5 and 3.6 respectively.
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D(t) =
N∑
i=1

[πγ2
0(Ci−1 − Ci)]

α
1+α (ti − ti−1)

1
1+α (3.5)

C(t) =
|G∗|(t)
|G∗|initial

(3.6)

where |G∗| is the complex shear modulus, and t is the testing time, second.

The VECD model was validated in this work using the pseudo strain energy (PSE).
The damage evolution is explained using Schapery’s (1984) work potential theory [188].
According to Wang et al. (2015) [224], stored PSE is a useful parameter for describing the
failure of the asphalt binder in LAS experiments. Furthermore, they found a strong link
between fatigue life and the rate of PSE release. The pseudo strain energy can be divided
into two types: stored (WR

s ) (Equation 3.7) and released (WR
r ) (Equation 3.8). After each

cycle of loading, (WR
s ) represented the energy stored. An increase in WR

s shows that the
material can store more energy for greater loads. A drop in the WR

s indicates that the
material has failed since it is losing its ability to store energy as the load increases.

WR
s =

1

2
C(S)(γR

P )
2 (3.7)

WR
r =

1

2
[1− C(S)](γR

P )
2 (3.8)

where γR
P is the peak pseudo-strain for a cycle, C(S) is pseudo-stiffness, which can be

measured using Equation 3.9.

C(S) =
τp

(DMR)× (γR
P )

(3.9)

where τp is the peak shear stress, DMR is the dynamic modulus ratio between |G∗|initial
and |G∗|(t)

γR
Pi = γPi × |G∗|(t) (3.10)
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Multiple Stress Creep and Recovery (MSCR)

In this study, MSCR test was conducted to investigate the percent recovery (R) and non-
recoverable creep compliance (Jnr) of asphalt binders. All asphalt binder samples were aged
using Rolling Thin Film Oven (RTFO) according to standard AASHTO T 240 procedures
[2]. Then, the 25 mm diameter samples were tested in creep and recovery at low and
high stress levels of 0.1 kPa and 3.2 kPa. Two samples were tested, and the average
was identified as the test result for each temperature. The test consisted of a one-second
constant stress for creep, followed by a nine-second rest period with no creep stress. Each
of the two stress levels has ten cycles, for a total of 20 cycles. The stress and strain must
be recorded on an accumulating basis at least once every 0.1 second for the creep cycle
and once every 0.45 second for the recovery cycle, with data points at 1.0 and 10.0 seconds
for each cycle, as shown in Figure 3.9. The whole process of creep and recovery during
this test takes a total of 200 seconds to complete. The average percent recovery (R),
non-recoverable creep compliance (Jnr), and non-recoverable creep compliance difference
(Jnrdiff ) were calculated using Equations 3.11, 3.12, and 3.13, respectively.

R = (
ε1 − ε10

ε1
)× 100 (3.11)

where ε1 is accumulated strain after 1 s., ε10 is residual strain after 10 s.

Jnr =
ε10
σ

(3.12)

where σ is applied stress.

Jnrdiff = (
Jnr3.2 − Jnr0.1

Jnr0.1
)× 100 (3.13)

Jnr0.1 is non-recoverable creep compliance at creep stress of 0.1 kPa, Jnr3.2 is non-
recoverable creep compliance at creep stress of 3.2 kPa.

3.3.3 Bending Beam Rheometer (BBR)

Figure 3.10 shows the BBR test which performed on PAV-aged binders, according to
ASTM D D6648 [27] to determine the flexural-creep stiffness (S) and m-value by means
of a bending beam rheometer. Different temperatures (-12 ◦C, -18 ◦C, and -24 ◦C) were
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Figure 3.9: Typical MSCR test results

performed to replicate the minimum pavement temperatures of -22 ◦C, -28 ◦C, and -34 ◦C,
respectively. These values were obtained by applying a steady creep load of 100 g for 240
seconds to an asphalt binder beam with dimensions of 125 mm long, 6.35 mm wide, and
12.7 mm high. Equation 3.14 was then used to compute the creep response. The slope of
the logarithmic stiffness versus logarithmic time curve at time is known as the m-value.

S(t) =
PL3

4bh3δ(t)
(3.14)

where S(t) is Creep stiffness, P is the load, δ(t) is the Deflection, and b, h, and L are
the beam dimensions.

To connect creep stiffness to thermal cracking resistance of the asphalt binder, ASTM
D D6648 establishes an upper limit of 300 MPa for creep stiffness evaluated at 60 seconds
and a lower limit of 0.300 for creep rate (m-value). It’s worth mentioning that increasing
the m-value reduces the creep stiffness of the binder, making it less stiff.
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Figure 3.10: Bending Beam Rheometer (BBR) setup in the CPATT Lab

3.4 Asphalt Mixture Characterization

This section details the test procedures used to characterise mixes including various types
of additives, as well as the methods for producing specimens for these tests.

3.4.1 Dynamic/Complex Modulus Test

The dynamic modulus is the stress-strain relationship under a continuous sinusoidal load-
ing and is defined by its complex modulus (E∗), which determines the stiffness properties
of the HMA as a function of temperature and loading rate [77]. The dynamic modulus
was considered as a significant parameter input in the MEPDG design method of asphalt
pavement, which used for characterizing asphalt mixtures [160]. Undoubtedly, the deter-
mination of the dynamic modulus of the asphalt mixture has become an important priority
[57]. The dynamic modulus of an asphalt mixture can be measured by conducting labora-
tory tests in either a stress-controlled or a strain-controlled mode at different temperatures
and frequencies.

In this study, the dynamic modulus tests were conducted according to the AASHTO
T 342 [10]. Asphalt binders and aggregates were heated in an oven to get to their mixing
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temperatures. The viscosities of the asphalt binders, using rotational viscometer according
to AASHTO T 316 [7], were used to obtain the mixing and compaction temperatures.
To simulate short-term aging of asphalt mixtures, the asphalt mixture was immediately
conditioned at 135 ◦C for four hours after mixing, according to AASHTO R 30 [5]. The
dynamic modulus tests were performed using specimens with 100 mm in diameter and
150 mm in height at 7% ± 0.5 of air void. These specimens were cored and cut from the
middle of SGC compacted specimens with dimensions of 150 mm in diameter and 170 mm
in height. The Material Testing System (MTS) at the CPATT labs were conducted using
six loading frequencies (0.1, 0.5, 1, 5, 10 and 25 Hz) and five different temperatures (-10, 4,
21, 37, and 54 ◦C). Three extensometers were mounted at 120 ◦ intervals at mid-height of
the specimens. Figure 3.11 demonstrates the dynamic modulus samples preparation and
testing at the CPATT labs.

Figure 3.11: CPATT dynamic modulus test setup

3.4.2 Hamburg Wheel Rut Test

Rutting is a common sign of distress that affects the road network’s serviceability and
quality. Rutting is a permanent deformation that appears in the traffic direction because
of unrecoverable strain accumulated by repetitive loads applied to the asphalt pavement
[109]. The Hamburg Wheel Rut Test (HWRT) was used to evaluate the rutting resistance
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of HMA using Hamburg Wheel Tracking Device (HWTD), as shown in Figure 3.12. The
test was performed in accordance with AASHTO T 324 [8]. Four samples, with a 150 mm
diameter and 63 mm height at 7% ± 0.5 of air void, were prepared using the Superpave
Gyratory Compactor (SGC). The asphalt mixture samples were submerged and conditioned
for 30 minutes at 44 ◦C in the water bath. The samples were tested using solid steel
wheels and the average rutting depth was measured using Linear Variable Differential
Transformers (LVDTs), whereby the data acquisition system was used to measure the
amount of permanent deformation.

Figure 3.12: Hamburg Wheel Rut Test (HWRT) setup in the CPATT Lab

3.4.3 Moisture Sensitivity Testing

Moisture damage in pavement materials is the most important issue that affects the dura-
bility of asphalt pavement. Moisture damage in asphalt causes stripping, which is defined
as the loss of adhesive bonding force between the binder and the aggregate particles. Mois-
ture damage in asphalt mixtures occurs due to loss of adhesion and/or cohesion (the bond
between asphalt binder molecules), whereby the mixture’s strength and stiffness gradually
deteriorate because of this process [109]. The test is conducted according to the AASHTO
T283 using the MTS at the CPATT labs. Six SGC compacted specimens with dimensions
of 150 mm in diameter and 95 mm thick at 7% ± 0.5 of air void were used. After that, these
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specimens were divided into two groups: conditioned and unconditioned. The conditioned
subset was vacuumed to a saturation range between 70% and 80% before being frozen for
16 hours at -18 ◦C and then thawed in a water bath for 24 hours at 60 ◦C.

The moisture susceptibility of asphalt mixtures was calculated using the Tensile Strength
Ratio (TSR), which is the percentage of tensile strength retained after conditioning. For
conditioned samples, the volume of air voids using Equation 3.15 and the volume of ab-
sorbed water using Equation 3.16 should be calculated to determine the degree of satura-
tion using Equation 3.17. Figure 3.13 shows the preparation of samples in the CPATT
labs, whereby the indirect tensile strength test with rate of 50 mm/minute was used to
investigate the moisture damage resistance of asphalt mixtures.

Figure 3.13: Moisture sensitivity testing setup in the CPATT labs

Va =
PaE

100
(3.15)

Va is the volume of air voids (cm3), Pa is the percentage of air void, and E is the volume
of the sample (cm3).

J
′
= B

′ − A (3.16)

J
′
is the volume of absorbed water (cm3), B

′
is the mass of the saturated, surface-dry

sample after partial vacuum saturation (g), and A is the mass of the dry sample in air (g).
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S
′
=

100J
′

Va

(3.17)

S
′
is the percentage of the saturation.
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Chapter 4

Evaluating Fly Ash-Based
Geopolymers as a Modifier for
Asphalt Binders

This chapter is based on the following article, which was published in Advances in Materials
Science and Engineering Journal. ”Evaluating Fly Ash-Based Geopolymers as a Modifier
for Asphalt Binders,” by A. Hamid, H. Alfaidi, H. Baaj, and M. El-Hakim (2020). DOI:
10.1155/2020/2398693

Abstract

The severe Canadian winter conditions and growing traffic volumes are vital factors re-
sulting in a reduction of the service life of flexible pavements. Researchers and engineers
strived to develop several additives to develop balanced asphalt mixers capable of resist-
ing distresses that caused deterioration of flexible pavements in Canada. In this study, a
critical literature review regarding the use of geopolymers and their application in con-
struction materials is provided. Moreover, an experimental matrix of laboratory testing
was conducted to study the rheological and microstructural properties of the PG 58-28
asphalt binder; with different percentages of geopolymer; 0%, 3%, 6%, and 9%. The effect
of geopolymer curing time on rheological properties was investigated. Rotational Viscome-
ter, Dynamic Shear Rheometer (DSR), and Environmental Scanning Electron Microscopy
(ESEM) imaging devices were utilized to compare the performance of control binder to a
binder with different percentages of geopolymers. Results indicated that the increase in
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the geopolymer content and the curing time affect the rheological behavior of the asphalt
binder by increasing its viscosity, complex shear modulus and failure temperature. Sam-
ples with higher geopolymer percentage exhibited better performance in terms of rutting
resistance. Moreover, an increase in the failure temperature of modified asphalt binder
with 9% geopolymer is recorded as 8.58%, 14.2%, and 15.2% for 2, 7, and 14 days curing
times respectively, compared with virgin asphalt. Furthermore, the nanoparticles appear
to be well dispersed in the binder and increasing the percentage of the geopolymer does
not seem to affect the microstructure of the binder. Overall research conclusion is that
geopolymer application resulted in a potential enhancement of some of the properties of
the asphalt binder.

4.1 Introduction

Modified asphalt binder could be utilized to reduce pavement distresses such as rutting
and cracking. Polymer modification of asphalt binder could be a cost-effective solution
to reduce the annual budget for maintenance and rehabilitation of flexible pavements. In
the past two decades, growth in the utilization of polymer-modified asphalt binders in
pavement-engineering applications was noticed. Significant improvement of the mechani-
cal and rheological properties of the asphalt binder at different temperatures was reported
in the literature [19, 33, 29]. Polymers can be defined as large molecules with numer-
ous compositions of small molecules bonded together. These small molecules are called
monomers [186]. The binder modification using polymers increases the sustainability of
asphalt binders and asphalt mix designs. In addition, performance enhancement and cost
reductions are achieved through polymer modification of asphalt binders [141]. Applica-
tion of modifiers in asphalt binders would result in a reduction of optimum binder content,
increasing stability, increasing the bond between asphalt binder and aggregates, and im-
proving density [50]. In addition, modifiers would minimize the environmental impact
on roads, such as traffic noise, the total expenditure for repair and maintenance of road
structures.

Scholars investigated the utilization of waste materials to improve the performance
of asphalt binders. Numerous studies have been conducted to evaluate the benefits of
using crumb rubber [153, 55], cylinder oil [48], Palm Oil Fuel Ash (POFA) [47] as binder
modifiers. Geopolymer Modified binder is a new method to capitalize on the use of waste
materials in paved roads. Geopolymer concept was first introduced by Davidovits in 1978
[66]. The geopolymers are inorganic polymers with aluminosilicates base. The geopolymers
are produced from the interaction between pozzolanic materials with an alkaline solution
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such as sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) or potassium hydroxide
(KOH) and potassium silicate (K2SiO3) [97]. Materials stemming from solid wastes and
by-products endowed with silica and/or aluminas such as fly ash, red mud, mine waste and
blast furnace slag qualify as a pozzolanic component of geo-polymerization [189].

Geopolymer has also proven its ability to develop mechanical properties rapidly, to im-
prove the high fire resistance property, and to reduce energy consumption and greenhouse
emissions [67, 99, 223]. Geopolymer has many applications in the field of manufacturing
such as in the aerospace and automobile, metallurgy and nonferrous foundries, civil en-
gineering, and plastic industries [68]. Geopolymeric materials are utilized in toxic waste
management due to their ability to absorb toxic chemical wastes [68].

During the past two decades, geopolymers were widely used as an environment friendly
additive to cementous construction materials. Geopolymers were noted to reduce the CO2

emissions associated with the production of cementous materials [79]. Geopolymer can also
be used in fire-resistant wall panels [189], masonry units, protective coatings and repairs
materials, shotcrete and high-performance fiber reinforced laminates [99]. Sumajouw et
al. (2007) [199] investigated the structural behavior of geopolymer concrete columns and
noted that the possibility of using the current concrete design standers for fly ash-based
geopolymer concrete columns. Twelve columns were tested under axial load and uniax-
ial bending in the mode of single curvature during this investigation. Six columns were
characterized by 40 MPa compressive strength, while the rest had 60 MPa compressive
strength. Different reinforcement ratios and load eccentricities were considered. Load car-
rying capacity, deflection characteristic, and mode of the failure were determined. Results
showed that the current concrete design standards could be used for designing fly ash-based
geopolymer concrete columns.

Geopolymers have many applications in the field of soil stabilization. Recent studies
investigated the effectiveness of using geopolymer to improve the physical and mechanical
properties of soils. Cristelo et al. (2012) [61] experimentally studied the effectiveness of
geopolymer on the improvement of rammed-earth construction soils. The ratio of liquid
to solid, the ratio of Na2O to ash, and the alkali concentration were investigated through
this study. Furthermore, the influence of concrete superplasticizer, sodium chloride, and
calcium hydroxide is also discussed. The results showed that there are only slight effects
of sodium chloride or superplasticizer and there is a significant increase in compressive
strength as an optimum value for the ratio of activator: solids and the concentration
of alkali. Sukmak et al. (2013) [198] investigated the important factors such as sample
sizes, heating conditions, and different percentages of silty clay and fly ash that affect the
strength development in clay–fly ash geopolymer brick. In this study, sodium hydroxide
and sodium silicate were used as an alkaline activator and fly ash was used as a pozzolanic
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material. The results showed that the samples with optimum heat Energy per Weight
(E/W) is 8.5 ◦C h/g for fly ash/clay ratios of 0.3 and 0.5 whereas the E/W is 7.57 ◦C h/g
for fly ash/clay ratio of 0.7. Moreover, they recommended that a substantial relationship
between weight and heat energy should be considered in the bricks production industry.

Recently, geopolymer was used as an additive during the preparation of warm mix
asphalt. Tang et al. (2018) [204] studied the applications of geopolymer in warm mix
asphalt. Sodium hydroxide and sodium silicate were used with different concentration as
an activator for aluminosilicate in metakaolin, slag, and silica fume. The results showed
that geopolymer could decrease the mixing temperature. Consequently, geopolymers could
be utilized to reduce Warm Mix asphalt mixing cost. The need for new additive with high
properties is in continuous growth to enhance the asphalt binder properties. The use of
by-product materials such as fly ash enhances the sustainability of pavement mixtures and
reduces the emission of CO2. Fly ash can be divided into three classes, N, F, and C, based
on its composition and source of origin [98]. Xu and van Deventer (2000) [229] noted that
the addition of sodium hydroxide solution to the sodium silicate solution as the alkaline
liquid improved the reaction with fly ash.

The main objective of this project is to study the rheological behavior and perfor-
mance grading of geopolymer modified binder with the concentrations of 3%, 6%, and
9% at different temperatures using several laboratory experiments. The impact of curing
time variation on the performance of geopolymer was also evaluated in this project. Fi-
nally, the microstructure of base and modified asphalt binder was investigated using the
environmental scanning electron microscope (ESEM).

4.2 Experimental Methods

4.2.1 Materials

Geopolymer Preparation

Geopolymer was the combination of fly ash and the alkali activator. The alkali activator
was sodium silicate solution (Na2SiO3) and sodium hydroxide (NaOH) pallet diluted in
water to produce 8 Molar (8M) NaOH solution. A mixture of sodium silicate solution and
sodium hydroxide solution was prepared to activate the alumino-silicate precursors in fly
ash. In this study, fly ash with Class F is used which satisfies this chemical composition
SiO2 + Al2O3 + Fe2O3 ≥ 70% according to the ASTM C618-17a [196]. The chemical
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Table 4.1: Fly ash chemical composition

Constituent SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O

Fly ash 57.2% 23.5% 3.8% 9.3% 1.0% 0.2% 2.43%

compositions of fly ash are listed in Table 4.1. Geopolymer additives were prepared using
the alkaline medium as the chemical activator and fly ash as the aluminosilicate source.

Figure 4.1 shows the adopted mixing procedure to prepare the geopolymer. The
following steps summarize the preparation of geopolymer:

1. Prepared alkaline solution using sodium hydroxide (8M) and sodium silicate solution
with percentages of 100:50% by mass respectively.

2. 200 grams of fly ash powder were mixed with 80 grams of the alkaline medium for 6
minutes.

3. The formed slurry was transferred to silicon molds, as shown in Figure 4.1.

4. Geopolymers were cured at room temperature (23-25 ◦C) and in the oven (40 ◦C).
Curing was performed in three different curing plans which will be explained in the
following section.

Figure 4.1: Preparation of geopolymer additives
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Table 4.2: Properties of original asphalt binder

Index Conditions Unit Results Requirements

Specific Gravity At 15 ◦C .... 1.03 ....

Brookfield Viscosity At 135 ◦C Pa.s 0.275 3.0 max

Flash Point .... ◦C 230+ 230 min

G∗/sinδ At 58 ◦C kPa 1.195 1.0 min

In this study, there are three sets of geopolymer are prepared based on the curing time
as the following: (i) first set was cured for 24 hours at room temperature, and then cured
in the oven at 40 ◦C for 24 hours, (ii) second set was cured for 6 days at room temperature,
and then cured in the oven at 40 ◦C for 24 hours, and (iii) third set was cured for 13 days
at room temperature, and then cured in the oven at 40 ◦C for 24 hours. The particles size
greater than 0.25 mm may impact the consistency of results obtained from tests such as
DSR. Therefore, geopolymer samples were grinded into powder, as shown in Figure 4.1,
and then were sieved using sieve No. 100 to avoid particles with a diameter of more than
0.15 mm.

Modified Binder Preparation

The base asphalt binder used was PG 58-28, the properties of the virgin asphalt binder are
shown in Table 4.2. The base asphalt binder of 300 g was heated until it becomes fluid,
then the geopolymer was added into the base asphalt blend with doses of 3%, 6%, and 9%
by mass of the asphalt binder. Subsequently, the blends were mixed using a mechanical
shear mixer for 120 minutes under a speed of 2000 r/min with a temperature of 150 ◦C ±5
to produce a homogenous blend, as depicted in Figure 4.2.

4.2.2 Experimental test Procedures

Rotational Viscometer Test

The viscosity of virgin and modified asphalt binder was measured using the Rotational
Viscometer with 10 g of asphalt binder. Three readings were determined for each test
temperature, and the average was recognized as the test result. Also, the test temperatures
were ranged from 90 ◦C to 165 ◦C and using 15 ◦C as an interval.
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Figure 4.2: Preparation of geopolymer additives

Dynamic Shear Rheometer (DSR) Test

The Dynamic Shear Rheometer (DSR) is used to study the rheological behavior of asphalt
binder at intermediate and high temperatures. Moreover, DSR measures the complex
shear modulus (G∗) and the phase angle (δ) of asphalt binder at different temperatures
and frequencies of loading, as per AASHTO T315 [6]. In this study, DSR-frequency sweeps
test was performed for the virgin and modified binders using a 25 mm and 8 mm diameter
plate and a 1 mm and 2 mm gap, respectively. The tests were performed at sixteen
frequencies ranging from 0.159 Hz to 15 Hz while the test temperatures ranged from 11 to
35 ◦C (intermediate temperature) and from 40 to 64 ◦C (high temperature). In this study,
sinusoidal shear strains were conducted on asphalt binder samples by placing the samples
between two parallel plates, one plate is fixed, and another one is moving freely. Then, the
various frequencies are applied under several temperatures. Sinusoidally changing shear
strain is expressed as [142, 21]:

γ(t) = γ0 sinωt (4.1)

With resulting stress
τ(t) = τ0 sin(ωt+ δ) (4.2)

Where γ0 is the peak strain,τ0 is the peak stress, ω is the radian frequency, δ is the
phase angle, and t is the time (seconds).

After changing the phase by π/2
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γ∗ = γ0e
iωt (4.3)

τ ∗ = τ0e
i(ωt+δ) (4.4)

Then, the complex shear modulus is determined by the following equation:

G∗ = G
′
+ iG

′′
=

τ ∗

γ∗ =
τ0e

i(ωt+δ)

γ0eiωt
=

τ0
γ0

× eiδ = (
τ0
γ0

)(cos δ + i sin δ) (4.5)

Equation 4.5 shows that:

|G∗| = τ0
γ0

=
√

G′2 +G′′2 (4.6)

G
′
= |G∗| cos δ (4.7)

where G
′
is called storage modulus

G
′′
= |G∗| sin δ (4.8)

where G
′′
is called loss modulus

tan δ =
G

′′

G′ (4.9)

The DSR results were used to construct the Master curves, isochronal plots, and rutting
figures. Also, the failure temperatures were also determined from DSR-grading test. The
development of the master curve helps to make a comparison between the stiffness of
asphalt binder over different ranges of temperatures and frequencies. In order to obtain
the master curve, a shift factor should be applied to the experimental complex modulus
(G∗) and phase angle (δ) values in order to normalize them to a reference temperature.
The master curve can be developed using a specified reference temperature and applying
a relationship between complex modulus and frequency [57].
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Environmental Scanning Electron Microscopy (ESEM)

ESEM is a microscope that utilizes high-pressure gas in a chamber to examine a relatively
natural state in which materials are scanned analogously to a standard SEM without
routine preparation for compatibility [149]. The model of ESEM unit used to test the
specimens was FEI Quanta 250 FEG, as shown in Figure 4.3. A stainless-steel sample mold
design was developed recently in the Centre for Pavement and Transportation Technology
(CPATT) with an 8 mm diameter [150], as depicted in Figure 4.3.

Figure 4.3: ESEM device (right) and sample mould with binder in ESEM stage (left)

4.3 Results and Discussion

4.3.1 Effects of Geopolymer on Viscosity

The rotational viscosity of asphalt binder is considered an important index to assess the
workability for asphalt binder. Hence, determination of the adequate asphalt binder mixing
temperature and compaction is significantly impacted by the geopolymer content. The
percentage of geopolymers significantly affects the viscosity of the asphalt binder [204].
Figure 4.5 and 4.6 show the average viscosity of asphalt binder with different percentages
of geopolymer (0, 3, 6, and 9%). The virgin binder was characterized by the lowest viscosity,

58



whereas the modified asphalt binder sample with 9% of geopolymer has the highest viscosity
which indicates that 9% of geopolymer has better performance regarding rutting resistance.
However, using statistical T-test to compare the viscosity of virgin binder and binder with
9% geopolymer at temperatures ranging from 90 ◦C to 165 ◦C resulted in the insignificant
difference at 95% confidence level with a Pvalue of 0.126. It was noted that the viscosity
of the 9% modified binder was higher than that of the virgin binder by 51% at 90 ◦C.
The difference between the viscosity of the two binders vanishes at higher temperatures as
shown in Figure 4.4.

Figure 4.4: Percentage increase of viscosity comparing 9% polymer-modified binder to the
virgin binder

The increase in binder viscosity due to adding geopolymer material was reported by pre-
vious scholars [19, 21, 200]. Asphalt binders with high viscosity achieve excellent weather
resistance and provide strong binding forces between aggregates. In addition, asphalt
binders with high viscosity have better resistance to displacement by water than those of
low viscosity [209]. The viscosity results of asphalt binder with 3, 6 and 9% geopolymer
content fell below the maximum limit of 3 Pa.s at the temperature of 135 ◦C according to
the Superpave specifications.

Figure 4.5 shows the viscosity of asphalt binder samples with 9% geopolymer and
conditioned at curing times of 2, 7, and 14 days. Figure 4.6 presents the viscosity data
through two stages. In stage one, the viscosity of both virgin and modified binders with

59



various curing times was subjected to immediate reduction as the temperature increased
from 90 to 120 ◦C. The highest viscosity was noted in the modified binder with 7 and
14 days curing time. Stage two witnessed a temperature change from 120 ◦C to 165 ◦C.
The results of stage two show that the modified binders still were characterized by higher
viscosity compared to the virgin binder.

Figure 4.5: Effects of curing time on asphalt binder viscosity for 9% of geopolymer

The statistical analysis of the 9% geopolymer-modified binder confirmed that the curing
time period does not have a significant impact on the viscosity. The 2-day curing period
was considered the control curing period. The 7-day and 14-day curing period viscosity
results were compared to the 2-day curing period to check the impact of curing period on
viscosity. The statistical T-test resulted in Pvalues of 0.19 and 0.2 for the viscosity of 7-day
and 14-day curing periods compared to the control curing period (2-days). Therefore, the
additional curing time has an insignificant impact on viscosity. It should be noted that
the percentage increase in viscosity was 30% by increasing the curing period from 2 to 7
days. The viscosity showed 0% change between 7 and 14 days curing period. Therefore,
extending the curing period beyond the 7 days will not result in a significant change in the
viscosity of geopolymer modified binders, which confirms the findings from [189, 238, 17].
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Figure 4.6: Asphalt binder viscosity changing with the temperature at different geopolymer
additives

4.3.2 Effects of Geopolymer on Rheological Properties

Rheological Master Curve

Figures 4.7(a, and b) present the rheological Master curve at a reference temperature of
35 ◦C for complex shear modulus and phase angle. Figure 4.7(a) showed the insignificant
difference between the complex shear modulus of modified asphalt binder with 6 and 9%
of geopolymer. Airey (2003) [19] studied the rheological behavior of Styrene Butadiene
Styrene (SBS) modified binder with 3%, 5%, and 7% of and reported an increase in complex
shear modulus with increasing the modifier percentages. Based on results obtained from
specimens tested in CPATT labs, an increase of geopolymer percentage above 6% did not
have a significant impact on complex shear modulus. For example, the complex shear
modulus at 10 Hz increased by 127%, 214%, and 224% through adding 3, 6 and 9%
geopolymers respectively, compared to the virgin binder.

Figure 4.7(b) shows that the phase angle at 10 Hz decreased by 2.9%, 5.3%, and 6%
due to increasing the geopolymer percentages 3, 6 and 9% respectively, compared with the
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virgin binder. This indicates an increase in the elastic response of the modified binder.
Therefore, the elasticity of the modified binder increased along with the increasing of
geopolymer additives.

Figure 4.7: Rheological master curve at 35 ◦C for (a) complex modulus, and (b) phase
angle

Isochronal Plot

Isochronal plots of complex shear modulus (G∗) and phase angle versus temperature at 1
Hz and 0.1 Hz of frequency are shown in Figures 4.8(a, and b). The results presented
in Figures 4.8(a, and b) show that the complex shear modulus significantly increases at
various temperatures (59% average increase) by adding 3% geopolymers compared to the
virgin binder. The statistical t-test resulted in a Pvalue of 0.003. Therefore, the addition of
3% geopolymers results in a statistically significant increase in complex shear modulus with
a confidence level of 95%. However, the insignificant difference is noticed by comparing
the complex modulus at 6% and 9% geopolymer modified samples compared to the 3%
geopolymer-modified. The Pvalues for the 6% and 9% geopolymer modified compared to
the 3% are 0.098 and 0.104, respectively. This indicates the temperature susceptibility
is improved. Previous research literature reported temperature susceptibility increase for
elastomer modified binders such as epoxidized natural rubber [21] and styrene butadiene
styrene (SBS) [19].
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Figure 4.8: Isochronal plots of the complex modulus and phase angle at (a)1 Hz and (b)
0.1 Hz

Rutting Factor

Rutting is a permanent deformation which occurs at temperatures higher than 40 ◦C, lead-
ing to ruts in the direction of traffic and can be relevant to the viscosity of the asphalt binder
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[16]. Figure 4.9 shows the effect of temperature on the rutting factor (G∗/sinδ), which
represents a measure of the high-temperature stiffness of the asphalt binder’s response to
repeated load application at high temperatures. According to Superpave specification, the
rutting factor must be a minimum 1.0 kPa for the unaged binder at 10 rad/sec. This
specification is set to minimize the contribution of the asphalt binder to rutting. The
results showed that the rutting factor increased by increasing the geopolymer additives
which indicates that rutting resistance is improved. The same result for different binder
modifiers is also recorded in previous studies [128, 21]. For example, the rutting factor at
58 ◦C increased by 22%, 58.2%, and 86.6% through adding 3, 6 and 9% of geopolymers by
mass respectively, compared with the virgin binder.

Figure 4.9: Temperature effect on rutting factor (G∗/sinδ)

4.3.3 Effects of Geopolymer on Performance Grading

Figures 4.10(a, and b) show the results of failure temperature obtained from DSR-grading
test. Figure 4.10(a) shows that the virgin binder has the lowest failure temperature nearly
60.6 ◦C compared to geopolymer modified binder with various percentages. Addition of
3%, 6% and 9% of geopolymers resulted in an increase of 1.98%, 5.78%, and 8.58% in the
failure temperature respectively. This indicates that the geopolymer could be utilized to
increase the high-temperature grading of asphalt binder. Figure 4.10(b) shows the results
of 9% modified binder with curing time 2, 7, and 14 days. The figure shows that failure
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temperature for 2, 7, and 14-days curing time exceeded that of the virgin binder by 8.58%,
14.2%, and 15.2%, respectively.

Figure 4.10: Effects of geopolymer on performance grading, (a) effects of geopolymer
additives, (b) effects of curing time on 9% of geopolymer

4.3.4 Effects of Geopolymer on the Microstructure of the Binder

ESEM technology was used to observe polymer-modified asphalt binder microstructure
[150, 197]. Stangl et al. (2006) [197] utilized ESEM to investigate the microstructure of
asphalt binder with and without modifiers in aged and unaged conditions. The results in-
dicated that aging has a significant effect on the microstructure of asphalt binder, whereby
RTFOT-aging caused the network structures to become coarser. Meanwhile, Mikhailenko
et al. (2019) [149] noted that the denser the structure of the fibrils in ESEM imaging, the
stiffer the binder is. In this investigation, ESEM was utilized to study the microstructure of
asphalt binder with different percentages of geopolymer, 3, 6 and 9%. It is noted that the
microstructure of the asphalt binder with 0% of geopolymer matches the microstructure
reported by Mikhailenko et al. (2018) [148]; whereas there is no significant effect of adding
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3, 6 and 9% of geopolymer on the structure of the fibrils in ESEM imaging. Additionally,
the nanoparticles of the geopolymer were observed under ESEM, as shown in Figure 4.11.
The examination of the ESEM images indicates that the nanoparticles are well dispersed in
the binder and that the microstructure of the binders with 3, 6 and 9% of geopolymer are
quite homogeneous without any visible agglomerations of the geopolymers in the binder.

Figure 4.11: ESEM observation of different percentage of geopolymer

4.3.5 Economic and Environmental Effects of Geopolymer

Because of its critical impact on the growth of countries’ economics, governments tend to
facilitate considerable budgets to improve road-infrastructures. As a result of its severe
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weather and high traffic load conditions, it is worth nothing that Canada spends mil-
lions annually for maintenance of deteriorated pavements for road-infrastructure. Asphalt
binder is the world’s most commonly used pavement materials, however, is facing several
highly sensitive financial and environmental issues. The manufacture of asphalt binder
consumes a lot of energy that involves the emission of CO2 into the atmosphere. Green-
house Gas (GHG) emissions must be decreased 50 to 80% by 2050 in order to limit the
global temperature increase to 2 ◦C which is considered a challenge to achieve reductions
of this magnitude [125]. Meanwhile, Ma et al. (2016) [144] noted that reducing (GHG)
emission from the construction of asphalt pavement should be focused on the manufactur-
ing stage of raw materials and the mixing process of asphalt concrete. Thus, reducing the
usage of the high amount of asphalt binder and decreasing the energy amount during the
preparation of hot mix asphalt would have potential financial and environmental effects.

Recently, there is a tendency to enhance the asphalt rheological properties using by-
product and waste materials that have increased the world over in the last few decades.It is
well known, however, that the potential development of geopolymer has a significant effect
on reducing waste and by-product materials, such as fly ash, red mud, mine waste and
blast furnace slag. Into the bargain, using geopolymer as an asphalt modifier has proven
its efficiency to improve the rheological properties of asphalt binders thereby enhancing the
rutting resistance that results in a reduction of pavement deterioration. Consequently, the
reduction in the CO2 emission increases, as a result of decreasing in the production amount
of asphalt binder. Thus, the geopolymers have significant economical and environmental
impacts on the construction of asphalt pavement. Table 4.3 summarizes the effect of the
geopolymer contents on the viscosities; at 135 and 165 ◦C, and the compaction and mixing
temperature ranges of asphalt mixture.

The results revealed a minor effect on the compaction and mixing temperature ranges
for modified asphalt binder; in comparison with a virgin asphalt binder. However, a slight
increase is observed in temperature of compaction and mixing processes for modified as-
phalt binder, for the curing times; for 9% of geopolymer at 7 and 14 days. In overall, we can
draw the conclusion that the geopolymer application in asphalt binder has minor effects
on the compaction and mixing temperatures which imply that there is a minor impact on
the energy-consuming during compaction and mixing processes for asphalt mixtures.

4.4 Conclusions

Geopolymer was used in many disciplines such as soil and concrete to develop the me-
chanical properties rapidly and to improve the high fire resistance property. However, the
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Table 4.3: Properties of original asphalt binder

Content Curing Time Viscosity Viscosity Compaction Mixing

(%) (days) at 135 ◦C at 165 ◦C Range (◦C) Range (◦C)

0 2 0.313 0.100 135-140 148-154

3 2 0.345 0.100 138-142 149-154

6 2 0.381 0.100 138-143 149-154

9 2 0.422 0.106 140-144 150-155

9 7 0.523 0.137 144-148 154-160

9 14 0.508 0.135 144-148 154-159

geopolymer is not widely utilized to enhance the rheological properties of asphalt binder
or mixture. Geopolymer could be used as a sustainable and greener alternative to other
asphalt modifiers due to its low carbon dioxide footprint and effective by-products/waste
better recycling capacity. This paper presented a laboratory study to investigate the effects
of geopolymer content on the rheological and microstructure properties of asphalt binder.
The following conclusions have been drawn:

• Geopolymer additives had a notable impact on the rheological behavior of asphalt
binder. It increased the temperature susceptibility by 1.98%, 5.78% and 8.58%
through adding 3, 6 and 9% geopolymers respectively. The shear modulus of the
modified asphalt binder was increased, and the phase angle was reduced through
adding 3, 6 and 9% geopolymers.

• The rutting factor, at 10 rad/sec and at 58 ◦C, increased by 22%, 58.2%, and 86.6%
through adding 3, 6 and 9% of geopolymers by mass of the binder respectively,
compared with the virgin binder which indicates that rutting resistance is improved.

• Geopolymer gained its ultimate properties during the first 7 days and the curing
time crucially impacts the geopolymerization process. The highest increase of failure
temperature was for 7 and 14-days curing time with an improvement of 14.2 and
15.2%, respectively which indicates that the geopolymer could be utilized to increase
the high-temperature grading of asphalt binder.
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• The nanoparticles appear to be well dispersed in the binder. The use of geopolymer
does not seem to affect the microstructure of the binder.

69



Chapter 5

Rutting Behaviour of Geopolymer
and Styrene Butadiene
Styrene-Modified Asphalt Binder

This chapter is based on the following article, which was published in Polymers Jour-
nal. ”Rutting Behaviour of Geopolymer and Styrene Butadiene Styrene-Modified Asphalt
Binder,” by Hamid, A., Baaj, H., and El-Hakim, M. (2022). DOI: 10.3390/polym14142780

Abstract

Modifying asphalt binders is an effective method of improving the performance of asphalt
pavement, such as its resistance to rutting. However, because modification changes the
behaviour of binders, substantial laboratory testing is required before field application to
determine the best mixtures. This research aimed to evaluate the impacts of temperature,
stresses, polymer type, and modification rate on the rutting behaviour of the asphalt
binder modified with fly ash-based geopolymer (GF), Styrene Butadiene Styrene (SBS),
and a combination of SBS and GF. The rheological properties of asphalt binders were
investigated using the frequency sweep test at various temperatures. Also, the Multiple
Stress Creep Recovery test was conducted at various temperatures and stresses to calculate
the non-recoverable creep compliance (Jnr) and the percent strain recovery (R). The rutting
resistance of asphalt mixture was assessed using the Hamburg wheel rut test. The results
revealed that the asphalt binder with 8% of geopolymer (8%GF) exhibited the best response
in terms of complex shear modulus (G∗), rutting factor (G∗/sinδ), R, and Jnr compared

70



to the 4%GF and 12%GF at different temperatures. Another interesting finding is that
GF’s use in the hybrid binder (2%SBS + 8%GF) has led to a significant increase in the
shear complex modulus and a decrease in the phase angle compared to the binder modified
with 2%SBS. The geopolymer decreases the binder’s sensitivity to temperature for both
unaged and RTFO asphalt binders. The hybrid binder would also improve strain recovery
under high stress and temperatures as well as the ability to withstand severe traffic loads.
Furthermore, there is a crucial relationship between temperature and Jnr, which could
help asphalt pavement designers select suitable modifiers considering the local climate and
traffic volume.

5.1 Introduction

Rutting is a widely noticeable mode of distress, impacting the serviceability and quality of
the roadway network. Rutting is a permanent deformation that occurs in the direction of
traffic due to the accumulation of unrecoverable strain from repeated loads applied to the
asphalt pavement [109]. The existing SHRP binder specifications such as PG performance,
fatigue parameter, and rutting parameter are determined based on the behavior of the
asphalt binder in the linear viscoelastic range. In contrast, the asphalt binder in the
mixture has a nonlinear response under high stress and strain conditions [64]. Therefore,
these specifications cannot exactly capture or correlate the asphalt binder performance in
the mixture.

Polymer modification of asphalt binder has been considered in recent decades as a
significant method for improving rutting performance and pavement durability [236, 41,
121]. Asphalt binder modification is a valuable approach for improving the viscoelastic
properties of asphalt binders. However, it introduces further complexity to the behavior
of asphalt binders. The MSCR test was designed to obtain the nonlinear response of the
asphalt binder and link that response to rutting in the asphalt mixture [64]. The Multiple
Stress Creep-Recovery (MSCR) test has been widely utilized to predict the influence of
polymer-modified asphalt binders on creep recovery [246, 226, 29, 62]. The MSCR test is
also efficiently conducted and designed to be a sign of rutting performance in the field of
modified and unmodified asphalt binders [111]. The MSCR test essentially uses a sequence
of creep and recovery cycles at varying stress levels. The concept was that when shear
stress is removed, the viscoelastic strain generated in the creep part can be recovered,
allowing the permanent strain to be separated from the total strain, which could be used
to predict field rutting [139].

There has been a lot of effort to establish a link between the MSCR test findings and the
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rutting performance of asphalt mixtures as assessed by field studies [63, 64] or laboratory
studies [64, 225, 132, 183, 42, 203, 173, 62]. It has been reported that the non-recoverable
creep compliance (Jnr) has a better relationship with the asphalt mixture rutting depth
using different asphalt mixture rutting tests, such as the Hamburg Wheel Tracking test
(HWTT) [64, 225, 203], and the Wheel Tracking test [132, 183, 173]. Behnood et al.
(2016) [42] conducted a laboratory investigation using the flow number test to correlate
the flow number at 51 ◦C with the asphalt binder rutting parameter (G∗/sinδ) and Jnr
at 64 ◦C and different stresses (0.1 kPa and 3.2 kPa). The results showed that there
was the best correlation between flow number and Jnr at 3.2 kPa. Furthermore, the
MSCR parameter (Jnr) correlates better with mixture rutting than the (G∗/sinδ) parameter
[64, 111, 120]. Al-Adham et al. (2020) [20] concluded that Jnr and R have statistically
significant relationships with mixture rutting.

Recently, there has been increasing awareness about decreasing the use of asphalt
binders and reducing energy used during the preparation of asphalt concrete. Conse-
quently, the need for new additives with high properties to enhance the asphalt binder
properties is constantly growing. Moreover, reused waste materials would reduce the reha-
bilitation and storage costs of these materials and would provide a financial benefit to the
producers. The term ”geopolymer” was first formulated by Davidovits (1991) [66], which
can be produced using pozzolanic materials, such as fly ash, metakaolin, and slag, with
alkaline solutions, sodium hydroxide (NaOH) and sodium silicate (Na2SiO3) or potassium
hydroxide (KOH) and potassium silicate (K2SiO3) [97]. The Geopolymer is an eco-friendly
material that is produced using low energy and releases low greenhouse gas emissions dur-
ing its manufacturing. Geopolymers can be made from materials that comprise reactive or
amorphous silica and alumina [171].

Thus, using the geopolymer as a modifier can significantly impact the amount of the
asphalt binder used, which will decrease the CO2 emissions during the asphalt binder
production. Hamid et al. (2019) [107] used fly ash and glass powder-based geopolymer
as a modifier for asphalt binder with different percentages. The geopolymer modified
asphalt binder performed better in terms of fatigue resistance, according to the findings.
While Hamid et al. (2020) [106] noted that the fly ash-based geopolymer doesn’t have
an influence on the microstructure of the asphalt binder. Whereas, Tang et al. [204]
used metakaolin, slag, and silica fume as alumino-silicate precursors and sodium hydroxide
and sodium silicate as activators to make the geopolymer as a warm mix asphalt (WMA)
additive. Using a geopolymer as an additive resulted in a 50% cost savings when compared
to zeolite additives.

Moreover, geopolymers are used to improve the properties of recycled pavement ma-
terials. Hoy et al. (2016) [113] utilized fly ash (FA) and fly ash-based geopolymer with
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Recycled Asphalt Pavement (RAP) and investigated the Unconfined Compressive Strength
(UCS) for RAP-FA mix and RAP-FA geopolymer. The results showed that the UCS of
RAP-FA geopolymer is greater than the UCS of RAP-FA mix, whereby the UCS of RAP-
FA geopolymer is affected by the NaOH/Na2SiO3 ratio. Decreasing the NaOH/Na2SiO3

ratio showed a substantial increase in the UCS. Moreover, this investigation confirmed
that RAP-FA blends and RAP-FA geopolymers could be utilized as stabilizers for pave-
ment materials. Arulrajah et al. (2016) [25] used calcium carbide residue, fly ash, and slag
as an aluminosilicate resource, with sodium silicate and sodium hydroxide as activators to
produce the geopolymers. The study aimed to stabilize the Recycled Concrete Aggregates
(RCA) and Crushed Brick (CB) using a geopolymer. The results indicated that modified
RCA and CB could be used as base and subbase materials, while the resilient modulus of
modified CB improved significantly.

There is a global movement toward lowering pollution through reducing by-products
and waste materials. Therefore, governments set aside a significant budget to develop ways
to incorporate these materials with the raw materials used in many fields. The amount of
fly ash has increased worldwide because of increasing human activity, which has resulted in
more landfill space being utilized to dispose of these materials. So, utilizing these materials
as an aluminosilicate source during the geopolymer production to enhance the asphalt
binder’s properties and to decrease the use of asphalt binder during the construction of
flexible pavement, would have significant economic and environmental benefits. Therefore,
this study aimed to investigate the feasibility of using the geopolymer as a modifier to
enhance the rutting resistance of asphalt binder by investigating the temperature and
modification rate effects on the rheological behaviour of asphalt binder; the influence of
geopolymer on the percent creep recovery (R) and non-recoverable creep compliance (Jnr)
of asphalt binder; the effect of modifiers on traffic loading at different temperatures; and
the rutting resistance of asphalt concrete with different additive types.

5.1.1 Chemical Interactions in Geopolymer

The geopolymer is formed when the aluminosilicate source, such as fly ash, reacts with
the alkaline solution. This reaction was summarized into the following steps [76]: (a)
hydroxyl ions (OH−) in the highly concentrated alkaline solution cause the dissolution
of fly ash minerals such as alumina and silica. (b) diffusion of the silica and alumina
monomers, which interact to form dimers, trimers, tetramers, and so on. (c) condensation
with sodium cations (Na+) to form the N-A-S-H gel with time. This gel changes with
time [59], whereby the initial gel 1 consists of high alumina ions in the early stages of
the reaction because the Al-O bond is weaker than the Si-O bond. Consequently, gel 2 is
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Table 5.1: Fly ash chemical composition(test results obtained from materials supplier)

Constituent SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O MC LOI

Fly ash 57.2% 23.5% 3.8% 9.3% 1.0% 0.2% 2.43% 0.06% 0.77%

Note: MC is Moisture Content and LOI is Loss on Ignition

formed due to increasing the Si-O with time, which raises the silicon concentration in the
N-A-S-H gel. (d) The last step is crystallization to hardening, whereby the tetrahedral
silica (SiO4) and alumina (AlO4) are joined by oxygen (O2) in the three-dimensional chain
networks that are called geopolymers.

5.2 Research Methodology

5.2.1 Materials Preparation

Geopolymer Preparation

The geopolymer is made up of an alkali activator and a fly ash mixture. Alkali activators
included Na2SiO3 and NaOH at a concentration of 8 molar. Before making the geopolymer,
the NaOH solution was made in a fume cabinet by dissolving NaOH in deionized water for
at least one day. Table 5.1 presents the chemical composition of fly ash (Class F). The low
calcium fly ash (Class F) used in this study contains more silica and alumina than high
calcium fly ash (Class C), as recommended by other researchers [110, 92]. It was shown
that curing time and type of activator have substantial influences on chemical reactions
during the preparation of geopolymer [59]. Also, it is noted that the sodium hydroxide
and sodium silicate combination provide a geopolymer with high mechanical performance
[166]. The maximum yield stress and storage modulus values are obtained when 8 molar of
NaOH is used as an activator during the preparation of the fly ash-based geopolymer [177].
The alumino-silicate precursors in fly ash were activated using a 1:2 mass ratio of Na2SiO3

and NaOH solution, with 200 g of fly ash blended with 80 g of the alkaline medium for 5
minutes. The resulting slurry was poured into the silicon molds. The geopolymers were
then cured for six days at room temperature (23 - 25 ◦C) before being cured for 24 hours
at 65 ◦C. Finally, geopolymer samples were grinded into powder and sieved utilizing sieve
No. 100 to remove particles larger than 0.15 mm diameter since the MSCR test does not
apply to asphalt binder with particles larger than 0.25 mm [9].
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Table 5.2: Geopolymer and SBS percentages in the modified asphalt binders

Parameter Neat 4%GF 8%GF 12%GF 2%SBS Hybrid

(%) (%) (%) (%) (%) (%)

Asphalt 100 96 92 88 98 90

Geopolymer 0 4 8 12 0 8

SBS 0 0 0 0 2 2

Total 100 100 100 100 100 100

Asphalt Binder Preparation

The modified asphalt binders were made utilising two different ways in this investigation. In
the first method, the geopolymer-modified asphalt binder was prepared by heating 300 g of
asphalt binder (PG 58-28) at 140 ◦C. The geopolymer was then mixed into the neat asphalt
binder in various proportions. To prepare a homogeneous blend, a mechanical shear mixer
was employed at a speed of 2000 r/min for 60 minutes while maintaining a temperature
of 140 ◦C ± 5. Hamid et al. (2019) [106] concluded that changing asphalt binder with
varying percentages of geopolymer (3, 6, and 9%) has no effect on the microstructure of
the asphalt binder.

In the second method, the SBS modified asphalt binder was prepared by heating the
asphalt binder (PG 58-28) to 170 ◦C. The SBS polymer has a linear microstructure with
31.6% styrene content. The SBS was blended with asphalt binder using the high shear
mixer and heating mantle at a speed of 2000 r/min and a temperature of 170 ◦C ± 5 for
60 minutes. At the end of the hour, 10% of the crosslinking agent was added and mixed
for 30 minutes. Finally, a curing time of another 60 minutes was conducted by controlling
the temperature at 180 ◦C ± 5 and reducing the high shear mixer speed to 1000 r/min .
Following the mixing process, samples for short-term aging in a Rolling Thin Film Oven
(RTFO) were prepared According to AASHTO T 240 [2]. Then, all RTFO specimens were
subjected to the frequency sweep and MSCR tests using the Dynamic Shear Rheometer
(DSR). Table 5.2 shows the asphalt binder modification process. Table 5.3 presents the
sieve analysis of the aggregates used to produce HMA mixtures using the neat and modified
asphalt binders.
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Table 5.3: Aggregate size distribution
Sieve size Passing Control point Control point
(mm) (%) (maximum) (minimum)
19 100
12.5 95 100 90
9.5 83 90 28
4.75 58
2.36 40 58 28
1.18 19
0.6 12
0.3 8
0.15 4.5
0.075 3 10 2

5.2.2 Experimental Procedures

Rotational Viscosity

The neat and modified asphalt binders’ viscosities were determined at 135 ◦C and 165 ◦C
according to AASHTO T316 [7]. Each test result was calculated using the average of three
readings for each temperature.

Dynamic Shear Rheometer (DSR)

The DSR was applied to evaluate neat and modified binders’ rheological behavior, accord-
ing to AASHTO T 315 [6]. A frequency sweep test was performed to study the influence
of loading frequency, temperature, and additives on the asphalt binders’ rheological prop-
erties. Two samples for each binder were tested, and the average was identified as the test
result. Different frequencies ranging from 0.0159 Hz to 15 Hz were applied to different test
temperatures (40, 46, 52, 58, 64, and 70 ◦C).

The MSCR test was performed on asphalt binders using 25 mm diameter samples
in accordance with AASHTO T 350 [11] to determine percent recovery (R) and non-
recoverable creep compliance (Jnr). All asphalt binder samples were tested in creep and
recovery at low and high stress levels of 0.1 kPa and 3.2 kPa. The average of two repeated
samples was used to calculate the test result for each temperature. The test was carried
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out using a creep time of 1 second and a recovery time of 9 seconds. Figure 5.1 summarizes
the research methodology.

Figure 5.1: Research methodology

Hamburg Wheel Rut Test

Rutting is a common sign of distress that affects the road network’s serviceability and
quality. Rutting is a permanent deformation that appears in the traffic direction because
of unrecoverable strain accumulated by repetitive loads applied to the asphalt pavement
[109]. The Hamburg Wheel Rut Test (HWRT) was developed to investigate the resistance
of asphalt mixtures to rutting and moisture damage . The test was conducted in accordance
with AASHTO T 324 [8]. The Superpave Gyratory Compactor was used to prepare four
samples with a 150 mm diameter and a 63 mm height at 7% ± 0.5 of air void. The asphalt
mixture samples were submerged and conditioned for 30 minutes at 44 ◦C in the water
bath. Solid steel wheels were used to test the samples, and Linear Variable Differential
Transformers (LVDTs) were applied to determine the average rutting depth.
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5.3 Results and Discussion

5.3.1 Effects of Additives on Rheological Properties

Viscosity Results

The viscosity of asphalt mixtures is a significant factor in establishing the temperature
range for mixing and compaction. Therefore, the viscosities of neat and modified asphalt
binders were measured at 135 ◦C and 165 ◦C to investigate the additives’ influence on the
viscosity change. Figure 5.2 shows that the viscosity of the asphalt binder increases as the
modifier percentage increases. Increasing the viscosity is attributed to the larger particles
present in the fluid [147], which could be induced by the formation of chain networks
in the asphalt-geopolymer mixture. The viscosity of the SBS-modified asphalt binder is
significantly greater than that of the asphalt binders modified with a geopolymer (4%,
8%, and 12%). A T-test was performed to examine the statistical significance between
the viscosity of neat versus SBS-modified and geopolymer-modified binders. The Pvalues

were 1.09×10−4 and 1.24×10−4, respectively. The hybrid binder (2%SBS+8%GF) had the
highest viscosity compared to neat and other modified asphalt binders.

A two-way Analysis of Variance (ANOVA) was performed to examine the significance of
the variation in viscosity resulting from geopolymer and SBS modifications of the binders.
The ANOVA test was performed using the data at 135 ◦C and 165 ◦C. The ANOVA test
results indicated that binder modifications had a considerable strong impact on viscosity
(Pvalue = 1.9×10−151), and the temperature had a strong influence on viscosity results
as well (Pvalue = 2.4×10−154). Results obtained from the ANOVA test are presented in
Table 5.4. A statistical t-test was performed to examine the significance of the variation
in viscosity between the hybrid and neat binders at 135 ◦C and 165 ◦C. The viscosity of
the hybrid binder was 116% (Pvalue = 9.2×10−24) and 97% (Pvalue = 1.56×10−15) higher
than the neat at 135 ◦C and 165 ◦C respectively. Consequently, the hybrid asphalt binder
demonstrated high viscosity compared to the other modified asphalt binders. The results
also revealed a minor influence of geopolymer content on the viscosities between 4%GF
and 12%GF binders at 135 ◦C.

Temperature Effect on the Complex Shear Modulus and Phase Angle

A variation of complex shear modulus and phase angle for neat and modified binders among
different testing temperatures is shown in Figure 5.3. Throughout the test temperature
range, the complex modulus of the geopolymer–modified asphalt binder was increased by
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Figure 5.2: Rotational viscosity of neat and modified asphalt binders

Table 5.4: Two-way ANOVA testing of the viscosity of neat and modified asphalt binders

Source of variation SS df MS F P-value F-crit

Binder Modification 7859537 6 1309923 284324.4 1.9E-151 2.23

Temperature 7385222 1 7385222 1602994 2.4E-154 3.98

Interaction 2701719 6 450286.4 97736.59 3.3E-135 2.23

Within 322.5 70 4.607143

Total 17946801 83

adding up to 8% more geopolymer. However, beyond 8%GF, the shear complex modulus
of the binder drops. The trend is quite similar to the one observed for viscosity. A closer
look at the results of the shear complex modulus of geopolymer-modified binders with
4% and 12% revealed that the difference between the two binders is statistically insignif-
icant (Pvalue = 0.44). Table 5.5 demonstrates the importance of the difference in shear
modulus of several modified binders compared to the neat binder at 10 rad/s (1.59 Hz)
using multiple F-tests. The SBS-modified asphalt binder showed a lower shear complex
modulus and phase angle than the GF-modified asphalt binders throughout the test tem-
perature range. The SBS is a thermoplastic elastomer material, which is composed of a
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short chain of polystyrene, a long chain of polybutadiene, and finally another short chain
of polystyrene. As a result, the polybutadiene blocks are crosslinked by the polystyrene
clusters. The polystyrene clusters break and produce a short chain when SBS is heated.
The modulus then starts to drop. On the other hand, the SBS utilized in this work includes
approximately 70% butadiene, which gives the asphalt binder its elastic behaviour, and
this explains the drop in phase angle value.

Figure 5.3: Rotational viscosity of neat and modified asphalt binders

In contrast, the hybrid binder exhibited complex shear modulus values almost double
(up to 222% increase) those achieved by adding 2% of SBS to the asphalt binder, while it
had the least phase angle compared to all the other binder modifications. The reduction
in phase angle is 14% compared to the neat binder. The beneficial interaction between GF
and SBS, as well as the effectiveness of the geopolymer modification rate, could explain
this. This reduction in the phase angle indicates the change in the viscoelastic behaviour
and a shift toward elastic behaviour. However, the results of phase angles cannot be used
to figure out which asphalt binder type is more elastic. Therefore, the storage and loss
modulus of the complex shear modulus should be separated.

Figures 5.4 and 5.5 show the logarithms of G
′
and G

′′
versus temperatures for unaged

and RTFO binders, respectively. The equations for linear regression were created and
are depicted in the figures. Table 5.6 displays the absolute values of the linear regression
equations’ slopes.The slopes depict the asphalt binders’ temperature sensitivity; the steeper
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Table 5.5: F-test comparing shear modulus of modified binders to the neat binder

Binder P-value Significance Percent increase in G∗

4%GF 0.06 Insignificant 65%

8%GF 0.01 Significant 107%

12%GF 0.05 Insignificant 73%

2%SBS 0.26 Insignificant 31%

Hybrid 4.8×10−4 Strongly significant 222%

the slope, the more sensitive the asphalt binder is to temperature changes.

Figure 5.4: Geopolymer effect on the regression slope of (a) storage and (b) loss modulus

The results showed that the modifiers have a significant impact on the binder’s sen-
sitivity to temperature. The temperature sensitivity of G

′
and G

′′
for both unaged and

RTFO modified asphalt binders decreases. The results indicted that the modifiers have
a significant impact on the binder’s sensitivity to temperature, whereby the temperature
sensitivity of G

′
and G

′′
for both unaged and RTFO modified asphalt binders decreases.
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Figure 5.5: Temperature sensitivity on the (a) storage and (b) loss modulus of RTFO
binders

Table 5.6: Geopolymer effect on the regression slope of storage and loss modulus

Binder Slope |G′| Slope |G′|RTFO Slope |G′′| Slope |G′′ | RTFO

Neat 9.114 8.864 6.919 7.029

4%GF 8.854 8.359 6.856 6.809

8%GF 8.582 8.233 6.800 6.802

12%GF 8.742 8.330 6.816 6.840

2%SBS 6.792 6.975 6.172 6.317

Hybrid 7.869 7.246 6.517 6.401

Temperature Effect on the Rutting Factor

The impact of the temperature on the rutting factor (G∗/sinδ) of neat and modified asphalt
binders is presented in Figure 5.6 and Table 5.7. To achieve rutting standards, the
rutting factor for unaged binder must be at least 1 kPa and 2.2 kPa for aged binder at
10 rad/s, according to the Superpave specifications [109]. The data was analyzed using
the ANOVA statistical test to examine the effects of temperature and binder modification
on the G∗/sinδ. Table 5.8 presents the ANOVA test results of temperature and binder
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modification. The results indicate a statistically considerable impact on G∗/sinδ with
Pvalues of 4.33×10−60 and 9.88×10−44, respectively.

Figure 5.6: Temperature effect on rutting factor of neat and modified asphalt binders at
10 rad/s

The results showed that increasing the polymer additives increased the rutting factor,
indicating an increase in rutting resistance. These results were also noted in previous
research [128, 21, 62]. Multiple t-tests were conducted to specify the significance of as-
phalt binder modification on G∗/sinδ. For example, the rutting factor of 8%GF modified
asphalt binder at 58 ◦C was 124% higher than the neat asphalt binder. However, the
difference was statistically insignificant with a P-value = 0.19. While the rutting factor of
2%SBS increased only 64% more than the neat asphalt binder, the difference is statistically
insignificant (P-value = 0.54).

The combination of SBS and geopolymer (2%SBS+8%GF)-modified asphalt binder
produced an increase in the rutting factor that reached up to 300% more than the neat
binder at 58 ◦C with a Pvalue = 0.059, as summarized in Table 5.7. Consequently, the
hybrid asphalt binder remains superior in rutting resistance potential compared to other
modified asphalt binders. This could be attributed to the geopolymer modification rate
besides the positive interaction between SBS and geopolymer.
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Table 5.7: Temperature effect on the rutting factor of asphalt binders at 10 rad/s

Binder |G∗|/ sin δ Modified/Neat

52 ◦C 58 ◦C 64 ◦C 52 ◦C 58 ◦C 64 ◦C

Neat 9.73 4.38 2.05 1.00 1.00 1.00

4%GF 16.82 7.58 3.56 1.73 1.73 1.74

8%GF 21.52 9.81 4.63 2.21 2.24 2.26

12%GF 17.81 8.08 3.81 1.83 1.85 1.86

2%SBS 14.68 7.17 3.64 1.51 1.64 1.78

Hybrid 36.71 17.51 8.63 3.77 4.00 4.21

Table 5.8: Two-way ANOVA testing of the rutting parameters versus temperature

Source of variation SS df MS F P-value F-crit

Binder Modification 10897.36752 5 2179.474 2213.829 9.88E-44 2.477169

Temperature 88602.25547 5 17720.45 17999.78 4.33E-60 2.477169

Interaction 13562.98784 25 542.5195 551.0713 1.65E-39 1.814864

Within 35.44133564 36 0.984482

Total 113098.0522 71

Frequencies Effect on the Rutting Factor

The master curve of rutting factor was generated for the neat and various modified asphalt
binders at 52 ◦C reference temperature, as shown in Figure 5.7. The frequency sweep test
was carried out at high temperatures (46 ◦C, 52 ◦C, 58 ◦C, 64 ◦C, and 70 ◦C) with varied
frequencies ranging from 0.0159 Hz to 15 Hz. At high temperatures, higher |G∗ |/sinδ val-
ues are preferred to reduce the energy dissipation due to repeated loading. The less energy
is dissipated per cycle, the higher the rutting-resistance of the asphalt mixture [62]. The
modified asphalt binders achieved the highest rutting resistance compared to the neat as-
phalt binder. It should be noted that the hybrid asphalt binder had the strongest potential
for rutting resistance over a wide range of loading frequencies, whereby the combination of
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SBS and geopolymer increasing the asphalt binder’s stiffness. Meanwhile, the 8%GF had
a slightly similar impact on the rutting resistance at low frequencies while having a higher
rutting parameter than their 2%SBS part at high frequencies.

Figure 5.7: Master curve for rutting factor

The impact of various frequencies on the |G∗|/sinδ of neat and modified asphalt binders
at 52 ◦C is summarized in Table 5.9. At low modified frequency (10−2 Hz), the rutting
factor of 4%GF, 8%GF, and 12%GF binders increased by 184%, 286%, and 214%, respec-
tively, compared to the neat binder. While the 2%SBS binder showed a rutting factor
almost the same as achieved by adding 8% of GF to the asphalt binder, whereas the com-
bination of 2%SBS and 8%GF attained an increase of 786% compared to the rutting factor
of the neat binder. The ANOVA was applied to test the significance of binder modification
and loading frequency on the |G∗|/sinδ.

Table 5.10 presents the results of the ANOVA test. Loading frequency has a statis-
tically significant impact on |G∗|/sinδ, with a Pvalue of 5.61×10−22. The effect of binder
modification on |G∗|/sinδ is also statistically significant, but with a Pvalue of 5.45×10−15.
At a high modified frequency (10 Hz), the rutting factor of 2%SBS increased up to 30%,
which showed the lowest rutting factor. While the hybrid asphalt binder also indicated
the highest rutting factor with 207% more than the neat binder, as reported in Table
5.9. This confirms that the SBS and geopolymer combination has a considerable rutting
performance improvement over the other modifiers.
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Table 5.9: Frequencies effects on the rutting factor of neat and modified asphalt binders

Binder |G∗|/sinδ |G∗|/sinδ Modified/Neat Modified/Neat

10−2Hz 10Hz 10−2Hz 10Hz

Neat 0.07 45.71 1.00 1.00

4%GF 0.20 73.99 2.84 1.62

8%GF 0.27 91.67 3.86 2.01

12%GF 0.22 78.14 3.14 1.71

2%SBS 0.27 59.62 3.86 1.3

Hybrid 0.62 140.12 8.86 3.07

Table 5.10: Two-way ANOVA testing of the rutting parameters versus frequency

Source of variation SS df MS F P-value F-crit

Binder Modification 5423.876 5 1084.775 892.184 5.45E-15 3.106

Frequency 39625.466 1 39625.466 32590.36 5.61E-22 4.747

Interaction 5309.938 5 1061.988 873.442 6.19E-15 3.106

Within 14.590 12 1.216

Total 50373.871 23

5.3.2 MSCR Test Results Analysis

Effects of Additives on the Creep Recovery Behaviour

The MSCR test was carried out under two stress levels (0.1 kPa and 3.2 kPa) and a
wide range of temperatures from 46 ◦C to 70 ◦C with an increment of 3 ◦C. The figures
included in this paper present the average results obtained from three temperatures (52
◦C, 58 ◦C, and 64 ◦C) due to page-space limitation. However, the statistical analysis of
the data was performed on the data obtained from all testing temperatures. The influence
of temperature, stresses, and polymer types on the recovery and non-recovery of asphalt
binders was investigated. Percent-strain creep recovery, for neat and modified asphalt
binders, at various temperatures (52 ◦C, 58 ◦C, and 64 ◦C) for low (0.1 kPa) and high (3.2
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kPa) stress levels are shown in Figure 5.8 (a, b), respectively. The efficiency of geopolymer
and SBS modification rates are reflected at all stress levels during all test temperatures.
Also, the 8%GF binder showed the highest creep recovery compared to 4%GF (Pvalue =
2.5×10−3 and Pvalue = 3.34×10−6 for 0.1 kPa and 3.2 kPa, respectively) and 12%GF (Pvalue

= 1.46×10−3 and Pvalue = 4.38×10−6 for 0.1 kPa and 3.2 kPa, respectively).

The recoverable strain increased by 23% and 32% by increasing the geopolymer percent-
age from 4% to 8% at 0.1 kPa and 3.2 kPa, respectively. The recoverable strain decreased
by 15% and 20% by increasing the geopolymer percentage from 8% to 12% at 0.1 kPa and
3.2 kPa, respectively. However, the creep recovery of the 2% SBS binder was higher than
that of the 8%GF binder at all temperatures and stress levels (Pvalue = 9.77×10−18) and
6.73×10−10 for 0.1 kPa and 3.2 kPa, respectively). Comparing 2%SBS and hybrid binders,
it can be noted that 2%SBS binder showed a slight insignificant increase of 5% in creep
recovery at 0.1 kPa of stress (Pvalue = 0.64) as shown in Figure 5.8 (a). While the hybrid
asphalt binder performed at 6% insignificant higher creep recovery at 3.2 kPa (Pvalue =
0.77) as shown in Figure 5.8 (b). This is attributed to the various interaction mechanisms
within the asphalt binder matrix for each modifier, which needs closer analyses of every
modifier’s physical and chemical interactions within the asphalt binder and their potential
influences on the microstructure of the asphalt binder.

Figure 5.9 (a, b) presents the non-recoverable creep compliance of the neat and modified
asphalt binders at 0.1 kPa and 3.2 kPa stresses, respectively. Generally, non-recoverable
creep compliance with a low value is needed for acceptable rutting resistance. Simultane-
ously, asphalt binder with 0.5 kPa−1 or less of Jnr at 3.2 kPa is suitable for extremely heavy
traffic (≥ 30 million ESALs), according to the AASHTO standard [9]. The results revealed
that the hybrid binder significantly outperformed all modifiers in terms of non-recoverable
creep compliance at 0.1 kPa and 3.2 kPa.

Comparing the hybrid binder to the binder with the closest non-recoverable creep com-
pliance strain, which is 2%SBS, the hybrid binder performed at 54% and 59% lower non-
recoverable creep strain with Pvalues of 6.5×10−4 and 8.7×10−4 at 0.1 and 3.2 kPa, re-
spectively. Besides, it can be observed that the 2%SBS binder showed a 17% reduction
in non-recoverable strain values compared to the 8%GF at the 0.1 kPa stress level (Pvalue

= 6.4×10−4) and an insignificant difference of 2% in the non-recoverable strain at the 3.2
kPa stress level (Pvalue = 0.05). These observations are essential, considering that the
2%SBS binder showed close strain recovery as the hybrid binder at 3.2 kPa, for various
temperatures, as shown in Figure 5.8. This reconfirms that the hybrid modification with
GF and SBS has led to a superior strain recovery compared to the GF or SBS alone.

Figure 5.10 presents the difference in non-recoverable creep compliance strain (Jnr),
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Figure 5.8: Creep recovery of neat and modified asphalt binders at (a) 0.1 kPa and (b) 3.2
kPa
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Figure 5.9: Non-recoverable creep compliance of neat and modified asphalt binders at (a)
0.1 kPa and (b) 3.2 kPa
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which was calculated as a percent increase in Jnr between 0.1 and 3.2 kPa stress levels.
This (Jnrdiff ) factor is an indicator of the stress sensitivity of modified asphalt binders.
All modified asphalt binders showed Jnrdiff below the maximum limit (75%) that was
recommended by the AASHTO standard [9]. However, it appears that the SBS-modified
binder has a high sensitivity to stress levels compared with the hybrid and GF-modified
binders at different temperatures.

Figure 5.10: Non-recoverable creep compliance difference of neat and modified asphalt
binders

Influence of Temperature and Polymer Types on the Traffic Level

MSCR test results are influenced by temperature and polymer types and amounts. Figure
5.11 illustrates the impact of temperature and polymer types on the traffic level. AASHTO
specification [9] classified the traffic loading into four classes (S is standard traffic (≤ 10
million ESALs), H is heavy traffic (10-30 million ESALs), V is very heavy traffic (≥ 30
million ESALs), and E is extremely heavy traffic (≥ 30 million ESALs) with standing
traffic), depending on the Jnr values at high stress (3.2 kPa).

The neat and modified binders were tested using the MSCR test at different tem-
peratures and high stress (3.2 kPa). The research team prepared two samples for each
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temperature (108 samples total) and the average value was used to determine the test
result. Temperatures in the test varied from 46 ◦C to 70 ◦C, with a 3 ◦C increment. The
influence of geopolymer and SBS on the asphalt binder grading, failing temperature, and
traffic level is summarized in Table 5.11. The results obtained show that the geopolymer
has a significant impact on the asphalt binder grading, which is consistent with the findings
from [107, 106] .

The 8%GF binder had a high PG grading, failing temperature, and traffic level com-
pared to the neat and modified binder with 4%GF, 12%GF. While it showed higher PG
grading and failing temperatures than the 2%SBS binder did, and a similar traffic level.
Modifying asphalt binder using the combination of SBS and geopolymer achieved the high-
est results compared to the other modifiers, which confirmed the earlier observations in
G∗/sinδ, Jnr, and R. Table 5.11 offers a guidance to asphalt pavement designers to select
suitable modifiers considering the local temperature and traffic volume.

Figure 5.11: Temperature and additives effects on the traffic level

5.3.3 HWRT Results Analysis

Figure 5.12 shows the average rutting depth at different load passes for neat and modi-
fied asphalt binders. The findings of the HWRT tests describe the impact of rutting and
moisture damage, whereby moisture damage begins after the creep-to-stripping inflection
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Table 5.11: Grading and traffic level results of geopolymer, SBS, and hybrid asphalt binders
Binder PG Temp. range Temp. range Temp. range Temp. range

for S (◦C) for H (◦C) for V (◦C) for E (◦C)
Neat 58 ≥ 57.0 57.0-53.0 53.0-49.0 ≤ 49.0
4%GF 64 ≥ 62.0 62.0-57.0 57.0-53.0 ≤ 53.0
8%GF 70 ≥ 64.0 64.0-59.0 59.0-55.0 ≤ 55.0
12%GF 64 ≥ 62.5 62.5-57.0 57.0-53.0 ≤ 53.0
2%SBS 64 ≥ 64.5 64.5-59.5 59.5-55.0 ≤ 55.0
Hybrid 76 ≥ 70.0 66.0-70.0 61.0-66.0 ≤ 61.0

point. The results showed that there is no negative effect of additives on the moisture
damage resistance. This finding indicated that geopolymer modified asphalt binder has a
significant resistance to moisture damage as also concluded by Rosyidi, et al. [181]. As a
result, the HMA with various additives had high moisture resistance. The hybrid binder
achieved the highest resistance to rutting. While the 2%SBS binder achieved rut resistance
larger than 8% GF. Compared with the neat binder, the permanent deformation decreases
by 82%, 74%, and 55% by adding 2%SBS+8%GF, 2%SBS, and 8%GF, respectively. There-
fore, the ability to resist permanent deformation is ranked as: 2%SBS+8% GF > 2%SBS
> 8% GF > neat, which confirmed the earlier observation trends for MSCR test results in
Figures 5.9, 5.10, and 5.11. These observations indicate that there is a good relationship
between MSCR test results and asphalt mixture rutting as concluded by different studies
[132, 237, 178].

5.4 Conclusions

Using geopolymers as a modifier for asphalt binder proved to be an efficient solution to en-
hance rutting performance. Moreover, the paper’s findings offer guidance to asphalt pave-
ment designers on selecting suitable modifiers considering the local temperature, stresses,
and traffic volume. The following conclusions have been drawn:

• The shear complex modulus increases from 22 kPa to 72 kPa, and the phase angle
decreases from 74.5◦ to 65◦ by adding 2%SBS+8%GF at 46 ◦C, showing that the
viscoelastic behaviour becomes more elastic.

• G∗/sinδ value of the hybrid binder was the highest among all the tested binders.
This value reached 300% one of that of the neat binder. The combination of SBS
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Figure 5.12: Additives effects on the rut depth of asphalt mixture

and geopolymer appears to have the highest rutting resistance.

• Geopolymer has a significant impact on the binder’s sensitivity to temperature,
whereby the temperature sensitivity of G

′
and G

′′
for both unaged and RTFO mod-

ified asphalt binders decreases.

• The 2%SBS binder exhibited the highest creep recovery at low-stress levels, while
the hybrid binder exhibited the highest creep recovery at high-stress levels, during
the test temperatures.

• It was noted that the stress levels, temperature, and polymer type had an important
effect on the accumulated strain, whereby the modified asphalt binders maintained
the lowest creep strains. The hybrid binder showed the lowest accumulated strain
compared with other modified binders. This was another indicator that the hybrid
binder had improved rutting resistance.

• Adding 8%GF to the neat binder enhances the rutting resistance of the asphalt
mixture, which reduces the rut depth by 55%. While the combination of the SBS
and GF (2%SBS+8%GF) reduced the rut depth to 82%.
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• The MSCR test results could be used to develop preliminary indication of the per-
manent deformation of asphalt mixture as the results were aligned with the HWRT
results.

In this study, the idea of using fly ash as an aluminosilicate source during the prepara-
tion of geopolymer and then utilizing it as a modifier for asphalt binder provides a practical
explanation for improving asphalt pavement rut resistance, eliminating the threat of envi-
ronmental landfilling of fly ash, and reducing CO2 emissions and fuel consumption due to
asphalt binder extraction and transportation. Since a few investigations have studied the
rheological and mechanical performance of geopolymer-modified asphalt binder and mix-
tures, there remains a lack of evidence on the laboratory evaluation of geopolymer-modified
asphalt binders and mixtures. Meanwhile, the effect of fly ash-based geopolymer content
on the fatigue and low temperature crack resistance of asphalt binder and mixture has
not been investigated yet. Also, the influence of aging and climate change conditions on
the geopolymer modified asphalt binder and mixture should be evaluated. Therefore, it is
recommended to investigate the fatigue and low temperature performances of geopolymer
modified asphalt binder and mixtures using static and dynamic tests.

Globally, SBS was widely employed in many nations, and it had a considerable impact
on the rheological and performance of asphalt binder. As a result, comparing the promised
effects of employing the geopolymer as a modifier with the results of another modifier,
such as SBS, could motivate the use of the geopolymer during pavement construction.
Another interesting finding is that the combination of geopolymer and SBS has led to a
promising change in the viscoelastic behaviour of the asphalt binder, increasing the storage
modulus (elastic behaviour) and loss modulus (viscous behaviour). These changes indicate
the need for using different combinations with different percentages of geopolymer and
SBS and investigating the effects of various factors such as temperature, curing time, and
mixing procedure on the behaviour of asphalt binder; and then the effect of these factors
on the polymer structure should be discussed. Therefore, additional physical, chemical,
and microstructural investigations are recommended.
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Chapter 6

Temperature and Aging Effects on
the Rheological Properties and
Performance of Geopolymer-Modified
Asphalt Binder and Mixture

This chapter is based on the following article, which will be submitted to the Road Ma-
terial and Pavement Design Journal. ”Temperature and Aging Effects on the Rheological
Properties and Performance of Geopolymer-Modified Asphalt Binder and Mixture,” by A.
Hamid, H. Baaj, and M. El-Hakim (2022).

Abstract

Using geopolymer as a modifier for asphalt binder and mixture has received little attention
in recent decades because there has been no investigation to link the effect of temperature
and traffic loading on the rheological and performance of geopolymer modified asphalt
binder. The primary objective of this study was to evaluate the effect of fly ash-based
geopolymer (GF), Styrene-Butadiene-Styrene (SBS), and the combination of GF with SBS
on the rheological properties and performance of asphalt binder at low and intermediate
temperatures. The rheological properties and performance of neat and modified asphalt
binders, 4%GF, 8%GF,12%GF, 2%SBS, and 2%SBS+8%GF, were investigated using Dy-
namic Shear Rheometer (DSR) and Bending Beam Rheometer (BBR) devices. Moreover,
the Viscoelastic Continuum Damage (VECD) model with the Linear Amplitude Sweep

95



(LAS) was utilized to evaluate the fatigue behavior of asphalt binders. Dynamic/complex
modulus and moisture damage evaluation tests were conducted to evaluate the effect of
additives on the performance of asphalt mixes. The findings demonstrated that for both
unaged and RTFO asphalt binders, additives reduce the temperature sensitivity of both
G

′
and G

′′
. When the binders are exposed to long-term aging using Pressure Aging Ves-

sel (PAV), it was noticed that the 8%GF binder became more susceptible to temperature
changes. The 2%SBS binder has the lowest creep stiffness compared with the neat and
other modifiers. While the combination of GF and SBS (2%SBS+8%GF) exhibited the
highest resistance to fatigue distress at different temperatures compared to other asphalt
binders. The modified asphalt mixes, 8%GF, 2%SBS, and (2%SBS+8%GF) achieved the
highest tensile strength compared to the neat binder, and the tensile strength ratio was
more than 80%. The tensile strength has increased from 580.4 kPa to 740.4 kPa, 884.8
kPa, and 917.4 kPa by utilizing 8%GF, 2%SBS, and (2%SBS+8%GF) binders, respectively.
Furthermore, the modified asphalt mixture exhibited more ability to resist cracking, which
attained the highest fracture energy at dry and freezing-thawing conditions.

6.1 Introduction

The performance of asphalt mixtures depends on the rheological properties of the asphalt
binder, volumetric properties of the asphalt mixture, and external influences such as traffic
volume and weather. While subjected to extreme weather conditions, asphalt binders
have the properties of both viscous liquids and elastic solids. Asphalt binder is a great
adhesive material for use in paving, but it is a difficult material to analyze and describe
due to its wide range of behavior. The behavior of the asphalt binder is characterized
with viscoelastic properties; depending on the temperature and rate of loading, it has
both elastic and viscous properties. Asphalt binder is subjected to a wide range of loading
spectrum and temperatures; it’s behavior leans towards soft-viscous material in hot weather
and brittle behavior in cold conditions. One of the main causes of pavement distress is
the overload traffic spectrum, which causes significant stresses inside the pavement layer.
These distresses decrease the pavement’s serviceability and increase the maintenance cost.
There are a variety of ways of reducing pavement distress, including new mix design or the
use of modifiers [129].

Cracking is one of the crucial problems in asphalt concrete pavement which occurs
due to heavy traffic, harsh environmental conditions, and construction deficiencies. It
leads to pavement failure in its later stages. Cracking appears at the top of the pavement
layer in different shapes such as longitudinal, alligator, transverse, and reflective cracks.
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Fatigue cracking is considered the main mode of pavement failure, which occurs when
the pavement has been stressed for a long time by repeated load applications [109]. The
fatigue life measures the resistance of the asphalt to fatigue cracking and is defined as
the number cycles to which the material can be subjected before failing. Tensile stresses
occur as repeated traffic loading acts on the pavement surface after the pavement has been
in service [109]. There are two types of fatigue cracking, alligator or bottom-up cracking
and longitudinal or top-down cracking. Alligator cracking occurs when cracks initiate at
the bottom of the asphalt layer and then propagate to the surface of the pavement under
repeated load applications. Whereas longitudinal cracking occurs when cracks initiate at
the pavement surface and propagate downwards under repeated load applications. Fatigue
cracks in asphalt pavement are influenced by different external factors such as compaction
level and method, time of asphalt placement, and poor subgrade drainage [109]. Also,
temperature, air voids, and amount and type of asphalt binder are affected the fatigue life
[179].

Thermal cracking is one of the most common problems with asphalt pavement during
the winter months. The main cause of thermal cracking is the contraction of the asphalt
layer due to cold weather, which causes tensile stress to build up. Thermal cracking occurs
when the tensile stress equals or exceeds the tensile strength of the asphalt layer. These
cracks can expand to 20 mm (0.01in) in width over time, affecting the ride quality of the
pavement or, in advanced stages, causing secondary cracking and structural concern [23].

The major motivations for modifying asphalt binder with various types of additives
are to achieve softer mixtures at low temperatures and prevent cracking, or to improve
mixture stability and strength, or to enhance the rutting and fatigue performance, or
to decrease the pavement structural thickness. Bahia et al. (1997) [37] classified asphalt
modifiers into various groups such as polymers (elastomeric and plastomeric), fillers, fibers,
hydrocarbons, antistripping agents, and crumb rubber, according to their composition and
effects. These additives have a wide range of physical and chemical properties, and they
would impact the performance of asphalt mixtures in various aspects. The most often used
asphalt binder modifiers are polymers. The performance of modified asphalt binders has
been studied in several research. The polymer’s nature and content have strongly enhanced
the rheological properties by increasing the stiffness and decreasing the phase angle [51],
and the temperature susceptibility [18] of the asphalt binder.

The utilization of geopolymers as asphalt binder modifiers is rapidly increasing because
the manufacturing process of geopolymer does not require high temperatures, it can help
to reduce CO2 emissions, and it has ability to enhance the viscoelastic behavior of asphalt
binder[118, 204, 205, 181, 106]. Geopolymers are like zeolites and feldspathoids in that
they can both adsorb harmful chemical waste and function as a binder to turn semi-solid
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waste into an adhesive solid [66]. Zain et al. (2017) [235] concluded that fly ash-based
geopolymer material performed best in terms of aluminosilicate content and is currently
the best practise in environmental protection applications. Ibrahim et al. (2016) [118]
investigated the influence of geopolymer on the physical properties and storage stability of
the 80/100 asphalt binder. The geopolymer additives were prepared in the dry state using
fly ash (class F) and alkaline activators (NaOH and Na2SiO3). Different tests, including
softening point, ductility, and viscosity, were conducted to investigate the physical prop-
erties of neat and modified asphalt binders. The results showed that as the geopolymer
concentration was increased from 3% to 9%, the ductility of the asphalt binder decreased
approximately from 150 cm to 70 cm, indicating that the stiffness of the modified asphalt
binder increased. In addition, the modified asphalt binders were stable at high storage
temperatures. Hamid et al (2020) [106] investigated the possibility of using fly ash-based
geopolymer as a modifier for asphalt binder by using a new technique to produce the
geopolymer. The geopolymer is used as a dry substance with a particle size of less than
0.15 mm. The results showed that geopolymer has a significant effect on the rheological
properties of asphalt binder. Also, they found that there are no promising effects on the
microstructure of asphalt binder. Rosyidi et al. (2020) [181] used fly ash based-geopolymer
gel as a modifier for asphalt binder. The addition of geopolymer to the asphalt binder re-
sulted in higher impact values by achieving the highest work adhesion value. Also, it was
observed that there is no significant difference in the FTIR spectrum due modified asphalt
binder using geopolymer.

6.1.1 Research Significance and Objectives

According to the literature review, the geopolymer additive increased the asphalt binder’s
workability and the work cohesion value, which reveals that the cracking resistance of the
asphalt binder has been increased. In addition, the adhesion between asphalt binder mod-
ified using geopolymer and aggregate is enhanced. While the effect of geopolymer content
on the fatigue and low temperature crack resistance of asphalt binder has not been inves-
tigated yet. Also, the influence of aging and climate change conditions on the geopolymer
modified asphalt binder and mixture should be evaluated. On the other hand, SBS was
broadly used in many countries, and it had a considerable impact on the rheological and
performance of asphalt binder. As a result, comparing the promised effects of using the
geopolymer as a modifier with the results of another modifier, such as SBS, could moti-
vate the use of the geopolymer during pavement construction. Therefore, this study aimed
to assess the impact of the fly ash-based geopolymer and its combination with the SBS
polymer on the crack resistance of the asphalt binder by looking into the following:
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• Investigating the effect of additives and temperature on the rheological and low and
intermediate performance of asphalt binder.

• Investigating the additive, temperature, and frequency impacts on the dynamic mod-
ulus of asphalt mixture.

• Evaluating the additives effects moisture damage resistance of asphalt mixture.

• Evaluating the cracking resistance of unmodified and modified asphalt mixture.

6.2 Experiment and Methods

6.2.1 Materials

Geopolymer Preparation

Geopolymer is made up of an alkali activator and fly ash mixture. Alkali activators in-
cluded sodium silicate solution (Na2SiO3) and sodium hydroxide (NaOH) at an 8-molar
concentration. During the preparation of geopolymer, it was discovered that curing time
and activator type have substantial effects on chemical reactions [59]. It’s also worth noting
that the combination of sodium hydroxide and sodium silicate gives geopolymer a good
mechanical performance [166]. Rifaai et al. (2019) [177] concluded that the highest yield
stress and storage modulus values are obtained when 8 molar of NaOH is used as an activa-
tor during the preparation of the fly ash-based geopolymer. Before making the geopolymer,
the sodium hydroxide (NaOH) solution was made in a fume cabinet by dissolving sodium
hydroxide in deionized water.

This study utilized low calcium fly ash (Class F), which includes more silica and alumina
and is therefore preferable to high calcium fly ash (Class C), as many studies recommend
[110, 76, 92]. To activate the alumino-silicate precursors in fly ash, a 1:2 mass ratio of
sodium silicate and sodium hydroxide solution was utilized, with 200 g of fly ash being
mixed with 80 g of the alkaline medium for 5 minutes. The resulting slurry was then
transferred to the silicon moulds and cured for six days at room temperature (23-25 ◦C)
and one day at 65 ◦C. Finally, geopolymer samples were grinded into powder and sieved
with sieve No. 100 to remove particles larger than 0.15 mm in diameter. The procedure
for producing the geopolymer additives is shown in Figure 6.1.
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Figure 6.1: Geopolymer Preparation

Asphalt Binders Preparation

In this study, the modified asphalt binders were prepared using two methods. In the first
method, the geopolymer-modified asphalt binder was prepared by heating 300 g of asphalt
binder (PG 58-28) at 140 ◦C. Then the geopolymer was added into the neat asphalt blend
in different amounts. A mechanical shear mixer was used at a speed of 2000 r/min for
60 minutes, controlling the temperature at 140 ◦C ± 5 to prepare a homogenous blend.
Hamid et al. (2020) [106] noted that modifying asphalt binder using a geopolymer with
different percentages (3, 6 and 9%) does not affect the asphalt binder’s microstructure. In
the second method, high shear mixer and heating mantle under a speed of 2000 r/min for
60 minutes with a temperature of 170 ◦C ± 5 were utilized to prepare the modified asphalt
binder with 2% of SBS. After that 10% of the crosslinking agent was added and mixed for
30 minutes. Finally, a curing time was performed by reducing the high shear mixer speed
to 1000 r/min for 60 minutes with a temperature of 180 ◦C ± 5. Table 6.1 presents the
aggregate size distribution of asphalt mixture.

Aging Procedure

Following the mixing process of asphalt binders, samples for short-term aging in a Rolling
Thin-Film Oven (RTFO) and long-term aging (20 hours) in a Pressure Aging Vessel (PAV)
were prepared directly. All PAV specimens were subjected to the frequency sweep and
LAS tests using the Dynamic Shear Rheometer (DSR). In addition, the low temperature
performance of neat and modified asphalt binders was investigated using BBR test by
measuring creep stiffness (S) and relaxation rate (m) parameters.
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Table 6.1: Aggregate size distribution
Sieve size Passing Control point Control point
(mm) (%) (maximum) (minimum)
19 100
12.5 95 100 90
9.5 83 90 28
4.75 58
2.36 40 58 28
1.18 19
0.6 12
0.3 8
0.15 4.5
0.075 3 10 2

6.2.2 Experimental Work

Dynamic Shear Rheometer

The Dynamic Shear Rheometer (DSR) was applied to investigate neat and modified binders’
rheological behavior, according to AASHTO T 315 [6]. A frequency sweep test was per-
formed to investigate the impact of loading frequency, temperature and modification rate
on asphalt binders’ rheological properties. Two samples for each binder were tested and
the average was identified as the test result. Different frequencies ranging from 0.0159 Hz

to 15 Hz were applied for different test temperatures (5, 10, 15, 20, 25, and 30 ◦C). A
frequency sweep test was conducted to investigate the effect of temperatures and additives
content on the complex shear modulus and phase angle using a 8 mm diameter plate and
a 2 mm gap. The DSR-Linear Amplitude Sweep (LAS) test was conducted, according to
AASHTO TP 101 [1], for the neat and modified asphalt binders using an 8 mm diameter
plate and a 2 mm gap at different intermediate temperatures (10 ◦C, 20 ◦C, and 30 ◦C).
Prior to the strain sweep test, a frequency sweep test is carried out to determine how
the undamaged material responds. Subsequently, the strain sweep test is performed at a
constant frequency (10 Hz) to accelerate fatigue damage. In this study, the VECD model
was used to analyze the test result and predict fatigue life (Nf ) of asphalt binder.
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Bending Beam Rheometer

The Bending Beam Rheometer (BBR) test was performed according to ASTM D6648 [27]
to determine the flexural-creep stiffness (S) and m-value by means of a bending beam
rheometer. Different temperatures (-12 ◦C, -18 ◦C, and -24 ◦C) were performed to inves-
tigate the effect of additives on the S and m-value parameters of the asphalt binder.

Dynamic / Complex Modulus Test

The dynamic modulus test, as depicted in Figure 6.2, was used to estimate dynamic
modulus (E∗) and phase angle (δ), and to evaluate the effects of different additives on the
performance of asphalt mixture. Firstly, the specimens were prepared, whereby asphalt
binders and aggregates were heated in an oven to get to their mixing temperatures. The
viscosities of the asphalt binders, using a rotational viscometer, were used to determine
the mixing and compaction temperatures. Prior to compaction, the asphalt mixture was
conditioned at 135°C for four hours after mixing to simulate short-term aging of asphalt
mixes according to AASHTO R 30 [5]. After compaction, the specimens were cored to
standard specimen with dimensions 100 mm diameter and 150 mm height. The cored
specimens were tested using MTS machine in the CPATT lab by using different frequencies
(0.1, 0.5, 1, 5, 10 and 25 Hz) and various temperatures (-10, 4, 21, 37 and 54 ◦C).

Moisture Sensitivity Testing

The moisture damage evaluation was conducted according to AASHTO T 283 [4]. The
Superpave gyratory compactor was used to prepare six specimens with dimensions of 150
mm diameter and 95 mm height, with an air void content of 7% ± 0.5 percent. These
specimens were divided into conditioned and unconditioned subsets (each with three spec-
imens) with almost the same average air void percentage. The conditioned subset was
vacuumed to a saturation level between 70% and 80% before being frozen for 16 hours at
-18 ◦C and then thawed in a water bath for 24 hours at 60 ◦C. Before testing, the two
subsets were conditioned for 2 hours at 25 ◦C. The strength testing was carried out by
applying a 50 mm/min axial force until the maximum load was obtained. Equation 6.1
was then used to compute the indirect tensile strength.

St =
2000× P

π ×D × t
(6.1)
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Where St is the tensile strength (kPa), P is the maximum load (N) that the specimen
can resist, t is the specimen thickness (mm), and D is the specimen diameter (mm).

Figure 6.2: Experiment and methods

6.3 Results and Discussion

6.3.1 Rheological and Performance of Asphalt Binder

Master Curve

The master curve for complex shear modulus and phase angle at a reference temperature
of 20 ◦C is presented in Figure 6.3. The results showed that there is a significant effect
of additives on the viscoelastic behavior of asphalt binder, whereby the additives increase
the complex shear modulus and decrease the phase angle. The results of phase angles, on
the other hand, cannot be used to determine which asphalt binder type is more elastic
or viscous. As a result, the complex shear modulus’ storage and loss modulus should be
separated. Table 6.2 shows the properties of unaged and aged (RTFO and PAV) asphalt
binders.
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Figure 6.3: Master curve of the neat and modified asphalt binder

Temperature Susceptibility on the Loss and Storage Modulus

Figures 6.4, 6.5, and 6.6 show the logarithms of G
′
and G

′′
versus temperatures for

unaged, RTFO, and PAV binders, respectively. The equations for linear regression were
developed and are depicted in the figures. Table 6.3 shows the absolute values of the
slopes of the linear regression equations. The slopes show the temperature sensitivities of
the binders: the steeper the slope, the more sensitive a binder is to temperature variations.
The results show that the temperature sensitivity of both G

′
and G

′′
decreases for unaged

and RTFO modified asphalt binders. Low magnitudes for the G
′′
slope indicate lower

susceptible to the temperature. When the binders are exposed to long-term aging (PAV),
the 8%GF binder becomes more susceptible to temperature changes.

Fatigue Performance

Figure 6.7 shows the effect of additives on the fatigue life of asphalt binder at different
temperatures (10 ◦C, 20 ◦C, and 30 ◦C). In this study, the fatigue life was calculated as the
load repetitions at which the complex shear modulus is decreased to the 50% of its initial
value. It is clear that the additives had better fatigue life than the neat binder at different

104



Table 6.2: Asphalt binder Properties
Parameter Neat 4%GF 8%GF 12%GF 2%SBS Hybrid
Orginal Asphalt Binder
Rotational Viscosity @ 135 ◦C 0.417 0.531 0.661 0.561 0.678 0.900
Rotational Viscosity @ 165 ◦C 0.119 0.146 0.179 0.160 0.191 0.235
G∗/sin ( kPa) @ 52 ◦C, at 1.6 Hz 5.036 7.517 9.606 7.244 6.756 14.532
RTFO-Asphalt Binder
G∗/sin ( kPa) @ 52 ◦C, at 1.6 Hz 9.73 16.82 21.52 17.81 14.68 36.71
% Recovery @ 52 ◦C, at 3.2 kPa 8.72 18.83 24.67 19.28 45.14 48.97
Jnr @ 52 ◦C at 3.2 kPa 0.84 0.39 0.27 0.38 0.27 0.09
PAV-Asphalt Binder
Stiffness Critical Temperature (Ts) -32.7 -32.7 -32.0 -32.7 -35.7 -33.4
Slope Critical Temperature (Tm) -33.2 -33.1 -32.8 -32.9 -31.5 -33.3
G∗.sin ( kPa) @ 20 ◦C, at 1.6 Hz 2817 2829 3360 3069 3006 3304

Table 6.3: Regression slope of unaged, RTFO, and PAV binders
Binders The slope |G′| The slope |G′′ |

Unaged RTFO PAV Unaged RTFO PAV
Neat 3.817 3.426 2.820 3.167 2.851 2.323
4%GF 3.486 3.198 2.915 2.878 2.674 2.381
8%GF 3.780 3.154 2.921 3.168 2.635 2.393
12%GF 3.681 3.204 2.873 3.089 2.688 2.355
2%SBS 3.529 3.209 2.773 3.044 2.725 2.306
Hybrid 3.409 2.998 2.781 2.941 2.514 2.306
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Figure 6.4: Temperature sensitivity on the (a) storage and (b) loss modulus of unaged
binders

Figure 6.5: Temperature sensitivity on the (a) storage and (b) loss modulus of PAV binders

temperatures. Compared to the other binders, the hybrid binder had the best fatigue life
at different temperatures. The hybrid binder increased the fatigue life by 61%, 41%, and
50% at 10 ◦C, 20 ◦C, and 30 ◦C, respectively, compared to the neat asphalt binder. Also,
the 12%GF binder achieved the highest fatigue life compared with the neat, 4%GF, 8%GF,
and 2%SBS binders. For example, using 12%GF increased the fatigue life of asphalt binder
by 33%, 21%, and 20% at 10 ◦C, 20 ◦C, and 30 ◦C, respectively, compared to the neat
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Figure 6.6: Temperature sensitivity on the (a) storage and (b) loss modulus of RTFO
binders

asphalt binder. The findings indicated that the geopolymer modified asphalt binder has
a significant impact on the fatigue performance of asphalt binder as also concluded by
Hamid et al (2019) [107].

Low Temperature Performance

Flexural creep stiffness and the rate of stress relaxation (m-value) are parameters related
to the low temperature cracking resistance of asphalt binder. A higher value (> 300 MPa)
of creep stiffness causes a less resistance to the thermal cracking. Likewise, lower value
(< 0.3) of m-value induces a lower ability to absorb stress when temperature drops and
exhibit higher cracking tendency [109]. Figure 6.8 represents the effect of additives and
different temperatures (-12 ◦C, -18 ◦C, and -24 ◦C) on the creep stiffness of neat and
modified asphalt binders. When the temperature was -12 ◦C, the creep stiffness of the
geopolymer–modified asphalt binder decreased with the addition of additional geopolymer
by up to 8%, which indicated that the asphalt resistance to low temperature cracking
increased. However, beyond 8% GF, the creep stiffness of the asphalt binder increased.
While the 2%SBS achieved the lowest creep stiffness compared with the neat and other
modifiers.

There was a critical change in the behavior of the modified asphalt binder when the
temperature was -18 ◦C and -24 ◦C. When the temperature was -18 ◦C, the creep stiffness
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Figure 6.7: Additives effects on the fatigue life at (a) 10 ◦C, (b) 20 ◦C, and (c) 30 ◦C

of the 8%GF binder had increased, which indicated that the asphalt binder resistance to
low temperature cracking decreased. However, it meets the condition of having a creep
stiffness of less than 300 MPa. In comparison to the neat and other modifiers, the 2%
SBS binder likewise had the lowest creep stiffness. When the temperature was -24 ◦C, the
2%SBS binder achieved a creep stiffness of less than 300 MPa, which meets the requirement
that creep stiffness should be less than 300 MPa, whereas the other modifiers don’t meet
the requirement that creep stiffness be more than 300 MPa.

Figure 6.9 shows the influence of additives and temperature on the rate of stress
relaxation (m-value). When the temperature was -12 ◦C, 8%GF and 2%SBS achieved
the highest values of m-value compared with other modifiers, which indicates that the
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Figure 6.8: Effect of additives on the creep stiffness

stress relaxation performance increased. A higher m-value indicates the binder’s ability
to absorb stress in the case of a temperature drop and exhibits a lower cracking tendency
[109]. While 4% GF and hybrid binders exhibit more improvement of stress relaxation
performance at -18 ◦C. The results showed that the neat and modified asphalt binders
meet the condition of having an m-value of more than 0.3 at -12 ◦C and -18 ◦C. While at
temperature -24 ◦C, and 4% and 8% geopolymer content, the m-value change trend had
a point of inflection, and the value was lower than the value of base asphalt. 12%GF and
hybrid binders achieved approximately the same value of m-value as neat asphalt binder.
The neat and modified asphalt binders don’t meet the condition of having an m-value of
more than 0.3 at -24 ◦C.

Aging Effect

In this study, the crossover modulus is used to assess the influence of aging on the asphalt
binders, which has been used to evaluate the relaxation properties [122] and the oxygen
uptake due to oxidation aging [83] in asphalt binder. Jing et al. (2020) [122] investigated
the effects of aging time, temperature, and pressure on the crossover modulus and con-
cluded that aging has a significant effect on the asphalt binder as the crossover modulus
decreases. Also, there is a better relationship between inverse crossover modulus and the
carbonyl changes in asphalt binders due to aging [83, 95, 243, 137].

The crossover modulus (Gc
∗) was determined from the relationship between complex

shear modulus and phase angle in the black diagram. The crossover modulus, shown in
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Figure 6.9: Effect of additives on the m-value

Figure 6.10, is related to a phase angle of 45◦, whereby the storage and loss shear modulus
have the same value. The material acts more solidly (elastic) when the phase angle is less
than 45◦. When it is greater than 45◦, the material behaves more fluid (viscous). If there
are more data points in the region with a phase angle greater than 45o, this shows that the
asphalt binder is becoming more fluid (viscous reaction) and less solid (elastic response)
as it ages. An aging index was proposed to measure the aging effect on asphalt binder’s
crossover modulus [122], which is represented as the ratio of the (Gc

∗) of unaged asphalt
binder over the (Gc

∗) of aged asphalt binder.

AI =
G∗

c−unaged

G∗
c−aged

(6.2)

where AI is the aging index of crossover modulus, G∗
c−unaged is the crossover modulus

of unaged asphalt binder and G∗
c−aged is the crossover modulus of unaged asphalt binder.

Figure 6.11 shows the crossover modulus of long-term aged neat and modified asphalt
binders at 20 ◦C. The results demonstrated that the modified asphalt binder achieved the
highest crossover modulus compared with the neat binder. This is attributed to decreasing
the effect of aging on the asphalt binder based on previous research [83, 122].

The results showed that there is a significant influence of modifiers on the crossover
modulus, whereby the crossover modulus of the neat binder is enhanced by adding modi-
fiers. For example, the crossover modulus increased by 36% when 8%GF was added to the
neat asphalt binder, demonstrating that the geopolymer had a considerable impact on the
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Figure 6.10: Evaluating the aging effect on the crossover modulus

Figure 6.11: Crossover modulus of neat and modified asphalt binders

viscoelastic behavior. In contrast, the 2%SBS exhibited low resistance to oxidation aging,
whereby it achieved the smallest value of crossover modulus. Figure 6.12 represents the
change in the crossover modulus between unaged and aged asphalt binders. 8%GF and
hybrid binders showed the same rate of change in the crossover modulus due to aging,
while the smallest rate is obtained by adding 2% of SBS.
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Figure 6.12: Aging index of neat and modified asphalt binder

6.3.2 Additives Effects on the Performance of Asphalt Mixture

Dynamic / Complex Modulus Test Analysis

The stress-strain relationship in HMA is characterised by its complex modulus (E∗), which
determines the stiffness characteristics of the HMA as a function of temperature and loading
rate under continuous sinusoidal loading [77]. The dynamic modulus was considered as a
significant parameter input in the MEPDG design method of asphalt pavement, which used
for characterizing asphalt mixtures [160]. The dynamic modulus of an asphalt mixture
can be measured by performing stress-controlled or strain-controlled laboratory tests at
various temperatures and frequencies. The analysis of dynamic/complex modulus test
data includes the development of master curves, which assists in the comparison of the
stiffness of asphalt mixtures over a variety of temperature and frequency ranges.

The linear viscoelastic properties of the asphalt binder and mixture at different tem-
peratures and frequencies have been described by constructing the master curves using
different models and shift factors. Rowe et al. (2009) [182] remarked that the generalised
logistic sigmoidal model works well for the analysed samples and suggested that it be used
to obtain a better master curve for non-symmetric curves. Pellinen et al. (2002) [162]
concluded that the use of the sigmoidal fitting function to generate the master curve for
the dynamic modulus test data appears to fit the data well because it matches the physical
shape of the measured data throughout a wide range of temperatures. In this study, the
shift factor (at) using the Williams, Landel and Ferry (WLF) equation (Equation 6.3) and
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the generalised logistic sigmoidal model (Equation 6.4) were used to construct the master
curve of asphalt mixture with different temperatures (-10 ◦C and 21 ◦C), as shown in Figure
6.13. The master curve was developed with the use of the Microsoft Excel spreadsheet and
the solver function. Table 1 summarizes the coefficients of the shift factor and sigmoidal
model equations for various additives at different temperatures. The results revealed that
asphalt mixtures including various modified asphalt binders are stiffer than asphalt mix-
tures containing the neat asphalt binder, which has the maximum dynamic modulus at
various frequencies.

Log at =
−C1(T − Tref )

C2 + (T − Tref )
(6.3)

Where Tref is the reference temperature, and C1 and C2 are constants to reduce the
difference between actual and predicted data [234].

Log E∗(f, T ) = δ +
α

(1 + λ exp( β + γ(Logfr)))
1
λ

(6.4)

Where E∗(f, T) is the dynamic modulus as a function of frequency and temperature,
δ is the lower asymptote, α is the difference between the values of the upper and lower
asymptotes, β and γ are the shape coefficients, and λ is used to allow the curve to have a
non-symmetrical shape [234].

Figure 6.13: Master curve for dynamic/complex modulus at -10 ◦C and 21 ◦C
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Table 6.4: Summary of the shift factor and sigmoidal model coefficients
Temp. Binder Shifting Model

C1 C2 α β δ γ λ R2

-10 ◦C Neat 35.029 205.401 2.244 -1.953 2.257 -0.372 0.125 0.999
8%GF 31.837 170.798 2.569 - 2.225 1.960 -0.311 0.064 0.999
2%SBS 29.515 163.013 2.389 - 2.181 2.173 -0.312 0.046 0.999
Hybrid 33.829 192.746 2.299 - 2.096 2.284 -0.306 0.042 0.998

21 ◦C Neat 28.484 220.324 2.234 -0.250 2.256 -0.377 0.131 0.999
8%GF 27.124 205.103 2.589 - 0.717 1.939 -0.314 0.065 0.999
2%SBS 23.141 179.736 2.355 - 0.725 2.184 -0.324 0.047 0.999
Hybrid 17.179 129.899 2.256 - 0.742 2.253 -0.329 0.042 0.999

Figures 6.14 and 6.15 show E∗ and δ values measured for mixtures with various types
of additives at various frequencies (0.1, 0.5, 1, 5, 10, and 25 Hz) and temperatures (-10 and
21 ◦C) but normalised to those obtained for the asphalt mixture with neat binder. The
results revealed that the modified asphalt mixtures have the highest values of E∗ at low
temperature (-10 ◦C) and intermediate (21 ◦C) temperatures compared with unmodified
asphalt mixture. Whereas there is a reduction in the phase angle at different temperatures
and frequencies, which indicates that the viscoelastic behavior of asphalt binder is changed
to be more elastic.

Figure 6.14: Frequencies effects on the E and δ of different asphalt mixtures at 21 ◦C
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Figure 6.15: Frequencies effects on the E∗ and δ of different asphalt mixtures at -10 ◦C

Moisture Sensitivity Evaluation

Moisture damage in pavement materials is the most important issue that affects the dura-
bility of asphalt pavement. Moisture damage causes stripping, which is defined as the
loss of adhesive bonding force between the binder and the aggregate particles. Moisture
damage in asphalt mixes is caused by a loss of adhesion and/or cohesion, resulting in a
progressive deterioration of the mixture’s strength and stiffness [109]. The Tensile Strength
Ratio (TSR), which is the ratio of tensile strength before and after conditioning, is used
to determine the moisture sensitivity of asphalt mixtures.

Figure 6.16 shows the effects of different additives on the tensile strength of the as-
phalt mixture before and after conditioning. In the dry condition, the tensile strength
has increased from 580.4 kPa to 740.4 kPa, 884.8 kPa, and 917.4 kPa by using 8%GF,
2%SBS, and hybrid binders, respectively. In the freezing-thawing condition, there is a
high reduction in the tensile strength by using 8%GF, 2%SBS, and hybrid binders, but
the tensile strength has still increased from 563.7 kPa to 618.9 kPa, 787.8 kPa, and 832.1
kPa, respectively.

The results revealed that the asphalt mixes for neat and modified asphalt binder are
susceptible to moisture damage, whereby the asphalt mixtures achieved tensile strength
ratio (TSR) values more than 80%. The asphalt mixes with different modifiers have a
higher tensile strength compared with neat binder. It is observed that the hybrid mixed is
the least susceptible to moisture damage with a TSR of 91% compared with other modifiers.
This finding indicated that geopolymer-modified asphalt binder has a significant resistance
to moisture damage as also concluded by Rosyidi et al. (2020) [181].
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Figure 6.16: Moisture sensitivity evaluation

Fracture Energy of Asphalt Mixture

Additives effects on the macro cracking resistance of asphalt mixes and the effect of freezing
and thawing on the cracking resistance of asphalt mixes were investigated in Figure 6.17.
Fracture energy is one of the parameters that characterizes the asphalt mix’s cracking
resistance; asphalt mixes with higher fracture energy have enhanced cracking resistance
[242]. After the peak stress, the load bearing capacity of asphalt mix will certainly decline
as the macro-crack begins to form and grows. Therefore, to evaluate the effects of additives
on the cracking resistance of asphalt mixes, the fracture energy was calculated at the
maximum tensile strength and at the dropping of the tensile strength to 85% and 75%
using Equations 6.5 and 6.6.

Wf =
n−1∑
i=1

((li+1 − li)× Pi +
1

2
(li+1 − li)× (Pi+1 − Pi)) (6.5)

Gf =
Wf

Dt
× 106 (6.6)

Where Gf is the failure energy (Joules/m2), Wf is the work of failure (Joules), D spec-
imen diameter (mm), and t is the thickness of specimen (mm). The results revealed that
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the cracking resistance of the asphalt mixture is enhanced by using geopolymer, SBS, and
the combination of geopolymer and SBS. The hybrid binder achieved the highest fracture
energy at dry and freezing-thawing conditions which means the highest cracking resistance
compared to the other modifiers. It was also noted that freezing-thawing condition has a
negative influence on the fracture energy of modified asphalt mixtures due to the presence
of water, which causes a reduction in the adhesion between the asphalt binder and aggre-
gate. The fracture energy of modified asphalt mixes is still higher than the mixture with
the neat asphalt binder despite this reduction.

Figure 6.17: Additives effect on the fracture energy of asphalt mixture

6.4 Conclusions

In this research, the rheological and performance of asphalt binder modified using geopoly-
mer and SBS polymer were investigated. Also, the effects of additives, temperatures, and
aging on the asphalt binder performance were also evaluated. Meanwhile, the influence
of additives on the moisture damage and cracking resistance were studied. Based on the
findings, the following conclusions can be drawn:

• The 12%GF modified asphalt binder achieved the highest fatigue life compared to the
neat, 4% GF, 8%GF, and 2%SBS binders. Compared to the neat asphalt binder, the
fatigue life increased by 33%, 21%, and 20% at 10 ◦C, 20 ◦C, and 30 ◦C, respectively.
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• Compared to the neat asphalt binder, the (2%SBS+8%GF) modified asphalt binder
increased the fatigue life by 61%, 41%, and 50% at 10 ◦C, 20 ◦C, and 30 ◦C, respec-
tively.

• The thermal cracking performance of the asphalt binder was enhanced when the
2%SBS and hybrid modifier were used as modifiers, which achieved the lowest creep
stiffness.

• The crossover modulus of the neat binder is enhanced by adding 8% of geopolymer.
Compared to the neat asphalt binder, adding 8%GF increased the crossover modulus
by 36%, indicating a significant effect of geopolymer on the viscoelastic behavior.
Whereas adding 2%SBS and (2%SBS+8%GF) to the asphalt binder increased the
crossover modulus by 4% and 9%, respectively.

• Asphalt mixes with different modifiers had a higher tensile strength compared to neat
binder. By using 8% GF, 2% SBS, and hybrid binders, the tensile strength increased
from 580.4 kPa to 740.4 kPa, 884.8 kPa, and 917.4 kPa, respectively.

• The asphalt mixture with hybrid binder had the least susceptible to moisture dam-
age, with a TSR of 91% compared to other modified asphalt binders. This finding
indicates that using the combination of SBS and GF as a modifier for asphalt binder
had a significant resistance to moisture damage.

• Due to the presence of water, which reduces the adhesion between the asphalt binder
and aggregate, freezing-thawing conditions have a negative impact on the fracture
energy of modified asphalt mixtures. Despite this reduction, modified asphalt mixes
still have higher fracture energies than mixtures prepared with neat asphalt binder.
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Chapter 7

Evaluating the Effect of Glass
Powder/Fly Ash-Based Geopolymer
on the Rheological and Performance
of Asphalt Binder

This chapter is based on the following article, which was submitted to the International
Journal of Pavement Engineering. ”Evaluating the Effect of Glass Powder/Fly Ash-Based
Geopolymer on the Rheological and Performance of Asphalt Binder,” by A. Hamid, H.
Baaj, and M. El-Hakim (2022).

Abstract

This study was performed to evaluate the impact of temperature and additive content
on the rheological behavior of asphalt binders modified with glass powder and fly ash-
based geopolymer (GFG). Four different percentages GFG, 0%, 4%, 8%, and 12%, have
been used. The rheological properties and performance of asphalt binders were evaluated
using the rotational viscometer and dynamic shear rheometer (DSR). The Multiple Stress
Creep Recovery (MSCR) test was conducted to study the rutting potential of asphalt
binders, which were tested at temperatures ranging from 46 ◦C to 70 ◦C with a 3 ◦C gap.
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 developed using the response

119



surface method (RSM) and regression method. The Linear Amplitude Sweep (LAS) was
carried out to investigate the potential effect of geopolymer on the fatigue performance of
asphalt binders using the VECD model and Schapery’s work potential theory. The results
showed that the GFG additives change the viscoelastic behavior, increasing the shear
complex modulus and decreasing the phase angle. Adding 8%GFG increases the modulus
from 9.48 kPa to 22.32 kPa and drops the phase angle from 76.9° to 71.6°, indicating that
the material becomes more elastic at 52 ◦C. In addition, at low and high stress levels,
modified asphalt binders outperformed the neat binder in terms of rutting resistance. The
findings confirmed that temperature is statistically more significant than the geopolymer
content, and the RSM is an effective method to predict the recovery and non-recovery
performance of geopolymer modified asphalt binder. The 8%GFG exhibited the highest
potential to fatigue resistance followed by 12%GFG then 4%GFG. The neat asphalt binder
exhibited the lowest potential to fatigue resistance. This research confirms that the use
of glass powder/fly ash-based geopolymer would improve rutting and fatigue resistance of
the asphalt binders.

7.1 Introduction

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 difficult 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 beneficial.

Governments provide significant 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 significant amount of money each year on road infrastructure main-
tenance due to severe weather and high traffic loads that cause pavement deterioration.
Modifiers that have a significant effect on the performance of asphalt binders could be
used to reduce pavement distress such as rutting and cracking [19, 106]. Consequently, the
potential development of modifier materials could reduce maintenance and rehabilitation
costs.

Glass, a non-degradable waste item, accounts for 2% of total waste materials in Canada,
according to Environment and Climate Change Canada [80]. This includes beverage con-
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tainers, windows, and dishware. In the meantime, 0.44 million tonnes have been disposed
of in landfills during 2016. While the European Union accumulates 15.2 million tonnes
of glass waste each year [82]. Worldwide, there is a trend toward improving asphalt per-
formance by utilising waste materials such as waste glass that have rapidly accumulated
over the last few decades. In the developed world, waste glass collection and treatment are
becoming more regular parts of environmental policy [212]. Because the collected waste
glass has different properties, it has been regarded as a critical problem all over the world.
Consequently, recycling and reusing waste glass is a difficult procedure for glass producers
[169, 190, 217].

Glass powder was used as a construction material, and it was noted that it is an
appropriate alternative to natural fine sand in concrete [202, 15, 104, 105]. Tan and Du
(2013) [202] replaced the fine aggregate in the binder mortar with different percentages of
waste glass (0%, 25%, 50%, 75%, and 100%) of four different types (brown, green, clear,
and mixed colour glass). As a result of the irregular form and lower density of waste glass
particles, there is a drop in density and flowability, as well as more air content. In addition,
there is a reduction in the mechanical properties due to the weakened bond between the
binder paste and glass particles. Adaway and Wang (2015) [15] explored the effective
amount of waste glass required to replace the fine aggregate in concrete, which achieved
the optimal compressive strength. Five percentages (15, 20, 25, 30, and 40%) of waste glass
were used, whereby three samples were prepared for every percentage and then tested at
7 and 28 days. According to the findings, the optimal compressive strength was attained
by utilising 30% waste glass at 7 and 28 days.

Moreover, the glass powder was used as a filler to enhance the asphalt binder and
mixture performance [191, 56, 123]. Simone et al. (2019) [191] concluded that galss
powder could be reused as a filler with both neat and modified asphalt binder and has
a potential enhancement to the bearing capacity and rutting performance of the asphalt
mixture. Choudhary et al. (2021) [56] used glass powder as a filler in the asphalt mixture
and noted that there was a substantial impact on rutting, fatigue, and low-temperature
cracking at low asphalt content. On the other hand, the significant amount of silica in the
glass powder reduced adhesion and moisture resistance. While Jony et al. (2011) [123]
investigated the possibility of using glass powder as a filler in asphalt mixtures compared
with ordinary Portlant cement and lime stone. The results revealed that using 7% of galss
powder produced an asphalt mixture with a lower density, high stability, and lower flow.

Recently, glass powder has been used as an alkaline activator [213, 210] or as a precursor
blended with fly ash [175, 211] for geopolymer applications. Torres-Carrasco and Puertas
(2015) [213] explored the possibility of using waste glass as an alkaline activator in the
preparation of fly ash-based geopolymer. Three solutions (8 molars of sodium hydroxide, 10
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molars of sodium hydroxide with 15% waterglass, and 10 molar of sodium hydroxide with 15
g of waste glass) were used as activators for fly ash, and the mechanical and microstructural
properties were determined. It was concluded that waste glass is an effective alkaline
activator in the preparation of geopolymer. Tchakouté et al. (2016) [210] studied the
possibility of using waste glass and rice hush as a source of sodium waterglass, which is
used as an activator for pozzolanic material during the preparation of geopolymers based on
metakaolin. It was noted that sodium water glass made from rice hush ash is less reactive
than waste glass, and the highest compressive strength is achieved in the metakaolin-based
geopolymer from waste glass.

Moreover, replacing fly ash with waste glass in geopolymer has been investigated by
many researchers [175, 211]. It was shown that there are significant effects on the me-
chanical properties of geopolymers. Redden and Neithalath (2014) [175] noted that the
compressive strength was higher for glass powder than for fly ash when activated using
NaOH at low curing temperatures. Meanwhile, Tho-In et al. (2018) [211] studied the
potential usage of waste glass powder as a replacement for fly ash during the geopoly-
mer’s preparation. Nine mixtures were prepared to investigate glass powder’s effect on the
compressive strength and microstructure of geopolymer. Sodium hydroxide (NaOH) and
sodium silicate were used as alkali activators. The results revealed that waste glass could
be utilized as a replacement for fly ash during the preparation of geopolymers. Bobirica
et al. (2015) [43] investigated the effect of waste glass on the strength and microstruc-
ture of geopolymer-based on fly ash or fly ash with slag. Sodium hydroxide (NaOH) and
sodium silicate were utilized as activators for four different compositions using waste glass
to replace fly ash with different percentages. The results indicated that the compressive
strength was decreased due to increasing the waste glass proportions, whereby increasing
the SiO2/Al2O3 molar ratio caused a change in the microstructure of geopolymers.

Nowadays, application of statistical modelling approaches such as response surface
method (RSM) is significant since it has a great deal of potential for analysing the im-
pact of many factors on a given response. RSM has been widely utilized to predict the
influence of different factors on the rheological and performance of modified asphalt binders
[38, 54]. RSM has been used to improve the performance of various asphalt binder modi-
fiers by modifying the asphalt binder and optimising the modification mixing parameters
using a variety of dependent and independent variables related to the asphalt binder, the
modification process, and the asphalt binder’s performance [138]. Badri et al. (2020) [35]
investigated the effects of crumb rubber content (5%, 7%, 10%, 12%, and 15%) and temper-
atures (ranging from 46 ◦C to 82 ◦C) on the rheological properties of asphalt binder using
a dynamic shear rheometer (DSR). RSM was performed using temperature and crumb
content as independent variables and rheological parameters (complex modulus (G∗) and
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phase angle) as responses. It was concluded that crumb content has more influence on the
response than temperature, and the RSM approach is an effective method to investigate
the rheological properties of asphalt binder.

7.1.1 Objectives

This study aimed to investigate the feasibility of using glass powder as an aluminosilicate
source during the preparation of geopolymer as a modifier for asphalt binder. Also, the
potential of using the GFG to enhance the rutting and fatigue performances of asphalt
binder by investigating the following:

1. Investigating the influence of GFG on the viscoelastic behavior of asphalt binder.

2. Evaluating the effect of various parameters (Temperature and geopolymer content)
on the non-recoverable creep compliance (Jnr) and creep recovery percentage (R) of
modified asphalt binders using statistical analysis.

3. Using the response surface method (RSM) and the regression method to predict Jnr
and R at different stresses, considering the effect of temperature and geopolymer
content.

4. Assessing the effect of GFG on the fatigue performance of asphalt binder

7.2 Experiment and methods

7.2.1 Materials

Preparation of Geopolymer

Fly ash (180 g) and glass powder (20 g) were used as alumino-silicate precursors during
geopolymer preparation. The alumino-silicate precursors were activated using 80 g of
sodium hydroxide and sodium silicate at a ratio of 2:1 by mass. The mixture was stirred
for 5 minutes before being transferred to silicone moulds and curing for 6 days at room
temperature (23 - 25 ◦C) and 24 hours at 65 ◦C. After that, the geopolymer was grinded
and sieved using sieve No. 100 to remove particles larger than 0.15 mm, which may affect
the consistency of the result. The preparation steps of geopolymer additives are depicted
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in Figure 7.1. The geopolymer is formed when the aluminosilicate source reacts with the
alkaline solution, whereby the tetrahedral silica (SiO4) and alumina (AlO4) are joined by
oxygen (O2) in three-dimensional chain networks [76].

Preparation of Asphalt Binders

The PG 58-28 asphalt binder was heated until it became fluid. The temperature was kept
constant at 140 ◦C ± 5, and the GFG was added to the neat asphalt binder blend at three
different concentrations: 4%GFG, 8%GFG, and 12%GFG. The mixture was then mixed
using a mechanical shear mixer at a speed of 2000 r/min for 60 minutes, as shown in Figure
7.1.

Aging Procedure

Following the mixing process of asphalt binders, samples for short-term aging in a rolling
thin-film oven (RTFO) were filled in cylindrical glass bottles with 35 ± 0.5 grams. After
cooling for 60 to 180 minutes, all bottles were put horizontally in a vertically revolving
frame, rotating at a speed of 15 revolutions per minute. The sample flows along the glass
bottle’s wall due to the temperature and movement. Air was pumped into each glass bottle
once throughout each cycle, which took a few seconds. This operation proceeded at 163
◦C for 85 minutes.

7.2.2 Rheological Properties Tests

Rotational and Dynamic Shear Viscosities

The rotational viscosities of the neat and modified asphalt binders were measured at 135 ◦C
and 165 ◦C using a rotational viscometer, as dipicted in Figure 7.1. At each temperature,
three readings were obtained, and the average was used as the test result. The test was
performed according to AASHTO T 316 [7]. The dynamic shear viscosities were determined
using a dynamic shear rheometer at different temperatures ranging from 46 ◦C to 70 ◦C at
a constant frequency (10 rad/s).

Performance Grade (PG) Test

The performance grades (PG) of neat and modified asphalt binder at high temperatures
were determined according to AASHTO T315 [6]. Also, the failure temperature of aged
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and unaged asphalt binders was evaluated. High-performance grading represents the high
temperature in the summer that the binder can resist, which was determined using the
superpave parameters G∗/sinδ = 1 kPa for unaged asphalt binder and G∗/sinδ = 2.2 kPa
for aged asphalt binder.

Frequency Sweep (FS) Test

The frequency sweep test was used to determine the effects of frequencies, temperatures,
and GFG content on asphalt binders’ linear viscoelastic behavior. The testing used a 25
mm diameter plate with a 1-mm gap, and the frequencies varied from 0.159 Hz to 15 Hz.

Temperature Sweep (TS) Test

The test was applied using a 1.59 Hz frequency and different temperatures ranging from
46 ◦C to 70 ◦C with 6 ◦C increments. Two plates with a 25 mm diameter and a 1 mm gap
between them were used in the test.

Multiple Stress Creep Recovery (MSCR) test

The MSCR test was used to evaluate the percent recovery (%R) and non-recoverable creep
compliance (Jnr) of asphalt binders. The asphalt binders were aged (short-term aging)
using the Rolling Thin Film Oven (RTFO). The MSCR test was carried out with a 25
mm diameter plate and a 1 mm gap at various temperatures (from 46 ◦C to 70 ◦C) and
stresses (0.1 kPa and 3.2 kPa). The test was performed by applying creep for one second
and recovering for nine seconds, whereby the %R and Jnr were calculated.

Linear Amplitude Sweep (LAS)

For the neat and modified asphalt binders, the LAS test was carried out according to
AASHTO TP 101 [1], utilizing DSR with an 8 mm diameter plate and a 2 mm gap at a
temperature of 20 ◦C. This test should take about 30 minutes in total, which is deemed
a considerable advantage [112]. The LAS test is repeated at a steady frequency (10 Hz)
to accelerate fatigue damage. The test findings were used to assess the fatigue life (Nf ) of
asphalt binders using the VECD model and Schapery’s work potential theory (1984) [188].
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Figure 7.1: Experiment and methods

7.3 Results and Discussion

7.3.1 Rheological Properties Tests Analysis

Additives and Temperature Effects on the Viscosity

Figure 2 (a, b) shows the influence of geopolymer on the rotational and dynamic shear
viscosity of neat and modified asphalt binders. The viscosity is a key factor in determining
the feasibility and ease of handling in pumping, as well as the required mixing and com-
paction temperatures. Figure 7.2 (a) demonstrated the rotational viscosity of all binders
at 135 ◦C and 165 ◦C to determine the mixing and compaction temperatures of asphalt
mixtures. The test was conducted according to AASHTO T 316 [7].

The results showed that the geopolymer modified asphalt binder achieved the highest
viscosities compared to the neat binder, but less than 3 Pa.s at 135 ◦C and 20 rpm as
recommended by the Superpave specification [109]. Increasing the viscosity is attributed
to larger modules present in the fluid [147], which may be caused by the formation of the
chain networks in the asphalt-geopolymer mixture. Also, Figure 7.2 (b) revealed a similar
pattern, whereby the dynamic shear viscosity is increased for all modified asphalt binders
at different temperatures (46 ◦C, 52 ◦C, 58 ◦C, 64 ◦C and 70 ◦C).
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Figure 7.2: Effect of geopolymer on (a) rotational viscosity and (b) dynamic shear viscosity

Effect of Temperatures on the Complex Shear Modulus and Phase Angle

Figure 7.3 represents the complex shear modulus and phase angle variation for neat and
modified binders at different testing temperatures. When compared to the neat binder,
the geopolymer modified asphalt binder changes the asphalt binder’s viscoelastic behavior
at different temperatures by increasing the shear complex modulus and decreasing the
phase angle. The geopolymer-modified asphalt binder’s complex modulus was increased
by adding additional geopolymer up to 8%GFG throughout the test temperature range.
For example, The shear complex modulus has increased from 9.48 kPa to 22.32 MPa,
and the phase angle dropped from 76.9° to 71.6°, indicating that the viscoelastic behavior
becomes more elastic at 52 ◦C.

The shear complex modulus of the asphalt binder drops, and the phase angle increases
as GFG increases above 8%. Thus, increasing the geopolymer content by more than 8%
has caused a reduction in elastic behavior compared to 8%GFG. This reduction may be
attributed to the particle-particle repulsion due to steric forces, which caused an inverse
chemical reaction and prevented the formation of molecular networks. It was found that
adding geopolymer to the neat asphalt binder reduces the phase angle, indicating the
change in the viscoelastic behavior and a shift toward elastic behavior. However, the
results of phase angles cannot be utilized to establish which asphalt binder type is more
elastic. As a result, the storage and loss modulus of the complex shear modulus should be
separated.
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Figure 7.3: Temperature effect on the complex shear modulus and phase angle

Temperatures Effect on the Storage and Loss Modulus

Figure 7.4 shows the impact of frequencies and temperatures (46 ◦C and 58 ◦C) on the
storage modulus (G

′
) and loss modulus (G

′′
) values, respectively. It was noted that the

G
′
and G

′′
values increased geometrically as frequency increased from 0.1 to 10 Hz, while

both G
′
and G

′′
decreased as temperature increased. When G

′
> G

′′
, the asphalt binder

has more ability to recover from deformation. When G
′′
> G

′
, the asphalt binder has more

ability to resist the deformation. Tables 7.1 and 7.2 show that the neat binder has a loss
modulus greater than a storage modulus because the individual molecules do not have such
strong links [147]. Whereas, adding geopolymer causes a significant increase in both G

′

and G
′′
. For example, the G

′
is increased 400% by adding 8% of geopolymer at 58 ◦C and

0.1 Hz compared with neat binder, while the G
′′
is increased 170% at the same geopolymer

content, temperature, and frequency. This significant increase in the G
′
is attributed to

the internal connections inside the material, such as chemical bonding or physical-chemical
interactions [147].

Asphalt binders with 4%GFG, 8%GFG, and 12%GFG achieved more ability to resist
and recover from deformation, whereby they have higher storage and loss modulus than
neat asphalt binder. The 8%GFG binder achieves higher storage and loss modulus than
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Figure 7.4: Temperature and frequency effects on the (a) storage modulus and (b) loss
modulus

Table 7.1: Temperature and frequency effects on the storage modulus (kPa)

Binder G
′
at 0.1 Hz G

′
at 10 Hz

46 ◦C 58 ◦C 46 ◦C 58 ◦C

Neat 0.36 0.03 30.61 5.07

4%GFG 1.21 0.11 71.40 12.72

8%GFG 1.49 0.15 80.08 14.62

12%GFG 0.73 0.06 50.27 8.92

the 4% GFG and 12%GFG binder. Also, it has more ability to resist the deformation at
various temperatures (46 ◦C and 58 ◦C) and frequencies (from 0.1 to 10 Hz), whereby G

′′

is greater than G
′
, as shown in Tables 7.1 and 7.2. Therefore, the ability to resist and

recover the deformation is ranked as: 8% GFG > 4% GFG > 12% GFG > 0% GFG.

Effect of Geopolymer Content on the PG Grading and Rutting Factor

Table 7.3 shows the performance grades (PG) for asphalt binders at high temperatures.
The results showed that the GFG modified asphalt binder with 4%, 8%, and 12% acheieved
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Table 7.2: Temperature and frequency effects on the loss modulus (kPa)

Binder G
′′
at 0.1 Hz G

′′
at 10 Hz

46 ◦C 58 ◦C 46 ◦C 58 ◦C

Neat 2.04 0.34 93.28 20.35

4%GFG 4.81 0.81 170.01 38.54

8%GFG 5.44 0.94 184.21 42.37

12%GFG 3.36 0.58 134.80 30.45

Table 7.3: Additive type and amount effects on high temperature resistance

Binder HPG G∗/sinδ = 1 kPa G∗/sinδ = 2.2 kPa

◦C ◦C ◦C

Neat 58 61.65 63.35

4%GFG 64 64.00 69.60

8%GFG 64 64.10 70.75

12%GFG 64 64.00 67.25

the highest resistance to the high temperatures compared with the neat binder. While
8%GFG exhibited more resistance to high temperatures for aged and unaged asphalt
binders.

The influence of temperature and GFG content on the rutting factor (G∗/sinδ) of
asphalt binder is shown in Figure 7.5. The results showed that increasing the geopolymer
additives increased the rutting factor, indicating that the asphalt binder becomes stiffer
and more elastic, and hence more resistant to rutting deformation. These findings were also
noted in the prior study [106, 108]. When compared to other modified asphalt binders,
the 8%GFG binder has a higher rutting factor. This might be due to the geopolymer
modification rate and the positive interaction between asphalt binder and geopolymer
molecules.
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Figure 7.5: Additives and temperature effect on the rutting factor

7.3.2 MSCR results analysis

Temperature and Additives Effects on the Accumulated Strain

Figure 7.6 presents the average accumulated strain of ten creeps (1 s) for neat and modified
asphalt binders at low and high stresses (0.1 kPa and 3.2 kPa), and different temperatures
(46 ◦C and 58 ◦C). It was noted that the temperature and geopolymer content had crucial
influences on the accumulated strain. The results showed that modified asphalt binders
achieved the smallest accumulated creep strain at various temperatures and stresses. The
accumulated strain of asphalt binder modified with geopolymer is lower than that of neat
asphalt binder, indicating that the geopolymer enhanced the rutting performance of the
asphalt binder; this supported the conclusions from previous studies [106, 108]. Also,
the 8% GFG binder has the lowest accumulated strain compared with the 4%GFG and
12%GFG. Therefore, the accumulated strain is ranked as: 8%GFG < 4%GFG < 12%GFG
< 0%GFG.
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Figure 7.6: Temperature effect on the accumulated strain of GFG at (a) 0.1 kPa and (b)
3.2 kPa

Temperature and Additives Effects on the Recovery and Non-Recovery Behav-
ior

The MSCR test was performed under low and high stresses (0.1 kPa and 3.2 kPa) and a
wide temperature range of 46 ◦C to 70 ◦C with a 3 ◦C increment. Tables 7.4 and 7.5
represent the effect of geopolymer content and temperatures (46 ◦C, 52 ◦C, and 58 ◦C) on
the creep recovery of asphalt binder. The results revealed that asphalt binder modified by
4%, 8%, and 12% of geopolymer enhanced the recovery properties at different temperatures
and stresses. Also, the 8%GFG binder achieved the highest creep recovery compared to
4%GFG and 12%GFG binders at different stresses and temperatures. At low stress (0.1
kPa), the 8%GFG creep recovery increased by 57%, 74%, and 107% at 46 ◦C, 52 ◦C, and
58 ◦C, respectively, when compared to the neat binder. At 46 ◦C, 52 ◦C, and 58 ◦C, it
increases by 88%, 188%, and 456%, respectively, under high stress (3.2 kPa). Therefore,
the ability for creep recovery is ranked as: 8%GFG > 4%GFG > 12%GFG > 0%GFG.

Tables 7.6 and 7.7 represent the effects of geopolymer content and temperatures on the
non-recoverable creep compliance (Jnr) of asphalt binder at 0.1 kPa and 3.2 kPa, respec-
tively. The results showed that asphalt binder modified by 4%, 8%, and 12% of geopolymer
induced the lowest Jnr compared to the neat binder, which confirmed the potential effect
of geopolymer on the rutting resistance. Besides, the 8%GFG binder achieved the smallest
Jnr compared with 4% and 12%GFG at different stresses and temperatures. For example,
under low stress (0.1 kPa), the Jnr value of 8%GFG decreased by 72%, 69%, and 67% at 46
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Table 7.4: Temperature impact on the (%R) of asphalt binders at 0.1 kPa

Binder (%R) Rmodified/Rneat

46 ◦C 52 ◦C 58 ◦C 46 ◦C 52 ◦C 58 ◦C

Neat 28.39 19.16 11.48 1.00 1.00 1.00

4%GFG 40.16 28.97 20.16 1.42 1.51 1.76

8%GFG 44.67 33.28 23.80 1.57 1.74 2.07

12%GFG 34.96 24.47 16.14 1.23 1.28 1.41

Table 7.5: Temperature impact on the (%R) of asphalt binders at 3.2 kPa

Binder (%R) Rmodified/Rneat

46 ◦C 52 ◦C 58 ◦C 46 ◦C 52 ◦C 58 ◦C

Neat 21.17 8.72 1.99 1.00 1.00 1.00

4%GFG 35.24 20.55 8.19 1.66 2.36 4.12

8%GFG 39.75 25.12 11.07 1.88 2.88 5.56

12%GFG 28.92 15.21 5.09 1.37 1.74 2.56

Table 7.6: Temperature impact on the (Jnr) of asphalt binders at 0.1 kPa

Binder (Jnr) Jnr−modified/Jnr−neat

46 ◦C 52 ◦C 58 ◦C 46 ◦C 52 ◦C 58 ◦C

Neat 0.25 0.71 1.79 1.00 1.00 1.00

4%GFG 0.09 0.27 0.70 0.36 0.38 0.39

8%GFG 0.07 0.22 0.59 0.28 0.31 0.33

12%GFG 0.14 0.39 1.02 0.56 0.55 0.57

◦C, 52 ◦C, and 58 ◦C, respectively, when compared to the neat binder. While it decreases
by 72%, 71%, and 67%, respectively, under high stress (3.2 kPa).
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Table 7.7: Temperature impact on the (Jnr) of asphalt binders at 3.2 kPa

Binder (Jnr) Jnr−modified/Jnr−neat

46 ◦C 52 ◦C 58 ◦C 46 ◦C 52 ◦C 58 ◦C

Neat 0.29 0.84 2.21 1.00 1.00 1.00

4%GFG 0.10 0.30 0.86 0.35 0.36 0.39

8%GFG 0.08 0.24 0.72 0.28 0.29 0.33

12%GFG 0.16 0.46 1.26 0.55 0.55 0.57

The impact of geopolymer on the asphalt binder traffic level is depicted in Figure 7.7.
The traffic loading was classified at a high PG temperature (58 ◦C) for the neat binder to
explain the significant effect of geopolymer. These results depend on the Jnr values at high
stress (3.2 kPa), whereby the traffic loading was classified into four class (S is standard
traffic (≤ 10 million ESALs), H is heavy traffic (10-30 million ESALs), V is very heavy
traffic (≤ 30 million ESALs), and E is extremely heavy traffic (≥ 30 million ESALs) with
standing traffic) [9]. The results showed that 4%GFG, 8%GFG, and 12%GFG binders have
greater load traffic resistance than the neat binder. The results showed that temperature
and geopolymer content have significant influences on MSCR results.

7.3.3 Statistical Analysis

A detailed statistical analysis can be used to develop a better understanding of the tem-
perature and geopolymer content influences on the non-recoverable creep compliance (Jnr)
and creep recovery (R) of modified asphalt binders. As a result, the response surface
method (RSM), regression method, and analysis of variance (ANOVA) were used. Jnr and
R responses data at different stresses (0.1 kPa and 3.2 kPa) were used in the analysis, and
statistical models were developed. The factors and levels that were used in the statistical
models are shown in Table 7.8. Minitab-17 was used to conduct all statistical analyses.

Response Surfaces Method (RSM) Analysis

RSM has been successfully used in the pavement field for a variety of purposes. RSM
can be used to increase the sustainability and performance of various asphalt modifiers
by modifying the asphalt binder and optimizing the modification mixing parameters [215].
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Figure 7.7: Effect of temperature and additives on the Jnr3.2

Table 7.8: The statistical models’ factors and levels

Symbol Factor Level

Low Center High

T Temperature (◦C) 46 58 70

C Geopolymer content (%) 4 8 12

RSM can be used to develop an empirical model for each response, such as a second-
order model (Equation 7.1), and then take advantage of these models to evaluate the
configuration of the design factors that provide optimal or at least acceptable response
values [152].

y = β0 + β1T + β2C + β12TC + β11T
2 + β22C

2 (7.1)

Where y is the response, T and C are the studied factors, β0 is constant, and βs are
regression coefficients.

The RSM analysis was utilized in this work to analysis the effect of various parameters
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(Temperature and geopolymer content) on the non-recoverable creep compliance (Jnr) and
creep recovery percentage (R) of modified asphalt binders using response surfaces and
contour plots, and to predict the Jnr0.1, Jnr3.2, R0.1, and R3.2 of asphalt binders. To study
the effects of primary components and their interactions, a full-quadratic RSM analysis
was used. Figures 7.8 and 7.9 describe the 3D response surface and contour plots for
the non-recoverable creep compliance and creep recovery percentage of modified asphalt
binders versus two factors (temperature and geopolymer content).

The 3D surface plots, as shown in Figures 7.8 and 7.9, revealed considerable change in
the graph when the temperature increased, which indicated that temperature had a major
impact on responses. Furthermore, the contour plots clearly demonstrated the significance
of the investigated parameters. The influence of temperature was substantially greater
than the geopolymer content, according to both the stepper surface and contour pattern.
Table 7.9 presents the RMS models for predicting the Jnr and R of modified asphalt
binder at different stresses (0.1 kPa and 3.2 kPa). A high R2 was obtained with a range of
0.97-0.99. At varied geopolymer content and temperatures, these empirical equations can
be used to predict Jnr0.1, Jnr3.2, R0.1, and R3.2.

Regression Model

The empirical models were developed using regression analysis to predict the Jnr0.1, Jnr3.2,
R0.1, and R3.2 of asphalt binder modified using GFG with different percentages, 4%, 8%,
and 12%. As a result, Equation 7.2 was provided as a basic linear model.

y = β0 + β1T + β2C (7.2)

Where y is the response, T and C are the factors that were independently investigated,
β0 is constant, and β1 and β2 are coefficients of regression.

Table 7.9 provides regression models for predicting the Jnr and R of the neat and
modified asphalt binders under various stresses (0.1 kPa and 3.2 kPa), with an R2 rang-
ing from 0.8 to 0.94. At varied geopolymer content (4%GFG, 8%GFG, and 12%GFG)
and temperatures (ranging from 46 ◦C to 70 ◦C with a 3 ◦C increment), these empirical
equations can be used to predict Jnr0.1, Jnr3.2, R0.1, and R3.2.

Analysis of Variance (ANOVA)

ANOVA was applied in this study to investigate the significance influence of the two factors
(geopolymer content and temperature) on the responses (Jnr0.1, Jnr3.2, R0.1, and R3.2) with
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Figure 7.8: 3D response surface and contour plots for Jnr verses temperature and geopoly-
mer content at different stresses (a) 0.1 kPa and (b) 3.2 kPa

a 95% level of confidence. Tables 7.10 and 7.11 summarize the results of the ANOVA
analysis for the models.

The ANOVA results for RSM models in Table 7.10 indicated that all the studied
factors are statistically significant except the interaction effect between temperature and
geopolymer content (TC) for the R3.2 model, which was insignificant with a Pvalue more
than 0.05. While the ANOVA results for RM models in Table 7.11 indicated that the
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Figure 7.9: 3D response surface and contour plots for R verses temperature and geopolymer
content at different stresses (a) 0.1 kPa and (b) 3.2 kPa

geopolymer content factor is insignificant for the Jnr0.1 and Jnr3.2 models, with Pvalues of
0.142 and 0.158, respectively. Besides, it can be observed from Tables 7.10 and 7.11
that temperature has a higher statistical significance than geopolymer content, because
the Pvalues were substantially smaller. These results confirmed the observations of the 3D
response surface and contour plots in Figures 7.8 and 7.9, whereby the impact of the
temperature was much higher than the geopolymer content.

138



Table 7.9: Summary of the RM and RSM models

Model RM RSM

β0 β1 β2 R2 β0 β1 β2 β12 β11 β22 R2

Jnr3.2 -10.6 0.20 0.07 0.90 36.4 -1.33 - 0.89 0.01 0.01 0.03 0.99

Jnr3.2 -8.39 0.16 0.06 0.80 29.08 - 1.05 - 0.76 0.01 0.01 0.03 0.97

Jnr3.2 116.2 -1.74 -0.55 0.91 288.4 - 8.33 2.83 0.03 0.06 - 0.31 0.98

Jnr3.2 108.7 -1.45 -0.45 0.94 168.8 - 4.04 3.85 0.02 0.02 - 0.33 0.99

Table 7.10: RSM-ANOVA analysis for Jnr0.1, Jnr3.2, R0.1, and R3.2

Response Factor SS DF MS F-value P-value Significance
Jnr0.1 T 41.16 1 41.16 561.79 0.000 Yes

C 1.05 1 1.05 14.29 0.001 Yes
T2 7.43 1 7.43 101.46 0.000 Yes
C2 1.13 1 1.13 15.40 0.001 Yes
TC 0.77 1 0.77 10.54 0.004 Yes

Jnr3.2 T 65.96 1 65.96 680.01 0.000 Yes
C 1.46 1 1.46 15.08 0.001 Yes
T2 11.93 1 11.93 122.99 0.000 Yes
C2 1.53 1 1.53 15.73 0.001 Yes
TC 1.05 1 1.05 10.80 0.004 Yes

R0.1 T 3425.70 1 3425.70 4421.16 0.000 Yes
C 59.30 1 59.30 76.53 0.000 Yes
T2 33.36 1 33.36 43.05 0.000 Yes
C2 169.71 1 169.71 219.02 0.000 Yes
TC 5.25 1 5.25 6.78 0.017 Yes

R3.2 T 2780.70 1 2780.70 1233.56 0.000 Yes
C 54.64 1 54.64 24.24 0.000 Yes
T2 110.37 1 110.37 48.96 0.000 Yes
C2 129.07 1 129.07 57.26 0.000 Yes
TC 8.61 1 8.61 3.82 0.067 No
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Table 7.11: RM-ANOVA analysis for Jnr0.1, Jnr3.2, R0.1, and R3.2

Response Factor SS DF MS F-value P-value Significance
Jnr0.1 T 41.16 1 41.16 90.86 0.000 Yes

C 1.05 1 1.05 2.31 0.142 No
Jnr3.2 T 65.96 1 65.96 95.71 0.000 Yes

C 1.46 1 1.46 2.12 0.158 No
R0.1 T 3425.70 1 3425.70 366.07 0.000 Yes

C 59.30 1 59.30 6.34 0.019 Yes
R3.2 T 3056.82 1 3056.82 202.87 0.000 Yes

C 71.81 1 71.81 4.77 0.041 Yes

7.3.4 LAS Results Analysis

Figure 7.10 (a) represents the relationship between stress and strain for neat and modified
asphalt binders. The results showed that the asphalt binder modified by 4%, 8%, and 12%
of geopolymer achieved the highest shear stress compared with the neat binder. When
compared to the modified asphalt binders, the neat binder exhibits a rapid decrease in
C(t), as shown in Figure 7.11. Thus, it is observed that the damage intensity of a neat
binder is lower than the binders 4%GFG, 8%GFG, and 12%GFG at the same reduction in
C(t), which could be related to the decrease in the shear stress, as shown in Figure 7.10
(a). A similar pattern was noted in Figure 7.10 (b), whereby the stored PSE is increased
for all modified asphalt binder at different strains. Also, the 4%GFG binder achieved the
highest PSE than other binders at different strains.

Figure 7.12 (a, b) illustrated the impact of geopolymer content on the fatigue life
(Nf ) of neat and modified asphalt binders, whereby the Nf was calculated considering the
strain at different percentages (50%, and 75%) of shear stress and stored PSE. The results
showed that 4%GFG achieved the highest fatigue life compared with the neat, 8%GFG,
and 12%GFG binders, as depicted in Figure 7.12 (a, b). This finding supports the usage
of glass powder/fly ash and based-geopolymer modified asphalt binder to improve asphalt
binder fatigue performance.

7.4 Conclusions

This research aimed to evaluate and predict the performance of asphalt binder modified
with glass powder/fly ash-based geopolymer at high temperatures. The following are some
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Figure 7.10: Geopolymer effects on (a) shear stress and (b) stored PSE

Figure 7.11: Geopolymer influence on the damage behavior of asphalt binder

possible conclusions:

• The shear complex modulus at 52 ◦C increased from 9.48 kPa to 22.32 kPa, and the
phase angle decreased from 76.9◦ to 71.6◦ by adding 8%GFG. This indicates that the
behavior becomes more elastic with the addition of the geopolymer.

• The addition of 8% GFG increased the creep recovery of asphalt binder at 52 ◦C by
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Figure 7.12: Influence of geopolymer on fatigue life at different percentages of (a) shear
stress and (b) stored PSE

74% and 188% under 0.1 kPa and 3.2 kPa stresses, respectively, indicating that the
elastic behavior is enhanced.

• The addition of 8% GFG decreased the non-recoverable creep compliance of asphalt
binder at 52 °C by 69% and 71% under 0.1 kPa and 3.2 kPa stresses, respectively.
This finding revealed that the geopolymer enhanced the rutting resistance. The
analyse of the MSCR results using ANOVA test have shown that both the geopolymer
content and the temperature have statistically significant impact on the responses
(Jnr0.1, Jnr3.2, R0.1, and R3.2). The exceptions in the significance analysis were the
interaction between temperature and geopolymer content in the R3.2 model, as well as
the geopolymer content factor for the Jnr0.1 and Jnr3.2 models. These two exceptions
were statistically insignificant.

• The ANOVA analysis concluded that temperature has higher statistical influence on
the MSCR results than the geopolymer content as the P-values associated with tem-
perature were substantially lower than the ones associated with geopolymer content.

• The percent recovery and non-recoverable creep compliance of asphalt binder mod-
ified with geopolymer can be predicted using RSM with excellent R2 values (95%)
under different stresses and temperatures.

• The addition of GFG modifier to the asphalt binder could enhance the fatigue per-
formance. The 4%GFG binder exhibited the highest fatigue life compared to the
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8%GFG and 12%GFG binders.

• Overall, glass powder could be used as an aluminosilicate source during the prepa-
ration of geopolymer as an asphalt modifier, which has an essential influence on the
rheological and performance of asphalt binder.
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Chapter 8

Predicting the Recovery and
Non-Recovery Performance of
Asphalt Binders Using Artificial
Neural Networks

This chapter is based on the following article, which will be submitted to the Canadian
Journal of Civil Engineering. ”Predicting the Recovery and Non-Recovery Performance
of Asphalt Binders Using Artificial Neural Networks,” by A. Hamid, H. Baaj, and M.
El-Hakim (2022).

Abstract

The purpose of this research was to use artificial neural networks (ANNs) to predict the
recovery and non-recovery performance of asphalt binders based on mechanical test pa-
rameters and asphalt binder properties. The study involved rheological testing of asphalt
binders using a dynamic shear rheometer (DSR), which included the production of 11
laboratory-blended asphalt binders with a total of 880 data points. Also, Multiple Stress
Creep Recovery (MSCR) was performed to evaluate the recovery and non-recovery proper-
ties of asphalt binders. The ANN model was developed using five input parameters (tem-
perature, frequency, storage modulus, loss modulus, and viscosity) and one hidden layer
with five neurons. The results pointed out that the hybrid and 4%SBS binders achieved the
highest ability to resist extremely heavy traffic and to recover the deformation with 60.1%
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and 85.5% at 46 ◦C, respectively, compared with the other modified asphalt binders. Ex-
cellent R-values for the total data set of 0.937, 0.997, 0.985, and 0.987 for Jnr3.2 of unaged
binder, Jnr3.2 of aged binder, R3.2 of unaged binder, and R3.2 of aged binder, respectively.
Therefore, the ANNs model is appropriate to predict the R3.2 and Jnr3.2 using unaged or
aged binders at different temperatures.

8.1 Introduction

Rutting is a common sign of distress that affects the road network’s serviceability and
quality. It is a permanent deformation that occurs in the traffic direction because of un-
recoverable strain accumulated by repetitive loads applied to the asphalt pavement [109].
Due to the combined effects of viscoelastic characteristics and shear loads on the HMA
layer, asphalt is highly susceptible to rutting. As the temperature increases, the asphalt
binder decreases the ability to elastically recover from deformation, increasing the sensi-
tivity to permanent deformation. In recent decades, there has been attention to modified
asphalt binder using different modifiers to enhance the rutting performance. The viscoelas-
tic properties of asphalt binders can be improved by modifying the asphalt binder using
different modifiers. Modification, on the other hand, adds to the complexity of binders’ be-
havior; thus, substantial laboratory testing is required before field application to establish
the best solutions.

The Multiple Stress Creep-Recovery (MSCR) test was developed to measure the binder’s
nonlinear reaction and to link that response to rutting in asphalt mixtures [64]. The MSCR
test has long been used to predict how polymer-modified asphalt binders may affect creep
recovery [246, 226, 29, 62]. In the field of modified and unmodified asphalt binders, the
MSCR test is also efficiently conducted and designed to be an indicator of rutting perfor-
mance [111]. The MSCR test consists of a series of creep and recovery cycles performed at
various stress levels. The idea was that by removing shear stress from the creep section,
the viscoelastic strain created in the creep component could be recovered, allowing the
permanent strain to be separated from the overall strain, which could be used to predict
field rutting [139]. The MSCR test was used to determine non-recoverable creep com-
pliance (Jnr) and percent recovery (R). The Jnr had a good correlation with the HMA
performance test results and can thus be used to characterise asphalt binders to address
HMA rutting characteristics [237]. Tabatabaee and Tabatabaee (2010) [201] reported that
the Jnr was highly correlated to the compliance measured from unconfined dynamic creep,
with R2 values over 80%. While Dreessen Gallet (2012) [74] noted that the Jnr may be
a better choice than G∗/sinδ and/or the softening point, whereby it corresponds better to
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mix rutting performance as measured by the French rutting test.

Several methods have been developed to predict asphalt pavement performance to elim-
inate laboratory tests for individual mixes, which are expensive and time-consuming. Using
a reliable calibrated model to predict the effects of additives on the behavior of asphalt
binder can significantly reduce operating and testing expenses. Recently, Artificial neural
networks have been used in many disciplines of civil engineering, such as water supply
engineering [58], pavement materials [81, 77] and pavement structure [168]. Plati et al.
(2016)[168] summarized some advantages that make ANN a powerful problem-solving tool
that could be used to develop complex models through data mining. The ANNs model
was also used to predict the mechanical properties, creep compliance, fatigue and rutting
performance of asphalt concrete. Baldo et al. (2018) [40] used artificial neural networks to
predict Marshall stability, flow, quotient, and stiffness modulus of asphalt concrete. Seven
input parameters with one hidden layer and ten artificial neurons were applied to predict
one output. The results indicated that the ANNs model could be used to predict the me-
chanical properties of asphalt concrete, whereby the developed models were excellent with
coefficients of correlation ranging from 0.910 to 0.988. Esfandiarpour and Shalaby (2017)
[81] performed ANNs to calibrate the creep compliance for different asphalt mixtures at
different test temperatures (0 ◦C, -10 ◦C, and -20 ◦C). It was noted that the ANNs model
has the highest reliability and is considered as an alternative method to predict creep
compliance values.

Meanwhile, the complex mechanism of fatigue behavior under various loading and cli-
mate conditions complicated the modelling of the fatigue life of asphalt mixtures using an
empirical model [103]. Recently, using ANNs proved to be an effective tool to predict the
fatigue life of asphalt binder mixtures [228, 206]. Xiao et al. (2009) [228] investigated the
possibility of using ANNs to predict the fatigue life of rubberized asphalt binder mixtures
containing Reclaimed Asphalt Pavement (RAP). The results indicated that the ANNs pro-
duced an accurate and precise prediction of the fatigue life compared to the traditional
statistical methods. Tapkin (2014) [206] predicted the fatigue life of asphalt mixtures that
contained fly ash as a filler using neural networks. It was noted that ANN resulted in ac-
curate and precise modelling of fatigue life by utilizing changes in the physical properties
of asphalt mixtures. Development of ANN models to accurately predict HMA fatigue life
would result in substantial time and cost savings by reducing laboratory testing.

Moreover, the ANNs model was used to predict the rutting performance of asphalt
concrete. Kamboozia et al. (2018) [124] studied the possibilty of using the viscoelastic
parameters and ANNs model to predict the rutting depth of asphalt concrete using dynamic
creep test. The viscoelastic properties were collected from creep diagrams, and an artificial
neural network was used to train and develop a rut depth prediction model for asphalt
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concrete. The developed ANNS used 560 specimens, whereby 70% of the data was used
for training and the remaining 30% for validation and testing. The results showed that
by utilizing the effective parameters, the ANNs model can be used to estimate the creep
behavior and rut depth of asphalt concrete without the need for costly and time-consuming
testing.

The ANNs model was also used to predict the rheological behavior, fatigue and rutting
performance of asphalt binder [220, 244, 22, 216]. Venudharan and Biligiri (2017) [220]
used the ANNs model to predict the rutting performance of asphalt binder using the gra-
dation of crumb rubber, mechanical test parameters, and the properties of binder. A DSR
test was used to characterise 18 different asphalt binders. The ANN architecture used a
back-propagation learning algorithm with scaled conjugate gradient (SCG) as the training
technique, with two hidden layers of seven and three neurons, respectively. The results in-
dicated that the ANNs model is a significant method to predict the performance of asphalt
binder with R vaule of 0.997, 0.994, and 0.977 for G∗/sinδ, η , and tanδ, respectively. Ziari
et al. (2018) [244] used ANNs and regression models to predict the rutting performance of
a carbon nanotube-modified asphalt binder. A multilayer feed-forward back-propagation
method with 480 experimental data points was used to predict the rutting parameter,
whereby 60% of the data was used for training, while 40% was used for validation and
testing the model. The results showed that the ANN method outperformed multiple re-
gression and linear regression in predicting rutting performance, with R2 values of 0.997,
0.819, and 0.420, respectively.

Alas and Ali (2019) [22] utilized ANNs method to predict the shear complex modulus,
phase angle, storage modulus, and loss modulus using temperature, frequency, and polymer
contents as input parameters. A total of 252 data sets were randomly divided into two
groups, with 70% of the empirically observed data being used to train the model and 30%
of the data being used to test the model. The results showed that the developed model
for the shear complex modulus is excellent with high R2 values for training and testing
data, 0.996 and 0.971, respectively. While the testing data for phase angle and storage
modulus achieved the least R2 with values less than 0.9. The model’s poor prediction
performance for the testing data suggested that it was unable to learn the complexity of
the data. Uwanuakwa et al. (2020) [216] conducted the ANNs to predict the rutting and
fatigue performance of unaged and aged asphalt binders. A frequency sweep test using
the dynamic shear rheometer (DSR) was performed on the 8 mixes of asphalt binders to
measure the complex shear modulus and phase angle at various temperatures. According
to the results, the model performed better in estimating the rutting parameter than the
fatigue parameter. Furthermore, unaged input variables have a higher level of predictability
when it comes to the fatigue parameter.
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Table 8.1: Fly ash chemical composition [106]

Constituent SO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O

Fly ash 57.2% 23.5% 3.8% 9.3% 1.0% 0.2% 2.43%

The literature on the use of artificial neural networks (ANNs) in pavement engineering
demonstrates that ANNs could be used to determine and understand the performance
of asphalt binders and mixtures based on material characteristics and mechanical test
data. This study aimed to predict the recovery (R) and non-recovery (Jnr) behavior of
asphalt binder, considering the effects of temperatures, frequencies, and additives on the
viscoelastic properties of the asphalt binder.

8.2 Methodology

8.2.1 Materials and Methods

In this investigation, 11 mixes of fly ash, Styrene-butadiene-styrene (SBS) polymer, fly
ash-based geopolymer, fly ash and glass powder-based geopolymer modified asphalt binder
(PG58-28) were utilized to build the database. Table 8.1 presents the chemical composition
of fly ash (Class F) satisfies SiO2 + Al2O3 + Fe2O3 ≥ 70% according to ASTM C618-17a.
Many scholars advocate that low calcium fly ash (Class F) be utilized because it includes
more silica and alumina than high calcium fly ash (Class C) [110, 92].

Geopolymer is prepared using alkali activators and aluminosilicate source, such as fly
ash and glass powder. Alkali activators included Na2SiO3 and NaOH at a concentration of
8 molar. The NaOH solution was prepared one day before mixing with the aluminosilicate
source to make the geopolymer. Fly ash and geopolymer additives were blended with
asphalt binder in various contents at 140 ◦C ± 5 for 60 minutes using a mechanical shear
mixer at a speed of 2000 r/min. While the SBS was mixed with asphalt binder using
the high shear mixer at a speed of 2000 r/min and a temperature of 170 ◦C ± 5 for 60
minutes. Figure 8.1 presents the preparation of modifiers, asphalt binder mixing, and
testing. Following the mixing procedure, all asphalt binders were exposed to the short
term aging using rolling thin-film oven (RTFO) for 85 minutes at 163 ◦C, as depicted in
Figure 8.1.

The Dynamic Shear Rheometer (DSR) was used to investigate the rheological behavior
and recovery and non-recovery properties of asphalt binder at high temperatures from 46
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to 70 ◦C, with 6 ◦C increments. A frequency sweep test was conducted to investigate the
effect of temperatures, frequencies, and additives on the viscosity and storage and loss
modulus using a 25 mm diameter plate and a 1 mm gap. The tests were performed at
sixteen frequencies ranging from 0.159 Hz to 15 Hz. Two samples were tested, and the
average was identified as the test result for each temperature. While Multiple Stress Creep
Recovery (MSCR) was performed to evaluate the influence of temperatures, stresses, and
additives on the recovery and non-recovery properties of asphalt binders using a 25 mm
diameter plate and a 1 mm gap. Two samples were tested, and the average was identified
as the test result for each temperature. The test was conducted using (1 s) for creep
and (9 s) for recovery. While the average percent recovery (R), and non-recoverable creep
compliance (Jnr) were calculated using Equations 8.1 and 8.2, respectively.

R = (
ε1 − ε10

ε1
)× 100 (8.1)

where ε1 is accumulated strain after 1 s., ε10 is residual strain after 10 s.

Jnr =
ε10

applied stress
(8.2)

R is the recovery percentage and Jnr is non-recoverable creep compliance.

Figure 8.1: Additive’s preparation and testing
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8.2.2 Artificial Neural Networks Modelling

Artificial Neural Network (ANN) is a mathematical model that formed of elements called
neurons. This model consists of three groups of rules: multiplication, summation, and
activation. In the multiplication stage, the inputs are weighted by multiplying each input
value with its individual weight. After that, all weights and bias are summed in the
summation stage. Finally, the sum of previously weighted inputs and bias is passing
through the transfer function, acting as the activation function. In this study the models
developed for recovery and non-recovery behavior of asphalt binder, as shown in Figure
8.2, involved of three layers: an input layer, a hidden layer, and an output layer. The
dataset for these layers was based on experimental observations from frequency sweep test
and MSCR test. The developed ANNs used 880 experimental data points, whereby 70%
of the data was used for training and the remaining 30% for validation and testing.

The feedforward neural networks were considered in this study. The learning of the
network in this form of ANN is supervised, which means that the associated output (target)
for each input vector is known. The learning phase entails adjusting the ANN’s connections
such that, for each input, the network returns a computed value that is as close to the
target as possible. The developed ANNs model considered the effects of external factors
(Temperature and frequency) on the rheological properties (storage modulus, loss modulus,
and shear viscosity) of neat and modified asphalt binder. These factors and properties were
considered as input parameters in the ANNs model to predict each target (Jnr3.2 and R3.2).
The developed model has one hidden layer with five neurons, whereby the input to each
neuron is a summation of all weighted connections between the input and the neuron in
the hidden layer [170]. The weighted sum is denoted as (a) and represented in Equation
8.3.

a =
N∑
i=1

wixi + b (8.3)

N represents the number of neurons in the input layer, wi is the weight factor, xi is the
input vector, and b is the bias term.

Then, the transfer or activation function was used to transfer the neuron to the new
output. In this study, the sigmoid function is used as activation function. The final output
of the neuron is given in the Equation 8.4.

output = f(a) = f(
N∑
i=1

wixi + b) = f(
N0∑
i=1

wix
0
i + w0) (8.4)
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Figure 8.2: ANN model for predicting recovery and non-recovery performance of asphalt
binder

In this study, the sigmoidal function is used as a transfer function which has the fol-
lowing expression, Equation 8.5:

f(a) =
2

1 + e−2a
− 1 (8.5)

For the multiple neurons, jth in the layer lth the output of the neuron is described in
the Equations 8.6 and 8.7.

alj =
N l−1∑
i=1

wl
ijo

l−1
i + wl

j0 (8.6)

olj = fj(a
l
j) = f l

j(
N l−1∑
i=1

wl
ijo

l−1
i + wl

j0) (8.7)

Equation 8.8 can be used to describe the output of the network at the last layer.

yj = olj (8.8)
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Back-Propagation Calculations

The most common approach for training a supervised neural network is backpropagation.
The purpose of this method is to iteratively modify the weights in the network to minimise
output error and provide the desired result [170]. Backpropagation is a gradient-descent
method that finds an optimal solution by minimising first-order derivatives. The delta rule
is used to adjust the weights in the network, whereby the output error can be computed
using Equation 8.9.

Ep =
1

2

NL∑
j=1

(tpj − ypj)
2 (8.9)

Where E is the error, t is the target output, y is predicted output. The sum of the
errors in the feedforward network is expressed in Equation 8.10.

E =

p∑
p=1

Ep =
1

2

p∑
p=1

NL∑
j=1

(tpj − ypj)
2 (8.10)

The error is minimized by taking the partial derivative of the total error with respect
to the weights in the network using Equation 8.11.

∂E

∂wl
ij

=

p∑
p=1

∂Ep

∂wl
ij

(8.11)

Using the chain rule, the partial derivative is divided into two parts as expressed in
Equation 8.12.

∂Ep

∂wl
ij

=
∂Ep

∂alpj

∂alpj
∂wl

ij

(8.12)

∂alij
∂wl

ij

=
∂

∂wl
ij

N l∑
k=1

wl
jko

l−1
pk + wl

j0 = ol−1
pk (8.13)

∂Ep

∂wl
ij

=
∂Ep

∂alpj
ol−1
pi (8.14)
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∂Ep

∂alpj
=

∂Ep

∂olpj

∂olpj
∂alpj

(8.15)

∂Ep

∂alpj
= (ypj − tpj).∇f(alpj) (8.16)

Then,

∂Ep

∂wl
ij

= (ypj − tpj).∇f(alpj).o
l−1
pi (8.17)

At each iteration, the gradient can be evaluated, and the weight values can be optimised
in this manner. In this study, the Levenberg-Marquardt (LM) algorithm was used to train
the ANNs model. The LM algorithm approximates the Hessian matrix (H) using Jacobian
matrix (J) which contains the first derivative of error (Ep) with respect to the weight, as
expressed in Equation 8.18. The weight update is given in Equation 8.19.

H ≈ JTJ (8.18)

△w = w − JT (JTJ + uI)−1 (8.19)

Where I is the identity matrix. At each iteration, the weight is changed using the
following equation:

wt = wt−1 +△w (8.20)

8.2.3 Data Analysis

The data from the DSR and MSCR tests on the eleven asphalt binders were modelled
using MATLAB, whereby the data divided into three main parts, training, validation,
and test. The training set often contains the majority of the data, while the validation
and test sets typically contain smaller quantities of data. 70% of the total data was used
to train the neural network, 15% was used to validate the neural network, and 15% was
utilized for testing the capability of the network to predict the output. To train neural
networks, Scaled Conjugate Gradient (SCG), Levenberg-Marquardt (LM), and Bayesian
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Regularization (BR) were performed to implement a backpropagation learning process in
a feed-forward neural network with one hidden layer and five neurons. After selecting the
parameters and calculating the magnitudes of the weights and biases, the neural network
was trained using the software’s training data. The weights and biases of the training phase
were evaluated after the training session based on the difference between measured and
predicted values. Consistently, the test data set was used by the software to understand
the neural network’s performance once it had been validated.

8.3 Results and Discussion

8.3.1 Temperatures and Frequencies Effects on the Viscosity

Figure 8.3 demonstrate the effects of different temperatures (46 ◦C, 52 ◦C, 58 ◦C, 64 ◦C,
and 70 ◦C) and frequencies (0.1 Hz and 10 Hz) on the shear viscosity of neat and modified
asphalt binder. When comparing the modified asphalt binders to the neat asphalt binder,
the results showed that the modified asphalt binders had the highest viscosities. Larger
molecules present in a fluid can induce increased viscosity, which can be produced by the
formation of chain networks in the asphalt binder mixture [147]. At high frequency (10
rad/sec), the hybrid binders achieved the highest viscosity at 46 ◦C, 52 ◦C, and 58 ◦C,
while 4%SBS binder has the highest viscosity at 64 ◦C, and 70 ◦C. At low frequency (0.1
rad/sec), the 4%SBS binder has the highest viscosity compared with the other modifiers
at different temperatures. In conclusion, it was observed that the viscosity of asphalt
binder is significantly dependent on the effect of additives on asphalt binder characteristics,
temperature, and frequency.

8.3.2 Temperatures and Frequencies Effects on the Storage and
Loss Modulus

The 3D plot in Figure 8.4 presents the effect of external factor (temperature and frequency)
on the storage and loss modules of the unaged neat and GF-modified asphalt binders. G

′

and G
′′
values increased geometrically when frequency increased, however both G

′
and G

′′

values dropped as temperature increases. The 8%GF binder achieved the highest values of
G

′
and G

′′
compared to the neat and other modifiers. It is evident that adding geopolymer

increases both G
′
and G

′′
significantly, enhancing the asphalt binder’s ability to recover and

resist the deformation. Figure 8.5 shows the impact of temperatures, and frequencies on
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Figure 8.3: Effects of temperatures and frequencies on the shear viscosity

the G
′
and G

′′
of glass powder/fly ash-based geopolymer (GFG) modified asphalt binder.

The results indicated that the GFG modifier with different percentages (4%, 8%, and 12%)
has a slightly effect on the G

′
and G

′′
of the neat binder compared with GF modifier, as

demonstrated in Figure 8.4.

Figure 8.4: Temperatures and frequencies effects on the G
′
and G

′′
of GF

Figure 8.6 demonstrates the influence of temperatures and frequencies on the G
′
and G

′′

of the 8%FA, 2%SBS, 4%SBS, and hybrid asphalt binders. The hybrid binder achieved the
highest values of G

′
and G

′′
compared with the other modifiers at different temperatures
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Figure 8.5: Temperatures and frequencies effects on the G
′
and G

′′
of GFG

and frequencies. This indicated that the hybrid binder has the highest recovery resistance
for deformations. While the 4%SBS binder exhibited more elastic than neat, 8%FA, 2%SBS
binders at low and high frequencies, with the highest value of G

′
. Besides, the 8%FA binders

more viscous than the neat and 2%SBS, with the highest value of the G
′′
. Figures 8.4,

8.5, and 8.6 show that the neat and modified asphalt binders have a higher G
′′
than G

′
.

It’s possible that this is due to the lack of strong interactions between individual molecules
[147].

8.3.3 MSCR Test Results

Table 8.2 presents the MSCR test result of neat and modified asphalt binders at differ-
ent temperatures. The influence of additives and temperatures on the non-recovery and
recovery properties of asphalt binder was investigated. Also, the effect of additives on the
traffic level was also evaluated. According to the Jnr values under high stress (3.2 kPa), the
traffic loading was classified into four groups: S is standard traffic (≤ 10 million ESALs),
H is heavy traffic (10-30 million ESALs), V is very heavy traffic (≤ 30 million ESALs),
and E is extremely heavy traffic (≥ 30 million ESALs) with standing traffic [9]. Apart
from the neat asphalt binder properties, the modifiers enhance the asphalt binder’s resis-
tance to traffic loading. It was observed that the hybrid and 4%SBS binders achieved the
highest ability to resist extremely heavy traffic compared with the other modified asphalt
binders. Furthermore, among the other geopolymer modifier percentages, the geopolymer
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Figure 8.6: Temperatures and frequencies effects on the G
′
and G

′′
of SBS and FA binders

modified asphalt binders with 8%GF and 8%GFG have the highest creep recovery at 46
◦C, with 39.5% and 39.8%, respectively. While the hybrid and 4%SBS binders have the
highest ability to recover the deformation with 60.1% and 85.5% at 46 ◦C, respectively.
In summary, additives and temperatures have significant effects on the non-recovery and
recovery properties of asphalt binder.

8.3.4 ANNs Model Results

The results of frequency sweep and MSCR test indicated that various parameters have
significant effects on the neat and modified asphalt binders. So, five input parameters were
considered, temperature (T), frequency (f), storage modulus (G

′
), loss modulus (G

′′
), and

viscosity (V). A total of 880 data points were used for ANNs models to predict the two
outputs, percent recovery at 3.2 kPa (R3.2) and non-recovery at 3.2 kPa (Jnr3.2) of unaged
and RTFO asphalt binders at different temperatures. To establish the optimal backprop-
agation learning algorithm for the study, the LM, BR, and SCG training algorithms were
used in a feed-forward, single-hidden-layer neural network of 5 neurons. The best neural
network was built using the training techniques. Figure 8.7 shows the statistical fit the
model measurements R-value for the outputs using three different training procedures. The
LM and BR training methods, with R values more than 0.90, did higher R values than
the SCG algorithm. The LM training technique is the better ANN for the study data,
according to the results.
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Table 8.2: Temperature effect on the Jnr3.2 and R3.2 of asphalt binders

Asphalt Binders MSCR 46 ◦C 52 ◦C 58 ◦C 64 ◦C 70 ◦C

(grade) Jnr3.2 R3.2 Jnr3.2 R3.2 Jnr3.2 R3.2 Jnr3.2 R3.2 Jnr3.2 R3.2

Neat (PG58-28) S58 0.29 21.2 0.84 8.72 2.21 1.98 5.13 0.00 10.7 0.00

4%GF(PG64-28) H58 0.13 33.4 0.39 18.8 1.09 6.84 2.69 1.26 6.04 0.00

8%GF(PG70-28) V58 0.09 39.5 0.27 24.7 0.79 10.6 1.97 2.84 4.56 0.00

12%GF(PG64-28) H58 0.12 34.6 0.38 19.3 1.08 7.11 2.64 1.41 5.83 0.00

4%GFG (PG64-28) V58 0.10 35.2 0.30 20.6 0.86 8.19 2.20 1.69 5.04 0.00

8%GFG (PG64-28) V58 0.08 39.8 0.24 25.1 0.72 11.1 1.84 2.89 4.43 0.00

12%GFG (PG64-28) H58 0.16 28.9 0.46 15.2 1.26 5.09 3.02 0.75 6.68 0.00

8%FA (PG64-28) H58 0.19 25.1 0.61 11.4 1.58 3.39 3.82 0.03 8.25 0.00

2%SBS (PG64-28) V58 0.09 55.7 0.27 45.1 0.72 31.3 1.87 16.4 4.59 4.83

4%SBS (PG76-28) E58 0.02 85.5 0.04 85.0 0.07 84.2 0.16 81.4 0.43 70.4

Hybrid (PG76-28) E58 0.03 60.1 0.09 48.9 0.28 33.2 0.77 15.5 1.96 4.56

Note: S is standard traffic, H is heavy traffic, V is very heavy traffic, and E is extremely
heavy traffic

Figure 8.7: R-values for different training algorithms

Figures 8.8 and 8.9 describe the relationships between mean squared errors (MSEs)
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and the number of epochs 1 for Jnr3.2 and R3.2, respectively, of unaged and aged asphalt
binders. As the number of epochs increased, the MSE value declined. In addition, for
unaged and aged Jnr3.2 and R3.2, every phase of training, validation, and testing results
in a simultaneous MSE magnitude reduction. This reduction approach validates that the
training operation was correctly completed with no overfitting in the training, validation,
and test sections.

Figure 8.8: MSE versus Epoch plot for Jnr3.2 of (a) Unaged and (b) RTFO binders

Figures 8.10, 8.11, 8.12, and 8.13 present the relationship between the measured and
predicted values for Jnr3.2 of unaged binder, Jnr3.2 of aged binder, R3.2 of unaged binder, and
R3.2 of aged binder, respectively. The figures include graphs for training, validation, test,
and total data, which indicate excellent R-values for the total data set of 0.997, 0.985, and
0.987 for Jnr3.2 of aged binder, R3.2 of unaged binder, and R3.2 of aged binder, respectively.
While Jnr3.2 of unaged binder achieved an R-value of 0.937. R-values for Jnr3.2 and R3.2 of
aged binder and unaged binder demonstrated a very good correlation between measured
and predicted output values with high accuracy.

Tables 8.3 8.4 8.5 8.6 show the weights and biases for Jnr3.2 and R3.2 of unaged
binders, as well as Jnr3.2 and R3.2 of RTFO binders, respectively. Once the values of the
five-input data are available, the ANNs model’s weights and biases can be used to predict
a certain output. The weight and bias matrix of the hidden layer in the optimal network
design, which estimates the magnitudes of Jnr3.2 and R3.2 of unaged binders and Jnr3.2 and
R3.2 of RTFO binders, were 5 by 5 and 5 by 1, respectively. The output layer was 1 by

1Epoch is the number of times all the training data are applied to update the weights at the same time
[170]
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Figure 8.9: MSE versus Epoch plot for R3.2 of (a) Unaged and (b) RTFO binders

Table 8.3: Weights and Biases for Jnr3.2 model of unaged binders
Layer Weights Bias

wij 1 2 3 4 5 Bj

Hidden 1 3.0687 1.4113 -1.9778 -0.5590 -3.1384 -7.4256
2 -2.2073 0.2155 -1.8096 0.4862 3.7408 5.2631
3 0.2415 0.1634 0.8874 -0.8957 -0.7172 0.2491
4 0.8178 -5.2766 4.1197 -0.1631 -14.6446 -17.7319
5 -0.0726 -0.0056 -0.3132 0.2839 0.2459 0.1831

Output 1 2.5500 5.8313 -1.0532 9.0893 -3.2397 5.5766

5. Overall, the non-recovery and recovery properties of asphalt binder are influenced by
test temperature and frequency, storage modulus, loss modulus, and viscosity, according
to ANN modelling.

8.4 Conclusions

This research aimed to investigate the possibility of using ANNs model to predict the
non-recovery and recovery properties of modified asphalt binders using mechanical test
parameters and asphalt binder properties. Over 880 data points were covered using eleven
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Figure 8.10: Observed versus predicted plot for Jnr3.2 of unaged binders

Table 8.4: Weights and biases for R3.2 model of unaged binders
Layer Weights Bias

wij 1 2 3 4 5 Bj

Hidden 1 0.2898 7.2419 -8.4904 -3.0088 0.1703 -5.6115
2 0.4935 -1.1931 1.1313 -0.2653 -1.8445 -3.0253
3 -0.5490 -1.6869 1.4974 0.3046 1.4068 2.3104
4 0.0126 21.8102 -4.7578 2.1766 0.1879 20.1986
5 -0.0792 -23.5214 2.6726 -2.5512 -0.2272 -23.6901

Output 1 7.9974 -14.8164 -11.8496 22.3949 6.6711 -10.5029
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Figure 8.11: Observed versus predicted plot for R3.2 of unaged binders

mixed asphalt binders, one neat asphalt binder, and four modifiers at various percentages.
Frequency sweep and MSCR tests were conducted on all eleven binders at different tem-
peratures. Jnr and R of unaged and aged asphalt binders were predicted using an ANNs
model which was developed using five inputs: test temperature and frequency, storage
modulus, loss modulus, and viscosity.

The optimal ANN architecture was chosen, and the LM algorithm was used to train
the ANN model, one-hidden-layer neural network with five neurons. For Jnr3.2 and R3.2

of unaged asphalt binders and Jnr3.2 and R3.2 of aged asphalt binders, respectively. The
statistical goodness of fit values (R) between measured and predicted values were 0.938,

162



Figure 8.12: Observed versus predicted plot for Jnr3.2 of RTFO binders

Table 8.5: Weights and biases for R3.2 model of RTFO binders
Layer Weights Bias

wij 1 2 3 4 5 Bj

Hidden 1 0.3531 -3.2255 2.6827 -0.1436 -0.6694 -3.2348
2 0.2972 110.0916 -153.517 -4.6041 -0.1512 -48.9735
3 0.1343 -264.734 -8.2407 -6.7266 -0.6619 -282.7398
4 0.0943 -37.4940 17.8878 -1.2657 -0.1527 -23.0206
5 0.3477 10.6872 -10.7883 -0.1537 -0.1725 -2.5832

Output 1 -33.8622 3.3053 -81.5495 -24.3071 54.3905 -81.7113
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Figure 8.13: Observed versus predicted plot for R3.2 of RTFO binders

0.985, 0.997, and 0.987, respectively. Thus, the magnitudes of biases and weights specified
in this study could be useful in predicting the non-recovery and recovery properties of
asphalt binders at various temperatures.

The use of the ANN algorithm to determine mathematical weights and biases of the
input parameters and examine the influence of different types of modifiers on the rheologi-
cal, non-recovery and recovery properties of asphalt binder was a noteworthy contribution
of this study.
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Table 8.6: Weights and biases for Jnr3.2 model of RTFO binders
Layer Weights Bias

wij 1 2 3 4 5 Bj

Hidden 1 0.8441 5.4098 -3.2639 -4.8063 -1.0246 -5.1963
2 -0.0645 9.1026 4.5755 0.0736 41.4092 56.4210
3 0.1424 -1.7009 -0.7260 -0.1259 -19.6814 -22.5069
4 -0.1090 -0.9572 2.8982 0.1693 21.3224 24.2650
5 0.7024 -10.9267 5.5517 -4.8844 -1.4464 -13.4161

Output 1 -5.1251 -24.3633 6.2432 19.5944 10.1596 15.0747
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Chapter 9

Conclusions and Recommendations

9.1 Conclusions

Based on the asphalt binder characteristics findings, the following main conclusions can be
drawn:

• Curing the geopolymer for seven days has significant effects on its properties, which
has an important impact on the rheological and performance of asphalt binder when
it is used as a modifier.

• The ESEM results indicated that the geopolymer particles appear to be effectively
dispersed in the asphalt binder and have no effect on the microstructure of the asphalt
binder.

• The geopolymer (GF and GFG) modifier considerably enhances the performance of
asphalt binder at different temperatures and frequencies by increasing shear complex
modulus and reducing phase angle.

• The geopolymer (GF and GFG) modified asphalt binder achieved the highest resis-
tance for fatigue and rutting distresses compared to the neat binder.

• Temperature, stress, and geopolymer content have significant effects on MSCR re-
sults.

• Modifying the asphalt binder using the combination of SBS and geopolymer mod-
ifiers achieved the highest fatigue and rutting resistance at different temperatures,
compared to the other modifiers.
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• The low-temperature performance of the asphalt binder was enhanced by using
2%SBS and hybrid modifiers, which achieve the lowest creep stiffness.

• Geopolymer has a significant impact on the binder’s sensitivity to temperature,
whereby the temperature sensitivity of G

′
and G

′′
for both unaged and RTFO mod-

ified asphalt binders decreases.

• The 2%SBS binder exhibited the highest creep recovery at low-stress levels, while
the hybrid binder exhibited the highest creep recovery at high-stress levels, during
the test temperatures.

• Using SBS with a geopolymer as a modifier enhances the ability of the asphalt binder
to withstand extreme (E) and very heavy (V) traffic under high stress and temper-
ature. In hot climate countries, this combination could be implemented to enhance
asphalt binders’ rutting resistance.

• Modifying asphalt binder with 8% geopolymer resulted in the smallest rate of change
in crossover modulus due to aging, indicating that the asphalt binder’s aging resis-
tance has improved.

• 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 performance of asphalt binder.

Based on the asphalt mixture characteristics findings, the following conclusions can be
drawn:

• Modifying asphalt mixture using modified asphalt binder with geopolymer, SBS,
and hybrid modifiers enhances the resistance to rutting, whereby the permanent
deformation decreases by 82%, 74%, and 55% by adding hybrid, 2%SBS, and 8%GF
modifiers, respectively.

• Modified asphalt mixtures achieved the highest values of E∗ at low temperature (-10
◦C) and intermediate (21 ◦C) temperatures under low and high frequencies, compared
to unmodified asphalt mixture.

• The asphalt mixture with different modifiers has a higher tensile strength compared
to the neat binder.
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• When compared to other modified asphalt binders, the asphalt mixture with hybrid
asphalt binder is the least susceptible to moisture damage, with a TSR of 91%.

• The findings indicated that geopolymer modified asphalt binder has a significant
resistance to moisture damage.

• The hybrid binder achieved the highest fracture energy under dry and freezing-
thawing conditions, implying that the asphalt mix’s crack resistance has improved.

Based on the findings of predicted models, the following conclusions can be drawn:

• Using a reliable calibrated model to predict the effects of additives on the behavior
of asphalt binder can significantly reduce operating and testing time and expenses.

• The Response Surface Method (RSM) is an effective method to predict the recovery
and non-recovery performance of geopolymer modified asphalt binder with excellent
R2 values, considering the effects of temperatures and additives content.

• The statistical goodness of fit values, using ANNs model, for the total data set for
Jnr3.2 of unaged binder, Jnr3.2 of aged binder, R3.2 of unaged binder, and R3.2 of aged
binder are 0.937, 0.997, 0.985, and 0.987, respectively.

• 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.

9.2 Contribution and Motivation

The investigation in this thesis into the effect of geopolymer on the rheological, microstruc-
ture, and performance of asphalt binder will be utilized to gain better knowledge and un-
derstanding about the possibility of using the geopolymer to enhance the asphalt binder
properties. This study may encourage researchers to develop new geopolymers with po-
tential effects on rutting, fatigue, and thermal crack resistance. Environmentally, reducing
the amount of asphalt binder used during the construction of asphalt pavement by using
geopolymer as an additive, where there are minimal CO2 emissions during its production,
will have environmental benefits by reducing emissions and fuel consumption due to the
extraction and transport of asphalt binder. Also, using different models to predict the
performance of asphalt binder considering the material characteristics and mechanical test
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data can have a significant effect on reducing the time and cost for laboratory testing.
This thesis will provide the scientists with eight manuscripts, whereby each manuscript
contains an introduction, objectives, experiments and methods, analysis, and discussion.
Four manuscripts have been published, and four more have been submitted to valuable
journals.

Journal Papers

• Abdulrahman Hamid, Hamed Alfaidi, Hassan Baaj, and Mohab El-Hakim. Eval-
uating fly ash-based geopolymers as a modifier for asphalt binders. Advances in
Materials Science and Engineering, 2020, DOI: 10.1155/2020/2398693.

• Abdulrahman Hamid, Hassan Baaj, and Mohab El-Hakim. Rutting Behaviour
of Geopolymer and Styrene Butadiene Styrene-Modified Asphalt Binder. Polymers
Journal, 2022, DOI: 10.3390/polym14142780.

• Abdulrahman Hamid, Hassan Baaj, and Mohab El-Hakim. Temperature and Ag-
ing Effects on the Rheological Properties and Performance of Geopolymer-Modified
Asphalt Binder and Mixture.

• Abdulrahman Hamid, Hassan Baaj, and Mohab El-Hakim. Evaluating the Effect
of Glass Powder/Fly Ash-Based Geopolymer on the Rheological and Performance of
Asphalt Binder.

• Abdulrahman Hamid, Hassan Baaj, and Mohab El-Hakim. Predicting the Re-
covery and Non-Recovery Performance of Asphalt Binders Using Artificial Neural
Networks.

Conference Papers

• Abdulrahman Hamid, Hassan Baaj, and Mohab El-Hakim. Enhancing asphalt
cement properties using geopoltmer-based on fly ash and glass powder. In Laval,
Canada, 7th CSCE International Specialty Conference on Engineering Mechanics
and Materials, 2019.

• Abdulrahman Hamid, Hassan Baaj, and Mohab El-Hakim. Predicting the po-
tential impact of geopolymers on the creep recovery properties of asphalt binder.
In RILEM International Symposium on Bituminous Materials, pages 1481–1487.
Springer, 2020.
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• Abdulrahman Hamid, Hassan Baaj, and Mohab El-Hakim. Effect of High Tem-
perature on the Behavior of Geopolymer Modified Asphalt Binders. Transportation
Association of Canada (TAC) Conference, Edmonton, AB, Canada, 2022.

9.3 Recommendations for Future Work

In Chapter 4, the viability of employing geopolymer as an asphalt binder modifier was
discussed, as well as the effects of temperature and curing time on the performance of
geopolymer materials. The results showed that there was a promising effect in enhancing
the performance of the asphalt binder. Despite this, the influence of different types of
alkaline solutions with varied concentrations on the performance of geopolymer will be
interesting to observe.

In Chapter 5, the effects of temperatures, stresses, polymer types (fly ash-based geopoly-
mer (GF), Styrene Butadiene Styrene (SBS), and a combination of SBS and GF), and mod-
ification rate on the rutting behavior of the asphalt binder and mixture were evaluated.
The results showed that additive content has a significant influence on increasing resistance
to heavy traffic loads and improving strain recovery under high stress and temperatures.
Also, it was noted that there is a good relationship between MSCR test results and asphalt
mixture rutting as concluded by different studies. Therefore, it would be more interesting if
there is a model to predict the asphalt concrete rutting depth using the MSCR test results
as well as the effect of temperatures and additive type and amount on the performance of
the asphalt binder and mixture.

In Chapter 7, glass powder was used to replace 10% of the fly ash during the preparation
of the geopolymer. It was noted that the glass powder/fly ash-based geopolymer has
significant effects on rutting and fatigue performance of asphalt binder. Therefore, it
would be useful to evaluate the rheological properties and performance of modified asphalt
binders using different percentages of glass powder and investigate the effect of modified
binders on the asphalt concrete performance.
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