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Abstract

The crumb rubber modified bitumen (CRMB) has been utilized in pavement industries to
mainly reduce the environmental impacts of the wasted tires by turning unwanted scrap tires into
new bituminous materials. However, the relatively high viscosity compared to the conventional
asphalt is the major drawback of the CRMB. The higher mixing and working temperatures are
thus required in order to achieve the desired workability of the CRMB. This results in more asphalt
fume emission, higher energy consumption, and more harmful working environments for workers.

Warm mix asphalt (WMA) technologies have been intentionally developed to lower the
manufacturing and working temperatures of the asphalt by reducing the viscosity of the asphalt
binder. Many studies suggested that coupling CRMB with WMA additives can promote better
working conditions and minimize environmental issues of the CRMB.

In this study, experimental works were carried out to evaluate rheological and performance-
based properties of the CRMB containing WMA additives in order to investigate the effect of the
crumb rubber modifier (CRM) content and WMA additives (wax-based and chemical-base WMA
additives) by using only one dynamic shear rheometer (DSR). The performance of the studied
binder at high, intermediate, and low road service temperatures were investigated by performing
Multiple Stress Creep and Recovery test, Linear Amplitude Sweep test, and 4-mm Dynamic shear
rheometer test, respectively. Moreover, the Fourier Transform-Infrared Spectroscopy and the
storage stability test were also performed to investigate the effects of the CRM dosage and the
WMA additives on the aging susceptibility and the high-temperature storage stability of the
binders.

The results show that the incorporation of crumb rubber modifier can clearly improve the
overall performance (rutting, fatigue damage, low-temperature thermal cracking resistances), and
aging resistance of the asphalt binder in a bitumen-level. The high-temperature storage stability of
the CRMB became more stable at the higher dosage of the CRM. Moreover, it was found that the
wax-based WMA additive can only enhance the high-temperature rutting resistance but negatively
impacted the fatigue and low-temperature damage resistances of both neat and CRM binders. The
effect of the chemical-based additive on the neat and CRM binders are different as it improved the
performance over the whole service temperature of the neat but lowered the damage resistances of
CRMBs. Additionally, the addition of both WMA additives decreased the high-temperature
storage stability of the CRMB.
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Introduction



Chapter 1 Introduction

1.1 Introduction and Background

Ideally, pavements must be able to perform satisfactorily throughout their designed service lives.
However, in recent decades, dramatic growth in traffic volume, increasing axle loading, and more
severe climatic conditions have been causing road maintaining problems. More rapid deterioration
and earlier failure of pavements require more frequent road maintenance which results in higher
cost of operations and maintenance. The overall performance of pavement is therefore needed to
be enhanced in order to minimize rutting (permanent deformation) at high temperatures, fatigue
cracking at intermediate temperatures, and thermal cracking at low temperatures. Bitumen
modification is one of the effective ways which have been applied to improve road damage
resistance over the service-temperature range over years. It is because the service performance of
the asphalt mixture highly depends on the character of the bituminous material (Yusoff etal. 2011).
The most popular form of asphalt binder modification is polymer modifications which can
effectively improve viscoelastic properties of the bitumen (Bahia et al. 2001).

Disposal of End-of-Life Tires (ELT) is one of the most challenging tasks discussed all over
the world. ELT is non-biodegradable material which was traditionally managed by illegally
dumping or stockpiling. However, none of the mentioned solutions is smart and sustainable
because these solutions potentially lead to a threat to human and environment. For instance, tire
stockpile supplies a suitable breeding ground for mosquitoes, snakes, and other dangerous animals.
Moreover, dumped scrap tires are perfectly combustible material that can pose an accidental fire
risk which may release toxic fumes (Siddique 2004). According to the European Tyre and Rubber
Manufacturers’ Association (ETRMA) report, the number of used tires in Europe was about 3.59
million tons in 2013 (ETRMA 2015).

To tackle the mentioned issues, using a recycled polymer such as crumb rubber is a good
alternative and cost-effective compared with using other types of polymer modifiers. It is because
scrap tires which were normally considered as unwanted residuals can be transformed into a binder
modifier that not only reduces the environmental problems but also enhances the damage
resistance of the binder. Farina et al. (2017) carried out the life cycle assessment (LCA) of various
road paving technologies namely using crumb rubber in bituminous mixtures and the reclaimed
asphalt pavement. The environmental impact investigation results showed that using crumb rubber
modified binder in wearing courses can lead to significant benefits in terms of energy-saving,
environmental impact, human health, preservation of ecosystems, and minimization of resource
depletion. The crumb rubber modified binder technology causes reductions of both gross energy
requirement and global warming potential about 36% to 45% compared with standard paving
solutions.

The crumb rubber modified binder (CRMB) or rubberized binder is a way of binder
modification which was originally developed by Charles McDonald in 1964 so-called “wet
method” by utilizing crumb rubber particles to modify asphalt binder properties. In the wet
method, up to one-fifth of a total weight of asphalt binder can be substituted by crumb rubber
modifier (CRM) (Brown 1993). Many studies have shown that one of the most successful
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applications of crumb rubber derived from grinding of recycled scrap tires is to use it as a binder
modifier. Addition of CRM into the neat asphalt binder has been proven that it is capable of
increasing the resistance to rutting, fatigue cracking, and thermal cracking (Lo Presti 2013,
Papagiannakis& Lougheed 1995, Shu& Huang 2014).

The improvement of the asphalt binder service performance is governed by the interaction
between crumb rubber particles and bitumen called “swelling process” as shown in Figurel.l
(Abdelrahman& Carpenter 1993, Bahia& Davies 1994). It is reported that bitumen-rubber
interaction depends on various factors such as bitumen (e.g., source of bitumen, constitutions of
bitumen), rubber (e.g., source, types, particle size, production of CRM, constitutions of CRM),
additives (e.g., warm-mix additives, chemical additives, organic additives), and interaction
conditions (e.g., mixing time, and temperature) (Abdelrahman& Carpenter 1993). In the process,
the rubber particles absorb the aromatic and light fraction components of the bitumen forming a
gel-like particle which results in a higher proportion of big molecular component (asphaltenes) in
the binder, an increase of rubber particle volume, and a decrease in inter-particle distance of
swollen rubber. The viscosity of CRMB is thus significantly increased (Airey et al.2002, Heitzman

1992).
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Figure 1. 1: Description of swelling of rubber particles and asphalt binder (Heitzman 1992).

However, despite obvious benefits of CRM binder, an infamous drawback of CRMB is the
tremendous increase of rubberized asphalt viscosity resulting in lower workability, higher energy
consumption (during manufacturing operations), and higher health hazard from asphalt fume
exposures (NIOSH 2001). Farina et al. (2017) suggested that the environmental performance of
rubberized asphalt (RA) can be further improved by coupling the RA with warm-mix asphalt
(WMA) technology. It is because WMA technology requires about 35% less fuel and energy
needed during plant mixing (D'Angelo et al. 2008). Furthermore, applying WMA additives in hot
mix asphalt (HMA) can lower toxic fumes and greenhouse gas emissions during production and
construction which promotes better working conditions. Moreover, the workability and
compaction efficiency are enhanced as the WMA additives can remarkably reduce the binder
viscosity (Rubio et al. 2012). Therefore, it is believed that the combination of RA and WMA
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technologies can contribute more durable and higher environmental performance pavements
(Wang et al. 2018).

Although the combination of WMA technologies and the CRMB may sound promising, the
effect of the WMA additives on the properties and performance of the CRMB are still questionable.
Thus, it is important to investigate the effect of the WMA additive on the properties and
performance of the unmodified bitumen and CRMB.

Bitumen has been used as a binding material in asphalt pavements for decades. The viscoelastic
properties and behaviors of the flexible pavements are highly dependent on the viscoelastic
properties of the asphalt binders (Bahia et al. 2001, Lo Presti 2013). It is because the asphalt binder
is the only component in the asphalt mixture that displays temperature- and rate of loading-
dependent behavior (Benedetto et al 2011). As a result, asphalt binder surely plays an important
role in road service performances over the road service temperatures. Therefore, characterization
of the asphalt binder performance definitely provides a better understanding of the overall
performance of the pavement.

The response of asphalt binder to traffic loading is a function of three main factors namely age,
temperature, and rate of loading. The performance-related asphalt binder specifications were
developed to determine whether the binders can provide an acceptable performance against the
predominant modes of failure over the whole service temperatures such as rutting (permanent
deformation) at high-temperatures, fatigue cracking at intermediate-temperatures, and thermal
cracking at low-temperatures. Currently, the Performance Grade (PG) asphalt binder specifications
are widely used as the current performance-based specification to characterize mechanical
properties of asphalt binders over a range of the pavement service temperature. The Strategic
Highway Research Program (SHRP) suggested that dynamic shear modulus (G*) and phase angle
(0) are two main rheological properties (of the virgin and aged binders) used to characterize high
and intermediate temperature performances. The value of G*/sin & and G*sin 6 measured at a
particular temperature and a frequency of 10 rad/sec are the rutting and fatigue cracking resistances
of the binder respectively.

The current performance-related specifications were primarily developed and designed for
conventional asphalt binders, and these parameters are evaluated and obtained within the linear
viscoelastic region (LVE). Research indicated that, in the case of unmodified binders, these
parameters did satisfactorily correlate to the service performance over a service temperature range
(Bahia et al. 2001). But, in the case of binders containing additives and/or polymer modifiers, the
rutting and fatigue cracking parameters did not correlate well with the field mixture performances
(D'Angelo 2009, Hintz et al. 2011). Since the response of the polymer modified binder is non-
linear, as the polymer chain can be rearranged as the applied stress level goes up (D'Angelo et al.
2007). As a result, many newly developed test methods were proposed for evaluating the binder
performance beyond the LVE with respect to rutting and fatigue cracking. This led to the
introduction of two new successful test methods which can truly capture the actual performance
of both unmodified and polymer-modified binders at high- and intermediate- temperatures
respectively namely multiple stress creep and recovery (MSCR) and linear amplitude sweep (LAS)
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(Hintz&Bahia 2013, Radhakrishnan et al. 2018, Saboo et al. 2016, Wang et al. 2014). MSCR has
been introduced to evaluate the high-temperature rutting resistance of asphalt binders, while LAS
was recommended to characterize the intermediate-temperature fatigue cracking resistance of all
kind of asphalt binders.

In the case of low service temperature performance evaluation of asphalt binders, the bending
beam rheometer test is a typical method determining the low-temperature stiffness(S[t]) and stress
relaxation ability (m-value) of the binders. Recently, Sui et al. (2011) proposed a new low-
temperature performance-grading method using 4-mm parallel plates on a dynamic shear
rheometer as an alternative method characterizing the low-temperature performance of asphalt
binders. This newly developed test can considerably reduce a large amount of bituminous material
used in BBR specimen fabrication from approximately 15 g per beam to only 25 mg per binder
sample.

In this study, performance characterizations of both unmodified and crumb rubber modified
asphalt binders over the whole service temperature range can be carried out by performing the
three new generation aforementioned tests (MSCR, LAS, and 4-mm DSR) on only one DSR
device. It is believed that the new generation DSR tests will contribute to improving the ability to
more accurately characterize the performance of the bituminous materials.

1.2 Study goals

The main goal of this study is to get more understanding about the effects of CRM content, and
WMA additives on the high-temperature storage stability, and the performance of the asphalt
binders over the whole service temperatures by using the storage stability test, and new generation
DSR tests respectively. To achieve the study goals, sub-objectives have been defined as follow.

e To experimentally investigate the effect of crumb rubber particle concentration and warm-mix
additives on the high-temperature rutting resistance, intermediate-temperature fatigue cracking
resistance, and low-temperature thermal cracking resistance of the prepared asphalt binders by
using MSCR, LAS, and 4-mm DSR tests respectively.

e To study the effect of crumb rubber particle concentration and warm mix additives on the high-
temperature storage stability of prepared CRMBs.

e To validate the new generation DSR tests.

1.3 Organization of the thesis

This study consists of 9 chapters which are organized in such a way as presented in Figure 1.2. In
an introductory chapter, the background problem, and the goals of the study are defined. In section
2, the literature review presents a basic knowledge about the crumb rubber modified asphalt binder,
warm-mix asphalt (WMA) technologies, and performance-based asphalt binder characterization.
The physical and chemical properties of materials used in this study and the sample preparation
program are described in Chapter 3. In Chapter 4, rheological properties of the study asphalt
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binders at different aging conditions were evaluated. The effects of CRM concentration and WMA
additive on high-temperature rutting resistance, intermediate-temperature fatigue cracking
resistance, low-temperature thermal cracking resistance, and high-temperature storage stability of
CRMB are presented in Chapter 5, Chapter 6, Chapter 7, and Chapter 8 respectively. The results
and analysis are finally summarized in Chapter 9.

Preliminary Study
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Chapter 1: Introduction
Chapter 2: Literature review

Sample preparation
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Chapter 3- Material and sample preparation

SEM imaging Sieve analysis Aging

_____________________________________________________________________

Chapter 5: High-temperature performance characterization

Multiple Stress Creep and Recovery (MSCR) test

Chapter 6: Intermediate-temperature performance characterization

Linear Amplitude Sweep (LAS) test

Chapter 7: Low-temperature performance characterization

4-mm Dynamic Shear Rheometer (DSR) test
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Chapter 8: High-temperature storage stability

Polymer modified asphalt Storage Stabality test

Chapter 9: Conclusions and recommendations

Figure 1. 2: Scope and Organization of the study.
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Chapter 2 Literature review

2.1 Introduction

This literature review covers four different essential topics for this study, namely bitumen, warm-
mix asphalt technologies, crumb rubber modified bitumen, and performance evaluations of
bituminous asphalt binders. The first section begins with the constitutions of bitumen. It is due to
changes in bitumen constitution will result in changes of the final asphalt binder performances. In
the second and third parts of the review, the two asphalt technologies, namely the warm-mix
asphalt and rubberized asphalt technologies are described. Lastly, the binder performance
characterization methods over the whole service temperature in accordance with the current
SUPERPAVE specifications are discussed. Thus, to understand changes in the asphalt binder
response, it is important to understand how the constitutions of a base bitumen, modified binders,
and crumb rubber modified binder influence their final performances over the overall range of road
service temperatures.

2.2 Bitumen

Generally, bitumen is defined as extremely complex chemical mixtures of molecules which
predominantly hydrocarbons derived from petroleum naturally or by distillation. The bitumen that
has been currently used in the pavement industries is manufactured from crude oil, and its
compositions are highly dependent on the locations of crude oil and the refinery process. As crude
oils are produced through various matters accumulated under the earth, therefore it is very difficult
to clearly define and determine its composition. However, elementary analysis results of bitumen
manufactured from various sources and types of crude oils show that most bitumen commonly
contains basic element as described in Table2.1 (Read&Whiteoak 2003):

Table 2. 1: Basic elemental composition of bitumen (Read&Whiteoak 2003).

Element % by weight
Carbon 82-88
Hydrogen 8-11
Sulfur 0-6
Oxygen 0-15
Nitrogen 0-1

As mentioned earlier, the composition and structure of bitumen are complex and varied
according to the original of the crude source. Although, the complexity of the bitumen makes it
difficult to clearly identify the bitumen composition, its chemical compositions can be categorized
into four main groups, namely asphaltenes saturates, aromatics, and resins by means of
chromatographic techniques such as SARA (saturates, aromatics, resins, and asphaltenes) analysis
as described below.
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Asphaltenes are insoluble black or brown shapeless solids. They are considered highly polar
and complex aromatic materials of high molecular weight, in which their molecular weight ranges
from 1,000-100,000 depending on the employed techniques of determining molecular weights.
Almost one-fourth of the bitumen is constituted by Asphaltenes. Figure 2.1 shows a typical
chemical structure of an asphaltene. Moreover, it was reported that the asphaltenes content has a
remarkable effect on the rheological characteristics of a bitumen. It was found that the larger
asphaltenes content directly produce harder, more viscous bitumen with a lower penetration,
higher softening point and, consequently, higher viscosity. In other words, the stiffness and rigidity
of the bitumen increase proportionally to the asphaltenes content (Read&Whiteoak 2003).

Figure 2. 1: Asphaltene chemical structure (Read&Whiteoak 2003).

Resins are dark brown solid or semi-solid which are considered as polar molecules. The
molecular weight of Resins ranges from 500 to 50,000. In the bitumen, Resins act as dispersing
agents or peptisers for the asphaltenes. The proportion of resins to asphaltenes governs characters
of the bitumen, namely the solution (SOL) structure, and the gelatinous (GEL) type. The high
proportion of Resins results in SOL nature of bitumen, while the GEL nature of bitumen is formed
in case of the small proportion of Resins as shown in Figure 2.2 (Read&Whiteoak 2003).

@ Asphaltenes O Aromatic/naphthenic hydrocarbons @ Asphaltenes O Aromatic/naphthenic hydrocarbons
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Figure 2. 2: Schematic representation of SOL and GEL types of bitumen (Read&Whiteoak 2003).
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Aromatics are dark brown viscous liquids constituting 40-65% of the total bitumen. The
average molecular weight of aromatics varies from only 300-2,000 which is the lowest molecular
weight naphthenic aromatic compounds in the bitumen. Their non-polar nature makes them
capable of dissolving other higher molecular weight hydrocarbons. The typical structures of

aromatics are shown in Figure 2.3 (Read&Whiteoak 2003).

Figure 2. 3: Aromatic chemical structures (Read&Whiteoak 2003).

Saturates are straw or white viscous oils which are considered as non-polar components in
bitumen. The average molecular weight range of saturates is similar to that of aromatics (300-
2,000). The components of saturates consist of both waxy and non-waxy saturates, and they
constitute 5 to 20% of the total bitumen. Figure 2.4 presents two typical structures of saturate

(Read&Whiteoak 2003).

H H
Figure 2. 4: Saturates chemical structures (Read&Whiteoak 2003).
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2.3 Warm mix asphalt (WMA) technologies

Warm mix asphalt (WMA) technologies are relatively new techniques intentionally used to lower
the temperature of asphalt mixtures, where the mixture components are manufactured, placed and
compacted on the roadways at a temperature 20 - 40°C lower than the conventional HMA (150°C
- 190°C) (Rubio et al. 2012). WMA is considered as an environmentally friendly technology as it
lowers in fuel consumption results in lower toxic fumes and greenhouse gas emissions during
production and construction (Shu et al.2012). This technology requires about 35% less fuel and
energy needed during plant mixing which surely can decrease the costs of asphalt production
(D’Angelo et al. 2008). Addition of WMA additives also provides paving benefits such as better
working condition, higher workability, and compaction efficiency. Moreover, WMA technologies
allow asphalt mixtures to be hauled longer distances while still have workability to place and
compact, and quicker turnover to traffic due to shorter cooling time. (EAPA 2014, Rubio et al.
2012, Zaumanis 2010)

The key of WMA technologies is to reduce the viscosity binder so that asphalt aggregates can
be coated at lower temperatures, or to improve workability. According to the WMA technologies,
there are three main techniques to produce asphalt mixture at relatively low mixing temperatures
namely foaming processes, addition of organic or wax additives, and addition of chemical
additives.

2.3.1 Foaming processes

Foaming technologies are intentionally used to expand the contact surface of the binder in the form
of foam by adding a small amount of cold water into hot asphalt binder, or in the asphalt mixing
chamber. The added water turns to steam when mixing with the hot binder, and the stem is then
encapsulated by viscous asphalt binder enabling a temporary increase of binder volume (the
formation of voids within the binder). The expansion of the foaming bitumen reduces the viscosity
of the mixture, and allows the coating of the aggregates at lower temperatures. There are two
commonly used techniques for foaming namely water-containing technologies and water-based
technologies (Capitdo 2012, EAPA 2014, Rubio et al. 2012).

Water-containing technologies are indirect foaming techniques where a mineral, synthetic
zeolite, is used as the source of foaming water. The hydro-thermally crystallized synthetic zeolite
contains about 20% of crystalline water, which can be released from the zeolite structure when the
temperature is increased above 100°C. The released water causes a controlled foaming effect,
which lasts for 6-7 hours, or until the temperature drops below 100°C. It is reported that foaming
effect provides better workability of the mixture where mixing temperatures can be reduced around
30°C with the same compaction efficiency as the HMA.

On the other hand, technologies are direct ways of foaming where a specifically controlled
amount of water is directly injected into hot bitumen with foaming nozzles. The evaporated water
is entrapped in the hot binder, resulting in a temporary increase in the effective volume of the
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binder. The large increase in binder volume allows aggregate coating at lower temperatures. This
water-based technique promotes a 20-40°C temperature reduction of the asphalt mix.

2.3.2 Addition of organic or wax-based additives

The second method to reduce the viscosity of the asphalt binder is using organic warm mix
additives by either mixing an organic wax to bitumen or adding it directly to the mixture. Studies
indicated the binder viscosity is decreased as the mixing temperature rises above the melting point
of the additives, where the mixing temperature can be effectively reduced around 20-30°C
(D’Angelo et al. 2008, Prowell et al. 2011) As the asphalt mixture cools, the added additives
crystallize, forming a lattice structure of microscopic particles (Capitdo 2012, EAPA 2014). After
crystallization, waxes tend to increase the stiffness and plastic deformation (rutting) resistance of
the modified asphalt binder due to higher viscosity at intermediate temperatures. However, at low
service temperatures where asphalt binder is in the solid phase the low-temperature cracking
resistance of the binder is insignificantly affected by the wax-based additives. The melting point
of organic additive or wax is one of the critical aspects that must be taken into account. The wax-
based additive must have the melting point higher than the expected road service temperatures to
prevent permanent deformation (Shang et al. 2011).

It is worth noting that the effect of wax-based additives depends on various factors namely the
chemical composition and the rheological characteristics of the asphalt binder, the composition
crystallinity of the wax, the application temperature range, and the amount of wax
(Edwards&Isacsson 2005).

2.3.3 Addition of chemical-based additives

Chemical based additives are the third method of WMA technologies that are commonly used
among the road authorities. It is because the chemical-based technologies require fewer
modifications of the asphalt plant and/or mix design process. The aim of these additives is not to
directly reduce the binder viscosity but to chemically control the adhesion between aggregates and
the binder. At the mixing process, the friction at an interface of the binder and aggregates is
chemically reduced in order to enable the asphalt binder coating of aggregate at relatively low
temperatures. At the paving field, the additives act as a lubricant promoting better and cooler
working conditions. This type of WMA technology is reported that it is capable to decrease about
20 - 40°C of the mix and compaction temperatures (Chowdhury&Button 2009). There are several
ways to produce a WMA with this type of chemical-based technology. For example, the chemical
additives can be either directly added to the binder or mixed with water and injected into the stream
before the mixing chamber (Austroads 2012).
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2.4 Crumb rubber modified binder (CRMB)

2.4.1 History of crumb rubber modified asphalt binder (wet process)

The wet production technique was initially developed by Charles H. McDonald, an engineer
working in Phoenix in Arizona (USA), in 1967. The wet process refers to a binder modification
process where crumb rubber particles (up to 20% by total binder weight) are incorporated with
virgin bitumen by blending them all together for 45-60 minutes at high temperatures
(approximately 160°C) to produce a viscous fluid through rubber-bitumen interactions before
mixing with the aggregate. In the interaction mechanisms, viscosity and some engineering
characteristics of the binder were increased (Abdelrahman&Carpenter 1999, Heitzman 1992). In
1975, the crumb rubber modified binder was primarily used in hot mix asphalt (HMA) in Arizona
(Brown 1993).

However, in the early 90s in the States, McDonald wet process was not popularly used due to
the various shortcomings of incorporating CRM in the mixtures. It was because the rubberized
asphalts were more expensive than the traditional pavements. Furthermore, the rubberized HMA
had lower workability than conventional, because of its relatively smaller working-temperature
window. Later on, in 1991, Road authorities all around the States were mandated to use the wet
process technology by the United States federal law named "Intermodal Surface Transportation
Efficiency Act" (recently rescinded). Consequently, the intention to improve the rubberized
asphalt-related technologies has been brought back. Since then, the performances of crumb rubber
modified binder produced by the wet process have been extensively researched, as the rubberized
asphalt mixtures become widely used over the world. (Kuennen 2004, Lo Presti 2013).

2.4.2 Crumb rubber modifier production

Crumb rubber modifier (CRM) (also known as ground tire rubber [GTRY]) is a product of a grinding
process where waste tires are grounded or processed into small pieces. There are two main crumb
rubber fracturing methods namely ambient grinding and cryogenic processing (Subhy 2017).
Figure 2.5 shows the Scanning Electron Microscope (SEM) images of rubber particles processed
by two mentioned methods.

In the ambient grinding process, the fracturing processes are done at or above room temperature
where the scrap tires are cut to small pieces then shredded and ground into relatively small-size
crumb rubber. This ambient grinding method normally results in irregular-shaped rubber particles
with porous and rough surfaces with the size ranging from 0.5 to 5 mm. One of the most popularly
used end-of-life-tires processing methods is an ambient grinding method, because of its economic
benefits (Lo Presti 2013).

In the cryogenic fracturing, the cut pieces of scrap tires are frozen with liquid nitrogen
(typically between -87 to -198 °C). At a temperature below -80 °C, rubber becomes glass-like
material where the cooled rubber is very brittle. After that, the frozen rubber is shattered into the
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small-size rubber particles by a hammer mill. Cryogenic grinding products usually have an angular
shape with a relatively smooth and lower surface area (Memon 2011).

F > -—

Figure 2. 5: Scanning Electron Microscope (SEM) images at 200 microns and 400x magnification
of rubber particles processed by ambient grinding (left) and cryogenic fracturing (right) (Memon
2011).

2.4.3 Interaction mechanism of crumb rubber particle and bituminous binder

In the wet process, the main purpose of adding crumb rubber modifier in a bituminous binder is to
improve the mechanical properties of the conventional binder namely viscosity and elasticity of
the unmodified binder. Basically, there are two main simultaneous interaction mechanisms; rubber
particle swelling and degradation process of rubber particles (devulcanization /depolymerization)
(Abdelrahman&Carpenter 1999, Abdelrahman 2006).

In the particle swelling process, the rubber particles are swollen by absorbing the aromatic oils
and light fractions from the binder into the polymer chains of the rubber particles o form a gel-like
material ( Figure2.6 b-II) under a high interaction temperature condition (160 °C - 200 °C). This
absorption process causes a great increase in the volume of the swollen crumb rubber particles
which significantly decreases the inter-particle distances (Figure2.6 c-1l). Furthermore, the
combination of inter-particle distance reduction and fewer aromatics in the binder results in an
enormous increase in viscosity of the binder (Heitzman 1992).

Devulcanization is the process where the sulphur—sulphur (S-S) bonds or carbon-sulphur
bonds (S-C) formed by the vulcanization process during tire production are broken. While,
depolymerization is the process of decomposing a polymer into monomers. These mentioned
reactions can destroy the chemical bonds of the crumb rubber particles and also cause a reduction
in the rubber molecular weight. The reduction of stiffness and elasticity of the modified binder is
corresponding to the rubber degradation process (devulcanization and/or depolymerization). If the
interaction process keeps on continuing after the swelling has reached the maximum swelling
equilibrium (Figure 2.6 a-Il), the swollen rubber particles will start depolymerizing (Figure 2.6 b-
I1). After that, under the extremely high mixing temperatures and/or unnecessary long mixing
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time, the rubber particles may be fully depolymerized and dispersed into the liquid phase of the
binder (Figure 2.6 c-11&I11) (Abdelrahman 2006).

The mechanical response and behavior of the CRM binders are directly governed by this
interaction. It is reported that the bitumen-rubber interaction is significantly influenced by both
material parameters (bitumen, CRM, and additives) and conditions of interaction (mixing
conditions). The optimum mixing conditions of particular CRMBs greatly depends on these
factors. Therefore, the final performance of any CRMB surely based on the constitutions and
mixing conditions (mixing time and mixing temperature).

In this study, all of the materials used are exactly identical to H.Wang’s study (2018).
According to the H.wang‘s research, binder samples produced through various mixing times and
temperatures were investigated, and the test results indicated that the optimum bitumen-rubber
interaction condition was 180°C of mixing temperature for a 30-minute duration. Therefore, in this
study, the optimum mixing condition determined in H.wang’s research was employed.

*

Figure 2. 6: Progression of bitumen-rubber interaction at elevated temperature: (a) change in
binder viscosity over time, (b) change in particle size over time, and (c) change in binder matrix
over time (Abdelrahman 2006).

2.4.4 Storage stability of crumb rubber modified binders

The high-temperature storage stability of the modified bitumen is one of the important criteria of
road construction (Navarro et al. 2004). It is because the phase separation normally occurs when
the modified bitumen is stored at elevated temperatures. The severity and mechanism of the phase
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separation are highly contingent on the type of asphalt binder modifier and the interaction
mechanism of the modifiers and bituminous binders (Bahia et al. 1998).

In case of crumb rubber modified binder, its high-temperature storage stability is reported to
be one of the main drawbacks because of the incompatibility between swollen CRM particles and
the binder (Ghavibazoo et al. 2013, Navarro et al. 2004, Zanzotto et al. 1996). It is because there
is a difference in density between CRM particles (1.15 + 0.05 g/cm®) and the bituminous binder
(1.02 g/cm®) (Heitzman 1992) which causes the settling down of the CRM particles to the bottom
of the hot storage tank due to the gravitational force. As a result of the phase separation, the higher
viscosity of the CRMB at the bottom part was reported, conversely, the viscosity of CRMB at the
upper part was found reduced (Navarro et al. 2004, Zanzotto et al. 1996) and this affects the
mechanical properties of the CRMB. The phase separation significantly causes a variation in
mechanical properties of the modified binders between the top and bottom tank due to the non-
uniformly distributed of the modifiers which may lead to differences in the mixture performance.
In order to prevent variation in mechanical properties between top and bottom of the hot storage
tanks, the agitating system is normally installed in the storage tanks to ensure the acceptable level
of homogeneity of the modified asphalt binders (Ghavibazoo et al. 2013).

2.4.5 Warm-mix rubberized asphalt binder

Crumb rubber modified binder or Rubberized binder has been extensively used for decades as it
improves the road service performances over the whole range of service temperatures. It is reported
that binders modified with crumb rubber exhibit improved resistance to plastic deformation
(rutting), fatigue cracking, and low-temperature thermal cracking (Lo Presti 2013,
Shen&Amirkhanian 2007). In addition, road safety and comfort are satisfactorily enhanced
(Rymer&Donavan 2005). However, the addition of CRM into the base binder causes an enormous
increase in viscosity of the crumb rubber modified binders (Abdelrahman 2006). The higher
manufacturing and compacting temperatures are thus required in order to provide desirable
workability of the mixtures. Consequently, an elevation of mixing and compaction temperatures
do not result only in higher fuel consumption but also more difficult and harmful working
conditions as the asphalt fumes emission is much higher than the conventional paving technology
(Lo Presti 2013).

WMA technologies are widely accepted in the pavement industry as techniques of reducing
energy requirements and lowering emissions. WMA can significantly reduce the mixing and
compacting temperatures of asphalt mixtures, by either lowering the viscosity of asphalt binders
or increasing the workability of the mixtures. Thus, coupling WMA technologies with CRM binder
was proposed in order to improve environmental performance, and promote better and safer
working conditions. However, the mechanical and engineering properties of CRMB containing
WMA additives are still unclear. It is because the addition of WMA additive to CRMB complicates
the bitumen-rubber interaction, which may result in a more complex response of CRMBs. The
overall performance of the warm CRM binders is thus needed to be characterized.
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2.5 Performance-based asphalt binder characterization

Bitumen is a viscoelastic material that has been used as an asphalt binder for years. The
performance of the asphalt pavements highly depends on the binder properties. It is because an
asphalt binder is the only constitute exhibiting both temperature- and time-dependent behaviors.
Theoretically, asphalt binder commonly shows Newtonian flow, viscoelastic, and glass-like solid
behaviors at high, intermediate, and low service temperatures, respectively (Read&Whiteoak
2003). Under the practical conditions, it is essential to evaluate the binder contribution to the road
damage resistance over the whole service temperatures.

Traditionally, empirical binder grading systems (penetration and viscosity based grading
system) were used to identify the binder resistant properties. However, due to the empirical nature
and various drawbacks of the conventional binder tests, Superior Performing Asphalt Pavements
or SUPERPAVE was developed by the Strategic Highway Research Program (SHRP) to overcome
the shortcomings of the empirical binder grading systems. According to the SUPERPAVE binder
classification system, binders are graded according to their performance in both high and low
service temperatures that likely to be experienced by the asphalt binders. The classification system
is therefore called the Performance Grade (PG) system.

In the PG system, a set of four physical tests and two age conditioning simulations (refer to
Table 2.2 for further detail) is used to measure asphalt binder physical properties at the entire range
of pavement service temperatures that can be directly related to the field performance. The two
age conditioning methods, the Rolling Thin Film Oven (RTFO) and the Pressure Aging Vessel
(PAV), are applied to simulate two critical stages of pavement performance namely after
construction stage and long-term service stage of the pavements. Table 2.3 shows the summary of
the standard PG testing and criteria which specifically developed to address the binder
performance parameters namely rutting (G*/sin ), fatigue cracking (G*sin 8), and thermal
cracking (creep stiffness and m-value). The binder is graded and reported as PG H-L, where H
indicates the average seven-day maximum pavement temperature (°C) and -L is the minimum
pavement design temperature (°C). For example, a PG 64-22 is suitable for the pavement
performing from a high pavement temperature of 64°C to a low pavement temperature of -22 °C.
For the high temperature performance, the limiting high-temperatures starting from 46°C with 6°C
incremental interval up to 82°C. While, the limiting low-temperature is commonly defined from
—10 °C down to —46°C with 6°C step decrements (AASHTO M320).

Rutting, fatigue cracking, and thermal cracking are the predominant modes of failure of the
asphalt mixtures at high, intermediate, and low temperatures, respectively. Performance-based
asphalt binder characterization are thus needed in order to accurately determine that the asphalt
binders can perform at an acceptable level of the road service performance. In the PG system, the
binders are classified to meet the criteria corresponding to the expected high and low service
temperatures, aging conditions, and traffic loading conditions. Therefore, the PG system uses the
set of aforementioned tests (refer to Table 2.2) to characterize physical properties of the binder
which can be directly related to field performance of the pavement at its service temperatures.
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Table 2. 2: Summary of Performance grading tests (Chin 2018).

Performance Rutting Fatigue cracking Low-temperature cracking (Thermal cracking)
Criteria

Service Average 7-day maximum | Intermediate pavement Minimum pavement surface temperature
Temperature pavement temperature temperature

Critical stage of a
binder’s life

After construction

Long-term service

Long-term service

Aging condition

No aging and short-term
ageing (RTFO)

Short-term aging (RTFO) plus

long-term aging (PAV)

Test

Dynamic Shear
Rheometer (DSR) with
25-mm parallel testing
plate

1

Dynamic Shear Rheometer
(DSR) with 8-mm parallel
testing plate

Bending Beam
Rheometer (BBR)

Direct Tension Test
(DTT)

at high -temperature

intermediate temperature

stiffness and stress
relaxation ability

] I
——
Point of the test Measure binder stiffness Measure binder stiffness and | Measure low Measure binder
and viscoelastic properties | viscoelastic properties at temperature properties at low service

temperatures
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Table 2. 3: Summary of the standard PG testing and criteria (ASPHALTINSTITUTE 2005).

Max Desion Temp. | PG 46 PG 52 PG 58 PG 64 PG 70 PG 76 PG 82
Min Design Temp. |-34]-40{-45]-10]-16]-22]-28]-34]-40] -46]-16]-22]-28] 34| -40]-10]-16]-22] -28]-34] -40]-10]-16]-22]-28] -34] 40| -10]-16] 22 -28] 34| -10]-16] -22]-28] 34
Original
>230°C Flash point
<3 Pas @135°C Rotational Viscosity
> 1.00 KPa DSR G*/sind (Dynamic Shear Rheometer)
16| 52 | 58 64 70 76 82
Rolling Thin Flim Oven (RTFO), Mass change < 1.00%
>2.20 kP DSR G*/sind (Dynamic Shear Rheometer)
16| 5 | 58 | 64 | 70 76 82
Pressure Aging Vessel (PAV)
20 hours,2.10Mpa | 90 | 90 | 100 | 100 | 100 (110) 100 (110) 100 (110)
DSR G*/sind (Dynamic Shear Rheometer), Intermediate Temp ( (Max+Min)/2)+4
<5000 kPa 10] 7] 4{25]22]19]16]13]10] 7{25]22]19]16]13]31]28]25 | 22] 19 16]34|31]28]25]22] 19]37]34 |31 ] 28| 25| 40]37|34]31] 28
$<300 MPa Bending Beam Rheometer (BBR). Creep stiffness (S) & m-value
m>0.300 24]-30]-36] 0 | -6 1-12]-18]-24]-30]-36] -6 |-12)-18]-24]-30] 0 | -6 |-12]-18]-24]30] 0 | -6 |-12]-18]-24]-30] 0 | -6 |-12]-18]-24 0 | -6]-12]-18]-24

If BBR m-value > 0.3

00 and Creep stiffiness is between 300 and 600 Mpa. the Direct Tension failure strain requirement can be used in lieu of the creep stiffness requirement

Direct Tension Tester (DTT)

et>1.00 %

24]-30]-36] 0| -6 |-12]-18]-24]-30]-36] -6 |-12)-18]-24]-30] 0 | -6 |-12]-18]-24-30] 0 | -6 |-12]-18]-24]-30] 0 | -6 |-12]-18]-24] 0 | -6 ]-12]-18]-24
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2.5.1 Permanent deformation resistance of asphalt binders

Permanent deformation or rutting is one of the predominant of the pavement distresses typically
observed at high service temperatures and/or under heavy traffic loads. In the current performance-
based asphalt binder specifications, the SUPERPAVE G*/sin 6 parameter has been widely used to
capture the rutting sensitivity of the binder at high temperatures. This binder rutting resistance
parameter of unaged and artificial short-term (RTFO) aged binders at the maximum 7-day average
pavement design temperature must be at least 1.00 kPa and 2.20 kPa, respectively
(ASPHALTINSTITUTE 2005). This G*/sin 6 parameter is based on the dissipated energy concept,
where it is assumed that plastic deformation is a resultant of the total energy dissipated per cycle
of loading. It is described that at each cycle of traffic loading, the work done in deforming the
pavement surface at high temperatures is partially recovered to its original shape by elastic
component, and also partially dissipated in the form of permanent deformation by the viscous
component. Therefore, in order to minimize the irrecoverable deformation of asphalt, the amount
of work dissipated per loading cycle should be minimized, where the work dissipated per loading
cycle at a specific stress level can be expressed as the following equation (Stuart et al. 2000).

W, = no} [—] (2.2)
o)
Where,
W.  =work dissipated per loading cycle
o = stress applied during the loading cycle
G* = complex shear modulus obtained by DSR test
d = phase angle obtained by DSR test

However, the SUPERPAVE rutting parameter has been criticized for being insufficient in
capturing the actual performance of the polymer modified binder. The ineffectiveness of the
SUPERPAVE rutting parameter was proven by Accelerated Loading Facility (ALF) testing
(Dongre&D’Angelo 2003) and laboratory testing (Bahia et al. 2001). It is because the binder
rutting parameter is obtained within the linear viscoelastic (LVE) region, where the binder sample
is tested at a low strain level and there is no damage introduced to the binder sample. But, the
rutting of asphalt pavements is a non-linear viscoelastic phenomenon, a high-stress concentration
induced by complicated traffic loading may cause irreversible damage to pavement structure. On
the one hand, in the case of the unmodified binder, it is generally accepted that the SUPERPAVE
rutting parameter does actually provide a reasonable correlation between the G*/sin & and the field
plastic deformation (Bahia et al. 2001, Stuart et al. 2000). On the other hand, in case of the polymer
modified binders, it was observed that the G*/sin § rutting parameter did not correlate well with
the real mixture rutting performance measured in the laboratory (D’Angelo et al 2007). It is
because responses of modified asphalt binders are non-linear, and it is unreasonable to evaluate a
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non-linear response by the linear testing protocol. It is thus necessary to evaluate the high-
temperatures rutting performance of the binder under the non-linear conditions. As a result of
Bahia et al. study (2001), many alternative binder rutting parameters have been proposed to replace
the current SUPERPAVE rutting parameter. Several comparisons of alternative rutting parameters
were made, and it was clearly founded the Multiple Stress Creep and Recovery (MSCR) test did
provide more accurate correlations with the rut depth of mixtures as show in Figure
2.7(Radhakrishnan et al. 2018, Saboo&Kumar 2016, Wang&Zhang 2014).

'y = 20.433x9322 R? = 0.7418 Se/Sy = 0.423 | * 2 rad’s

=1 |1y=22512x02% R? = 0.431 Se/Sy = 0.509 | = 10 rad/s
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o * [ ]
= * ]
é 1 * - [

0
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g 55600 Pa O s S RN = R
= y = 2.4875x%3555 R? = 0.9904 Se/Sy = 0.079
= 3
_:’5' y = 2.0114x23077 R? = 0,894 Se/SY = 0.302
2

Hg

0 0.2 0.4 0.6 0.8 1
Non-recoverable creep compliance, Jnr, kPa-!

B)

Figure 2. 7: Rut depth vs G*/sin(8) (A), and rut depth vs Jnr (B) (Radhakrishnan et al. 2018).

2.5.2 Fatigue cracking resistance of asphalt binders

At intermediate service temperatures, fatigue cracking is a major concern, especially at the long-
term service performance. Cracks normally initiate and propagate within the weakest point of the
asphalt mixture such as binder phase or mastic phase. The fatigue resistance of the mixture is
therefore directly dependent on the fatigue resistance of the binders. According to the current
SUPERPAVE binder specification, the fatigue cracking parameter (G*sin ) is used to assess the
fatigue resistance of long-term aged asphalt binders. In the specification, the maximum value of
G*sin o is specified as 5,000 kPa (ASPHALTINSTITUTE 2005). The concept of energy
dissipation is employed to determine binders’ ability fatigue to resist fatigue cracking, where the
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traffic load is partially dissipated in the form of crack initiation and crack propagation. The work
dissipated per loading cycle at a constant strain can be calculated in accordance with equation 2.9
(Anderson&Kennedy 1993). Theoretically, it can be concluded that the smaller amount of energy
dissipated the smaller fatigue damage accumulation of the pavement, thus binders with the smallest
G*sin o value is the most desirable in order to minimize fatigue cracking.

W, = nyé[G*siné] (2.9)
Where,
Wc = work dissipated per loading cycle
Yo = strain during load cycle
G* = complex shear modulus obtained by DSR test
d = phase angle obtained by DSR test

Many studies indicated that the fatigue performance of asphalt binders, especially modified
binders, cannot be sufficiently predicted by the SUPERPAVE fatigue parameter. It is because the
parameter G* and  are simply measured within the linear viscoelastic regime of asphalt binders,
and they do not really represent the real fatigue damage under varied traffic conditions where the
pavements experience fluctuating strain levels and wide-ranging traffic loading frequencies.
Moreover, in order to accurately evaluate the fatigue resistance of binder, the binder sample should
be tested under damaging conditions (Bahia et al. 2002, Johnson&Bahia 2010). Consequently,
several approaches for characterizing fatigue resistant properties of both unmodified and modified
asphalt binders have been proposed in order to capture the true fatigue performance of binders.

Fatigue cracking is a progressive and permanent structural degradation that occurs in a
pavement subjected to repeated traffic loading. Based on this concept, Bahia et al. (2001) proposed
the time sweep test method which applies cyclic loading at a constant strain/stress level to quantify
the fatigue behavior of asphalt binders by using the 8-mm-diameter parallel plate geometry in the
DSR. It is generally acknowledged that the time sweep test performed on the DSR can be reliably
used to characterize fatigue properties of the binders (Anderson et al. 2001, Bahia et al. 2002).

2.5.3 Thermal cracking resistance of asphalt binders

Low-temperature thermal cracking is predominant distress of asphalt pavements. This failure
mode normally manifests when tensile stresses corresponding to shrinkage of the pavement
overcomes the fracture strength of the pavement. The stiff asphalt pavements are more susceptible
to low-temperature thermal cracking because the ability to dissipate low-temperature stress build
up is decreased as temperature falls. The stiffness of the asphalt binder has a predominant effect
on the stiffness of the asphalt (Ghavibazoo&Abdelrahman 2014). The low-temperature rheology
of asphalt binders plays a dominant role in governing low- temperature performance of asphalt
mixture. Thus, understanding, measuring, and controlling the rheological properties of the binders
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are the key components of improving the low-temperature performance of pavements (Sui et al.
2010).

The low-temperature thermal cracking resistance of the binders is commonly evaluated by
using the bending beam rheometer (BBR) (Bahia et al. 1991). In the BBR test, the deflection under
a constant load at temperatures corresponding to the expected lowest pavement service
temperature plus 10 degree Celsius (T+10°C) of the pre-fabricated binder beam is measured. The
sample is normally aged by the rolling thin film oven (RTFO) and then pressure aging vessel
(PAV). The built-up tensile stresses in the field are simulated by applying a creep load in the BBR
lab test. The creep stiffness (S[t]) and the creep relaxation rate (m-value) are two main parameters
which are directly calculated from the test results to evaluate the creep resistance of the bitumen
and binders’ ability to disperse the built-up tensile stresses, respectively. The limiting low
temperature of the binders is determined with respect to the maximum temperature at which the
creep stiffness at a loading time of 60 seconds (S[60]) exceeds 300 MPa, or at which the m-value
is less than 0.300. The high value of the creep stiffness indicates that the binders tend to crack,
due to the more glass-like the material becomes. Conversely, low-temperature tensile stress can be
dissipated more quickly as the creep relaxation rate (m-value) increases (ASPHALT INSTITUTE
1997).

However, in the case of extracted asphalt binders, BBR has limitation due to a limited amount
of asphalt binders as the test requires a large amount of asphalt binders in order to pre-mold the
sample. This weakness of BBR has encouraged to find a way to link the DSR results to the BBR
parameters.

37



Chapter 3
Materials and Sample Preparation

38



Chapter 3 Materials and Sample Preparation

3.1 Introduction

In this chapter, the materials used in this study, namely the base bitumen, crumb rubber modifier,
and warm-mix additives are described in detail, including their characteristics and properties. The
binder modification methods for base bitumen containing WMA additive, CRMB, and CRMB
containing WMA additive are presented. Furthermore, short- and long-term artificial aging
simulation procedures employed for conditioning the study asphalt binders are also discussed.

3.2 Materials

In this study, both unmodified and modified binders were produced using the following materials:
3.2.1 Base bitumen

70/100 penetration grade bitumen provided by NYNAS (Stockholm, Sweden) was selected as the
only base bitumen because this grade of bitumen is commonly used in the Netherlands. Table3.1
and Table 3.2 show the chemical components and properties of the base bitumen used in this study,
respectively. The morphology of base bitumen was captured by using scanning electron
microscopy (SEM) as shown in Figure 3.1. According to the SEM picture, it indicated that the
70/100 bitumen contains some impurities, however, the homogeneity of the bitumen is confirmed.

Table 3. 1: The chemical components of the base bitumen used in this study.

General Material Bitumen
Source NYNAS
Penetration grade 70/100

Chemical compositions Saturates (%) 7
Aromatics (%) 51
Resins (%) 22
Asphaltenes (%) 20

Impurities

of base bitumen used in this study.
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Table 3. 2: Properties of base bitumen used in this study [NYNAS].

hardening

Properties Test description Method Unit Min | Max
Consistency at
intermediate service Penetration at 25°C EN 1426 mm/10 | 70 100
temperature
Consistency at elevated | o, oning Point EN1427  |oC 43 |51
service temperature

Change in mass EN 12607-1 | % - 0.8
Resistance to hardening at | Retained penetration EN 1426 % 46 -
163°C i i

Softening Point after EN 1427 oC 45 ]

3.2.2 Crumb rubber modifier (CRM)

Crumb rubber produced from ambient grinding of scrap truck tyre with particle size ranging from
0.0 to 0.5 mm provided by Kargro Recycling was utilized as a bitumen modifier in this thesis as
shown in Figure 3.2. The particle shape and texture of the crumb rubber modifier was investigated
by using scanning electron microscopy (SEM). Figure 3.3 shows the images of shape and texture
at 200 microns and 100 times magnification of the crumb rubber modifier captured by SEM.
According to the SEM scanning, the crumb rubber particles were found to have a very porous
surface and non-uniformly irregular shapes. Moreover, the physical and chemical properties and
the gradation of the crumb rubber particle are presented in Table 3.3-3.4, and Figure 3.4

respectively.

i

Figure 3. 2: Crumb rubber mddifier with particle sizes ranging from 0 - 0.5 mm.
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Figure 3. 3: Scanning Electron Microscope (SEM) images at 200 microns and 100x magnification
of crumb rubber particles used in this study.

Table 3. 3: Physical and Chemical Properties of Crumb rubber modifier.

Material Crumb rubber
Production method Ambient grinding
Source Scrap truck tyres
hvsical . Color Black
Physical properties Morphology POroUs
Size (mm) 0.00-0.50
Specific gravity 1.15
Decomposition temperature (°C) ~200
Total rubber (natural and synthetic) [%] 55
Carbon Black (%) 30
: : Zinc oxide (%) 15
Chemical properties Sulphur (%) 1
Benzene extraction (%) 55
Ash content (%) 7

Table 3. 4: Crumb rubber particle gradation

Sieve size % passing
0.710 mm 100
0.500 mm 93
0.355 mm 63
0.180 mm 21
0.125 mm 9
0.063 mm 2
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Figure 3. 4: Gradation curve of crumb rubber modifier used in this study.

3.2.3 Warm-mix additives

In this thesis, two different types of warm mix additive were selected namely: a wax-based warm
mix additive and a chemical-based warm mix additive. Table 3.5 shows general information of
warm mix additives used in this thesis. The additive products are briefly described and shown in

Figure 3.5 and 3.6, respectively.

Table 3. 5: General information of the warm mix additives used in this study

Type Wax-based additive Chemical-based additive
Appearance Pastilles Liquid

Color Greyish-white Dark brown
Density (g/cm3) 0.590-0.622 0.99
Solubility Insoluble Partly soluble
Viscosity (mPa.s at 20 °C) Not applicable 1.70
Recommend dosage 0.80-4.00% by weight 0.50-3.00% by weight
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3.2.3.1 Wax-based warm-mix additive

Basically, the wax is a fine crystalline long-chain aliphatic hydrocarbon. It is manufactured from
natural gas by using the Fisher-Tropsch process of polymerization. The wax additive is produced
in three different solid forms namely: a 5-mm diameter pill, a small 1-mm diameter pill, and a 3-
mm chip in flaked form. It is suggested by the manufacturer that the minimum and maximum
dosages of the wax additive are 0.8% and 4.0% of the asphalt binder weight, respectively. The
wax-based additive is unique from the other types of warm-mix additives as it can be blended with
the bitumen or directly added to the asphalt mixture. In this study, the wax in the form of 5-mm
diameter pill (Figure 3.5) was chosen to investigate the effect of the wax-based warm mix additive
on the performance of the base bitumen and CRMB containing warm-mix additive, and the dosage
of the wax was 2.0% by weight of the bitumen. Table 3.6 below shows the physical properties of
the wax-based additive.

Figure 3. 5: The wax-based warm mix additive used in this study.
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Table 3. 6: Physical characteristics of wax-based warm-mix additive.

Properties Description Unit Specification Values and range
Congealing temperature °C Min 100 100
Penetration at 25°C 0.1 mm Max 1.0 -
Penetration at 65°C 0.1 mm Max 13.0 -
Min 75.0
Melting point °C 75-115
Max 115.0
Quantitative Flash point °C 290 -
PH Neutral -
Polydispersity index 1.33 -
622 (Pastille)
Density kg/m?® -
590 (Prill)
Brookfield Viscosity at 135°C cP 10-14 12
Odor No odor
Qualitative Visual color Greyish-white to yellowish
Physical state Pastilles and Prills
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3.2.3.2 Chemical-based warm-mix additive

The chemical-based additive (Figure3.6) is a combination of a liquid chemical-based warm mix
additive, surfactants, polymers, other additives, anti-stripping agents, etc. It is a multifunctional
warm mix additive used to improve the aggregate-surfaces wetting with binder by reducing the
surface tension of the asphalt binder, which enables asphalt binder to efficiently coat on surfaces
of aggregates. It was claimed that the chemical additive can improve the adhesive strength between
asphalt binders and aggregates, and reduce the moisture susceptibility of the asphalt mixture.
Furthermore, the chemical additive also contains some additives providing a reduction of the
viscosity of the binder and a lubricating effect for easier coating and compaction, thus, resulting
in lower manufacturing and compaction temperatures. It can also be used with crumb rubber
modified bitumen’s. In this study, the chemical-based warm-mix additive was selected to
investigate the effect of the warm mix additive on the performance of the base bitumen and CRMB
containing warm mix additive, and the dosage of the chemical additive is 0.6% by weight of the
bitumen as suggested by the manufacturer.

Figure 3. 6: The chemical-based warm mix additive used in this study.

3.3 Binder modification method

In order to achieve the study goals, four different types of asphalt binders were prepared namely;
unmodified base bitumen, base bitumen containing warm mix additive, crumb rubber modified
bitumen, and crumb rubber modified bitumen containing warm mix additive as described in Table
3.7.
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Table 3. 7: Information of prepared asphalt binders used in this study.

Type of asphalt Code Base CRM dosage WMA
binders bitumen (% by weight) additive
U_nmod|f|ed base 70/100 none none
bitumen
Base plFumen _ 70/100-C none Chemical-
containing warm mix based
additive 70/100-W none Wax-based
. CRMB-5 70/100 5 none
C_rumb rubber modified CRMB-10 10 one
bitumen
CRMB-15 15 none
C_rumb rubber_m_odlfled CRMB-15-C 15 Chemical-
bitumen containing based
warm mix additive CRMB-15-W 15 Wax-based

Base bitumen containing warm mix additive samples were basically prepared by manually
blending the hot base bitumen with each warm mix additive at 140°C for 10 minutes as displayed
in Figure 3.7. The dosage of both wax-based and chemical-based warm mix additives were 2.0%
and 0.6% by unit weight of the asphalt binder as recommended by the producers.

) WMA additives

s

Figure 3. 7: Mixing procedures of base bitumen containing warm mix additive.

In case of crumb rubber modified bitumen, three CRM concentrations (5%, 10%, and 15% by
total weight of base bitumen) were chosen to experimentally investigate the effect of crumb rubber
modifier concentration on asphalt binder performance over the whole service temperatures as
mentioned in the sub-objective. The CRMB samples were prepared by using a Silverson high shear
mixer (Figure 3.8) at 6000 rpm at 180°C for 30 minutes as suggested by Wang et al. (2018). After
that, CRMB containing wax-based warm mix additive and CRMB containing chemical-based
warm mix additive were prepared by manually blending each warm mix additive (wax-based and
chemical-based additives) with the hot CRMB blend at 160°C immediately after preparing CRMB

140°C Bitumen

Manually mix for 10 minutes
under 140°C-condition

e

Base binder containing WMA additive
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as shown in Figure 3.9. Typically, during the interaction between bitumen and CRM, the aromatics
are absorbed into the crumb rubber particles. In some cases at asphalt mixing plants, the CRM may
excessively absorb the aromatics from the bitumen, causing compatibility problems and reduce the
low-temperature flexibility of the CRMB. Thus, in the asphalt production process, various
petroleum distillates or extender oil (0-6% of the bitumen weight) are added to improve
workability, promote the interaction, and reduce the viscosity of the CRMB (Lo Presti 2013).
However, in this study, extender oil was not used to promote the workability of the CRMBs.

High Shear Mixture
J thermometer
hoe Beaker
Temperature controller Heating mantle

Figure 3. 8: Laboratory equipment used to prepare crumb rubber modified bitumen.

Silverson high shear mixer

st |
0000
~Crumb rubber modifier O
A\ B
&
! Manually mix for 10 minutes I
under 180°C-condition Mechanically mix for 30 mi
under 180°C-condition
180°C Bitumen .
?\WMA additives 180°C Crumb Rubber Modified Bitumen
.\4 \
‘
Manually mix for 10 minutes
under 140 *C-condition

CRMB containing WMA additive Crumb Rubber Modified Bitumen 16 0°C- Crumb Rubber Modified Bitumen

Figure 3. 9: Mixing procedures of CRMB and CRMB containing WMA additive.
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3.4 Laboratory aging methods

Aging of bitumen is one of the major factors which significantly affects physical and rheological
properties of asphalt binder. The properties of asphalt binder start changing as the bitumen is
exposed to the very first heat in the asphalt mixing process, and this aging process keeps on going
as the binder exposed to heat, moisture, oxygen, and ultraviolet radiations during its service life.
According to the SUPERPAVE Performance Grading system, the performance and mechanical
properties of asphalt binders are normally characterized at three critical aging stages namely:
unaged (before mixing with aggregates), short-term aged (after asphalt concrete production and
placement), and long-term aged (5 to 10 years after placement) stages. The aging procedures that
were employed to condition the binders are described in the following topics.

3.4.1 Short-term aging

The physical hardening process of the asphalt binders after mixing and laying processes is
considered as the short-term aging of binders which is normally simulated by the tests such as the
thin-film oven test (TFOT) and the rolling thin-film oven test (RTOFT).

The thin film oven test (TFOT) is an aging simulation technique conducted following ASTM
Test Method D1754 by conditioning binders in the oven at 163°C for five hours. The 50-ml of
asphalt binder is directly poured into a pan (140-mm in diameter) placed on a rotating shelf. After
the conditioning, the short-term aged binders might be further tested to evaluate the short-term
aging effects. This aging technique simulates conditions that binders are normally experienced
during normal hot-mix plant operations.

The rolling thin-film oven test (RTFOT) is considered as an improvement of the TFOT, and
being used as the standard short-term aging test. In this test, 35 grams of binder sample is poured
into specifically designed glass bottles (Figure 3.10). After that, the bottles are placed horizontally
on a cooling rack allows them to cool down for 60-180 minutes before conditioning them in a pre-
heated oven where the temperature is maintained at 163 °C for 85 minutes in accordance with
AASHTO T240. During the test, the bottles are rotated in a carousel to allow the binders to fully
and uniformly coat the bottles (binder film thickness of 1.25 mm) in order to simulate the real
asphalt mixing plant conditions. Furthermore, the hot and fresh air is periodically injected into the
bottles at a rate of 4000 ml/min to intensify the aging effect. The residue from the RTOFT can be
further tested for the effects of short-term aging. The chamber of the RTFOT used in the study is
shown in Figure 3.10.
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Figure 3. 10: Rolling thin film oven test (RTFOT) equipment (left) and the bottles for holding the
specimens (right).

However, in this study, the significantly high viscosity of the CRMB may cause problems
during the standard short-term aging simulation or the rolling thin-film oven test (RTOFT) as the
CRMB may not fully coat the RTFO bottle and/or spill out of the bottle instead of coating it (Bahia
et al. 2001, Baumgardner &D’Angelo 2012). According to the original design purpose of the
RTFO test, the rolling of the RTFO bottle is to simulate the real asphalt mixing plant conditions
where the asphalt binders are continuously stirred by the agitating system in order to avoid skin
formation and to ensure uniform aging. Furthermore, it is difficult to obtain sufficient CRMB from
the bottles after performing the test due to the very high viscosity of CRMB. It is suggested that
other short-term aging simulation such as the thin-film oven (TFO) aging simulation with slight
modification could potentially reach the same aging level as the standard RTFOT for the CRMB
(Hung et al. 2014). Therefore, in this thesis, the thin-film oven aging simulation was modified to
simulate the short-term aging condition of the asphalt binders used in this study, and the detail of
the modification is presented below.

The modified static oven aging simulation is ideally based on the thin-film oven test (ASTM
D1754) where the hot asphalt binder is placed in 140-mm diameter pans on a shelf in an oven
maintained at 163°C for specific duration, but the differences are the static shelf (Figure 3.11) is
used instead of rotating shelf and the weight of hot binders is adjusted to be only 20 grams so the
thickness of the binder-film is approximately the same as the thickness of the binder in RTFOT
(~1.25 mm). Thus, the unknown factor that making the modified static oven aging simulation
comparable to the standard RTFO is the test duration.
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Figure 3. 11: The modified static oven aging simulation

In this experiment, the modified static oven aging simulations were performed at 1h, 2h, 3h
and 4h to simulate the short-term aging of the base asphalt binders (70/100 penetration grade) at
different testing durations. After that, the modified oven-aged and RTFO-aged samples were tested
by performing the frequency sweep test and the MSCR test in order to determine which testing
duration can give the comparable short-term aging simulation as the standard RTFOT.

The frequency sweep test and MSCR results show that conditioning asphalt binders in the
oven at 163°C for 2 hours can reach approximately the same aging as the RTFO as the results
provide about the same rheological properties as shown in Figure 3.12 and Table 3.8, respectively.
As a result, from a mechanical point of view, the 2-hour modified static oven aging simulation can
be used as an alternative to RTFOT for simulating short-term aging.

Moreover, the FTIR test was also carried out to compare the oxidation products (Check the
chapter 4 for further details) between the standard short-term aging simulation (RTFOT) and the
oven aging simulations. Figure 3.13 shows the carbonyl and sulfoxide indices of the short-term
aging simulations. According to the FTIR results, it is clear that the oven test duration of 2 hours
gave the similar oxidation products as the standard RTFOT. Therefore, in this study, 2-hour
modified static oven aging is used for conditioning short-term aging of prepared binder samples.
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Figure 3. 12: Rheological characteristics master curve of 70/100 samples conditioned at different
short-term aging simulations (reference temperature = 30°C).

Table 3. 8: MSCR results of the 70/100 samples at different short-term aging simulations.

Aging Simulation Average recovery (%) Average creep compliance (1/kPa)
0.10 kPa 3.20 kPa 0.10 kPa 3.20 kPa
RTFOT 1.40 No recovery 3.90 4.44
1-hour Oven No recovery No recovery 5.59 6.22
2-hour Oven 1.55 No recovery 3.49 3.94
3-hour Oven 4,74 No recovery 2.61 3.07
4-hour Oven 6.75 0.29 1.86 2.04
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Figure 3. 13: Carbonyl index (left) and sulfoxide index (right) of the short-term aging simulations.
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3.4.2 Long-term aging

The Pressure Aging Vessel (PAV) is used to simulate 5-10 years in-service oxidative aging of
asphalt binder. The long-term aged samples were prepared through a Pressure Aging Vessel (PAV)
device as shown in Figure 3.14 by exposing the short-term aged (2-hour modified oven-aged)
samples to elevated temperatures (100°C) in a pressurized environment (21+0.1 MPa for 20 hours
+ 10 minutes) in accordance with AASHTO R28. In the PAV test, 50-gram of short-term aged
residue is poured into in a 140 mm diameter pan (approximately 3.2 mm binder film thickness)
and conditioned with the procedures as mentioned.

Figure 3. 14: The ATS Pressure Ageing Vessel.
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4.1 Introduction

Asphalt binders are generally known as viscoelastic material which properties are dependent on
both rates of loading and temperature. Newtonian flow behavior is reported to be the common
behavior of asphalt binders at a low rate of loading and/or high service temperatures (above 60
°C). While, at low service temperatures (below -20 °C) and/or high loading frequencies, glass-like
solid or elastic behaviors are expected. Moreover, the viscoelastic response is exhibited at the
intermediate temperatures (between -20 °C and 60 °C). Therefore, in the typical road service
conditions, both viscous and elastic behaviors of asphalt binders are likely to be shown (Bahia et
al.2001, Read&Whiteoak 2003).

Rheology is defined as the study of flow and deformation of materials that exhibit time- and
temperature-dependent response under applied forces (Bahia et al.2001). The viscoelastic response
of asphalt binders is commonly characterized by oscillatory rheological testing with the help of
Dynamic Shear Rheometer (DSR). The behavior of viscoelastic materials can be divided into two
behavioral domains, namely linear and non-linear viscoelastic. In a linear viscoelastic region, the
response of material is independent of the magnitude of the applied stress/strain but affected by
the rate of loading (frequency) and temperature. In the non-linear region, the material properties
are influenced by all frequency, temperature, and magnitude of applied stress/strain. Thus, it is
very difficult to characterize the non-linear response of viscoelastic materials by using the DSR.
The main goal of this chapter is to characterize rheological properties of the asphalt binders at
different frequencies (time of loading), temperatures, and aging stages within the linear
viscoelastic (LVE) region.

4.2 Oscillatory rheological testing

4.2.1 Background

Oscillatory/dynamic testing is a common method employed to determine rheological
characteristics over a range of temperatures and frequencies of viscoelastic materials by using a
DSR. In principle, sinusoidal shear stress (t*) or shear strain (y*) is induced to a sample in order
to measure the amplitude of the applied torque (T') and angular displacement (0) of the sample as
shown in Figure 4.1. In the test, the sample is sandwiched between two circular plates where the
lower plate is fixed and the oscillating torque is applied through the upper plate. Figure 4.2 presents
a stress-strain response of a viscoelastic material in which the lag between the two sinusoidal
responses is represented by the phase angle (6).
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Figure 4. 1: Configuration of DSR parallel plates.

T'(t) = Thmaxsin (wt + 6)
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Figure 4. 2: Stress strain response of a viscoelastic material.

The corresponding strain and stress at any time domain can be calculated based on the
measured torque and angular rotation by using the equations 4.1 and 4.2.

V*(t) = Ymax Sin(wt) = ymaxeiwt (4-1)

T*(t) = Tpay SiN(Wt + &) = Tppge @+ 4.2)
Where,
Tmax = Maximum shear stress, % (Pa)

; . OR
Ymax — MaxXimum shear strain, Y

1) = Phase angle or Phase lag between stress and strain responses (radians)
1) = angular frequency (radian/second)

T = torque (N.m)

R = radius of the parallel plates (mm)

0 = deflection angle (radians)

h = gap between parallel plates (mm)
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Therefore, from the calculation of strain and stress at any time domain, the complex dynamic
modulus (G*) at any time domain which represents overall resistance to deformation in term of a
ratio of stress and strain can be written as follow:

T*

G* = = = % (0os8 + isind) = 2eE il (4.3)

v Ymax Ymax

The above equation (4.3) can be rewritten in the following form, where the complex modulus
can be represented by the storage shear modulus (G”) and loss shear modulus (G*”).

G*=G'+iG" (4.4)
Where,
G’ = storage shear modulus, ;’"ﬂ (cosd) (Pa)
G"  =loss shear modulus, ;’"ﬂ (sind) (Pa)

The storage shear modulus (G’) is considered as the elastic component of the complex shear
modulus which describes a measure of the energy stored and elastically recovered per cycle of
sinusoidal deformation. While, the loss modulus (G”’) is associated with the viscous part of the
complex modulus which reflects the dissipation of energy per cycle of sinusoidal deformation. In
addition, the loss tangent (tan &) or the tangent of phase angle (tan~18) represents the ratio of
energy dissipated to energy stored in a cyclic deformation.

The phase lag or difference between the sinusoidal stress and strain is called the phase angle
(8). The amount phase lag parameter indicates the state of viscoelasticity that materials behave.
On the one hand, materials with 0° phase angle are considered to be purely elastic where the
materials are capable of recovering without accumulating any permanent deformation. On the
other hand, purely viscous stage of material is indicated when the phase angle is equal to 90° as
shown in Figure 4.3. Table 4.1 shows a summary of parameters and their physical meanings of the
oscillatory rheological test.

Viscous j— — — — — — —

GII

o |

1
G Elastic

Figure 4. 3: Representation of complex shear modulus.
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Table 4. 1: Summary of oscillatory testing parameters (adapted from Laukkanen 2015)

Parameter Symbol | Definition | Unit Physical meaning
a measure of the overall resistance of
Complex modulus . the material to deformation in each
P G* G+IG”’ Pa I
oscillation
Tmax o & a measure of the energy stored and
Storage modulus G’ Ymax Pa | elastically recovered in each oscillation
Tmax i s a measure of the energy dissipated in
Loss modulus G” Ymax Pa | each oscillation
G" a ratio of energy dissipated to energy
Loss tangent tan & G - stored in each oscillation
phase difference between the stress and
strain that reflects the viscoelastic
Phase angle ) rad

characteristic of the material

4.2.2 Rheological data representation

The DSR results are obtained at various temperatures and loading frequencies. The data is
thus needed to be represented the viscoelastic behavior of materials in an understandable way in
order to enable study on the rheological properties of bituminous binders. There are several useful
forms of graphical presentation techniques that could be used to represent the DSR test data as
described below.

4.2.2.1 Isochronal plots

An isochronal plot is a representation of any viscoelastic parameter (complex shear modulus, phase
angle, storage modulus and so on) in the function of temperature at each specific loading
frequency. The isochronal plot can show the temperature susceptibility of the materials as the
viscoelastic data can be presented over a range of temperatures at a given frequency. Therefore,
the comparison of viscoelastic properties at different temperatures can be made. A sample of an
isochronal plot can be seen in Figure 4.4.
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Figure 4. 4: Example of isochronal plot at different frequencies.

4.2.2.2 Isothermal plots

An isothermal plot is a graph representing the viscoelastic parameters in function of loading
frequency at any particular temperature. The graph can show a rate of loading dependency of the
material at a given temperature as the data is graphically represented over a range of loading
frequencies at a constant temperature. Figure 4.5 shows a sample of an isothermal plot.
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Figure 4. 5: Example of isothermal plot at different temperature.
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4.2.2.3 Potential issue of the parallel plates’ gap-height for modified asphalt binders
containing particulate matter.

In the current AASHTO T315, the largest size of the particulate matter within modified asphalt
binders should be smaller than one-fourth of the gap-height to ensure accuracy and repeatability
of the testing results. The reason is the test results may be dominated or interfered by the
characteristics of the particulate matter due to the particle can contact the parallel plates during the
test.

In this study, the size of the CRM is ranging from 0 - 0.5 mm which could interfere the DSR
measurement with the 1-mm gap test. According to the specification, the height of the gap should
be at least 2 mm. In order to verify the validity of the 1-mm gap test results in this study, the results
of frequency sweep test using two different gap-heights of the CRMB-15 at the fresh state are
presented in Figure 4.6. It can be observed that the frequency sweep test results of 1-mm gap and
2-mm gap (suitable gap-height in accordance with the specification) are similar and stable.
Therefore, based on the test results, it can be concluded that the test results are not affected by the
CRM particle and representative of the modified binder as a whole.

1.00E+08
CRMB-15-1(1-mm gap) CRMB-15-2(1-mm gap) X CRMB-15-3(1-mm gap)
CRMB-15-4(2mm-gap) A CRMB-15-5(2-mm gap) A AR
1.00E+07 Y 10°C
o A PN 8o
L ab8
X s b8 g
(v 1.00E+06 N 2 a8 a8 30°C
El o8 48 28
3 1.00E+05 QQQQQ QQMQ 50°C
= s R ad®
QR 2 4
x
2 1.00E+04 Lk a2 287 [0
= 4R AAR
E Q Q AR
S 4 & AR®
O 2 ARR
1.00E+03 AART
x &5
1.00E+02
0.01 0.1 1 10 100 1000
Frequency (rad/s)

Figure 4. 6: The frequency sweep test results of the CRMB-15.
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4.2.3 Master curve and time-temperature superposition principle

Master curve is a continuous curve that represent the rheological responses (Phase angle, complex
shear modulus, storage modulus, and loss modulus) of viscoelastic materials over an extended
range of loading frequency or time scale (several year of loading time) at a specific reference
temperature by using the time-temperature superposition principle (TTSP) (Airey 1997. Anderson
1991).

TTSP is a principle that relates the equivalency between time and temperature responses of
viscoelastic materials. This principle is considered as an efficient tool that mainly used to represent
the viscoelastic behavior of materials over a broad range of time and loading frequency that
exceeds the compliance limit of the DSR by shifting measurable rheological data obtained at
different temperatures to any chosen reference temperature. The amount of shifting required to
shift the curve at each temperature is represented by the shift factor (at). The shift factor can be
calculated using the Williams, Landel, and Ferry equation, or WLF equation (Airey 1997).

logar = —% (4.5)
Where:
ar = shift factor at temperature T
T = temperature
T, = The reference temperature

C;, C, = Empirical constants

In this study, master curves at a selected reference temperature were constructed by shifting
curves of other test temperatures horizontally to coincide with the reference curve as presented in
Figure 4.7. The measured data was fitted into the modified Christensen, Anderson, and Marasteanu
model (CAM) to determine the C; and C» coefficients (Yudoff et al. 2012). Equation 4.6-4.7
describe the mathematical express of the modified CAM model. An example of the master curve
constructed by using the modified CAM model is shown in Figure 4.8.

G*(wy) = Gf + —2=% _ (4.6)
w0\ KTK
1+(59) ]
§5(w,) = 8, + —E% (4.7)

~|8

(2]

Where:
G*(w,)= The complex shear modulus in a function of the reduced frequency (w,), Pa.

G =G"(w — 0) The complex shear modulus at equilibrium (Gz = 0, for bitumen), Pa.
Gg = G"(w — o) The glassy complex shear modulus, Pa.
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W, = cross over frequency at the defining temperature (frequency at G’=G"), rad/sec
Wy = reduced frequency at the defining temperature, rad/sec

m, k = Shape parameters.

8(w,) = The phase angle in a function of the reduced frequency (w,), degree.

Se = 8(w — 0), The phase angle at equilibrium, degree.

8 = 8(w — 0), The glassy phase angle, degree.

g

Reference Temp. = 30 C 100C ®30°C ©50°C ®70°C A Master curve
1.00E+08
1.00E+07 a2 10°C
1.00E+06 —
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1.00E+03
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Figure 4. 7: Construction of master curve.
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Figure 4. 8: An example of the master curve of the unaged neat bitumen constructed by using the
modified CAM model.
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4.2.4 Experimental program

The frequency sweep test was conducted at 4 different testing temperatures namely: 10°C, 30°C,
50°C, and 70°C. The test was performed in a strain-controlled mode within the LVE region and
the loading frequency varied from 0.1-100 rad/s. The binder samples were conditioned at 3 aging
stages (unaged, short-term aged, and long-term aged). The test and sample preparation were
carried out in accordance with AASHTO 315-10 specification.

4.3 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy is a non-dispersive and non-destructive method of
infrared (IR) spectroscopy which is popularly used to analyze chemical functional groups of
materials. The FTIR technique was originally developed to overcome the original dispersive
infrared spectrometers which measures a spectrum intensity over a narrow range of wavelengths at
a time. The working mechanism of the dispersive infrared spectrometer is to separate individual
frequencies of energy emitted from the IR source by using a prism or grating. When IR radiation
is passed through a sample, some radiation can be transmitted through the sample and some is
absorbed by the sample as shown in Figure 4.9. After that, a detector measures the amount of
energy at each frequency and the result is presented in a form of spectrum of intensity versus
wavelength (or wave number). The original dispersive method may take a considerable amount of
time, but FTIR spectroscopy can shorten the testing duration by measuring all infrared frequencies
simultaneously. The main advantage of this device is different chemical structures (or molecules)
produce different spectral intensities which can be considered as “fingerprints” of the chemical
functional groups. Therefore, the chemical structures of individual materials can be characterized
according to their chemical fingerprints (Hsu 1997).

An oxidative aging process of asphalt binders is normally caused by two main mechanisms
namely photo-oxidation and thermal-oxidation. The oxidation process can alter the chemical
compositions of the binder by bonding binder molecular groups with atmospheric oxygen.
Sulfoxides (oxidation of sulfide, S=0) and carbonyl compounds (C=0) are commonly formed
during chemical transformations caused by oxidation (Lamontagne et al., 2001). The changing of
these chemical compositions of the binders can be traced and shown in a form of a spectrum by
the FTIT scanning.

62


https://en.wikipedia.org/wiki/Wavelength

Chapter 4 Rheological Characterization

The Spectrometer Sample
—_—
. I @
_— Detector

Source

=

2

c

L

Wavelength Wavelength

Figure 4. 9: FTIR spectrometer working principle
(Source:https://tools.thermofisher.com/content)

Aging of the binder can be investigated by the mean of IR spectrum semi-quantitative analysis
such as peak ratio (band height) measurement, or area ratio evaluation. Due to the complex nature
of the bitumen chemical composition, Lamontagne et al. (2001) suggested that the areas of peaks
measured from valley to valley at specifically selected wavenumbers of the FTIR-obtained
spectrum (grey-colored areas) as shown in Figure 4.10 can be used to investigate the changes in
the functional groups due to the oxidative ageing. Table 4.2 presents specific functional groups for
bituminous binders used for characterizing the aging influence. According to Table 4.2, it was
found that there are two functional groups that normally affected by the oxidative aging namely
carbonyl and sulfoxide groups. Therefore, in this study, the ageing indices, carbonyl index and
sulfoxide index, were calculated by dividing the carbonyl band area (Ai700) and sulfoxide band
area (A1o30) by the total areas derived from the spectrum quantification (grey-colored areas) as
shown in Eq. (4.8-4.10)

Carbonyl index = % (4.8)
Sulfoxide index = % (4.9)
2 A = A2953,2862) + A1700 T A1600 T A1a60 + A1376 + (4.10)

Aqo30 + Ages + Agra + Azuz + Agpy

For the calculation of peak areas within the band limits mentioned in Table 4.2, the peak areas
(A3) were defined as an area of the FTIR-obtained spectrum (A1) subtracted by the area under the
defined baseline (A2) within the same band limits as illustrated in Figure 4.11.
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Figure 4. 10: Infrared spectrum of an asphalt binder (the colored areas are used for the calculation
of specific ageing indices following (Lamontagne et al. 2001).
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Figure 4. 11: Example of a peak area calculation of the band area A17oo.
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Table 4. 2: Specific functional groups for bituminous binders regarding aging (Lamontagne et al.
2001, Van den Bergh 2011).

Band | Band I_|1m|t Vibration bands Functional group AffecFed
Area (cm?) by aging
A2 710-734 (CH2)n Rock (n >=4) Long chains No
A3 734-783 C-H out of plane bending Out of plane adjacent No
Asi4 783-838 C-H out of plane bending Out of plane adjacent No
Ages 838-912 C-H out of plane bending Out of plane singlet No
Aoz | 995-1047 S=0 stretching Oxygenated f.u netions - Yes
sulfoxide
Aus7e | 1350-1390 C-H bending Branched aliphatic structures No
Auwo | 1395-1525 C-H bending Aliphatic structures No
Ao | 1535-1670 C=C stretching Aromatic structures No
Ai700 | 1660-1753 C=0 stretching Oxygenated functions - Yes
carbonyl
Azgs2 | 2820-2880 C-H stretching Stretching symmetric No
Axgsz | 2880-2990 C-H stretching Stretching aromatic No

4.3.1 FTIR experimental program

The chemical test was carried out by using the Spectrum 100 FTIR spectrometer of Perkin-
Elmer as shown in Figure 4.12. The background check and sample were scanned 20 times with the
resolution of 4cm™. The test was performed within a wavenumber range of 600 to 4000 cm™. A
sample of a normal FTIR-obtained spectrum is presented in Figure 4.13.
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Figure 4. 12: FTIR spectrometer of Perkin-Elmer.
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Figure 4. 13: Sample of FTIR-obtained spectrum of a bituminous binder.
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4.4 Results and Analysis

4.4.1 Effect of CRM content on the rheological properties

In this part, to only investigate the influence of CRM content on the rheological properties of the
binders, the frequency sweep test was carried out on the virgin (unaged) binders (70/100, CRMB-
5, CRMB-10, and CRMB-15). Thus, the effect of artificial aging was not considered.

The master curves of the complex shear modulus (G*) and the phase angle (3) were constructed
at a reference temperature of 30°C as shown in Figure 4.14 and 4.15 respectively by using the
Time-Temperature Superposition Principle (TTSP) and the equations as mentioned in section 4.2.3
to compare the rheological properties of the binder that interacted with CRM and the base bitumen
(70/100).

According to Figure 4.14 and 4.15, it is clear that the binder modification has an obvious effect
on the rheological properties of the binders at low loading frequencies (equivalent to high-
temperature response). It can be seen that the complex modulus of the binders increased at the
higher proportion of CRM. Furthermore, the modification also resulted in an obvious decrease in
the phase angle of the CRMBs, especially the CRMB-15. The mentioned results clearly show an
increase in stiffness and elastic response of the modified binders, and these effects became stronger
at the higher rubber content. The improvement of the elastic response and the modulus can be
attributed to the formation of polymer-network within the binder which stiffens the CRMBs.
Therefore, the CRM binders can be expected to have a better rutting resistance than the base binder.

However, the effect of CRM concentration seemed to be smaller at high loading frequencies
(equivalent to low-temperature). It can be noticed that the curves tend to coincide at high
frequencies.

In addition, an isochronal plot of the complex modulus (G*) versus temperature at 10 rad/s for
the modified binder is shown in Figure 4.16. Generally, it can be clearly seen that the addition of
CRM shows an increase in the value of the complex modulus at high temperatures, but at the low
temperature (10°C) where the binder properties are dominated by the characteristics of the base
bitumen, both the pure bitumen and CRM binders tend towards the same complex modulus
(approximately 10 MPa) regardless of the CRM concentration. As temperature increases, the effect
of rubber modification starts to exhibit, and the CRM binders seem to have a better thermal
resistance compared to the unmodified as the slopes of complex viscosity versus temperature
curves of the modified binders in Figure 4.16 were more gentle than the pure binder.
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Figure 4. 14: Master curves of complex modulus for the unaged binders at a reference temperature
of 30°C showing the effect of CRM concentration.
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Figure 4. 15: Master curves of phase angle for the unaged binders at a reference temperature of
30°C showing the effect of CRM concentration.
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Figure 4. 16: Complex modulus versus temperature at 10 rad/s showing the CRM concentration
effect.

4.4.2 Effect of WMA additives on the rheological properties

Figure 4.17-4.20 show the master curves of the complex modulus and phase angle of the binders
containing the WMA additives at the normal road service temperature. In this part, the effect of
WMA additives on the rheological properties of both base binder and CRMB is focused on without
considering the artificial aging effect.

In the case of the chemical-based warm-mix additive, the curves clearly demonstrate that the
additive slightly softened the base binder as evidenced by the reduction of the complex modulus
(stiffness) over the whole range of loading frequencies. Moreover, it also lowered the elastic
response (increased phase angle) of the base binder. However, the influence of the chemical-base
additive on the complex modulus and phase angle of CRMB seems to be less effective as the
curves of CRMB-15 and CRMB-15-C are almost identical. On the other hand, the wax-based
additive seemed to have an obvious effect on the both unmodified and modified binders at high-
temperatures and low frequencies. It is clear that the binders containing the wax additive had a
remarkably higher complex modulus than the binders without wax. It is because a crystal lattice
structure of wax which was formed at temperatures lower than the wax’s melting point (~100°C)
stiffens the binders. In addition, an addition of the wax additive can reduce the phase angle of the
binders, meaning that the elastic response was improved.
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Figure 4. 17: Master curves of complex modulus for the unaged binders at a reference temperature
of 30°C showing the effect of WMA additives on the base bitumen.
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Figure 4. 18: Master curves of phase angle for the unaged binders at a reference temperature of
30°C showing the effect of WMA additives on the base bitumen.
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Figure 4. 19: Master curves of complex modulus for the unaged binders at a reference temperature
of 30°C showing the effect of WMA additives on the CRMB.
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Figure 4. 20: Master curves of phase angle for the unaged binders at a reference temperature of
30°C showing the effect of WMA additives on the CRMB.

The effect of the warm-mix additives on the thermal susceptibility of both pure and modified
binders are presented in the form of an isochronal plot (Figure 4.21 and 4.22). According to the
plots in Figure 4.21 and 4.22, an addition of wax-based additive provided an improvement of
thermal susceptibility of both binder types as the slope was smaller than the binders without wax.
It was found that the crystallization of wax structure within the binders did not only increased the
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stiffness (G*) and decreased phase angle of the binders but also made binders less susceptible to a
thermal changing.

Additionally, in the case of the chemical-based additive, its influence on both unmodified and
CRM binders seemed to be unnoticeably small because the slopes of the isochronal plots of both
binders with and without the chemical additive were almost identical.
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Figure 4. 21: Complex modulus versus temperature at 10 rad/s showing the WMA additives effect
on the base binder.
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Figure 4. 22: Complex modulus versus temperature at 10 rad/s showing the WMA additives effect
on the CRM binder.
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4.4.3 Aging effect on the rheological properties

In this part, the rheological properties of the unaged, short-term aged, and long-term aged binders
were compared. Master curves of complex modulus and phase angle for the unaged, short-term
aged and long-term aged base bitumen 70/100 at a reference temperature of 30°C are shown in
Figures 4.23. Figure 4.24 presents the stiffness index (Equation 4.11) or relative changes of the
complex modulus of the study asphalt binders after the short-term and long-term oxidative aging
at the frequency of 10 rad/s and at the temperature of 30°C to compare the oxidative aging effect
on changes of rheological properties of the binders. Furthermore, the plots of the other binders in
this study were also constructed and presented in the Appendix A.
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According to Figure 4.23, it is clear that the complex modulus (stiffness) of the long-term aged
binder was the highest, while the unaged was the lowest. Similarly, the other binders in this study
also undergo the same increase of the stiffness after aging (in Appendix A). An increase in stiffness
of the binder can be attributed to the formation of Asphaltenes and loss of light molecular weight
constituents in bitumen (Lee et al. 2006).
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Figure 4. 23: Master curves of complex modulus and phase angle for the 70/100 base binder at a
reference temperature of 30°C showing the aging effect.

However, it can be observed in Figure 4.24 that the aging effect on the changes of complex
modulus (stiffness) of the binders was diverse. The relative changes of modulus reduced as the
percentage of CRM increased. The stiffness index in the case of the short-term aging (G*short-term
aged/G*unaged) OF 70/100 was reduced from 2.03 to 1.98, 1.72, and 1.32 when the %CRM was 5%,
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10%, and 15% respectively. The same trend can also be seen in the case of the long-term aging
(G*long-term aged/ G*unaged) Where the stiffness index decreased from 4.31 to 2.08 when 15% of rubber
was added.

The chemical-based additive seems to have a negative effect on the aging resistance of the base
binder as the stiffness index in both short-term and long-term are higher than the case of the 70/100
binder. However, in the case of the CRM binder, the negative influence of the chemical additive
did affect only during the short-term aging period but there was no effect on the long-term aged
CRMB sample. This indicated that, based on the complex modulus, an addition of chemical-based
WMA additive made both the base and CRM binders more susceptible to the oxidative hardening.
In the term of the wax-based warm-mix additive, the relative changes of the base binder stiffness
were smaller than the binder without wax, indicating that the wax can improve the aging resistance
of the pure bitumen. Additionally, the warm-mix additives effect on the long-term aging resistance
of the CRM binder is insignificant as the long-term stiffness index of CRMB-15, CRMB-15-C and
CRMB-15-W were about the same.
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Figure 4. 24: Stiffness index of the asphalt binders at 10 rad/s and at temperature of 30°C.

The FTIR spectrometer was employed to scan the bituminous samples at three different aging
conditions in order to chemically investigate the effect of CRM content and WMA additives on
the aging susceptibility of the study binders. Figure 4.25 show a FITR spectrum of the pure 70/100
bitumen at three aging stages. According to Figure 4.25, it can be observed that there are two
functional groups, carbonyl and sulfoxide (in left and right rectangular, respectively), which
increased corresponding to the oxidative aging of the asphalt binders. A comparison of carbonyl
and sulfoxide indices (calculated in accordance with equation 4.8-4.9) was made to measure the
influence of the rubber concentration and the warm-mix additives. Moreover, the carbonyl and
sulfoxide indices of the study binders are presented in Figure 4.26-4.28.
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However, in order to get the clear picture of the effect of CRM content and the WMA additives
on the aging susceptibility of the asphalt binders the oxidation product is defined as a combination
of carbonyl and sulfoxide indices at aged-stage divided by the summation of both indices at fresh-
stage as shown in an equation 4.12.

(Carbonyl index+ Sulfoxide index)qged

(4.12)
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Figure 4. 25: FITR-obtained spectrum of the 70/100 base binder at different aging conditions.
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Figure 4. 26: Carbonyl index (left) and sulfoxide index (right) showing the effect of CRM content.
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Figure 4. 27: Carbonyl index showing the effect of the WMA additives.
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In general, the value of both indices increased corresponding to the oxidative aging. According
to the indices, it is obvious that both indices at both aging stages (short- and long-term aged) were
reduced as the CRM concentration increased as evidenced by the smaller values of the indices in
Figure 4.26. The rate of oxidation in a function of aging condition of the binders is presented in a
form of the oxidation product as shown in Figure 4.29-4.30. According to Figure 4.29, it was found
that the rate of formation of the oxidation product was less in the case of the CRMB when
compared with the based bitumen, indicating an improved aging susceptibility of the CRM binders
which coincides with the mechanical characterization results (stiffness index from frequency
sweep test). In other words, the incorporation of rubber and bitumen can lower the aging effect
(increase aging resistance) on the performance of the modified binder.

The effect of WMA additives on the aging susceptibility of both unmodified and modified
binders are illustrated in Figure 4.27-4.28 and 4.30. It is clear that addition of the chemical-based
warm-mix additive negatively affected the base binder as it was found an increase of both carbonyl
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and sulfoxide indices of the 70/100-C. The unfavorable effect of the chemical was confirmed by
the higher rate of oxidation of both the base and CRM binders. Conversely, the wax seems to
improve an aging susceptibility of the base bitumen as the both indices of 70/100-W were reduced.
However, the oxidation product indicated that the addition of the wax-based additive did not really
improve the aging resistance of the base binder which contradicts the mechanical test result
(stiffness index). The stiffening effect of the wax may cause this contradiction between the
chemical and mechanical test results (can be seen in Table 4.3). In the case of the CRMB, the wax
shows an increase in the carbonyl index at the short-term aged stage. Additionally, based on the
oxidation product, the addition of wax also reduced the aging susceptibility of the CRMB as shown
in Figure 4.30.
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Figure 4. 29: Effect of CRM content on oxidation product.
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Figure 4. 30: Effect of the WMA additives on oxidation product.
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Table 4. 3: Comparison between the rheological and chemical aging indices.

Short-term aged Long-term aged
Sample code Oxidation product| Stiffness index | Oxidation product | Stiffness index
(chemical) (rheological) (chemical) (rheological)

70/100 1.80 2.03 2.08 4.31
70/100-C 2.53 2.51 2.85 4.59
70/100-W 1.80 1.46 2.20 2.90
CRMB-5 1.39 1.98 1.91 4.00
CRMB-10 1.18 1.72 1.66 2.68
CRMB-15 1.10 1.34 1.57 2.08
CRMB-15-C 1.32 1.62 1.68 1.98
CRMB-15-W 1.31 1.49 1.67 1.95

4.5 Summary

The main purpose of this chapter was to evaluate the effects of CRM concentration, the WMA
additives, and the aging effect on the rheological properties of the asphalt binders. All in all, it can
be summarized as follow:

e Modification of an asphalt binder with the CRM tends to increase the stiffness (complex
modulus) and elastic response of the binder.

¢ Incorporation with CRM can improve an oxidative aging resistance of the modified binder.

e At 30°C, the wax-based additive can stiffen and improve the elastic behavior of both the
unmodified and modified binders. While the chemical-based additive seems to slightly decrease
both the complex modulus and phase angles of the binders.

e The binders were hardened by the oxidative aging as evidenced by the increase in complex
modulus. Additionally, the phase angles were also reduced when the binders were artificially
aged.

e The chemical additive makes the base bitumen more susceptible to the oxidative aging,
however, the effect of wax was found to be advantageous to the base binder.

e Based on the stiffness index, both WMA additives insignificantly affected the aging
susceptibility of the CRMB, but, according to the FTIR analysis, the addition of the WMA
additives decreased aging susceptibility of the modified binder.

78



Chapter 5
High-Temperature
Performance Characterization

79



Chapter 5 High-Temperature Performance Characterization

5.1 Introduction

Rutting or permanent deformation is the major failure mode in flexible pavements at high road
service temperatures. Typically, this type of road distress is formed along the pavement’s wheel
path which can highly affect the safety and driving comfort of road users. Rutting development in
the asphalt layer can be generally described as one of these two basic mechanisms namely,
consolidation (densification or volume change) of asphalt layer, or shape distortion (plastic flow)
which is not associated with volume change.

The type of asphalt binder used in the asphalt mixture is reported to be one of the significant
factors affecting the permanent deformation resistance of the mixture. Currently, the
SUPERPAVE rutting parameter |G*|/sin & is commonly used as an indicator for ranking the
binders for their high-temperature performance. However, many studies have recently reported
about the inability of the current Performance Grade binder specification (PG) to correctly capture
and characterize permanent deformation behavior of asphalt binder, particularly highly modified
bitumen such as polymer modified bitumen (Bahia et al.2001, D’ Angelo 2009).

The multiple stress creep and recovery (MSCR) test has been proposed to be a more
fundamentally correct test which can be used to measure the accumulated plastic strain in the
binder under multiple stress levels of creep stress for a second followed by a recovery period of 9
seconds for 10 cycles at each stress level. The test mechanism makes it possible to capture the
rutting susceptibility of the binder by evaluating both recoverable elastic strains, and non-
recoverable plastic strains that contribute to permanent deformation of the asphalt mixture under
repeated loading situation.

This chapter focusses on quantifying the high-temperature performance of unmodified asphalt
binders and CRMB by using the MSCR test. The effect of CRM concentration and the WMA
additives on the values of different test parameters has also been evaluated and discussed. This
may provide additional benefit in judging the relative performance of CRMB at high service
temperature.

5.2 Multiple Stress Creep and Recovery Test

5.2.1 Background

The idea of characterizing the non-linear response of the binders by using binder creep and
recovery testing protocol was originally developed by the National Co-operative Highway
Research Program (NCHRP) (Bahia et al. 2001). As a result of the aforementioned idea, the
Multiple Stress Creep and Recovery (MSCR) test was proposed to accurately evaluate the rutting
susceptibility of both unmodified and polymer modified binders in the non-linear viscoelastic
region (D’Angelo et al. 2007, Dongre&D’Angelo 2003). The MSCR test has been validated by
various laboratory studies and field investigations (Wang et al. 2014, Radhakrishnan et al.2018,
Saboo et al. 2016).
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According to AASHTO T350, in the MSCR test, the DSR device and 25-mm diameter parallel
plates are used for conducting the test. The test is usually performed on RTFO-aged samples to
simulate the aging after road construction, however, the MSCR can also be conducted on unaged
or PAV-aged binder samples. At shear stress level of 100 Pa and 3,200 Pa the binder sample is
subjected to 1-second shear loading and then the applied shear stress is removed for 9 seconds
allowing the binder to recover as shown in Figure 5.1. At each stress level, the repeated creep and
recovery of shear stress is applied for ten cycles. Figure 5.2 illustrates a schematic representation
of the MSCR test loading sequence.
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Figure 5. 1: A creep and recovery curve for a single cycle (Anderson 2014).
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Figure 5. 2: schematic representation of the MSCR test loading sequence showing only two stress
levels for illustration (D’ Angelo 2009).

For each of ten cycles of creep and recovery at each stress levels (0.1kPa and 3.2kPa) the strain
values are recorded. These measured values are analyzed to determine the binder’s ability to
recover under a repeated loading condition and the rutting resistance of the asphalt binders in terms
of the average percent recovery (%recovery) and non-recoverable creep compliance (Jnr),

81



Chapter 5 High-Temperature Performance Characterization

respectively. The percent recovery of each creep and recovery cycle (N=1 to 10) at any stress level
(o) can be calculated by:

%recovery(a,N) = (%) X 100% (5.1)

Where:

& =&, — & (5.2)

€10 = & — & (5.3)
& = the adjusted strain value at the end of creep portion (after 1.0 second) of each cycle
€10 = the adjusted strain value at the end of recovery portion (after 10.0 second) of each cycle
& = the strain value at the end of each creep portion
& = the strain value at the beginning of each creep portion
& = the strain at the end of each recovery cycle

Therefore, the average percentage of recovery at any stress level (o) can be obtained from the
following formula:

Yrecoverys average = W for N =1to 10 (5.4)
Similarly, the average non-recoverable creep compliance at any stress level can be calculated

as:

]nr,o = %:N)] for N =1to 10 (5.5)

Where:
]nr(o-'N) = go.ﬂ (56)

Moreover, in this test, the stress sensitivity (Jnr, siope) Of the binders expressed in percentage
can also be evaluated by considering difference in the non-recoverable creep compliance between
the two different stress levels as follow.

]nr,Slope = ]nr,;..;:(]:lr,m x 100% (5-7)

5.2.2 Sample preparation and experimental program

In this chapter, Multiple Stress Creep and Recovery (MSCR) test was conducted at 64°C (the
predetermined temperature was stabilized within +/- 0.1 °C tolerance for 10 minutes) by using
Anton Paar Dynamic Shear Rheometer (DSR) with 25-mm diameter parallel plate and a 1-mm
gap. The 25-mm diameter samples were pre-molded, and then sandwiched by the 25-mm parallel
plates as shown in Figure 5.3. After the required 1-mm binder thickness was achieved, the excess
binder was trimmed off by a heated blade. Two stress levels (0.1 and 3.2 kPa) were chosen to
characterize the high-temperature rutting properties of the asphalt binder in both linear and in
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nonlinear regions in accordance with AASHTO T350. Non-recoverable creep compliance (Jnr)
and percentage recovery (%recovery) of prepared binders (detail given in Table 3.7) were
calculated at each stress level and defined temperature to identify the rutting resistant properties,
recovery ability, and stress sensitivity of the asphalt binders.

Furthermore, the rutting problem is reported to be critical during the high-temperature
conditions of the earlier period of pavement service life, because the asphalt binder is less aged
and softer. Thus, in this chapter, the prepared binders at unaged and aged were tested in order to
investigate the effect of CRM and WMA additives on the rutting performance before and after the
aging of the binders.

Figure 5. 3: Sample preparation and the setup for the MSCR test (25mm plates and 1mm gap).

5.3 Results and analysis

5.3.1 Effect of CRM content on the high-temperature performance

In this sub-section, the MSCR test was performed on the fresh (unaged) samples, namely 70/100,
CRMB-5, CRMB-10, and CRMB-15 in order to solely evaluate the effect of CRM content on the
permanent deformation resistance of the binders. The percentage recovery (%recovery), non-
recoverable creep compliance (Jnr) at both stress levels (0.1 and 3.2 kPa), and the stress sensitivity
of the binders (Jnrsiope) are presented in Figure 5.4-5.6, respectively.

According to the MSCR test results shown in Figure 5.4, it is clear that the non-recoverable
creep compliance at all stress levels significantly decreased as the rubber content increased,
indicating an improved rutting resistance of the crumb rubber modified bitumen. While, a
significantly high Jnr-values of the 70/100 indicated a relatively poor resistance to the permanent
strain of the base binder. Obviously, it can be seen that crumb rubber modified binders had a
considerably higher ability to recover (%recovery) than the unmodified binder at both stress levels.
It was found that the CRMB-15 had the largest %recovery-value as compared to the other binders,
followed by CRMB-10, CRMB-5, and 70/100 respectively. Moreover, it is worth noting that, at
both stress levels, the base bitumen could not recover from the repeated loading situation. It means
that the addition of CRM made the asphalt binder capable of resisting higher applied stress levels,
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without accumulating unrecoverable deformation. Therefore, it can be summarized that the higher
plastic deformation resistance and better recoverability of the modified binders were attributed to
the better-interlocked polymer network in the CRMB.

It can be noticed from Figure 5.6 that the CRMB-5 shows the higher stress sensitivity than the
neat bitumen, and the Jnrsiope Values were found to be decreased as the rubber content increased.
The reason for the increase in the sensitivity value is the polymer chain within the CRMB-5 can
be rearranged as the applied stress increased, resulting in more stress sensitive of the CRMB-5.
However, in the case of the CRMB-10 and CRMB-15, due to more presence of polymer network
formed in the polymer-modified binders so the network becomes more interlocked, therefore, the
polymer chain cannot be easily rearranged. An asphalt binder with high value of Jnrsiope Will have
a relatively high increasing rate of the permanent deformation at high service temperatures when
stress level increases. Thus, a binder with low stress sensitivity is favorable.
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Figure 5. 4: Effect of CRM content on the creep compliance.
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Figure 5. 6: Effect of CRM content on the stress sensitivity.

5.3.2 Effect of WMA additives on the high-temperature performance

In this part, the effects of WMA additives on high-temperature rutting performance of both
unmodified binder and CRMB are focused on, thus the test was conducted on the binders without
any artificial aging condition. Figure 5.7-5.11 present the effect of WMA additives on the rutting
performance of base bitumen and CRMB, respectively.

It can be seen from both Figure 5.7-5.10 that the addition of the wax-based WMA additive
positively affected the permanent deformation resistance of both base and CRM binders. In
general, the Jnr of the binders was significantly reduced, while the %recovery was notably
increased. At low-stress level (0.1 kPa), an addition of wax to 70/100 enormously increased the
recoverability from 0% to over 40%. However, it should be noted that, at high-stress level (3.2 kPa
Pa), the effect of addition of wax on %recovery of the 70/100-W could not be observed as it was
not capable of recovering from the permanent strain under repeated loading condition. In the case
of the CRM binder, an addition of wax-based additive also exhibited an improvement of rutting
resistance, as the Jnr at 0.1kPa and 3.2 kPa decreased from 0.16 to 0.03 kPa™, and from 0.54 to
0.33 kPalrespectively. Additionally, the elastic response of the CRMB was clearly improved at
both stress levels. The improvement of resistance to permanent deformation of 70/100-W and
CRMB-15-W was attributed from the crystallization of wax particles which is formed a uniform
linked structure when it cools down. This distributed wax-network can highly strengthen the
plastic deformation resistance of the binders.

On the one hand, high-temperature permanent deformation resistance of the base bitumen
containing chemical-based WMA additive (70/100-C) was improved as evidenced by the reduction
of Jnr values around 0.4 kPa™at both stress levels. However, the base bitumen shows no elastic
response at both stress levels when mixing with the chemical additive, so, either positive or
negative effects of the chemical additive on the ability to recover of base bitumen could not be
identified. On the other hand, the addition of the chemical-based WMA additive seemed to have a
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negative effect on rutting performance of the CRM binder. It can be noticed that the Jnr values of
CRMB-15-C slightly increased from 0.16 to 0.18 kPa™, and from 0.54 to 0.59 kPaat 0.1 kPa and
3.2 kPa stress levels respectively. Furthermore, 1-2% of recovery percentage of CRMB was
reduced when mixing with the chemical-based additive.

Figure 5. 7: Effect of the WMA additives on the creep compliance of the base binder.
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Figure 5. 8: Effect of the WMA additives on the percent recovery of the base binder.
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Figure 5. 9: Effect of the WMA additives on the creep compliance of the CRMB.
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Figure 5. 10: Effect of the WMA additives on the percent recovery of the CRMB.

The stress sensitivity of both unmodified and modified binders was also influenced by the
WMA additives, especially in the case of the wax-based additive. Apparently, the addition of wax
considerably increased the stress sensitivity of the base binder, as the Jnr,slope rose from 22.63%
to 118.08%. However, in the case of the CRMB, the wax slightly reduced the stress sensitivity of
the modified binder. Although the effect of wax was obvious but the effect of the chemical-based
additive on the stress sensitivity of the binders was inconsiderable.
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Figure 5. 11: Effect of the WMA additives on the stress sensitivity.
5.3.3 Effect of aging on the high-temperature performance

As mentioned earlier, the aging of asphalt binders is one of the important factors influencing
the final performance of the binders, therefore, in this section, changes of the high-temperature
performance of the binders before and after aging simulations were observed. The performance of
the aged samples was tested and compared to the unaged binders. Furthermore, the combined
effects of CRM percentage and WMA additives were also taken into account. The average values
of MSCR test results of both unaged and aged binders are shown in Table 5.1. From the presented
data, it can be clearly seen that the binders that were modified with both CRM and/or WMA
additives outperformed the unmodified binder. In general, it was observed that the aged binders
show the higher rutting resistance than the fresh binders, as evidenced by Table 5.1 showing the
smaller value of the average unrecoverable creep compliance (Jnr) , and superior average percent
recover (%recovery) at all stress levels.

According to the test results, generally, it can be seen that all binders became less dependent
on the stress changes when aged. It is obvious that the 70/100-W was the most sensitive to the
applied stress level, as it exhibited the highest stress sensitivity value (Jnr, siope). While, the CRMB-
15-W shows the lowest stress sensitive response, indicating that the microcrystalline structure of
wax particles which was formed at a temperature below the melting point of wax (~100°C) only
influenced the stress dependency of the base bitumen. On the one hand, the stress dependency of
the binders increased when incorporated with the CRM as the polymer network within the binder
(from the asphalt-rubber interaction) can be rearranged substantially when the applied stress level
goes higher as mentioned in topic 5.3.1. On the other hand, the sensitivity of the modified was
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reduced when the polymer chain became more interlocked at higher rubber content. Moreover, the
chemical-based additive seemed to have no significant effect on the stress sensitivity of the binders.

Table 5. 1: Summary of MSCR test results of fresh and aged binders.

Percent recover
Sample code Stage Jnr (1/kPa) Jnr,oslope (%) y
0.1 kPa | 3.2 kPa (%) 0.1 kPa | 3.2 kPa
unaged 7.568 8.271 22.66 0.00 0.00
70/100 short-term aged 3.489 3.938 14.48 1.55 0.00
long-term aged 0.937 1.093 5.04 10.01 2.80
unaged 7.157 7.770 19.77 0.00 0.00
70/100-C short-term aged 3.323 3.778 14.67 1.52 0.00
long-term aged 1.191 1.390 6.42 7.88 1.53
unaged 1.013 4.674 118.08 45.69 0.00
70/100-W short-term aged 0.602 2.478 60.53 45.78 0.18
long-term aged 0.241 0.692 14.54 45.03 8.37
unaged 1.884 3.053 37.69 19.99 0.64
CRMB-5 short-term aged 1.336 1.780 14.33 22.35 3.73
long-term aged 0.403 0.605 6.51 40.21 18.01
unaged 0.733 1.433 22.58 41.58 8.04
CRMB-10 short-term aged 0.466 0.914 14.45 48.12 15.47
long-term aged 0.219 0.349 4.19 55.36 33.26
unaged 0.164 0.539 12.11 70.58 25.35
CRMB-15 short-term aged 0.142 0.413 8.75 76.32 32.45
long-term aged 0.140 0.327 6.04 76.34 38.79
unaged 0.177 0.591 13.34 68.87 24.58
CRMB-15-C | short-term aged 0.172 0.462 9.34 73.57 29.89
long-term aged 0.190 0.318 4.13 61.74 38.11
unaged 0.027 0.333 9.89 87.17 30.82
CRMB-15-W | short-term aged 0.022 0.192 5.50 91.44 41.66
long-term aged 0.059 0.143 2.73 72.8 47.36

Based on the specification given by Asphalt Institute (Table 5.2), the base bitumen with and
without WMA additives (70/100, 70/100-C, and 70/100-W) after the short-term aging simulation
were found to be suitable for standard traffic condition where the minimum value of Jnr is specified
as 2.0 kPal. The appropriate binder for “Heavy” and “Very Heavy” traffic conditions are the
CRMB-5 and CRMB-10, respectively. While, the crumb modified bitumen with 15% rubber
content with and without WMA additives (CRMB-15, CRMB-15-C, and CRMB-15-W) could be
used for locations with “Extremely Heavy” traffic conditions.
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Table 5. 2: Asphalt Institute Specification for Jnr at different traffic level (Asphalt institute 2010).

Jnr (3.2kPa) | Temperature (°C) Traffic ESALs
<10 million
<4.0 Standard and standard traffic loading*
Heavy 1_0-30 mi!lion _
<2.0 or slow moving traffic loading**
o Very Heavy . >30 million .
<1.0 or standing traffic loading***
Extremely >30 million
<0.5 Heavy and standing traffic loading

Note: * Standard traffic -- where the average traffic speed is greater than 70km/h
**Slow traffic -- where the average traffic speed ranges from 20km/h to 70km/h
***Standing traffic-- where the average traffic speed is less than 20km/h

From the point of high-temperature performance, it is clear that the aging of the asphalt binders
positively affected both modified and unmodified binders in this study. However, the aging effect
on the binders was also influenced by the CRM and WMA factors. Table 5.2 displays clear
decreases in differences of Jnr-value between fresh and aged binders with an increase in CRM
percentages. The 15% rubber-concentration binder exhibited the smallest changes of Jnr-value
before and after aging. While, in the case of the 70/100 binder, the largest change of Jnr-value was
found. However, in the case of the binders containing WMA additives the effect of additives on
the aging resistivity was doubtful. In order to get a clear picture of the influences of CRM
concentration and WMA additives on the aging effect, therefore, an attempt has been made in this
study to evaluate the aging index value at different CRM values and WMA additives based on
their creep compliance values at 3.2 kPa stress level. Jnr index of binders was calculated using the
following equation (5.8), and plotted as shown in Figure 5.12. A higher value of Jnr index indicates
a higher degree of susceptibility towards aging effect and vice versa.

]nr Index — ]nr,3.2kPa—Unaged (58)

nr,3.2kPa—Aged

Where:
Jnr,3.2kPa—Unaged = NON-recoverable creep compliance value of unaged binders at 3.2 kPa

Jnr3.2kPa—aged = NoN-recoverable creep compliance value of short-term aged binders at 3.2 kPa

According to the plot (Figure 5.12), it is observed that the Jnr index values decrease at a higher
proportion of CRM in the binders, meaning that the binders are less susceptible to aging effect as
the CRM percentage was more concentrated. The reason is the aging (hardening) of the binder is
a process of oxidation and loss of volatile (lightweight) constituents in bitumen. This hardening is
attributed to the formation of high molecular weight molecules (asphaltenes), which increases
stiffness and viscosity of the asphalt binder (Lee et al. 2006). Theoretically, the interaction of

90



Chapter 5 High-Temperature Performance Characterization

rubber-bitumen is increased at a higher proportion of CRM in the binder, which results in larger
amount of lightweight component absorbed into swollen rubber particles. During the aging
process, the low molecular weight constituents that were earlier absorbed by the rubber were
ejected into bitumen, resulting in a lower rate of asphaltenes formation (Lee et al. 2011). Therefore,
the aging process of the CRMB at higher CRM concentration was reduced.

The influence of the wax additive on the short-term aging resistance of the base binder and
CRMB was found to be opposite. According to Figure 5.12, it is clear that the wax slightly
improved short- and long-term aging resistances of the 70/100 as evidenced by the lower Jnr index
of 70/100-W. Conversely, the aging effect on rutting performance of CRMB containing the wax
additive (CRMB-15-W) was relatively higher than the CRMB-15, meaning that the wax increased
the aging susceptibility of the CRM binder. In case of chemical additive, an addition of the
chemical-based WMA-additive had inconsiderable effect on short-term aging susceptibility of
both the base bitumen and CRMB, as the value of the Jnr index of 70/100-C and CRMB-15-C
were almost identical to the Jnr index of 70/100 and CRMB, respectively. However, the smaller
Jnr index at the long-term aged stage of the 70/100-C compared with the 70/100 shows that the
chemical additive positively improved the long-term aging resistance of the base bitumen, but the
adverse effect was found in the case of the modified binder (70/100-C).
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Figure 5. 12: Effect of CRM content and the WMA additive on the Jnr index.

5.3.4 Comparison of rutting parameters

Table 5.3 presents a comparison between the SUPERPAVE rutting parameter (G*/sin [8]) and the
MSCR parameters (Jnr and Recovery). The high-temperature rutting performance of the studied
binders were classified based on the SUPERPAVE and MSCR parameters. According the test
results, it is clear that the Jnr and Recovery provided the similar ranks of the binder rutting
resistance, whereas the G*/sin (8) ranked the high-temperature performance differently in some
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cases. It is because the MSCR test was intentionally developed to characterize the high-
temperature permanent deformation resistance of the binders beyond the LVE, while the G*/sin
(0) parameter was simply obtained within the LVE. Based on the previous literatures (section
2.5.1), the MSCR results were found to have better correlations to the rut depths of the real
mixtures than the G*/sin (3), especially in the case of modified asphalt binders. It is due to the
rutting of the pavement is a non-linear failure phenomenon and thus the parameter evaluated within
the LVE may not truly relate to the actual rutting performance of the asphalt mixtures. Therefore,
the ranking of the non-linear response of the binders is more representative to the real high-
temperature performance of the asphalt binder.

Table 5. 3: rutting properties of the short-term aged binders at 64°C

Rheological

properties MSCR test Ranking
Sample code test

G”E/ksli:r;)(ﬁ) J(Q;If;ga Ij;(cpc;v(%/ro% G*/sin(d) | Jnr,32kpa | Recovery
70/100 2.985 3.938 0.00 7 8
70/100-C 2.976 3.778 0.00 8 7 e
70/100-W 8.937 2.478 0.18 4 6 6
CRMB-5 5.054 1.780 3.73 6 5 3)
CRMB-10 8.253 0.914 15.47 5 4 4
CRMB-15 10.776 0.413 32.45 3 2 2
CRMB-15-C 13.518 0.462 29.89 2 3 3
CRMB-15-W 31.384 0.192 41.66 1 1 1

5.4 Summary

The main point of this chapter is to experimentally characterize the high-temperature performance
of the unmodified and crumb rubber modified binders in order to examine the effect of rubber
content and the warm-mix additives on the high-temperature rutting resistance of the binders. The
changes of the high service temperature performance of the prepared binders were investigated
and compared with corresponding to unaged and aged bitumen. The following summary can be
drawn from the results obtained from the MSCR test:
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5.4.1 Effect of CRM content on high-temperature performance

According to the MSCR test results, it can be concluded that the rubber content significantly
affects the high-temperature performance of the asphalt binders. It is clear that the non-
recoverable deformation resistance, recovery ability, and stress sensitivity of the binders
significantly increases at a higher proportion of crumb rubber modifier. Furthermore, the
addition of crumb rubber is shown to increase the resistance of the binder aging effects.

5.4.2 Effect of the WMA additives on high-temperature performance

The wax-based warm-mix additive was proven to be capable of improving high-temperature
rutting resistance, and recovery ability of both base and CRM binders. Additionally, the wax
additive tremendously increased the stress sensitivity of the base binder.

While, the chemical-based warm-mix additive did not significantly affect the high-temperature
performance and stress sensitivity of base bitumen, but slightly reduced rutting resistance and
an ability to recover of the CRMB.

The addition of the wax and chemical only improved aging resistance of the base binder, but
in case of the CRM binder, the aging resistivity potential was found to be reduced.

5.4.3 Effect of aging on high-temperature performance

Aging seemed to have a positive effect on the high-temperature performance of both
unmodified and modified binders as the permanent deformation resistance and recovery
percentage were higher at the aged stages. Furthermore, aging also reduced the stress
dependency of the binders.
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6.1 Introduction

Fatigue cracking is known as a major form of pavement distress at intermediate road service
temperatures (15°C~25°C). Once fatigue cracks are initiated, higher rates of pavement
deterioration can be found, and life of pavements is drastically shortened as the effects of traffic
and environmental damages can be combined with the cracks. It was found that fatigue cracks
normally start and propagate at the weakest links in the asphalt mixture, which are the interface
between the asphalt binders and the aggregates, and in the binder itself (Hintz et al. 2011,
Johnson&Bahia 2010, Kim et al. 2006). Therefore, the characteristics of asphalt binders surely
have a significant impact on the fatigue resistance of asphalt mixtures.

Evaluation of fatigue performance and the effect of long-term aging on the material properties
of asphalt binders by measuring linear viscoelastic dynamic shear modulus (G*) and phase angle
(0) of the binders has been specified in the current SUPERPAVE specification for binder
performance grading for years. The performance grading method has been using the stiffness-
based parameter (G*sind) to characterize the fatigue cracking resistance of the asphalt binders at
intermediate road service temperatures. However, this testing method has been reported to be
inaccurate as it does not include actual evaluation binder damage resistance. Moreover, the effect
of pavement structure and/or traffic loading are not taken into account, as the SUPERPAVE
parameter is measured at only one load amplitude (within the LVE range) and fixed frequency (10
rad/sec). In actual traffic conditions where the binders are exposed to complicated strain levels and
varied loading frequencies, the more accurate testing method to characterize fatigue behavior of
asphalt binders is thus needed in order to identify the contribution of the binders’ properties on the
fatigue resistance of asphalt mixtures. Therefore, the Linear Amplitude Sweep (LAS) test has been
introduced as a newly developed procedure to more accurately quantify the fatigue-related
performance of bituminous binders by integrating results from a frequency sweep and a strain
sweep into Viscoelastic Continuum Damage (VECD) analysis to calculate the coefficients of a
fatigue law in order to estimate the fatigue life of the binders at defined strain levels.

This chapter focuses on characterizing the fatigue performance in term of a number of cycles
to failure of both the unmodified asphalt binders and crumb rubber modified bitumen at different
CRM dosages including the effects of the warm-mix additives by using LAS test method in
accordance with AASHTO TP-101. Additionally, fatigue cracking problem of flexible pavements
is more concerned after the long-term service, because hardening (aging) effects of the asphalt
binders make it more susceptible to fatigue cracking. Therefore, in this part of the study, the
binders at both unaged and long-term aged stages were also investigated in order to evaluate and
compare the changes of fatigue performance before and after long-term aging. All binders were
aged before testing using the modified static oven aging simulation and Pressure Aging Vessel
(PAV).
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6.2 Linear amplitude sweep test

6.2.1 Background

Recently, an accelerated fatigue test named the linear amplitude sweep (LAS) test has been
proposed for characterizing fatigue behavior of both unmodified and modified asphalt binders
(Hintz et al. 2011, Johnson&Bahia 2010). According to AASHTO TP 101-14 specification, in the
LAS test, amplitudes of the applied strain are linearly and systematically increased from 0.1 to
30% at a fixed frequency of 10 Hz in order to accelerate the rate of fatigue damage accumulation.
A repeated oscillatory loading test is conducted by using the DSR device with 8-mm parallel plate
geometry.

Prior to the Amplitude Sweep test, the frequency sweep test (0.2-30 Hz) is conducted within
the LVE region at the strain level of 0.1% to obtain undamaged material properties (o). According
to the specification, the a-parameter is defined as a reciprocal of slope coefficient (denoted as ‘m’
in equation 6.1) of the log-log plot of relation between storage modulus (log G’[®]) and angular
frequency (log o ), where the storage modulus can be calculated as G*(®) cosd(m).

a=— (6.1)

After the frequency sweep test, the LAS is performed on the same binder sample. Amplitude
sweep loading begins with 100 cycles of sinusoidal loading at a shear strain of 0.1%. Each
successive loading step consists of 100 cycles at a rate of increase of 0.1% applied strain until 30%

strain is reached as shown in Figure 6.1.

35

0 5,000 10,000 15,000 20,000 25,000 30,000 35,000
Number of Loading Cycles

Figure 6. 1: Loading Scheme for Amplitude Sweep Test.

The LAS test results can be analyzed by using viscoelastic continuum damage (VECD)
analysis. The basis of VECD principle is based on the idea of Schapery’s theory of work potential
to model damage growth (Kim et al. 2006). This theory is inspired by the thermodynamics of
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irreversible processes and Paris’ Law of crack growth. Thus, the Schapery’s work potential theory
defines an equation for the damage rate (‘;—IZ) for viscoelastic material as the change in the

material’s energy potential (W) with respect to the change in the amount of damage (D) in the
material in the relation based on Paris’ Law of crack growth:

Do (-2 6.2)

dt D

Under cyclic loading, Kim et al. (Kim et al. 2006) suggested that changes in the dissipated
energy are an indication of the fatigue damage accumulation of viscoelastic materials. Therefore,
incorporating the application of the Schapery’s theory of work potential (equation 6.2) and the
dissipated energy (equation 2.9) allows for the estimation of fatigue life at any strain amplitude.
The fatigue damage accumulation in the specimen at any testing time (D[t]) can be determined as
the following equation.

D(t) = XL, [my§ (Cimy — CJr+a(t; — ty_y)i+e (6.3)
Where:
ci) = m'ﬁ& a ratio of the complex shear modulus at time (t) and the initial undamaged
initial
complex shear modulus, or the material integrity, (MPa).
Yo = Applied strain for a given data point (%)
t = Testing time, (second).

i = Loading time step.

Then, the simple power law (Kim et al. 2006) is used to create and fit the plot of relationship
between the material integrity (C [t]) and damage intensity (D [t]) in order compare the material
integrity at varying level of fatigue damage.

C(t) = Co — CI(D(t))CZ (6.4)

Where:
Co = 1, the initial value of C
C; C, = curve-fit coefficients derived through linearization of the Power law.

The fatigue life of the binders in a number of cycles to failure (Nf) can be determined using
equation 6.5. In addition, the value of binder fatigue performance parameter (Nf) is in a function
of the maximum expected binder strain value (ymax) which depends on a structure of the considered
pavement.

Ny = A(Vmax)_B (6.5)
Where:

k
A f(Df)

T (1€, C2)%
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f = loading frequency (10Hz)
K =1+ (1-C)) a
1
Dy = (CO‘C‘“ Pcel“" 5"“5)‘:2, The damage value at failure
B =20

6.2.2 Sample preparation and experimental program

Linear Amplitude Sweep (LAS) test was conducted at 20°C (where the G*-value of the 70/100
binder > 10 MPa) using Anton Paar Dynamic Shear Rheometer (DSR) where the test temperature
was maintained within +/- 0.1 °C tolerance for 10 minutes. The 8-mm diameter parallel plate and
a 2-mm gap were employed to determine the fatigue law parameter A and B (as shown in the
equation 6.5), in order to estimate the fatigue life (Nf) of the prepared binders (detail given in Table
3.7) at any particular strain levels (¥;,q4x)- The parameter A and B are VECD model coefficients
that depend on the material characteristics. The ‘‘A” parameter represents the integrity of binder
sample against accumulated damage whereas ‘‘B” parameter is related to the sensitivity of binder
sample against any changes in loading amplitude (strain) (Kim et al. 2006). The LAS test was
carried out in accordance with the AASHTO TP101 as described in section 6.2.1.

6.3 Results and analysis

Figure 6.3-6.5 present the plots of the apparent stress-strain (stress/strain values were calculated
based on an assumption of a constant sample geometry) diagram obtained from the amplitude
sweep test results, showing material behavior when the binders were subjected to the load. It can
be observed that, for the initial part of the curves, the slope of the curve increases linearly as the
shear stress is directly proportional to the applied strain level. After reaching a particular strain
level, it can be seen that all binder displayed a considerable reduction in the shear stress indicating
initiation of fatigue failure in the binder samples. The effects of CRM content, WMA additives,
and aging on the fatigue life of the binders are presented in detail in the sub-sections 6.3.1-6.3.3
below. It should be noted that the term

98



Chapter 6

Intermediate-Temperature Performance Characterization

500000

300000
200000
100000

Apparent Shear Stess (Pa)

400000 |

| © 70/100 e CRMB-5 CRMB-10 e CRMB-15 |

0 5 10 15 20 25 30 35
Apparent Shear strain (%)

Figure 6. 3: Shear stress and strain diagram from amplitude sweep test showing the effect of CRM

content.
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Figure 6. 4: Shear stress and strain diagram from amplitude sweep test showing the effect of the

on the base bitumen.
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Figure 6. 5: Shear stress and strain diagram from amplitude sweep test showing the effect of the
WMA additives on the CRMB.
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6.3.1 Effect of CRM content on the intermediate-temperature performance

According to the diagram 6.3, it is clear that the shear stress of the neat 70/100 penetration grade
binder reached a peak value of 0.42 MPa at the strain level of 7.30% at a relatively higher
hardening rate of shear stress compared to the CRM modified binders. Generally, the CRMBs had
a slower rate of stress increasing, and the peak shear stress values of CRMB-5, CRMB-10, and
CRMB-15 were recorded at 0.30MPa, 0.29MPa, and 0.26MPa respectively. Furthermore, the
CRMB-15 was found to have the fatigue failure initiation at the largest strain level (10.30%)
followed by CRMB-10 (8.46%), CRMB-5 (7.78%), and 70/100 (7.30%) respectively, meaning
that, based on Figure 6.3, the highest damage tolerance can be expected from the CRMB-15.
Figure 6.6 shows a plot of damage characteristic (material integrity [C] versus damage [D])
showing the effect of CRM concentration on the damage resistance of the binders. The graph
presents the behavior of materials regarding damage development within the binders. In general,
it can be seen that the integrity of materials decreases as the damage increases. The material

integrity presented here represents the value of normalized dynamic shear modulus (| *L::m”) of
asphalt binders, where the 1.0-value of integrity indicates the undamaged stage of binders.
According to Figure 6.6, the base binder has a relatively rapid decrease in its material integrity,
and the integrity reached the zero at the damage intensity of approximately 200. While, in the case
of the rubber modified binders, their material integrity values do not seem to reach zero integrity
at the end of the test (strain amplitude of 30%). As expected, the CRMB-15 shows the slowest rate

of integrity reduction followed by CRMB-10 and CRMB-5, respectively.

70/100 e CRMB-5 CRMB-10 e CRMB-15
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Figure 6. 6: Damage characteristic curve showing effect of CRM content.

Figure 6.7 presents predicted fatigue lives of the binders in term of a number of cycles to failure
at various strain levels. The predictions were carried out in accordance with the fatigue law
equation (Eg. 6.5), and the parameters used for analysis were presented in Table 6.1. From the
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plot, it is obvious that the unmodified binder had the lowest fatigue life, and the number of cycles
to failure obviously increased corresponding to the percentage of added rubber content, especially
at low strain amplitudes. In addition, it can be noticed that the parameter “B” which represents
applied load sensitivity of the binder decreased at the higher CRM proportion indicating more load
susceptibility of the CRM modified binders. In other words, increasing the CRM content was not
only capable of improving intermediate-temperature damage tolerance, but also affected strain
sensitivity of binders.

Table 6. 1: Effect of CRM content on the fatigue law parameters.

Sample code A B
70/100 204317.4 -3.28378
CRMB-5 429274.7 -3.45342
CRMB-10 825583.9 -3.46614
CRMB-15 1626826 -3.46838
| 70/100 -—CRMB-5 ——CRMB-10 —-CRMB-15 |
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Figure 6. 7: Fatigue life prediction in function of strain level showing effect of CRM content.
6.3.2 Effect of WMA additives on the intermediate-temperature performance

According to the stress-strain diagrams showing effects of WMA additives (Figure 6.4-6.5), the
effects of the WMA additives on stress-strain response of base bitumen and CRMB-15 were
observed. In case of the wax-based additive, the uniformly distributed wax-network after its
crystallization seemed to stiffen both base bitumen and CRMB binders at the intermediate service
temperature as evidenced by the obviously higher peak of the curves. However, the damage
tolerance of the materials was founded to be reduced due to the addition of the wax additive. It is
because the strain levels where the failure initiated in binders (at the peak of stress) in the case of
70/100-W and CRMB-15-W were found to be lower than the base and CRM binders without the
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wax additive. The strains at the peak of the stress of 70/100 and CRMB-15 were 7.30% and
10.30%, while, the peaks of 70/100-W and CRMB-15-W were observed at 5.94% and 8.27% strain
amplitudes respectively. In case of the effect of chemical-based additive, the addition of the
chemical additive slightly reduced the damage tolerance of the CRM binder, but improve stiffness
and the resistant ability of the base binder. The 70/100-C binder had a peak value of the shear
stress of 0.46 MPa at 7.39% strain, and the CRMB-15-R had the peak of 0.26 MPa 9.92% strain.

Based on the damage characteristic curves shown in Figure 6.8 and 6.9, it is clear that the wax-
based additive negatively affected the damage resistance of both base and CRM binders, as
evidenced by noticeably faster decreases of material integrity values of 70/100-W and CRMB-15-
W. At the end of LAS test, 70/100-W had a zero integrity at approximately 180 damage intensity,
while CRMB-15-W could not reach zero integrity. Moreover, in the case of the chemical additive,
its influence was very small, the difference of the 70/100 and 70/100-C curves was hardly seen. It
should be noted that the unfavorable effect of the chemical on the CRM binder became noticeable
when the integrity below 0.3.
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Figure 6. 8: Damage characteristic curve showing effect of WMA additives on the base binder.
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Figure 6. 9: Damage characteristic curve showing effect of WMA additives on the CRMB.
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The effect of the WMA additives on the fatigue parameters are given in detail in Table 6.2.
Fatigue lives of the binders containing WMA additives were predicted based on the Fatigue’s law,
and presented in Figure 6.10 and 6.11. It can be clearly seen from both figures that the fatigue
resistance of both modified and neat binders which contain the wax-based additive were
dramatically lower than the binders without the wax additive. Moreover, based on the parameter
“B”, the addition of wax also made both the modified and unmodified binders more susceptible to
the changes in loading.

Table 6. 2: Effect of the WMA additives on the fatigue law parameters.

Sample code A B
70/100 204317.4 -3.28378
70/100-C 200510.7 -3.24005
70/100-W 146372.7 -3.55501
CRMB-15 1626826.0 -3.46838
CRMB-15-C 1140317.4 -3.40770
CRMB-15-W 1204180.5 -3.69775
70/100 70/100-C 70/100-W
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Figure 6. 10: Fatigue life prediction in function of strain level showing effect of WMA additives
on the base binder.

103



Chapter 6 Intermediate-Temperature Performance Characterization

——CRMB-15 CRMB-15-C —o—CRMB-15-W

10000000

1000000
100000
10000
1000
100

Predicted fatigue life, Nf

10

1

1 10
Strain level (%)

Figure 6. 11: Fatigue life prediction in function of strain level showing effect of WMA additives
on the CRMB.

Although the wax’s effect was very obvious, the effect of the chemical-based additive was
difficult to distinguish, especially in the case of the base bitumen. The strain in the asphalt binder
is normally assumed to be about 50 times of the strain occurred in the asphalt mixture (Masad et
al. 2001). Thus, in order to clearly define the effect of the chemical additive, the predicted fatigue
lives of the binders containing WMA additives at 2.5% strain corresponding to 500 micro strain
(in the binder) were selected for comparison. The predicted fatigue life chart (Figure 6.12) of
70/100-C shows that the chemical effect was unnoticeably small, meaning that the fatigue
resistance of 70/100-C was neither better nor worse than the neat bitumen at an intermediate road
service temperature. However, the chemical effect on the CRMB was found to be negative as the
chemical-based additive lower the fatigue life of CRMB-15-C. It should be noted that the negative
effect of the chemical-based additive on the predicted fatigue life of the CRM binder seemed to be
smaller than the wax-based additive. Furthermore, the addition of the chemical additive improved
the stress sensitivity of both neat bitumen and CRMB at the intermediate temperature.
Additionally, based on the predicted fatigue lives at 2.5% strain, even the addition of the WMA
additives lowered the fatigue resistance of the CRMB but the fatigue performance of the CRMB
containing WMA additives were still better than the base bitumen with or without additives.
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Figure 6. 12: Predicted fatigue lives at 2.5% strain showing effect of the WMA additives.
6.3.3 Effect of aging on the intermediate-temperature performance

Aging is one of the significant factors that influence the cracking progression of pavements by
embrittling asphalt binders. In this section, the effects of artificial long-term aging (denoted as -
PAV) on the fatigue parameters of the study binders were shown in Table 6.3. Moreover, an
example of the aging effect on the fatigue tolerance of binders is presented in the forms of damage
characteristic curves and predicted fatigue lives of the neat bitumen in Figure 6.13 and 6.14,
respectively. The other binders in this study also experienced the same changes after aging as the
base binder, and their characteristic curves and the predicted fatigue lives can be found in
Appendix B.

According to Table 6.3, parameter “A” generally increased with age, but, conversely, aging
decreased the value of parameter “B”. It can be observed that the changes of the fatigue parameters
due to aging effect are diverse. It is clear that the aging influence decreased as the rubber content
increased. The addition of the wax additive lowered parameter “A” for both base and CRM binder,
while the chemical decreased “A” only in the case of the neat bitumen. The addition of the WMA
additives affected the base and CRM binder differently as it decreased the changes of “B” in the
case of base bitumen, but increased the changes of “B” for the CRMB.

In general, based on the damage characteristic curves, it can be seen that the long-term aged
sample had lower damage tolerance than the fresh binder as evidenced by the higher deteriorating
rates as shown in Figure 6.13. It is because the hardening phenomenon of the binder after the
continuous oxidative aging process has changed the behavior of the material into more brittle and
rigid which made them more susceptible to fatigue damage. The higher rate of material degradation
of the PAV-aged samples indicates that the fatigue resistant behavior of the asphalt binder was
negatively affected by the oxidative aging process.
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However, it also can be observed from Figure 6.14 that at the low strain levels the PAV-aged
sample have longer predicted fatigue lives, but when the strain increases to a certain level the
predicted number of cycle to a failure of the long-term aged binder became lower than the unaged
binder. It is because after the artificial aging simulation the binders became stiffer, but,
simultaneously, their ductility was reduced due to a formation of Asphaltenes and loss of low-
molecular-weight components. The results indicate that at the lower strain level the hardening of
asphalt binders positively influenced the fatigue damage resistance, but after reaching a certain
strain level a loss of ductility of the aged binder shows a relative higher decreasing rate of fatigue
lives compared to the unaged. The reason of an improvement of the predicted fatigue lives at low
strain levels can be attributed to an increase in the fatigue parameter “A”, and the steeper slope of
the predicted fatigue curve was due to a decrease in the parameter “B”.

Table 6. 3: Effect of aging on the fatigue law parameters.

Sample code | Aging condition A B Aaged/ Afresh Baged/Bresh
70100 E:)ensg-term aged 23064939107.2 22:232 552 141
707100-C E:)er?g-term aged 24040155166?7 232282 454 135
707100-W Egerfg-term aged 16416035712..37 -2’;2.;565050081 240 137
CRMB-5 E:)er?g-term aged 47299522794.67 ;z;;lé 540 137
CRMB-10 E:)ensg-term aged 232222; ziégﬁ 335 123
CRMB-15 E:)er?g-term aged 1868256787276?0 2?1?2?5 184 112
CRMB-15-C Eer?g-term aged 1611413033612f.141 -23;?49037279 1.86 114
CRMB-15-W E:)er?g-term aged 1726054915856.45 223?% 157 114
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Figure 6. 13: Damage characteristic curves showing effect of artificial long-term ageing on the
base binder.
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Figure 6. 14: Fatigue life predictions in function of strain level showing effect of artificial long-
term ageing on the base binder.
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6.3.4 Comparison of asphalt binder fatigue parameters

In this sub-section, the predicted fatigue life obtained by the LAS test are compared with the time
sweep-measured fatigue life and the SUPERPAVE fatigue parameter as shown in Table 6.4. It can
be noticed that the LAS predicted fatigue lives at 2.5% strain are different from the real fatigue
test at the same strain level. Generally, it is clear that all the studied binders had longer fatigue
lives than the prediction. Apparently, the difference in fatigue lives of two methods was due to the
different loading rate which affected the fatigue damage accumulation of the binders. The LAS
applies loading strain at an increasing rate, whereas the applied strain in the case of the time sweep
test is constant. However, the rank of fatigue performance provided by the LAS and time sweep
tests indicate that the LAS has an ability to capture the fatigue properties of the binders, and can
be used as a surrogate to the conventional fatigue test to characterize the binder fatigue
performance at intermediate-temperatures.

Currently, the SUPERPAVE fatigue parameter (G*sin[3]) is used to evaluate the effect of the
long-term aging on the material properties as described in section 2.5.2. However, the
SUPERPAVE has been questioned about its validity due to the fatigue properties of asphalt binders
are measured at only one loading amplitude which does not account for the effect of pavement
structure and traffic loading. According to Table 6.4, it can be observed that the SUPERPAVE
parameter differently ranks the intermediate-temperature performance of the binders. Therefore,
based on the laboratory testing results, the SUPERPAVE fatigue parameter lacks ability to
accurately characterize the actual fatigue damage resistance of the asphalt binders, especially when
incorporated with CRM and WMA additives.

Table 6. 4: Fatigue properties of the long-term aged binders at 20 °C

Sample LAS test Time sweep test Rheological properties test
Predicted Rank | Fatigue life at | Rank | G*sin(6) (MPa) | Rank
fatigue life at 2.5% strain
2.5% strain (N)
(N)
70/100 10082 6.7 29700 6-7 4.33 7
70/100-C 10299 29800 3.08 3
70/100-W 5633 8 23600 8 6.52 8
CRMB-5 18133 2 54400 2 3.67 5
CRMB-10 31452 4 94500 4 3.23 4
CRMB-15 67785 1 335200 2.49 1
CRMB-15-C 50230 2 335900 1-3 2.62 2
CRMB-15-W 40664 3 336300 3.68 6
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6.4 Conclusions

The main point of this chapter was to characterize the fatigue resistance of the asphalt binders at
the intermediate-temperature, where the LAS test was employed to measure the effect of rubber
content and the warm-mix additives on the fatigue damage tolerance of the binders in an
accelerated manner. Based on the LAS testing results, the major findings are as follows:

6.4.1 Effect of CRM content on intermediate-temperature performance

e The CRM content plays an important role in the fatigue damage tolerance of the asphalt binders
as the CRM binders showed a better fatigue performance than the unmodified binder at the
intermediate-temperature.

6.4.2 Effect of WMA additives on intermediate-temperature performance

e The wax-based additive clearly reduced the fatigue performance of both the base and CRM
binders.

e The chemical-base additive slightly improved the fatigue resistance of the base asphalt binder,
but lowered the fatigue life of the CRM binder.

6.4.3 Effect of aging on intermediate-temperature performance

e Oxidative aging increased the rate of material degradation as it changed the behavior of the
material in a brittle way. However, it positively impacted the fatigue life of the binders at low
loading strain levels.
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7.1 Introduction

Thermal cracking is one of the important modes of failure of asphalt pavements, especially in cold-
climate regions. It is because when the temperature drops, the thermal tensile stress corresponding
to shrinkage of the pavement will be developed to the point that the built-up tensile stress
overcomes the tensile strength of the asphalt, so, the cracks is initiated. The thermal cracking
commonly occurs in the form of transverse cracks. This type of distress is usually initiated when
the asphalt mixture cannot sufficiently dissipate the built-up tensile stress. It was found that the
rheological properties of the asphalt binders significantly affect the low-temperature thermal
cracking performance of the pavements (Ghavibazoo&Abdelrahman 2014, Sui et al. 2011).
Therefore, the better stress-relaxation ability of the binders is desirable for improving the thermal
cracking resistance.

Currently, the bending beam rheometer (BBR) is employed to characterize the stress relaxation
ability, and an ability to resist low-temperature cracking of bituminous materials at low-
temperatures. However, it is difficult to perform the test when a binder extraction from pavement
cores is required for the field monitoring because the BBR test requires large amounts of binder to
pre-mold a beam sample.

Recently, a newly developed technique using 4-mm dynamic shear rheometer (DSR) was
proposed as an alternative to characterize low-temperature performance of the asphalt binders. In
the new test, the rheological properties of the binders at low-temperatures can be measured by
using 4-mm parallel plate geometry in a dynamic shear rheometer (DSR). The use of 4-mm plates
reduces a needed amount of binders to only a few grams which is advantageous when
characterizing the asphalt binders recovered from a pavement core.

The main objective of this chapter is to experimentally characterize the low-temperature
performance of the study binders to examine the effects of CRM content, and the WMA additives
on the low-temperature performance of the binders by using the new 4-mm DSR test.

7.2 Dynamic shear rheometer test with application of 4-mm plates

7.2.1 Background

In 2011, Sui et al. (2011) proposed a newly developed technique to characterize the low-
temperature performance of asphalt binders by using 4-mm parallel plates on a dynamic shear
rheometer. The 4-mm DSR test was performed on eleven different unmodified asphalt binders,
and it was observed that the 4-mm DSR results can correlate to the BBR test results. Based on Sui
et al. study , they found the high linear correlation between the BBR creep stiffness at the low
performance grade temperature plus 10 degree Celsius and at loading time of 60 seconds (S[60 s,
low PG temp +10°C]) and the 4-mm DSR shear stress relaxation modulus (G[t]) at 2 hours and at
the true low performance grade temperature collected from stress relaxation master curves
(G[7200s, low PG temp]) as shown in Figure 7.1. It was also observed a strong relation between
the BBR stress relaxation rate at the low performance grade temperature plus 10 degree Celsius
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and at loading time of 60 seconds (m¢ [60, low PG temp +10°C], and shear stress relaxation rate
at 2 hours and at the true low performance grade temperature collected from stress relaxation
master curves (m, [7200s, low PG temp]) as shown in Figure 7.2. Thus, it was concluded that 4-
mm DSR could be used as an alternative low-temperature performance grading method.
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Figure 7. 1: Correlation between BBR S(60s) and 4-mm DSR G(7200 s) (Sui. et al 2011).
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Figure 7. 2: Correlation between BBR mc(60s) and 4-mm DSR mr(7200 s) (Sui. et al 2011).

Recently, Farrer et al (2015) from the Western Research Institute (WRI) modified the 4-mm
DSR method characterizing low-temperature performance which was originally proposed by Sui
et al. (2011). Farrer et al. (2015) suggested that the results of the 4-mm DSR can be linked to the
BBR parameters at the same loading time and temperature. The WRI proposed a method to
correlate between the shear relaxation modulus and its slope coefficient at 60 seconds from the 4-
mm DSR test and the low-temperature rheological properties of the asphalt binders, namely the
BBR creep stiffness S(t) and m-value through the following procedures:
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(1) Construct a master curve of the storage shear modulus in the function of the angular
frequency G’(w) at a pre-determined reference temperature as shown in Figure 7.3.
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Figure 7. 3: Storage modulus master curve at a reference temperature.

(2) Converse the storage modulus in function of angular frequency G’(w) into the relaxation
modulus in a function of time G(t) through the approximate expression (eq. 7.1) developed
by Christensen (1982). The master curve of relaxation modulus can be obtained through the
interconversion as shown in Figure 7.4.

G(t) ~ G (w)], 2 (7.1)
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Figure 7. 4: Relaxation modulus master curve at a reference temperature.

6

(3) Fit the relaxation modulus master curve with a second-order polynomial as shown in
Figure7.4. Then, determine the value of relaxation modulus at 60 seconds G(60s) through
the fitted equation. The slope coefficient of the relaxation modulus mr(60s) can be calculated
by taking the first derivative of the second-order polynomial fitted equation.
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According to the WRI’s study, it was found that the magnitude of the 4-mm-DSR-obtained
relaxation modulus and its slope coefficient at 60 seconds and at 10 °C higher than the PG
temperature (G[60 s, low PG temp + 10 °C]) provided the strong linear correlation to the BBR low
temperature stiffness and m-value at 60 seconds and at 10 °C higher than the PG temperature (S[60
s, low PG temp +10°C]) as shown in Figure 7.5-7.6. Based on the linear correlation of Farrer et
al (2015), the limiting shear relaxation modulus and relaxation rate at PG + 10°C are
G(60s)<143MPa and mr(60s)>0.28 which correspond to the limiting value of BBR parameters.
The fitted equation of the correlation are as follow:

S(60s) = 2.01G(60s) + 12.72 (7.2)

m.(60s) = 0.72m,.(60s) — 0.10 (7.3)
Where:
S(60s) = BBR-obtained creep stiffness at 60-second loading time (at PG +10°C)
G(60s) = DSR-obtained relaxation modulus at 60-second loading time(at PG +10°C)
mc(60s) = BBR-obtained relaxation rate at 60-second loading time (at PG +10°C)
mr(60s) = DSR-obtained relaxation rate at 60-second loading time (at PG +10°C)
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Figure 7. 5: Correlation between BBR S(60s) and 4-mm DSR G(60 s) Farrar et al. (2015).
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Figure 7. 6: Correlation between BBR mc(60s) and 4-mm DSR mr(60 s) Farrar et al. (2015).

7.2.2 Experimental program

The specimens were carefully prepared in accordance with a draft AASHTO standard method for
4-mm DSR test (detail given in Farrar et al. [2015]). The excessive sample after sandwiched in 4-
mm plates was removed by a heat Anton Paar spatula as shown in Figure 7.7.

e

Figure 7. 7: Anton Paar spatula for sample trimming.

The low-temperature linear viscoelastic properties of the asphalt binders in this study were
determined by performing frequency sweep tests with 4-mm parallel plate geometry with a 1.75-
mm gap (Figure7.8) from 0.1-100 rad/s at two different temperature (—10°C, and 0°C) on the
Anton Paar DSR device. The linear viscoelastic regions of the binders were defined as Wang et al.
(2018). Thus, the tests were performed at a strain level of 0.1% under strain-controlled mode. The
radial instrument compliance corrections were automatically carried out by a real-time online
instrument compliance correction of the Anton Paar software. The comparison between the
complex modulus obtained by the 4-mm and 8-mm plates is shown in Figure 7.9. According to the
comparison, the results from 8-mm and 4-mm tests were found to be similar, indicating no
compliance effects of the parallel plate geometries. In addition, the repeatability of the 4-mm
parallel plate is shown in Figure 7.10.
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7.3 Results and analysis

7.3.1 Effect of CRM content on the low-temperature performance

The effect of CRM content on the low-temperature thermal cracking resistance of the binders were
examined at the long-term aged stage. Generally, asphalt binders with lower stiffness and higher
relaxation rate are preferred as they have better resistance to low-temperature cracking. The
relaxation modulus and the relaxation rate of the study binders are presented in Figure 7.11 and
7.12, respectively. According to Figure 7.11, it is clear that the addition of CRM can lower the
relaxation modulus (stiffness) of the binders as the modified binders show superior low-
temperature performance. In general, the modified binder containing the highest percentage of
CRM (15%) showed the lowest stiffness and highest relaxation ability. The value of the relaxation
modulus and its slope at 60 seconds of the base binder were decreased from nearly 37 MPa to be
lower than 14 MPa, and increased from 0.43 to almost 0.47 at 15% CRM concentration,
respectively. Furthermore, it can be seen that the CRM binders containing the higher rubber
content exhibited the better the relaxation rates of the binders compared to the base binder. The
improvement of low-temperature performance of the CRM binders can be attributed to the
presence of the CRM particles within the binder mastic which enhanced the elastic response of the
binders at the low-temperature. Thus, the higher proportion of rubber in the asphalt binder mastic
resulted in the more elastic particles which lower the low-temperature stiffness and improve the
stress-relaxation ability of the binders.
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Figure 7. 11: Relaxation modulus at 60 seconds and at -10°C showing the effect of CRM content.
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Figure 7. 12: Slope coefficient of the relaxation modulus at 60 seconds and at -10°C showing the
effect of CRM content.

7.3.2 Effect of WMA additives on the low-temperature performance

The effect of the WMA additives on low-temperature performance of the base bitumen and the
CRM binders are presented in Figure 7.13-7.14. According to the diagrams, it can be clearly
observed that an addition of the wax-based WMA additive negatively impacted both base and
CRM binders. Generally, both unmodified and modified binders with the wax-based additive
showed a significantly higher low-temperature stiffness comparted to the binders without the wax
additive. In the case of the base binder, the stiffness increased from below 30 MPa to almost 40
MPa when the wax was added into the base binder. The addition of wax also doubled the stiffness
of the CRM binders which made it more susceptible to the low-temperature thermal cracking.
Moreover, the relaxation rate of both base and CRM binders were decreased due to the stiffening
effect of the wax-based additive. The increase in stiffness and the decrease in relaxation ability of
the binders were due to the formation of the crystalline structure of wax in the binder matrix at the
temperature below its melting point (~100°C).

On the one hand, the effect of the chemical-based additive on the low-temperature cracking
resistance of the base binder was found to be desirable. The chart 7.13 demonstrates a relatively
low stiffness of the base binder with the chemical compared to the base binder without the
chemical-based additive. An obvious improvement of 70/100-C’s relaxation rate was also
recognized in Figure 7.13. On the other hand, the effect of the chemical additive on the CRM
binder (Figure 7.14) was found to be opposed to the case of the base binder. The chemical additive
seemed to lower an elastic response of the CRM binder at low temperature as the chemical slightly
increased the stiffness and lowered the relaxation rate of the CRMB.
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Even though the addition of both wax-based and chemical-based additives decreased the low-
temperature thermal cracking resistance of the modified binder, their low-temperature stiffness
values were still relatively low compared to the base bitumen with and without the WMA additive.
This result indicated that the binder modification with the CRM can truly improve the low-
temperature road damage resistance.
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Figure 7. 13: the magnitude (left) and slope coefficient (right) of the relaxation modulus at 60
seconds and at -10°C showing the effect of WMA additives on the base binder.
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Figure 7. 14: the magnitude (left) and slope coefficient (right) of the relaxation modulus at 60
seconds and at -10°C showing the effect of WMA additives on the CRMB.

7.4 Summary

This chapter focused on characterizing low-temperature rheological properties of the binders to
investigate the effect of CRM content and WMA additives on the low-temperature damage
resistance of the binders. Although, the BBR test was not conducted to verify the correlation of
the findings in this chapter due to the unavailability of the BBR device, and there is an uncertainty
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about the difference of cooling media between the BBR and the DSR which may affect the
performance of the binders (Marasteanu & Cannone Falchetto, 2018). However, the idea of
characterization and the results in this chapter can be used for ranking the low-temperature
performance of the binder.

7.4.1 Effect of CRM content on low-temperature performance of the binders

e According to the 4-mm DSR test results, it can be concluded that the CRM content significantly
affects the low-temperature stiffness and stress relaxation rate of the asphalt binders. It is clear
that the low-temperature performance of the binders was improved when incorporated with the
crumb rubber.

7.4.2 Effect of WMA additives on low-temperature performance of the binders

e In the case of low-temperature performance, the addition of the wax-based warm-mix additive
was proven to be disadvantageous for both unmodified and modified binders as it made the
binders became more susceptible to the low-temperature thermal cracking by increasing the
binders’ stiffness. While, the chemical-based warm-mix additive differently affected the base
and the modified binders. The chemical slightly improved the low-temperature damage
resistance of the base binder, but lowered the low-temperature performance of the CRMB.
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Chapter 8 High-Temperature Storage Stability

8.1 Introduction

Crumb rubber modifier (CRM) recycled from scrap tyres has been used as a bitumen modifier in
pavement industry for decades, but the use of this type of asphalt binder modifier is not popular
like other polymers. It is because of its lower storage stability at elevated temperatures. Storage
stability of the CRMB at high temperature is one of the critical issues of the CRMB as it has a very
high tendency of CRM to separate from the CRMB. Higher density of the CRM particles causes
them to settle down to the bottom of hot storage tanks due to the gravitational force, and therefore
cause variation between CRMB’s physical properties of the top part and bottom part of the hot-
storage tanks. The mechanism of separation significantly depends on the type and dosage of
bitumen modifier and its interaction with asphalt binder (Bahia et al. 1998, Ghavibazoo et al.
2013). Therefore, variation in CRM dosage and warm mix additives will surely result in different
interaction, and consequently different high-temperature storage stability of CRMB.

Even hot storage tanks with agitation system are typically applied when highly modified or
polymer-modified asphalt binder is used in road constructions to ensure uniform temperature and
homogeneity of the modified binder, especially CRMB. However, a phase separation of the
constituents still occurs resulting in an increase in road construction cost. Thus, getting more
insight about the storage stability of the CRMB will contribute to an improvement of storage
stability of CRMB, and ultimately results in cost reduction.

The main objective of this Chapter is to experimentally investigate the effects of CRM
concentration and warm mix additive on the tendency of CRM particles to separate from CRMB
under static high-temperature storage. In this chapter, the storage stability of five different crumb
rubber modified binders (as shown in detail in Table 8.1) was carried out in accordance with
ASTM D7173 and AASHTO-350 (MSCR) respectively, in order to observe and mechanically
evaluate the effects of CRM and the WMA additives on the storage stability of the CRMB.

Table 8. 1: Modified binders used for storage stability test.

) Base CRM content .
Type of asphalt binders Code bitumen (%) WMA additive
crumb rubb dified CRMB-5 5 none
UMb TUbbEr modined I ~p\B-10 10 none
bitumen
CRMB-15 20/100 15 none
Crumb rubber modified | CRMB-15-W 15 Wax-based
bltumen_contal_n_mg CRMB-15-C 15 Chemical-bhased
warm mix additive
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8.2 Experimental program

According to the Standard Practice for Determining the Separation Tendency of Polymer from
Polymer Modified Asphalt (ASTM D7173), 50 £ 0.5 g of each hot CRMB blend (as mentioned in
table 8.1) was poured into standard aluminum tubes- 25-mm diameter by 125-mm to 140-mm
length. After that, filled tubes were oriented in the vertical direction as shown in Figure8.1 and
kept in the oven at 163°C £ 5°C for 48 + 1 h. Then, the tubes were cooled to —10°C £ 10°C in
order to solidify the binders. After cooling, the frozen tubes were cut into three equal parts (40-
mm each), and the samples from the top, middle, and bottom parts of the tube were stored for
further testing as shown in Figure 8.2.

Typically, the storage stability of the prepared samples is evaluated by means of softening
point and/or penetration technique. The difference between top-part and bottom-part properties is
normally used as an indicator of the storage stability of the asphalt binder, but the empirical nature
of these tests was reported to be insufficient in evaluating the presence of modifier particles.

In this study, the MSCR test was carried out at 64°C to mechanically evaluate the presence of
the elastic response of each part of the prepared samples in term of percent recovery (%rec) and
an ability to resist a permanent deformation under repeated loading in term of non-recoverable
compliance (Jnr) of the asphalt binders. Furthermore, the differences in the mechanical properties
of the prepared specimens were analyzed to get a proper understanding of the phase separation of
CRMB during hot storage.

# ] '8 .,‘ j ‘
B \d’ e %"" »

Figure 8. 1: Arrangement of separation}ubes in vertical orientation.
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Heating at 163°C+5°C for 48ht1h

Figure 8. 2: The
evaluation.

TOP

MSCR Test at 64°C

Middle

MSCR Test at 64°C

Bottom

MSCR Test at 64°C

Stable

scheme of the polymer modified bitumen high-temperature storage stability

8.3 Results and analysis

As mentioned earlier, the MSCR test was conducted to quantify the amount of separation or non-
uniformity of the modified material after heated storage. The results from the entire MSCR test

are shown in Table 8.2.

v

Or

Table 8. 2: MSCR test results of different sections of the aluminum tubes.

Creep Compliance, Jnr (1/kPa)
Sample Code Load level 0.1kPa Load level 3.2kPa
Top Middle Bottom Top Middle Bottom
CRMB-5 5.902 5.639 0.576 6.777 6.465 2.735
CRMB-10 1.517 0.317 0.229 1.994 1.277 1.115
CRMB-15 0.228 0.121 0.062 0.800 0.796 0.632
CRMB-15-C 0.612 0.123 0.010 0.918 0.531 0.453
CRMB-15-W 0.085 0.017 0.010 0.411 0.332 0.183
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Recovery, rec (%)
Sample Code Load level 0.1kPa Load level 3.2kPa

Top Middle Bottom Top Middle Bottom
CRMB-5 0.000 0.000 69.317 0.000 0.000 7.580
CRMB-10 22.740 79.770 79.277 5.540 20.670 23.470
CRMB-15 74.177 85.995 91.895 26.690 29.145 35.375
CRMB-15-C 40.575 82.730 91.705 35.210 41.611 53.020
CRMB-15-W 91.410 94.665 96.040 38.765 40.410 46.065

Based on the results at 3.2kPa load level, the values of non-recoverable creep compliance (Jn,
3.2kpa) and recovery of three different sections were plotted in Figure 8.3 and 8.4. According to
Figure8.3, it can be clearly seen that at the higher CRM concentration, the differences between the
values of creep compliance and recovery were significantly decreased. The binder that possessed
the highest difference for the creep compliance and recovery values was determined to be the
crumb rubber modified bitumen with 5% rubber content (CRMB-5). It was found that presence of
elastic response (%recovery) at top and middle sections of CRMB-5 are 0%, while the bottom part
was found to be around 8%. This result suggested that the CRM particles are mostly in the bottom
section of the conditioned CRMB-5 tube, meaning that the storage stability of CRMB-5 was
relatively low. Conversely, the binder with the lowest difference for Jnr and %rec values from the
MSCR test was found to be the binder with 15% CRM concentration (CRMB-15). CRMB-15
shows significantly more uniform value of creep compliance and %recovery.
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Figure 8. 3: The effect of CRM concentration on high-temperature storage stability of CRMB in
term of non-recoverable compliance (left) and in term of recovery (right).
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Figure 8. 4: The effect of WMA additives on high-temperature storage stability of CRMB in term
of non-recoverable compliance (left) and in term of recovery (right).

In case of CRMB with the additives, the chart showing values of Jnr and %recovery at 3.2kPa
load level were drawn as shown in Figure 8.4 in order to compare the amount of separation or non-
uniformity of the modified material after conditioning. Based on Figure 8.4, the effect of warm-
mix additives on the storage stability of the conditioned materials can hardly indicated because of
the effect of the warm-mix additives on the rutting susceptibility of the binder.

In order to identify the effects of the warm-mix additives on the high-temperature storage stability
of the CRM binders, the storage instability index based on the non-recoverable creep compliance
at 3.2kPa (Jnr,3.2kra) OF the conditioned samples was therefore employed as an indicator to capture
the actual effect of the CRM content and WMA additives on the storage stability of the CRMB at
elevated temperatures. The Jnr value at 3.2kPa load level was selected as an indicator because at
very high stress level the presence of elastic particles can be clearly distinguished. The storage
instability index was calculated as followed:

Storage Instability Index = LL32kPa-Top=J32kPa-Bottom (8.1)

INT 32kPa—Average

Where:

JNT3 21pa-Top = the non-recoverable creep compliance at 3.2 kPa of the top part of the tube.
INT321kpa—Bottom = the non-recoverable creep compliance at 3.2 kPa of the bottom part of the tube.
INT3 21pa—average = the average value of the non-recoverable creep compliance at 3.2 kPa of the
whole tube.

Figure 8.5 and 8.6 present the storage instability index showing the effect of CRM
concentration and the WMA additives, respectively. According to the storage instability index
chart (Figure 8.5), it is clear that the addition of CRM can significantly improve the storage
stability of the CRM binders. The CRMB-5 shows the largest value of the instability index,
indicating the worst high-temperature storage stability. While, the CRMB-15 possessed the
smallest index of storage instability which shows the best performance. The reason is due to at the
higher CRM concentration results in the more interaction between rubber particles and bitumen
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which reduces rubber inter-particle distance, and increases the viscosity of the CRMB. The higher
value of viscosity and smaller inter-particle distance have improved the resistance of the settling
down of the CRM particles because the movement of the CRM particles was reduced. Moreover,
it can be observed that the storage instability index of the CRMB with the warm-mix additives
(both wax-based and chemical-based) in Figure 8.6 were larger than the index of CRMB without
awarm-mix additive. It was because the warm-mix additives were intentionally designed to reduce
the viscosity of asphalt binders at the mixing and placing temperatures (above 160°C). The lower
viscosity of the CRMB with the warm-mix additives allowed the CRM particles to settle down
more easily as evidenced by the bigger difference in the rutting properties of the top and bottom
sections.
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Figure 8. 5: Storage instability index showing effect of the CRM concentration.
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Figure 8. 6: Storage instability index showing effect of the WMA additives.
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8.4 Summary

8.4.1 Effect of CRM content on storage stability of CRMB

e According to MSCR test results, the CRMB with the lowest CRM concentration (5%-CRM)
was found to be the most unstable material as its degree of separation was the highest among
the samples. CRMB blends produced with the CRM at 15% concentration were found to be
relatively stable compared to the others. From the observation, it is obvious that the viscosity
of the CRMB significantly increased as the CRM concentration became higher. The increase
of CRMB viscosity could reduce the settle down of swollen CRM particles to the bottom section
of the tube, which resulted in more stable asphalt binding material. Furthermore, the increased
amount of CRM surely shorten the inter-particle distance of swollen CRM and improve
interconnection between swollen rubber particles, which results in prevention of rubber
particles movement during the hot-storage period. Therefore, CRM content plays an important
role in storage stability, and the results indicated that the increase of CRM concentration leads
to improvement of storage stability.

8.4.2 Effect of WMA additives on storage stability of CRMB

e The comparison results of the CRMB with and without warm-mix additive illustrated that the
warm-mix additives had a measurable effect on storage stability of the CRMB. Based on the
storage instability index, both wax-based and chemical-based warm-mix additives increased a
separation tendency of CRMB, especially the wax-based additive.
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9.1 Conclusions

The primary aim of this study was to characterize the rheological and performance-related
properties of the binders by means of traditional (Frequency sweep test) and newly developed
(MSCR, LAS, and 4-mm DSR) testing methods in order to investigate the effect of crumb rubber
content and the warm-mix additives on the binder properties. Based upon the results of the study
presented in the previous chapters the following conclusions and key findings can be drawn (more
detail of the summary of the study results can be found in Table 9.1):

1.

The addition of CRM can enhance rheological and performance-related properties of
the binders over the whole road service temperatures. It was found that the incorporation
of CRM into the base bitumen can improve the stiffness, elastic response, and aging
resistance of the binder at the normal road service temperature.

The CRMBs show an improved road damage resistance and recoverability over the
whole road service temperatures. A dosage of the CRM plays an important role in the
improvement of the overall performance, and the high-temperature storage stability of
the CRMB.

The wax-based WMA additives similarly affected the performance of the base bitumen
and CRMB. The addition of the wax additive can only enhance the high-temperature
performance of the binders, but the effect of wax on the performance of the bituminous
binder at intermediate and low road service temperatures were found to be adverse as it
lowered the fatigue and thermal cracking resistances of both base and CRM binders.
The influences of the chemical-based WMA additive on the performance of the base
bitumen and CRMB were different. The addition of the chemical additive was observed
to be disadvantageous for the CRMB as it reduced the overall damage resistance of the
CRMB. However, the negative effects of the chemical additive on the CRMB’s
performances at intermediate- and low-temperatures were less severe than the negative
effect of the wax-based additive. In the case of the base binder, the addition of the
chemical can slightly increase the overall road damage resistance of the base binder.
The addition of the WMA additives obviously reduced the high-temperature storage
stability of the CRMB.
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Table 9.1: Summary of the study results.

Effect of the chemical-based Effect of the wax-based warm-
Property Parameters % CRM warm-mix additive on mix additive on
Base bitumen CRMB Base bitumen CRMB
_ Complex modulus (G*) at 30°C \ . . \ \
Rheological Phase angle at 30°C \ . . \ \
properties M
Thermal susceptibility \ . . \ \
Rutting resistance (Jnr) at 64°C \ \ X \ \
High-temperature Reocoverability (Y%recovery) at N . x N N
performance 64:C ——
Stress sensitivity (Jnr, slope) at N . . N .
64°C
Intermediate- . .
Fatigue damage resistance at
temperature \ . X X X
20°C
performance
Low-temperature stiffness N N x X X
Low-temperature (G[60s]) at -10°C
performance Stress relaxation rate (mr[60s])
o -10°C \ V X X X
High-temperature | based on Storage instability N i N i N
storage stability index
) _ based on Stiffness Index \ V X
Short-termaging - o4 on Oxidation product \ . X
resistance
based on Jnr Index \ . . \ X
_ based on Stiffness Index V X . v .
Long-term aging based on Oxidation product v X X
resistance
based on Jnr Index v V \

*Note: V = increase, x = decrease, * = inconsiderable, and - = not applicable.
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9.2 Recommendations

In this thesis, the properties and performance of the warm-mix CRMB were only characterized in
a bitumen-level, and the materials used in this study were very limited in extent. Therefore, in this
section, a list of recommendations for future research are presented.

1.

In order to get more comprehensive results, the base bitumen and CRM with varying
origins and compositions should be included to validate the effects of the CRM and the
WMA additives used in this study.

In this study, only two common commercial available products of WMA additives were
investigated. However, there are many other WMA additive types on the market that
their effects on the CRMB properties need to be investigated.

Due to the unavailability of the BBR, the correlation of the 4-mm DSR results and the
BBR parameters in the case of the CRMB was not verified. Thus, BBR test should be
conducted to confirm the validity of the 4-mm DSR test.

The predicted fatigue lives of the long-term aged binders in this study were found to be
longer than the fresh binders which were unexpected. The reason is that the LAS test
does not take the healing ability of the binder into account. Thus, in order to get more
realistic fatigue resistance of the asphalt binders, the healing capacity of the binders at
different aging conditions should be considered.

Performance characterizations should be extended in the higher levels such as mastic
(binder+filler), mixture, and road scale to clearly verify the effect of CRM and WMA
additives.

Although it may be time-consuming, more verification need to be done to establish a
unified DSR test methodology for binder performance testing.
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Appendix A

70/100-C binder, Reference Temp. = 30 °C
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Figure A.1: Master curves of complex modulus and phase angle for the 70/100-C binder at a
reference temperature of 30°C showing the aging effect.

70/100-W binder, Reference Temp. = 30 °C
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Figure A.2: Master curves of complex modulus and phase angle for the 70/100-W binder at a
reference temperature of 30°C showing the aging effect.
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Appendix A

CRMB-5 binder, Reference Temp. = 30 °C
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Figure A.3: Master curves of complex modulus and phase angle for the CRMB-5 binder at a
reference temperature of 30°C showing the aging effect.

CRMB-10 binder, Reference Temp. = 30 °C
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Figure A.4: Master curves of complex modulus and phase angle for the CRMB-5 binder at a
reference temperature of 30°C showing the aging effect.
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Appendix A

CRMB-15 binder, Reference Temp. = 30 °C
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Figure A.5: Master curves of complex modulus and phase angle for the CRMB-15 binder at a
reference temperature of 30°C showing the aging effect.

CRMB-15-C binder, Reference Temp. = 30 °C
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Figure A.6: Master curves of complex modulus and phase angle for the CRMB-15-C binder at a
reference temperature of 30°C showing the aging effect
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Appendix A

CRMB-15-W binder, Reference Temp. = 30 °C
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Figure A.7: Master curves of complex modulus and phase angle for the CRMB-15-W binder at a
reference temperature of 30°C showing the aging effect.
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Appendix B

Effect of aging on fatigue

damage resistance of the binder at
the intermediate-temperature
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Appendix B

70/100-C-unaged 70/100-C-PAV
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Figure B.1: Damage characteristic curves showing effect of artificial long-term ageing on the
70/100-C.
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Figure B.2: Fatigue life predictions in function of strain level showing effect of artificial long-
term ageing on the base 70/100-C.
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Figure B.3: Damage characteristic curves showing effect of artificial long-term ageing on the
70/100-W.
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Figure B.4: Fatigue life predictions in function of strain level showing effect of artificial long-
term ageing on the base 70/100-W.
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~ CRMB-5-unaged e CRMB-5-PAV
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Figure B.5: Damage characteristic curves showing effect of artificial long-term ageing on the
CRMB-5.
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Figure B.6: Fatigue life predictions in function of strain level showing effect of artificial long-
term ageing on the base CRMB-5.
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~ CRMB-10-unaged CRMB-10-PAV
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Figure B.7: Damage characteristic curves showing effect of artificial long-term ageing on the
CRMB-10.
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Figure B.8: Fatigue life predictions in function of strain level showing effect of artificial long-
term ageing on the base CRMB-10.
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~ CRMB-15-unaged CRMB-15-PAV
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Figure B.9: Damage characteristic curves showing effect of artificial long-term ageing on the

CRMB-15.

10000000

1000000

100000

10000

1000

Predicted fatigue life, Nf

100

10

CRMB-15-unaged —o—CRMB-15-PAV

10
Strain level (%)

Figure B.10: Fatigue life predictions in function of strain level showing effect of artificial long-
term ageing on the base CRMB-15.
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~ CRMB-15-C-unaged CRMB-15-C-PAV
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Figure B.11: Damage characteristic curves showing effect of artificial long-term ageing on the
CRMB-15-C.
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Figure B.12: Fatigue life predictions in function of strain level showing effect of artificial long-
term ageing on the base CRMB-15-C.
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~ CRMB-15-W-unaged CRMB-15-W-PAV
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Figure B.13: Damage characteristic curves showing effect of artificial long-term ageing on the
CRMB-15-W.
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Figure B.14: Fatigue life predictions in function of strain level showing effect of artificial long-
term ageing on the base CRMB-15-W.
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