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ABSTRACT 

Due to growing concerns over global warming and climate change in recent years, one 

of the most important challenges facing our society is the efficient and economic use of 

energy, and with it, the corresponding need to reduce greenhouse gas (GHG) 

emissions. 

The Warm Mix Asphalt (WMA) technology has become an important new research 

topic in the field of pavement materials as it offers a potential solution for the reduction 

of energy consumption and GHG emissions during the production and placement of 

asphalt mixtures. 

On the other hand, pavements containing crumb-rubber modified (CRM) binders save 

energy and natural resources by making use of waste products. These pavements offer 

an improved resistance to rutting, fatigue and thermal cracking; reduce traffic noise and 

maintenance costs and prolong pavement life. These mixtures, however, present one 

major drawback: the manufacturing temperature is higher compared to conventional 

asphalt mixtures as the rubber lends greater viscosity to the binder and, therefore, 

larger amounts of GHG emissions are produced. 

In this dissertation the WMA technology with organic additives (Sasobit, Asphaltan A, 

Asphaltan B and Licomont) was applied to CRM binders (15% and 20% of rubber) in 

order to offer a solution to the drawbacks of asphalt rubber (AR) mixtures thanks to the 

use of fluidifying additives. For this purpose, this study sought to determine if a more 

sustainable production of AR mixtures could be obtained without significantly affecting 

their level of mechanical performance. 

The methodology applied in order to evaluate and compare the performance of the 

mixtures consisted of carrying out several laboratory tests for the CRM binders and AR 

mixtures with WMA additives (AR-WMA mixtures) and a hybrid input-output-based life 

cycle assessment (hLCA) of the production of WMA. 

The results of the study indicated that the incorporation of the organic additives were 

able to reduce the viscosity of the binders and, consequently, the production and 

compaction temperatures. On the other hand, although the addition of rubber 

significantly improved the mechanical behaviour of the binders at low temperatures 

reducing the susceptibility to thermal cracking phenomena, the addition of the waxes 

slightly increased the stiffness. Master curves showed that the addition of increasing 



percentages of rubber improved the resistance of the pavement regarding both 

resistance to permanent deformation at high temperatures and thermal cracking at low 

temperatures. In addition, the waxes improved the rutting resistance and the elasticity 

as they increased the complex modulus at high temperatures and decreased the phase 

angle. Moreover, master curves also attest that the WMA additives studied increase 

the stiffness at low temperatures. The creep tests carried out proved once again the 

improvement in the elasticity and in the resistance to permanent deformation given by 

the addition of the waxes. 

The AR-WMA mixtures studied have shown that the production/compaction 

temperatures can be decreased, that the mixtures would not experience binder 

drainage, that the additives did not significantly change the retained resistance and 

fulfilled the water sensitivity required. Furthermore, the additives increased the stiffness 

modulus in some cases and significantly improved the permanent deformation 

resistance. Except for one of the additives, the waxes had the same or higher fatigue 

resistance compared to the control mixture. 

The results of the hLCA demonstrated that the WMA technology is able to significantly 

save energy and reduce GHG emissions, up to 18% and 20%, respectively, compared 

to the control mixtures. However, in some of the case studies, due to the presence of 

wax, the manufacturing temperature at the asphalt plant must be reduced by an 

average of 8ºC before the benefits of reduced emissions and fuel usage can be 

obtained. The results regarding the overall impacts generated using a detailed 

production layer decomposition indicated that fuel, mining and construction sectors are 

the main contributors to the environmental impacts of manufacturing WMA mixtures. 

 

 



RESUMEN 

En los últimos años, debido a la creciente preocupación por el calentamiento global y 

el cambio climático, uno de los retos más importantes a los que se enfrenta nuestra 

sociedad es el uso eficiente y económico de energía así como la necesidad 

correspondiente de reducir los gases de efecto invernadero (GEI). 

Las tecnologías de mezclas semicalientes se han convertido en un nuevo e importante 

tema de investigación en el campo de los materiales para pavimentos ya que ofrece 

una solución potencial para la reducción del consumo energético y las emisiones de 

GEI durante la producción y puesta en obra de las mezclas bituminosas. 

Por otro lado, los pavimentos que contienen polvo de caucho procedente de neumático 

fuera de uso, al hacer uso productos de desecho, ahorran energía y recursos 

naturales. Estos pavimentos ofrecen una resistencia mejorada a la formación de 

roderas, a la fatiga y a la fisuración térmica, reducen los costes de mantenimiento y el 

ruido del tráfico así como prolongan la vida útil del pavimento. Sin embargo, estas 

mezclas presentan un importante inconveniente: la temperatura de fabricación se debe 

aumentar en comparación con las mezclas asfálticas convencionales, ya que la 

incorporación de caucho aumenta la viscosidad del ligante y, por lo tanto, se producen 

mayores cantidades de emisiones de GEI. 

En la presente Tesis, la tecnología de mezclas semicalientes con aditivos orgánicos 

(Sasobit, Asphaltan A, Asphaltan B, Licomont) se incorporó a la de betunes de alta 

viscosidad modificados con caucho (15% y 20% de caucho) con la finalidad de dar una 

solución a los inconvenientes de mezclas con caucho gracias a la utilización de 

aditivos reductores de la viscosidad. Para este fin, se estudió si sería posible obtener 

una producción más sostenible de mezclas con betunes de alto contenido en caucho 

sin afectar significativamente su nivel de rendimiento mecánico. 

La metodología aplicada para evaluar y comparar las características de las mezclas 

consistió en la realización de una serie de ensayos de laboratorio para betunes y 

mezclas con caucho y con aditivos de mezclas semicalientes y de un análisis del ciclo 

de vida híbrido de la producción de mezclas semicalientes teniendo en cuenta la papel 

del aditivo en la cadena de suministro con el fin de cuantificar con precisión los 

beneficios de esta tecnología. 

 



 

Los resultados del estudio indicaron que la incorporación de los aditivos permite 

reducir la viscosidad de los ligantes y, en consecuencia, las temperaturas de 

producción y de compactación de las mezclas. Por otro lado, aunque la adición de 

caucho mejoró significativamente el comportamiento mecánico de los ligantes a baja 

temperatura reduciendo la susceptibilidad al fenómeno de fisuración térmica, la adición 

de las ceras aumentó ligeramente la rigidez. Los resultados de estudio reológico 

mostraron que la adición de porcentajes crecientes de caucho mejoraban la resistencia 

del pavimento con respecto a la resistencia a la deformación permanente a altas 

temperaturas y a la fisuración térmica a bajas temperaturas. Además, se observó que 

los aditivos mejoran la resistencia a roderas y la elasticidad del pavimento al aumentar 

el módulo complejo a altas temperaturas y al disminuir del ángulo de fase. Por otra 

parte, el estudio reológico confirmó que los aditivos estudiados aumentan ligeramente 

la rigidez a bajas temperaturas. Los ensayos de fluencia llevados a cabo con el 

reómetro demostraron una vez más la mejora en la elasticidad y en la resistencia a la 

deformación permanente dada por la adición de las ceras. 

El estudio de mezclas con caucho y aditivos de mezclas semicalientes llevado a cabo 

demostró que las temperaturas de producción/compactación se pueden disminuir, que 

las mezclas no experimentarían escurrimiento, que los aditivos no cambian 

significativamente la resistencia conservada y que cumplen la sensibilidad al agua 

exigida. Además, los aditivos aumentaron el módulo de rigidez en algunos casos y 

mejoraron significativamente la resistencia a la deformación permanente. Asimismo, a 

excepción de uno de los aditivos, las mezclas con ceras tenían la misma o mayor 

resistencia a la fatiga en comparación con la mezcla control. 

Los resultados del análisis de ciclo de vida híbrido mostraron que la tecnología de 

mezclas semicalientes es capaz de ahorrar significativamente energía y reducir las 

emisiones de GEI, hasta un 18% y 20% respectivamente, en comparación con las 

mezclas de control. Sin embargo, en algunos de los casos estudiados, debido a la 

presencia de la cera, la temperatura de fabricación debe reducirse en un promedio de 

8ºC antes de que los beneficios de la reducción de emisiones y el consumo de 

combustible puedan ser obtenidos. 

Los principales sectores contribuyentes a los impactos ambientales generados en la 

fabricación de mezclas semicalientes fueron el sector de los combustibles, el de la 

minería y el de la construcción. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 RESEARCH BACKGROUND 

The Kyoto Protocol recognizes that developed countries are primarily responsible for 

the current high levels of greenhouse gas (GHG) emissions into the atmosphere as a 

result of more than 150 years of industrial activity and this places a heavier burden on 

developed nations under the principle of “common but differentiated responsibilities” 

(United Nations 1992). 

Therefore, in recent years environmental protection and sustainable development have 

become important global themes and the pavement industry has been searching for a 

way to reduce the temperature required to manufacture conventional asphalt, 

commonly known as Hot Mix Asphalt (HMA). A number of new technologies have been 

actively developed to lower the production and placement temperatures of HMA. 

Generically, these technologies are referred to as Warm Mix Asphalt (WMA) (D’Angelo 

2008). 

In addition, waste management has become a critical problem for a sustainable 

development as well as causing economic, security and social problems. Tyres in 

particular have a huge environmental cost. In Europe alone in the year 2011, 

approximately 3.27 million tons of used tyres were managed in an environmentally 

sound manner. After resolving the data of those tyres going for reuse or retreading, an 

estimated 2.3 million tons of end-of-life tyres (ELTs) were left to be treated (European 

Tyre & Rubber Manufacturers Association 2014). 
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The recycling of scrap tyres has been of interest in the asphalt industry throughout the 

world for over 40 years, as pavements containing crumb-rubber modified (CRM) 

binders save energy and natural resources by making use of waste products. These 

asphalt rubber (AR) mixtures result in an improvement in resistance to rutting, fatigue 

and thermal cracking, they lower traffic noise and maintenance costs as well as 

contributing to prolonged pavement life (Ruth BE 1995, Liang RY 1996, Huang B, 

Mohammad LN, Graves PS, Abadie C. 2002, Shen J, Amirkhanian S, Lee S-J 2005). 

However, these mixtures present one major drawback: the manufacturing temperature 

is higher. Usually temperatures oscillate between 175ºC and 180°C (CEDEX 2007) as 

the rubber lends a greater viscosity to the binder and thus produces larger amounts of 

GHG than conventional bituminous mixtures. 

WMA technology offers promising solutions to the CRM drawbacks thanks to the use of 

fluidifying additives which are able to guarantee lower viscosity of bitumen at mix 

production temperatures without affecting bitumen performance at pavement service 

temperatures. 

If a significant temperature decrease could be achieved for the AR mixtures using the 

WMA technologies (AR-WMA mixtures) while the workability of the material is 

adequate and mechanical performance attained is the same as or even better than 

HMA, the benefits for both environment and society in general would be significant. 

In this dissertation, the WMA technology with organic additives was applied to CRM 

binders (15% and 20% of rubber by weight added to the net bitumen) and AR mixtures 

in order to study the effect of WMA additives on the binders and mixtures and, 

therefore, to evaluate whether the mechanical properties are better, equal or worse. 

The potential benefits of WMA technology were also accurately evaluated and 

quantified by assessing the environmental impacts of its production associated with 

energy consumption and GHG emissions. 

1.2 OBJECTIVES AND STAGES OF THE RESEARCH 

The main objectives of this dissertation were as follows: 

• To complete a thorough review of the WMA technologies. 

• To verify that the WMA additives selected (organic additives) can lead to a 

reduction in the manufacturing temperatures of bituminous mixtures. 

2 



CHAPTER 1: INTRODUCTION 

• To study the effect of the WMA additives on the control binders (net bitumen 

with 0%, 15% and 20% of rubber) through a basic and rheological 

characterization. 

• To study the effect of the WMA additives on AR mixtures evaluating their 

performance compared to the control mixture. 

• To verify that the WMA technology selected was really able to save energy 

consumption and thus reduce the GHG emissions. 

The stages of research and the specific objectives in each were the following: 

1.2.1 First stage: literature review and basic characterization of the binders 

In the first stage of the dissertation a literature review on the topic of WMA 

technologies was carried out to check what kind of binders, mixtures and specific 

technologies have been studied and to verify that the AR mixtures with WMA additives 

(AR-WMA mixtures) have not been studied in great detail. 

After determining the binders to be studied, a basic characterization of different binders 

was carried out through several tests. First, the dynamic viscosity of bituminous 

binder using a rotating spindle apparatus was determined (EN 13302 (CEN 2010a)) in 

order to assess and check if all the additives studied are able to decrease the viscosity 

or, conversely, if any of the organic waxes should be discarded. With these results it 

was possible to verify that the WMA organic additives selected can lead to a reduction 

in the manufacturing temperatures of bituminous mixtures. 

Then, the needle penetration (EN 1426 (CEN 2003c)) and the softening point with 

the Ring and Ball method (EN 1427 (CEN 2007)) was determined to observe the effect 

of the additives and the rubber on the net binder. 

After this, the tensile properties of the binders by the force ductility method were 

determined (UNE-EN 13589 (CEN 2008b)) as well as the elastic recovery of the 

binders (EN 13398 (CEN 2010b)) in order to observe the role of the waxes and the 

rubber. 

As the information provided with the basic characterization was not sufficient, a 

rheological characterization was made to study the effect of the WMA additives on 

the net and CRM binders at low, intermediate and high temperatures. 
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1.2.2 Second stage: rheological characterization of the binders 

In this second stage, the binders’ behaviour was studied in great detail with different 

rheometers. 

First, the flexural creep stiffness and the creep rate was determined with a Bending 
Beam Rheometer (BBR) (EN 14771 (CEN 2012c)), so the effect of the additives and 

the rubber could be observed. 

Then, the properties of the binders and the effect on the waxes at intermediate and 

high temperatures were studied determining the complex modulus and phase angle 

with a Dynamic Shear Rheometer (DSR) (EN 14770 (CEN 2006c)). 

With the results of dynamic tests, the frequency dependence, the black diagrams and 

the master curves could be obtained to explain in detail the effect of the waxes and the 

rubber. Also, the limit rutting and fatigue temperatures were determined by the 

Strategic Highway Research Program (SHRP) program. 

To complete the rheological description of the materials, creep tests were performed 

in order to evaluate the resistance to non-reversible deformation and the existence of 

elastic recovery properties. With these tests it was possible to evaluate the differences 

in the mechanical response due to the addition of the WMA additives and rubber, 

especially regarding the ability to recover from the strain at high temperatures. 

1.2.3 Third stage: performance evaluation of the mixtures 

After analysing the binders in great detail, the key engineering properties of the AR-

WMA mixtures were assessed through laboratory testing in order to evaluate their 

performance compared to the control mixture. 

The mixtures studied contain a selection of the binders based on the previous 

characterization. 

The performance of the mixtures selected for the study were evaluated and compared 

regarding their volumetric characteristics, compactability, binder drainage, water 

sensitivity, stiffness modulus, resistance to permanent deformation and resistance to 

fatigue. 
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The volumetric characteristics were assessed in order to determine the reduction in 

production/compaction temperatures of the mixtures. For this, the maximum density 
(EN 12697-5:2010/AC:2012 (CEN 2012a)), the bulk density (EN 12697-6 (CEN 

2012b)) and the evaluation of compactability (EN 12697-10 (CEN 2003a)), was 

determined. 

Following this, the evaluation of binder drainage (EN 12697-18 (CEN 2006a)) was 

performed. This test allows the determination of possible binder drainage as it is a 

good indicator of the possible migration of the bitumen when the higher temperatures 

are reached. 

As the influence of water in the reduction of the WMA mixtures performance has been 

reported as one of the issues that need to be carefully controlled, the water sensitivity 

of the mixtures studied (EN 12697-12 (CEN 2009)) were determined. This test was 

carried out in to order to verify whether or not the mixtures fulfil the water sensitivity of 

a discontinuous mixture for a surface layer and the effect of the WMA additives on the 

control mixture. 

After this, the effect of the waxes at different test temperatures was also evaluated with 

the stiffness modulus test (NLT 349/90 (CEDEX 1992)). 

Finally the rutting resistance (EN 12697-22 (CEN 2006b, CEN 2008a)) and the 

resistance to fatigue (EN 12697-24 (CEN 2013a)) tests were carried out in order to 

determine the effect of the WMA additives on the control mixture. 

1.2.4 Fourth stage: life cycle assessment of the production of WMA mixtures. 

Although many studies have been conducted to demonstrate that the mechanical 

properties of WMA mixtures are not significantly affected, many questions and 

concerns regarding the environmental benefits the WMA technologies offer have yet to 

be addressed. 

Therefore, it was considered necessary to verify if the mixtures studied were really able 

to decrease energy consumption and to reduce the GHG emissions. 

In this dissertation, a comprehensive hybrid life cycle assessment (hLCA) of the 

production of different WMA mixtures (with and without CRM binders) was carried out 

in order to determine and compare the environmental impacts associated with 

energy consumption and GHG emissions. 
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1.3 STRUCTURE OF THE DISSERTATION 

The present dissertation is organized in the following chapters.  

Chapter 1, Introduction, contains a research background which introduces the 

problem statement and how it should be addressed, the general and specific objectives 

and the stages of the research as well as the structure of the dissertation. 

Chapter 2, Literature review, offers a state-of-the-art analysis of the WMA 

technologies, including their benefits and drawbacks, the different WMA technologies 

available, an overview of the mechanical performance of the WMA mixtures, an 

overview of the comparative costs and some conclusions. 

Chapter 3, Materials and test program, presents the materials used in this study, the 

experimental program and explains the preparation of the CRM binders as well as the 

hLCA of the production of WMA mixtures. 

Chapter 4, Basic characterization, which includes all the results and discussions of 

the tests carried out to evaluate the fundamental performance of the binders. 

Chapter 5, Rheological characterization, which provides all the results and 

discussions of test performed with the BBR and the DSR. 

Chapter 6, Performance evaluation of the mixtures, which contains the experimental 

results and discussions of the tests carried out to evaluate the volumetric 

characteristics and mechanical behaviour of the AR-WMA mixtures selected. 

Chapter 7, Life Cycle Assessment of the production of WMA mixtures, presents an 

input-output hLCA of the manufacturing of 39 different WMA mixtures. 

Chapter 8, Conclusions and recommendations for future research, presents the 

conclusions and of this study as well as some possible requirements regarding 

research in the future. 

The dissertation also includes a list of References where all the bibliography used in 

this study is included. 

1.4 ORIGINAL CONTRIBUTIONS OF THE DISSERTATION 

The original contributions of the present dissertation are the following: 
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• Most of the existing research has focused on conventional asphalt pavements 

while WMA mixtures with CRM binders have yet to be studied in detail: this is 

one of the main contributions of this study. 

• In this dissertation, CRM binders and AR mixtures containing WMA additives 

have been thoroughly analysed so the influence of WMA additives on the 

properties of binders and mixtures has been clearly identified. Furthermore, this 

study presents a clear comparative study between the additives selected. 

• Although many studies have been conducted to demonstrate that the 

mechanical properties of WMA mixtures are not significantly affected, many 

questions and concerns regarding the environmental benefits the WMA 

technologies offer have yet to be addressed. In this dissertation, an hLCA of 

WMA production was carried out to accurately evaluate and quantify the 

potential benefits of WMA technology by assessing the environmental impacts of 

its production associated with energy consumption and GHG emissions. 

• While other life cycle assessment (LCA) methodologies are affected by a 

systematic truncation error caused by the finite system boundary or are not 

specific and detailed, the methodology selected in this dissertation, an input-

output-assisted hybrid LCA, has no upstream system boundaries. This is 

another original contribution of this dissertation. 

• Only the production phase of asphalt mixtures was studied in great detail as this 

consumes the largest amount of resources and the main benefits of using WMA 

technology stem from reducing the manufacturing temperature at the asphalt 

plant. 

• Although some studies have quantified the potential environmental impacts of 

WMA in terms of emissions and resource consumption, the role of the upstream 

supply chains of the different materials used to produce the asphalt mixtures has 

generally not been included. In this study, it was accurately determined the 

embodied energy consumption and GHG emissions in the supply chain. 

• Another important contribution of this dissertation is that the emissions and 

energy usage associated with a WMA additive have been taken into 

consideration, as these can offset to some degree the reduction of energy and 

GHG emissions obtained when the mixture is produced at a lower temperature. 
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• Another main contribution in this dissertation has been to collect bottom-up data 

that is not publicly available for the process analysis component of the hLCA. 
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CHAPTER 2 

2 LITERATURE REVIEW 

2.1 INTRODUCTION 

As reduction of carbon dioxide emissions is a key element of sustainable development 

as is a mandated as part of the European Union´s ratification of the Kyoto Protocol, for 

years, the pavement industry has been looking for ways to reduce the amount of 

energy required to produce HMA in order to achieve energy savings and environmental 

benefits. 

Carbon dioxide is the most important type of GHG contributing to global warming and is 

produced when energy is consumed during the mixing process of the asphalt mixtures. 

Greater temperature reductions will lead to lower energy use, lower fuel usage and 

greater emission reductions. Also, optimizing energy consumption and fuel 

requirements is of vital importance as energy costs increase as the depletion of crude 

oil is coupled with an increasing demand for energy. 

In the asphalt pavement sector, one approach to attain these goals related to the Kyoto 

Protocol is to reduce the asphalt mixtures manufacturing temperatures. As a means to 

these ends, the WMA technologies have been introduced over the last few years. 

Temperature control is crucial to achieve an appropriate aggregate coating, matrix 

stability during the manufacturing and transport of the mixtures, ease of placement and 

compaction and ultimately a good performance of the pavement. During construction, 

the temperature must be high enough to ensure the workability of the mix and yet 

below the temperature at which drain-down and excessive binder hardening occur. 
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The WMA mixtures can be classified by the degree of temperature reduction as it can 

be seen in Figure 1. These are the production temperatures for each kind of mixture 

(European Asphalt Pavement Association 2010). 

• Hot Mix Asphalt or HMA: 150-190ºC. 

• Warm Mix Asphalt or WMA: 100-140ºC 

• Half-Warm Mix Asphalt or HWMA: 60-100ºC 

• Cold Mixes: 0-40ºC 

 
Figure 1. Classification of WMA by temperature range (Federal Highway Administration 

2014) 

The WMA are usually classified by the technologies used to reduce the production 

temperature. This technology can be basically classified in three main groups: 

• organic additives 

• chemical additives 

• foaming technologies 

All of them pursue the same goal: their aim is mainly to improve mix workability, in 

order to lower the mixing and placement temperatures as well as achieving the same 

or even better in-service performance compared to conventional HMA. 
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2.2 BENEFITS AND DRAWBACKS OF WARM MIX ASPHALT TECHNOLOGIES 
2.2.1 Benefits 

A number of benefits have been identified though the specific benefits and the degree 

depend on which specific WMA technology is used. According to the research literature 

overview the main benefits are environmental, production, paving and economic 

benefits. 

2.2.1.1 Environmental benefits 

A significant reduction of pollutant and GHG emissions has been reported. Depending 

on the WMA technology used, emissions declared in literature vary. Nonetheless, 

regardless of the WMA technology, a significant reduction of emissions has been 

observed. Typical expected reductions are 30 to 40% for carbon dioxide (CO2) and 

sulfur dioxide (SO2), 50% for volatile organic compounds (VOC), 10 to 30% for carbon 

monoxide (CO) and 60 to 70% for nitrous oxides (NOx). Reductions from 30% to 50% 

for asphalt aerosols/fumes and polycyclic aromatic hydrocarbons (PAHs) have also 

been reported, which have a substantial influence on the exposure of the workers and 

the surrounding area of construction sites to those products (D’Angelo 2008). 

Furthermore, lowering the production temperature allows a lower fuel consumption and 

consequently, reducing the energy use. Reports indicated that burner fuel savings with 

WMA technologies typically range from 20 to 35% although fuel saving could be higher. 

Energy use can be reduced up to 35% or more, depending on the WMA technology 

and the temperature reduction at the asphalt plant (D’Angelo 2008). 

The reduction of emissions and fumes is beneficial for workers who may be affected by 

the harmful fumes produced during paving. The WMA technologies are able to improve 

working conditions as the workers are less exposed, especially in cases where the 

exposure is not in open air (e.g tunnels).  

2.2.1.2 Production benefits 

The WMA technologies make it possible to use higher percentages of Reclaimed 

Asphalt Pavement (RAP) due to a lower viscosity of the binder and the effort to coat 

the aggregates thus the pavement compaction can be reduced (Bonaquist 2011). 

The ageing of the binder is lower during the production and pavement process, thus, 

the longevity of pavement service life is improved. 
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And, since operating temperature and emissions are lower, it is easier to situate plants 

in the proximity or urban areas. 

2.2.1.3 Paving benefits 

It is possible to pave in cooler temperatures, to haul the mixtures longer distances, to 

compact with less effort, to incorporate higher percentages of (RAP), to place thick lifts 

and to open up to traffic in a short period of time. 

Additionally, compared to cold asphalt mixtures (CAM), the WMA technology is also 

beneficial because it does not need curing time before opening up to traffic and does 

not require a sealing layer as with some of the CAM applications. In addition, the laying 

and compaction operations, and the coating of aggregates by the binder are better than 

for CAM, leading to a better in-service material (Button et al. 2007). 

2.2.1.4 Economic benefits 

When the temperature is lowered, the fuel and energy consumption is reduced and 

accordingly the cost of producing the mixtures. Thus, the cost saving depends on the 

amount of temperature reduction, the type of energy used in the production process 

and the pollution potential. As energy costs are high and energy prices are rising, any 

reduction in this respect is highly valued by the asphalt producer. For the WMA 

technologies, environmental benefits lead to economic benefits. 

However, a number of WMA processes require initial investment to modify the layout of 

the plant, whereas some of them require the permanent purchase of additives. 

Therefore, the global cost evaluation should also consider the analysis of this type of 

issue. 

2.2.2 Drawbacks 

Each WMA technology should be analysed separately as each methodology has 

different disadvantages. As reported in literature, the initial production cost is increased 

as additional equipment for the plant is needed and it is necessary to buy additives. 

Other costs such as royalties should be considered. 

Also, there are concerns related to in-service moisture susceptibility. The potential for 

moisture damage can be increased as the lower mixing and compaction temperatures 
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could lead to an incomplete drying of the aggregates (Hurley, Prowell 2005, Hurley, 

Prowell 2006). 

Another possible drawback is the low temperature behaviour as the low temperature 

properties of the bitumen can be slightly different to the ones for HMA. 

To evaluate the potential benefits of these technologies a LCA should be carried out as 

some of the benefits could be offset due to the embodied energy and carbon footprint 

of the additives used. The upstream supply chain related to the production of all the 

materials that compose the WMA mixtures must be included. 

2.3 WMA TECHNOLOGIES 
2.3.1 Organic additives 

This technology uses organic additives, which are waxes that are added to the mix. It is 

possible to reduce the viscosity when the temperature rises above the waxes´ melting 

point. As the mixture cools, these additives solidify into microscopically small and 

uniformly distributed particles, which increase the stiffness of the binder in the same 

way as fibre-reinforced materials. 

The type of wax must be carefully selected so that the melting point is higher than 

expected in-service temperatures otherwise rutting may occur. (D’Angelo 2008). 

The waxes in this technology modify the properties of the net bitumen and are typically 

formed by a long chain of hydrocarbon atoms which is solid at room temperature and 

has a melting point generally between 80 to 120ºC. The quantity of wax added is 

generally from 2 to 4% of the total mass and the temperature reduction based on the 

literature reviewed is about 20-30ºC. Different kinds of waxes proposed and 

commercialized as bitumen flow improvers exist: Fischer- Tropsch (F-T) wax, montan 

wax and fatty acid amide. 

2.3.1.1 Fischer-Tropsch 

F-T waxes are produced by a synthesis process and are characterized by a high 

molecular weight distribution and a fine microcrystalline structure at low temperature. 

Thanks to this smaller crystalline structure, F-T waxes were characterized by a reduced 

brittleness at low temperatures. The melting point is above 98ºC, with high viscosity at 

lower temperatures and low viscosity at higher temperatures (D’Angelo 2008). The 

commercial product is named Sasobit. 
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2.3.1.2 Montan waxes 

Montan wax is a combination of non-glyceride long-chain organic acids, long-chain 

alcohols, and other organic compounds with complex structures. Montan waxes are 

obtained from fossilized vegetables by solvent extraction of certain types of lignite and 

brown coal (D’Angelo 2008). The commercial product names are: Asphaltan A, 

Asphaltan B and Romonta N. Its melting point is between 82 and 125ºC (Hirsch 2007). 

2.3.1.3 Fatty acid amide 

They are produced by reacting amines with fatty acids. The typical melting point is 

between 141 and 146ºC. For several years, similar products have been viscosity 

modifiers in asphalt, and have been used in roofing asphalt from the late 1970s to the 

early 1980s. As the fatty acid amides cool, they form crystallites in the bitumen, thus 

increasing asphalt stability and deformation resistance. A commercial name used is 

Licomont. 

2.3.2 Chemical additives 

These products generally include a combination of emulsification agents, surfactants, 

polymers, and additives to improve coating, mixture workability, and compaction, as 

well as adhesion promoters (anti-stripping agents). These kinds of additives do not 

depend on foaming or viscosity reduction for lowering mixing and compaction 

temperatures. 

The quantity of additives needed and the temperature reduction achieved using this 

technology depend on the product used and these additives are mixed with bitumen 

before batching the bitumen into the asphalt mixer. Some commercial names are: 

REVIX and Evotherm. These WMA additives are very recent and they should be 

studied in greater detail. However, the promising results so far obtained seem to 

indicate that they are a viable alternative. 

2.3.3 Foaming processes 

This technology consists of the addition of small amounts of water injected into the hot 

binder or directly into the mixing chamber (Larsen 2001). The water rapidly evaporates 

and is encapsulated in the binder. 
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This causes a large volume of foam which temporarily increases the volume of the 

binder and reduces mix viscosity improving the coating and workability of the mixtures, 

but its duration is limited. This means that the mix must be spread and compacted soon 

after production. Sufficient water must be added to cause foaming but too much water 

can create stripping problems. There are several foaming technologies available that 

could be sub-categorized into: water based and water-containing. 

2.3.3.1 Water-containing technologies 

These technologies use synthetic zeolite to produce the foaming process. 

The product used is composed of aluminosilicates of alkali metals and has been hydro-

thermally crystallized. This crystallization is approximately 20% water, which is 

released from the zeolite structure as the temperature rises.This causes a micro-

foaming effect in the asphalt mix which lasts between 6 and 7 hours (Chowdhury, 

Button 2008, D’Angelo 2008). 

The structure of the zeolites has large air voids where cations and even molecules or 

cation groups (such as water) can be hosted. Their ability to lose and absorb water 

without damaging the crystalline structure is the main characteristic of this silicate 

framework (Chowdhury, Button 2008). 

2.3.3.2 Water-based technologies 

This technology uses water in a more direct way as the water needed to produce the 

foaming effect is injected directly into the hot binder flow usually with special nozzles. 

The water that rapidly evaporates produces a large volume of foam that slowly 

collapses. 

Based on the literature review (D’Angelo 2008, Zaumanis 2010, Rubio et al. 2012), the 

most widely used products of the mentioned WMA technologies are listed in Table 1. 

This table contains the name of the commercial product, a detailed description, the 

company that distributes the product, the typical dosage of the additive, the countries in 

which this technology is used and the typical production temperature or the reduction 

range. 

There are some discrepancies in the literature, thus, the most common data was 

reported. 
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Table 1. WMA most widely used products description 

 

Product Description Company Dosage of additive
Country where 
tecnnology is 

used

Production 
temperature 
or reduction 

range

Sasobit Fischer-Tropsch wax Sasol
2.50 wt% of binder 

(Germany); 1.00-1.50 wt% 
of  binder (USA)

EU, USA, 
worldwide (20-30ºC)

Asphaltan A Montan wax Romonta 
GmbH 1.50-2.00 wt% of binder Germany (20-30ºC)

Asphaltan B Montan wax with 
fatty acid amide

Romonta 
GmbH 2.00-4.00 wt% of bitumen Germany (20-30ºC)

Licomont BS 
100 Fatty acid amide Clariant 3.00 wt% of  bitumen Germany (20-30ºC)

Cecabase 
RT Chemical package CECA 0.20-0.40 wt% of  mixture France, USA (30ºC)

Evotherm 
tecnologies Chemical packages Mead 

Westvaco
0.50 wt% of bitumen 

emulsion
EU, USA, 
worldwide 85-115ºC

Rediset
Cationic sufactants 

and organic 
additives

Akzo Nobel 1.50-2.00 wt% of bitumen Norway, USA (30ºC)

Interlow T InterChimic
a 0.30-0.50 wt% of  bitumen Italy 120ºC

Revix

Surface-active 
agent, waxes, 

processing aids, 
polymers

Mathy-
Ergon Not specified USA (15-25ºC)

Asphamin
Water-containing 

technologies using 
zeolites

Eurovia and 
MHI 0.30 wt% of  the mixture Germany, France, 

USA, worldwide (20-30ºC)

Advera
Water-containing 

technologies using 
zeolites

PQ 
corporation 0.25 wt% of  the mixture USA (10-30ºC)

Double 
Barrel 
Green

Water-based 
foaming process Astec

2.00% water by mass of 
bitumen;

anti-stripping agent
USA 116-135ºC

Low Energy 
Asphalt

Hot coarse 
aggregate mixed with 

wet sand
LEACO 3.00% water with fine sand France, Italy, 

Spain, USA <100ºC

Low 
Emission 
Asphalt

Hot coarse 
aggregate mixed with 
wet sand combined 

with chemicals

McConnaug
h-ay 

Tecnologies

3.00% water with fine sand; 
0.40%

bitumen weight
USA 90ºC

LEAB

Direct foam with 
binder additive. 

Mixing of aggregates 
below water boiling 

point

Royal Bam 
Group

0.10% of bitumen weight
of coating and adhesion 

additive
Netherlands 90ºC

LT Asphalt Foam bitumen with 
hydrophilic additive Nynas 0.50-1.00 % by mass of 

bitumen Netherlands, Italy 90ºC

WAM-Foam
Soft binder coating 
followed by foamed 

hard binder

Shell and 
Kolo-

Veidekke

2.00-5.00 % water by mass
of hard binder Worldwide 100-120ºC

Ultrafoam 
GX

Water-based 
foaming process

Gencor 
industries 

1.00-2.00% water by mass 
of bitumen USA Not specified

ORGANIC

CHEMICAL

FOAMING PROCESSES
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2.4 MECHANICAL PERFORMANCE OF WMA 

The WMA technologies have been used to produce different kinds of asphalt mixtures 

such as polymer-modified asphalt, stone mastic asphalt, asphalt incorporating RAP 

and AR mixtures (which is the object of this dissertation) among others. 

In this section, an overview of the general tendency of how the mechanical 

performance can vary compared to a similar HMA is provided for all kinds of mixtures. 

As in the case of HMA, the properties of WMA can change depending on different 

parameters as the type of mixture, the materials used; the testing conditions such as 

temperature and loading characteristics, etc. In the case of WMA, it will also depend on 

the specific technique applied: organic or chemical additives and foaming technologies. 

The following overview includes a summary of the main properties typically evaluated. 

These properties are compared with a control mixture generally used a reference. 

2.4.1 Water sensitivity 

Over the years, asphalt mixtures can suffer a considerable reduction of resistance due 

to the presence of water. This phenomenon is known as water sensitivity, water 

damage or moisture damage, which consists of a loss of mechanical performance due 

to the failure of the binder-aggregate interface or the cohesion within the binder-filler 

mastic (Airey et al. 2008). Also, moisture damage can occur as a consequence of 

rutting and/or cracking development. One of the main concerns about the WMA 

technologies is that, since the aggregates might not dry completely before contacting 

with the binder, there could be water left behind that could lead to water sensitivity. 

In the literature review, some authors have concluded that both HMA and WMA show a 

similar field performance (Kim et al. 2012). It was also observed that the indirect tensile 

strength ratio (ITSR) was the same or better in 67% of the produced WMA as 

compared to HMA when the process incorporated anti-strip additives (NCHRP 2011). 

However, when the anti-strip was not included, ITSR barely improved and showed 

even a decreasing in 79% of the mixtures. Other studies led to similar findings 

(Sanchez-Alonso et al. 2011). Regarding WMA foam mixes it was possible to achieve 

significant improvements in the water sensitivity performance by adding 2% of hydrated 

lime powder as anti-striping agent (Kavussi, Hashemian 2011). 

In general it was observed that WMA mixes show typically lower tensile strength than 

the corresponding HMA evaluated as a reference, therefore, it is recommended to 
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evaluate the water sensitivity on WMA using anti-strip additives when necessary 

(NCHRP 2011) and/or increasing the production temperature slightly (Sanchez-Alonso 

et al. 2011). It also must be taken into account that there are some differences between 

the minimum specified values for ITSR from one country to another. Also, that some 

combinations of binder, aggregate and filler can exhibit greater potential for moisture 

damage than others. 

2.4.2 Stiffness modulus 

It has been reported that synthetic waxes used as organic additives tend to increase 

stiffness at 20ºC (Barbati et al. 2009) of traditional dense-graded asphalt for 

compaction temperatures between 100 and 140ºC. Altough these mixtures were 

produced and compacted at lower temperatures; the stiffness was increased, due to 

the crystallization of the wax additives. 

However, other authors have found different conclusions when mixtures with different 

kind of additives (chemical, organic and zeolite) were studied. For mixtures produced at 

140 and 160ºC all the mixes showed lower stiffness modulus (obtained at 20ºC) than 

HMA used as a reference (Sanchez-Alonso et al. 2011). This study also showed that 

the mixes with the wax additives had higher modulus values than the other types of 

WMA studied. 

Other studies have shown that lowering the manufacturing temperatures of WMA 

mixtures lead to a significant reduction of the stiffness modulus obtained at 45ºC and 

that the effect was negligible when the mixtures were tested at 4ºC (Bennert et al. 

2011). 

When mixtures with 10 to 20% of reclaimed asphalt pavement (RAP) and polymer 

modified bitumen were tested it was concluded that flexural stiffness of WMA with no 

polymer modified bitumen (control mixtures) measured at 25ºC and 10 Hz had a 

significant reduction in various cases while similar mixtures incorporating polymer 

modified bitumen merely showed slight variations under the same testing conditions 

(Jenkins et al. 2011). 

For Stone mastic asphalt (SMA) produced with WMA additives together with 0.2% by 

total weight of fibres and about 6.5% of bitumen (Zaumanis 2010), it was concluded 

that the stiffness modulus depends on the type of additive, compaction method and 
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temperature and that lowering the compaction temperature of WMA to at least 125ºC 

led to a small reduction of stiffness compared to the control HMA. 

When AR mixtures have been studied with additives such as Asphamin and Sasobit, it 

was observed that these additives, despite the reduction in the compaction 

temperatures, did not cause a negative influence on stiffness modulus. 

Hence, the stiffness modulus results depend mainly on the type of mixture and the air 

void contents, among other parameters. 

2.4.3 Resistance to permanent deformation 

Some studies have shown that WMA with Sasobit changed the binder properties at 

high in-service temperatures improving the resistance to rutting (Silva et al. 2010). 

However, foam technologies have shown to be worse than the HMA used as control 

(Zelelew et al. 2011).  

For CRM mixtures with Sasobit and Asphamin it was observed that the difference 

between the control CRM mixture and the AR-WMA mixtures is not statistically 

significant (Akisetty 2008). Furthermore, some mixtures were evaluated on the 

Hamburg wheel-tracking device where specimens are maintained within a water bath 

during wheel passes. These reveal that WMA resistance to rutting was considerably 

worse than that of control mixtures due to moisture damage. It was observed that this 

was likely to occur due to the lower stiffening of the binder throughout the mixing and 

compaction processes. 

It has also been found that the resistance to rutting decreased as production 

temperature was lowered, but this variation was not proportional (Bennert et al. 2011). 

It was also observed that rutting potential depends on the amount of additive and the 

type of WMA technology used, as well as the ageing of the binder and the air void 

contents. 

2.4.4 Resistance to fatigue 

It has been observed that WMA tends to suffer more fatigue damage at lower strain 

levels than the control HMA, as observed in flexural testing carried out at 20ºC and 10 

Hz and that apparently, the WMA studied were less sensitive to the increasing of 
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tensile strain level. Therefore, the use of WMA could be advantageous in heavy duty 

pavements (Diefenderfer, Hearon 2009). 

For WMA mixes with Sasobit compacted at 110ºC, the strain level leading to failure at 

one million loading cycles was decreased 22% as compared to the reference HMA 

compacted at 150ºC (Diefenderfer, Hearon 2009). 

When RAP and polymer modified bitumen have been combined together with WMA 

technologies, there have been some differences regarding the WMA fatigue trends 

(Jenkins et al. 2011). For these kind of mixtures further research was recommended 

regarding the limits of recycled asphalt content and bitumen chemistry. 

Other studies carried out simultaneously in the laboratory and at full-scale have 

concluded that some WMA foam techniques combined with high RAP don’t have 

negative effects regarding the strain induced on the material (David et al. 2011). In this 

study it was stated that these WMA mixtures seemed to carry loads more efficiently 

and thus reduce the in-service strain levels. 

For CRM mixtures, it appears that Sasobit slightly benefits the fatigue performance, 

while Asphamin reduces to some extent fatigue life. However, it was finally concluded 

that the influence of these WMA additives were not statistically significant on the 

fatigue performance of AR-WMA mixtures (Xiao et al. 2009). 

2.4.5 Resistance to low temperature fracture 

Low temperature cracking performance is only of more importance in very cold 

climates. Several studies have evaluated the low temperature cracking performance of 

WMA and it has been generally concluded that, irrespective of the type of technology 

applied to produce the asphalt mixtures, WMA show high performance regarding low 

temperature cracking (Das et al. 2012, Medeiros et al. 2012). However, these 

conclusions were derived from various different parameters which depend on the type 

of testing protocol used in each study. 

Only a minor negative effect was found due to the wax modification (F–T wax and 

Asphaltan B) compared to the control HMA. However at 0ºC, a positive effect on 

fracture properties was found (Das et al. 2012). 
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Studies with waxes and Evotherm performed at -20ºC showed that the mixtures exhibit 

similar or better resistance fracture performance than the HMA control mixture (Min-

Yong et al. 2011). 

2.5 COMPARATIVE COSTS 

Regarding economic savings, the cost reduction will depend on how much the 

production temperature can be lowered, the cost and type of energy used, the 

equipment modification or installation costs, royalties, the cost of material, the additive 

dosage rate, the asphalt plant isolation, etc. Even more, if there is a satisfactory long-

term performance of WMA, greater cost savings could be achieved because of the 

improvement in pavement durability due to less aging of bitumen. Therefore, each case 

should be studied in great detail to attain accurate results. 

On the other hand, there are additional costs when it comes to WMA production 

technologies: plant modifications (if necessary), the cost of the additives (when used), 

technology licensing costs, etc. Therefore, it is necessary to make sure whether the 

decrease in energy consumption will lead to a reduction in the overall costs 

(Chowdhury, Button 2008). 

Based on recent research, Table 2 provides a good overview of the additional costs of 

different WMA technologies. This table shows a comparison of possible additional 

expenses for WMA production. Data comes from various studies that used different 

production plants operating under a wide range of conditions (Chowdhury, Button 

2008). 

Table 2. Additional cost of different WMA technologies 

 

WMA technology Sasobit Asphamin Evotherm WAM-foam
Equipment 
modifications or 
installation costs

$0-$40.000 $0-$40.000 Minimal $30.000-$70.000

Royalties None None None $15.000 1st year; 
$5000/plant/year;$0.30/ton

Cost of material $0.80/lb $0.60/lb 7-10% more than 
asphalt binder NA

Dosage 
recommended

1.5-3.0% by weight 
of binder

0.3% by weight of 
mix

Use in place of 
asphalt binder NA

Approximate cost 
per ton of mix $1.30-$2.60 $3.60 $3.50-$4.00 $0.30
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2.6 CONCLUSIONS OF THE LITERATURE REVIEW 

As was observed from the literature review, there is not a clear tendency of the 

performance of the WMA mixtures as different and contradictory conclusions have 

been reported. 

Concerning the various WMA technologies that have been studied, there is not a 

specific criteria regarding the reason for choosing a certain technology and none of 

them has been studied in great detail. 

Also, for the organic and chemical additives, the kind and amount of additive is different 

in each study reported as well as the kind of asphalt mixtures in which they are added. 

Even more, the benefits (environmental, economic or social) of the WMA technologies 

depends on the one applied and these have not been not accurately quantified. 

In general, it has been observed that the study of the WMA technologies is far from 

complete, especially for the AR mixtures which have hardly been studied although 

these kinds of mixtures significantly need to incorporate this technology to reduce the 

production and placement temperatures. 

Therefore, it would be necessary to further study the WMA technologies and to 

establish consistent conclusions. 

In this dissertation, the organic additives technologies applied to CRM binders and 

mixtures is studied in order to evaluate the effect of WMA additives and to quantify the 

benefits of this specific WMA technology by assessing the environmental impacts of its 

production associated with energy consumption and GHG emissions. 
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CHAPTER 3 

3 MATERIALS AND TEST PROGRAM 

3.1 MATERIALS 
3.1.1 Virgin binder 

The virgin binder used in this study is a 50/70 (50/70 10-1 mm of penetration), which is 

widely used to produce asphalt mixes at conventional temperatures. 

Table 3 summarizes the basic specifications of the virgin binder. 

Table 3. Specifications of the 50/70 bitumen 

 

Penetration grade was assessed according to EN 1426: Determination of needle 

penetration (CEN 2003c), while the Softening Point was measured according to EN 

1427: Bitumen and bituminous binders – Determination of the softening point - Ring 

and Ball method (CEN 2007). The asphalt bitumen was also subjected to a 

fractionation analysis as specified in the NLT 373/94 standard (CEDEX 1999). 

Properties Unit Test results
Penetration (25ºC) 0.1 mm 55.4
Softening point ºC 51.1
Composition Unit Test results
Asphaltenes (%) 13.8
Saturates (%) 9.7
Naphthene-aromatic (%) 48.5
Aromatic-polar (%) 28.0
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3.1.2 Crumb rubber 

The crumb rubber modifier or rubber powder was manufactured by mechanical grinding 

at ambient temperature (50% from truck tyres and 50% from car tyres). To ensure 

consistency, only one batch of crumb rubber was used in this study. The gradation of 

the crumb rubber is presented in Table 4 and the thermogravimetic analysis in Table 5, 

both provided by the supplier. 

Table 4. Gradation of crumb rubber 

 

Table 5. Thermogravimetic analysis of crumb rubber 

 

3.1.3 WMA additives 

The WMA technologies can be classified into three groups: organic additives, chemical 

additives and foaming processes. For this dissertation, just one of these technologies, 

the organic additives, was chosen for the study, in order to undertake a thorough 

research on this specific technology and to be able to evaluate the performance of the 

different existing additives as well as make a comparative study. 

This WMA technology offers promising solutions to the CRM drawbacks thanks to the 

fluidifying properties of these additives which were able to guarantee lower viscosity of 

bitumen at mix production temperatures without affecting bitumen performance at 

pavement service temperatures. To this aim, waxes are suitable thanks to their melting 

and crystallizing properties. 

Sieve (mm) 
(UNE 933-2)

Accumulated 
(%)

2 100
1.5 100
1 100

0.5 94.1
0.25 23.7

0.125 3.7
0.063 0.4

TGA Rubber
Plasticizer + additives (%) 4.67
Polymer (rubber) (%) 57.41
Carbon black (%) 32.22
Ash (%) 6.02
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Several studies have been carried out regarding wax in bitumen, focusing on the 

determination of the wax content (Edward, Isacsson 2005, Lu et al. 2008), the 

crystallization properties (Lu et al. 2005), chemical structure (Lu, Redelius 2006) as 

well as their influence on bitumen and asphalt performance (Chambrion et al. 1996, 

Edwards, Redelius 2003, Petersson et al. 2008). 

Concerning wax performance, several experiences have shown that the presence of 

wax in bitumen can be associated to different side effects which influence pavement 

quality and durability. More specifically, wax melting could affect the rutting resistance 

of the pavement while wax crystallizing can increase mixture stiffness and its sensitivity 

to fatigue and thermal cracking at low temperatures. A univocal definition of the effect 

of wax in the asphalt binder performance cannot be outlined, being strictly dependent 

on the physical and chemical characteristics of the wax. 

In order to achieve optimum production and compaction temperatures comparable to 

those of conventional binders, warm asphalt additives should be chosen on the basis of 

their ability to reduce the viscosity of the blend. Different kinds of waxes proposed and 

commercialized as bitumen flow improvers exist: Montan waxes, F-T waxes and 

functionalized waxes. Montan wax is a combination of non-glyceride long-chain organic 

acids, long-chain alcohols, and other organic compounds with complex structures. 

Montan waxes are obtained from fossilized vegetables by solvent extraction of certain 

types of lignite and brown coal (D’Angelo 2008). F-T waxes are produced by a 

synthesis process and are characterized by a high molecular weight distribution and a 

fine microcrystalline structure at low temperature (D’Angelo 2008). Thanks to this 

smaller crystalline structure, F-T waxes were characterized by a reduced brittleness at 

low temperatures. Finally, functionalized waxes consist of waxy amides obtained by the 

amidation of fatty acids and are characterized by a great assortment in chemical 

structure leading to very different physical properties. 

Thus, different kinds of wax are nowadays available as bitumen modifiers in WMA 

technology and different waxes lead to different effects on bitumen rheology, as well as 

on asphalt mixtures performance and durability, the final result being mainly governed 

by the composition and physical properties of the wax (Merusi, Giuliani 2011, Polacco 

et al. 2012). 

The WMA additives used in this dissertation are: 
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• Sasobit, which is a F-T wax which is produced by treating hot coal with steam in 

the presence of a catalyst. It is a long-chain aliphatic hydrocarbon wax with the 

melting range between 85ºC and 115ºC, high viscosity at lower temperatures 

and low viscosity at higher temperatures (Hirsch 2007, Nölting 2007). 

• Asphaltan A, which is a Montan wax obtained by solvent extraction of certain 

types of lignite or brown coal; its effect on asphalt is similar to that of F-T waxes. 

Asphaltan A melts at 125ºC (Damm et al. 2002, Drüschner 2009). 

• Asphaltan B, which is a refined Montan wax blended with a fatty acid amide. Its 

melting point is between 82 and 95ºC (Hirsch 2007). 

• Licomont BS 100, which is a fatty acid amide; these waxes are manufactured 

synthetically by reacting amines with fatty acids (Hirsch 2007, Wölfe, 

Orlamünder 2007). Licomont BS 100 melts between 141°C and 146°C 

(D’Angelo 2008). In this dissertation from now this additive it will simply be 

named as Licomont. 

 
Figure 2. Different types of waxes: Sasobit, Asphaltan A, Asphaltan B and Licomont 

The study of the binders includes a basic characterization and a rheology analysis of 

27 different blends. 0%, 15% and 20 % by weight of rubber was added to the 50/70 

net bitumen in order to obtain the CRM binders of this research while the dosage rate 

of the WMA additives were 0%, 2% and 4%. 

The binders named as B, B15 and B20 will be referred to as control binders as they 

are the ones without the WMA additives. Even though this dissertation is about CRM 

binders and mixtures, for the basic and rheological characterization, it was decided to 

include the performance of the net bitumen 50/70 with the waxes. 

For the AR-WMA mixtures evaluation it was decided to study only 20% as it was found 

to be more representative for the purpose of this dissertation: is the one who has a 

higher content of rubber, thus this will lead to a higher viscosity of the binder. 
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Besides, it was chosen to study the binders containing the 4% of each additive as they 

were able achieve a lower viscosity and, hence, cause a greater decrease in the 

production temperatures of the mixtures compared to the binders with just 2% of 

additive. 

All the binders and the names that will be referred to hereafter are listed in Table 6. 

Table 6. Binders name and their composition 

 

3.1.4 Aggregates 

The aggregates used to obtain the asphalt mixtures are milonyte, limestone and the 

calcareous filler. The different fractions are reported in Table 7 and the dimensions of 

the sieves are conformed to the EN code regulations. To ensure consistency, the same 

aggregates were used throughout this study. 

Binder name Bitumen / Rubber (%) Additive (%) Additive name
B 100/0 0 -
B+2S 100/0 2 Sasobit
B+4S 100/0 4 Sasobit
B+2AA 100/0 2 Asphaltan A
B+4AA 100/0 4 Asphaltan A
B+2AB 100/0 2 Asphaltan B
B+4AB 100/0 4 Asphaltan B
B+2L 100/0 2 Licomont
B+4L 100/0 4 Licomont
B15 85/15 0 -
B15+2S 85/15 2 Sasobit
B15+4S 85/15 4 Sasobit
B15+2AA 85/15 2 Asphaltan A
B15+4AA 85/15 4 Asphaltan A
B15+2AB 85/15 2 Asphaltan B
B15+4AB 85/15 4 Asphaltan B
B15+2L 85/15 2 Licomont
B15+4L 85/15 4 Licomont
B20 80/20 0 -
B20+2S 80/20 2 Sasobit
B20+4S 80/20 4 Sasobit
B20+2AA 80/20 2 Asphaltan A
B20+4AA 80/20 4 Asphaltan A
B20+2AB 80/20 2 Asphaltan B
B20+4AB 80/20 4 Asphaltan B
B20+2L 80/20 2 Licomont
B20+4L 80/20 4 Licomont
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The grading curve can be observed in Figure 3 and the mylonite (a metamorphic rock) 

and limestone fractions in Figure 4. 

Table 7. Aggregates 

 

 
Figure 3. Grading curve used in the studied mixtures 

 
Figure 4. Mylonite and limestone fractions 

Aggregate Size Passing (%)
Mylonite 8/11 20
Mylonite 4/8 48

Limestone 2/4 18
Limestone 0/2 13

Calcareous filler 1
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3.2 PREPARATION OF CRM BINDERS CONTAINING WMA ADDITIVES 

An oil bath with a maximum temperature of 225ºC, a mixer with a maximum velocity of 

15,000 rpm, fitted with a propeller agitator and a one-litre metal container for mixing 

was used for the preparation of the binders. 

The oil bath has a temperature probe which can be introduced into the mixing 

receptacle, allowing the temperature of the binder to be controlled with a precision of ± 

1 °C. A bitumen sample of 750 g was heated at 140 °C and then placed in the oil bath. 

Additives were carefully blended into the bitumen and the blends were subsequently 

mixed for 15 minutes at 4,000 rpm, ensuring that the additive was properly 

incorporated into the binder. 

The blend was then heated to 185ºC and the crumb rubber was added. 

The mixture was blended for 30 minutes at 2,000 rpm, then for another 30 minutes at 

900 rpm at a constant temperature of 185ºC. Reheating and homogenization were 

carefully carried out at a controlled temperature in order to obtain reproducible results 

(Anderson et al. 2000). 

Special attention was then paid to the thermal history and storage conditions of the test 

samples before testing (1 h at 25 °C ± 0.5 °C), because of their influence on rheological 

measurements (Soenen et al. 2006). Samples were not subjected to artificial ageing 

before testing. 

3.3 EXPERIMENTAL PROGRAM 

The experimental part of this dissertation is divided in three main research phases: 

• Basic characterization of the binders 

• Rheological characterization of the binders 

• Performance evaluation of the mixtures 

Each test program is presented in the corresponding flowcharts that follow. 
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Figure 5. Flowchart for the basic characterization of the binders 

 

 

 

 
Figure 6. Flowchart for the rheological characterization of the binders 

30 



CHAPTER 3: MATERIALS AND TEST PROGRAM 

 
Figure 7. Flowchart for the performance evaluation of the mixtures 

3.4 LIFE CYCLE ASSESSMENT 

To evaluate the potential benefits of using the WMA technologies, a number of field 

trials and studies have been conducted in Europe and the United States of America. 

These have shown that the emissions during the production and lay-out of WMA were 

reduced when compared to HMA (Barthel et al. 2004, Button et al. 2007, D’Angelo 

2008). In these cases, the role of the upstream supply chain related to the production 

of the bitumen, aggregates or additives were not included. To assess the 

environmental impacts associated with all stages of a product´s life from cradle to the 

grave the most common methodology applied is a LCA as it offers a comprehensive 

methodology for examining the net environmental performance of products and 

services. The methods are basically three: process, input-output and hybrid. The most 

commonly employed being the process-based LCA approaches while only a few have 

used input-output based or hybrid LCA (Santero et al. 2011). 

In this dissertation a comprehensive hybrid LCA of the production of WMA with and 

without CRM binders was carried out in order to find out and compare the 

environmental impacts associated with energy consumption and air emissions. This 

study is included in Chapter 7. 
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CHAPTER 4 

4 BASIC CHARACTERIZATION OF THE BINDERS 

4.1 INTRODUCTION 

Initially, the properties of the WMA binders and their respective control binders were 

assessed in order to evaluate the influence of the four different WMA additives (and the 

rubber), to select the optimum amount of additive and to find out the permissible 

practical range for the reduction of the mixing temperatures. 

These properties were evaluated with the following tests: 

• Determination of dynamic viscosity of bituminous binder using a rotating 

spindle apparatus. EN 13302 (CEN 2010a). 

• Determination of needle penetration. EN 1426 (CEN 2003c). 

• Determination of the softening point - Ring and Ball method. EN 1427 (CEN 

2007). 

• Determination of the tensile properties of modified bitumen by the force 
ductility method. EN 13589 (CEN 2008b). 

• Determination of the elastic recovery of modified bitumen. EN 13398 (CEN 

2010b). 

4.2 DYNAMIC VISCOSITY TEST 
4.2.1 Dymamic viscosity comparative for control binders 

In order to evaluate the influence of the four different WMA on the CRM binders 

containing 0%, 15% and 20% of rubber powder, their dynamic viscosities were 
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assessed using a Brookfield rotational viscometer. The viscosity was measured over 

the widest possible temperature range, in order to observe the decrease in viscosity – 

caused by the incorporation of the additive – to be observed at different temperatures. 

The tests were made according to EN 13302:2010. Bitumen and bituminous binders - 

Determination of dynamic viscosity of bituminous binder using a rotating spindle 
apparatus (CEN 2010a). 

 
Figure 8. Dynamic viscosity for control binders 

As can be observed in Figure 8, the addition of 15% and 20% of crumb rubber to the 

50/70 net bitumen increases the viscosity significantly and, consequently, the 

manufacturing and compaction temperatures will increase. This is one of the major 

drawbacks of CRM binders. 

4.2.2 Dymamic viscosity for binders without rubber 

Figure 9 exhibits the influence of Sasobit on the dynamic viscosity of the 50/70 

bitumen. F-T waxes such as Sasobit have fusion points between 85 and 115ºC 

(D’Angelo 2008). It can be seen that beyond 100ºC a change occurs due to the fact 

that, as Sasobit melts, the viscosity decreases. The 4% Sasobit curve remains below 

the 2% curve. 
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Figure 9. Influence of Sasobit on dynamic viscosity of B 

The introduction of the additive Asphaltan A produced a decrease in the viscosity. It 

can be observed in Figure 10 that the change was produced between 110 and 115ºC, 

as the fusion point of this additive is 125ºC (Hirsch 2007, Drüschner 2009). The 4% 

viscosity curve remains slightly below the 2% curve. 

 
Figure 10. Influence of Asphaltan A on dynamic viscosity of B 
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Figure 11. Influence of Asphaltan B on dynamic viscosity of B 

The effect of Licomont on the viscosity of the bitumen (Figure 12) is the same as that 

described in the previous cases; except that the decrease occurred at a higher 

temperature (above 120ºC) as this type of wax has a higher fusion point (Hirsch 2007, 

Wölfe, Orlamünder 2007). 

 
Figure 12. Influence of Licomont on dynamic viscosity of B 
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potential to reduce the mixing and compaction temperatures of asphalt rubber hot 

mixes. 

The viscosity of the CRM binder containing Sasobit (Figure 13) decreases in proportion 

to the quantity of the additive. The viscosity is lowest when the Sasobit content is 4%. 

In the case of Asphaltan A (Figure 14), the viscosity decreases considerably, even 

more so when 4% of this wax is added. 

 
Figure 13. Influence of Sasobit on dynamic viscosity of B15 
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Figure 14. Influence of Asphaltan A on dynamic viscosity of B15 

In the same way, a decrease in viscosity of the bitumen can be observed with the 

addition of the Asphaltan B (Figure 15); the viscosity is lowest with 4% of this additive. 

 
Figure 15. Influence of Asphaltan B on dynamic viscosity of B15 

The Licomont additive (Figure 16) also reduces viscosity considerably when 4% of this 

additive is incorporated into the bitumen; the addition of 2% produces a much less 

pronounced effect. 

 
Figure 16. Influence of Licomont on dynamic viscosity of B15 
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4.2.4 Dymamic viscosity for 20% CRM binders 

As can be observed in Figure 17, Figure 18, Figure 19 and Figure 20, all of the 

additives produced a decrease in the viscosity of the 20% CRM binder proportionate to 

the amount of additive, indicating that each has the potential to reduce the 

manufacturing temperatures of CRM binders. 

 
Figure 17. Influence of Sasobit on dynamic viscosity of B20 

 
Figure 18. Influence of Asphaltan A on dynamic viscosity of B20 
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Figure 19. Influence of Asphaltan B on dynamic viscosity of B20 

 
Figure 20. Influence of Licomont on dynamic viscosity of B20 
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of the bitumen is close to 180 cP (mPa.s), which is reached at a temperature of 

approximately 170ºC (Bahia, Anderos 1993). For a 50/70 bitumen with 15% rubber, the 

ideal viscosity is around 1,500 cP (mPa.s) and for bitumen with 20% rubber is around 

2,800 cP (mPa.s), both attainable at around 180ºC. In every case, the addition of 4% of 

each additive causes a greater decrease in the manufacturing temperature of the 

bituminous mixtures than that produced by adding only 2%. 

As it can be seen in Figure 21, for a bitumen without rubber, the additive which most 

successfully reduces the manufacturing temperature is the 4% Sasobit, which reduces 

the temperature by 25ºC, followed by the 4% Asphaltan A. 

 
Figure 21. Theoretical attainable temperature decrease for mixes with B 

For B15, the additive which produces the greatest reduction in manufacturing 

temperature is the 4% Asphaltan A, reducing the temperature by some 18ºC, followed 

by the 4% Licomont and the 4% Asphaltan B, as it can be seen in Figure 22. 

 
Figure 22. Theoretical attainable temperature decrease for mixes with B15 
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For B20, the addition of 4% of each additive causes a greater decrease in the 

production temperature of the bituminous mixtures than that produced by adding only 

2%. The additive which produces the greatest reduction in manufacturing temperature 

is the 4% Sasobit, which reduces the temperature by around 30ºC, followed by the 4% 

Asphaltan B and the 4% Asphaltan A, as it can be seen in Figure 23. 

 
Figure 23. Theoretical attainable temperature decrease for mixes with B20 
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Figure 24. Influence of additives on softening point of B 

 
Figure 25. Influence of additives on softening point of B15 

 
Figure 26. Influence of additives on softening point of B20 
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additives. Thus, the rubber and each of the additives studied here act as stabilisers, 

improving the resistance of the bituminous mixtures to plastic deformation. 

This increase in the softening temperature is in keeping with the fact that the waxes 

used in this study have fusion temperatures higher than 90ºC, meaning that at lower 

temperatures not only do they not fluidify the binder, but instead help to stiffen it. 

It can also be observed that in all the cases, the additive which demonstrated the 

highest softening point is the Licomont, followed by the Asphaltan A, Asphaltan B and 

Sasobit. 

4.4 NEEDLE PENETRATION TEST 

The penetration test establishes the consistency of the bitumen at 25ºC by means of 

an indentation test. The test was based on the EN 1426 standard (Bitumen and 

bituminous binders – Determination of needle penetration) (CEN 2003c). 

The results of the ring and ball test are summarized in Figure 27, Figure 28 and Figure 

29. 

 
Figure 27. Influence of additives on penetration of B 
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Figure 28. Influence of additives on penetration of B15 

 
Figure 29. Influence of additives on penetration of B20 
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must be stretched in a ductilometer at a specific test temperature and at a consistent 

speed until it breaks or until it reaches 1,333% elongation (400 mm). The test was 

carried out at 25ºC. 

The force-ductility test values are expressed as the difference between the 

conventional energy measured at specific elongation points (0.2 m and 0.4 m). In the 

case of CRM binders, the bitumen breaks before reaching these lengths. Thus, in order 

to compare the results in a homogenous manner, the conventional energy was 

measured at 50 mm. The results are shown in Figure 30, Figure 31 and Figure 32. 

 
Figure 30. Influence of additives on ductility of B 

 
Figure 31. Influence of additives on ductility of B15 
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Figure 32. Influence of additives on ductility of B 20 
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Figure 33, Figure 34 and Figure 35. 
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Figure 33. Influence of additives on elastic recovery of B 

 
Figure 34. Influence of additives on elastic recovery of B15 

 
Figure 35. Influence of additives on elastic recovery of B20 
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4.7 CONCLUSIONS 

All the WMA additives were able to reduce the viscosity of the control binders. The 

addition of 4% of any one of the additives produced a greater decrease in viscosity 

than when 2% of the wax was added. 

Also, a theoretical reduction of the manufacturing temperatures could be achieved by 

adding the WMA additives. 

For all the binders studied, the incorporation of the WMA additives (and the rubber) 

caused the penetration to decrease and the softening temperatures to increase. This is 

in keeping with the fact that the fusion temperatures of the waxes are higher than the 

temperature at which the penetration and softening point tests were conducted. 

It was also observed that at lower temperatures the waxes stiffened the binders and 

that the higher the additive content, the higher the softening point and the lower the 

results of the penetration test. 

Although it was observed that the incorporation of the rubber notably increased the 

percentage of elastic recovery of the bitumen, it was not possible to clearly establish 

the effect of the organic additives, as it appeared to be insignificant in all cases. 

Besides, the ductility test at 25ºC does not seem to be reliable, as the heterogeneity 

caused by the rubber particles in suspension in the binder produces premature 

breakage, preventing the test to proceed normally. 
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CHAPTER 5 

5 RHEOLOGICAL CHARACTERIZATION OF THE 
BINDERS 

This part of the dissertation was performed at the Università degli Studi di Parma in 

Italy, in the Dipartimento di Ingegneria Civile, dell'Ambiente, del Territorio e 

Architettura. This university has particular experience in the rheological 

characterization of binders. 

5.1 INTRODUCTION 

In the basic characterization of the binders a significant reduction in the viscosity was 

observed when the waxes were added. Therefore, it was established that a significant 

reduction in the production and compaction temperatures of the mixtures could be 

achieved. However, the effect of the WMA additives was not clearly established. Even 

more, the tests performed did not provide enough information about the behaviour of 

the different binders at different temperatures. Therefore, it was considered necessary 

to further study the binders selected in this dissertation. 

In this chapter, an exhaustive description of the rheology and of the mechanical 

behaviour of the binders at low, intermediate and high temperatures was made with the 

following rheometers: 

• Bending Beam Rheometer (BBR) 

• Dynamic Shear Rheometer (DSR) 
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The BBR was used to study the creep behaviour and the stiffness at low temperatures. 

The tests were performed at three different temperatures:-30°C, -20°C, -10°C and the 

stiffness and the m –values at 60 seconds were defined as demanded from the SHRP 

program and the EN 14771:2012 (CEN 2012c). 

The rheology was investigated using the DSR obtaining the complex modulus and 

phase angle and the consequent analyses. In order to obtain a more detailed 

description of the binders behaviour, the selected temperature range was between 

10°C and 80°C, which is a wider temperature range compared to the standard 

temperatures required by the code regulation. 

The methodology of the BBR test consists in the application of a constant load in the 

middle of the beam for a period time of 240 seconds; the deflections are continuously 

recorded at intervals of 0.5 s. 

The moulds are made up with three rectangular aluminium bars and two rubber rings in 

order to close the terminal parts. The dimensions of the beams are standard: 102.5 mm 

in length, 12.5 mm in width and 6.25 mm in thickness. 

After the calibration of the instrument, a pre-load of 35 mN is applied at zero time to 

guarantee the contact between the load point and the beam; the constant load of 930 

mN is then applied for 240 s during the effective test phase. Figure 36 shows the BBR 

equipment. 

 
Figure 36. BBR equipment 

The DSR test methodology is more complex than the BBR test and this is due to the 

wider investigation on blends behaviour allowed by the test machine. 
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A parallel plates testing geometry was selected and the tests were performed on two 

different specimens for each blend in function of the test temperature: from -10°C up to 

20°C for the lower temperatures tests were done on 8 mm diameter specimens, while 

for the higher ones, from 30°C to 80°C, 25 mm diameter specimens were tested. 

Figure 37 illustrates the DSR equipment. 

 
Figure 37. DSR equipment 

The specimens were placed on the bottom plate, squeezed out between the two plates 

and trimmed off from the edge of the plates using a hot spatula; once these operations 

were carried out, the 2 mm gap was set as required, in order to guarantee the correct 

geometry of each sample. The two plate’s geometries are shown in Figure 38. 

 
Figure 38. 8 mm and 25 mm samples 

Frequency and stress sweep tests were performed. Frequency sweep tests consists 

of a repeated test on the same specimen keeping the temperature constant and the 

shear stress applied for an increasing angular frequency from 1rad/s up to 100 rad/s. 
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The temperature and the shear stress remain constant during the test and before each 

repetition the temperature is increased by 10°C and the shear stress is set to the 

corresponding value. 

In order to obtain significant results, the tests must be done for shear stress values 

which belong to the linear behaviour region and this is usually guaranteed by fixing the 

shear stress value equal to half of the linear/non linear limit corresponding value. 

Stress sweep tests were done maintaining a constant temperature and frequencies 

and increasing the shear stress applied: on the 25 mm diameter specimen the test was 

done at a temperature of 40°C for the standard angular frequency of 10 rad/s. The 

range for the shear stress is 40-40,000 Pa. Temperature of 10°C and angular 

frequency of 10 rad/s and 1 rad/s were fixed for the tests on the 8 mm diameter 

specimen and the range for the shear stress was 103-106 Pa. 

The final test results allow the obtainment of the Black curves, the shear stress values 

corresponding to linear region limit and the complex modulus G* and phase angle δ 

values for the angular frequency of 10 rad/s, which are the standard value required by 

the code regulations. Creep tests were also carried out. 

The creep tests consist of the application of a constant stress to the specimens and 

the resulting strains are thereafter monitored: the tests were done at temperatures of 

40°C and 60°C and the shear stress applied was varied from 100 Pa to 10,000 Pa by 

doubling the values from one test to the next. The test set was divided in two phases: a 

creep phase with duration of 10 seconds and a recovery phase with duration of 60 

seconds. The latter was imposed with the aim to evaluate the delayed elastic recovery. 

From these creep tests the elastic recovery can be evaluated. 

5.2 LOW TEMPERATURE STIFFNESS 
5.2.1 Low temperature properties 

The low temperature performance of the binders – their propensity to thermal 
cracking at low temperatures – was evaluated using the BBR test. The EN 

14771:2012 standard Bitumen and bituminous binders - Determination of the flexural 

creep stiffness - Bending Beam Rheometer (BBR) was applied for this test (CEN 

2012c). The tests were carried out at different temperatures (-30ºC, -20ºC and -10ºC) 

and the creep stiffness and creep rate were evaluated. Three independent 

replications were made for each blend. 
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If creep stiffness is too high, the binder will behave in a brittle manner and cracking 

will be more likely to occur. In the Superior Performing Asphalt Pavements (Superpave) 

binder specification, the rate at which the binder stiffness changes with creep load at 

low temperatures is controlled using the m-value. The m-value reflects the changing 

rate of the stiffness modulus with time. When it decreases, the rate of stress relaxation 

and the ability to relieve those thermal stresses by flow also decrease. A high m-value 

is desirable because this means that as the temperature changes and thermal stresses 

accumulate, the stiffness will change relatively fast. And a relatively fast change in 

stiffness means that the binder will tend to shed stresses that would otherwise build up 

to a level where low temperature cracking would occur.  

Therefore, binders with a lower stiffness modulus and a higher creep rate offer better 

low temperature performances. 

5.2.2 Creep stiffness 
5.2.2.1 Creep stiffness comparative for control binders 

In Figure 39 it can be observed that at -30ºC, the addition of rubber considerably 

improved the low temperature behaviour of the binder as the stiffness is much lower. 

This also happens at -20ºC and at -10ºC this effect is less pronounced. 

 
Figure 39. Creep stiffness for control binders 
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5.2.2.2 Creep stiffness for binders without rubber 

In Figure 40 it can be observed the stiffness of the control binder is increased in 

proportion to the content of Sasobit. 

Besides, In Figure 41 and Figure 42, it can be noticed that Asphaltan A and Asphaltan 

increased the creep stiffness of the base bitumen. 

In Figure 43 the influence of Licomont can be observed: when 4% of this wax is added, 

the creep stiffness increases notably. 

 
Figure 40. Influence of Sasobit on creep stiffness of B 

 
Figure 41. Influence of Asphaltan A on creep stiffness of B 
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Figure 42. Influence of Asphaltan B on creep stiffness of B 

 
Figure 43. Influence of Licomont on creep stiffness of B 

In Figure 44 the creep stiffness of the binders containing 4% of the waxes studied and 

the respective control binder B are plotted together so they can be compared. It can be 

observed that all of them show a very similar trend. Only at -30ºC the difference is 

more remarkable, Asphaltan B being the additive less increases the stiffness and 

Licomont being the one with the highest creep stiffness value. At -20ºC and -10ºC, the 

additive which stiffened the control binder the most was Sasobit and the additive which 
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Figure 44. Creep stiffness comparative for binders without rubber 

5.2.2.3 Creep stiffness for 15% CRM binders 

In Figure 52 it can be observed that for binders with 15% of rubber, Sasobit increases 

the stiffness, especially when 4% is added. At -30ºC, the addition of 2% of Sasobit 

seems not to be relevant. 

In Figure 46 it can be noticed that adding a 4% of Asphaltan A increases significantly 

compared to a 2% rate of additive. The addition of Asphaltan B increases the creep 

stiffness proportionally as can be seen in Figure 47. In Figure 48 the notable influence 

in the increase of stiffness by adding Licomont may be observed. 

 
Figure 45. Influence of Sasobit on creep stiffness of B15 
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Figure 46. Influence of Asphaltan A on creep stiffness of B15 

 

 

 
Figure 47. Influence of Asphaltan B on creep stiffness of B15 
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Figure 48. Influence of Licomont on creep stiffness of B15 

In Figure 49 the creep stiffness of the B15 binders are plotted together. For all the 

temperatures, Licomont is the additive which stiffened the control binder B15 the most. 

While at -30ºC, the wax which stiffened the least was Sasobit and at -20ºC and -10ºC 

was Asphaltan B. 

 
Figure 49. Creep stiffness comparative for 15% CRM binders 
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5.2.2.4 Creep stiffness for 20% CRM binders 

From Figure 50 to Figure 53 the influence of each additive can be seen. For all four 

WMA additives, as the dosage rate increases, the stiffness also increases. This 

difference is much more remarkable at -30ºC and less relevant at -10ºC. 

 
Figure 50. Influence of Sasobit on creep stiffness of B20 

 
Figure 51. Influence of Asphaltan A on creep stiffness of B20 
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Figure 52. Influence of Asphaltan B on creep stiffness of B20 

 
Figure 53. Influence of Licomont on creep stiffness of B20 
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Figure 54. Creep stiffness comparative for 20% CRM binders 

For all of the binders studied, the effect of the WMA additives was the same: as the 

additive content increased, the creep stiffness increased; therefore, thermal cracking is 

more likely to occur, as thermal shrinkage causes greater thermal stresses to develop 

in the pavement. Therefore, it appears that the additives tested in this study worsened 

the characteristics of the binder at low temperatures. However, as the rubber content 

increased, the stiffness of the binders prominently decreased. Hence, as it can be seen 

in Figure 55 and Figure 56, the 15% and 20% CRM binders still have a lower stiffness 

compared to the conventional binders without rubber and, consequently, the mixtures 

containing these binders will have a better performance at low temperatures. 

 
Figure 55. Creep stiffness comparative for binders without rubber and 15% CRM binders 
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Figure 56. Creep stiffness comparative for binders without rubber and 20% CRM binders 

5.2.3 Creep rate 

5.2.3.1 Creep rate comparative for control binders 

In Figure 57 the creep rates of the control binder are presented together. At -30ºC, B20 

has a higher creep rate than B and B15. At -20ºC, B15 and B20 have a similar value. 

And at -10ºC, B has the higher m-value compared to the other control binders. 

 
Figure 57. Creep rate for control binders 
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5.2.3.1 Creep rate for binders without rubber 

As it can be seen from Figure 58 to Figure 61, the addition of the waxes decreased the 

creep rate. 

 
Figure 58. Influence of Sasobit on creep rate of B 

 

 
Figure 59. Influence of Asphaltan A on creep rate of B 
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Figure 60. Influence of Asphaltan B on creep rate of B 

 

 
Figure 61. Influence of Licomont on creep rate of B 
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respective control binder B are plotted together. At -30ºC, Asphaltan A has the the 
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additive with the lowest m-value and Licomont the one with the highest creep rate. At -

10ºC the difference is more remarkable. 
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Figure 62. Creep rate comparative for binders without rubber 

5.2.3.2 Creep rate for 15% CRM binders 

In Figure 63, Figure 64, Figure 65 and Figure 66 it may be observed that the addition of 

the waxes decreased significantly the creep rate. 

 
Figure 63. Influence of Sasobit on creep rate of B15 
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Figure 64. Influence of Asphaltan A on creep rate of B15 

 

 
Figure 65. Influence of Asphaltan B on creep rate of B15 
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Figure 66. Influence of Licomont on creep rate of B15 

In Figure 67 it can be seen that at -30ºC, Asphaltan has the lowest creep rate and 

Asphaltan B the one with the highest. At -20ºC and -10ºC the additive which decreases 

the most the m-value is Sasobit. And the additives that increased the most the creep 

rate were Asphaltan B and Asphaltan A. 

 

Figure 67. Creep rate comparative for 15% CRM binders 
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5.2.3.3 Creep rate for 20% CRM binders 

As it can be seen from Figure 68 to Figure 71, the m-value of the control binder B20 is 

higher than that of any of the CRM binders with an additive and decreases as the 

additive content increases. At -30ºC, the additive with the highest m-value is Asphaltan 

B and at -20ºC and -10ºC is Sasobit. At -30ºC, -20ºC and -10ºC the additive with the 

lowest m-value are Asphaltan A, Licomont and Asphaltan B respectively. 

 
Figure 68. Influence of Sasobit on creep rate of B20 

 
Figure 69. Influence of Asphaltan A on creep rate of B20 

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

-40 -30 -20 -10 0

m
-v

al
ue

Temperature (ºC)

B20

B20+2S

B20+4S

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

-40 -30 -20 -10 0

m
-v

al
ue

Temperature (ºC)

B20

B20+2AA

B20+4AA

70 



CHAPTER 5: RHEOLOGICAL CHARACTERIZATION OF THE BINDERS 

 
Figure 70. Influence of Asphaltan B on creep rate of B20 

 
Figure 71. Influence of Licomont on creep rate of B20 

For all of the binders studied, the effect of the WMA additives was the same: they 

decreased the creep rate of the respective control binder. As the additive content 

increased, the m-value decreased. 

Figure 72 it can be seen the additives with the lowest creep rate at -30ºC, -20ºC and -

10ºC, are Asphaltan A, Licomont and Asphaltan B, respectively. And the ones with the 

highest creep rate are Asphaltan B and Sasobit. 
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Figure 72. Creep rate comparative for 20% CRM binders 

The m-value reflects the changing rate of the stiffness modulus with time. When it 

decreases, the rate of stress relaxation and the ability to relieve those thermal stresses 

by flow also decrease. Therefore, it appears that the additives tested in this study 

worsened the characteristics of the binder at low temperatures. 

As it can be seen in Figure 73 and Figure 74, for all the test temperatures, the 15% and 

20% CRM binders have a lower creep rates compared to the control binder B. Only at -

30ºC the binders present have a higher m-value compared to the binders without 

rubber that contains the WMA additives. 

 
Figure 73. Creep rate comparative for binders without rubber and 15% CRM binders 
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Figure 74. Creep rate comparative for binders without rubber and 20% CRM binders 

Therefore, when taking into account the creep rate, the CRM binders have a worse 

performance compared to conventional binders without rubber. However, to evaluate 

the binders’ performance both creep stiffness and creep rate must be taken into 

account together. 

An indicator of the low temperature behaviour of a binder called λ factor must be 

calculated as it considers both the stiffness and the capacity of a binder to relax 

thermal stresses. The higher the λ factor, the better the behaviour of the binder at low 

temperatures. The results are presented in the following section. 

5.2.4 Analysis of λ factor 

It can be difficult to determine which material exhibits the best low temperature 

behaviour simply by considering the values of creep stiffness S and creep rate m. 

For this reason, the λ factor (λ = m/S), which represents the relationship between low 

temperature rheological performance parameters of asphalt binders (Liu et al. 2010), 

has been calculated for each binder. In Table 8, the values of the λ factor may be 

observed. 

The higher the λ factor, the better the low temperature performance is, and therefore, 

the better the cracking resistance of the binder. It can be observed that all the additives 

decrease the λ factor with respect to the control binders B, B15 and B20. 
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Table 8. Value of λ factor at low temperatures 

 

As for binders without rubber, at -20ºC and -30ºC, the binder with the best low 

temperature performance is the 2% Licomont, and at -10ºC, the 2% Asphaltan A. 

Taking into account only the binders with 4% additive content, the binders with the 

highest λ factor at -30 are Sasobit and Asphaltan B and at -20ºC and -10ºC is 

Licomont. The binder with the worst low temperature properties, at -30ºC appears to be 

the 4% Asphaltan A and at -20ºC and -10ºC the 4% Sasobit. 

For the 15% CRM binders, at -30 and -10ºC, the binder with the best low temperature 

performance is the 2% of Sasobit, and at -20ºC, the 2% of Asphaltan B. Taking into 

account only the binders with 4% additive content, the binders with the highest λ factor 

at -30ºC, -20ºC and -10ºC, are Sasobit, Licomont and Asphaltan A respectively. The 

binder with the worst low temperature properties, at -30ºC appears to be the 4% 

Asphaltan A and at -20ºC and -10ºC will be the 4% Licomont. 

Binder -30ºC -20ºC -10ºC
B 0.23 0.97 4.89
B+2S 0.19 0.76 3.30
B+4S 0.17 0.57 2.11
B+2AA 0.18 0.79 3.83
B+4AA 0.14 0.62 2.67
B+2AB 0.20 0.75 3.05
B+4AB 0.17 0.63 2.76
B+2L 0.20 0.83 3.81
B+4L 0.15 0.68 3.07
B15 0.45 1.66 6.35
B15+2S 0.44 1.38 5.30
B15+4S 0.37 1.06 3.55
B15+2AA 0.40 1.38 4.96
B15+4AA 0.32 1.14 3.79
B15+2AB 0.39 1.44 5.18
B15+4AB 0.37 1.21 3.72
B15+2L 0.38 1.14 4.14
B15+4L 0.34 1.01 3.49
B20 0.62 1.97 6.92
B20+2S 0.50 1.55 5.05
B20+4S 0.41 1.24 4.47
B20+2AA 0.53 1.36 4.83
B20+4AA 0.39 1.06 3.85
B20+2AB 0.55 1.75 4.95
B20+4AB 0.45 1.40 4.04
B20+2L 0.54 1.52 6.62
B20+4L 0.41 1.09 3.86

74 



CHAPTER 5: RHEOLOGICAL CHARACTERIZATION OF THE BINDERS 

For the 20% CRM binders, at -20 and -30ºC, the binder with the best low temperature 

performance is the 2% Asphaltan B, and at -10ºC, the 2% Licomont. Taking into 

account only the binders with 4% additive content, the binder with the highest λ factor 

at -30 and -20ºC is Asphaltan B and at -10ºC, Sasobit. The binder with the worst low 

temperature properties, therefore is most likely to exhibit thermal cracking, appears to 

be the 4% Asphaltan A. 

It can also be observed that at test temperatures -30ºC and -20ºC, all of the 15% and 

20% CRM binders present a better behaviour as the λ factor is higher compared to the 

control binder B, meaning that the mixtures containing these binders will have a better 

performance at low temperatures compared to a conventional mixture as they will be 

less prone to cracking. 
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5.3 HIGH AND INTERMEDIATE TEMPERATURE 
5.3.1 Linear viscoelastic properties 

All binders show viscoelastic properties which closely depend on the applied 

temperatures and frequencies, meaning that changing the methodology of the test, it is 

possible to obtain different information about rheological properties. 

Frequency sweeps performed at different temperatures provide information about the 

trend of the complex modulus and the phase angle in function of frequency: they are 

dynamic tests which consist in the application of a fixed shear stress at a constant 

temperature while the angular frequency changes between 1 and 100 rad/s. The shear 

stress applied depends on the test temperature and must belong to the linear region for 

the analysed binder: in order to obtain significant results, shear stress defined in 

literature for similar tests were assumed. The chosen couple test temperature – shear 

stress are listed in Table 9, and they were kept the same for all the binders. 

Table 9. Temperature / shear stress couple 

 

The change of the plate’s geometry, from 8 mm diameter to 25 mm diameter, was done 

between 20°C and 30°C, as recommended in literature, in order to obtain results which 

best fit the real trend (Airey 2002). 

The curves of both complex modulus G* and phase angle 𝛿𝛿 versus the angular 

frequency were obtained for all the binders at all tested temperatures and the data 

were used to obtain frequency dependence curves, black curves and master curves as 

can be seen in the following sections. 

Test Tª Shear Stress
(ºC) (Pa)
-10 40000
0 20000
10 10000
20 5000
30 2000
40 1000
50 500
60 200
70 100
80 50
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5.3.2 Frequency dependence 
5.3.2.1 Frequency dependence comparative for control binders 

Figure 86 shows that the addition of rubber to the net bitumen increases complex 

modulus G*, consequently, the stiffness of the binders is increased. Also, the phase 

angle values are decreased, as the addition of rubber increases the elasticity of the 

binders. The reference temperature is 60°C. 

 
Figure 75. Frequency dependence comparative for control binders 

5.3.2.2 Frequency dependence for binders without rubber 

Figure 76, Figure 77, Figure 78 and Figure 79 shows the influence of each WMA 

additive with increasing contents on frequency dependence for B. Both complex 

modulus G* and phase angle 𝛿𝛿 are plotted at the reference temperature 60°C. 
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Figure 76. Influence of Sasobit on frequency dependence of B 

 

 
Figure 77. Influence of Asphaltan A on frequency dependence of B 
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Figure 78. Influence of Asphaltan B on frequency dependence of B 

 

 
Figure 79. Influence of Licomont on frequency dependence of B 

As may be seen, the addition of the waxes caused an increase in complex modulus, 

thus, the stiffness increased. The WMA additives also lowered the phase angle and, 
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therefore, increased the elasticity of the binders, which is good for resisting permanent 

deformations. 

In Figure 80, the complex modulus and the phase angle of the binders containing 4% 

of the waxes studied and its respective control binder B, are plotted together. The 

additive that leads to a highest complex modulus is Sasobit while Licomont is the one 

with the lowest. So, among others, Sasobit, is the wax which increases the stiffness the 

most. Also, Sasobit is the additive with the lowest phase angle, consequently, the one 

which increases the elasticity the most, followed by Asphaltan A. 

 
Figure 80. Frequency dependence comparative for binders without rubber 

5.3.2.3 Frequency dependence for 15% CRM binders 

Both complex modulus G* and phase angle 𝛿𝛿 are plotted at the reference temperature 

30°C in Figure 81, Figure 82, Figure 83 and Figure 84, where the influence on 

frequency dependence of B15 of each WMA additive with increasing contents can be 

seen. 
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Figure 81. Influence of Sasobit on frequency dependence of B15 

 

 
Figure 82. Influence of Asphaltan A on frequency dependence of B15 
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Figure 83. Influence of Asphaltan B on frequency dependence of B15 

 

 
Figure 84. Influence of Licomont on frequency dependence of B15 
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As may be seen, all the additives studied increased the complex modulus, thus, all of 

them increased the stiffness of the control binder B15. The waxes also lowered the 

phase angle, thus, increased significantly the elasticity. 

In Figure 85 the complex modulus and the phase angle of the binders containing 15% 

of rubber and 4% of the waxes studied are plotted together so they can be compared. 

The additive that leads to a highest complex modulus and, therefore, the stiffness, is 

Sasobit, while Asphaltan A is the additive which has less effect. Sasobit and Asphaltan 

B are the waxes that lead to the lowest phase angle; consequently, they are the ones 

which increase the elasticity the most. 

 
Figure 85. Frequency dependence comparative for 15% CRM binders 

5.3.2.4 Frequency dependence for 20% CRM binders 

The frequency dependence for 20% CRM binders can be observed in Figure 86, Figure 

86, Figure 87 and Figure 89. The reference temperature is 30°C. 

0

10

20

30

40

50

60

70

80

90

0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

2.5E+06

3.0E+06

3.5E+06

4.0E+06

4.5E+06

5.0E+06

1 10 100

Ph
as

e 
an

gl
e 

-δ
-[

de
g]

C
om

pl
ex

 M
od

ul
us

 -
G

* -
[P

a]

Angular Frequency - ω
[rad/s]

B15 Complex Modulus B15+4S Complex Modulus B15+4AA Complex Modulus B15+4AB Complex Modulus B15+4L Complex Modulus

B15 Phase Angle B15+4S Phase Angle B15+4AA Phase Angle B15+4AB Phase Angle B15+4L Phase Angle

83 



CHAPTER 5: RHEOLOGICAL CHARACTERIZATION OF THE BINDERS 

 
Figure 86. Influence of Sasobit on frequency dependence of B20 

 

 
Figure 87. Influence of Asphaltan A on frequency dependence of B20 
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Figure 88. Influence of Asphaltan B on frequency dependence of B20 

 

 

Figure 89. Influence of Licomont on frequency dependence of B20 

0

10

20

30

40

50

60

70

80

90

0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

2.5E+06

3.0E+06

3.5E+06

4.0E+06

4.5E+06

5.0E+06

1 10 100

Ph
as

e 
an

gl
e 

-δ
-[

de
g]

C
om

pl
ex

 M
od

ul
us

 -
G

* -
[P

a]

Angular Frequency - ω
[rad/s]

B20 Complex Modulus B20+2AB Complex Modulus B20+4AB Complex Modulus
B20 Phase Angle B20+2AB Phase Angle B20+4AB Phase Angle

0

10

20

30

40

50

60

70

80

90

0.0E+00

5.0E+05

1.0E+06

1.5E+06

2.0E+06

2.5E+06

3.0E+06

3.5E+06

4.0E+06

4.5E+06

5.0E+06

1 10 100

Ph
as

e 
an

gl
e 

-δ
-[

de
g]

C
om

pl
ex

 M
od

ul
us

 -
G

* -
[P

a]

Angular Frequency - ω
[rad/s]

B20 Complex Modulus B20+2L Complex Modulus B20+4L Complex Modulus
B20 Phase Angle B20+2L Phase Angle B20+4L Phase Angle

85 



CHAPTER 5: RHEOLOGICAL CHARACTERIZATION OF THE BINDERS 

In the case of the 20% CRM binders, the waxes also increased the complex modulus, 

consequently, the stiffness, and they also lead to a lower phase angle, increasing the 

elasticity of the binders. 

In Figure 90 it can be observed a comparative of the effect of all the additives studied. 

The waxes that increased the stiffness and the elasticity the most were Sasobit 

followed by Asphaltan A. 

 
Figure 90. Frequency dependence comparative for 20% CRM binders 

For all of the binders studied, the effect of the WMA additives was the same: they 

increased the complex modulus G* and decreased the phase angle of the respective 

control binder. This means that the mixtures containing the additives will have an 

increased stiffness and elasticity. 

On the other hand, as the amount of rubber increased, the stiffness and the elasticity of 

the binders increased. Therefore, the pavements containing the binders with rubber 

and any of the additives studied will increase notably their stiffness and elasticity, 

hence, their resistance to permanent deformation. 

For a comparative overview the binders without rubber and the CRM binders where 

were plotted together as can be observed in Figure 91 and Figure 92. It can be 

observed that the addition of rubber and the waxes considerably increased both 

stiffness and elasticity. 
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Figure 91. Frequency dependence comparative for binders without rubber and 20% CRM 

binders 

 

 

 
Figure 92. Frequency dependence comparative for binders without rubber and 20% CRM 

binders 
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5.3.3 Black curves 

As previously mentioned, complex modulus and phase angle data obtained from 

frequency sweeps depend on frequency and temperature and they can be plotted in 

function of frequency at a fixed temperature. In order to eliminate the rheological data 

dependence from temperature and frequency, all the couple complex modulus - phase 

angle can be plotted in Black diagrams. In this way, the rheological behaviour of the 

materials for the defined range of test temperature and frequency can be summarized 

in a single diagram in order to attain a preliminary evaluation of the rheological 

behaviour in the extended domain of time and temperature. 

A Black diagram is a graph of the norm of the complex modulus G* versus the phase 

angle δ. Black curves are also useful indicators regarding the effectiveness of the time-

temperature superposition principle (TTSP) on the materials under study: if the curve 

appears to be smooth and without disjointed parts the TTSP can be applied. 

The TTSP gives equivalence between temperature and frequency and allows the 

construction of a representative curve for the material for a wider frequency range. This 

is called master curve and it will be further described in the following section. 

The TTSP implies that the rheological data obtained at higher and lower temperatures 

can be equated simply and graphically with lower and higher frequency respectively, 

meaning that data obtained by frequency sweeps can be used to plot a single curve at 

a reference temperature for an extended frequency range through shift factors. 

Materials which verify the TTSP principle are called “thermo-rheologically simple” 

(Airey 2002). 

The methodology of application of the TTSP and the construction of the master curves 

for all the binders are described in the following section, but it was estimated necessary 

to enunciate the TTSP principle because Black curves allow, without any data 

manipulations, the understanding of the thermo-rheologically simplicity of the materials 

and the consequent possible construction of master curves. 

As previously said, a smooth black curve indicates the time – temperature equivalency: 

base bitumen can be usually considered “thermo-rheologically simple” and the curve 

should not show any disjointed features. If the curve appears a little disjointed and the 

different temperatures series are not completely overlapped: this indicates the 
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breakdown of TTSP and this can be due to the presence of either high wax content 

bitumen or a highly asphaltene structured bitumen (Airey 2002). 

If it was due to an high wax content it would be a pronounced melting point with a 

corresponding significant increase of the phase angle values; this did not happen so 

the disjointed features are probably due to a highly asphaltenes content. 

Other reasons can be the inappropriate DSR spindle geometry used for the test or the 

rheological measures taken outside the Linear Viscoelastic Region (LVE) region, but 

the test has been repeated many times in different configurations to eliminate these 

possibilities. 

These discrepancies in the rheological data have been kept in due consideration during 

the construction of master curves, which should be preferably called pseudo-master 

curves, as further described in the following section. 

With an increasing content of both wax and rubber, the black curves were expected to 

lose their smooth trends: this actually happens with the appearance of “waves” and 

discontinuities in the diagrams, which are associated with the changes in the 

microstructures within the binders. 

5.3.3.1 Black curve comparative for control binders 

Figure 93 demonstrates what was previously explained: with an increasing content of 

rubber, the black curves lose their smooth trends. 

It can be seen that there are “waves” and discontinuities in the diagrams for B15 and 

B20. As previously explained, this is associated with the changes in the microstructures 

within the binders. 
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Figure 93. Black curves comparative for control binders 

The CRM binders show an inflection which indicates the changes in the behaviour 

closely due to the presence of crumb rubber; however, the values still remain 

continuous with one another and the TTSP can be considered respected. 

Also, it may be observed that, as the rubber content increases, the phase angle 

becomes lower, conferring a higher elasticity to the CRM binders. 

5.3.3.2 Black curves for binders without rubber 

Figure 94, Figure 95, Figure 96 and Figure 97 show the black curves for binders 

without rubber, presenting the influence of each WMA additive with an increasing 

content. 

For all the cases, it can be seen that as the content of wax increases, the black curves 

lose their smooth trends. Also, the addition of the WMA additives decreases the phase 

angle, thus, these binders exhibit a higher elasticity compared to the net binder B. 
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Figure 94. Black curves of B with Sasobit 

 

 
Figure 95. Black curves of B with Asphaltan A 
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Figure 96. Black curves of B with Asphaltan B 

 

 
Figure 97. Black curves of B with Licomont 
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Figure 98. Black curves comparative for binders without rubber 

In Figure 98, the black curves of B and those of the binders containing 4% of the waxes 

studied are plotted together so they can be compared. The binders with Asphaltan B 

and Licomont appear to be less disjointed compared to Asphaltan A and Sasobit. The 

disjoints represent changes in the form and structure of the binder. 

Also, it must be noted that the binders that present a lower phase angle, exhibiting a 

higher elasticity and these are the binders with Sasobit and Asphaltan A. 

5.3.3.3 Black curves for 15% CRM binders 

Figure 99, Figure 100, Figure 101 and Figure 102 show the black curves for binders 

with 15% rubber, presenting the influence of each WMA additive with increasing 

contents. 
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Figure 99. Black curves of B15 with Sasobit 

 

 
Figure 100. Black curves of B15 with Asphaltan A 
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Figure 101. Black curves of B15 with Asphaltan B 

 

 
Figure 102. Black curves of B15 with Licomont 

It can be seen that for Asphaltan A and Licomont, for the binder with 4% of the additive, 

the black curves decreases their phase angle dramatically, increasing the elasticity. 
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Figure 103. Black curves comparative for 15% CRM binders 

In Figure 103, the black curves of B15 are plotted together so they can be compared. 

All the waxes studied decrease the phase angle, thus, increases the elasticity of the 

B15 binder. It must be noted that the binders with Sasobit and Asphaltan B exhibit a 

similar trend while Asphaltan A and Licomont produce a similar effect on the B15 

binder. 

The B15 binders show an inflection which indicates the changes in behaviour due to 

the presence of crumb rubber; but, as was explained before, the values remain 

continuous with one another and the TTSP can be considered respected. 

5.3.3.4 Black curves for 20% CRM binders 

Figure 104, Figure 105, Figure 106 and Figure 107 show the black curves for 20% 

CRM binders, presenting the influence of each WMA additive with an increasing 

content. All the waxes studied decrease the phase angle; thus, increase the elasticity 

of the B20 binder. 
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Figure 104. Black curves of B20 with Sasobit 

 

 
Figure 105. Black curves of B20 with Asphaltan A 
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Figure 106. Black curves of B20 with Asphaltan B 

 

 
Figure 107. Black curves of B20 with Licomont 

In Figure 108, the black curves of B20 with 4% of the additive content are plotted 

together. As occurred with B15, all the waxes studied decreased the phase angle; this 

allows concluding that the waxes are able to increase the elasticity of the B20. 
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Also in this case, the binders with Sasobit and Asphaltan B exhibit a similar trend while 

Asphaltan A and Licomont cause a similar effect on the B20 binder, decreasing their 

phase angle dramatically. 

 
Figure 108. Black curves comparative for 20% CRM binders 

The black curves presents confirmed that the addition of rubber and the additives to the 

neat bitumen increased the notably the elasticity. 

Hence, pavements with CRM binders and WMA additives will have a significant 

improvement in the resistance to permanent deformations. 

Figure 109 and Figure 110 it can be observed a comparative between the binders 

without rubber and the CRM binders, so that the decrease in the phase angle, 

consequently, an increase in the elasticity of the binders can be easily observed and 

compared. 
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Figure 109. Black curves comparative for binders without rubber and 15% CRM binders 

 

 
Figure 110. Black curves comparative for binders without rubber and 20% CRM binders 
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5.3.4 SHRP indicators 

According to the SHRP indications, data given by tests with DSR at intermediate and 

high temperatures allow to define the limit temperatures for all the binders regard to 

pavement damage of rutting and fatigue. 

In this dissertation it was decided to determine the limit temperatures regarding fatigue 

cracking even though the specifications require the Pressure Aging Vessel (PAV) and 

Rolling Thin Film Oven Test (RTFO) test to be conducted prior to measuring this 

property. The purpose of this decision is to compare the binders and study the effect of 

the WMA additives on the control binders. 

The limit values established by the SHRP program (Anderson et al. 1994) in function of 

complex modulus and phase angle in order to avoid these damages are: 

• 𝐺𝐺∗ sin𝛿𝛿 > 1𝐾𝐾𝐾𝐾𝐾𝐾⁄  regarding rutting 

• 𝐺𝐺∗ ∙ sin𝛿𝛿 < 5000 𝐾𝐾𝐾𝐾𝐾𝐾 regarding fatigue 

The limit temperatures were defined using the pair of values complex modulus - phase 

angle obtained with frequency sweeps at each test temperature for a fixed reference 

frequency of 10 rad/s. 

The quantity 𝐺𝐺∗ sin𝛿𝛿 ⁄ and 𝐺𝐺∗ ∙ sin𝛿𝛿 were calculated and plotted in diagrams versus 

temperature: with an exponential interpolation line, the temperatures were defined 

corresponding to the SHRP limit. 

The limit temperatures for the all binders are listed in Table 10. 

Considering the intermediate limit temperatures (fatigue damage), a decrease with the 

addition of 15% and 20% of rubber may be observed. This means that there is an 

improvement in the mechanical behaviour. However, the addition waxes slightly 

worsen the limit temperature, as when the additive content increased, the fatigue limit 

temperature increased. 

For the binders without rubber, it can be seen that the intermediate temperatures 

increase in every case compared to the control binder B, especially in the case of 4% 

of Asphaltan A and Sasobit, which increased 7 and 5ºC, respectively. That means that 

the additives worsen the fatigue limit temperature. 
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Table 10. SHRP limit temperatures for fatigue and rutting 

 

Furthermore, for the 15% and 20% CRM binders, the limit temperatures increase 

compared to the respective control binder, increasing up to 5ºC in the case of B15 with 

4% of Sasobit and 4ºC in the case of B20 with 4% of Asphaltan B. 

It can also be seen that there is a difference between limit temperatures for increased 

wax contents, though in some cases the difference is not prominent. 

In general, the binders containing rubber show an improvement regarding mechanical 

behaviour, but the increased wax content in the CRM binders, raises the limit though it 

is less marked than for base bitumen. 

Considering the superior limit temperatures (rutting damage), they show a significant 

increase both with the addition of wax and rubber: this is a positive factor, because the 

Binder Fatigue limit 
(ºC)

Rutting limit 
(ºC)

B 15.3 68.0
B+2S 17.3 74.7
B+4S 20.2 82.8
B+2AA 16.3 80.0
B+4AA 22.3 98.1
B+2AB 16.3 71.0
B+4AB 18.2 76.4
B+2L 17.1 74.4
B+4L 16.6 76.6
B15 13.0 98.6
B15+2S 14.7 98.9
B15+4S 18.2 103.5
B15+2AA 17.5 103.5
B15+4AA 16.7 107.5
B15+2AB 14.4 99.5
B15+4AB 16.4 101.0
B15+2L 16.1 108.5
B15+4L 16.9 111.5
B20 12.3 115.3
B20+2S 14.0 116.1
B20+4S 15.8 124.8
B20+2AA 12.8 125.4
B20+4AA 15.3 114.6
B20+2AB 12.9 116.8
B20+4AB 16.4 101.0
B20+2L 13.4 102.4
B20+4L 15.9 117.6
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superior limit of temperature is the most important parameter in the definition of the PG 

class for binders, therefore the increase of the limit temperatures correspond to a PG 

class improvement for the binders. 

For the 20% CRM binders, the temperatures become much higher in comparison to the 

base bitumen one: as can be seen in Table 10, the limit temperature for the 20% CRM 

binder is 115.3ºC and is more than 47°C higher than the base bitumen which is 68ºC, 

meaning that the mechanical behaviour is significantly improved; this is closely 

related to the previous considerations on the black curves, when it was explained that 

the binders behaviour at the higher temperatures depends on presence of the 

additives. 

The increase of the wax content this time contributes to the behaviour improvement of 

the binders, because increasing the limit temperatures is a positive fact regarding the 

rutting damage: as for the intermediate limit temperatures, for the higher CRM content 

binders the increase in temperatures due to wax become lower. 

5.3.5 Master curves 
5.3.5.1 Shifting of experimental data 

The time superposition principle and the meaning of the term “thermo-rheologically 

simple” have been mentioned to introduce black curves and to explain how to eliminate 

time and temperature dependence from data obtained with frequency sweeps. 

Since a black diagram is obtained without any shifting procedures, it is a better 

indicator of TTSP failure or application: moreover, as for the materials which conform 

the TTSP, one of the primary analytical techniques used in analysing dynamic 

mechanical data involves the construction of master curves (Airey 2002). 

As already mentioned, the TTSP states that the effect of increasing the loading time on 

the mechanical properties of a material is equivalent to that of raising the temperature 

(Christensen 2003): this implies that rheological data obtained at higher and lower 

temperatures with dynamic tests within the LVE region can be equated simply and 

graphically with lower and higher frequencies respectively. 

According to TTSP, master curves are generated by selecting a reference temperature 

and using shift factors to fit an overall continuous curve at a reduced frequency or time 

scaled: the shift factors are applied to the frequency values and they assume different 
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values for each temperature data series until the curves converge into a single smooth 

function. 

The amount of the shifting required at each temperature to form the master curve is of 

particular importance and it is performed by defining the shift factors a(T) and b(T). 

It is important to notice that almost all the materials under study have been 

demonstrated to be non-thermo-rheologically simple by the construction of the black 

curves. Nevertheless, it was decided to continue with this analysis and with the 

construction of the master curves for the materials, which should rather be called 

pseudo-master curves bearing in mind that the materials actually do not allow these 

considerations. 

Furthermore, it must be considered that the method regarding the definition of the shift 

factors is not unique and it is poorly discussed in literature, meaning that there are still 

uncertainties about the best way to obtain these values: however, regardless of how 

they are calculated, the final shift factors to be considered valid must be the same for 

all viscoelastic properties. 

As usually required, master curves are realized for both phase angle and complex 

modulus versus the reduced frequency: the phase angle is not subjected to density 

changes with temperature and for this reason defining the shift factors a(T) on the 

phase angle curve is estimated the correct way to avoid the density dependence of the 

parameters. 

5.3.5.2 Master curves comparative for control binders 

Figure 111 illustrates a comparative study between the control binders of this 

dissertation. 

Considering the complex modulus master curves, it can be observed that the addition 

of increasing percentages of rubber shifts the curves on higher values in the low-

frequency region (high temperatures) and on lower values in the high-frequency region 

(low temperatures). 

Compared to the base bitumen, this implies a double effect on the resistance of the 

pavement regarding both permanent deformation resistance at high temperatures and 

thermal cracking at low temperatures. 
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At high frequencies (rapid load conditions), it can be seen that B20 has a lower value 

compared to B15. This means that the addition of rubber improves the binder 

behaviour at low temperatures. On the other hand, at low frequencies (slow load 

conditions), the increasing content of rubber shows a relevant increase in the binder 

stiffness, therefore, the resistance to permanent deformation is improved. 

The phase angle curves also show evident differences; a marked inflection closely due 

to the presence of rubber may be observed. Besides, the data series recorded at 

different temperatures appear quite disjointed. 

It can also be seen that as the addition of rubber to the base bitumen increases, the 

phase angle decreases over a wide range of frequencies. This shows that the addition 

of rubber makes the binder more elastic, especially at lower frequencies, improving the 

binder behaviour. 

 
Figure 111. Master curves comparative for control binders 

5.3.5.3 Master curves for binders without rubber 

The influence of each of the different WMA additives on the base bitumen can be seen 

from Figure 112 and Figure 115. 
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In every case, it can be seen that the complex modulus for the high frequency have 

similar values, which implies that there are no differences in the behaviour at low 

temperatures. 

In the low-frequency region, as the content of wax increases, a remarkable increase in 

the binder stiffness can be observed, conferring a higher resistance to non-reversible 

deformation to the base bitumen. 

 
Figure 112. Master curves for B with Sasobit 

It can also be observed that as the addition of waxes to the base bitumen increases, 

the phase angle decreases over a wide range of frequencies, but especially at lower 

frequencies. This shows that the addition of the WMA additives makes the binder more 

elastic, both at high and low temperatures, which improves the base bitumen 

behaviour, especially at high temperatures, hence, to slow load conditions. 

This means that the binders containing the WMA studied in the dissertation apparently 

improve the resistance to permanent deformation (rutting). 

Figure 116 shows an immediate comparison between the all additives studied. It can 

be easily noticed that at lower frequencies the additive which increases the stiffness 

the most at the lower frequencies is Sasobit followed by Asphaltan A. 
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Figure 113. Master curves for B with Asphaltan A 

 

 
Figure 114. Master curves for B with Asphaltan B 
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Figure 115. Master curves for B with Licomont 

 

 
Figure 116. Master curves comparative for binders without rubber 

At low temperatures, although they are all very similar, the additive which increases the 

stiffness the most is Sasobit, whereas the additive that conferred a lower stiffness was 

Licomont. 
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Regarding elasticity, Sasobit and Asphaltan A also present the lowest values of the 

phase angle in a wide range of frequencies; therefore, these are the additives which 

increase the elasticity of the base bitumen the most. This can be clearly observed at 

lower frequencies. 

At higher frequencies, all the additives present a similar value of the phase angle, 

though they still have a lower phase angle value than the control binder B, which 

implies a better elastic behaviour compared to the base bitumen. 

5.3.5.4 Master curves for 15% CRM binders 

From Figure 99 to Figure 102, the effects of the WMA additives on a 15% CRM binder 

are presented. These curves are called “pseudo” master curves as it was already 

displayed that these materials do not verify the TTSP. 

The increasing content of additive shifts the complex modulus master curves on higher 

values in both low and high frequency regions. 

Hence, the stiffness of the control binder B15 is increased both at low and high 

temperatures. 

Consequently, the binder behaviour will be significantly better at high temperatures 

avoiding permanent deformation and will be slightly worse at low temperatures. 

It can also be noticed that over the wide range of frequencies, the phase angle 

decreases as the amount of additive increases, thus, all the waxes studied improve the 

elasticity of the 15% CRM. 

Apart from this, the addition of wax and rubber to base bitumen leads to an inflection in 

the curves, shifts them on lower values and the curves becomes more disjointed. 
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Figure 117. Master curves for B15 with Sasobit 

 

 
Figure 118. Master curves for B15 with Asphaltan A 
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Figure 119. Master curves for B15 with Asphaltan B 

 

 
Figure 120. Master curves for B15 with Licomont 
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Figure 121 shows a comparison between all the waxes studied for a 15% CRM binder. 

At lower frequencies the additive which increases the stiffness the most is Sasobit 

followed by Asphaltan B. 

 
Figure 121. Master curves comparative for 15% CRM binders 

Asphaltan A and Licomont are the additives which present the lowest values in the 

phase angle in the low-frequency region; therefore, these waxes are capable of 

increasing the elasticity of the B15 at high temperatures the most. For the high 

frequency range, the additive that shows a lower phase angle is k, thus, these are the 

additives which improve the elasticity the most of the control binder at the low 

temperatures. 

5.3.5.5 Master curves for 20% CRM binders 

The effects of the WMA additives on a 20% CRM binder are presented from Figure 135 

to Figure 138. 

As for the B15 binders, the additive shifts the complex modulus master curves on 

higher values in both the low and high frequency regions, thus, the stiffness increases, 

and consequently, the binder behaviour will be significantly improved at high 

temperatures avoiding permanent deformation and will be slightly worsen at low 

temperatures. 
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Over the wide range of frequencies it can be noticed that the phase angle decreases 

as the amount of additive increases, thus, all the waxes studied improve the elasticity 

of the B20. As for the B15 binders, inflection and disjoints appears in the curves and, 

as the deformations are independent from time, the elastic behaviour of the binders is 

improved. 

 
Figure 122. Master curves for B20 with Sasobit 

 
Figure 123. Master curves for B20 with Asphaltan A 
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Figure 124. Master curves for B20 with Asphaltan B 

 
Figure 125. Master curves for B20 with Licomont 

In Figure 126 a comparison between all the additives studied for B20 is presented. 
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Figure 126. Master curves comparative for 20% CRM binders 

As it can be seen in the complex modulus master curves, at higher and lower 

frequencies all the additives have a similar effect. 

Asphaltan A and Licomont present the lowest values in the phase angle both in the 

higher and lower frequencies, thus, these are the additives which increases the 

elasticity the most. In the medium-frequency region the binders with the lowest phase 

angle are the ones containing Sasobit and Asphaltan B. 

To summarize, the master curves of the CRM binders have highlighted the significant 

improvement given by rubber and the additives. 

On one hand, increased contents of rubber shifted the curves on higher values in the 

low-frequency region (high temperatures) and on lower values in the high-frequency 

region (low temperatures). This means that compared to a conventional mixture which 

contains the neat bitumen, the mixtures containing rubber in the binder will improve the 

resistance of the pavement to rutting at high temperatures and to thermal cracking at 

low temperatures. 

On the other hand, an increasing content of additive increased notably the elasticity of 

the respective control binder as the phase angle decreased over a wide range of 

frequencies (consequently a wide range of temperatures). However, they also slightly 
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shifted the complex modulus master curves on the high frequencies region, which 

implies an increased stiffness at low temperatures. 

These results are in keeping with the previous sections (creep stiffness, frequency 

dependence and black curves). 

5.3.6 Creep tests 
5.3.6.1 Theoretical background 

Creep tests were performed to complete the rheological description of the materials. 

Creep tests can be static or repeated for a fixed number of cycles, in order to evaluate 

the resistance to non-reversible deformation and the existence of elastic recovery 

properties. 

The tests were carried out in order to evaluate the differences in the mechanical 

response due to the addition of rubber and WMA additives, especially regarding the 

ability to recover the strain at high temperatures, the static methodology with reduced 

application time was considered to be the most adequate. 

Static tests involve the imposition of a step change in stress and the observation of the 

subsequent development in time of the strain; the stress level applied is constant and 

can be also increased for successive tests. 

The increasing shear stress allows the evaluation of the binders mechanical behaviour 

and their comparison; the resistance to non–reversible deformation is identified as the 

binders ability to contrast the propagation of the viscous flow and their behaviour can 

then be described by separating the delayed elastic phenomena from the effective 

residual deformation (Giuliani, Merusi 2010). 

The most significant results that can be obtained consist in the creep compliance as a 

function of time and the strain versus time diagrams: the creep compliance function 

corresponds to the inverse of the creep stiffness function. 

Figure 127 and Figure 128 show a standard trend for the two mentioned diagrams. 

From the typical creep curve of strain plotted against time, Figure 127 shows the 

constant stress applied at t = t0 and then removed at t = t1. 
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Figure 127. Strain and Load versus time diagrams 

 

 

 
Figure 128. Creep compliance and load versus time diagrams 
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The strain includes three regions: 

• Instantaneous (0 to γ1) 

• Retardation (γ1 to γ2) 

• Constant rate (γ2 to γ3). 

When the material shows a completely Newtonian behaviour, no elastic recovery 

exists; with the addition of modifiers the elastic properties can be improved and the 

delayed elastic component becomes more relevant. This depends on the capacity of 

the binders to store and release energy when a load is applied and then removed, 

which determines the consequent binders ability to recover from the strain developed 

during the creep phase. 

On the basis of this concept, the discrimination between what is actually lost and what 

is storage and recoverable (in a deferred time), is a consequence of the accumulation 

of non-reversible deformation and of the distribution of the delayed elastic and 

essential viscous components in binders mechanical response. 

The diagram of the recorded strain during the test as a function of time allows the 

definition of the highest strain and of the elastic recovery, when exists. 

The elastic recovery can be evaluated with the following ratio (equation 1). 

𝑒𝑒𝑒𝑒𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑟𝑟𝑒𝑒𝑒𝑒𝑟𝑟𝑟𝑟𝑒𝑒𝑟𝑟𝑟𝑟 =  𝛾𝛾𝑟𝑟 𝛾𝛾𝑚𝑚𝑚𝑚𝑚𝑚�  (1) 

where: 

γr is the final strain value; 

γmax is the maximum strain value. 

This ratio is always non-dimensional and assumes values between 0 and 1: for values 

close to 0 the materials shows a significant elastic recovery, while for ratio values equal 

to 1 the material behaviour is essentially viscous and when the load is removed the 

strain remains constant and equal to its maximum value. 

The strain curves obtained for different materials at different stress levels are not 

comparable in the same diagram, because they depend on the shear stress applied 

and the comparison is therefore valid only for the same shear stress value. 
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5.3.6.2 Creep response into the linear domain 

The tests methodology is divided in two phases: a first phase where the shear stress is 

applied on the specimen for a time period of 10 seconds (t1) and a second phase 

where the shear stress is removed but the strain is still recorded for the next 60 

seconds, in order to evaluate the elastic recovery of the binders. 

The tests are carried out using the DSR in the stress-controlled mode. Table 11 

summarizes the test set. 

Table 11. Creep test set 

 

Tests were repeated at two different temperatures: 40°C and 60°C. 

The results obtained for the two test temperatures are described in the following 

sections. Even though the test were made at three different shear stresses (100, 1,000 

and 10,000 Pa), it was decided to plot just the results at 100 Pa and in one figure to 

simplify and avoid repetitive results. 

5.3.6.3 Creep test comparative for control binders at 40ºC and 60ºC 

Figure 129 shows the strain versus time diagram for the control binders when a 10 Pa 

shear stress is applied at 40°C. 

Phase Duration    
[s]

Point of 
measure 
numbers          

[-]

Measurement 
point              
[s]

1 creep 10 20 0.5
2 recovery 30 60 0.5
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Figure 129. Creep tests comparative for control binders at 40ºC 

In Table 12 the values of the final strain ratio, the maximum strain value and the elastic 

recovery ratio are presented for the control binders. 

Table 12. Elastic recovery ratios for control binders at 40ºC 

 

As it can be observed, the addition of rubber to the base bitumen improves the elastic 

component in the behaviour of the binders. The strain is much lower for the binders 

containing rubber and they show a more significant elastic recovery ratio. The 

difference between the elastic recovery of the B15 and B20 is insignificant at this 

temperature. 

For the base bitumen, almost all the deformation energy is dissipated in internal friction 

or it is used to deform the liquid matrix of the bitumen and mainly produces a non-

reversible flow. 

Figure 130 shows the strain versus time diagram for the control binders at the 

temperature of 60°C while Table 13 shows their different elastic recovery ratios. 
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Figure 130. Creep tests comparative for control binders at 60ºC 

At 60ºC, the addition of rubber also improves the elastic behaviour of the base 

bitumen. The strain is lower for the CRM binders; the difference between B15 and B20 

being more relevant at this temperature. 

Table 13. Elastic recovery ratios for control binders at 60ºC 

 

At 60°C the base bitumen reaches the Newtonian behaviour and so the elastic 

recovery is completely absent and its value is therefore equal to 1. Creep test results 

for binders without rubber at 40ºC and 60ºC. 

Figure 131 shows the strain versus time diagram for the binders without rubber studied 

in this dissertation. An idea of the permanent deformation that the binders will undergo 

can be observed. 
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Figure 131. Creep tests for binder without rubber at 40ºC 

From the curves, it can be seen that the binders containing the WMA additives have 

undergone less deformation compared to the base bitumen. As may be observed, the 

binder with 4% Sasobit had the lowest maximum permanent deformation, followed by 

the binder containing 4% of Asphaltan A. 

From these results it can be said that the waxes are good for resisting permanent 

deformation compared to the base bitumen and as the amount of additive increases a 

lowest permanent deformation is achieved. 

In Table 14, the final and maximum strain value can be observed. 

Table 14. Elastic recovery ratios for binders without rubber at 40ºC 
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The elastic recovery ratios of the different binders without rubber are included so their 

elastic response can be easily summarized and compared. The binders with 4% 

Sasobit and Asphaltan A present the highest elastic recovery and 2% Asphaltan B and 

Licomont present the lowest recovery. Figure 132 shows the strain versus time 

diagram at 60ºC. 

 
Figure 132. Creep tests for binder without rubber at 60ºC 

Due to the presence of the waxes, the binders have undergone less deformation 

compared to the base bitumen, the binders with 4% Sasobit and Asphaltan A show the 

lowest strain value and 2% Asphaltan B and Licomont the highest strain values. In 

Table 15 a summary is shown with the elastic recovery ratios of the creep tests 

performed at 60ºC. At this temperature, binders with 4% Sasobit and Asphaltan A 

present the highest elastic recovery and 2% Asphaltan B and Licomont the lowest. 

Table 15. Elastic recovery ratios for binders without rubber at 60ºC 
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5.3.6.4 Creep test results for 15% CRM binders at 40ºC and 60ºC 

The diagram of strain as a function of time was also plotted for the CRM binders in 

order to evaluate the changes of the resistance to non-reversible deformation due to 

the addition of waxes. In Figure 133 and Figure 134 the creep tests for 15% CRM 

binders can be seen. And in Table 16 and Table 17 their respective elastic recovery 

ratios. 

 

Figure 133. Creep tests for 15% CRM binders at 40ºC 

It can be noted that with the addition of the waxes the maximum deformation becomes 

lower compared to the control binder B15. With the addition of 4% Sasobit and 

Asphaltan A the highest elastic recovery is achieved while the binders with 2% and 4% 

Asphaltan B presents the lowest ratio. 

Table 16. Elastic recovery ratios for 15% CRM binders at 40ºC 
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Figure 134. Creep tests for 15% CRM binders at 60ºC 

From the curves of creep tests at 60ºC it can be seen that the binders with waxes have 

undergone less deformation compared with B15. 

In Table 17, the binder with 4% Licomont had the lowest maximum permanent 

deformation, followed by the binder containing 4% Asphaltan A. 

Table 17. Elastic recovery ratios for 15% CRM binders at 60ºC 

 

5.3.6.5 Creep test results for 20% CRM binders at 40ºC and 60ºC 

Figure 135 and Figure 136 show the diagrams of strain as a function of time for the 

20% CRM binders and Table 18 and  

Table 19 the summaries of the final and maximum strain value as well as the elastic 

recovery ratio. 
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Figure 135. Creep tests for 20% CRM binders at 40ºC 

It can be observed that the addition of the waxes shifts the values towards 0 and 

increases the elastic component compared to the control binder B20. 

The addition of 2 and 4% Asphaltan A and 2% Asphaltan B present the highest elastic 

recovery while binders with 4% Licomont and 4% Sasobit show the lowest elastic 

recovery ratio may be seen in Table 18. 

In terms of maximum strain ratio, all the binders have a similar value, although the 

binder with 4% Sasobit present the lowest value, followed by the binder with 4% 

Asphaltan B. 

Table 18. Elastic recovery ratios for 20% CRM binders at 40ºC 
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Figure 136. Creep tests for 20% CRM binders at 60ºC 

 

Table 19. Elastic recovery ratios for 20% CRM binders at 60ºC 

 

As can be seen Figure 136, the WMA additives significantly lower the maximum 

deformation compared to the control binder B20. 

In terms of maximum strain ratio, the binder with 4% Asphaltan A presents the lowest 

value, followed by the binder with 4% Licomont. The binders with 2% Licomont and 2% 

Asphaltan B presents the lowest ratio. 

And regarding the elastic recovery ratio, the addition of 4% Asphaltan A and 4% 

Licomont present the highest elastic recovery while binders with 2% Asphaltan B and 

4% Sasobit show the lowest elastic recovery ratio as can be seen it  
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Table 19. 

To summarize, it was observed that as the amount of wax and rubber increased the 

maximum deformation is notably decreased and that the maximum strain ratio 

decreased. This means that both the addition of wax and rubber improved the elastic 

recovery properties of the binders and that the mixtures with CRM binders and WMA 

additives will improve considerably their resistance to permanent deformations. 

5.4 CONCLUSIONS 

In this chapter it was observed that at low temperatures the waxes studied deteriorated 

the characteristics of the binder at low temperatures as they increased the stiffness and 

a reduced of the m-values obtained with the BBR test. 

However, it was also observed that when comparing the binders without rubber and the 

CRM binders, the value of λ factor, increased and, therefore, the AR-WMA mixtures 

would be much less prone to cracking at low temperatures than conventional mixtures. 

Black curves and the pseudo- master curves did not show the standard smooth trend 

and the presence of rubber and wax caused the formation of inflections and disjointed 

features, which is in keeping with the fact that these binders to not conform the TTSP. 

Also, the Black curves showed that as the content of wax increased, they lost their 

smooth trends even more and that the addition of the waxes decreased the phase 

angle, thus, these binders exhibited a higher elasticity compared to the corresponding 

control binder. 

After calculating the intermediate limit temperatures (fatigue damage), a decrease 

following the addition of rubber may be observed, meaning that there is an 

improvement in the mechanical behaviour. However, the addition of waxes reduced the 

limit temperatures slightly. On the other hand, the superior limit temperatures (rutting 

damage), showed a significant increase both with the addition of wax and rubber, 

meaning that there is an improvement regarding the resistance to permanent 

deformation. 

The complex modulus master curves showed that the addition of increased 

percentages of rubber shifted the curves on higher values in the low-frequency region 

and on lower values in the high-frequency region which means that there is an 

improvement on the resistance of the pavement regarding both permanent deformation 
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resistance at high temperatures and thermal cracking at low temperatures. However, 

as the content of additive increased the complex modulus master curves on high 

frequency regions were slightly shifted, increasing the stiffness at low temperatures. 

All the additives studied significantly improved the elasticity for the whole temperature 

range avoiding permanent deformation as the phase angle curve was shifted on lower 

values over a wide range of frequencies. 

The creep test results carried out to determine the recovery from a creep loading, 

proved once again the improvement of the elasticity and of the resistance to permanent 

deformation produced by the addition of the waxes. The additives significantly lower 

the maximum deformation compared to the control binders and slightly increased the 

elastic recovery of the binders. 
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CHAPTER 6 

6 PERFORMANCE EVALUATION OF THE MIXTURES 

6.1 INTRODUCTION 

After testing and analysing the basic and rheological characterization of the binders, 

the key engineering properties of the AR-WMA mixtures were assessed through 

laboratory testing in order to determine relative measurements of performance and to 

study the effect of the additives in the final properties of the AR-WMA compared to 

the control mixture. 

The performance of the mixtures selected to study were evaluated and compared 

regarding their volumetric characteristics, compactability, binder drainage, water 

sensitivity, stiffness modulus and resistance to permanent deformation and fatigue. 

The volumetric characteristics were calculated in order to calculate the reduction in 

production/compaction temperatures of the mixtures. For this, it was necessary to 

determine the maximum density, the bulk density and the evaluation of compactability. 

Then, the evaluation of binder drainage was performed to evaluate a possible 

migration of the bitumen when the higher temperatures are reached. 

As the influence of water in the reduction of the WMA mixtures performance has been 

reported as one of the issues that need to be carefully controlled, the water sensitivity 
of the mixtures was determined in to order to verify if the mixtures fulfilled the water 

sensitivity a discontinuous mixture for a surface layer and the effect of the WMA 

additives on the control mixture. 
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Also, to study the effect of the waxes at different test temperatures the stiffness 
modulus test was carried out. 

Finally, the rutting resistance and the resistance to fatigue tests were carried out in 

order to determine the effect of the WMA additives on the control mixture. 

6.2 SELECTION OF THE BINDERS FOR THE MIXTURES 

The selection of the binders was based in the previous characterization. It was chosen 

to evaluate the mixtures containing the 20% CRM binders with a 4% of each of the 

studied additives of this dissertation 

It was decided to study the mixtures with the 20% CRM binders as, taking into account 

the results of the basic and rheological characterization, to evaluate both rubber 

contents will lead to similar and repetitive results. 

On the other hand, it was considered that it would be more interesting to study the 

mixtures that contain the 20% CRM binders as they lead to a higher viscosity 

compared to the 15% CRM binders and, therefore, a higher reduction of production 

temperatures will be more difficult to achieve. 

In addition, it was chosen to study the binders containing 4% of each additive as they 

were able to achieve a lower viscosity and, hence, cause a greater decrease in the 

production temperatures of the mixtures compared to the binders with just 2% of 

additive. 

The mixtures selected for this study are listed in Table 20. 

Table 20. Mixtures selected for the dissertation 

 

The control mixture contains the 20% CRM binder. The AR-WMA mixtures contain a 

binder with 20% of rubber and 4% of additive. 

Mixture name Type of mixture Rubber (%) Additive (%) Additive name

B20 Control 20 0 -
B20+4S AR-WMA 20 4 Sasobit
B20+4AA AR-WMA 20 4 Asphaltan A
B20+4AB AR-WMA 20 4 Asphaltan B
B20+4L AR-WMA 20 4 Licomont

132 



CHAPTER 6: PERFORMANCE EVALUATION OF THE MIXTURES 

Therefore, from this point onward, five mixtures will be studied: four AR-WMA 

mixtures and the respective control mixture. 

It may be observed that the mixtures are named as the binders were denominated in 

order to keep the same nomenclature throughout the dissertation. 

As the rubberized asphalt are still under study and due to the lack of indications in the 

EN code regulations for asphalt mixtures, the mix design of the asphalts studied in this 

dissertation was carried out according to previous experimental studies. For that 

reason, the aggregate distribution was singularly defined in function of a desired void 

percentage, which in the case of this study was 7%. The aggregate gradation used for 

the mixtures can be seen in Chapter 3. 

The percentage of bitumen referred to the total weight of the dry aggregates chosen for 

the specimens was 9%. It must be noted that this is a higher percentage compared to 

conventional mixtures without rubber. The reason is that rubberized asphalt needs to 

be recovered by a bitumen film with a more relevant thickness. 

6.3 VOLUMETRIC CHARACTERISTICS 
6.3.1 Determination of the maximum density 

The maximum density was determined according to EN 12697-5:2010/AC:2012. 

Bituminous mixtures - Test methods for hot mix asphalt - Part 5: Determination of the 
maximum density (CEN 2012a). 

Combined with the bulk density, the maximum density is essential to calculate the void 

percentage of an asphalt mixture. 

The test enable the definition of the real mass and volume of the asphalt mixtures 

except the air included in the internal voids; this can be done by placing the non-

compacted specimens inside a pycnometer filled with water and a partial vacuum is 

then carried out by applying a residue pressure of 4 KPa for 15 minutes. 

The application of a partial vacuum combined with vibration allows for the elimination of 

the air held inside the internal voids of the asphalt mixtures. This test is performed on 

two specimens at the same time and the final value is assumed equal to the average 

value of the two independent measures. 
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Figure 137. Pycnometers filled with water and non-compacted specimens 

The maximum density was calculated as follows in equation 2. 

𝜌𝜌𝑚𝑚𝑚𝑚 =
(𝑚𝑚2 −𝑚𝑚1)

𝑉𝑉𝑝𝑝 − (𝑚𝑚3 −𝑚𝑚2)/𝜌𝜌𝑤𝑤
 (2) 

where: 

ρmv is the maximum density obtained with the volumetric method [g/cm3]; 

m1 is the mass of the empty pycnometer [g]; 

m2 is the mass of the pycnometer filled with the asphalt mixture [g]; 

m3 is the mass of the pycnometer filled with the asphalt mixture and the water [g]; 

Vp is the volume of the pycnometer. 

The value of the maximum density is the same for the 5 specimens studied and can be 

seen in Table 21. 

The maximum density is function of the aggregate distribution and the content of 

bitumen of the asphalt mixture but it does not depend on the addition of additives in the 
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blends or on the production temperature. For this reason, the 5 specimens studied 

have the same maximum density. 

Table 21. Maximum density 

 

6.3.2 Determination of bulk density 

The maximum density was determined according to EN 12697-6:2012. Bituminous 

mixtures - Test methods for hot mix asphalt - Part 6: Determination of bulk density of 
bituminous specimens (CEN 2012b). 

The bulk density can be obtained with the mass of the compacted specimens 

measured in air and in water and with the volume of the specimens; the masses were 

measured and the volume is equal to the difference between the mass of the specimen 

with the saturated surface and the mass of the dry specimen. To measure the mass of 

the dry specimen, preliminary treatment is not required. Before measuring the mass of 

the specimen in water, the specimens must be placed inside a thermostatic bath for 30 

minutes. Figure 138 shows the specimens inside the thermostatic bath. 

 
Figure 138. Specimens inside the thermostatic bath at 25ºC 

m 3

p w

Pycnometer filled with water (g)
Volume of the pycnometer filled (cm3)

Maximum density p mw 2.374 2.373 4.747 2.374
Density of water (kg/m3) 997.1 997.1 Sum Average
Pycnometer + sample+ water (g) 4145.2 4114.3
Pycnometer + sample (g) m 2 2184 2139.8

2443.8 2456.5
3488.5 3458.9

Mass of empty pycnometer (g) m 1 1051.8 1009.5
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The masses are calculated on three specimens and the final value of the bulk density 

is assumed to be equal to the mean of the three independent measurements. 

It was calculated as follows in equation 3. 

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑚𝑚1

𝑚𝑚3 −𝑚𝑚2
∙ 𝜌𝜌𝑤𝑤 (3) 

where: 

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠  is the bulk density [g/cm3]; 

m1 is the mass of the dry specimen [g]; 

m2 is the mass of the specimen in water [g]; 

m3 is the mass of the specimen with the saturated surface [g]; 

𝜌𝜌𝑤𝑤  is the density of the water at the test temperature [g/cm3]. 

The test temperature in this case was 25°C and therefore the density of the water 𝜌𝜌𝑤𝑤  is 

0.9971 g/cm3. 

After that, the void percentage of each asphalt mixture was obtained according to EN 

12697-8:2003. Bituminous mixtures - Test methods for hot mix asphalt - Part 8: 

Determination of void characteristics of bituminous specimens (CEN 2003b). 

It was calculated as follows in equation 4. 

𝑟𝑟𝑟𝑟𝑒𝑒𝑣𝑣𝑒𝑒 (%) =
𝜌𝜌𝑚𝑚 − 𝜌𝜌𝑏𝑏
𝜌𝜌𝑚𝑚

∙ 100 (4) 

where: 

 𝜌𝜌𝑚𝑚    is the maximum density [Kg/m3]; 

 𝜌𝜌𝑏𝑏     is the bulk density [Kg/m3]. 

To obtain the bulk densities, the specimens were compacted at different temperatures 

with a Marshall hammer according to EN 12697-30:2013. Bituminous mixtures - Test 

methods for hot mix asphalt - Part 30: Specimen preparation by impact compactor 
(CEN 2013b). 
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The production/compaction temperatures as well as the results obtained for the bulk 

densities and the air voids content can be seen in Table 22. 

Table 22. Air voids content 

 

Comparing the AR-WMA mixtures with the control mixture, it can be seen that when 

the temperature or production/compaction is reduced by 10ºC, the use of the additives 

reduced the air voids content and their respective bulk densities are higher. 

It can also be noted that the air void contents of the AR-WMA mixtures increase as the 

production/compaction temperature decreased. 

6.3.3 Production temperatures based on volumetric characteristics 

The volumetric characteristics of the specimens were measured to validate the lower 

production temperatures of the AR-WMA mixtures. 

The right compaction temperature can be determined by comparing the bulk density of 

the AR-WMA mixtures and their control mixture B20. By taking the bulk density of the 

control mixture after compaction as a reference and comparing it with the density of the 

AR-WMA mixtures at various temperatures, the temperature at which both densities 

are identical can be determined. Therefore the right compaction temperature can be 

defined to achieve similar densities. 

In Figure 139 the bulk densities of the different AR-WMA mixtures studied and the 

control mixture are plotted together. 

Mixture Production  Tª 
(ºC)

Compaction Tª 
(ºC)

Bulk density 
(gr/cm3)

Voids           
(%)

B20 180 170 2.207 7.00
170 160 2.208 6.95
160 150 2.198 7.37
150 140 2.191 7.67
170 160 2.209 6.91
160 150 2.198 7.37
150 140 2.189 7.77
170 160 2.207 7.00
160 150 2.199 7.33
150 140 2.194 7.54
170 160 2.209 6.91
160 150 2.201 7.25
150 140 2.196 7.46

B20+4S

B20+4AA

B20+4AB

B20+4L
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Figure 139. Bulk densities of the AR-WMA mixtures and the control mixture 

After determining the temperatures at which the AR-WMA mixtures achieve the same 

density as the control mixture, the attainable reduction on production temperatures was 

calculated and can be seen in Table 23. 

Table 23. Reduction in production/compaction temperature 

 

It can be noted that the additives attain a similar decrease in the production/compaction 

temperatures, these being between 10 to 13ºC. 

As the bulk density is related to the air voids contents, the same reasoning above can 

be carried out: the right compaction temperature can be defined by achieving the same 

voids content. In Figure 140 the air void contents of the AR-WMA mixtures and the 

control mixture can be seen. It was observed that the compaction temperature affected 

the air void contents of the mixtures as when these are decreased, the air voids 

content increased. 
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B20+4S 11.11
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B20+4L 12.64
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Figure 140. Air voids content of the AR-WMA mixtures and the control mixture 

In the literature reviewed (Lee et al. 2008, Akisetty et al. 2009), it was observed that a 

range of compaction temperature to satisfy the target air void content can be 

determined. In this case of study, the target air void content was 7 ± 1%. As can be 

seen from Table 22, when the production/compaction temperatures are reduced 30ºC, 

the air voids content are increased by a maximum of 0.77; none of them reach the 

maximum target air void of 8% and, therefore, the production/compaction temperatures 

of the AR-WMA mixtures could be significantly decreased to those of the control 

mixture with a satisfactory air void content. 

Hence, it appears that the production/compaction temperatures can be reduced up to 

30ºC without compromising the target air voids content of the mixture. 

In the following sections, the engineering properties of the AR-WMA mixtures 

produced/compacted at temperatures that correspond to a reduction of 10 ºC, 20 ºC 

and 30ºC in comparison to that of the control mixture (the same as can be seen in 

Table 22) were studied in order to evaluate how these properties are changed by the 

effect of the additives and if they are significantly affected by production/compaction 

temperatures. 

6.4 COMPACTABILITY 

This test was determined according to EN 12697-10:2003. Bituminous mixtures. Test 

methods for hot mix asphalt. Part 10: Compactability (CEN 2003a) and the specimens 

were prepared according to EN 12697-30:2013. Bituminous mixtures - Test methods 

for hot mix asphalt - Part 30: Specimen preparation by impact compactor (CEN 2013b). 
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In order to study the production temperatures of the AR-WMA mixtures, compactability 

tests were carried out at different temperatures using the Marshall impact compactor. 

The specimens were prepared at the selected temperatures and compacted using the 

Marshall impact compactor up to 200 blows. During the compaction operation the 

variation of the thickness of each specimen was monitored and recorded. Then, the 

average was calculated to account for some common variability. 

The compaction resistance was calculated according to the procedure described in EN 

12697-10:2003 according to equation 5. 

1
𝑒𝑒(𝐸𝐸2)

=
1
𝑒𝑒∞

− �
1
𝑒𝑒∞

−
1
𝑒𝑒0
�  exp �

−𝐸𝐸2
𝑇𝑇
� (5) 

Where: 

𝑒𝑒(𝐸𝐸2) is the thickness of the specimen at a compaction energy E2 using an impact 

compactor (mm); 

𝑒𝑒∞ is the calculated minimum achievable specimen thickness by impact compaction 

(mm); 

𝑒𝑒0 is the calculated initial specimen thickness by impact compaction (mm); 

𝐸𝐸2 is the compaction energy (impact compactor), expressed with 21 Nm as unit, its 

numerical value is equal to the number of blows to the specimen; 

T is the compaction resistance (impact compaction, method with the same specimen 

for all levels of compaction energy), expressed with 21 Nm as unit. 

The production temperature that can be used for each WMA would correspond to the 

lower temperature that results in a value of density/air voids content similar to that of 

equivalent control mixture. 

The results obtained for the WMA with the additives studied and the control mixtures a 

presented in Figure 141, Figure 142, Figure 143 and Figure 144. 

It must be noted that the compaction was performed at different temperatures that 

correspond to a reduction of 10 ºC, 20 ºC and 30ºC in comparison to that of the control 
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mixture which was produced at 170ºC. It was also decided to plot the curves up to 100 

blows (instead of 200) in order to carry out a more throughout observation. 

Comparing the compaction curves of the different mixtures, it can be seen that the 

change of the production/compaction temperatures has a significant effect on the 

compactability as the densities of the mixtures decrease when these are reduced. 

 
Figure 141. Compaction curves of AR-WMA mixtures with Sasobit 

 
Figure 142. Compaction curves of AR-WMA mixtures with Asphaltan A 
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Figure 143. Compaction curves of AR-WMA mixtures with Asphaltan B 

 
Figure 144. Compaction curves of AR-WMA mixtures with Licomont 

For the AR-WMA mixtures with Sasobit, Asphaltan A and Asphaltan B, it appears that 
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And for the WMA mixture with Licomont, the temperature could be decreased by 25ºC 

as the curve corresponding to the control mixture is situated between the mixtures 

produced at 140°C and 150ºC. 

It must be highlighted that the densities obtained with the determination of bulk density 

are different than the ones obtained with compactability test. The value of the bulk 

density is determined on the saturated surface dry (SSD) basis while the density of the 

compactability test is calculated with the total volume of the specimen; hence, the 

density depends on the thickness of the specimen. 

However, in both cases, the addition of the waxes achieved a significant reduction in 

the production/compaction temperatures. 

6.5 BINDER DRAINAGE 

This test was determined according to EN 12697-18:2006. Bituminous mixtures - Test 

methods for hot mix asphalt - Part 18: Binder drainage (CEN 2006a). 

At a given production/compaction temperature, there will be a maximum bitumen film 

thickness to coat the aggregate, beyond which the excess binder will be drained. This 

test allows the evaluation of possible binder drainage and is a good indicator of the 

possible migration of the bitumen when the higher temperatures are reached. 

The test must be carried out on two specimens of non-compacted asphalt mixtures 

placed inside cubic perforated boxes; the boxes are then placed on two metallic 

containers which are aluminium coated. 

The containers and the asphalt mixtures were then set in a heater for 3 hours at a 

temperature equal to the production temperature and increased 15°C. Finally, the 

weight of the migrated material is weighted. 

The weight of the migrated material can be then calculated as follows in equation 6. 

𝐷𝐷 = 100 ∙
(𝑊𝑊2 −𝑊𝑊1)
1100 + 𝐵𝐵

 (6) 

where: 

D is the weight of the migrated material in percentage [%]; 
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W1 is the initial weight of the aluminium coated containers [g]; 

W2 is the final weight of the aluminium coated containers and the migrated material [g]; 

B is the initial bitumen weight added in the mixture [g]. 

The test specimens can be observed in Figure 145. 

 
Figure 145. Binder drainage test specimens 

The test should be repeated for each production/compaction temperature. However, if 

at the highest temperature there is no migrated material, the test for lower 

production/compaction temperatures should not be undertaken again. The results will 

certainly still be zero because if the bitumen does not migrate at the highest 

temperature, it will not migrate at lower temperatures. 

Therefore, all the specimens subjected to this test have given results equal to 0%, 

meaning that none of the asphalt mixtures will experience binder drainage even at high 

temperatures and over a long period. 

These results confirm that the asphalt mixtures under study have a correct composition 

and that the pavement transported would not exhibit any drainage of the binder. 

6.6 WATER SENSITIVITY 

This test was determined according to EN 12697-12:2009. Bituminous mixtures - Test 

methods for hot mix asphalt - Part 12: Determination of the water sensitivity of 
bituminous specimens (CEN 2009). 
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The influence of water in the reduction of the WMA mixtures performance has been 

reported as one of the issues that need to be carefully controlled. 

This test constitutes the assessment of the indirect tensile strength (ITS), carried out 

according to EN 12697-23 (CEN 2004), of two identical groups of specimens 

conditioned in different environments: dry and wet with the application of vacuum. 

The test requires a Marshall compaction with 50 blows on each side of eight asphalt 

mixture specimens. Four of these specimens are submerged in a thermostatic bath at a 

temperature of 40°C for three days after the application of the vacuum while the other 

four remain at room temperature. 

Before performing the test, all specimens are placed in a thermostatic bath at 15°C in 

order to reach the temperature required by the code regulation. Then, all the 

specimens are subjected to the ITS test and the maximum strength is recorded. 

The ITS values are calculated in function of the geometrical dimensions of the 

specimens and the maximum strength recorded from the software as expressed in 

equation 7. 

𝐼𝐼𝑇𝑇𝐼𝐼 =
2 ∙ 𝐾𝐾

𝜋𝜋 ∙ ℎ ∙ 𝐷𝐷
 (7) 

where: 

ITS is the indirect tensile strength [GPa]; 

P is the maximum load applied on the specimen [KN]; 

h is the height of the specimen [mm]; 

D is the diameter of the specimen [mm]; 

Figure 146 shows an example of a specimen subjected to the indirect tension strength 

test. 
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Figure 146. Specimen subjected to the ITS test 

Finally, the ratio (ITSR) between the average strength results of both groups of 

specimens (wet over dry) is evaluated in order to assess the water sensitivity of the 

mixture. 

Then ITSR can be obtained with equation 8: 

𝐼𝐼𝑇𝑇𝐼𝐼𝐼𝐼 = 100 ∙
𝐼𝐼𝑇𝑇𝐼𝐼𝑤𝑤
𝐼𝐼𝑇𝑇𝐼𝐼𝑠𝑠

 (8) 

where: 

ITSR is the ratio of the indirect tensile strength [%]; 

ITSw is the mean of the indirect tensile strength values for the wet specimens [KPa]; 

ITSd is the mean of the indirect tensile strength values for the dry specimens [KPa]; 

As the aggregate distribution chosen for this dissertation is a discontinuous one, in the 

Spanish context, the ITSR must be more than 90% (Ministerio de Fomento 2014). It 

must also be taken into account that there are some differences between the minimum 

specified values for ITSR from one country to another. 

In Table 24 a summary of the results of the ITSR ratio can be seen. 

146 



CHAPTER 6: PERFORMANCE EVALUATION OF THE MIXTURES 

Table 24. Ratio ITSR 

 

It can be observed that for the AR-WMA mixtures with Asphaltan A, Asphaltan B and 

Licomont the retained resistance was slightly less. However, these mixtures fulfill the 

water sensitivity a discontinuous mixture for a surface layer (90%). 

However, for the AR-WMA mixtures containing Sasobit, the decrease in the retained 

resistance was more prominent, not fulfilling the water sensitivity required. It can also 

be observed that the retained resistance of AR-WMA mixtures with Sasobit had almost 

a constant value at the three temperatures studied. 

Besides, the ITS values for the dry and wet specimens were reduced as the 

compaction temperatures decreased. This effect might be associated with the increase 

of the percentage of air voids produced when the production/compaction temperatures 

were lower, which generated a further decrease in the resistance in the dry and wet 

specimens. 

6.7 RESISTANCE TO PERMANENT DEFORMATION 

In this study, the determination of the resistance to permanent deformation was carried 

out using the wheel-tracking test (WTT) according to EN 12697-22:2008+A1:2008. 

Bituminous mixtures - Test methods for hot mix asphalt - Part 22: Wheel tracking 

(CEN 2008a). 

Rutting (often referred to as permanent deformation) is a common form of distress in 

flexible pavements. The pavement deflects a very small amount when vehicles move 

across it. The pavement tends to spring back to its original position after the vehicles 

Mixture Production Tª 
(ºC)

Compaction Tª 
(ºC)

ITSw        
[MPa]

ITSd        
[MPa]

ITSR              
(%)

B20 180 170 1.047 1.085 96.50
170 160 0.866 0.978 88.55
160 150 0.861 0.973 88.49
150 140 0.783 0.887 88.28
170 160 1.059 1.109 95.49
160 150 0.981 1.035 94.78
150 140 0.951 1.015 93.69
170 160 0.973 1.035 94.01
160 150 0.960 1.022 93.93
150 140 0.908 0.974 93.22
170 160 0.986 1.035 95.27
160 150 0.818 0.888 92.12
150 140 0.786 0.869 90.44

B20+4S

B20+4AA

B20+4AB

B20+4L
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passes over a given spot. However, the pavement surface often does not completely 

recover. Instead, there is a very small amount of permanent deformation in the wheel 

path. 

In this dissertation, the susceptibility of the control and AR-WMA mixtures to deform 

was assessed by measuring the rut depth formed by repeated passes of a loaded 

wheel at a temperature of 60 °C. 

The test machine is composed of a wheel which is loaded and applied on the 

specimens and it passes back and forth on their centreline. The evolution of the rut 

depth (mm) in air of the studied mixtures with the number of load cycles at 60 °C is 

recorded. The test machine is illustrated in Figure 147. 

The asphalt mixtures were compacted according to EN 12697-33:2006. Bituminous 

mixtures - Test methods for hot mix asphalt - Part 33: Specimen prepared by roller 
compactor (CEN 2006b). 

The specimens had the following dimensions: 41 cm length, 26.1 cm width and 5 cm 

height. The test must be carried out on two specimens at the same time and the final 

result is assumed as the mean value of the two independent measurements. 

 
Figure 147. Wheel tracking test machine 

The average results of the wheel-tracking tests required by the EN 12697-22 standard 

to rank the performance of the studied mixtures are the mean wheel-tracking slope 
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(WTS), mean proportional rut depth (PRD) and mean rut depth (RD), in air, which are 

presented in Table 25. 

The WTS can be easily calculated with the following equation 9. 

𝑊𝑊𝑇𝑇𝐼𝐼𝑚𝑚𝑎𝑎𝑟𝑟 =
d10000 − d5000

5
 (9) 

where: 

WTS is the wheel slope for 1000 number of cycles [mm]; 

d5000, is the rutting depth after 5000 number of cycles [mm]; 

d10000 is the rutting depth after 10000 number of cycles [mm]. 

According to the results, the effect of the additives on the performance of the AR-WMA 

mixtures should be highlighted, as the WTS has been reduced to less than half, when 

compared to the control mixture. In the Spanish context, the WTS must be less than 

0.07 (Ministerio de Fomento 2014), which was fulfilled by all the mixtures. 

It can be also observed that as the compaction temperatures decreased, the RD 

increased slightly, never attaining the value of the control mixture. 

Table 25. WTS, PRD and RD values 

 

Mixture
Compaction 

Tª (ºC)
WTS            
(mm)

PRD               
(%)

RD              
(mm)

B20 170 0.066 2.047 1.023
B20+4S 160 0.022 1.206 0.603
B20+4S 150 0.025 1.285 0.642
B20+4S 140 0.026 1.329 0.664
B20+4AA 160 0.022 1.205 0.602
B20+4AA 150 0.027 1.320 0.660
B20+4AA 140 0.023 1.350 0.675
B20+4AB 160 0.026 1.317 0.660
B20+4AB 150 0.023 1.170 0.717
B20+4AB 140 0.032 1.585 0.801
B20+4L 160 0.026 1.279 0.640
B20+4L 150 0.021 1.438 0.719
B20+4L 140 0.028 1.544 0.772
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The evolution of the rut depth (mm) in air of the studied control and AR-WMA mixtures 

with the number of load cycles at 60 °C is presented in Figure 148, Figure 149, Figure 

150 and Figure 151. 

 
Figure 148. Evolution of the permanent deformation of mixtures with Sasobit 

 

 

 
Figure 149. Evolution of the permanent deformation of mixtures with Asphaltan A 
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Figure 150. Evolution of the permanent deformation of mixtures with Asphaltan B 

 
Figure 151. Evolution of the permanent deformation of mixtures with Licomont 

It can be observed that for all the compaction temperatures the curves of AR-WMA 

mixtures are shifted on lower values, meaning that the addition of the waxes studied 

causes a reduction of the rut depth. 

Besides, for a comparative analysis, the results obtained for each compaction 

temperature were plotted together as can be seen in Figure 152, Figure 153 and Figure 

154. It can be observed that at a compaction temperature of 150ºC and 160ºC, the 

additives that present a lower rut depth are Sasobit and Asphaltan A. At a compaction 

temperature of 140ºC, also the WMA with Sasobit and Asphaltan A also present a 

lower rut depth. 
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Figure 152. Evolution of the permanent deformation of WMA compacted at 160ºC 

 
Figure 153. Evolution of the permanent deformation of WMA compacted at 150ºC 

 
Figure 154. Evolution of the permanent deformation of WMA compacted at 140ºC 
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Therefore, all the WMA additives studied caused a reduction of the rutting depths as a 

consequence of an increased global stiffness. This also confirms the stiffening effect 

due to the addition of waxes that has been already studied with the penetration test 

and with the rheological analyses performed with the DSR. 

The increase in the air voids content produced when the production/compaction 

temperatures were lower probably generated a further increase in the rut depths of the 

AR-WMA mixtures studied. 

According to the results of the wheel-tracking tests, it can be stated that in terms of 

resistance to permanent deformation, the additives significantly improved the 

performance of the control mixture. This is in keeping with the results obtained in the 

rheological characterization of the binders. 

6.8 STIFFNESS MODULUS 

This test was determined according to NLT 349/90. Medida de módulos dinámicos de 

materiales para carreteras (CEDEX 1992). It was decided to use this standard as there 

is a wide experience in Spain. 

The structural performance of the pavements is directly related to the mechanical 

behaviour of the bituminous mixtures, which can be characterized through the stiffness 

modulus among other parameters. In this dissertation, this property was obtained for 

the AR-WMA mixtures and their control mixture. 

The test consists of applying an axial load to the specimen that varies sinusoidally in 

time. The strain and deformation functions occurring in its central area are recorded at 

a specified temperature. 

The dynamic modulus of a particular cycle is defined as the ratio of the cyclic amplitude 

of the strain function and the cyclic amplitude of the overall deformation function 

(equation 10). The cyclic amplitude of a function is the absolute value of the difference 

between the maximum and minimum value in a cycle. 

𝐸𝐸∗ =
𝑇𝑇𝑐𝑐
𝜀𝜀𝑐𝑐

 (10) 

where: 

E* is the dynamic or stiffness modulus [MPa]; 
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Tc is the cyclic amplitude of the strain function [MPa]; 

Ɛc is the cyclic amplitude of the deformation function [adimentional]. 

The frequencies used for this test were 1, 5, 10 and 20 Hz and tests were carried out at 

-15ºC, 5, 20 and 40ºC. The test results can be observed in Figure 155, Figure 156, 

Figure 157 and Figure 158. 

 
Figure 155. Stiffness modulus for the control and AR-WMA mixtures at -15ºC 

According to the results presented in Figure 155, it can be observed that the additives 

that increase the stiffness of the control mixture are Sasobit and Licomont when the 

production/compaction temperatures are lowered by 10ºC. All the other AR-WMA 

mixtures present a lower stiffness compared to the control mixture. 

 
Figure 156. Stiffness modulus for the control and AR-WMA mixtures at 5ºC 
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As can be observed in Figure 156, the additives that have increased the stiffness of the 

control mixture are Sasobit when the production/compaction temperatures are lowered 

by 10ºC and Licomont when are lowered by 10ºC and 20ºC. Compared to the control 

mixture, the rest have a lower stiffness modulus. 

 
Figure 157. Stiffness modulus for the control and AR-WMA mixtures at 20ºC 

When the test is carried out at 20ºC (Figure 157), it can be observed the Asphaltan A 

and Sasobit significantly increased the stiffness modulus of the control mixture. 

Licomont also stiffened the B20 mixture at 150ºC and 160ºC compaction temperatures. 

The remaining mixtures presented lower stiffness modulus values. 

 
Figure 158. Stiffness modulus for the control and AR-WMA mixtures at 40ºC 
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In Figure 158 the results of the test carried out at 40ºC are presented. The additives 

that increased the stiffness of the control mixture were Sasobit, Licomont and 

Asphaltan A when the production/compaction temperatures are lowered by 10ºC and 

20ºC. 

In each case and as was expected, the stiffness modulus decreased as the testing 

temperature increased, for the same frequency, and it also increased as loading 

frequency increased, at the same temperature. 

Besides, it can be observed that the stiffness modulus increases with 

production/compaction temperatures as coating of coarse aggregate particles and 

bonds between them improve. 

6.9 RESISTANCE TO FATIGUE 

The fatigue resistance of all the studied mixtures was also determined using the four-

point bending test procedure, according to the EN 12697-24 (CEN 2013a). 

The fatigue cracking resistance of bituminous mixtures represents their ability to resist 

to the application of repetitive bending loads before failure. 

These tests were carried out at 20 °C, at a frequency of 10 Hz and at eight different 

tensile strain levels, with one specimen tested for each strain level. The initial stiffness 

modulus of each tested specimen and the number of cycles that correspond to a 50% 

reduction of its initial value (failure criterion) was registered, thus obtaining the fatigue 

life of the specimen. 

The fatigue lines obtained for the AR-WMA mixtures were the ones 

produced/compacted 20ºC below compared with the temperature of the control 

mixture, as this decrease was considered to be representative to study the effect of the 

WMA additives. 

With the results obtained, it was possible to determine the fatigue lines of the mixtures 

studied, which are presented in Figure 159. 
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Figure 159. Fatigue lines of control and AR-WMA mixtures 

It can be observed that for the mixture with Sasobit the fatigue resistance is very similar 

compared to the control mixture while for the mixtures containing Licomont and 

Asphaltan B there was an improvement in the fatigue resistance. The mixture with 

Asphaltan A led to less fatigue life. 

Frequently, the fatigue life of the asphalt mixtures can be also compared with the strain 

value ε6 which corresponds with 106 cycles. In Table 26 this values can be observed 

and compared. 

Table 26. Strain values 

 

Only the mixture with Asphaltan A has a higher strain value compared with the control 

mixture while the other mixtures with additives have slightly lower values. This confirms 

that only the mixtures with Asphaltan A will have a shorter fatigue life. 

In general, it could be stated that the studied WMA additives do not compromise and in 

some cases improve the performance of the control mixture in terms of fatigue cracking 

resistance at 20ºC which is one of the main fundamental properties of asphalt mixtures. 
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6.10 CONCLUSIONS 

In this chapter it was observed that different reductions of production/compaction 

temperatures could be achieved depending on the criteria: about 13ºC if the same air 

void content of the control mixture is required, more than 30ºC if a target void content ± 

1% needs to be satisfied and between 20ºC and 25ºC if the same compactability is 

needed. 

Also, it was observed that as the production/compaction temperatures decreased, the 

air void content of the WMA increased and that none of the WMA studied will 

experience binder drainage when high temperatures are reached. 

Besides, the water sensitivity test results showed that the addition of the additives 

slightly reduced the retained resistance achieved and that, except for the mixture 

containing Sasobit, the AR-WMA mixtures studied fulfilled the water sensitivity required 

by the Spanish standards for a surface layer and a discontinuous mixture (90%). 

Also, it was observed that as the production/compaction temperatures were lower, the 

retained resistance decreased due to an increase in the percentage of air voids. 

Regarding the stiffness modulus when the mixtures were compacted at 160ºC, the 

effect of the WMA additives in the stiffness modulus is more prominent, while for 

mixtures compacted at 150ºC and 140ºC, the lower stiffness values are due to an 

increase in the air voids content. 

The WMA additives were able to significantly improve the rutting resistance 

performance of the control mixture even though they were produced at much lower 

temperatures, confirming their efficiency, even at low production/compaction 

temperatures. This is in keeping with the results obtained in the rheological 

characterization. 

In general, it was observed that, except for one of the additives, the waxes had the 

same or higher fatigue resistance compared with the control mixture. 
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CHAPTER 7 

7 LIFE CYCLE ASSESSMENT OF THE PRODUCTION 
OF WMA MIXTURES 

This part of the dissertation was performed at the ISA (Integrated Sustainability 

Analysis) group at the University of Sydney in Australia. This research group develop 

leading-edge research and applications for environmental and broader sustainability 

issues, bringing together expertise in environmental science, economics, technology 

and social science. 

7.1 INTRODUCTION 

Although many studies have been conducted to demonstrate that the mechanical 
properties of WMA mixtures are not significantly affected, many questions and 

concerns regarding the environmental benefits the WMA technologies offer have yet 

to be addressed. 

The main objective of this part of the dissertation was to accurately evaluate and 

quantify the potential benefits of WMA technology by assessing the environmental 
impacts of the production of different WMA mixtures (with and without CRM binders) 

and comparing them with their corresponding control mixtures to determine the 

environmental impacts associated with energy consumption and emissions taking 

into account the embodied energy consumption and GHG emissions in the supply 

chain. 

159 



CHAPTER 7: LIFE CYCLE ASSESSMENT OF THE PRODUCTION OF WMA MIXTURES 

7.2 HYBRID LIFE CYCLE ASSESSMENT 

To evaluate the potential benefits of WMA, a number of field trials and studies have 

been conducted in Europe and the United States; these have shown that the 

manufacturing and placement of WMA produces fewer emissions when compared to 

HMA (Barthel et al. 2004, Button et al. 2007, D’Angelo 2008). In these studies, 

however, the upstream supply chain related to the production of the bitumen, 

aggregates and additives was not included. 

A LCA includes the role of the upstream supply chains of the different materials used to 

produce the asphalt mixtures. LCA is the methodology most commonly applied to 

assess the environmental impacts associated with the stages of a product’s life from 

cradle to grave. Is a comprehensive methodology for examining the net environmental 

performance of products and services. There are three methods: process, input-output 

and hybrid, the most common of which is the process-based approach; only a few 

studies have used input-output-based or hybrid LCA (Santero et al. 2011). 

For this study, a hybrid input-output-based life cycle assessment (hLCA) was 

chosen. This methodology represents the union of two methods: process and input-

output analysis. 

• Process analysis (PA) is specific and detailed, but it is affected by a systematic 

truncation error caused by the finite system boundary. 

• Input-output analysis (IOA), on the other hand, includes all indirect supply-

chain impacts and thus avoids truncation errors. 

• Input-output (IO) sectors, however, are aggregated and IOA can therefore not 

be specific and detailed (Moskowitz, Rowe 1985, Lenzen 2000, Suh 2004). 

The shortcomings of both methods have led researchers to combine their strengths 

into a hLCA method (Bullard et al. 1978, Heijungs, S. Suh 2002, Suh 2004, Suh, 

Nakamura 2007). 

This methodology is able to assess the energy consumption and environmental 

impacts of products and services by taking advantage of a country’s economic IO 

tables; these were originally developed to describe industry sectors’ economic 

transactions and have since become an effective tool for use by LCA studies. It must 

be taken into account that there are no upstream system boundaries in input-output-

assisted hybrid LCA. (Suh 2004). 
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It was decided to evaluate the environmental impacts in terms of GHG emissions and 

energy as the carbon dioxide (CO2) is the GHG which most contributes to global 

warming and is produced when energy is consumed during the mixing process and as 

optimizing energy consumption and fuel requirements is of vital importance, especially 

as energy costs rise due to the depletion of crude oil brought on by the increasing 

demand for energy. 

Indeed, Australia is a country that needs to import crude oil. In recent years, there has 

been a dramatic increase in the demand for and price of oil and imports are expected 

to increase to 76% of total consumption by 2030 (de Vries et al. 2007, Geoscience 

Australia and ABARE 2010). 

Also, as the production phase of asphalt mixtures consumes the largest amount of 

resources (Tatari et al. 2012) the main benefits of using WMA technology will come 

from reducing the manufacturing temperature at the asphalt plant. This temperature 

reduction leads to a significant decrease in fuel consumption and, consequently, to a 

reduction of energy usage and CO2 emissions as well. At the asphalt plant, heat is 

used to dry aggregates and to reduce the viscosity of the bitumen during the mixing 

process. When the viscosity of the mixture is lowered, its workability improves and the 

bitumen can adequately coat the aggregates. 

The asphalt mixtures selected for this hLCA consisted of WMA mixtures with and 

without CRM binder (15% and 20% content of rubber powder) using 2% and 4% of a F-

T wax as the additive to reduce the viscosity. This wax corresponds with the additive 

studied in this dissertation called Sasobit. However, for this chapter of the dissertation, 

it was preferred to use the generic name as the information obtained was for this wax 

and not for the specific commercial product. 

One of the contributions of this hLCA was to take into account the emissions and 

energy usage associated with the WMA additive, as this can offset to some degree the 

reduction of energy and GHG emissions obtained when the mixture is produced at a 

lower temperature. 

7.3 INPUT-OUTPUT-BASED LIFE CYCLE ASSESSMENT  

IOA is an economic technique that was established by Wassily Leontief in the 1930s. 

This technique is based on the complex interdependencies of industries and uses 

monetary transactions that describe the structure of an economy. These transactions 
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can be represented by an n × n direct requirements matrix A, where n is the number of 

economic sectors. The A matrix represents the proportion of inputs required for the 

production of a unit of output. An introduction of the basic IO model and its applications 

is described in the literature (Dixon 1996, Leontief 1986, Miller, Blair 2009). 

Input-output-based life cycle assessment, commonly known as hybrid LCA, is a 

technique that combines the strengths of top-down IOA and bottom-up PA (Bullard et 

al. 1978). The marriage of these two methods bestows specificity and accuracy, a 

characteristic of PA. 

Additionally, inclusion of top-down IO data confers system completeness as boundary 

truncation errors are eliminated (Lenzen 2000). Many recent studies have implemented 

the hybrid LCA approach for environmental footprint analyses (Liu et al. 2012, Acquaye 

et al. 2011, Wiedmann et al. 2011). Likewise, in this study, the energy consumption 

and GHG emissions of 39 different asphalt mixtures were assessed. 

For undertaking hybrid LCA, two types of data are needed: top-down IO data and 

bottom-up PA. The IO and the process data are further explained. 

7.4  INPUT-OUTPUT DATA 

In this study a multi-regional input-output (MRIO) table of Australia (Lenzen et al. 2014) 

is used as well as process data for 39 case studies on asphalt mixtures production. 

The MRIO table is based on a supply-use structure: supply and use tables are less 

aggregated than symmetric IO tables and offer a detailed picture of the commodities 

and industries (EEC 2008). 

The table was obtained from the Australian Industrial Ecology Virtual Laboratory 

(IELab). The IELab is a unique cloud-environment for the compilation of high resolution 

sub-national IO tables for Australia (Lenzen et al., 2014). The IELab consists of highly 

detailed Australian data for 1284 sectors (ABS, 2012) and 2214 regions (ABS, 2010). 

Using this root classification, users can construct customised multi-regional input-

output tables of interest. The customised table could be of any number of regions and 

sectors, depending on the research question. In this study, the MRIO table constructed 

by (Lenzen et al. 2014) was used for undertaking hybrid life cycle assessment.  
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This table consists of 344 industries and commodity sectors each, 6 final demand and 

5 value added categories for 19 Australian regions, a 344 sector imports row block, an 

exports column vector, 17 margin and taxes rows, and a row each for the energy and 

GHG emissions satellite accounts. The complete sub-national table for Australia 

measures 13513 × 13187. 

Energy and GHG satellite data were also obtained from the IELab. These data are 

based on the statistics published by the Australian Bureau of Statistics (BREE 2013 

2013) and the National Greenhouse Gas Inventory-Kyoto Protocol Accounting 

Framework, Department of Climate Change and Energy Efficiency (DCCEE 2011) 

respectively. 

7.5 CONSTRUCTION OF A HYBRIDISED IO TABLE 

In this dissertation, the sub-national input-output table for Australia has been used for 

undertaking hLCA of different asphalt mixtures. 

To this end, bottom-up process data for 39 case studies were collected, each reflecting 

a different kind of asphalt mixture and inserted the New South Wales (NSW) region of 

the MRIO table. 

NSW was chosen as the case study region, since bituminous product manufacturing 

industry is geographically connected to the pavement construction sector and this is 

linked to population levels. One of the major products of this sector is bitumen and 

companies tend to locate facilities close to end user. In Australia the main industries 

are located in the states of the eastern seaboard, of which the most important is NSW. 

Figure 160 presents a schematic of the NSW region to demonstrate the insertion 

process. 

U is the use matrix, V the supply matrix, y final demand and v primary inputs. For 

illustration purposes, only one case study is shown. The use matrix (U) harbours the 

input recipes of the asphalt mixtures; the supply matrix (V) contains the values for the 

total asphalt production; the v matrix shows the primary inputs required for production; 

and the y matrix shows the final demand for asphalt mixtures. 

The coloured squares and columns represent the location of the data. The vertical 

coloured columns in the use matrix signify input recipes for the sectors, whereas the 

horizontal rows signify sales structures. 
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Figure 160. Schematic of a section of the Australian MRIO table (IO table of NSW) 

For example, the vertical columns for bitumen, rubber, wax, aggregates and binder 

represent the inputs bought by these sectors. Similarly, the asphalt mixture column 

denotes the inputs bought for the production of asphalt. In this case study, only 

bitumen, rubber, wax, aggregates and binder have been allocated to this column, 

signifying that these sectors sell their outputs to the asphalt mixture sector. 
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The black horizontal square and rectangle represent the sale of asphalt mixtures to 

road and bridges sector, and private gross fixed capital (final demand), respectively. 

The coloured squares in the supply matrix denote the total production of commodities 

by a particular sector. For example, the total production of bitumen is shown by a grey 

square joining the bitumen industry and commodity. (Malik et al. 2014) describe the 

insertion process in detail using the case of biorefining in Australia. 

7.6 INPUT-OUTPUT CALCULATIONS 

The monetary input-output framework can be extended to include data on physical 

quantities, such as energy and GHG emissions (Leontief 1970). This data can be used 

to calculate the direct and total (direct and indirect) intensities of the production of 

asphalt mixtures. To this end, data from the satellite accounts is divided by the total 

output of the asphalt sector. 

Leontief’s fundamental input-output equation describes total output x as a matrix 

inverse x = (𝐈𝐈 − 𝐀𝐀)−1𝐲𝐲, where I is the identity matrix, A is the direct requirements 

matrix with elements Aij = Tij / xj, (T being an input-output or supply-use transactions 

matrix), and y is the final demand matrix. The direct environmental intensity qi of 

industry i can be calculated by 𝐪𝐪 = 𝐐𝐐𝐱𝐱�−1, where Q is the satellite account containing 

environmental quantities Qi for industries i in absolute terms (energy use, carbon 

emissions).The total impact multipliers m can then be calculated by 𝐦𝐦 = 𝐪𝐪(𝐈𝐈 − 𝐀𝐀)−1 , 

where (𝐈𝐈 − 𝐀𝐀)−1 is the so-called Leontief inverse L. Combining the e multiplier 

expression with Leontief’s fundamental identity x = (𝐈𝐈 − 𝐀𝐀)−1𝐲𝐲 yields that Q = qx = 

qLy, where qx is the production perspective and qLy the consumption perspective of 

total impacts Q. 

Finally, a production layer decomposition (PLD) of the total impacts using 𝐐𝐐∗ = 𝐪𝐪#𝐋𝐋𝐲𝐲∗, 

was undertaken where y* is restricted to asphalt sectors, and # denotes element-wise 

multiplication. Utilising the well-known series expansion of the Leontief inverse, the 

total impacts can be decomposed into increasing layers of production as follows in 

equation 11: 
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7.7 PROCESS DATA 

The case studies are listed in Table 27. 

Table 27. Asphalt mixtures case studies 

 

Case study Bitumen(%) Rubber (%)  F-T wax(%) Temperature (ºC)
1 9.00 20 0 180
2 9.00 20 4 175
3 9.00 20 4 170
4 9.00 20 4 165
5 9.00 20 4 160
6 9.00 20 4 155
7 9.00 20 4 150
8 9.00 20 2 175
9 9.00 20 2 170
10 9.00 20 2 165
11 9.00 20 2 160
12 9.00 20 2 155
13 9.00 20 2 150
14 5.50 15 0 180
15 5.50 15 4 175
16 5.50 15 4 170
17 5.50 15 4 165
18 5.50 15 4 160
19 5.50 15 4 155
20 5.50 15 4 150
21 5.50 15 2 175
22 5.50 15 2 170
23 5.50 15 2 165
24 5.50 15 2 160
25 5.50 15 2 155
26 5.50 15 2 150
27 5.20 0 0 165
28 5.20 0 4 160
29 5.20 0 4 155
30 5.20 0 4 150
31 5.20 0 4 145
32 5.20 0 4 140
33 5.20 0 4 135
34 5.20 0 2 160
35 5.20 0 2 155
36 5.20 0 2 150
37 5.20 0 2 145
38 5.20 0 2 140
39 5.20 0 2 135
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The case studies referred to here consist of 39 asphalt mixtures without and with CRM 

binder (15% and 20% content of rubber powder) using 2% and 4% of a F-T wax as the 

viscosity-reducing additive and their respective control mixtures (without the WMA 

additive). The materials needed for the WMA mixtures studied were bitumen, rubber 

powder, F-T wax and aggregates. 

For this study, bottom-up data needed to be collected for the PA component of the 

hLCA. 

To obtain accurate results, it was necessary to contact different companies and 

complete a literature review to ensure that the data was reliable. 

One of the significant contributions of this study is that data pertaining to the energy, 

GHG and monetary inputs of the different materials used to produce WMA, as well as 

data related to the manufacturing of CRM binders and the production of asphalt 

mixtures at the plant, were successfully compiled, despite the fact that businesses do 

not make such specific information about their inputs publicly available. 

One of the main materials for manufacturing asphalt mixtures is bitumen. Data was 

extracted from the Life Cycle Inventory (LCI) reported by Eurobitume (Eurobitume 

2012). This LCI provides data for the paving grade bitumens most widely used in 

Europe and was carried out in accordance with European and ISO (International 

Organization for Standardization) standards. The LCI covers bitumen from cradle to 

gate: from the oil well, through transport and manufacture, to the refinery gate. In this 

study, only bitumen manufactured in a complex refinery, where the main production 

route is straight-run distillation (atmospheric distillation and vacuum distillation), was 

considered, as this is the most common production route for bitumen manufactured in 

Europe. 

The data for the rubber powder used to make the CRM binders was obtained from a 

plant commercialized by a US company which employs a very common scrap tyre 

recycling method: a four-stage tyre processing system that produces high quality 

crumb rubber particles in a wide range of sizes utilizing scrap car and/or truck tyres as 

feedstock. The crumb rubber used to make CRM binders and rubberized asphalt 

mixtures comes from ELTs, which are a waste product. Hence, the PA data only 

considered the production of the rubber powder from ELTs at the plant. 
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Data of the monetary inputs, energy and GHG attributable to the production of the F-T 
wax used in this study as the WMA additive was extracted from the literature (Maitlis, 

de Klerk 2013). 

The input data for the aggregates was provided by the Galician Association of 

Aggregates which brings together companies that exploit, manufacture and market any 

type of aggregate in the region of Galicia, Spain. The energy data was taken from the 

literature (Boustead, Hancock 1979) and the GHG data of this material was extracted 

from the Athena Sustainable Materials Institute. 

Before the manufacturing of WMA with CRM binders at the asphalt plant, is necessary 

to mix the bitumen with the rubber. The information about the production of the CRM 

binders was provided by the company Asfaltómeros S.A., Spain. 

In order to obtain the data regarding the manufacturing of the WMA mixtures, a 

thermodynamic model was developed to determine the fuel usage (in this study, fuel 

oil), energy requirement, GHG emissions and mixture costs at the mixing plant. This 

model took into account a number of factors, including aggregate moisture content, 

casing losses and mix and stack temperatures. This is a theoretical model calibrated by 

real data (West et al. 2014, Prowell et al. 2014). 

7.8 TOTAL ENERGY REQUIREMENT AND GHG EMISSIONS AGAINST 
TEMPERATURE 

 
Figure 161. Total energy requirement: comparison of control and WMA mixtures 
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The total energy requirement for manufacturing the different WMA mixtures studied is 

presented in Figure 161, where B is the mixture without rubber and B15 and B20 are 

the mixtures with the binder containing 15% and 20% of rubber powder, respectively. 

The total energy includes the direct and indirect energy, taking into account not only 

the direct energy reduction brought about by lowering the mixing temperature at the 

plant, but also the upstream or embodied energy. 

The main difference between the control and WMA mixtures is the addition of the WMA 

additive to decrease the viscosity. Although the energy requirement generally 

decreases with the reduction of the manufacturing temperature, for some mixtures the 

energy to produce the wax slightly offsets the benefits of lowering the temperature; in 

these cases, a slightly greater decrease in temperature must take place before a 

reduction in energy use is achieved. For the B20 mixtures, when 4% of the F-T wax is 

added, the mixing temperature must be reduced by more than 10ºC in order for the 

manufacturing process to require less energy per tonne of mixture than the control 

mixture. Analogously, for the B20 mixtures with 2% additive and the B and B15 

mixtures with 4% additive, the temperature should be lowered by about 7ºC to 

compensate for the embodied energy of the wax. The B and B15 mixtures with 2% 

additive are not affected by adding the wax and therefore do not require a minimum 

temperature reduction to save energy. 

The B20 mixtures could achieve from a 9% to 13% reduction (for 4% and 2% additive, 

respectively) of the total energy requirement at the asphalt plant compared with their 

control mixtures. In the same way, the B15 mixtures could offer 14% to 17% and the B 

mixtures from 16% to 19% overall energy savings. 

If the mixtures are compared, the B mixtures require less total energy, as there is no 

rubber powder in the bitumen. The B20 mixtures require more total energy than B15 

due to their higher rubber and bitumen content (B20 contains 9% bitumen while B15 

contains 5.5%). Though they are presented together in this study, it should be taken 

into account that the mixtures with and without CRM binder have different engineering 

properties, such as pavement life, which is longer for CRM mixtures. 
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Figure 162. Total GHG emissions: comparison of control and WMA mixtures 

The total GHG emissions produced by manufacturing the different WMA mixtures 

studied are presented in Figure 162. Here, the embodied GHG emissions were 

included. A direct reduction of emissions can be achieved by lowering the mixing 

temperature at the plant.  

As with the energy requirement, the B and B15 mixtures with 2% additive are not offset 

by the addition of the wax and would therefore not require a minimum temperature 

reduction to produce fewer emissions per tonne of mixture as compared to their 

respective control mixtures. However, for the B20 mixtures with 2% and 4% additive, 

the manufacturing temperature should be reduced by at least 6ºC and 11ºC, 

respectively, to compensate for the embodied GHG emissions of the wax. The B and 

B15 mixtures with 4% additive would need a temperature reduction of about 7ºC. 

With respect to the GHG emissions savings, the B20 mixtures could achieve a 10% to 

12% reduction (for 4% and 2% additive, respectively) of total emissions at the asphalt 

plant compared to the control mixture. Similarly, the B15 mixtures could save 14% to 

16% and the B mixtures 16% to 18% of the total CO2 per tonne of mixture 

manufactured at the plant. 

As was the case with the energy requirement, the B mixtures would emit fewer total 

GHG than B15 and B20 as their bitumen does not contain any rubber powder. 

Furthermore, the B20 mixtures produce more total emissions than the B15 due to the 

additional rubber and bitumen content. 
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7.9 PRODUCTION LAYER DECOMPOSITION FOR ENERGY REQUIREMENT 
AND GHG EMISSIONS 

Total energy and GHG emissions provide a good overview of the results but a PLD 

offers a more detailed analysis, as it is able to show whether overall impacts are 

caused directly by suppliers to the business or indirectly by suppliers of suppliers. The 

PLD for the energy requirement of 4 mixtures – with and without rubber and their 

respective control mixtures – representative of the 39 case studies can be seen in 

Figure 163 and for the GHG emissions in Figure 164. 

As it can be seen in Figure 163, the PLD for the energy requirement indicates the direct 

energy required for the manufacturing of each mixture – the energy consumed onsite at 

the asphalt plant – as well as the energy use of the other contributing sectors, 

representing the upstream energy. The sectors are grouped into industry sectors in the 

Australian economy and the term upstream refers to impacts associated with the 

various activities of sectors and industries that produce a commodity, in this case, 

asphalt mixtures. 

 
Figure 163. Production layer decomposition of energy requirement of 4 representative 

case studies 
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Layer 1 represents the energy required for producing the asphalt mixture at the asphalt 

plant; layer 2, the asphalt plant’s suppliers; layer 3, the suppliers of the asphalt plant’s 

suppliers; and so on, like a tree which in theory continues for an infinite number of 

production layers. After layer 2, additional energy usage is allocated to new or hidden 

sectors that were not visible in the first and second layer. If the analysis had stopped 

after the first or second layer, the calculation of the total energy requirement would 

have suffered from a truncation error and would almost certainly have been an 

underestimation; the study would, therefore, have been incomplete. This is one of the 

strengths of the methodology used in this study: it is able to identify the ultimate 

upstream causes of environmental impacts. hLCA is capable of following production 

trees with an infinite number of levels. To consider a study complete, the impacts 

should be estimated up to the fourth layer and it is considered acceptable only when 

the truncation error is about 2%. This same reasoning applies to the PLD for GHG 

emissions seen in Figure 5. 

 
Figure 164. Production layer decomposition of GHG emissions of 4 representative case 

studies 

When comparing the WMA mixtures with their corresponding control mixtures (for 

example, B20 with 4% F-T produced at 150ºC and the B20 control mixture produced at 

180ºC), it can be noted that WMA technology is able to significantly reduce the onsite 
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energy use and GHG emissions as well as the total energy requirement and emissions. 

It can also be seen that the data related to the contributing sectors is the same for each 

mixture, as each has the same kind and amount of materials – except for the viscosity-

reducing additive which does not significantly change the sectors contributing to the 

overall energy use and emissions. 

In the second layer, representing the asphalt plant’s suppliers, the major sectors that 

contribute to the energy use and GHG emissions are the fuel and construction sectors. 

Construction materials are used to make asphalt mixtures and fuel oil is needed to 

manufacture them. For the production of bitumen in the refinery, the distribution of the 

energy sources is about 19% heavy fuel oil and 80% refinery gas (Eurobitume 2012). 

Electricity is needed to shred the ELTs to produce the rubber powder. The WMA 

additive used in this study is a F-T wax, which is one of the by-products of a process 

which produces synthetic fuel, typically from natural gas. In the case of the aggregates, 

the main consumption of energy in their production comes from the crushers, conveyor 

belts and screening machines. At the plant, the binder is mixed with the aggregates to 

produce the asphalt mixture. This binder is a mixture of rubber powder and bitumen; if 

wax is used, it can be added before or after this process. To prepare the binder for the 

manufacturing of the asphalt mixtures at the asphalt plant, the equipment, generator 

and telehandler use gas oil. 

After Layer 3 (the suppliers of the asphalt plant’s suppliers, and so on), the “hidden” 

contributor sectors appear: mining, chemicals, metals, utilities and transport and 

communication. Mining is a sector that, for example, for the B20 with 4% of the 

additive, contributes to 20% of the total energy use, which is the same as the direct 

energy. There are other sectors that have such a small contribution that they cannot be 

seen in Figure 4 and Figure 5. These are, in order from highest to lowest: business 

services, equipment, minerals, trade, agriculture, wood and paper, food, personal 

services, forestry, fishing and textiles. 

In general, the sector with the greatest contribution to both energy use and GHG is the 

fuel sector, with approximately one third of the total. When the embodied energy 

consumption and GHG emissions in the supply chain as well as the fuel needed to heat 

and dry aggregates during the mixing of the asphalt are taken into account, the fuel 

sector is clearly the main contributor. 
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7.10 TOTAL ENERGY REQUIREMENT AND GHG EMISSIONS OF EACH 
CONTRIBUTING SECTOR 

This section offers an overview of the total impacts of each sector for the different 

mixtures. 

Figure 165 shows that for the B and B20 mixtures containing 4% additive, the energy 

requirement and GHG emissions of each contributing sector increase with temperature. 

The B and B20 control mixtures are mixed at 165ºC and 180ºC, respectively; neither 

control mixture contains the F-T wax additive. 

They are represented in the same figure to illustrate that above a certain temperature 

the embodied energy and GHG emissions of the wax slightly offset the benefits of 

lowering the temperature with respect to the control mixture. As was explained before, 

a minimum temperature decrease must take place before the benefits of the WMA 

technology can take effect. 

 
Figure 165. Total energy requirement and GHG emissions of each contributing sector for 

B and B20 mixtures with 4% additive and control mixture 
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As mentioned before, the main contributing sectors are from the highest to the lowest: 

fuel, mining, construction, utilities, transport and communication, chemicals and metals. 

Other sectors were examined in the PLD but make such small contributions to the 

overall impacts that they cannot be seen in Figure 165. In order from highest to lowest 

they are: business services, equipment, minerals, trade, agriculture, wood and paper, 

food, personal services, forestry, fishing and textiles. 

The classification of the industry sectors into 19 broad categories can be seen in Table 

28. 

Table 28. Classification of industry sectors into 18 broad categories 

 

18 sectors ISAPC sectors + augmented sectors 

Agriculture 

Sheep and lambs 

Shorn wool 

Oats, sorghum and other cereal grains 

Wheat 

Barley 

Rice 

Oilseeds 

Legumes 

Beef cattle 

Untreated milk 

Dairy cattle 

Pigs 

Poultry 

Eggs 

Vegetables 

Fruit 

Plant nurseries 

Flowers 

Grapes for wine 

Horses 

Deer 

Animal breeding 
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Sugar cane 

Unginned cotton 

Hops 

Grass seed 

Hay 

Natural rubber 

Skins and other agricultural services 

Ginned cotton 

Cotton seed 

Sheep shearing 

Aerial agriculture 

Forestry 

Forest products 

Forestry 

Softwoods 

Hardwoods 

Fishing 

Services to fishing and squid jigging 

Rock lobsters 

Prawns 

Raw fish 

Shellfish 

Aquaculture 

Mining 

Black coal 

Brown coal 

Crude oil 

Natural gas 

LPG, LNG 

Coal, oil and gas extraction 

Iron ores 

Non-ferrous ores 

Bauxite 

Copper concentrates and ores 

Gold 

Ilmenite and Leucoxene 

Rutile 

Mineral sands 
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Nickel ores 

Lead ores 

Silver and zinc ores 

Tin ores 

Uranium ores 

Manganese ores 

Gemstones, gypsum, silica 

Gravel 

Sand 

Dimension stone 

Construction materials 

Limestone 

Clays 

Salt 

Phosphate rock 

Services to mining 

Food 

Meat products 

Fresh meat 

Offal, hides, skins, blood meal 

Poultry, slaughtered 

Dairy products 

Treated milk 

Cheese 

Butter oil 

Butter 

Vegetable products 

Fruit products 

Oils and fats 

Rice products 

Plain flour 

Fodder and feed 

Flour mill products 
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Gluten 

Breakfast foods 

Self-raising flour 

Cakes 

Pasta 

Pies, cakes, biscuits 

Bread and bread rolls 

Confectionery 

Food products 

Raw sugar 

Refined sugar 

Fish 

Lobster  

Processed seafoods 

Animal food 

Soft drinks 

Beer and malt 

Spirits 

Wine 

Tobacco 

Textiles 

Wool scouring 

Human-made fibres 

Cotton fabrics 

Wool fabrics 

Textile finishing 

Textile products 

Textile and canvas bags 

Knitting mill products 

Clothing 

Footwear 
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Leather products 

Wood and paper 

Sawmill products 

Undressed sawn timber 

Softwood woodchips 

Undressed resawn timber 

Hardwood woodchips 

Pulp, paper and paperboard 

Manufactured wood 

Joinery products 

Paper containers 

Paper products 

Printing and stationery 

Trade advertising 

Recorded media and publishing 

Newspaper advertising 

Newspapers 

Periodicals 

Books, maps, magazines 

Fuels 

Petroleum and coal products 

Petrol and diesel 

Kerosene 

Gas oil or fuel oil 

Bitumen 

Refinery LPG 

Chemicals 

Basic chemicals 

Gases 

Paints 

Pesticides, insecticides and medicinal goods 

Pharmaceutical goods for human use 

Soap and other detergents 
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Cosmetics and toiletry preparations 

Chemical products 

Explosives and matches 

Munitions 

Inks 

Glue 

Rubber products 

Tyres 

Retreading strips 

Plastic products 

Superphosphate 

Mixed fertilisers 

Chemical fertilisers 

Minerals 

Glass products 

Ceramic products 

Cement, lime  

Ready-mixed concrete 

Concrete products 

Plaster boards and plaster 

Non-metallic mineral products 

Worked monumental or building stone 

Glass fibre and glass wool products 

Ground minerals 

Metals 

Iron and steel semi-manufactures 

Non-ferrous non-aluminium semi-manufactures 

Copper, silver, lead, zinc 

Alumina 

Aluminium 

Nickel 

Precious metals 
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Aluminium semi-manufactures 

Aluminium foil 

Structural metal products 

Fabricated construction steel 

Reinforcing rods 

Aluminium doors 

Architectural aluminium 

Structural metal products repairing 

Sheet metal products 

Fabricated metal products 

Firearms 

Fabricated metal products repairing 

Equipment 

Motor vehicle parts 

Finished cars 

Trucks 

Motor vehicle repairing 

Ships and boats 

Ships and boat repairing 

Railway equipment 

Railway equipment repairing 

Aircraft 

Aircraft repairing 

Photographic and scientific equipment 

Surgical and medical 

Spectacles and sunglasses 

Electronic equipment 

Gaming and vending machines 

Household appliances 

Space heaters, gas 

Space heaters, electric 

181 



CHAPTER 7: LIFE CYCLE ASSESSMENT OF THE PRODUCTION OF WMA MIXTURES 

Domestic refrigerators 

Room air conditioning 

Commercial refrigerators 

Clothes washing machines 

Water heater, solar 

Water heater, non-electric 

Water heater, electric 

Electrical equipment 

Construction machinery 

Hoists, cranes, lifting and loading machinery 

Machinery for crushing, grinding, mixing 

Mining or drilling machinery and parts 

Elevators and escalators 

Industrial machinery and equipment 

Pumps 

Air conditioning 

Lawn mowers 

Tillage, seeding, planting and fertilising equipment 

Harvesting, haymaking and silage making equipment 

Agricultural tractors 

Irrigation equipment 

Agricultural machinery and parts 

Prefabricated buildings 

Furniture 

Wooden furniture 

Sheet metal furniture 

Mattresses 

Miscellaneous manufacturing 

Jewellerey 

Advertising signs 
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Utilities 

Electricity supply 

Gas supply 

Water supply; sewerage and drainage services 

Construction 

Residential building repair and maintenance 

Residential building construction 

Bitumen 

Rubber 

Wax 

Aggregates 

Binder 

Non-residential building construction 

Non-residential building repair and maintenance 

Roads and bridges 

Non-building construction 

Non-building repair 

Trade 

Wholesale trade 

Retail trade 

Motor vehicle and lawn mower repairs 

Industrial machinery repairs 

Business machines and equipment repairing and 

services 

Wholesale repair and servicing 

Household electrical applicances repair and service 

Retail repair and service 

Hotels, clubs, restaurants and cafes 

Accommodation 

Transport and 
communication 

Road freight  

Bus and tramway 

Taxi and hire car 

Railway freight transport services 
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Railway passenger transport services 

Pipeline transport 

Transport services 

Water transport 

Air and space transport 

Parking services 

Services to road transport 

Services to water transport 

Services to air transport 

Travel and tourist agency services 

Road freight forwarding 

Forwarding agencies 

Customs agencies 

Storage 

Overseas communication services and Pay TV 

Postal services 

Courier services 

Domestic telecommunication services 

Business services 

Banking 

Non-bank finance 

Insurance 

Life insurance 

Health insurance 

Public liability 

Security broking and dealing 

Services to finance and investment 

Services to insurance 

Ownership of dwellings 

Property services 

Property operator and developer services 
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Real estate agent services 

Motor vehicle hire 

Plant leasing, hiring and renting services 

Computer and technical services 

Research and meteorology services 

Architectural services 

Surveying services 

Technical services 

Data processing services 

Legal services 

Accounting services 

Advertising services 

Market research and other business management 

services 

Employment placement 

Typing, copying and mailing 

Security and investigation 

Pest control 

Cleaning 

Packing 

Collecting and credit reporting 

Business services 

Judicial services 

Personal services 

Federal government 

State government 

Local government 

Defence 

Education 

GPs, dentists, optometrists, ambulance 

Hospitals and nursing homes 
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Community health centres 

Veterinary services 

Motion pictures 

Radio and television stations 

Library, museum and art gallery services 

Parks, botanical gardens and zoos 

Music and theatre production 

Creative arts 

News reporting 

Entertainment 

Lottery 

Gambling 

TAB agencies 

Sport and recreation services (incl horse and dog 

racing, sports grounds, services) 

Personal services 

Photographic film processing  

Community services and religious organisations 

Interest groups and community organisations 

Police 

Corrective centres 

Fire brigade 

Sanitary and garbage disposal 

 

7.11 CONCLUSIONS 

In this study, a comprehensive hLCA of the production of WMA mixtures with and 

without CRM binders was carried out in order to accurately quantify the benefits of 

WMA technology by accounting for the embodied energy requirement and GHG 

emissions in the supply chain. 
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This technique was chosen as it combines the strengths of top-down IOA and bottom-

up PA, allowing for specificity, accuracy and system completeness while eliminating 

boundary truncation errors. The main contributions of this study were to take into 

account the role of the WMA additive (in this case a F-T wax) in the supply chain, to 

study unconventional pavements (WMA mixtures with CRM binders) and to collect 

bottom-up data that is not publicly available for the PA component of the hLCA. 

The results of this study exhibit that, for the mixtures studied, WMA technology is able 

to significantly save energy and GHG emissions, reducing them up to 18% and 20%, 

respectively, compared to the control mixtures. However, in some of the case studies, 

due to the presence of the wax the manufacturing temperature at the asphalt plant 

must be reduced by an average of 8ºC before the benefits of reduced emissions and 

fuel usage can be obtained. The results regarding the overall impacts generated using 

a detailed PLD indicate that the fuel, mining and construction sectors are the main 

contributors to the environmental impacts of manufacturing WMA mixtures. 
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CHAPTER 8 

8 CONCLUSIONS AND RECOMMENDATIONS FOR 
FUTURE RESEARCH 

8.1 CONCLUSIONS 

Due to a growing concern over global warming, the pavement industry is making a 

constant effort to reduce energy consumption and diminish its green greenhouse gas 

(GHG) emissions by reducing the production and placement temperatures of 

conventional asphalt. 

This dissertation has addressed the major drawback of the mixtures with crumb-rubber 

modified (CRM) binders: the manufacturing temperature is higher compared to 

conventional mixtures as the rubber lends greater viscosity to the binder and, therefore, 

produces larger amounts of GHG. 

The WMA technology offers promising solutions to the CRM drawbacks thanks to the 

use of fluidifying additives which are able to guarantee a lower viscosity of bitumen 

without affecting the mixture performance at pavement service temperatures. 

In this dissertation, the WMA technology with organic additives (Sasobit, Asphaltan A, 

Asphaltan B and Licomont) was applied to CRM binders and asphalt rubber (AR) 

mixtures. This study sought to determine if a more sustainable production of AR 

mixtures could be obtained without significantly affecting their level of mechanical 

performance. 
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The methodology applied in order to evaluate and compare the performance of the 

CRM binders and AR mixtures with WMA additives (AR-WMA mixtures) consisted of 

carrying out several laboratory tests. Also and in order to accurately quantify the 

benefits of WMA technology, a hybrid input-output-based life cycle assessment (hLCA) 

of the production of WMA was carried out taking into account the role of the WMA 

additive in the supply chain. 

The highlights of the research can be summarized as follows. 

• This study has shown that the incorporation of the four organic additives 

selected for this dissertation (Sasobit, Asphaltan A, Asphaltan B and Licomont) 

reduced the viscosity of the binders with 15% and 20% of rubber as well as 

binders without rubber. 

• The addition of 4% of any one of the additives produced a greater decrease in 

viscosity than when a mere 2% of the additive was used. 

• In general, for all the binders studied, a theoretical reduction of the 

manufacturing temperatures of the corresponding mixtures using the WMA 

additives, especially when containing 4% of the additive, was observed. 

• In the same way, for all the binders studied, the incorporation of these additives 

caused the penetration to decrease and the softening temperatures to increase. 

This is in keeping with the fact that the fusion temperatures of the waxes are 

higher than the temperature at which the penetration and softening point tests 

were conducted. Therefore, at lower temperatures, the additives stiffened the 

binders. Furthermore, the incorporation of rubber reduced the penetration and 

increased the softening point. 

• It was observed that the higher the additive content, the higher the softening 

point and the lower the results of the penetration test. This is significant because 

the penetration and softening point are two of the properties required for the 

technical specifications of binders; thus, in order to design a CRM binder for 

WMA mixtures, one must consider not only the viscosity reduction achieved by 

the additive, but also the important changes it may have on other properties. The 

rubber and additive content must be considered together so that the final 

product will fall within the legal specifications and so that the other properties of 

the binder are not compromised, leading, for example, an excessive rigidity due 

to the lack of penetration of the binder. 
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• It was observed that the incorporation of the rubber notably increased the 

percentage of elastic recovery of the bitumen, but it was not possible to clearly 

establish the effect of the organic additives, as it appeared to be insignificant in 

all cases. 

• The ductility test at 25ºC did not seem to be reliable, as the heterogeneity 

caused by the rubber particles in suspension in the binder produced premature 

breakage, preventing the test to proceed normally. For this reason, it would be 

advisable to open a new line of research to determine a reliable way of 

measuring the cohesion of CRM binders. 

• It has also been established that, despite the beneficial effect the additives have 

on the production temperature – reducing them significantly –, the four additives 

tested in this study deteriorated the characteristics of the binder at low 

temperatures. The incorporation of each additive caused an increase in the 

stiffness and a reduction of the m-values obtained with the BBR test. 

• In this study, it was observed that the value of λ factor, which is an indicator of 

the low temperature behaviour of a binder, as it considers both the stiffness and 

the capacity of a binder to relax thermal stresses, decreased with the 

incorporation of all the additives, both 2% and 4%, at all three test temperatures 

(-30, -20 and -10ºC). 

• Comparing the binders without rubber and the CRM binders, the creep stiffness 

decreased with the content of rubber, therefore, the addition of rubber to the 

bitumen significantly improved the mechanical behaviour of the binders at low 

temperatures and, therefore, reduces the susceptibility to thermal cracking 

phenomena. 

• Although the addition of the waxes caused an increase in the stiffness, the WMA 

mixtures with the CRM binders studied would be much less prone to cracking at 

low temperatures than conventional mixtures. 

• Only when the design of a CRM asphalt mixture calls for resistance to cracking 

at low temperatures, would it not be beneficial to attempt to reduce the 

production temperature of the mixture using any of the four additives tested in 

this study. 
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• Regarding the thermo-rheological behaviour of the studied CRM binders; they 

cannot be considered thermo- rheologically simple and do not conform to the 

Time Temperature Superposition Principle (TTSP). 

• Black curves and the pseudo- master curves did not show the standard smooth 

trend and the presence of rubber and wax caused the formation of inflections 

and disjointed features. This is in keeping with the fact that these binders to not 

conform the TTSP. 

• Black curves showed that as the rubber content increases, the phase angle 

becomes lower, conferring a higher elasticity to the CRM binders. It was also 

observed that as the content of wax increased, the black curves lost their 

smooth trends even more. The addition of the WMA additives decreased the 

phase angle, thus, these binders exhibited a higher elasticity compared to the 

corresponding control binder. 

• Considering the intermediate limit temperatures (fatigue damage), a decrease 

following the addition of rubber may be observed, meaning that there is an 

improvement in the mechanical behaviour. However, the addition of waxes 

reduced the limit temperatures slightly. 

• Considering the superior limit temperatures (rutting damage), they show a 

significant increase both with the addition of wax and rubber, meaning that there 

is an improvement regarding the resistance to permanent deformation. The 

increase of the limit temperatures also correspond to a PG class improvement 

for the binders. 

• The complex modulus master curves showed that the addition of increased 

percentages of rubber shifted the curves on higher values in the low-frequency 

region and on lower values in the high-frequency region. This implies an 

improvement on the resistance of the pavement regarding both permanent 

deformation resistance at high temperatures and thermal cracking at low 

temperatures. 

• The master curves of the CRM binders have highlighted the significant 

improvements produced by the additives regarding the mechanical behaviour 

and the elasticity for the whole temperature range; the complex modulus 

(stiffness) is increased at the high temperatures avoiding permanent deformation 
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and the phase angle curve is shifted on lower values over a wide range of 

frequencies. 

• The increased content of additives slightly shifted the complex modulus master 

curves on high frequency regions, increasing the stiffness at low temperatures. 

• The creep test results carried out to determine the recovery from a creep 

loading, proved once again the improvement of the elasticity and of the 

resistance to permanent deformation produced by the addition of the waxes. The 

WMA additives significantly lowered the maximum deformation compared to the 

control binders and increased the elastic recovery of the binders. With the 

increased content of rubber, the deformations are lower; this implies that the 

CRM binders are less deformable and have a better resistance to the non-

reversible deformations. The presence of the rubber particles in the binder, have 

strong elastic properties and shifted the liquid-like behaviour of the base bitumen 

towards a more predominant solid-like behaviour. 

• It was observed that as the production/compaction temperatures decreased, the 

air void content of the AR-WMA mixtures increased. 

• According to the bulk densities, a reduction of 13ºC can be achieved if the same 

air void content of the control mixture is required. On the other hand, if a target 

void content ± 1% needs to be satisfied, the decrease in the production 

temperatures can be much higher, exceeding 30ºC. In this test, the value of the 

bulk density is determined on the saturated surface dry (SSD) basis. 

• The results of the study of the production temperatures of the AR-WMA mixtures 

with the compactability tests carried out at different temperatures using the 

Marshall impact compactor, showed that the production/compaction 

temperatures could be reduced between 20°C and 25ºC. In this test the density 

is calculated with the total volume of the specimen. 

• None of the AR-WMA mixtures studied would experience binder drainage when 

high temperatures are reached. 

• The water sensitivity test results showed that the addition of the additives slightly 

reduced the retained resistance achieved and that, except the mixture 

containing Sasobit, the AR-WMA mixtures studied fulfilled the water sensitivity 

required by the Spanish standards for a surface layer and a discontinuous 
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mixture (90%). The loss of water resistance is due to the failure of the binder-

aggregate interface and this often depends on the chemical composition of the 

additive. It was also observed that as the production/compaction temperatures 

were lower, the retained resistance decreased due to an increase in the 

percentage of air voids. 

• In this study it was observed that the additives reduced the wheel-tracking slope 

(WTS) to less than half, when compared to the control mixture. Besides, as the 

compaction temperatures decreased, the mean rut depth (RD) slightly 

increased, probably due to the increase in the air voids content. The AR-WMA 

mixtures studied fulfilled the WTS required by the Spanish standards. 

• The WMA additives were able to significantly improve the rutting resistance 

performance of the control mixture even though they were produced at much 

lower temperatures, confirming the efficiency of the WMA additive, even at low 

production/compaction temperatures. This is in keeping with the results obtained 

in the rheological characterization. 

• Regarding to stiffness modulus, at low temperatures (-15ºC and 5ºC), only a few 

of the mixtures compacted at 160ºC (10ºC lower compared to the control 

mixture) increased the stiffness of the control mixture and the rest of the 

remaining mixtures presented lower stiffness modulus values. When the test 

was performed at 20ºC, only the mixtures produced at 170ºC presented an 

increased stiffness. And when the test was performed at 40ºC, most of the 

mixtures compacted at 150ºC and 160ºC showed a higher stiffness value over 

the frequency range studied. It appears that when the mixtures are compacted 

at 160ºC, the effect of the WMA additives in the stiffness modulus is more 

prominent, while for mixtures compacted at 20ºC and 30ºC lower compared to 

the control mixture, the lower stiffness values are due to an increase in the air 

voids content. 

• Only one of the mixtures studied had a lower fatigue life. The others had the 

same or even higher fatigue resistance. Therefore, except one of the waxes 

studied, the WMA additives did not compromise the performance of the control 

mixture in terms of fatigue cracking resistance at 20ºC which is one of the main 

fundamental properties of asphalt mixtures. The strain values calculated is in 

keeping with these results. 
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• In this study, a comprehensive an hLCA of the production of WMA mixtures with 

and without CRM binders was carried out in order to accurately quantify the 

benefits of WMA technology by accounting for the embodied energy requirement 

and GHG emissions in the supply chain. 

• This technique was chosen as it combines the strengths of top-down input-

output analysis (IOA) and bottom-up process analysis (PA), allowing for 

specificity, accuracy and system completeness while eliminating boundary 

truncation errors. 

• The main contributions of the hLCA carried out were to take into account the role 

of the WMA additive (a Fischer-Tropsch (F-T) wax) in the supply chain; to study 

unconventional pavements (WMA mixtures with CRM binders) and to collect 

bottom-up data that is not publicly available for the PA component of the hLCA. 

• The results of this study demonstrated that, for the mixtures studied, WMA 

technology is able to significantly save energy and reduce GHG emissions, by 

18% and 20%, respectively, compared to the control mixtures. However, in some 

of the case studies, due to the presence of wax, the manufacturing temperature 

at the asphalt plant must be reduced by an average of 8ºC before the benefits of 

reduced emissions and fuel usage can be obtained. 

• The results regarding the overall impacts generated using a detailed production 

layer decomposition (PLD) indicated that the fuel, mining and construction 

sectors are the main contributors to the environmental impacts of manufacturing 

WMA mixtures. 

• If more environmentally sustainable pavements are to be manufactured and an 

effective shift towards sustainability is to be made, not only must the fuel usage 

onsite at the asphalt plant be reduced, but fuel consumption in the entire supply 

chain must also be optimized. 

8.2 RECOMMENDATIONS FOR FUTURE RESEARCH 

Since WMA technology is relatively new and most of the existing literature has focused 

on conventional asphalt pavements, AR-WMA mixtures have yet to be studied in detail. 

There are still several aspects about these binders and pavements that need to be 

evaluated in great detail before it is implemented. 
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It is recommended that the following topics be investigated to add to the findings of this 

research: 

• Analysis of low temperature behaviour of CRM binders. This is especially 

important in regions with a cold climate and with wax additives, as this 

dissertation reports it increased brittleness at low temperatures. It is 

recommended that future studies investigate the low temperature properties of 

asphalt mixes with CRM binders combined with WMA additives so as to confirm 

or disprove the results of this study regarding the detrimental effects of low 

temperatures on these binders. 

• Considering that the main objective of WMA mixtures is reducing the production 

temperatures and to counteract the stiffening effect of the waxes, a study should 

be carried out to see if it could be more effective to reduce the dynamic viscosity 

of the WMA binders using a softer base bitumen instead of increasing the 

amount of the WMA additive. Special attention should be paid to countries with 

hot climates as permanent deformations could appear. 

• Further studies with other WMA technologies (chemical additives and foaming 

processes) should be conducted. 

• The ductility test is not suitable for CRM binders as the heterogeneity caused by 

the rubber particles in suspension in the binder produces premature breakage, 

preventing the test to proceed normally. This could lead to a new line of 

research to determine a reliable way of measuring the cohesion of CRM binders. 

• After conducting the hLCA, it has been demonstrated that in the pavement 

industry it is necessary to use and develop methods that can identify the ultimate 

upstream causes of environmental impacts and calculate the embodied or 

indirect impacts in order to provide decision-makers with a wider range of 

options and enable meaningful benchmarking. Providing information about the 

environmental implications of producing asphalt mixtures and other materials 

used in the pavement sector is an essential first step towards making informed 

decisions for more sustainable practices in road construction. 
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