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Abstract  

Pavement researchers have increasingly focused on reducing production and 

compaction temperatures in order to improve the environmental and economic 

impacts of hot mix asphalt, without adversely affecting the workability, durability 

and performance of asphalt pavements. The introduction of innovations and 

technologies in the form of warm mix asphalt will lead to substantial 

environmental improvements and economic prosperity. Moreover, in order to 

maximise the benefits of such technology, the inclusion of higher percentages of 

reclaimed asphalt pavement materials in warm mix asphalt allows the 

development of a more sustainable and cost-effective pavement structure.  

This thesis studies the characterisation of warm asphalt mixtures with the addition 

of reclaimed asphalt pavement materials. The effect of warm additives Sasobit, 

Rediset WMX and Rediset LQ on the viscosity of bitumen was investigated in 

detail. Furthermore, the effect of these additives on the rheological properties of 

bitumen was also identified using a dynamic Shear Rheometer. In fact, there is a 

point of controversy among pavement engineers about the performance of warm 

mix asphalt in terms of fatigue; therefore, firstly, the fatigue performance of 

warm-modified bituminous binder was investigated in detail. Fatigue test were 

conducted in dynamic Shear Rheometer using a time Sweep method and data 

were modelled using the viscoelastic continuum damage approach.   

After proving that warm additives such as Sasobit and Rediset WMX improved 

the fatigue life of asphalt binder, emphasises were paid to investigate nano-

mechanical properties of warm modified bituminous binders and mix. Therefore 

this study also presents an investigation into the impact of warm additives on 

topography, modulus, deformation and adhesion of warm-modified bituminous 

binders using atomic force microscopy with the peakForce quantitative nano-

mechanical mapping modality. 

The effect of production temperatures on the performance of warm mix asphalt 

was further investigated. Nanoindentation, which is an advanced technique, was 

used to study the effect of warm additives on the nano-mechanical properties of 

asphalt mixture phases, aggregate, interfacial transition zone (between aggregate 

and binder)  and mastic. The nanoindentation results were used: firstly, to evaluate 
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the effect of production temperatures and warm additives on the mixture phases; 

of warm mix asphalt; secondly, the nano-mechanical properties of interfacial 

transition zone were used to propose a new method to evaluate the degree of 

bonding between aggregate and binder in the mixture and, thirdly to evaluate the 

effect of each phase on the overall fatigue performance of warm mix asphalt.  

The aggregate-binder bond is one of the main factors that affect the durability of 

asphalt mixtures. This can be investigated based on the energy required to fracture 

the adhesive bond between binder and aggregate. In this thesis, the effect of warm 

additives on the adhesive bond strength of an aggregate-binder system was 

investigated using the pull-off test. Furthermore, the contribution of warm 

additives in improving the work of fracture has been linked to the adhesion force 

determined using atomic force microscopy and work of indentation approach.  

The fatigue life of WMAs was further investigated using a dynamic Shear 

Rheometer to study the effect of warm additives, production temperatures and 

binder grade. It was found that the level of reduction in the production 

temperatures and binder grade highly affect the fatigue performance of warm mix 

asphalt. Moreover, as Nanoindentation has shown to have the potential to 

characterise the properties of mixture phases, those properties can help in 

understanding the overall fatigue behaviour of warm asphalt mixture and show 

how improving nano-mechanical properties of interfacial transition zone and 

mastic can reflect the significant improvement in the fatigue life of asphalt 

mixtures. It is therefore recommended that highway agencies should specify a 

minimum production temperature for warm mix asphalt to reach acceptable 

mixture stability in terms of fatigue performance, taking into account the binder 

source and grade.  

Two issues regarding the inclusion of reclaimed asphalt pavement materials in 

asphalt mixtures need to be further investigated: the fatigue behaviour of 

reclaimed asphalt pavement materials mixes and the degree of blending between 

reclaimed asphalt pavement and virgin materials. The level of blending between 

virgin and reclaimed asphalt pavement materials was investigated under the scope 

of this thesis. The level of blending was investigated based on the nano-

mechanical properties of mastic and interfacial transition zone measured using 
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nanoindentation. Results were validated using scanning electron microscopy and 

the overall performance of warm mix asphalt incorporating reclaimed asphalt 

pavement materials in terms of stiffness and fatigue. Accordingly, a simple 

protocol is proposed to obtain a complete blending between reclaimed asphalt 

pavement binder and virgin binder, which is a key component of suitable practices 

in the pavement industry.  

The implications of this work for industry are that, firstly, warm additives offer a 

superior performance in producing asphalt mixtures that have better fatigue 

performance than traditional hot mix asphalt. Moreover, the study revealed that 

warm additives improve the strength bond between aggregate and binder. 

Secondly, highway agencies are advised to specify a minimum production 

temperature for warm mix asphalt to reach acceptable mixture stability. A 

complete blending between reclaimed asphalt pavement and virgin materials can 

be achieved using the proposed protocol; therefore a more sustainable and cost-

effective pavement structure can be constructed.       
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Chapter One 

Introduction 

1.1 Introduction  

Over the last two decades, great attention has been paid to improving the overall 

performance of asphalt mixtures, particularly to achieve environmental and 

economic objectives. More attention has been paid recently to reducing energy 

consumption throughout the process of manufacturing asphalt mixtures without 

having a negative impact on their in-service mechanical performance (Capitão et 

al. 2012). Furthermore, there is growing international pressure to minimise fossil 

fuel consumption and the emission of greenhouse gases (GHG) such as carbon 

dioxide (CO2). Unfortunately, the production of hot mix asphalt (HMA) makes a 

considerable contribution to energy consumption and to the release of pollutant 

gases due to the process required to dry and heat the mineral aggregates and 

binder at temperatures above 150ЈC. In fact, the asphalt industry has been trying 

to mitigate these challenges by promoting three strategies. Firstly, through the use 

of inexhaustible and non-polluting new energy sources, secondly, through the use 

of renewable natural resources and synthetic adhesive binders to replace the 

traditional binders, and, thirdly, through the development of new technologies to 

produce sustainable asphalt mixtures that can be constructed and compacted at 

lower temperatures without sacrificing the mixturesô properties (Jamshidi et al. 

2013). 

The introduction of innovations and technologies in the form of warm mix 

asphalt (WMA), which can be manufactured at temperatures ranging from 100ЈC 

to 140ЈC (using one of warm technologies either organic, chemical or foaming) 

compared to mixing temperatures of 150-180ЈC for traditional HMA (Mo et al. 

2012), can lead to significant improvements in energy consumption and the 

release of pollutant gases. It was reported that the use of WMA produced a clear 

reduction in various emissions throughout the production process in the plant as 

follows: 30-40% for CO2 (carbon dioxide) and SO2 (sulphur dioxide), 50% for 
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volatile organic compounds, 10-30% for CO (carbon monoxide), 25-55% for dust 

and 60-70% for NOx (nitrous oxide). Moreover, reductions of between 30% to 

50% have also been reported for asphalt aerosols/fumes and polycyclic aromatic 

hydrocarbons (Capitão et al. 2012,Zaumanis 2010,D'Angelo et al. 2008). In 

addition, a 30% reduction in energy consumption was found using WMA 

(Kheradmand et al. 2014). However, in spite of these remarkable economic and 

environmental improvements, there is still uncertainty with respect to using them 

due to lack of data concerning their long-term performance, moisture 

susceptibility due to lower production temperatures, and coating and bonding 

problems (Rubio et al. 2012). Added to that, the use of WMA technologies may 

involve increasing cost associated with the cost of materials such as Advera, 

Aspha-main, Sasobit, Rediset, Evotherm etc., and with equipment modifications 

in the case of foaming technology (Kristjánsdóttir et al. 2007). However, the use 

of reclaimed asphalt pavement (RAP) materials  can reduce the cost of WMA in 

the production process (Hamzah et al. 2015). Indeed, it was reported there is a 

potential benefit in using recycled materials and industrial by-products instead of 

traditional materials in highway structures, as this can result in a 20% reduction in 

global warming, 16% reduction in energy consumption, 6% reduction in 

hazardous waste generation and 11% reduction in water consumption (Lee et al. 

2010). Of course, one of the most important recycled materials in pavement 

structures is RAP materials.  

The current school of thought in the asphalt industry is that WMA can be 

used to incorporate a higher percentage of RAP materials (Tao and Mallick 

2009,Mallick et al. 2008,El Sharkawy et al. 2016). There is already a 

controversial point among pavement researchers regarding the level of blending 

between RAP and virgin materials and the hypothesis behind the inclusion of 

RAP materials in HMA, which needs to be resolved. Therefore, the incorporation 

of RAP materials in WMA is a more complicated scenario than in the case of 

HMA, as WMAs are produced at a lower temperature than that required to 

manufacture HMA. A recent study by Zaumanis and Mallick (2015) 

recommended the need for a methodology to evaluate the level of blending 

between RAP and virgin materials in the laboratory. This point and others 
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concerning the performance of WMA that have not been addressed or studied 

before are investigated in detail in this thesis. 

1.2 Need for  the research 

The innovation of warm asphalt technologies started in Europe and the research 

area has more recently been gaining momentum in the USA. And since then 

extensive studies have been conducted to evaluate the performance of WMA. 

However, although significant attention has been paid to investigating the 

performance of different warm technologies, there are still some issues that need 

to be investigated before a conclusion can be made about replacing the current 

HMA with WMA. One of the issues that need to be investigated in detail is the 

fatigue performance of WMA.  

In fact, it is particularly difficult to characterise the fatigue life of hot mix 

asphalt for a number of reasons, such as the composite nature of the material, the 

gradation of aggregate particle size, asphalt film thickness variation within the 

mastic, air void size distribution, and the dependency of asphalt binder behaviour 

on time and temperature (Masad et al. 2008). Therefore, this fatigue-cracking 

phenomenon should be even more difficult to characterise in WMA as the mixing 

temperature is lower than HMA; thus, another two factors or questions should be 

addressed. The first is whether the fatigue life improves because of the lower 

production temperature or because of the effect of warm additives. The second is 

to what extent the production temperature can be decreased without causing a 

negative impact on the degree of bonding between the binder and the aggregate in 

the asphalt mixtures. Both of these questions are investigated in detail in the 

current study. 

SuperPaveôs fatigue parameter which has received extensive criticism 

characterises the fatigue life of bituminous binder (Hamzah et al. 2015). It is 

therefore clear that there is a need to evaluate the effect of warm additives on the 

fatigue life of binders using a time sweep test. Based on the results, the fatigue life 

of WMA can be further investigated taking into account the effect of production 

temperatures, warm additives, binder grade and the effect of ITZ and mastic on 

the overall fatigue life.  
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Furthermore, there is little understanding of the fundamental properties of 

asphalt mixturesô phases at the nano-scale because of the inability to characterise 

their mechanical properties at this scale. Undoubtedly, there is a lack of 

understanding of the behaviour of asphalt mixture at the nano-scale and, as 

recommended by Igarashi et al. (1996), there is a need to characterise and 

understand the mechanical properties at the nano-scale because the interactions 

among the composite phases happen at this level. Atomic force microscopy 

(AFM) and nanoindentation are powerful techniques to characterise asphalt 

mixtures at the nano-scale. Up to date, there has been very limited research 

conducted in this area, whilst no research has investigated the nano-mechanical 

properties of warm-modified bituminous binders and mix. There is a need to 

investigate and gain further understanding of the effect of warm additives on 

virgin binder and mixture phases, aggregate, interfacial transition zone (ITZ) 

between aggregate and binder/mastic and mastic, without separating them from 

the mixture. Therefore, under the scope of this study, investigation into the effect 

of warm additives on nano-mechanical properties of binder using AFM and of 

mixture phases using nanoindentation was conducted in order to firstly evaluate 

the effect warm additives and production temperatures on the mixture phases; 

secondly, the nano-mechanical properties of ITZ can be used to investigate the 

degree of bonding between aggregate and binder/mastic; and, thirdly, evaluate the 

effect of each phase on the overall fatigue performance of WMA as cracks occur 

either in mastic or along the interface between aggregate and binder.     

Regarding the inclusion of RAP materials, a limited number of researchers 

have investigated the level of interaction between aged and virgin asphalt binders 

(Al -Qadi 2007) and a recent study has recommended the need for a methodology 

to evaluate the level of blending between RAP and virgin materials in the 

laboratory (Zaumanis and Mallick 2015). At present, the level of interaction 

between RAP and virgin materials is still ambiguous. To date, the interaction 

between RAP and virgin materials has not been investigated at the nano-scale, 

which can practically reflect the real level of materialsô interactions.  

In summary, the research objectives were defined in order to achieve the 

aims given in this chapter (Section 1.5) based on the following considerations: 
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ü Even though extensive studies have focused on the performance of WMA 

compared to that of HMA, there are no clear conclusions about the fatigue 

life of WMA or, in other words, there is no answer as to whether fatigue 

life improves because of the lower production temperature, or because of 

the effect of warm additives. 

ü Very limited research studies have used AFM and nanoindentation to 

investigate the nano-mechanical properties of virgin binder and mix. There 

is a need to address and investigate the effect of warm additives on binder 

and mix at the nano-scale. 

ü To date no research has been conducted to investigate the effect of mixture 

phases, aggregate, ITZ and mastic on overall performance of asphalt 

mixtures.  

ü To date, the adhesive bond strength between aggregate and binder has only 

been investigated indirectly, out the mixture. In terms of asphalt mixture, 

no method has been developed to evaluate the bond strength between 

aggregate and binder in the mixture.  

ü To date, the level of blending between RAP and virgin materials is a 

controversial point. In fact, there is a need for a method to accurately 

evaluate and obtain the level of blending between RAP and virgin 

materials. 

1.3 Significance of the research  

It has already been mentioned that WMA can greatly reduce energy consumption 

and the emission of greenhouse gases (GHG). However, there remain a number of 

challenges to overcome. One of these challenges is the effect of production 

temperature on the performance of WMA. The production temperature greatly 

influences the durability of an asphalt mixture; therefore, any thoughts about 

reducing the production temperature should be made cautiously, without 

sacrificing the required properties of the mixtures. The effect of production 

temperature on the performance of WMA needs to be further investigated 

considering the effect of binder grade as well, so that highway agencies can 

specify minimum reduction in the production temperature to produce asphalt 

mixtures with an equal or better performance than HMA, thus achieving great 
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positive economic and environmental improvements. The reason for that is 

because, if the WMA is not as durable as the HMA, the cost of maintenance may 

increase and, in severe conditions, the highway or the road may need to be 

reconstructed before the time specified in the design for that infrastructure. 

Although an effort was made to explore the nano-mechanical properties of 

virgin mixture phases, aggregate, and mastic using nanoindentation (Tarefder et 

al. 2010,Tarefder and Faisal 2013), so far no research has been conducted to 

investigate the nano-mechanical properties of the ITZ in asphalt mixtures, which 

reflects the real bonding and interaction between aggregate and binder. 

Understanding the real bonding or interaction between aggregate and binder 

without separating them from the mixture can contribute to accurately assessing 

the performance of the asphalt mixture. Furthermore, understanding the effect of 

warm additives on the mechanical properties of ITZ of WMA can contribute to 

establishing a new mixture design procedure. To date, the design procedure for 

HMA has served as that for WMA. In the future, if the WMA is to replace the 

HMA, a mixture design procedure must be established. Therefore, investigation 

into the effect of warm additives on mixture performance, especially at the nano-

scale, is required.  

In addition, establishing a methodology to investigate and obtain a 

complete blending between RAP and virgin materials is necessary to give 

pavement designers more confidence in incorporating RAP materials in pavement 

structure, through which economic, environmentally friendly improvements and 

sustainable structures can be constructed. 

1.4 Scope of the research  

The asphalt industry has been pressured in recent years to mitigate the significant 

contribution to increasing energy consumption and the release of pollutant gases 

due to using hot mix asphalt (HMA). One of the main solutions to overcome this 

problem is to manufacture asphalt mixtures at lower temperatures than that 

required for HMA without sacrificing the mixturesô properties.  

Under the scope of this thesis, a considerable amount of work was 

conducted to characterise the performance of WMA and WMA incorporating 
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RAP materials at different levels. Three warm additives, Sasobit, Rediset WMX 

and Rediset LQ, were used and these warm additives were incorporating into two 

binder grades, namely 40/60 and 100/150. Granite aggregate and rocks of granite 

supplied from the same granite aggregate quarry were used. Real reclaimed 

asphalt pavement materials (RAP) were also adopted. The effects of different 

dosages of warm additives on the viscosity and rheological properties of binders 

were investigated in depth. More importantly, a time sweep method was used to 

characterise the fatigue life of warm-modified bituminous binders (WMBBs). In 

terms of the nano-mechanical properties of WMBBs and mix, the study also 

focused on the impact of Sasobit, Rediset WMX and LQ on topography, modulus, 

adhesion and deformation of warm-modified bituminous binders using Atomic 

Force Microscopy (AFM) with the PeakForce Quantitative Nanomechanical 

Mapping (PFQNM) modality, whereas the nano-mechanical properties of the 

WMA phases were investigated using nanoindentation. Regarding the use of 

nanoindentation, a very smooth sample surface is required; therefore, a technique 

was developed to prepare the asphalt mixture samples for nanoindentation. In 

order to validate the adhesion results measured using AFM and nanoindentation, 

the effects of warm additives on the adhesive bond strength of an aggregate-

binder system was investigated using the pull-off test. In terms of asphalt 

mixtures, the time sweep method was also used to measure the fatigue life of 

cylindrical DSR samples (12mm diameter and 50mm height) taking into account 

the effect of production temperature and binder grade and study how asphalt 

mixture phases with particular reference to ITZ and mastic contribute to the 

overall fatigue performance.  A methodology to investigate the level of blending 

between RAP and virgin materials was proposed based on the nano-mechanical 

properties of the mixture phases, ITZ and mastic.   

1.5 Aims and objectives of the research 

1.5.1 Overall aims 

On the basis of the foregoing, the overall aim of the present investigation was to 

evaluate the effect of warm additives on the rheological properties of WMBBs. A 

further aim was to investigate the effect of warm additives, production 

temperatures, and binder grade on the nano-mechanical properties of WMBBs and 
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WMA to gain more insight into the behaviour and response of binder and asphalt 

mixtures to different conditions. Moreover, understanding of the individual 

mixture phases and how the interaction between aggregate and binder contributes 

to the overall performance of asphalt mixtures is required to aid pavement 

designers design more sustainable and cost-effective asphalt mixtures. In term of 

level of blending between RAP and virgin materials, further aim was to propose a 

methodology or protocol to investigate and achieve complete blending in the 

laboratory.  

1.5.2 Objectives 

The specific objectives of the research are summarised as follows: 

ü To review the international literature on the performance of WMA. 

ü To review the international literature on the level of blending between 

RAP and virgin materials. 

ü To investigate the effect of different dosages of Sasobit, Rediset WMX 

and Rediset LQ on the viscosity and rheological properties of binder. 

ü To investigate the fatigue life of WMBBs using the time sweep method. 

ü To evaluate the impact of warm additives Sasobit and Rediset WMX and 

LQ on topography, modulus, deformation and adhesion of warm-modified 

bituminous binders using Atomic Force Microscopy (AFM) with the 

PeakForce Quantitative Nanomechanical Mapping (PFQNM) modality. 

ü To quantify the effect of warm additives, production temperatures and 

binder grade on the mechanical properties of mixture phases aggregate, 

ITZ and mastic. 

ü To propose new approaches to evaluate the strength of the bond between 

aggregate and binder without separating them from the mixture. 

ü To link the effect of warm additives on the work of fracture to the 

adhesion force determined using AFM and the work of indentation 

approach. 

ü To evaluate the fatigue life of WMA taking into account the effect of 

production temperatures and binder grade 

ü To assess the effect of mechanical properties of mixture phases on the 

overall fatigue life of asphalt mixture.  
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ü To investigate the effect of warm additives and production temperatures 

on the level of blending between RAP and virgin materials at micro- and 

nano-scales. 

ü To establish a protocol or methodology to obtain and approve complete 

blending between RAP and virgin materials in the laboratory.  

1.6 Thesis layout 

The thesis is organised into ten chapters. Chapters 1 and 10 are the introduction 

and conclusion respectively while Chapter 9 summarises the effect of warm 

additives on bituminous binder and mixture properties. The main body of the 

research is presented in chapters 2 to 8, as follows:  

Chapter 2- Warm Mix Asphalt (WMA)/Reclaimed Asphalt Pavement (RAP) 

State-of-the-Art:  the state-of-the-art chapter reviews the more common available 

warm technologies with particular reference to the organic technology and 

chemical technology. The chapter also reviews the hypotheses regarding the level 

of blending between RAP and virgin materials, as well as the performance to date 

of including RAP in WMA.   

Chapter 3- Viscosity, Rheological Properties, and Fatigue of Warm-Modified 

Bituminous Binders (WMBBs): in this chapter, the effect of warm additives on 

the viscosity of bitumen is investigated in detail. Furthermore, the effect of these 

additives on the rheological properties of bitumen is also identified using a 

Dynamic Shear Rheometer (DSR). The investigation of rheological properties 

includes the effect of these additives on the linear viscoelastic region using 

amplitude strain sweep and also their effect on the stiffness and phase angles of 

bitumen using sweep frequency. Furthermore, the fatigue performance of WMBB 

is investigated using a time sweep test, and data are modelled using the 

Viscoelastic Continuum Damage approach (VECD). 

Chapter 4- Nano-scale Properties of WMBBs Determined with Atomic Force 

Microscopy (AFM): this chapter presents firstly a brief background on the 

general utilisation of AFM in pavement engineering. This is followed by 

experimental details, results and discussion about an investigation into the impact 

of warm additives on topography, modulus, adhesion and deformation of binder 
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using Atomic Force Microscopy (AFM) with the PeakForce Quantitative 

Nanomechanical Mapping (PFQNM) modality. 

Chapter 5- Nano-Mechanical Properties of WMA Determined with 

Nanoindentation: this chapter presents an investigation into the impact of warm 

additives, production temperatures and binder grades on the mechanical properties 

of mixture phases aggregate, ITZ and mastic. It also presents a technique to 

prepare asphalt mixture samples to be used in nanoindentation.  

Chapter 6- Adhesion Performance of WMA: this chapter presents the results of 

an investigation to evaluate the effect of the warm additives on the adhesive bond 

strength of an aggregate-binder system using the pull-off test. It also presents a 

new approach called work of indentation to evaluate the strength bond between 

aggregate and binder/mastic in the mixture based on the ITZ properties. In 

addition, it presents a comparison between the required work of fracture to break 

the adhesive bond of the aggregate-binder system and adhesion force between the 

probe and the bitumen surface using atomic force microscopy (AFM) and the 

work of indentation. 

Chapter 7- Fatigue-cracking Characterisation of Warm Mix Asphalt 

(WMA):  this chapter presents stiffness measurements and fatigue life of WMA 

tested in a DSR. The chapter also presents results of sweep stress measurements to 

select the stress value for the fatigue test after the region damage. Moreover, it 

presents the effect of mixture phases ITZ and mastic on the overall fatigue 

performance of WMA. 

Chapter 8- Level of Blending between RAP and Virgin Materials: this chapter 

presents the effect of warm additives and production temperature on the level of 

blending between RAP and virgin material using the advanced technology of 

nanoindentation. The chapter also presents the validation of complete blending 

between RAP and virgin materials based on and high-resolution images obtained 

using a scanning electron microscopy (SEM) and the stiffness and fatigue life of 

asphalt mixtures. It also introduces a new protocol to investigate and obtain a 

complete blending between RAP and virgin materials in the laboratory.
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Chapter Two  

Warm Mix Asphalt - Reclaimed Asphalt 

Pavement -State -of -Art  

2.1 Introduction 

In recent years, pavement researchers have increasingly focused on reducing 

production and compaction temperatures to improve the environmental and 

economic impacts of hot mix asphalt (HMA) without adversely affecting the 

workability, durability and performance of asphalt pavements. The introduction of 

innovations and technologies in the form of warm mix asphalt (WMA), which is 

one of the main focuses of future pavement technology endeavours, will lead to 

substantial improvements in quality of life and economic prosperity. Warm mix 

asphalt (WMA) is an environmentally friendly asphalt mixture that can typically 

be manufactured at a temperature of approximately 20°C less than the typical 

temperature used in HMA production using one of warm technologies organic, 

chemical or foaming. Moreover, in order to maximise the benefits of such 

technology, the inclusion of higher percentages of reclaimed asphalt pavement 

(RAP) in WMA allows the development of a more sustainable and cost-effective 

pavement structure in terms of reducing greenhouse gas emissions and fuel 

consumption, and conserving the natural resources of the materials used. The 

current state-of-the-art chapter reviews the more common available warm 

technologies with particular reference to the organic technology (Sasobit) and 

chemical technology (Rediset). The chapter also reviews the hypotheses regarding 

the level of interaction between RAP and conventional materials, as well as the 

performance of including RAP in WMA to date.     
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2.2 Asphalt mixtures  

In general, pavement is a composite material used to surface roads, car parks and 

airports. It consists of mineral aggregates bound together with bitumen. The 

production of asphalt mixtures can be conducted using either hot mix asphalt 

(HMA), warm mix asphalt (WMA) or cold mix asphalt (CMA). Traditionally, hot 

mix asphalt is used to manufacture asphalt mixtures by heating the bitumen to 

decrease its viscosity, and drying the aggregate to remove moisture from it prior 

to mixing. Hot mix asphalt is generally manufactured at temperatures between 

150ЈC and 180ЈC, whereas warm mix asphalt can be manufactured at 

temperatures ranging from 100-145ЈC using one of a number of warm 

technologies, either zeolites, waxes, surfactant or asphalt emulsions. Cold mix 

asphalt is manufactured by emulsifying the asphalt in water. While in its 

emulsified state, the asphalt is less viscous; therefore, the mixture is easy to work 

and compact.  Whatever mixture type is used, the flexible pavement structure, as 

shown in Figure 2.1, should provide: good ride quality at high speeds by reducing 

noise levels both inside and outside the car, superior night-time visibility, an 

adequate level of skid resistance, adequate drainage, low maintenance, and, more 

importantly, reduce traffic stress to a level that can be sustained by sub-grade 

level.   

 

Figure 2.1 Typical flexible pavement structure (Abd 2011) 

Bitumen is a binding agent like Portland cement but it has very different 

properties. Cement creates a rigid material which cannot deform appreciably 

unless it first cracks, while bitumen exhibits viscoelastic behaviour at normal-in 
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service temperature; the latter therefore has the ability to deform. However, 

despite this viscoelastic behaviour, it can still crack and it is impossible to define a 

tensile strength since this will vary with temperature and rate of loading; the 

relevant parameter is the fatigue characteristic, which is defined as the resistance 

to cracking under repeated load. The key properties for design are therefore 

stiffness, resistance to deformation under repeated load and fatigue characteristics 

(Thom 2008).  

2.3 Background history of warm mix asphalt development 

From a historical point of view, the concept of using lower production and 

compaction temperatures is not completely new. The earliest work was started by 

Professor Ladis Csanyi in 1956 at Iowa State University, when the potential of 

foamed bitumen was investigated for use as a soil binder. From that time, 

successful foamed asphalt technologies have been developed  in many countries 

(Chowdhury and Button 2008). However, despite the fact that the concept of 

introducing steam into hot bitumen was successful, the work was impractical for 

in situ foaming operations. For this reason, in 1968, Mobile Oil Australia obtained 

the patent rights for Csanyiôs invention and made modifications to the original 

process by supplying cold water instead of steam to the hot bitumen (Muthen 

1998,Kristjansdottir 2006).  

Further advancement in this technology was introduced to the market in 

the USA as the Conoco product, which was evaluated as a base stabiliser in both 

the field and the laboratory (Little et al. 1983,Chowdhury and Button 2008). In 

the early 1970s, new methodologies of pavement mixtures stabilised with 

emulsified asphalt were successfully developed by Chevron, who published the 

Bitumuls Mix Manual as a practical guideline in 1977 (Chowdhury and Button 

2008,Zettler 2006). 

In terms of producing mixture at an ambient temperature, in 1994, 

Houeran and Maccarone investigated and studied cold-mixed asphalt-based 

foamed bitumen, which is produced at approximately 20ï49ЈC and highlighted 

that, due to the lower emissions and greater energy efficiency of this system, cold 

mix was broadly gaining acceptance. Indeed, it was stated that ñCold technologies 
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represent the future in road surfacingò (Chowdhury and Button 2008). However, 

despite the fact that cold asphalt mixes (CAMs) have many good properties, they 

have not taken the place of hot mixes. CAMs cannot replace HMAs as the 

primary road surfacing materials because of their requirement for curing time, 

which means that there is a long delay after laying before the road can be opened 

to traffic, and they also have an inadequate overall long-term performance in 

comparison with HMAs (Gandhi 2008b). However, rising fuel prices, global 

warming and more stringent environmental regulations have resulted in more 

demand to reduce production and compaction temperature. It is therefore 

necessary to heat the aggregate to at least above the ambient temperature so that 

appropriate coating occurs between the aggregate and the binder. From this idea, 

in 1999, Jenkins et al. introduced a new concept of half-warm foamed bitumen 

treatment, which can enhance mix cohesion, tensile strength and compaction. 

A warm asphalt mixture process has been developed in Europe. Between 

1996 and 1999, several road trials in Europe were conducted to study and 

demonstrate the warm mixtureôs performance in the field with three major asphalt 

companies in Norway, the UK and the Netherlands, and the results were first 

reported by Harrison and Christodulaki at the First International Conference of 

Asphalt Pavement in Sydney, 2000 (Jones 2004). Afterwards, a more 

comprehensive and complete report was introduced by Koenders et al. (2000) at 

the Eurobitume Congress in 2000, which described the innovative warm asphalt 

mixture and its performance based on laboratory tests and large-scale field 

evaluation  . It can therefore be said that some of todayôs versions of warm asphalt 

technologies are the brainchild of European researchers trying to reduce 

mixing/compaction temperatures.  

In recent years, and despite the fact that the innovation of warm asphalt 

technologies remarkably started in Europe, the topic has been gaining momentum 

in the USA. In May 2007, a team of 13 materials experts from the USA visited 

four European countries, Belgium, France, Germany and Norway, to assess and 

evaluate various WMA technologies (D'Angelo et al. 2008). Since then, extensive 

research has been carried out to establish the potential benefits of using WMA and 

evaluate its performance compared to the traditional HMAs and, to date; there 

have been no negative reports about the performance of WMA in the field.  
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2.4 Available warm technologies 

In general, despite the fact that different WMA technologies have different 

methods of reducing the manufacturing and paving temperatures, they obviously 

tend to follow the same patterns. Different methods of classification can be used 

for the WMA technologies. One is to classify the technologies based on the 

degree of temperature reduction. Warm mix signifies an asphalt mix that can 

practically be achieved at temperatures around 20-30
o
C less than the typical 

temperature used in HMA production, and slightly above 100
o
C and, for some 

technologies, even below the boiling point of water. Figure 2.2 illustrates the 

different production temperatures of flexible pavement mixtures.  

 

Figure 2.2 Production temperatures of asphalt mixtures (Bueche 2009) 

However, for a more instructive and comprehensive definition, warm 

technologies can be classified based on their products into foaming processes, 

which could be sub-divided into water-containing and water-based processes, 

organic additives such as Fisher-Tropsch synthesis wax, fatty acid amides and 

Montan wax,  and the addition of chemical additives (surfactants), which can be 

either emulsification agents or polymers (Rubio et al. 2012). Table 2.1 presents 

the available warm technologies.  

In general, reduction in the production temperatures using warm additives 

can be achieved based on the three mechanisms: 
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(1) First mechanism: the organic additives reduce the viscosity of the asphalt 

binder; therefore, the aggregate can be fully coated at lower production 

temperatures. 

(2) Second mechanism: foaming the asphalt binder by using injected water or 

hydrophilic (zeolite) in the vaporisation process. 

(3) Third mechanism: surfactants decrease the internal frictional forces 

between the interfaces of the aggregate and the binder and decrease the 

surface tension of the asphalt binder (Banerjee et al. 2012,Capitão et al. 

2012), which leads to improve wettability of aggregate by asphalt binder. 

 

This section of the research literature mainly focuses on the best-known 

technologies, which have been extensively studied by researchers. However, more 

attention will be paid to the performance of Sasobit and Rediset to date.  

Table 2.1 Available warm technologies 

Product Company 

Low Energy Asphalt Advanced Concepts Engineering Co. 

Rediest WMX and Liquid Akzo Nobel 

CECABASE RT
R 

Arkema Group 

Double Barrel Green Astec Industries 

Aspha-Min Eurovia Services 

Ultrafoam Gx
TM 

Gencor Industries 

Aquablack WMA Maxam Equipment Inc. 

Low Emission Asphalt McConnaughay Technologies 

Evotherm
R 

MeadWestvaco Asphalt Innovations 

Advera PQ Corporation 

Sasobit  Sasol Wax Americas 

WAM Foam Shell Bitumen 

Warm Mix Asphalt System Terex Roadbuilding 
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2.4.1 Foam technology 

With this technology, a small amount of water is injected into the preheated 

asphalt binder or it can be injected directly into the asphalt mixing chamber. This 

will result in the evaporation of the water and the liberated steam is encapsulated 

in the binder, which can then produce a large volume of foam. This action will 

rapidly and considerably lower the viscosity of the binder by increasing the 

surface area of the bitumen, leading to a better distribution of the binder with the 

mixture, which enhances coating and workability. However, careful attention 

should be paid during this process: just enough water to produce foam must be 

added otherwise stripping problems may well occur. To overcome this problem, 

anti-stripping additives can act as a bridge between the aggregate surface and the 

asphalt binder so that moisture susceptibility is minimised. Foaming technologies 

are sub-categorised into two groups: water based and water containing. 

2.4.1.1 Water-bearing/Containing additives 

From the perspective water-containing warm processes there are two synthetic 

zeolites, Aspha-Min and Advera, which work in a similar manner. 

2.4.1.1.1 Aspha-Min  

Aspha-Min is a fine white powdered synthetic zeolite. Zeolites are crystalline 

hydrated aluminium silicates that exist in the natural environment and are also 

produced artificially. In general, synthetic zeolite has the ability to hold different 

quantities of water; therefore, in order to utilise this advantage to lower the 

production temperature of asphalt mixtures, Eurovia Services GmbH, based in 

Bottrop, Germany, developed Aspha-Min, which is a manufactured synthetic 

sodium aluminium silicate (Hurley and Prowell 2005a). From the chemical 

structure point of view, zeolite generally has a framework of silicates with large 

empty spaces in its structure that allow the establishment of large cations such as 

sodium, barium and calcium. Groups of large molecules, such as water molecules 

may also be available. The available water can be driven from the zeolite structure 

by heating; the available spaces can be interconnected and form long, wide 

channels of varying sizes depending on the mineral. These channels allow the 

easy movement of the resident ions and molecules into and out of the zeolite; 
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therefore, zeolite acts as a delivery system for the new fluid (Button et al. 

2007,Corrigan 2005). The released water, which is typically up to 20% by mass, 

will evaporate and the liberated steam will be encapsulated in the binder, leading 

to a volume expansion of the binder, which results in asphalt foam and enhances 

the workability of the mixture as well coating the aggregate at lower temperatures.  

The recommended dosage of Aspha-Min is 3.0% by the total weight of the 

asphalt mixture mass, which can yield and promote a reduction in the production 

temperature of approximately 30ЈC and save 30% energy (Kristjánsdóttir 2007). 

As declared by Eurovia, it accommodates the addition of RAP and uses different 

polymer-modified binders. The foaming can effectively last up to 6hrs (Zaumanis 

2010).  

In 2005, Hurley and Prowell studied the influence of Aspha-Min 

extensively at the National Centre for Asphalt Technology (NCAT). It was 

highlighted that Aspha-Min decreased the air voids by 65% on average and in 

parallel the compaction was improved at temperatures as low as 88ЈC.  Moreover, 

the resilience modulus was not adversely affected by the addition of Aspha-Min at 

any compaction temperatures, but the compactability improvement of Aspha-Min 

mixtures led to improved resilience modulus values in this research. The rutting 

potential was not increased by the addition of zeolite. On the other hand, 

apparently incomplete drying of the aggregate due to decreasing production and 

compaction temperature attributed to a reduction in tensile strength; therefore, 

visual stripping was noticed in WMA mixes manufactured at 121ЈC. In order to 

mitigate the moisture damage problem, 1.5% of hydrated lime was added to 

enhance the cohesion and moisture susceptibility of WMA in comparison with 

mixtures without the hydrated lime. This was remarkable in enhancing the results 

obtained from the Hamburg wheel-tracking test, which confirmed that the 

hydrated lime improved the rutting resistance of warm mixtures compacted at 

lower temperatures.  

The authors concluded that the addition of Aspha-Min should not be taken 

into account during the determination of the optimum asphalt content. 

Furthermore, if the manufactured temperature is higher than 135ЈC, the same 

binder can be used in the design; otherwise, the high temperature grade has to be 
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increased by one grade, or it is possible to minimise the tendency towards 

decreased rutting resistance by adding hydrated lime. It is also recommended that 

tensile strength ratio testing should be carried out for WMA manufactured at 

temperature same to the expected site production temperature (Hurley and Prowell 

2005a). It was, however, concluded in a study by Gandhi et al. (2010) that the 

moisture susceptibility of warm asphalt additives was improved when Sasobit and 

Aspha-Min were used. They showed that tensile strength ratio values of the 

unaged mixes increased. But, more importantly, according to Kheradmand et al. 

(2014) and Xiao and Amirkhanian (2010), warm asphalt mixtures containing 

Aspha-Min have the worst moisture susceptibility in comparison with other warm 

additives. However, Medeiros Jr et al. (2012) highlighted that Aspha-Min 

mixtures did not indicate moisture susceptibility. 

Goh et al. (2007) also highlighted that the use of Aspha-Min has no 

influence on the dynamic modulus. It has also been demonstrated that the addition 

of Aspha-Min does not significantly affect the asphalt binder grading (Wasiuddin 

et al. 2007,Barthel et al. 2004). At temperatures of 135ЈC and 120ЈC, Aspha-Min 

has no significant effect on the viscosity of the binders in comparison with base 

binder and, more importantly, the viscosity is notably higher than the viscosity of 

conventional binders after 60 to 90 minutes (Gandhi 2008b). This is surely 

because of the addition of fine solid material to the binder. In 2009, it was shown 

that Aspha-Min has a negative effect on the viscosity of recycled binders, as the 

viscosity increases when Aspha-Min is used. The study also found that it had no 

positive effect on the resistance to fatigue cracking of recycled binders (Lee et al. 

2009). 

2.4.1.1.2 Advera 

Advera is another type of synthetic zeolite, which is developed and manufactured 

by PQ Corporation in Malvern, PA, USA. Advera has the ability to store 

approximately 20% water in its chemical structure (Hanz et al. 2011), and the 

water is released at a temperature of 99ЈC which allows a reduction in the 

production temperature of approximately 10ï21ЈC (Perkins 2009). It is worth 

mentioning that, although Adveraôs mechanism of working is very similar to that 
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of Aspha-Min, it has no notable effects on the rheological properties of the mix 

because the zeolite will reabsorb the water again (Kheradmand et al. 2014).  

Several studies have been carried out to investigate the physical and 

mechanical properties of WMAs containing Advera. A study conducted by 

Mogawer et al. (2011a) showed that, in terms of moisture resistance, as the ageing 

time increased, the moisture susceptibility of the warm mixtures including Advera 

improved significantly, and the greatest improvement in Adveraôs performance 

was observed with the addition of hydrated lime over the use of liquid anti-strip.  

Another study conducted by Mogawer et al. (2011c) showed that, based 

on the foaming process, Advera was more susceptible to moisture damage than 

other warm technologies such as Evotherm, Sasobit and Sonnewarmix. This issue 

may result from water enclosed in the aggregate, which weakens the interface 

between the asphalt binder and aggregate, leading to stripping problems. This 

corresponds to a study conducted by Hill  et al. (2012a), who reported that Advera 

reduced the tensile strength ratio by 23% in comparison with the control HMA 

mixture. However, a study conducted by other researchers revealed that the 

addition of Advera did not make the mixture more prone to moisture damage, and 

also concluded that Advera did not confer favourable properties on mixtures with 

highly acidic aggregates such as granite (Ghabchi et al. 2013). In 2011, Goh and 

You demonstrated that warm mixtures with Sasobit and Advera had lower 

dynamic modulus values at most mix and compaction temperatures (100ЈC, 

115ЈC and 130ЈC) and frequencies tested (from 0.1 Hz to 25 Hz). This issue was 

particularly significant at higher testing temperatures. In terms of WMA fatigue 

life, most WMAs performed similarly to or even better than the control HMA, 

apart from warm mixtures manufactured at 130ЈC. More importantly, WMAs 

tested at 115ЈC had the highest fatigue life as compared with other WMAs (Goh 

and You 2011b). However, in another study, the presence of Advera decreased the 

number of wheel passes required to reach 12.5 mm of rutting in the Hamburg 

device by 38% (Hill  et al. 2012a). 
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2.4.1.2 Water based 

2.4.1.2.1 Double barrel green 

The concept of this technology is to use some type of nozzle to inject a small 

amount of water into an asphalt binder stream. The nozzle should be computerised 

to control the amount of water and the foaming rate (Button et al. 2007). The 

additional water, which is delivered to the system using a positive displacement 

piston pump capable of accurately rating water induced into the system, will 

microscopically foam the binder, which creates encapsulated steam in the binder, 

leading to a forceful increase in the volume of the binder and a decrease in its 

viscosity. 

G1 and G2 are two generations of this technology, which has been in 

existence since 2007, and was developed by Astec Industries in the USA. The 

main difference between these two types is the nozzle system functionality. 

However, there is typically no need to make any changes to the mixture design 

process, but a foaming device should be used in the laboratory in order to simulate 

plant mixing.  

Middleton and Forfylow (2009) reported that the properties of asphalt 

binder and mixtures were the same as those of HMAs. The rutting susceptibility 

of mixtures produced with the Double Barrel Green process was identified to be 

adequate; moreover, this technology has no negative influence on the moisture 

susceptibility of mixtures. Environmentally, a 10% reduction in nitrogen oxide, 

carbon monoxide and carbon dioxide was determined and reported in this process 

as well as a 24% reduction in energy consumption.  

It is thought that this technology may eliminate the need for expensive 

additives because only a small amount of water is required to be injected into the 

binder stream, provided that the water is accurately injected to avoid potential 

stripping problems. However, despite the fact that this technology has gained 

more popularity in the USA, not much research has been conducted in this area 

compared with other technologies such as Advera and Aspha-Min. The following 

figure illustrates the process of this technology.   
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Figure 2.3 Double Barrel Green (Equipment and Lounge 2010,Jenkins et al. 1999) 

2.3.1.2.2 Low energy asphalt 

Low Energy Asphalt WMA technology is developed by Advanced Concepts 

Engineering and distributed in the USA by McConnaughay Technologies. This 

technology has a different process to Double Barrel Green. The process involves 

mixing the hot bitumen (140-180ЈC) with hot coarse aggregate at a temperature of 

around 290ЈF/145ЈC and then incorporating wet fine aggregates at an ambient 

temperature. This process releases the moisture in the fine aggregates as steam 

and, therefore, a foaming action results, which facilitates the fine aggregate 

coating (D'Angelo et al. 2008,Perkins 2009,Rubio et al. 2012). This technology is 

reported to reduce the production mixing temperature to approximately 90°C, 

which yields significant reductions in energy costs and gas emissions. However, 

the author thinks that coating and adhesion promoters should be introduced into 

this technology to enhance the performance of the asphalt mixtures by minimising 

stripping problems.   

Despite the fact that this technology offers a great advantage in terms of 

the production temperature, it requires a major plant modification. In 2006, 

Romier et al. developed a kit that can be attached to a batch plant. The kit can 

control the amount of cold sand by the addition of a specific hopper and is also 

integrated with a device for adding water to the fine aggregate. The RAP can also 

be introduced directly into the mixer (Chowdhury and Button 2008,Romier et al. 

2006). They also interestingly highlighted the reduced soiling of production 
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equipment resulting from this method due to the available moisture, which results 

in minimising the cleaning requirements and corresponding use of solvents. 

Between 2005 and 2010, more than 400,000 tonnes of  low energy asphalt 

were manufactured in Worldwide (LEA-CO 2014) and it is reported that specific 

multifunctional system were mostly used to enhance the foamability and the 

coating ability of the binder. This technology has been used successfully mainly 

in France by EIFFAGE and FAIRCO and the USA by Suit Kote, and to a lesser 

extent in the UK by PetroPlus, in Spain by EIFFAGE Infrastructures and in New 

Zealand by Fulton Hogan. However, few studies have been published in this area; 

therefore further work is highly recommended in order to gain more 

understanding of the properties of asphalt mixtures and also to check the validity 

of this process with other materials, climates and mix design methods in order to 

discriminate the process from other warm technologies, as Gaudefroy et al. (2007) 

believes it is a WMA process with a great deal of potential.  

2.3.1.2.3 Warm asphalt mix foam  

Warm asphalt mix foam is a water-based foaming technology that was presented 

for the first time at the Eurasphalt and Eurobitumen Congress in 2000 and was a 

result of work from a cooperation between Kolo Veidekke and Shell-initiated 

work on WMAs with laboratory experiments back in 1995 (Koenders et al. 2000, 

2002). From a practical point of view, Warm asphalt mix foam is slightly different 

from other water-based technologies because soft and hard binders are introduced 

at different times in the mixing cycle. The first stage involves heating up the 

aggregate to around 130ЈC and then coating it with the soft binder, which 

accounts for about 20% to 30% of the total binder. At the second stage, the hard 

binder is foamed by introducing water at 2ï5% of the mass of the hard binder at a 

temperature of about 180ЈC. The main advantage of this process is to ensure 

adequate bitumen absorption of the coarse aggregate by the use of the soft binder 

(which may not be satisfactory with the hard binder at a lower temperature), 

which then leads to sufficient distribution of the binder in the mixture and an 

adequate coating and workability for paving. 

In spite of a reported 30% plant fuel reduction and 30% reduction in 

emission rates (Larsen et al. 2004), it is still necessary to heat the hard binder to 
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the temperature required for HMA, and stripping problems may occur because of 

incomplete water evaporation. However, some researchers have demonstrated that 

warm asphalt mix foam can successfully be used in the base course and in the 

wearing course and, in terms of volumetric properties, its performance is very 

similar to that of HMA using the same materials. Consequently, the mechanical 

properties of warm asphalt mix foam are equal to those of HMA. Furthermore, 

field studies have reported that the paved sections utilising warm asphalt mix 

foam were equivalent to HMA in terms of permanent deformation and surface 

texture (Larsen et al. 2004). Another study, by Losa et al. (2009), confirmed good 

results for this process in terms of fatigue life and permanent deformation. 

2.4.2 Chemical technology 

Another technology that is utilised to reduce manufactured and compaction 

temperature is chemical additives, which work in a different way to produce 

WMAs when added to the mix. This technology involves different packages such 

as surfactants, emulsification agents, aggregate coating enhancers and anti-

stripping additives. This summary of the research focuses on the most important 

chemical additives such as Evotherm and Rediset. 

2.3.2.1 Evotherm 

Evotherm is a chemical package that is manufactured by MeadWestvaco Asphalt 

Innovations, USA, and was introduced to the market in 2005. It includes materials 

to improve workability, adhesion promoters and emulsification agents. It is 

currently delivered with relatively high asphalt residue (around 70%) (Hurley and 

Prowell 2006b,Bennert et al. 2010). MeadWestvaco has developed and distributed 

three kinds of Evotherm to the market, Evotherm DAT, ET and 3G (Kheradmand 

et al. 2014). It is reported by the manufacturer that no special requirements or 

modifications are needed to pump Evotherm to the asphalt plant. In the field 

paving to date, Evotherm has been pumped directly from a tanker truck. When 

Evotherm is mixed with the hot aggregate, the water in the emulsion will be 

liberated in the form of steam, enhancing mixture workability and aggregate 

coating. This process allows asphalt application at a temperature 50ЈC to 70ЈC 

lower than traditional HMA. It has been reported in field testing that production 
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temperature has been successfully reduced by up to 56ЈC. This allowed energy 

savings of up to 55%, with a 45% reduction in CO2 and SO2 emissions as well as 

a 50% reduction in NOx and a 41% reduction in the total organic materials 

(Sampath 2010). 

Evotherm has a minor effect on the rheological properties of bitumen. 

Xiao et al. (2012a) looked at the performance of different warm additives 

including Evotherm, and found that Evotherm did not exhibit a significantly 

different failure temperature to control binder. Moreover, in spite of the increasing 

m-value of Evotherm-modified binder (m-value is the measure of binder ability to 

resist low temperature cracking obtained from bending rheometer testing), which 

can enhance low temperature properties, in terms of strain response, amplitude 

sweep testing at 60ЈC did not reveal any difference in the complex modulus and 

phase angle of any of the evaluated warm additives in the study, apart from 

Sasobit. In addition, Evotherm exhibited the highest value of creep compliance. It 

is therefore thought that Evotherm may be more prone to permeant deformation. It 

is also important to mention that Evotherm generally has no influence on the 

viscosity properties of asphalt binder when investigated based on both the 

rotational viscosity and NCHRP 9-39 Method (Bennert et al. 2010). As a matter 

of fact, as recommended by supplier, Evotherm enhances the workability of 

asphalt mixtures where they can be compacted at lower temperatures. 

In 2006, Hurley and Prowell highlighted that the addition of Evotherm 

reduced air voids measured in the Gyratory Compactor for given asphalt content. 

However, as per their recommendation, further research is required to fully 

investigate this issue because favourable performance, in terms of compaction, 

resulting from the addition of Evotherm may be negated by a reduction in the 

optimum asphalt content (Hurley and Prowell 2006b). In addition to the fact that 

Evotherm has the potential to decrease rutting compared to controlled HMA as 

found by certain authors (Hurley and Prowell 2006b,Xiao et al. 2010,Mogawer et 

al. 2011c,Sampath 2010), visual stripping problems have also been observed. 

However, Hill  et al. (2012a) also addressed the effect of Evotherm and found that 

Evotherm performed approximately 13% better than the control mixture in terms 

of tensile strength ratio, although a 40% reduction in the required number of 

wheel passes for the Hamburg device to reach a depth of 12.5 mm was reported. 
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Consequently, liquid anti-strip or hydrated lime could be utilised in order to 

remediate the WMA mixtureôs susceptibility to moisture damage. Having 

mentioned this, there is a need to simulate the required ageing time in the 

laboratory because, in fact, to date, no problem with WMA moisture damage has 

been highlighted in the field.  

2.3.2.2 Rediset WMX and LQ 

Rediset is a product delivering significant advantages to road construction in one 

very convenient chemical package. This is the most recent innovation of 

AkzoNobel, Sweden, the United States and The Netherlands, and Rediset WMX 

was firstly introduced in 2007 in the United States (Bonaquist 2011) in order to 

reduce the deficiencies of some existing WMA additives (Hamzah et al. 2015). 

Two kinds of Rediset have been supplied by AkzoNobel, Rediset WMX and 

Rediset LQ, which do not significantly differ from each other. Rediset WMX is a 

solid palletised additive and is designed in such a manner that it does not have a 

negative effect on the binder in terms of the high-temperature or low-temperature 

properties of bitumen at a wider dosage level (Akzonobel 2011,Logaraj and 

Almeida 2009). This additive is classified as both a viscosity reducer and a 

surfactant because it includes a long chain aliphatic hydrocarbon structure and an 

ὔὌ group which could chemically react with the aggregate surface (Syroezhko 

et al. 2011). 

 Rediset LQ, which was recently developed by AkzoNobel, is a surfactant, 

compaction aid and active adhesive, as it enables the bitumen to displace residual 

water from the incompletely dried aggregate surface and creates a strong chemical 

bond between the aggregate and the bitumen that is resistant to moisture damage. 

It is reported by the manufacturer that Rediset LQ does not alter the binder 

properties and bitumen grade at the recommended dosage between 0.4 and 0.75% 

of the total effective binder weight. As mentioned, Rediset LQ also functions as 

an adhesion promoter; therefore, the potential need for additional anti-strip is 

eliminated. Moreover, Rediset LQ could potentially improve the stress 

characteristics of asphalt concrete (Hill  et al. 2012b). However, in spite of its 

superior performance, Rediset LQ has not been extensively studied, and there has 

been limited research on the effect of this warm additive on the performance of 
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asphalt binder and mixtures (Hamzah et al. 2015). Thus, researchers are highly 

recommended to deeply investigate its performance.  

 The next sub-sections will mainly focus on the effect of Rediset WMX on 

binder and mixture because of the aforementioned reason.   

2.3.2.2.1 Effect of Rediset on asphalt binder properties 

Studies conducted by Xiao et al. (2011a, 2011b, 2012a) to investigate the 

rheological properties of non-foaming additives revealed that the viscosity values 

of all asphalt binder modified with Rediset WMX decreased as the test 

temperature increased, and it should also be mentioned that no negative effect of 

storage duration on viscosity was found. Therefore, the modified binder could be 

stored for a certain period if this is required. This is also confirmed by Arega et al. 

(2011) and Sengoz et al. (2013). However, Arega et al. (2011) highlighted during 

their study that some warm additives involving Rediset WMX reduced the binder 

viscosity measured at 135ЈC with minor exceptions. This fact agreed with a study 

conducted by Sengoz and Oylumluoglu (2013), who reported that Rediset WMX 

decreased the mixing and compaction temperatures of WMA by only 8ЈC and 6ЈC 

respectively, based on the results of rotational viscosity. It seems that the 

estimation of reduction in the production temperatures based on rotational 

viscosity test cannot predict the real reduction in the production temperatures of 

WMA as obtained in the current thesis, which will be discussed in detail in the 

next chapter. However, another study conducted by Arega et al. (2011) observed a 

negative effect of using 2% of Rediset WMX on the rotational viscosity of a 

PG76-22 asphalt binder, which contains a high amount of natural wax.   

 Attention should be drawn to the performance of Rediset WMX in terms 

of permanent deformation because researchers have reported different behaviour. 

Some studies have shown that binder modified with Rediset WMX exhibited high 

levels of compliance in terms of the creep and creep recovery test and was more 

stress sensitive relative to the virgin binder but without a significant adverse effect 

on high-temperature continuous grade (Hanz et al. 2011,Xiao et al. 2012a). This 

means that asphalt binder modified with Rediset is more prone to rutting issues. 

However, these findings do not agree with other studies (Xiao et al. 2011a,Doyle 
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et al. 2013). Xiao et al. (2011b) claimed that modified binders with Rediset WMX 

increased the high temperature failure of asphalt binders while a study by Doyle et 

al. (2013) showed that incorporating 1.5% of Rediset WMX increased the rutting 

factor (G
*
/Sin ‏, G* is complex shear modulus and ŭ is the phase angle) of asphalt 

binders by 48% and 15% for un-aged and short-term ageing conditions at 70ЈC. In 

spite of the controversial point about the effect of Rediset WMX on permeant 

deformation among the aforementioned researchers, Kim et al. (2011a) studied 

the impact of warm additives on rheological properties of polymer-modified 

asphalt binders, highlighted that the performance grade of asphalt binders at low 

and higher temperatures was not affected by adding 2% of Rediset WMX.  

Most researchers (Arega et al. 2011,Xiao et al. 2013) investigated the 

fatigue performance of Rediset WMX-modified binders based on Superpave 

fatigue cracking (G
*
 Sin‏, G* is complex shear modulus and ‏ is the phase angle), 

which has received extensive criticism (Hamzah et al. 2015). In most scenarios, 

Rediset WMX decreased the value of G
*
 Sin‏ of the asphalt binders, which 

implies that Rediset WMX makes the asphalt binder less stiff than the control 

binders. It was also found that it has a high m-value in comparison with virgin 

binder, and therefore the addition of Rediset WMX may well lead to better fatigue 

life performance. This matter has been highlighted by Arega et al. (2011), who 

also reported that the recommended strategies to compensate for the reduced 

initial stiffness in WMA (such as addition of RAP) must be tailored to the specific 

kind of WMA mixture, because subjecting the short-term aged modified binder to 

long-term ageing led to low-temperature and fracture properties similar to or 

lower than the long-term ageing residues of conventional or control asphalt 

binders, which means that long-term ageing may erase the variation in reduced 

short-term ageing of WMA. Consequently, the incorporation of RAP materials or 

any other strategy to overcome the reduced initial stiffness in WMA may 

adversely affect the low-temperature behaviour of warm asphalt mixtures.   

This finding does not correspond with another study carried out by 

Banerjee et al. (2012), who studied the effect of long-term ageing on the rheology 

of warm-modified binders. Results suggested that warm-modified binder not only 

reduced the influence of short-term ageing on rheological properties, but could 

also retard the rate of ageing in which stiffness increases over time. Surprisingly, 
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and more importantly, Rediset WMX exhibited the lowest rate of ageing of the 

additives used in this study. 

During all the aforementioned studies, unsurprisingly, the binder source 

also significantly affected the viscosity values and rheological properties of the 

same binder grade. This fact indicates that the chemical interaction between warm 

additives and different asphalt binder sources should be thoroughly investigated in 

order to select the appropriate additive dosage to enable the warm mixture to have 

a similar or better performance than HMA. The author of this thesis believes ï 

and it is also the recommendation of a recent study by Hamzah et al. (2015) ï that 

the intermediate temperature properties of asphalt binders in terms of fatigue 

cracking should be evaluated by time sweep tests. This point is one of the 

objectives in the framework of this thesis.  

Rediset LQ has not been investigated in detail in the literature; therefore, 

researchers are encouraged to thoroughly investigate it, as the author of this thesis 

believes it is expected to display superior performance. 

2.3.2.2.2 Effect of Rediset on asphalt mixture properties 

Some researchers have investigated the effect of Rediset on reducing the 

manufacturing and placement temperatures of WMA. It has been reported that the 

recommended dosage of Rediset WMX, which is 2% of binder weight, exhibited 

the best workability and compactability compared with 1% (Bennert et al. 2010). 

This was certainly achieved by the action of Rediset WMX in reducing binder 

viscosity and enhancing the wetting of the aggregate surface. Recently, this has 

been confirmed by a study carried out by Hamzah et al. (2013), who proclaimed 

that there is a slight decrease in the Marshall stability if 3% Rediset is used 

instead of 2%; therefore, one can deduce that 2% of Rediset gives the desired and 

adequate Marshall stability. In addition, the higher the Rediset content, the higher 

its softening role in the asphalt mixtures will be.   

In terms of fatigue performance of asphalt mixtures, there is little 

information and study evaluating the effects of both Rediset WMX and LQ on the 

fatigue performance of asphalt mixtures (Hamzah et al. 2015). The fatigue 

properties of asphalt mixtures containing Rediset WMX in both wet and dry 
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conditions were investigated by Jones et al. (2010). They conducted fatigue tests 

at two different strain levels and at three different temperatures using a flexural 

controlled-deformation fatigue test. It was concluded that the fatigue life of 

asphalt mixtures at 50% stiffness reduction and also on the initial phase angles 

was not affected by addition of Rediset WMX in both wet and dry conditions. 

However, this fact does not agree with a study conducted by Bennert et al. (2011), 

who claimed the fatigue life based on the number of cycles measured by overlay 

tester for asphalt mixtures containing Rediset was higher than that of controlled 

HMA produced at normal temperatures. It is therefore believed that the effect of 

Rediset on the fatigue cracking of asphalt mixtures should be further studied, 

taking into account the effect of fabricated temperature and binder grades.  

The susceptibility of chemical additives to thermal cracking was explored 

by Hill  et al. (2012b). They found that the fracture energy of chemical-modified 

WMA mixtures including Rediset LQ and Evotherm slightly increased, by 7%, in 

comparison with the control HMA and displayed the greatest creep compliance, 

whereas the addition of an organic additive (Sasobit) and a foaming additive 

(Advera) decreased the fracture energy by 12.7% and 11.1%, respectively. This 

finding exactly coincides with another study conducted by Hill  et al. (2012a), who 

indicated that the use of chemical technology (Evotherm and Rediset LQ) 

increased the fracture energy by 7% and increased the resistance to moisture 

damage by 13% and 23%, respectively; however, at the same time these additives 

reduced the resistance to permanent deformation by 40%. It can therefore be 

demonstrated that low-temperature characteristics are sensitive to the kind of 

warm technology used. The influence of manufactured temperature was not clear, 

as two WMA systems had higher fracture energy values, whereas others had 

lower values. Study of the performance when including RAP materials in WMA 

is urgently required to find the counterbalance between potential low-thermal 

cracking issues and an adequate level of rutting performance. 

Bennert et al. (2011) conducted a study to evaluate the impact of 

production temperatures on the rutting properties of WMA with the inclusion of 

1% and 2% of Rediset WMX using the Hamburg wheel-tracking test. It was 

reported that the resistance of mixtures to permeant deformation deceases as the 

production decreases, and the resistance of asphalt mixtures containing 2% of 
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Rediset WMX was higher than those containing 1% of the same additive. This 

positive performance was also observed by (Sampath 2010), who showed that 

mixtures containing Rediset WMX had sufficient capability to pass the 

requirement of 10,000 cycles in a simple performance tester. On the other hand, 

Mo et al. (2012) reported that WMAs containing Rediset WMX do not have a 

comparable performance to that of HMAs.  

Regarding the effect of Rediset on moisture damage, it was found that the 

indirect tensile stress ratio of mixtures containing Rediset WMX was less than 

80% (Sampath 2010). However, the addition of Rediset WMX had no effect on 

the moisture sensitivity of the asphalt mixtures investigated based on the 

Hamburg wheel-tracking test (Jones et al. 2010). Furthermore, a study on the 

mechanisms of adhesion between aggregate and binder conducted by Alavi et al. 

(2012) pointed out that the bond strength ratio of binder containing Rediset WMX 

was higher than 0.7, which implies that Rediset WMX could provide acceptance 

resistance to moisture damage. It seems that the mechanisms used to evaluate the 

degree of bonding between aggregate and binder exhibited different behaviour, 

and there is a need to find a way to directly estimate the degree of aggregate-

binder bonding in the mixtures.    

In fact, in order to reach acceptable and adequate mixture stability, rutting 

and fatigue resistance, and also to produce asphalt mixtures that have equal or 

even better performance than traditional HMA, highways agencies may need to 

specify minimum production temperatures for WMA taking into account the 

effect of production temperatures and binder grade and source as well.  

2.4.3 Organic additives 

This technology is based on using waxes, which contain high molecular weight 

hydrocarbon chains, in the asphalt mixture because when the temperature reaches 

the melting point of the waxes, they melt, leading to a viscosity reduction in the 

asphalt binder. However, when the mixture cools these additives will solidify into 

microscopically small and uniformly distributed particles in the bitumen (Rubio et 

al. 2012). This phenomenon leads to stiffening of the binder in a similar manner 

to fibre-reinforced materials. Some researchers have highlighted that complicated 
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problems exist when the melting point of the wax is below the in-service 

temperature, and careful selection of wax type is needed to avoid potential 

temperature problems (Silva et al. 2010,Shang et al. 2011). As a matter of fact, 

not only the kind of wax but also the type of binder plays an important role in 

determining the performance of included synthetic waxes, as the internal 

crystallising fraction depends on the bitumen type and source (Edwards and 

Redelius 2003). In general, the introduction of synthetic waxes to the asphalt 

mixture will boost the permanent deformation resistance by increasing the mixture 

stiffness properties. On the other hand, there may be an adverse effect on the 

fatigue response because stiffer materials exhibit less ductile behaviour (Barbati et 

al. 2009).  

Three well-known technologies of synthetic waxes are available: per 

Fischer-Tropsch wax, fatty acid amide and Montan wax. This research is only 

going to focus on the most frequently used wax in WMAs, whether in the field or 

in the laboratory, which is Fischer-Tropsch wax, with particular reference to 

Sasobit. 

Sasobit is a Fisher-Tropsch synthetic wax produced by Sasol Wax GmbH 

in Germany. From the industrial point of view, the Fischer-Tropsch synthesis, 

coal or natural gas is partially oxidized to carbon monoxide that is subsequently 

reacted with hydrogen under catalytic conditions producing a mixture of 

hydrocarbons which have molecular chain length of carbon C45 to C100 plus 

carbon atoms. The process starts with generation of synthesis gas then reacted 

with cobalt or iron catalyst to form products such as kerosene, gas oil, synthetic 

naphtha and waxes. Finally, recovered Sasobit is carbon in the chain length range 

of C45 to C100 plus, which is longer than microcrystalline bituminous paraffin wax, 

with chain lengths from C25 to C50 (Hurley and Prowell 2005b,Butz et al. 

2001,Wasiuddin et al. 2011b).  

Sasobit is supplied in the form of greyish-white to yellowish pastilles and 

pills (Jamshidi et al. 2013). It does not require high-shear mixing apparatus and 

can be easily blended manually and/or mechanically, and the method used has no 

effect on the properties of Sasobit-modified asphalt binder (Sasolwax 2014,Ji and 

Xu 2010). Therefore, no major modification is required to introduce Sasobit into 
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the asphalt plant because it can be either mixed with hot bitumen or added directly 

to the aggregate. The recommended dosage of Sasobit is 0.8ï4% of binder mass. 

However, more than 4% has a negative effect in terms of the low-temperature 

properties of bitumen (Edwards and Isacsson 2002). 

2.4.3.1 Performance of asphalt binder containing Sasobit 

2.4.3.1.1 Effect of Sasobit on asphalt binder rheological properties 

As mentioned above, Sasobit has a predominant range of hydrocarbons of chain 

length from 45 to 100 carbon atoms, while natural asphalt paraffin waxes are 

normally in the range of 25 to 45 carbon atoms. The long chains of carbon atoms 

increase the plastic limit and also increase the asphalt bindersô range of melting 

temperatures (Wasiuddin et al. 2011a, 2011b). It has been determined that the 

melting point of Sasobit is approximately 100ЈC. Above this temperature Sasobit 

liquefies the asphalt binder, resulting in a reduction of asphalt binder viscosity; 

therefore, the production temperature at which the mixture should be produced 

decreases. However, below the melting point of wax, Sasobit forms a lattice 

structure which acts as a bridge between molecules and prevents their movement; 

consequently, it increases the viscosity of asphalt binders at lower temperatures. It 

should also be mentioned that Sasobit exhibits Newtonian behaviour at higher 

temperatures and non-Newtonian behaviour below its melting point (Jamshidi et 

al. 2013). According to the manufacturer, with the addition of Sasobit the 

production temperature can be reduced by approximately 20ï30ЈC. However, this 

is not always true because the reduction in the production temperature is also 

highly affected by the binder source and grade. Silva et al. (2009, 2010) reported 

that, in order to maximise the benefits of using Sasobit, softer base bitumen 

should be used, and it was found that a maximum temperature reduction of 15ЈC 

was achieved by using 4% of Sasobit with a softer binder.  

Many researchers have investigated the rheological properties of Sasobit-

modified asphalt binder. In all scenarios, Sasobit increases the complex shear 

modulus (G
*
) of asphalt binder while decreasing the phase angle (‏) regardless of 

binder type and grade. Moreover, the addition of Sasobit increases the failure 

temperatures of all binders and leads to lower creep compliance and high creep 

stiffness with lower m-value. It subsequently enhances the permanent deformation 
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of asphalt binder but may adversely affect its low-temperature properties (Xiao et 

al. 2012a,Xiao et al. 2011a,Xiao et al. 2011b,Gandhi et al. 2010,Doyle et al. 

2013). However, a study conducted by Kim et al. (2011a) highlighted that the 

addition of Sasobit increased the elastic behaviour of warm-modified polymer-

modified binders at lower temperatures and enhanced the rutting resistance 

properties at high pavement temperatures. Based on these studies, it is the author 

opinion, although there is a clear conclusion that Sasobit improves the rutting 

resistance of asphalt mixtures, the fatigue cracking of asphalt mixtures is still a 

controversial point.  

However, a study conducted by Banerjee et al. (2012) showed that Sasobit 

causes a slower increase in stiffness over time, therefore retarding the rate at 

which binder stiffness increases over time in comparison with conventional 

asphalt binder. Moreover, 2% of Sasobit increases the cohesive strength of the 

asphalt binder evaluated by surface free energy measurements (Wasiuddin et al. 

2011a). It must also be mentioned that the interaction between Sasobit and asphalt 

binder is only physical, because a study conducted by Menapace et al. (2014) 

outlined that nuclear magnetic resonance  did not detect any chemical interaction 

due to the addition of Sasobit. 

From a sustainable engineering point of view, the Sasobit dosage should 

be carefully selected because it has been reported that low-temperature cracking 

resistance of both un-aged and long-term-aged binder decreases as the Sasobit 

dosage increases. In other words, asphalt binder containing a high percentage of 

Sasobit will be more prone to cracking issues (Liu et al. 2012).  

2.3.3.1.2 Effect of Sasobit on the topography of asphalt binder structure  

The surface of the asphalt binder can be investigated by using the recently 

developed and sophisticated Atomic Force Microscopy (AFM) in order to 

subsequently bridge and link observed behaviour of the asphalt binders with their 

chemical make-up and bulk properties (Menapace et al. 2014,Rebelo et al. 

2014a,Masson et al. 2006). Briefly, bitumen can be separated into four fractions: 

saturates, aromatics, resins and asphaltenes (Masson et al. 2007,Nahar et al. 

2013b). The more asphaltenes there are in the asphalt binder, the harder and more 
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viscous that bitumen is likely to be, because molecules can form easily as they 

carry positive and negative charges at different points; therefore, bonds between 

molecules are easily made. At the other end of the scale, the more saturates there 

are, the softer the binder will be. Saturates are a non-polar fraction and they form 

a soup surrounding the other molecules. However, the other kinds of molecules, 

aromatics and resins, are intermediate components in the soup. Resins are similar 

to the asphaltenes and are highly polar, which influences the degree to which 

asphaltenes are readily dispersed within the bitumen, whereas aromatics behave as 

a solvent to both resins and asphaltenes (Thom 2008). 

These components are explained by a bee-like structure which consists of 

the catana phase, which is assigned to the most rigid and polar bitumens, the 

asphaltenes; the peri phase, which is attributed to the less polar aromatics and 

resins; and the para phase, which refers to non-polar saturates. It was therefore 

possible to investigate the effect of different polymers on the components of 

asphalt binders and make a link between the morphology of the bitumenôs 

structure and its rheological properties (Loeber et al. 1996, 1998).  

It was reported that Sasobit greatly affected the morphology of asphalt 

binder. Menapace et al. (2014) found Sasobit enlarges the bee-like structures of 

bitumen. In other words, Sasobit caused the catana phase and the peri phase to 

grow. The following Figures, 2.4 and 2.5, illustrate the effects of Sasobit on 60/70 

Pen and PG 76-22 observed by using Atomic Force Microscopy (AFM). 

 

 

Figure 2.4 Height (left) and Phase (right) images with scan size 10 and 25 m as 

presented exactly in (Menapace et al. 2014) 

 

60/70 Pen PG 76-22 

PG 76-22 + Sasobit 60/70 Pen + Sasobit 
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Figure 2.5 Height (left) and Phase (right) images with scan size 25 m as 

presented exactly in (Menapace et al. 2014) 

2.4.3.2 Performance of asphalt mixture containing Sasobit 

2.4.3.2.1 Effect of Sasobit on mix design and volumetric properties 

Sasobit is a flow modifier and viscosity reducer; therefore, it is expected to have 

an influence on the volumetric properties and mix design of asphalt. Hurley and 

Prowell (2005b) found that air voids in asphalt mixtures decreased when Sasobit 

was added, which may result in a reduction in the optimum asphalt content. It was 

found that using 2.5% of Sasobit improved the compactability of the mixtures in 

both the Superpave gyratory compacter and the vibratory compactor, with a 

reduction in air voids of up to 0.87%. However, another study highlighted that the 

addition of Sasobit has no significant influence on optimum asphalt binder 

content, and 3% of Sasobit resulted in an energy saving of up to 12% (Hamzah et 

al. 2010). This could be used to confirm that achieving the required density is 

quicker for Sasobit-WMA mixtures than for HMA even at lower compaction 

temperatures, as reported in a study by Zaumanis (2010). In this study, the asphalt 

mixtures modified with Sasobit reached the final density after 100 gyrations at 

135ЈC, whereas HMA reached the final density after 170 gyrations at 155ЈC. In 

fact, it was noticed that Sasobit improved the workability of the asphalt mixtures 

(Sanchez-Alonso et al. 2011). A later study conducted by Zhao and Guo (2012) 

agrees with this finding, as they noticed the workability of Sasobit asphalt mixture 

manufactured at 145ЈC is equivalent to that of control HMA fabricated at 175ЈC. 

It can therefore be said that Sasobit generally has no negative effect in terms of 

mix design and volumetric properties.  

2.4.3.2.2 Effect of Sasobit on rutting susceptibility 

In terms of lower production temperature, warm mixtures may be softer because 

of reduced oxidative ageing and incompletely drying aggregate. The performance 
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of Sasobit with particular reference to rutting susceptibility has been investigated 

by a number of researchers. Testing conducted using the Hamburg wheel-tracking 

test  showed that Sasobit-modified mixtures were within the allowable rutting 

limit after 10,000 loading cycles (Hurley and Prowell 2005b,Kim et al. 

2012,Estakhri et al. 2010). The superior performance of Sasobit was also 

confirmed by using an asphalt pavement analyser.  It was reported that the control 

HMA and Sasobit-WMA performed similarly and met the criterion for rutting 

resistance. In other words, warm mixtures containing 1.5% Sasobit had a similar 

performance to HMA after 8000 loading cycles (Hearon and Diefenderfer 

2008,Goh and You 2009).    

Moreover, although Mohammad et al. (2008) reported that Sasobit-

modified mixtures presented lower modulus values, other researchers (Petit et al. 

2012,Haggag et al. 2011,Yang et al. 2009) have shown that Sasobit-modified 

mixtures had a higher stiffness value, and it has also been revealed that Sasobit-

WMA exhibited an added stiffness, particularly at higher reduced frequencies 

and/or lower temperatures, because the addition of synthetic wax resulted in a 

more stable asphalt binder and consequently led to a more stable asphalt mixture 

due to its crystallised form (Petit et al. 2012). 

Sasobit-modified mixture containing moist aggregate has been 

investigated by Xiao et al. (2010), who declared that using Sasobit in moist 

aggregate mixtures did not require additional treatment to satisfy the required 

pavement performance in terms of rutting, and concluded that the mixture with 

Sasobit exhibited the best rutting resistance. This coincides with another study 

undertaken by Bennert et al. (2011) to study the effect of production temperature 

and aggregate moisture content, which revealed that, as the mixing temperature 

reduced, the flow number also decreased, but not in the case of Sasobit-modified 

mixture, which was able to maintain flow number values at the 132ЈC production 

temperature at the 1.0% and 1.5% dosage rates, and achieved high-temperature 

stiffness and permanent deformation that surpassed the baseline mixture.  

In general, as highlighted by Edwards et al. (2006), Sasobit-modified 

mixture offered the smallest strain in dynamic creep testing; thus, it can be 
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concluded that the rutting performance of Sasobit-WMA is similar to or even 

better than HMA. 

2.4.3.2.3 Effect of Sasobit on low-temperature performance and fatigue life 

The fatigue performance of asphalt mixtures can be affected by a number of 

factors such as an inadequate structural design, repeated heavy loads, poor 

drainage and construction and asphalt binder stiffening due to ageing at low and 

intermediate temperatures (Jamshidi et al. 2013). Sasobit stiffens the asphalt 

binder, which consequently leads to a stiffer asphalt mixture; however, the lower 

production temperature may offset the negative effect of the addition of Sasobit in 

terms of low-temperature properties and fatigue life because it is expected that the 

binder will be less oxidative, which results in a more ductile mixture. However, 

this may not be true because Hill  et al. (2012b) found that the effect of 

manufactured temperature was not conclusive and the selection of warm additive 

affects the low-temperature properties. In that study, the organic additive 

presented in the form of Sasobit reduced fracture energy by approximately 12.7% 

in comparison with chemical technologies, which were able to increase the 

fracture energy by around 7%, because chemical technologies may have had a 

tendency to emulsify the neat asphalt binder, whereas Sasobit resulted in stiffer 

asphalt mixtures. This corresponds with the results of another study, which 

indicated the inclusion of Sasobit increased the chances of low-temperature 

cracking as lower tensile strength and failure strain were reported for Sasobit-

modified binder, especially at lower temperatures (Liu et al. 2012). 

In fact, the effect of warm additives including Sasobit on fatigue 

performance is not clear, as some studies have shown that the fatigue life of 

Sasobit-modified mixtures was similar to or even better than the control HMA 

when evaluated based on four-point beam fatigue testing and the cyclic direct 

tension test (Goh and You 2011b,Haggag et al. 2011). The substantial effect of 

the synthetic wax additive was detrimental in terms of the fatigue cracking 

resistance, as highlighted by Silva et al. (2010), who also recommended that 

fatigue resistance may only improve without compromising the rutting resistance 

if softer binders are used, due to the brittle behaviour of wax additives. Therefore, 
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the issue may be more challenging when RAP materials are considered, as stiffer 

materials make the mixtures more prone to fatigue deterioration.  

2.4.3.2.4 Effect of Sasobit on moisture resistance 

Loss of bonding between aggregate and asphalt binder, known as stripping, is the 

major problem with which pavement engineers are concerned, and it causes many 

surface manifestations such as rutting, corrugations and cracking (Xiao et al. 

2012b,Caro et al. 2008,Kim and Amirkhanian 1991,Xiao and Amirkhanian 2009). 

Generally, the strength of an asphalt pavement structure is affected by three major 

factors: the adhesive bond between the aggregate and the asphalt binder, the 

cohesive strength of the binder, and the frictional resistance and development of 

interlock between aggregate particles (Jamshidi et al. 2013). Anything affecting 

these factors can result in deterioration of the pavement structure. In fact, 

stripping can be caused by the following mechanisms, as identified in the 

literature: detachment, displacements, spontaneous emulsification, pore pressure, 

hydraulic scour and pH instability (Little and Jones 2003,Kiggundu and Roberts 

1988,Mogawer et al. 2011c). However, these mechanisms are beyond the scope of 

this research. 

The lower production temperature of WMAs may well make those 

mixtures more prone to moisture damage because of incomplete drying of 

entrapped water in the aggregate. A study conducted by Buddhala et al. (2012) 

pointed out that Sasobit had no detrimental effect on the surface adhesion, as the 

adhesion increased in wet and dry conditions; moreover, the rate of increase in the 

surface adhesion was more conspicuous between 0 and 2%, whereas little increase 

was noticed between 2 and 3%. However, this study is not consistent with another 

finding, by Arabani et al. (2011), who highlighted that the aggregateïasphalt 

surface energy of adhesion of WMA with Aspha-Min and Sasobit was lower than 

the adhesive surface energy measured in the reference mix; and likewise those 

warm additives have the ability to increase the acid component, which leads to a 

significant decrease in adhesion, especially when acidic aggregate is considered, 

such as granite. Medeiros Jr et al. (2012) evaluated the moisture and low-

temperature cracking susceptibility of WMA included Sasobit and Aspha-min. It 
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was concluded that Sasobit mixtures were more susceptible to moisture damage 

while Aspha-min mixtures did not appear to be affected by moisture.  

Despite the fact that Sasobit enhances and increases the wettability of 

asphalt binder over aggregates, it has also been mentioned that it shows a general 

trend of decreasing the adhesion between asphalt mixture components (Wasiuddin 

et al. 2008). However, its behaviour in the development of moisture damage in 

asphalt mixes and using different measurement methods is yet to be fully 

understood. The results of research on the cohesive strengths of Sasobit-modified 

asphalt binder did not correlate well between the surface -free energy value (SFE) 

and the pull-off test, as the SFE indicated that Sasobit increased cohesive strength, 

whereas the latter indicated the reverse (Wasiuddin et al. 2011b, 2011c). 

Furthermore, fracture energy-based parameters (energy ratio and ratio of energy 

ratio) were sensitive to moisture susceptibility of asphalt mixtures, while the 

tensile strength ratio seemed to be insensitive to moisture susceptibility of the 

mixes under investigation (Gong et al. 2012). It seems that there is no final 

conclusion about the effect of Sasobit on adhesion and moisture susceptibility of 

asphalt mixtures, because field evaluation from a WMA study carried out by 

Sargand et al. (2011) revealed that WMA including Sasobit has a better 

performance in terms of moisture-induced damage three months after opening to 

traffic. 

The utilisation of anti-stripping agents to mitigate moisture sensitivity is 

widespread. In the USA, 56% of asphalt mixtures are treated with liquids, 15% 

with liquid and lime, and 29% with lime only (Jamshidi et al. 2013). Sasobit was 

also investigated with the addition of anti-stripping additives. The addition of 

Zycosoil as an anti-strip agent for Sasobit-modified WMA increased the surface 

energy of adhesion between aggregate and asphalt in dry conditions and also in 

the presence of water (Arabani et al. 2011). In addition, the addition of 2% of 

hydrated lime satisfied the criteria of 80% for tensile strength ratio and a 

remarkable increase in saturated indirect tensile strength values over dry indirect 

tensile strength values was achieved (Khodaii et al. 2012).  

In general, hydrated lime has the ability to act as a mineral filler, which 

results in stiffening of the asphalt binder and mixture, improving resistance to 
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fracture growth, altering oxidation kinetics, and also altering the plastic properties 

of clay fines to improve moisture stability and durability (Little et al. 2001). The 

efficiency of hydrated lime depends on its content and the considered method 

(Little et al. 2001); particle size plays an important role in determining its 

effectiveness as well (Shen et al. 2010). Cheng et al. (2011) used different-sized 

hydrated lime particles: 1.3 µm (regular hydrated lime) and 660 nm (sub-nano-

sized hydrated lime). In that study, most warm asphalt mixtures containing sub-

nano-sized hydrated lime had greater indirect tensile strength values than mixtures 

containing regular hydrated lime. It is also worth mentioning that the values of 

indirect tensile strength in both wet and dry conditions were dependent on the 

aggregate type. Therefore, it is recommended that better aggregate stockpile 

management and the addition of anti-strips are necessary to minimise and mitigate 

the potential for moisture damage.  

The effect of ageing time and temperature on the ageing of asphalt 

mixtures is evident. Aged WMA mixtures including Sasobit demonstrate a 

significant improvement in moisture sensitivity performance, and exposure of 

WMA to longer ageing times at higher ageing temperatures results in the best 

performance (Gandhi et al. 2010,Mogawer et al. 2011a,Mogawer et al. 2011c). 

In general, the performance of Sasobit-modified mixtures is a function of 

many factors: Sasobit content, production and compaction temperatures, the type 

of anti-strip agents, the size and type of aggregate, and the ageing time and ageing 

temperatures. 

2.5 Advantages and drawbacks of warm technologies 

2.5.1 Advantages 

WMA technologies exhibit a number of benefits. Based on the literature and field 

performance, the advantages of WMAs can be categorised into four groups: 

environmental benefits, production benefits, paving benefits and economic 

benefits 

2.5.1.1 Environmental benefits 

1- Lower production temperature leads to reduced greenhouse gas emissions. 
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2- Reduced emissions and odours, which improves the working conditions 

for production and paving workers. 

3- Because of the enhanced workability of WMA, recycling materials such as 

crumb rubber and RAP could be used. This will therefore minimise the 

landfill area by recycling materials and conserve the natural resources of 

asphalt mixture materials (bitumen and aggregate). 

2.5.1.2 Production benefits 

1- Greater use of RAP could be achieved because of the increased 

workability of WMA (Rubio et al. 2012). 

2- Less oxidative binder is used during production and placement of asphalt 

mixtures, which results in a more durable mixture. 

3- Easier to obtain the legislation to implement plant sites in urban areas 

because of reduced emissions, dust and noise (Zaumanis 2010). 

2.5.1.3 Paving benefits 

1- Possibility of paving in cold weather because the difference between 

WMA production temperature and the ambient temperature is less than for 

HMA. 

2- Longer haulage distances because of possibility of paving at lower 

temperatures. 

3- Improved volumetric properties of WMA can be obtained by reducing the 

viscosity of the asphalt binder (organic additives or foam additives) or by 

decreasing the surface tension between aggregate and binder (chemical 

additives). 

4- Reduced temperature difference makes road construction and the time 

before the road can be opened shorter. 

2.5.1.4 Economic benefits 

1- Reduced fuel consumption. 

2- Less wear on the asphalt plant. 
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2.5.2 Drawbacks 

1- Rutting. Less ageing of the asphalt binder makes the mixture prone to 

rutting issues. 

2- Moisture susceptibility. Lower production temperature leads to incomplete 

drying of entrapped water in the aggregate. 

3- Long-term performance. As WMAs are relatively new, less information is 

available about their long-term performance. 

4- Economics. The costs of additives and plant modifications may outweigh 

the advantages of WMA technologies. 

5- The low-temperature properties of organic-modified mixtures can be 

slightly different to those of HMA. The issue is more complicated when 

stiffer materials are adopted such as RAP; therefore careful selection of 

binder type and grade should be made to avoid low-temperature cracking. 

2.6 WMA  incorporating reclaimed asphalt pavement 

One of the most important objectives of warm mix asphalt (WMA) technologies is 

to increase the possibility of using high percentages of Reclaimed Asphalt 

Pavement (RAP) due to the ability of these technologies to reduce binder viscosity 

and the internal fraction between asphalt binder and aggregate, which enhances 

the workability of the mixtures, resulting in an adequate aggregate coating. 

However, some warm technologies such as organic additives increase the stiffness 

of asphalt mixtures; therefore, the inclusion of RAP materials, which are also stiff 

materials, may have a negative impact on the performance of those mixtures in 

terms of low-temperature cracking and fatigue performance. Another issue is that 

the level of interaction between RAP materials and conventional materials is 

unclear and yet to be investigated (Al -Qadi 2007). This issue is more ambiguous 

in the case of WMAs as they are produced at temperatures 20ï30ЈC lower than 

traditional hot mix asphalts (HMAs). This research also reviews the different 

opinions of researchers regarding the degree of blending between RAP and 

conventional materials and the performance of WMA-RAP mixtures to date.  
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2.6.1 Reclaimed asphalt pavement (RAP)  

One of the most important recycling materials used in asphalt mixtures is the 

recycled HMA itself, which results in a reusable mixture of aggregate and asphalt 

binder known as reclaimed asphalt pavement (RAP). The use of RAP is a valuable 

approach for paving, economic and environmental reasons. The reuse of recycled 

asphalt mixtures decreases the amount of waste produced and significantly helps 

to resolve the problems associated with disposal of highway construction 

materials (Al -Qadi 2007). In Europe, data from 19 countries showed that 47% of 

the available RAP was reused in HMA and WMA, while about 22 million tonnes 

were used in other applications (Zaumanis et al. 2014). In the USA, 

approximately 100 million tonnes of reclaimed asphalt pavements are annually 

produced. Sixty million tons are reused in the construction of new asphalt 

pavement, while 40 million tonnes could be employed in other pavement 

applications. In Canada, over a period of 17 years, RAP was used to pave 

approximately 3,500,000 m
2
 (Association 2009,Jamshidi et al. 2013). Moreover, 

it was reported that using RAP in the base and sub-base layers of the pavement 

structure potentially reduced global warming by 20%, energy consumption by 

16%, water consumption by 11% and hazardous waste generation by 6% (Lee et 

al. 2010). Despite many states in USA have reported limits on the maximum 

percentage of  RAP that can be reused in the asphalt pavement structure in the 

range between 10 and 50% (Al -Qadi 2007), high percentages of RAP are not 

ordinarily used in practice because it leads to durability problem.  

Researchers (Al -Qadi 2007,Roberts et al. 1996,Karlsson and Isacsson 

2006) have identified six mechanisms that age asphalt mixtures during their 

construction and service life: 

¶ Oxidation as a result of a reaction between the asphalt binder and oxygen 

¶ Volatilisation as a result of evaporation of the lighter components 

¶ Polymerisation because of a chemical interaction between molecular 

components 

¶ Syneresis and separation as a result of the absorption of oily components, 

asphaltenes and resins by aggregate and exudation of thin oily constituents 
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¶ Thixotropy because of the formation of the structure of the asphalt binder 

over a long period of time. 

All the above mechanisms result in stiffer materials; therefore, some 

studies have indicated that the RAP materials should be mixed with soft asphalt 

binder and/or rejuvenating agents. The soft binder will restore the rheological 

properties of recycled binder, while the rejuvenating agents can lower the 

viscosity of the aged binder (Roberts et al. 1996,Sondag et al. 2002). It is also 

worth mentioning that Dunning and Mendenhall (1978) recommended the use of 

rejuvenating agents with low saturate content and high aromatic content in order 

to be compatible with the aged binder and to offset its stiffer components. 

In order to establish more confident design procedures with the inclusion 

of RAP materials, many durability concerns regarding the level of interaction 

between RAP and conventional materials need to be addressed. 

2.6.2 Hypotheses on including RAP materials in asphalt mixtures 

The level of interaction that occurs between the RAP materials and the virgin 

materials directly influences the performance of asphalt mixtures and the 

economic competitiveness of the recycling process. If RAP materials are 

considered as a black rock and do not mix with the virgin materials during the 

mixing process, while RAP binder may mix and blend with virgin binder, then the 

total binder will stiffen, resulting in a stiffer mixture overall. However, if the 

designer assumes that the RAP will totally blend with virgin materials and 

actually it behaves as black rock, the mixture will not be stiff enough as 

insufficient asphalt binder is used. The issue is more complicated if there is a 

partial interaction between materials.  

A limited number of researchers have investigated the level of interaction 

between aged and virgin asphalt binders (Al -Qadi 2007). McDaniel et al. (2000) 

in NCHRP 9-12 investigated three possible levels of interaction between RAP and 

virgin materials: black rock (no blending), total blending (100%) and actual 

practice (mixing as it usually happens in practice). Two RAP percentages were 

considered in this study: 10 and 40% as the minimum and maximum percentage 

used practically. In all scenarios, the gradation and the total asphalt binder content 
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were constant. It was found and concluded that, at 10% of RAP, no remarkable 

difference was reported between the various blends, whereas the black rock 

assumption was statistically not similar to the actual practice and the total 

blending at 40% of RAP content. In other words, out of 66 possible comparisons 

made, there were 11 and 16 inconclusive cases at 10% and 40% RAP, 

respectively. With 10% RAP, the majority of the cases (about 70%) supported the 

conclusion that all cases were similar; on the other hand, only 42% of the 

comparisons supported the assumption of total blending. However, the authors 

believed that it was unlikely that total mixing occurred in all scenarios, even with 

high RAP content. Figure 2.6 summarises the possible level of interaction in the 

NCHRP study. From the results, it was indicated that there is no requirement to 

change the binder grade at low RAP content, and total blending between RAP and 

virgin materials can be assumed at higher RAP percentages. 

 

Figure 2.6 Statistical results of interaction between aged and virgin binder 

evaluated in NCHRP 9-12(McDaniel et al. 2000,Al -Qadi 2007) 

Same: Actual Practice = Total Blending = Black Rock 

AP = TB: Actual Practice = Total Blending Í Black Rock 

AP = BR: Actual Practice = Black Rock Í Total Blending 

Different: Actual Practice Í Black Rock Í Total Blending 

 

Oliver (2001) also investigated the influence of RAP binder on recycled 

asphalt pavement. Artificial RAP material was manufactured in the laboratory by 

using bitumen class 320 similar to a 50/65 Pen. The loose mix was exposed to 
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high temperatures in the oven in order to oxidise and harden the binder film. It 

was then compacted and broken up to produce artificial RAP. After that, 50% of 

the manufactured RAP was mixed with 50% of new HMA (binder grade 180/200) 

and compacted again. Binder was recovered from the recycled asphalt mixture in 

order to prepare a binder with similar viscosity to the recovered-recycled binder. 

The viscosity of the extracted binder was 29500 Pa.s at 45ЈC.  Class 600 bitumen 

was oxidised by heating and then blended with 23% of Class 170 bitumen in order 

to obtain the same viscosity value of extracted recycled binder. In this way, a 

manufactured mix identical to the recycled asphalt was produced but with virgin 

materials. The performance of the two mixes should have been similar; however, 

their performance in terms of rutting and fatigue resistance was different, and it is 

postulated the recycled and virgin binders may not completely mix.  

Stephens et al. (2001) also conducted a study to evaluate the degree of 

blending between RAP and virgin binders in terms of the RAP preheating time 

before being mixed with conventional materials. The RAP preheating time was 

varied from zero to 540 minutes. The preheating time should not have any effect 

on the mix properties if RAP is considered as black rock. It was in fact found that 

the preheating time had a considerable effect on the mixture strength, indicating 

that blending does occur between aged and virgin binders. This finding 

corresponds with the findings of a study conducted by Nguyen (2009), who also 

reported that long RAP reheating time, which never occurs industrially, enhanced 

the reaction between RAP material and virgin materials. Based on his findings, he 

deduced that RAP material does not act as black rock, nor is it fully blended in 

recycled asphalt production. 

Huang et al. (2005) also conducted a study to investigate the level of 

interaction. RAP materials (passing through No. 4 sieve only) were mixed with 

virgin coarse aggregate (retained by No. 4) to assess the blending due to pure 

mechanical mixing. The aim was to find out to what extent the aged binder can 

get away from the RAP particles under pure mechanical blending, as RAP 

materials and virgin coarse aggregate can easily be separated after mixing to 

assess the residual binder content in the RAP. It was found that the asphalt binder 

content in the RAP was decreased only by about 11% due to pure mechanical 

mixing. However, the use of pure mechanical mixing alone is not sufficient to 
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determine the level of interaction between RAP materials and virgin materials 

because asphalt binder can diffuse in the RAP, and the intermixing between 

recycled and virgin binders can also rejuvenate the aged binder, resulting in more 

interaction between aged and virgin binders. Huang et al. (2005) also conducted 

staged extraction and recovery for a mixture of one type (20%) of screened RAP 

with virgin coarse aggregate. After blending, it was found that the outside layers 

of the RAP particles were much softer than the inside layers in terms of binder 

stiffness. In other words, the experiment indicated that only a small portion of 

recycled asphalt binder in the RAP (40%) indeed participated in the remixing 

process, while other portions (approximately 60%) did not have any interaction 

with the virgin binder and acted as composite black rock. 

More recently, experimental investigation of the homogeneity of aged 

binder and virgin binder has been conducted by Eddhahak-Ouni et al. (2012) 

based on conventional tests and infrared spectroscopy analysis in order to assess 

and quantify the evaluation of the mass proportions of RAP and virgin binders 

during the stripping process (percentage of extracted bitumen). Results indicated 

that poor remobilisation of the virgin binder in the blended binder correlated with 

the hypothesis of the heterogeneous asphalt. 

With more recent innovations in WMA technologies, the issue of the level 

of interaction between RAP and virgin materials is more complicated because of 

the lower production temperature of the WMA. Research carried out by the 

NCHRP to assess the level of interaction between aged and conventional binders 

at WMA temperatures revealed that the aged binder and conventional binder do 

mix when they are subjected to elevated temperatures; however this may not be 

valid in the actual mixture as this study only used solvent casting of a thin film of 

new binder on a simulated RAP binder (Bonaquist 2008). Furthermore, a study by 

Nahar et al. (2013a) showed that the interface between the RAP binder (with a 

penetration value of 21 0.1mm at 25ЈC and a softening point of 60ЈC) and the 

virgin binder (with a penetration value of 144 0.1mm at 25ЈC and a softening 

point of 43ЈC) was completely blended. The investigation was conducted using 

Atomic Force Microscopy (AFM) and a DSR. In the DSR, 100g of RAP binder 

and 100g of virgin binder were blended for 5 minutes at 160ЈC. The rheological 

properties of three binders were characterised, and the complex modulus and 
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phase angle were used to construct a master curve for each binder. In Atomic 

Force Microscopy (AFM), a bead of 15mg of RAP binder was applied to one side 

of the 12mm metal sample substrate and the same amount of virgin binder was 

applied to from the other side. Although, a complete blending was observed in 

AFM images and confirmed by DSR, the results did not rule out the black rock 

hypothesis altogether. 

Bowers et al. (2014) also investigated the effect of mixing time, mixing 

temperatures and the inclusion of WMA additives (surfactant beads and wax-

based additives) on the efficiency of blending between RAP and virgin materials. 

The study involved a large virgin aggregate, a PG64-22 virgin asphalt binder and 

a fine RAP aggregate, therefore upon separation, it was possible to distinguish 

between the virgin binder recovered from coarse aggregate and aged binder 

recovered from fine aggregate. Rheology and molecular weight distribution of the 

recovered binder from coarse and fine aggregate were determined using a 

Dynamic Shear Rheometer (DSR) based on master curves, and Gel Permeation 

Chromatography (GPC) based on large molecular size was conducted. Several 

conclusions were reported in this study. Firstly, mixing temperature has a higher 

impact on the level of blending that the effect of mixing time. It was reported that 

the blending ratio increased from 59% at 130ЈC to 70% at 180ЈC. Secondly, 

including warm additives had a positive effect on blending ratio: a 76% blending 

ratio was achieved using surfactant-based WMA produced at 130ЈC for 105s, 

which was equivalent to that of the control mixture, mixed at 160ЈC for 150s. It 

was also found that the wax-based WMA was the most workable mixture; 

therefore, a suggestion was made to investigate the effect of wax-based additives 

on the level of blending at higher temperatures. However, one can see some issues 

in this study in that the type of wax and surfactant are unknown. In addition, the 

effect of surfactant additives on the complex modulus of recovered fine and 

coarse binders was higher than the effect of wax on the complex modulus, which 

is different to the findings of all previous studies. 

Diffusion of virgin asphalt binder into the recovered binder in RAP is 

further being investigated. It has been reported that the current AASHTO 

(American Association of State Highway and Transportation Officials) M323 

specification which recommends using one grade softer performance grade 
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asphalt at higher than 15% of RAP may not be justified. This fact has been 

exhibited by Kriz et al. (2014), who demonstrated that it is unnecessary to change 

the binder grade up to 25% of RAP. The ability of RAP binder to blend with 

virgin binder by diffusion mechanism was measured in a DSR and the results 

showed that complete binder blending in both HMA and WMA applications was 

reached a few minutes after mixing. A similar study was conducted by Rad et al. 

(2014). The rate of diffusion of virgin asphalt binder into the RAP binder was 

investigated using two layers of binder (1mm of virgin binder and 1mm of 

artificial RAP binder) tested in a 2mm gap of DSR. The DSR measurements, 

diffusion coefficient and Fickôs law were used to estimate the diffusion rate of 

virgin binder into artificial RAP binder. It was reported that the rate of diffusion 

increased with increasing temperature as the viscosity of asphalt binder decreases 

at higher temperatures. More importantly, the chemical compositions of the 

asphalt binder had an effect on the rate of diffusion. Therefore, it is hypothesised 

that other factors rather than viscosity can have an effect on the rate of diffusion 

of virgin binder into RAP binder.  

Mobilisation rate of recycled binder derivative from Gel Permeation 

Chromatography testing (GPC) was investigated by Zhao et al. (2015a). In that 

study, a laboratory procedure to quantify the rate at which aged binder could be 

mobilised and made available to coat aggregate was developed based on a new 

term called large molecular size percentage derived from GPC testing for 

recovered binder. The researchers reported the RAP binder mobilisation rate 

decreased with increase in the percentage of RAP. It was noticed the RAP binder 

mobilisation rate was close to 100% at low RAP mixtures (10% and 20%); 

however, as the RAP percentages increased from 30% to 80%, the rate of 

mobilisation decreased from 73% to 24%.  

Based on the above information, one should note that the degree of 

blending between aged and virgin binders still needs to be further investigated. In 

fact, most studies investigating the level of blending have been based on the 

traditional mechanical properties or only the level of blending between aged and 

virgin binders, which does not rule out the black rock hypothesis or complete 

blending assumptions. Therefore, one of the main objectives of this study is to 

directly investigate the level of blending between RAP and virgin materials using 
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the advanced technology of nano-mechanical properties, as the author believes the 

sophisticated technology of nano-indentation can be practically adopted in order 

to characterise the mechanical properties of the interfacial zone between RAP 

materials and virgin binder with the advantages of including warm additives in 

order to gain more understanding about the level of interaction at the micro- and 

nano-scales. 

2.6.3 WMA -RAP performance 

2.6.3.1 Permanent deformation 

The lower production temperature of WMA may adversely affect the rutting 

sensitivity of the asphalt mixture as the binder is less oxidised due to lower 

production temperature compared to that of HMA. However, this is not always the 

case in WMA as some warm technologies such as Sasobit can offset the reduced 

stiffness of the mixture. From an engineering point of view, adding stiffer 

materials such as RAP to the WMA resulted in stiffer asphalt mixtures regardless 

of whether it was completely mixed with virgin materials or considered as a black 

rock. Rheology studies (Lee et al. 2009,Kim et al. 2011b) have agreed that warm-

modified binder including aged binder exhibited better rutting resistance, based on 

the elastic properties, creep recovery and repeated creep recovery testing, 

regardless of the type of warm additives. 

The rheology investigations are in agreement with the performance of 

WMA-RAP. Despite the belief that the lower mixing temperature leads to less 

binder oxidisation, which makes the mixture prone to rutting issues, RAP 

significantly increases the rutting resistance of WMA regardless of the kind of 

warm technology, type of asphalt binder and aggregate (Doyle et al. 2011,Hill 

2011,Wu et al. 2011,Zhao et al. 2013,El Sharkawy et al. 2016,Xiao et al. 2015). 

Surprisingly, the permanent deformation performance when including RAP with 

WMA is better than for HMA (Zhao et al. 2012). However, another study 

reported the inverse, and high RAP-WMA showed lower rutting resistance than 

low RAP-HMA (Zhao et al. 2013). Vargas-Nordcbeck and Timm (2012) also 

reported that the WMA technologies have a tendency to increase permanent 

deformation but the inclusion of high RAP results in fewer rutting issues. It was 

also added that, although the lower production temperature influenced the 
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magnitude of rutting depth, variation in the materials was found to be more 

significant than the lower temperature. 

Consequently, it can be said that the permanent deformation of WMA-

RAP mixtures may not be a major concern when it comes to the incorporation of 

RAP in practice. 

2.6.3.2 Low-temperature properties and fatigue life 

The current school of thought in the asphalt industry is that the lower manufacture 

temperature associated with reduced ageing in the asphalt binder in WMA 

mixtures allows additional headroom for the inclusion of higher percentages of 

RAP. However, more attention should be paid to the low-temperature properties 

and fatigue life of asphalt mixtures because the greater the RAP content, the more 

brittle materials are included in the mixture. Studies have revealed that the 

addition of RAP had no significant effect on the low-temperature properties 

compared to the influence on high-temperature properties, as the low-temperature 

grade only increased by approximately 3ЈC when adding up to 25% RAP, while 

using 50% RAP increased the low-temperature grade by 8ЈC (Doyle et al. 2011). 

Despite the RAPôs lack of effect on low-temperature grade, it was found to 

slightly reduce the fatigue life of WMA, based on the results of Zhao et al. (2012), 

who investigated fatigue life based on the Superpave indirect tension test and 

beam fatigue test. The incorporation of RAP into the WMA led to lower fatigue 

life based on the results of the dissipated creep strain energy threshold (DCSEf), 

whereas it appeared that WMA with a higher RAP content was able to tolerate 

more load cycles than the control HMA and HMA-RAP, according to the beam 

fatigue test. This study is in agreement with Xiao et al. (2015), who noticed that, 

although increasing the RAP binder concentration improved the rutting resistance, 

a reduction in the fatigue resistance was observed. 

There is more concern about the structural characterisation and longer-

term field performance. As part of an objective to characterise the performance of 

high RAP and WAM, the National Centre for Asphalt Technology (2009) 

constructed four sections including WMA with high RAP content (50%) and a 

control section without either technology. Each section was investigated based on 
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strain versus temperature at three reference temperatures (10, 20 and 43ЈC) 

Moreover, beam fatigue testing was carried out to investigate the fatigue transfer 

functions. It was indicated that, based on the combination of the laboratory-

derived beam fatigue transfer functions with temperature-corrected strain 

responses, the WMA-RAP section would have the better performance at 20ЈC 

(Timm et al. 2011).  

Hill  et al. (2012a) evaluated the performance of WMA-RAP in terms of 

low-temperature cracking behaviour based on disc-shaped compact tension, 

indirect tension creep compliance and acoustic emission tests. All these tests 

correlated well and indicated that incorporating RAP led to a decrease in fracture 

energy and an increase in thermal cracking potential. 

Based on the above studies, although the inclusion of brittle materials may 

negatively affect the low-temperature cracking performance, it seems the 

preference for WMA-RAP mixtures is still a point for discussion. More 

investigations regarding the performance of WMA-RAP in terms of fatigue 

resistance are required, taking into account other considerations such as the effect 

of warm additives and fabricated temperature. 

2.6.3.3 Moisture damage 

Stripping issues are the main problem associated with WMA, as the lower 

production temperature leads to incomplete drying of entrapped water in the 

aggregate, which subsequently weakens the interface and adhesive characteristics 

between the aggregate and the asphalt binder. In spite of some moisture damage 

issues being reported, particularly associated with foaming and some chemical 

technologies, RAP significantly increases moisture resistance (Doyle et al. 

2011,Hill  et al. 2012a); however, the percentage of RAP should be no more than 

30%, based on the tensile strength ratio and resilient modulus ratio results, as the 

results did not diverge much when more than 30% RAP was used (Zhao et al. 

2013). In fact, RAP has the ability to reduce moisture susceptibility, because the 

bond between aged asphalt and aggregate particles is greater than in the virgin 

asphalt binderïaggregate system.  
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2.7 Conclusion 

1. Foam technology is more prone to moisture damage because of 

incomplete aggregate drying and the residue of incomplete water 

steaming. It has been reported that the addition of hydrated lime has the 

ability to increase the resistance of foam technology to moisture damage. 

 

2. Chemical technology has the ability to emulsify the asphalt mixtures, 

resulting in increasing fracture resistance. Moreover, it can also increase 

the resistance to moisture damage because it contains anti-strip, which 

expels the residual moisture in the aggregate and provides an adequate 

bonding between the asphalt binder and the aggregate. 

 

 

3. Some warm additives, such as Alpha-Min, are not suitable to long-haul 

distances, because this technology remarkably increases the viscosity of 

asphalt binder in comparison with the base binder after 60 to 90 minutes. 

This results in inadequate compaction of asphalt.  

 

4. Sasobit significantly decrease the viscosity of asphalt binder at higher 

temperatures while remarkably increasing the viscosity at pavement 

service temperatures. This results in increasing the rutting resistance of 

asphalt mixtures while perhaps decreasing the low-thermal properties as 

the pavement will be more brittle. However, binder source and grade play 

an important role in determining the effect of Sasobit in decreasing 

production temperatures. 

 

 

5. There is a need to investigate the fatigue resistance of asphalt binder and 

warm-modified binders using Time Sweep test in order to firstly estimate 

the effect of warm additives on the fatigue resistance of asphalt binder and 

then address other factors such as production temperatures on the fatigue 

performance of WMA. 
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6. Highway agencies are advised to specify the minimum production 

temperature for WMA to reach acceptable mixture stability in terms of 

rutting and fatigue performance, taking into account the binder source and 

grade. 

 

 

7. Sasobit significantly increases rutting resistance of asphalt binder and 

mixtures regardless of binder source and type. 

 

8. In terms of WMA field performance, there is a high demand to simulate 

the required aging time in the laboratory because in fact up to date no 

such problem concerning WMA moisture damage has been highlighted in 

the field. 

 

 

9. The inclusion of RAP in WMA increases the moisture and rutting 

resistances of WMA whereas it may decrease the fatigue life and fracture 

resistance, especially in the organic technology case.  

 

10.  It should be mentioned that there is a high demand to evaluate the fatigue 

life and fracture resistance of WMA technologies with/without RAP 

because different methods of identifying those properties exhibit 

irreconcilable performances. 

 

 

11. The level of interaction between RAP and virgin materials is still 

ambiguous. To date, the interaction between RAP and virgin materials has 

not been investigated at the nano-scale, which can practically reflect the 

real level of materialsô interactions.  
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Chapter Three  

Viscosity , Rheological Properties and 

Fatigue of Warm -Modified Bituminous 

Binders  (WMBBs) 
 

 

3.1 Introduction  

In this chapter, the effect of warm additives on the viscosity of bitumen is 

investigated in detail using Brookfield Viscometer. Furthermore, the effect of 

these additives on the rheological properties of bitumen is also identified using a 

Dynamic Shear Rheometer (DSR). The investigation of rheological properties 

included the effect of these additives on the linear viscoelastic region using 

amplitude strain sweep and also their effect on the stiffness and phase angle of 

bitumen using frequency sweep. Furthermore, the fatigue performance of Warm-

Modified Bituminous Binders (WMBBs) is investigated using time sweep test and 

data are modelled using the Viscoelastic Continuum Damage approach (VECD). 

3.2 Materials 

3.2.1 Binder grades 

Two binder grades were used, namely 40/60 and 100/150, which are commonly 

used in the UK and are expected to have different response capacities. Table 3.1 

shows the basic properties of the binders. Penetration and softening point were 

conducted based on (BS EN 1426 2007,BS EN 1427 2007) respectively.  
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Table 3.1 Properties of straight-run binders 

 

 

 

3.2.2 Warm additives  

Three warm additives were adopted: Sasobit, Rediset WMX and Rediset LQ as 

presented in Figure 3.1. They were supplied by their subsidiary companies, 

Naylor Chemicals Ltd, UK and AkzoNobel, Sweden. The recommended dosages 

of Sasobit, Rediset WMX and Rediset LQ are 2%, 2% and 0.5% by the weight of 

the bitumen respectively. Properties of warm additives are presented in Table 3.2.  

 

 

Figure 3.1 Warm additives 

 

 

 

 

 

 

 

Binder grade Penetration 0.1mm  Softening point  ЈC 

40/60  45 54.3 

100/150  104 43.0 

Sasobit  Rediset 

WMX   

Rediset 

LQ  
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Table 3.2 Properties of warm additives 

Properties Rediset WMX Rediset LQ Sasobit 

Form Pastilles Liquid flakes 

Colour Light brown Dark brown Off-white  

Odour Ammoniacal Slight Practically odourless 

pH Not applicable 10 at 0.1 solution Neutral 

Melting point  80ï95ЈC - Above 100ЈC 

Boiling point >100ЈC 215ЈC - 

Flash point 253ЈC 165ЈC (Pensky-

Martens 

285ЈC (ASTM D92) 

Solubility in 

water 

Practically 

insoluble 

Partly soluble Insoluble 

 

3.3 Preparation of warm-modified bitumen  

Sasobit, Rediset WMX and Rediset LQ were incorporated into the two binders in 

the study, namely 40/60 and 100/150 penetration grades. All warm additives were 

added at rates within specified manufacturersô tolerance. The recommended 

dosages for Sasobit, Rediset WMX and Rediset LQ which were adopted in this 

study are 2%, 2% and 0.5% by the weight of the bitumen respectively. However, 

the effect of different levels of warm additive dosages on viscosity was also 

investigated. The modified binders were prepared using the Silverson high shear 

mixer under controlled temperature, time and shear rate conditions, as shown in 

Figure 3.2.  

It has been reported and recommended that Sasobit and Rediset do not 

need a high shear rate for mixing; therefore, the adopted shear rates for mixing 

and mixing time were 700 rpm and 5 minutes respectively, as adopted by some 

researchers (Xiao et al. 2012a). In addition, the mixing temperature for both hard 

binder 40/60 grade and soft binder 100/150 grade was 150ЈC. The asphalt binder 

was preheated in an oven to the selected mixing temperature while, during 

mixing, the mixing temperature was maintained using an iso-mantle heater in 

order to keep a uniform temperature to achieve consistent mixing; and the 
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container was also covered with an insulation mantel which was preheated to the 

required temperature, as can be seen in Figure 3.2. After mixing, the viscosities of 

the modified bituminous binders were measured directly while the mixing 

container was kept in the fridge at a temperature below 10ЈC to avoid the effect of 

ageing. Prior to rheological and fatigue testing, the virgin and modified binders 

were heated up using an oven maintained at 150ЈC. It should be noted that the 

binders were just heated up for a certain time to soften them to prevent ageing, 

and then they were stirred manually before being poured into a mould, as the 

received sample must be homogenised. For the rheological and fatigue tests, 

silicon moulds were then used to prepare samples for the amplitude sweep and 

fatigue tests. For brevity in this chapter, the binder grades of 40/60 and 100/150 

are named H and S respectively, while the warm additives are named based on the 

first litter of the word: Sa, Rw and Rl for Sasobit, Rediset WMX and Rediset LQ 

respectively.  

 

 

  

 

 

 

 

 

 

 

 

 

 

Heater 

Controlled  

Shear rate 

Insulation 

mantel 

       Figure 3.2 Silverson shear mixer 
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3.4 Viscosity 

Physically, viscosity is defined as a measure of the internal friction of a fluid. In 

other words, it is used to identify the flow characteristics of asphalt binder in 

order to ensure that the binder can be adequately pumped and handled at the hot 

mixing facility. Therefore, viscosity measurements can be adopted to identify the 

possible production and compaction temperature of the asphalt binder so that the 

aggregate can be perfectly coated.  

3.4.1 Viscosity measurements  

3.4.1.1 Procedure 

The maximum allowable torque was adopted (torque range between 30 and 100% 

(modified hard binder) and 10 and 100% (modified soft binder). Viscosity of 

modified asphalt binders was measured between 110 and 160ЈC at intervals of 

10ЈC and the shear rates varied from 12 rpm to 100 rpm depending on 

temperature and warm additive contents. The recommended sample weight is 11.5 

gm. The procedure followed the recommendation and standards of (BS EN 13302 

2010). Two samples were measured for each control and WMBB at different 

dosages. Figure 3.3 shows the Brookfield Viscometer (Model LVD-I+) and its 

accessories.  

In order to further investigate the effect of warm additives on flow 

behaviour of asphalt binders, three dosages were used for each warm additive, as 

illustrated in Table 3.3  

Table 3.3 Different dosages of warm additives used in viscosity measurements 

Additives Dosage 1 Dosage 2 Dosage 3 

Sasobit 2%* 3.5* 6%* 

Rediset WMX 2%* 3.5%* 6%* 

Rediset LQ 0.5%* 1%* 1.5%* 

*  by weight of binder 

 



Chapter Three                Viscosity, Rheological Properties & Fatigue of WMBBs 
 

PhD Thesis  Page 61  
 

 

Figure 3.3 a- Brookfield Viscometer (Model LVD-I+), b- Viscometer spindle 

(SC-28), c- sample chamber (SC-13R) 

3.4.2.2 Results and discussions 

Based on the results of the viscosity measurements, Figure 3.4 shows that control 

binder 40/60 grade exhibited Newtonian flow behaviour at 135ЈC where the 

increase in the shear rate has no effect on the flow behaviour of the binder. As the 

warm additives were incorporated in this binder, Newtonian flow behaviour was 

not affected. It can therefore be concluded that the inclusion of Sasobit, Rediset 

WMX and Rediset LQ has no effect on the Newtonian flow behaviour of asphalt 

binder at higher temperatures. Furthermore, as expected, Sasobit and Rediset 

WMX slightly decreased the viscosity of the asphalt binder.  

 Figures 3.5 to 3.9 illustrate effect of different dosages of Sasobit, Rediset 

WMX and LQ on the viscosity of 40/60 binder and 100/150 binder. In fact, no 

significant change in binder viscosity by adding 2% Sasobit and 2% Rediset 

WMX was noticed. Sasobit and Rediset WMX did not decrease the mixing 

temperature significantly, as the maximum expected reduction was 4ЈC. As the 

amount of additives was increased, the associated viscosity of the modified 

binders decreased and the maximum temperature reductions of the asphalt 

modified by having 6% Sasobit and 6% Rediset binder added of 10ЈC and 12ЈC 

were possible for soft and hard binder respectively. In fact, the current results 

correspond with those of another study in which only a 14ЈC temperature 

reduction was obtained using Sasobit with a very soft binder (Silva et al. 2009) 

while Arega et al. (2011) highlighted that some warm additives involving Rediset 

WMX reduced the binder viscosity measured at 135ЈC with minor exceptions. 

a b c 
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Rediset LQ has no effect on the viscosity of the virgin binder even when using up 

to 1.5% of this additive. In fact, Rediset LQ exhibits a different behaviour in 

decreasing the production and compaction temperature of asphalt mixtures. 

It seems the real the production temperature of WMA cannot be directly 

predicted using a Brookfield Viscometer even with the inclusion of organic 

additives such as Sasobit or Rediset WMX.  

 

Figure 3.4 Effect of warm additives on the flow behaviour of 40/60 binder grade  
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Figure 3.5 Effect of different dosages of Sasobit on the viscosity of 40/60 binder 

grade 

 

Figure 3.6 Effect of different dosages of Rediset WMX on the viscosity of 40/60 

binder grade 
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Figure 3.7 Effect of different dosages of Rediset LQ on the viscosity of 40/60 

binder grade 

 

 

Figure 3.8 Effect of different dosages of Sasobit on the viscosity of 100/150 

binder grade 
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Figure 3.9 Effect of different dosages of Rediset WMX on the viscosity of 

100/150 binder grade 

3.5 Rheological properties 

3.5.1 Dynamic viscoelastic functions 

Rheological characteristics of bituminous material can be measured by means of 

dynamic mechanical analysis using an oscillator type, dynamic shear rheometer 

(DSR) tests. Historically, rheology is derived from the Greek words ó”‐‫ô, which 

is literally translated as óto flowô, and ó‗έ‎έ„ô meaning óword, scienceô, which 

literally means óthe study of the flowô (Airey 2002). Therefore, rheology is a 

study of the flow properties of a material or provides indication of whether the 

material is deformed. The rheological properties can be identified by applying 

periodic strain or stress to a material sample to identify its viscoelastic behaviour. 

Generally, in the dynamic tests shear stress is usually applied as sinusoidal 

varying stress of constant amplitude and frequency. The resultant shear strain or 

deformation varies sinusoidally as well but its response lags behind the applied 

stress by the phase angle ŭ, as illustrated in Figure 3.10. 
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 Figure 3.10 Typical shear stress and strain waveforms in a dynamic oscillatory 

test 

As results of strain amplitude ‎ or stress amplitude „ amplitude, the 

sinusoidally varying strains and stress are given in the following equations:  

   ‎ ‎ЈÓÉÎʖÔ                                                                                (3.1)                                                                                            

   ʎ ʎЈÓÉÎʖÔ ɿ                                                                        (3.2)       

Where .is the angular frequency in radians/second and t is the time ‫  

As illustrated schematically in Figure 3.11, the specimen under test with 

radius r and height h is held between two parallel plates. The bottom plate is fixed 

whilst the top plate is oscillated by applying a torque M. in the rheometer system; 

the angular rotation — is recorded by an optical encoder system. Therefore, the 

shear stress and strain are calculated using equations 3.3 and 3.4: 

‎Ј —ὶȾὬ                                                                                                        (3.3)                                                

„Ј ςὓȾ“ὶ                                                                                                  (3.4)                  
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Figure 3.11 Schematic representation of oscillatory test 

The most usually quoted quantities are known as the complex modulus 

(G
*
)-complex modulus because it includes both an elastic and a viscous 

component-, and phase angle‏. 

The complex modus includes both the elastic modulus (G
ô
) and viscous 

modulus (G
ôô
). The complex modulus, which gives an idea about the stiffness of a 

material at a given temperature and loading time, is defined as the absolute 

magnitude of shear stress divided by the absolute magnitude of shear strain, 

disregarding any time lag between them as a result of viscous effects. The elastic 

modulus or storage modulus is the ratio of the amplitude of the in-phase 

component of stress to the strain amplitude, and also it describes the amount of 

energy stored and released in each oscillation. On the other hand, the viscous or 

loss modulus is the ratio of the amplitude of the out-phase stress component to the 

strain amplitude, describing the amount of dissipated energy rate as a result of 

viscous impact.  

The viscoelastic character of a material is investigated using the phase 

angle‏. In perfect elastic behaviour, the material would exhibit a phase angle 

equal to zero, whereas, in perfect viscous behaviour, the material would exhibit a 

phase angle equal to 90Ј. Between those phases, the material would exhibit 

viscoelastic behaviour; therefore, the phase angle varies between 0Ј to 90Ј, based 

on the conditions of the test temperature and frequency or loading time.  

Oscillating upper 

plate 

Fixed lower plate 

h 

r  
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3.5.2 Dynamic shear rheometer (DSR) 

Asphalt binder is classified as a rheological material. The stiffness of asphalt 

binders is time dependent and also temperature dependent; consequently, both the 

time of loading and temperature at loading must be considered when 

characterising its flow properties (Anderson et al. 1994). Viscoelastic properties 

can be identified quite easily nowadays using a dynamic shear rheometer (DSR). 

The Kinexus DSR as shown in Figure 3.12, which was developed by the Malvern 

Instrument Company, UK, has overcome the weaknesses of the previous 

generation of rheometers, combined with advances in shear and vertical (axial) 

testing, can provide a rotational rheometer platform with unprecedented dual-

action capabilities (Malvern 2014) 

 

 

Figure 3.12 Kinexus DSR Pro+ 

3.5.3 Sample preparation 

WMBB preparation was explained in Section 3.3. As mentioned previously, prior 

to measuring the rheological properties of a WMBB, the sampleôs container was 

heated in an oven maintained at 150ЈC for a certain time in order to soften the 

bituminous binder. After that, it was stirred manually before being poured into a 

mould, as the received sample must be homogenised. Customised silicon moulds 

were then used to prepare the samples for rheological measurement and fatigue 

tests. Figure 3.13 illustrates the WMBB samples for different geometries, 8mm 
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and 25mm. It should be mentioned that sample preparation were performed based 

on (BS EN 14770 2012) using manufactured silicon moulds. 

 In all scenarios, in order to assure a good adhesion between the samples 

and the plate-spindle, 8mm or 25mm, the spindle was firstly lowered down to the 

associated plate until the gap between them is zero. It was then heated to 60ЈC. 

After that, the spindle was raised and the sample was moulded into the rheometer. 

In any scenario, the sample should start flowing to get adequate adhesion to both 

plates. Prior to testing, the gap was firstly decreased to 2.05 mm or 1.05 mm using 

an 8 mm base plate or 25 mm base plate respectively and then cooled down to 

20ЈC. Then it was trimmed using a sharp unheated knife, because using a heated 

tool for trimming may deform the edges of the sample and result in inaccurate 

data. Afterwards, prior to testing, the gap was decreased to exactly the required 

setting. 

       

Figure 3.13 WMBBs samples for different geometries, 8mm and 25mm 

3.5.4 Linear viscoelastic performance of warm modified bitumen/ 

Amplitude Sweep Strain  

Linear viscoelastic region is defined as a linear viscoelastic representation of the 

flow properties of the asphalt binder where the modulus is independent of stress 

or strain. The investigation can be performed by applying a varying (increasing) 

strain to the sample and observing the resulting stress or modulus (Anderson et al. 

1994). It has been defined that the linear viscoelastic region limit is the point at 

which the modulus decreased to 95% of the initial modulus (Anderson et al. 

1994,BS EN 14770 2012). Linear viscoelastic region was performed as following:  

For 8mm For 25 mm 
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¶ For modified hard binder 40/60 grade (H), amplitude sweep strain at strain 

ranged from 0.005-10% at three levels of frequency: 10, 1 and 0.1 at 25ЈC. 

Three samples were tested at each frequency. 

¶ For modified soft binder 100/150 grade (S), amplitude sweep strain at 

strain ranged from 0.005-20% at three levels of frequency: 10, 1 and 0.1 at 

25ЈC. Three samples were tested at each frequency. Results at frequency 

10Hz were only presented for brevity.  

 

At a temperature of 25ЈC, asphalt binder exhibits both elastic and viscous 

behaviour; it was therefore decided that this temperature be adopted to perform 

the test. However, other researchers may select a range of temperatures to 

determine the limit of linear viscoelastic region. Figures 3.14 and 3.15 show the 

complex modulus versus strain results for the virgin binders and warm-modified 

binders at 25ЈC and 10 Hz. Similar plots were obtained at different frequencies 

but are not shown here for brevity. Based on the complex modulus versus strain 

plots, the linearity limits and the linear viscoelastic region were determined for 

each of the unmodified and modified binders.  

Sasobit significantly increased the binder stiffness and reduced the limit of 

linear viscoelastic region. It was found that Sasobit increased the binder stiffness 

by approximately 50% and 70% for hard and soft binders respectively, whereas 

minor effects can be reported for the Rediset WMX and LQ. Furthermore, as 

presented in Figures 3.16 and 3.17, Sasobit increased the elastic behaviour of the 

asphalt binder. It was noticed that the phase angle of Sasobit-WMBB decreased 

by approximately 5Ј. 

 


















































































































































































































































































































































































































































































































