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ADVANCED CHARACTERIZATION OF BRAZILIAN BITUMENS AND MIXTURES 

 
AUTHOR: Evelyn Paniz Possebon 

ADVISOR: Prof. Dr. Luciano Pivoto Specht 
CO-ADVISOR: PhD. Hervé Di Benedetto 

 
The linear viscoelastic (LVE) and damage characterization of bituminous mixtures is imperative to 
analyse and design pavements. Bituminous mixtures inherit the viscoelastic behavior of bitumen. The 
bitumens used in paving change their properties and chemical constitution because they come from 
different petroleum or mixtures of petroleums and from different production routes. In order to develop 
the knowledge of the influence of the bitumens on the properties of the bituminous mixtures it is essential 
to know the stiffness of the bituminous mixture when subjected to different loads, temperatures and 
loading frequencies and their resistance to permanent deformation and fatigue. This research suggests 
that these properties of mixtures could be predicted from testing at other scales, such the chemical and 
rheological scales of bitumen. The general objective of this research is to define chemical and 
rheological markers of bitumens that affect the behavior of the mixture and to understand the multiscale 
correlations of laboratory results for conventional and modified Brazilian bitumens. The bitumens chosen 
for the development of this research were collected in most refineries in the country, seeking to represent 
the Brazilian production of bitumens at certain time. This study contemplates the characterization of 
twelve bitumens, emphasizing the conventional bitumens produced in seven refineries. Nine Bitumens 
50/70, one 30/45 and two modified bitumens with rubber and SBS polymer were selected. Twelve 
mixtures were made with the same aggregate grading (19mm maximum nominal size and designed by 
the Superpave methodology) varying only the bitumen. To reach the objective, several chemical, 
rheological and damage tests in bitumen and mixtures were performed. An extensive experimental 
campaing to find the main chemical components in bitumen was carried out: Elemental analysis by X-
ray fluorescence analysing Ni, V and S. Speciation of sulfur compounds by the methods of Green and 
Payzant. Saturates, Aromatics, Resins and Asphaltenes (SARA) fractionation, size distribution of 
molecules and linear chains, as well as determination of N, C and H content. Complex modulus tests 
were performed in bitumens using the Dynamic Shear Rheometer (DSR) and the compression complex 
modulus test was carried out to measure the LVE behaviour of the materials. The DSR was used to 
perform the Multi‐Stress Creep and Recovery Test (MSCR) to calculate the behavior of bitumen 
regarding permanent deformations and Flow Number (FN) and Hamburg tests were performed on the 
mixture scale. In the fatigue domain, Linear Amplitude Sweep (LAS) tests were performed on the 
bitumen scale and the direct tension cyclic fatigue test for mixtures. For the LVE results, the 2D 2S2P1D 
(2 Springs, 2 Parabolic Elements, 1 Dashpot) modelling was used and it was verified that all the mixtures 
had similar values of the constants E0 (glassy modulus) and E00 (static modulus), however, they were 
not identical as expected, reinforcing the influence of the bitumens. The Shift-Homothety-Shift in time-
Shift (SHStS) transformation was applied to verify the correspondence of LVE behaviours of related 
bitumens and mixtures and presented successful predictions of mixtures LVE behaviour from bitumens 
LVE behaviour for nine of the twelve materials. The LVE tests results in bitumens shows that the same 
specification bitumens have different LVE behaviour. Some chemical markers results show good 
relation with the LVE behavior of bitumens: the % of high size molecules, % of Sulfur and Ni. The results 
of the permanent deformation of bituminous mixtures were coherent with the MSCR results, showing 
that it is possible to predict the damage by permanent deformation in mixtures from the bitumen scale. 
The high % of Sulfur and Nickel seems to improve the bitumens permanent deformation behaviour. The 
LAS results (failure criterion used was Gr or pseudo-energy PSE) showed that most of the 50/70 
bitumens are in the same fatigue class when comparing the bitumen fatigue factors (FFBpse 19ºC). The 
simplified viscoelastic continuum damage (S-VECD) was used to calculate the fatigue factor of the 
mixtures (FFM), which had a good relationship with the FFB results for the conventional bitumens. The 
average size of the linear chains is a factor that correlates well with fatigue, as is the percentage of 
Saturates and Thiophenes. The greater the quantity of these components, the more resistant to fatigue 
is the bitumen. In general, it is concluded that the properties of the mixtures can be predicted from the 
results of the bitumen. Furthermore, the characteristics of bitumens can be partially explained by some 
chemical properties. 
Keywords: Multiscale. Brazilian bituminous mixtures. Chemistry. Rheology. Fatigue. Permanent 
deformation. 2S2P1D. SHStS. S-VECD 



  
 

RESUMO 

 
CARACTERIZAÇÃO AVANÇADA DE LIGANTES E MISTURAS ASFÁLTICAS 

BRASILEIRAS 
 

AUTORA: Evelyn Paniz Possebon 
ORIENTADOR: Prof. Dr. Luciano Pivoto Specht 
CO-ORIENTADOR: PhD. Hervé Di Benedetto 

 
As misturas asfálticas herdam o comportamento viscoelástico do ligante. Os ligantes usados na 
pavimentação possuem diferentes propriedades e constituição química pois são provenientes de 
diversos petróleos e rotas de produção. Para entender a influência dos ligantes nas propriedades das 
misturas asfálticas é essencial conhecer a rigidez da mistura quando submetida a diferentes cargas, 
temperaturas e frequências de carregamento e a sua resistência à deformação permanente e fadiga. 
Esta pesquisa sugere que as propriedades das misturas podem ser previstas a partir de testes em 
outras escalas, como as escalas químicas e reológicas do ligante. O objetivo geral desta pesquisa é 
obter marcadores químicos e reológicos de ligantes que afetam o comportamento da mistura e 
compreender as correlações multiescala de resultados de laboratório para ligantes brasileiros 
convencionais e modificados. Este estudo contempla a caracterização de doze ligantes, com ênfase 
nos ligantes convencionais produzidos em sete refinarias, visando representar a produção brasileira de 
ligantes em determinada época. Foram selecionados nove CAP 50/70, um CAP 30/45 e dois ligantes 
modificados com borracha e polímero SBS. Doze misturas foram feitas com a mesma granulometria 
(tamanho nominal máximo de 19mm e projetadas pela metodologia Superpave) variando apenas o 
ligante. Para atingir o objetivo, foram realizados diversos ensaios químicos, reológicos e de danificação 
em ligantes e misturas. Uma extensa campanha experimental para encontrar os principais 
componentes químicos no ligante foi realizada: Análise elementar de Ni, V e S por fluorescência de 
raios X; Especiação de compostos de enxofre pelos métodos de Green e Payzant; Fracionamento de 
saturados, aromáticos, resinas e asfaltenos (SARA); distribuição de tamanhos de moléculas e cadeias 
lineares; bem como determinação do teor de N, C e H. Ensaios de módulo complexo foram realizados 
para medir o comportamento LVE de ligantes usando o Reômetro de Cisalhamento Dinâmico (DSR) e 
o ensaio de Módulo Complexo à compressão uniaxial foi realizado nas misturas. O DSR foi usado para 
realizar o Multi‐Stress Creep and Recovery Test (MSCR) para calcular o comportamento do ligante em 
relação às deformações permanentes e o Flow Number (FN) e os testes de Hamburgo foram realizados 
na escala de mistura. No domínio da fadiga, foram realizados testes de Linear Amplitude Sweep (LAS) 
na escala de ligante e de Fadiga tração compressão direta para misturas. Para os resultados de LVE, 
foi utilizada a modelagem 2D 2S2P1D (2 molas, 2 elementos parabólicos, 1 amortecedor) e verificou-
se que todas as misturas tinham valores semelhantes das constantes E0 (módulo vítreo) e E00 (módulo 
estático), porém, eles não eram idênticos como esperado, reforçando a influência dos ligantes. A 
transformação Shift-Homothety-Shift in time-Shift (SHStS) foi aplicada para verificar a correspondência 
entre os comportamentos LVE de ligantes e suas respectivas misturas, esta modelagem apresentou 
predições bem-sucedidas do comportamento LVE das misturas a partir do comportamento dos ligantes 
para nove dos doze materiais. Os resultados dos testes de LVE em ligantes mostram que os materiais 
de mesma especificação têm comportamento LVE diferente. Alguns resultados de marcadores 
químicos mostram boa relação com o comportamento LVE dos ligantes: % de moléculas grandes, % 
de Enxofre e Ni. Os resultados da deformação permanente de misturas betuminosas foram coerentes 
com os resultados do MSCR, mostrando que é possível prever o dano por deformação permanente em 
misturas a partir da escala do ligante. A alta % de Enxofre e Níquel parece melhorar o comportamento 
à deformação permanente do ligante. Os resultados do LAS (o critério de falha usado foi o da 
pseudoenergia) mostraram que a maioria dos CAP 50/70 estão na mesma classe de fadiga quando 
comparados os fatores de fadiga do ligante (FFBpse 19ºC). O dano contínuo viscoelástico simplificado 
(S-VECD) foi utilizado para calcular o fator de fadiga das misturas (FFM), que teve uma boa relação 
com os resultados de FFB para os ligantes convencionais. O tamanho médio das cadeias lineares é 
um fator que se correlaciona bem com a fadiga, assim como a porcentagem de saturados e tiofenos. 
Quanto maior a quantidade desses componentes, mais resistente à fadiga é o ligante. Em geral, 
conclui-se que algumas propriedades das misturas podem ser previstas a partir dos resultados dos 
ligantes. 
Palavras-chave: Multiescala. Misturas asfálticas brasileiras. Química. Reologia. Fadiga. Deformação 
permanente. 2S2P1D. SHStS. S-VECD. 
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1 INTRODUCTION 

 

The bitumens used in paving engineering show different chemical constitution 

and rheological properties, since they derive from different petroleum sources and 

production routes. These differences lead the bitumen to present different behaviours, 

and they are even more evident when modified by polymers or rubber particles, in 

order to lead the bitumen to a better performance when applied in the field. To develop 

the knowledge of the influence of the bitumens on the properties of the bituminous 

mixtures it is essential to know the stiffness of these materials when subjected to 

different loads, temperatures and loading frequencies and their resistance to 

permanent deformation and fatigue. 

Bitumen is a complex material, both from the perspective of chemical 

composition and behavior. It has a viscous behavior characterized by reduced stiffness 

during long loading periods or high temperatures and elastic behavior in inverse 

situations. During the use of the pavement, it has a viscous portion and an elastic 

portion in response to traffic requests. The mixtures, therefore, have a similar behavior 

of decreasing or increasing stiffness depending on the temperature or load application 

time (linked to vehicle speed).  

Therefore, the characterization under the view of rheology of bituminous 

materials becomes inevitable. Rheology can be defined as the study of the deformation 

or flow properties of materials whether in liquid, viscous or solid form, in terms of the 

materials’ plasticity, elasticity and viscosity. As the stiffness of bitumen is time 

dependent (bitumen flows with time), bitumens are classified as rheological materials. 

The response of bitumen and mixtures under different loading conditions and 

considering the environmental variable temperature, is studied through rheology. 

It is possible to carry out rheological and damage tests in bitumen to have 

indicators of the behavior of the mixtures derived by these bitumens. The reproduction 

of loading and field strains in the laboratory are restricted to the conditions that the 

pavements are subjected to. In addition, modeling based on the theory of elasticity and 

viscosity limits field conditions, don’t considering temperature, load variation and 

recovery of mixture strain. Within this context, it is necessary to use mathematical 

models that approximate the real variables. 

According to Underwood (2011) multiscale modeling is becoming an 

increasingly popular technique for improving the understanding of the mechanisms that 
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affect the behaviors and ultimately the performance of bituminous mixtures in field. 

Like multiscale modeling in other disciplines, formulations begin at characteristic 

scales that are much shorter than that of the mixture and thus inherently include the 

analytical framework necessary to predict how the mixture responds to changes in 

microstructure. 

The 2 Springs, 2 Parabolic Elements, 1 Dashpot (2S2P1D) model developed by 

Olard and Di Benedetto (2003) enables modelling and analysis bituminous mixtures 

linear viscoelasticity (LVE), and recent researches demonstrate that this modelling 

applies to bitumen scale in homogeneous tests (Hervé Di Benedetto, Nguyen, & 

Sauzéat, 2011; S. Mangiafico et al., 2013; Salvatore Mangiafico et al., 2016; Perraton 

et al., 2016; Phan et al., 2017). This model is found to be unique in that it can be used 

to describe the rheological properties of most bitumens and bituminous mixtures 

(Yusoff, Monieur D., & G. D., 2010).  

In this thesis, the 2D 2S2P1D model was used to characterize the LVE 

behaviour of bitumens and mixtures. The SHStS (Shift-Homothety-Shift in time-Shift) 

developed at the École Nationale Travaux Publics de l’État (ENTPE) was applied to 

verify the correspondence of LVE behaviours of related bitumens and mixtures. The 

bitumens temperature and frequency sweep tests were performed in the Dynamic 

Shear Rheometer (DSR) and the Complex Modulus tests were performed in mixtures 

by the Compression complex modulus test. 

When it comes to damage domain, the evaluation of the behaviour as for fatigue 

of different bitumens is important due to the direct relationship between the quality of 

the pavement, strongly related to the quality of the bituminous mixture, and the 

performance of the bitumen during its useful life. These scales and their correlations 

are still little explored topics, especially for Brazilian materials, and extremely important 

for predicting the behaviour of bituminous materials when in service. 

Considering the change of scales in tests, it is feasible to perform bitumen 

fatigue tests using the DSR by linear amplitude sweep at intermediate temperatures 

(LAS). For the fatigue tests in bituminous mixtures, the test used in this research was 

the direct tension cyclic fatigue test. The S-VECD approach was used to calculate the 

tests results. 

The DSR also performs permanent deformation tests on bitumens and consists 

of a Multi-stress creep and recovery in high temperatures (MSCR). The analysis of 

these results intend to characterize the bitumens for this type of damage, which is 
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recurrent in Brazilian highways. In mixture scale, the Flow Number test was performed 

to simulate the behavior of the bituminous mixtures when subjected to permanent 

deformation. 

The classification of bitumen has a strong influence on the rheology, permanent 

deformation and fatigue resistance of the bituminous mixtures. Regarding the bitumens 

rheological properties, the asphaltenes as well as the resins, aromatics and saturates 

(SARA fractions) have influence on stiffness, viscosity, deformation behaviour and 

temperature sensitivity of bitumen, as well as the molecular sizes of the chemical 

compunds (WEIGEL; STEPHAN, 2018b). Other chemical compounds speciation such 

as Sulfur, metals (Ni, V), Carbon, Hidrogen, Oxigen, Nitrogenius and some molecules 

formed by them can be a tool to predict some behaviors of the bitumens. 

The proposal is of this research is evaluating the bitumen characteristics and 

thereby infer about the properties of the mixtures formed by these bitumens. The 

evaluation of the chemical, rheological and damage behavior of different bitumen 

becomes important due to the direct relationship between pavement quality and 

bitumen performance during pavement life. These scales and their correlations, still 

little explored in Brazilian researches, are extremely important for the development of 

knowledge of paving materials.  

This leads to the question this research seeks to answer: Is it possible to 

discover some properties of bituminous mixtures from the properties of bitumen and 

the bitumens properties from the chemical characterization? 

 

 OBJECTIVES 

 

The main objective of this research is to define characteristics of bitumens that 

impact the behavior of the mixture and to understand the multiscale correlations of 

laboratory results for twelve Brazilian conventional and modified bitumens, considering 

the chemical, rheological and damage tests on bitumens and mixtures scales. 

For reaching the overall objective, the following specific objectives stand out: 

I. Evaluate the stiffness of twelve bituminous mixtures by elastic and viscoelastic 

approach (2S2P1D); 

II. Apply the 2S2P1D analysis method for bitumens and mixtures rheology and 

correlate the scales using this model and the SHStS; 

III. Evaluate permanent deformation in bitumens and bituminous mixtures; 
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IV. Analyse resistance to fatigue damage using classical and S-VECD approaches; 

V. Interpret the results of chemical tests to find the main chemical markers and the 

differences among the bitumens and its relation with the materials behavior. 

 

 RESEARCH CONTEXT AND ORGANIZATION 

 

This work is part of the Petrobras Asphalt Network and contributes to the 

national database of advanced characterization of Brazilian mixtures and bitumens. 

One of the innovations of this work, and one of Federal University of Santa Maria 

(UFSM) main contributions to the Asphalt Technology Network, is the partnership with 

the UFSM Chemical Analysis Laboratory (LACHEM) and the Petrobras Research 

Center (CENPES), which carry out the chemical analysis of the bitumens used. 

Understanding the change of the scales that includes chemistry, bitumen rheology and 

mixture rheology is unprecedented using so many Brazilian materials. 

This thesis is a part of a set of works developed in partnership with other 

laboratories. For this, four bitumen and three aggregates kinds representing some 

Brazilian regions were selected. The different bituminous mixtures were designed to 

form an interesting and compatible sample grid for future comparisons among these 

laboratories. These materials and data of the mixtures were distributed in all 

laboratories, which, in addition to studying the material from their own region, carried 

out the tests available at their institution for materials from the other regions. In this 

way, a huge database was created, with many types of materials and tests with results 

observed by a competent multi-regional team of professors and post graduation 

students. At Federal University of Rio de Janeiro (UFRJ) doctoral student Patrícia 

Hennig Osmari has been developing her thesis about the fatigue damage behavior of 

asphaltic materials based on experimental multiscale approaches and on the S-VECD 

theory and used these bitumens and aggregates. At Federal University of Ceará 

(UFC), Leticia Oliveira developed her master's degree with the same bitumen samples 

of this thesis, about the effect of rest periods on fatigue test in bitumens and bituminous 

mixtures. At LACHEM (UFSM), doctoral student Patrícia Schimidt is using these 

bitumen samples to study the “Organic sulfur speciation in bitumen samples and its 

fractions”; Rejane, Igor and William used some of these samples to measure the 

Policiclic aromatic Hydrocarbons (PAHs) in different aging conditions and Franciele 

measured Nickel and Vanadium. 
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Besides that, this thesis has the contribution of Ph.D. Hervé Di Benedetto and his 

team in ENTPE (École Nationale des Travaux Publics de l'État), during the sandwich 

doctorate period in Lyon University (France). The exchange was a result of the 

intensification of research and work partnerships between the UFSM Paving and Road 

Safety Research Group (GEPPASV) and ENTPE that starts in 2015, when Ph.D. Hervé 

Di Benedetto of ENTPE received Prof. Dr. Luciano Specht for his postdoctoral 

research. These exchanges had, among other objectives, to perform a study of the 

state of the art and state of practice of advanced characterization of bituminous 

mixtures regarding the stiffness and fatigue strength of mixtures; considering the 

advancement in operational (laboratory testing) and analytical (testing interpretation 

and modeling) aspects. The exchanges periods greatly reduced GEPPASV's efforts to 

understand the laboratory and result analysis techniques of the mixtures testing 

equipment.  

As a result of these efforts in recent years regarding the understanding of 

rheological modeling techniques based on the 2S2P1D model for mixtures, awards 

were given to two works of the group and were published several scientific articles on 

this subject in journals, congresses and events. One of these awards was about the 

LVE behavior and 2S2P1D modeling of five Brazilian bituminous mixtures (part of this 

thesis) and was received by the author at the V Brazilian Rheology Congress held in 

Fortaleza in 2019. 

Possebon (2018) master dissertation also used the 2S2P1D methodology for the 

analysis of six bituminous mixtures. For these doctoral thesis, it is used the advance 

of the 2S2P1D technique for both scales: twelve bitumens and bituminous mixtures, 

including the six mixtures of the dissertation. Also, it is proposed to correlate the 

behavior of materials with the chemical characteristics of these bitumens. 

In 2018, advanced bitumens characterization equipments were acquired 

through the project in partnership with Petrobras/ANP. The installation and first use of 

these equipments and new infraestructure were in the beginning of this research, 

which created the big challenge of operationalizing the tests to characterize the 

bitumens for this thesis. In some months the equipments were operationals and the 

tests calibrated with other Asphalt Network laboratories and with Petrobras. With all 

laboratorial tests done, the results analyses and the theoretical deepening were 

possible during the exchange at ENTPE and discussions with other groups of the 

Asphalt Network. 
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Another challenge found in this thesis was to obtain samples of 12 different 

bitumen, produced in different distant places in Brazil. GEPPASV's good relationship 

with other research centers helped this search. 

With this intense exchange and evolution of recent years, it was possible to 

elaborate this thesis in order to contribute to the cited national database as well as to 

understand more deeply the characteristics that these bituminous materials have. As 

a result of part of this research, an article was published in the RILEM International 

Symposium on Bituminous Materials (ISBM) in Lyon 2020 and selected among the top 

15 for publication in the ISBM Special Issue of the journal Road Materials and 

Pavement Design. The article entitled “Rheological properties, 2S2P1D modelling and 

SHStS transformation of twelve Brazilian bitumens and mixtures” results and 

discussions are in the Chapter 4 of this thesis. 

The thesis was divided in three main topics, to better understand the behavior 

of materials in relation to linear viscoelasticity, permanent deformation and fatigue. For 

this, the bibliographical review was developed in order to study the theory that covers 

these aspects in each scale. In the methodology chapter, the materials, their basic and 

broad chemical characterization and the test methods used were presented. 

The subsequent chapters are divided by theme: Chapter 4 is about linear 

viscoelasticity, Chapter 5 is about Permanent Deformation and Chapter 6 about 

Fatigue. Each of these three chapters deal with the topic in the scales of bitumen and 

bituminous mixtures, and correlate both with the chemical results presented in the 

methodology. 
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2 LITERATURE REVIEW 

 

The bibliographic review is divided in three main topics: Bitumen, Mixtures and 

Multiscale Approach. In the chapter “Bitumens”, the main subtopics are: The Brazilian 

production of bitumen, Specification of bitumens, Bitumens from the point of view of 

chemistry and Rheology (that covers Permanent deformation and Fatigue). The 

chapter “Bituminous Mixtures” is formed by a review about Rheological properties and 

approaches of Bituminous Mixtures, Permanent deformation and Fatigue. The chapter 

“Multiscale approach” show some recent bibliographies concerning the leap from 

chemistry to bitumen and from bitumen to mixture. 

 

 BITUMENS 

 

For (ROBERT N. HUNTER; ANDY SELF; JOHN READ, 2015), the bitumen is 

basically a hydrocarbon composed of hydrogen, carbon, nitrogen and oxygen 

molecules. The exact formula of the bitumen is very variable as it is a residue derived 

from crude oil refining and depends on the type of oil available for refining. Asphalt is 

also called tar and bitumen, and its production in Brazil began in 1956 at the Presidente 

Bernardes Refinery in Cubatão (SP). 

Bitumens can be found in solid, viscous and liquid state when diluted or heated. 

From the point of view of application, there are two basic classifications for asphalts: 

paving, object of this study and industrial, wich are oxidized asphalts used for 

waterproofing, for example. 

Regarding the classification of bituminous materials, it is convenient to mention 

that there are basically two types of asphalt: Natural mineral asphalt and petroleum 

asphalt. In this study the focus is the petroleum asphalt.  

The product obtained at the bottom of the vacuum distillation tower is called 

Asphalt Residue or bitumen and when it is in accordance with the specifications of the 

Brazilian standards it is named CAP (in Portuguese), object of this study. The bitumen 

element that forms the asphalt is the bitumen. CAP is an ideal material for paving 

applications because of its binder, waterproofing properties, flexibility and acid 

resistance. Bitumen is produced to grade specification either directly by refining or by 

blending. 
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Sometimes the traditional bitumen can not meet the technical requirements of 

the pavement. To meet this need, it is possible to modify the CAP. Modified bitumens 

have their properties changed by the use of a chemical agent that, when added to the 

original bitumen, alters its chemical structure and physical and/or mechanical 

properties. As the bitumens is responsable for the viscoelastic behaviour of asphalts, 

it plays a large part in determining many aspects of road performance, particularly 

resistance to deformation and cracking, the two most common reasons for the 

structural failure of asphalt pavements. One of the prime roles of many bitumen 

modifiers is to increase the resistance of the asphalt to strain at high road temperatures 

without adversely affecting the properties of the bitumen or asphalt at other 

temperatures. The polymers most commonly used are elastomers, plastomers, 

reclaimed tyre rubbers and, to a lesser extent, viscosity modifiers and reactive 

polymers (ROBERT N. HUNTER; ANDY SELF; JOHN READ, 2015). In this research 

the most commom modifiers used in Brazil were studied: Elastomers (SBS) and 

rubber.  

 

2.1.1 The Brazilian production of bitumen 

 

Brazilian refineries turn crude oil into products such diesel, gasoline, LPG, fuel 

oil, aviation kerosene, solvents (hexane, turpentine and petrosolve), asphalt, coke, 

sulfur, propylene, petroleum asphalt cements (CAP), among others.  

According to the spreadsheets available on the Brazilian National Agency of 

Petroleum (ANP) website (2020), in 2016 235,000,000 tons of asphalt were produced 

in the country, divided between CAP 30/45, CAP 50/70 and diluted asphalt CM-30. In 

2017 the production fell to 183,000,000 tons and in 2020 the production was around 

221,500,000 tons. There are around 20 Brazilian refineries, where nine produce CAP 

50/70 and only three produce CAP 30/45, due to logistics and market demand. 

ANP (2018) shows that in 2014 Brazilian municipalities consumed more than 3 

million tons of bitumen. Asphalt products from Petrobras refineries are basically CAPs 

30/45 and 50/70 (they are the basis of almost all asphalt products) and diluted asphalt 

(CM-30). Other asphalt products such as other types of diluted asphalt, asphalt 

emulsions, industrially oxidized or blown asphalts, polymer modified (AMP) or rubber 

asphalts (AMB) and rejuvenating agents are produced from modifications or additions 

to the CAPs. 
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The CAPs properties vary with the type and origin of oil and the chemical 

processes which it is originated (ROBERT N. HUNTER; ANDY SELF; JOHN READ, 

2015). Another factor that can influence the results of tests on bitumen is the difference 

in sample collection (temperature, time in the tank, depth). Thus, even for the same 

refinery, it would not be possible to ensure that the batches of CAPs are identical, as 

the origin and chemical processes that the oil undergoes vary with the removal of oil 

from wells and the need for production. 

 

2.1.2 Specification of bitumens 

 

Bitumen classification is carried out according to several physical and 

mechanical properties. The Brazilian specification of bitumen is explained and also the 

Superpave Performance Grade (PG) used in the United States and widespread in 

international publications. 

 

2.1.2.1 Brazilian specification of bitumens 

 

Tests performed to measure the physical properties of bitumens have specified 

temperature and some also define the loading time and speed because the material is 

thermorheologically and time-dependent. To characterize an asphalt as suitable for 

paving, most countries use simple and empirical measures of the bitumens’ physical 

properties for ease of execution in construction laboratories. The main propertie used 

is the hardness that is measured by the penetration of a standard needle into the 

bitumen sample. 

The bitumens were characterized by physical testing in accordance with 

national DNIT and ANP specifications (Table 1). The physical tests of the Brazilian 

regulations are: Penetration, Softening Point, Flash Point, Viscosity, Density and 

Elastic Recovery.  

To characterize the CAPs, it is common to perform tests of the Brazilian 

standards, which recommend the material specification tests and the limit results for 

CAPs 50/70 and 30/45 according to Table 2. This research is focused on the 

conventional bitumens characterization, although two modified bitumens were also 

studied. 



26 

 

Table 1 - DNIT and ANP standards specifications for each type of bitumen 

Type of bitumen ANP Specification DNIT Specification 

Conventional bitumen ANP 19/2005 DNIT 095/2006 - EM 

Bitumen modified by 
elastomeric polymer 

ANP 32/2010 
DNIT 129/2011- EM 

Bitumen modified by rubber ANP 38/2008 DNIT 111/2009 - EM 

 

 

Table 2 - Brazilian specifications for CAPs 30/45 and 50/70 

Characteristics Unity 
Limits ANP19/05 Standart methods 

CAP 30/45 CAP 50/70 ABNT ASTM DNIT 

Penetration (100g, 5s, 25ºC) 0.1mm 30 a 45 50 a 70 NBR 6576 D 5 ME 150/10 

Brookfield Viscosity: 

cP 

- - NBR 15184 D 4402 - 

135ºC, SP 21, 20 rpm, mín 374 274 NBR 15184 D 4402 - 

150 ºC, SP21, mín. 203 112 NBR 15184 D 4402 - 

177 ºC, SP 21 76 - 285 57 - 285 NBR 15184 D 4402 - 

Thermic 
Susceptibility index 

- (1.5) to (+0.7) (1.5) to (+0.7) - X 018 - 

Flash point 
(minimum) 

ºC 235 235 NBR 11341 D 92 ME 149/94 

Solubility in trichlorethylene 
(minimum) 

% 99.5 99.5 NBR 14855 D 2042 ME 153/94 

Ductility at 25ºC, min cm 60 60 NBR 6293 D 113 ME 163/98 

Heating effect (RTFOT) at  
163ºC, 85 minutes, tests: 

- - - - D 2872 - 

Mass Variation % 0.5 0.5 - - - 

Ductility at 25º C, mín cm 10 20 NBR 6293 D 113 ME 163/98 

Increasing of  
softening point, max 

ºC 8 8 NBR 6560 D 36 - 

Retained penetration, min % 60 55 NBR 6576 D 5 ME 150/10 

Source: (Adapted from ANP NR19/2005). 

 

The Brazilian specification is in accordance with the National Department of 

Transport Infrastructure (DNIT) standards classification system. In Brazil, conventional 

bitumens are classified as: CAP 30/45, CAP 50/70, CAP 85/100 and CAP 150/200. 

They receive this nomenclature according to the results of the penetration test 

described in the ANP NR 19/2005 and DNIT 155/2010-ME Bitumen Standard: 

Determination of Penetration - Test Method. 
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2.1.2.2 American specification for bitumens – Superpave 

 

 The Superpave methodology is a set of tests for standardized bitumens in the 

United States. This methodology emerged from studies initially conducted in 1987 by 

the Strategic Highway Research Program (SHRP). The final product was the 

Superpave system, specifications that were put together to privilege the bituminous 

mixtures performance evaluation.  

  The specification of bitumens became known as the “Performance Grade” (PG) 

and the procedures for obtaining it are in a set of standards like AASHTO R29 2015 

and M332 2018 and others. The main purpose of this selection and classification is to 

group bitumens according to their behavior considering the environment where they 

will be constructed, taking into account the pavement temperatures over their useful 

life, and the expected traffic to the highway. The result obtained after analysis 

according to Superpave methodology is given in temperature ranges in degrees 

Celsius (maximum and minimum temperature that the bitumen can be applied) and 

ambient (traffic) indicated for the bitumen to be applied. 

To define the high and low temperatures of the PG, three different tests are 

carried out:  

-The test in the Dynamic Shear Rheometer test (DSR) to define the high 

temperature is carried out according to standard AASHTO T315, AASHTO 29/2015 

and ASTM D6373/2016 and consists of testing the bitumen at different temperatures 

from 6 to 6°C (for example 52, 58, 64, 70, 76ºC) until obtaining a minimum G*/sinδ 

value of 1kPa for virgin bitumen and 2.2kPa for bitumens aged in Rolling Thin Film 

Oven Test (RTFOT). When the result of G*/sinδ is greater than the limit, the high PG 

temperature is established (considering the lowest value between virgin-VG and 

RTFOT results). For example, if a virgin bitumen PG 58-22 is tested at 58°C and 

G*/sinδ≥1.00kPa, the high-temperature grading designation for the bitumen is verified 

to be PG 58-XX. The value for G*/sinδ of the RTFOT residue tested in same 

temperature must be ≥2.20kPa to maintain the PG found with the virgin sample. 

- The Bending beam rheometer (BBR, ASTM D 6648/2008 and AASHTO T313) 

test determine the low temperature PG and is performed in several low temperatures 

from -6ºC to -36ºC. The bending beam rheometer is used to measure the mid-point 

deflection of a simply supported prismatic beam of Pressure Aging Vessel (PAV) aged 

bitumen subjected to a constant load applied to its mid-point. A prismatic test specimen 
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is placed in the controlled temperature fluid bath and loaded with a constant test load 

for 240s. The test load (980mN) and the mid-point deflection of the test specimen are 

monitored versus time using a computerized data acquisition system. The stiffness of 

the test specimen for the specific loading times is calculated by dividing the maximum 

bending stress by the maximum bending strain. According to the requirements of 

AASHTO M320, the temperature which the value of the creep stiffness (S) is ≤300 

MPa, is the low PG temperature.  

-The MSCR test is used to define the intensity of the traffic. This test is 

performed in RTFOT aged sample in the bitumen high PG temperature according to 

ASTM 7405. As a result, these tests give the non-recoverable creep compliance (Jnr3.2) 

that classify the bitumen according to the resistance to permanent deformation. 

  The Jnr limits and the classification are presented in Table 3. This parameter is 

the advised traffic represented by letters that mean Standard, Heavy, Very Heavy and 

Extremely Heavy (S, H, V and E). The Equivalent Single Axle Load (ESAL) 

corresponds to the sum of standard axle passages of 8.2 tons over the design life.  

  The Superpave tests seek to quantify the performance of the bitumens in three 

stages of their life: in the original state, after the mixing, spreading and compacting 

phase and the aging that occurred during the service life of the pavement. The 

Superpave specification has been used in Brazil in several works, however it does not 

extend to practice and is restricted to research. Bitumens Superpave evaluation 

methods involve aging, application and performance tests that will be showed in details 

in the methodology chapter. 

   

Table 3 - Superpave traffic classification of bitumen 

Limits 
Jnr3200, Jnr.diff < 0.75 

MSCR  
Classification 

ESAL 

≤ 4.5 kPa-1 S – Standard < 10 millions and speeds > 70km/h 

≤ 2.0 kPa-1 H – Heavy > 10 to 30 millions or slow traffic (20 a 70km/h) 

≤ 1.0 kPa-1 V – Very Heavy > 30 millions OR permanent traffic (< 20km/h) 

≤ 0.5 kPa-1 E – Extreme > 30 millions AND permanent traffic (< 20km/h) 

Source: (AASHTO M323, 2018). 

 

Leite and Tonial (1994) studied the Brazilian climatological characteristics and 

developed a study to define PG necessary for each Brazilian state. This study 

characterized the states of Brazil by air and climate temperatures obtained from the 
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Climatological Standards from 1961 to 1990, with data from 209 Brazilian weather 

stations and classified the performance grade (PG) for Brazilian bitumens. However, 

this study was outdated due to the update of the equations and criteria of the 

Superpave methodology. In this context, Cunha et al. (2007) conducted a new study 

to classify PG for Brazilian bitumens, applying the new equations of the Superpave 

classification in the same database as Leite and Tonial (1994). The authors applied 

the equations developed by Superpave so that the models better represented the 

actual pavement temperature conditions. As a result of the tests and the use of 

Superpave equations it was possible to find the suggested PG for bitumens in each 

state of Brazil as shown in Figure 1. 

 

Figure 1 - PG suggested for bitumens in each region of Brazil 

 

Source: (Cunha et al., 2007). 

 

According to the analysis of Cunha et al. (2007), suggests the use of bitumens 

with PG 70-10 or higher in Rio Grande do Sul and most of Brazil. However, Bruxel 

(2016) found the PG 58-16 for the CAP 50/70 produced in RS. Possebon et al. (2015) 

also found PG values of 58-16 for this same bitumen, produced and collected in 2015. 

Osmari (2016) used a CAP 50/70 and a CAP 30/45, both from Duque de Caxias 
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Refinery (Reduc) whose PGs were 64-22S and 70-22S respectively. It is observed that 

this CAP 30/45 has a PG with larger temperature spectrum. 

After developing this literature review it was possible to realize that in the 

Brazilian specification of bitumens, empirical tests are performed without direct 

correlation with the performance to characterize the material. The PG Superpave 

specification uses semi-empirical tests, which are related to performance. It should be 

noted that the PG should be used with Superpave Mix Design and the new pavement 

design method used in the United States. 

 

2.1.3 Chemistry of bitumens 

 

The way atoms make up the bitumen is extremely complex, and the proportion 

of molecules formed by these atoms and how they interact with each other affect the 

behavior of the material.  As a complex matrix, bitumens are difficult to characterize as 

these characteristics also depend on where and how the CAP was extracted. They are 

generally composed of 90 to 95% hydrocarbons and 5 to 10% heteroatoms such as 

oxygen, sulfur, nitrogen and metals such as nickel, iron and vanadium (ROBERT N. 

HUNTER; ANDY SELF; JOHN READ, 2015). 

According to AASHTO SP-1 (1997), the chemical chains between molecules 

explain the viscoelastic nature of the bitumens, since they are relatively weak and 

break easily due to temperature and shear stress. 

Because of its complexity and with the help of advances in science, it is possible 

to carry out numerous tests to define chemical parameters that can help to understand 

the physical behavior of bitumen. The parameters and the techniques selected for this 

work are briefly presented in this chapter. 

The chemical composition of asphalt is of great importance in the physical 

properties of bitumen and directly affects the performance of asphalt mixtures. Most 

authors consider that the bitumen is formed basically by asphaltenes and maltenes 

(MANGIAFICO et al., 2016a; REDELIUS, 2006; ROJA; MASAD, 2019; WEIGEL; 

STEPHAN, 2018b). 

Asphaltenes are aromatic compounds with more than five condensed benzene 

rings and have high polarity. They are obtained by precipitation in the presence of n-

heptane (nonpolar solvent) and consist of cyclic and paraffinic components around 

aromatic rings. Some of its properties have great influence on the asphalt structure. 
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Due to their high polarity, asphaltenes have a tendency to associate, increasing the 

viscosity of the bitumen (MANGIAFICO et al., 2016b, 2016a; REDELIUS, 2006). 

Maltenes are subdivided in resins and oils. Resins act as peptizing agents that 

disperse asphaltenes in oils. The oils, saturate and aromatic, have paraffin-aromatic 

structure. In oxidation, resins turn into asphaltenes, while aromatic oils turn into resin 

or asphaltenes molecules. The phase surrounding the asphaltenes gives the asphalt 

a Newtonian behavior and keeps the asphaltenes in a colloidal solution as shown 

Figure 2.  

 

Figure 2 - Schematic representation of the distribution of chemical groups on the 
asphalt (a) Normal/virgin and (b) after aging 

 

Source: (Pinheiro, 2004). 
 

Currently, the most widely used type of chemical classification in US and 

European research centers is SARA fractionation, which was defined by the authors 

Corbett (1969), Lesueur (2009); Di Benedetto & Corté (2005); Whiteoak (1991) and 

Leite (1990), as the chemical fractionation of CAP that consists in isolating the types 

of molecular components in terms of solubility and molecule size. They are: saturate 

(S), aromatic (A), resins (R) and asphaltenes (A). According to the authors, some 

characteristics of SARA composites are: 

I. Saturate: They are light colored non-polar viscous oils consisting of aliphatic 

hydrocarbons and represent between 5% and 20% of the total bitumen mass. They 

have negative influence on thermal susceptibility and in higher concentration can 

soften the product. 
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II. Aromatics: These aromatic molecules are the main constituent of bitumen (40-

65%). Its appearance is a liquid ranging from yellow to red and is viscous at room 

temperature. The average molecular weight is between 300 and 2000g/mol. They act 

as plasticizers, contributing to the improvement of the physical properties of the CAP; 

III. Resins: Forms from 13% to 25% of the mass of the CAP. The appearance is 

solid or semi-solid with a dark color. Its average molecular weight is between 500 and 

50000g/mol and its size is between 1 and 5nm. This type of molecule is polar in nature, 

which is responsible for the adhesive properties of bitumen. They generally have a 

negative influence on thermal susceptibility, but contribute to improving the ductility 

and dispersion of asphaltenes; 

IV. Asphaltenes: They are from 5% to 25% of the total mass of the CAP. It is a dark, 

amorphous solid phase insoluble in n-heptane. The average molecular weight is high, 

between 1000 and 100000 g / mol, while the size is between 5 and 30 nm. It is usually 

associated with improved thermal susceptibility and increased viscosity. 

Figure 3 shows the chemical representation of the structures of the four 

bituminous fractions. Mangiafico (2014) states that the isolation of each of the four 

molecular types performed by the SARA method consists of separating asphaltenes 

by precipitation in n-heptane and the maltenes are divided into saturate, aromatic and 

resins by silica gel or alumina chromatography. 

 

Figure 3 - Representation of the chemical structures of the four bituminous fractions: 
saturate, aromatic, resins and asphaltenes 

 

Source: (Bernucci et al., 2010). 
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The variation in the proportion between the chemical fractions of the bitumens 

gives rise to asphalts with different structure (organization) of chemical compositions. 

The organization of SARA chemical fractions has been studied through the elaboration 

of some models, the most famous and used is Yen model, developed in the 60's after 

the visualization of asphaltene molecules by X-ray diffusion. Yen et al. (1961), showed 

that the aromatic ring planes are linked by hydrogen bonds or Sulfur (S) and Oxygen 

(O) bridges, forming stacks of 3 and 5 planes, or leaves that associate in colloidal 

particles, either in the form of micelles or in the form of micelle clusters. Thus, Yen first 

defined a three-dimensional arrangement for the CAP. These colloidal systems 

consisting of a suspension of asphaltenes micelles, peptized by the resins in an oily 

medium (saturate and aromatic oils). CAP can be defined chemically as a complex 

colloidal where isolated molecules constitute the phase micelles and micelle clusters 

constitute the dispersed phase that has the equilibrium: clusters ↔ micelles ↔ clusters. 

This equilibrium is related to the physical and rheological properties of the CAP and it 

is important to predict the asphalt colloidal stability and its compatibility with additives. 

Gaestel (1971) defined the Colloidal Instability Index, Ic, calculated through Equation 

1, to characterize the colloidal equilibrium between the phases. 

 

 Ic =
S + A

R + Ar
 (1) 

 

Where: S = Saturate, A = Asphaltenes, R = Resins and Ar = Aromatic. 

The higher the Ic, the greater the overall instability of the asphalt and the more 

difficult it is to incorporate a modifier such as polymers or rubber. According to Yen, 

bitumens with Ic less than 0.1 are poorly structured and the behavior is known as SOL. 

When Ic values are greater than 0.5, they represent a very structured bitumen, a 

behavior called GEL. When the values are between 0.1 and 0.5 they represent the 

intermediate behavior SOL-GEL bitumens. 

The research published in 2004 by the Brazilian Association of Highway 

Concessionaires (ABCR) aimed to verify the main properties of the Brazilian CAPs and 

until 2021 this research was not repeated. Among the characterization assays, a study 

of the variation between SARA fractionation values for some Brazilian CAPs was 

performed. In 2002, Brazilian CAPs were chemically characterized by percentage of 

SARA fractionation according to the ASTM D 4124 method. Table 4 summarizes the 
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data obtained from CAP fractionation results collected directly from five refineries and 

CAPs collected after mixing. It can be infered from the results that the sample data of 

the same refinery have variations among themselves. Bitumen composition is 

dependent of crude and process production. The crude in each refinery changes with 

time so the bitumen composition can be not repeated. In the asphalt plant, it blend with 

bitumen that is already in the tank.  Furthermore, the sampling of a tank should be 

done only after agitation and recirculation. Stratification occurs within the tank. The 

reorganization occurs just in terms of intermolecular attraction force but not on covalent 

bonds. 

The variation in the proportion between the chemical fractions of the bitumen 

gives rise to asphalts with different structure (organization) of chemical compositions.  

Besides that, the speciation of sulfur in bitumens has becoming an important issue 

from scientific and technological viewpoints, since sulfur compounds are considered 

precursors of asphalt oxidation reactions. In this context, it is already known that 

changes in the physicochemical and rheological properties of asphalt cements are 

caused mainly by alteration in the chemistry of sulfured functional groups, the viscosity, 

and the balance of polar/nonpolar groups. According to (READ; WHITEOAK, 2003), 

among the processes involved in the asphalt aging, oxidation is considered the most 

significant one, since it takes place during the application of the wearing course and 

continues slowly during its pavement service. Beyond the formation of oxygenated 

compounds, the polar groups present in the asphalt cement tend to associate, forming 

micelles and agglomerates of high molecular weight and higher viscosity 

(asphaltenes). It is well-known that oxidation processes in asphalts envolve mainly the 

heteroatom sulfur by oxidation of e.g. sulfides to sulfoxides. Sulfur is the third most 

abundant chemical element (by mass) in bitumens after carbon and hydrogen. It is 

found in compounds with higher molar mass, therefore, the asphaltenes fractions are 

rich in sulfur. It can be sensitized in different ways in the face of an oxidative process, 

depending on the composition of the bitumen and/or the structure of the asphaltenes. 

However, regardless of the type of oxidation, at high temperature (mixing) or 

intermediate (service), the formation of sulfoxides is inevitable. Studies of (DA 

SILVEIRA et al., 2016; DE CARVALHO et al., 2016; MIRWALD et al., 2020) observed 

that the main form in which sulfur is found in the bitumen are thiophenes, sulfides and 

sulfoxides. According to Carvalho et al. (2015), the thiophenic sulfur forms are 

benzothiophenes and dibenzothiophenes and are fully involved in the degradation 
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processes. Briefly, the more sulfur is found in these fractions, the greater the oxidative 

potential of these materials (CLAUSSEN, 2013; MOUSAVI; FINI, 2021). 

 

Table 4 - SARA fractionation for CAP 50/70 produced in Brazilian refineries 

Reference Results 

Refinery Sample collected from Saturates Aromatics Resins Asphaltenes 

REVAP 

Refinery 9.70 37.8 31.6 20.9 

Asphalt plant 8.90 34.1 36.6 20.7 

Refinery 11.2 33.0 35.6 20.4 

Asphalt plant 9.30 30.1 41.3 19.4 

Refinery 8.70 41.2 30.8 19.4 

Asphalt plant 7.80 36.9 32.0 23.3 

REPLAN 

Refinery 9.80 37.1 35.3 17.8 

Asphalt plant 10.7 33.6 40.2 15.4 

Refinery 11.4 40.5 32.1 16.1 

Asphalt plant 10.1 32.0 41.5 16.4 

REPAR 

Refinery 13.8 40.6 28.9 16.7 

Asphalt plant 13.0 32.7 35.8 18.6 

Refinery 12.5 38.8 30.6 18.1 

Asphalt plant 12.5 33.6 35.3 18.6 

REDUC 

Refinery 4.30 54.6 25.6 15.5 

Asphalt plant 3.70 53.4 26.7 16.2 

Refinery 2.60 58.9 23.2 15.3 

Asphalt plant 2.80 52.3 28.2 16.7 

REFAP 
Refinery 8.50 49.5 26.6 15.4 

Asphalt plant 9.00 38.7 33.7 18.7 

Source: (ABCR, 2004). 

 

LACHEM group worked in some techniques to understand the distribution of 

total sulfur in acidic, basic, and neutral fractions on Brazilian bitumens and its 

relationship to the aging process. Some recent publications (DA SILVEIRA et al., 2016, 

2017; DE CARVALHO et al., 2015, 2016) explain the reasons and methods for studing 

this aspect of bitumens chemistry. As part of the Petrobras network, the samples 

studied by them currently are the same of this thesis. 

In this context, chemical transformations involving specific classes of sulfur 

compounds, such as thiophenes, sulfides, sulfoxides, and sulfones of acidic, basic, 

and neutral character were deeply studied by Green et al. (1983) and Payzant et al. 

(1989). According to these works, there is a distribution of species according to their 

acid−base character in each respective class of sulfur compounds. These species 

characterize the more polar and, consequently, more reactive fraction of asphalt 
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cements and can be directly involved in the aging mechanism. However, the 

understanding of the mechanisms associated with specific sulfur classes and their 

transformations during the aging has been investigated so little depth.  

In LACHEM, studies were be performed in the same bitumens of this thesis by 

separating different fractions in order to understand their formation, especially 

regarding sulfur compounds. The chemical part of this multidisciplinary study wilI be 

carried out in the same way of their works (DE CARVALHO et al., 2015, 2016), where 

initially they made the separation of virgin asphalt cements, carrying out for 

asphaltenes and maltenes by using the method described in ASTM D 4124. The next 

step consists of a second fractionation, where both maltenes as asphaltenes were 

separate into acidic, basic, and neutral fractions. For this purpose, according to them, 

the method described by Green was adapted and applied to samples of Brazilian 

asphalt cements. The separations based on both mentioned methods were made 

comparatively for virgin and aged bitumens. Thus, total sulfur was determined in the 

acidic, basic, and neutral bitumen fractions submitted to the different aging process. 

The distribution of the compounds classes in asphaltenic and maltenic fractions can 

be obtained. The distribution profile for these compound classes was observed in 

asphaltenes and maltenes, which gave information on chemical transformations 

occurring during the aging process of bitumens. Considering the studied total sulfur 

distribution, a reactivity index (Ir) for bitumens can be calculated and proposed for 

classifying the studied samples regarding their aging susceptibility. 

The presence of heteroatoms such as nitrogen, oxygen, sulfur and metals such 

as nickel and vanadium are responsible for the unique physical and chemical behavior 

of bitumen (DE CARVALHO et al., 2015; MOUSAVI; FINI, 2021). These atoms can 

replace carbon atoms in asphalt molecules and have the ability to form associations 

with other molecules by hydrogen bonds. These occurrences contribute to increasing 

the polarity within these molecules. Similarly, the oxidation products formed after aging 

are polar and contribute to an increase in the polarity of the system as a whole. The 

polarity between asphalt molecules varies greatly and the physical properties of 

bitumen are governed by the balance between polar and non-polar components 

(ROBERTSON, 1991). Polar components tend to associate, while less polar ones can 

lead to dissociation. 

Another widely used (LU; LSACSSON, 1998; SUN et al., 2017; XING; LIU; 

SHENG, 2020) chemical technique is Gel Permeation Chromatography (GPC) which 
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observes the asphalt composition by molecular size distribution by families. In this 

method, the bitumen is dissolved in a solvent (THF – Tetrahydrofuran) and injected 

into the chromatograph. The injected sample passes through a series of columns that 

separate the bitumen into fractions based on molecular size. The fraction with the 

highest molecular mass/size has a shorter retention time and is the first to leave and 

pass through the detection system. The fraction with the smallest mass/molecular size 

particles are retained inside the pores of the columns and, as a consequence, have a 

longer retention time (MORAES, 2014). 

The authors (BRINGEL et al., 2005; CRAVO, 2016; DE CARVALHO et al., 

2016; WEIGEL; STEPHAN, 2018b) believe that the molar mass size distribution 

influences the viscosity of bitumens and affirm that GPC results in a separation of 

molecules by size: high, medium and low molar mass. The Medium Molar Mass 

fraction has been related to thermal cracks in pavements. And, the smaller the high 

molar mass fraction in relation to the low molar mass fraction, the smaller its 

consistency. 

According to (CRAVO, 2016), the nuclear magnetic resonance spectroscopy 

(NMR) tests are very well accepted in the academic community to study changes in 

the chemical structures of bitumen. Several researchers (CARVALHO; CRAVO; 

CRAVO, 2016; OSMARI et al., 2019; SUN et al., 2017) have based their studies on 

the evaluation of bitumen by the NMR spectroscopic technique. Furthermore, NMR 

results have been compared with those of other techniques such as Infrared and 

Rheology and have shown good correlation. 

The infrared spectroscopy (FTIR) technique has been a widely used resource 

in the investigation of compounds formed during oxidative processes in asphalt. 

(FENG et al., 2021; MILLS-BEALE et al., 2014; NASCIMENTO, 2015; SUN et al., 

2017; TAYLOR et al., 2015; WEIGEL; STEPHAN, 2017, 2018a; WU et al., 2008). 

Infrared has a well-established linear relationship between increased viscosity and 

increased formation of carbonyl products during the oxidative process. Furthermore, 

regardless of the sample, the infrared technique is suitable for identifying the sample's 

oxidation degree. 

The Figure 4 from (WEIGEL; STEPHAN, 2017) shows a graph with the 

spectrum of 32 samples of various types of bitumen with the identification of the 

absorbance peaks that are most important for bitumen analysis. The compounds are 

observed by the frequency absorbed by the bands, and the ones most easily identified 
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for bitumen samples are generally: Aliphatic hydrocarbons, carbonyls, aromatics, 

sulfoxides and polyaromatics.  

 

Figure 4 - FTIR spectra of 32 bitumens samples of different refineries, grades and 
ageing states in the wave number range from 4000 to 600cm-1 (mean 
spectra of the 3 single measurements without corrections) and Peak 
labelling according to (FENG et al., 2016; MARSAC et al., 2014) 

 

Source: (WEIGEL; STEPHAN, 2017) 

 

2.1.4 Rheology of bitumens 

 

The bitumens physical properties, from the point of view of material 

characteristics, are commonly associated with its temperature. In addition to being a 

material that has its properties altered according to temperature, bitumens are viscous, 

the combination of these properties makes it a viscoelastic material in the field of small 

strains. 

Bernucci et al. (2010) explain that the structural model of the bitumen as a 

dispersion of polar molecules in nonpolar environment helps to understand the effect 

of temperature on bitumens. At very low temperatures, the molecules are unable to 

move relative to each other and the viscosity becomes very high; in this situation, the 

bitumen behaves like a solid. As the temperature rises, some molecules begin to move 

and there may even be a flow between them. Increased motion lowers viscosity, and 

at high temperatures, the bitumen behaves like a liquid. This transition can be 

reversible when in the domain of linear viscoelasticity. According to Hunter (1994) and 
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Asphalt Institute (2007), the main physical properties of bitumen are durability, 

adhesiveness, thermal susceptibility and hardening. 

The thermo viscoelasticity characteristic of this material is manifested in the 

mechanical behavior, being susceptible to velocity, time and loading intensity, and 

service temperature according to Bernucci et al. (2010). 

The behavior of bitumens was described in Asphalt Institute (1995). The effects 

of time and temperature are related to the properties of the bitumen. For example, the 

behavior of the bitumen when kept at high temperatures for a short time is similar to 

that when it is kept for long periods at mild temperatures. 

When required for stationary loading (vehicles traveling at low speeds or parked 

loads) at high temperatures, the CAP resembles a viscous liquid. Viscous liquids are 

often called plastics because of the amount of strain that the material cannot recover 

after loading is removed. When subjected to intermediate temperatures, they exhibit 

both viscous and elastic behavior. When subjected to low temperatures, the CAP 

exhibits elastic behavior and can become fragile when excessively charged and may 

cause rupture. Thus, susceptibility to temperature and CAP loading time, rheology (or 

viscoelasticity) is an important variable in the performance of asphalt pavements. 

The quantification of this viscoelastic property is usually done from sinusoidal 

cyclic loading tests. In this type of test, a delay angle, also known as phase angle (), 

is observed in the deformation resulting from the applied stress and which is associated 

with the stiffness modulus of the sample. Rheological properties such as dynamic 

modulus (G*) and phase angle can be measured using a dynamic shear rheometer 

(DSR). The dynamic shear modulus, G*, is the total resistance to deformation of the 

material under a stress. The phase angle is the response distribution between the 

elastic storage modulus and the viscous loss modulus of the viscoelastic material 

components. The master curve can be created when the complex modulus and phase 

angle variation are observed as a function of the frequency sweep at a constant 

temperature. These characteristics of bitumen are also observed in bituminous 

mixtures, which inherit the behavior of this material. The rheological characteristics of 

bitumens are responsible for the responses to the damage that these materials may 

suffer. Therefore, the damage tests of this material are also considered rheological 

tests that go beyond the maximum strain barrier to have a behavior outside linear 

viscoelasticity. These characteristics will be explained below, in the chapter on 

mixtures, since the behavior of bituminous mixtures are analog to bitumen. 
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The most common way to measure rheological properties of bitumen is through 

the DSR test. (AASHTO, 2018) determines suitable test standards for specifying 

materials using this rheometer. This test is simple to be carried out, fast, needs a small 

volume of sample and maybe that is why it is the most widespread. This test method 

covers the determination of the dynamic shear modulus and phase angle of bitumen 

when tested in dynamic (oscillatory) shear using parallel plate test geometry. It is 

applicable to bitumens having dynamic shear modulus values in the range from 100Pa 

to 10MPa. This range in modulus is typically obtained between 6 and 88°C at an 

angular frequency of 10rad/s. However, this test is not considered homogeneous as 

the sample has different stress regions as it is sprawled across the plate as it rotates 

from a central axis. 

An innovative device, the Annular Shear Rheometer (ASR), is used in some 

modern researches to perform advanced experimental investigation in bitumens and 

mastics. It allows practicing fatigue tests, which could be considered homogenous on 

larger scale specimen compared to traditional other devices like DSR. This apparatus 

allows measuring the linear viscoelastic (LVE) shear complex modulus (G*) of 

bituminous materials for small strain amplitudes, and the non linear modulus Ge* for 

higher strain levels applied during fatigue tests. Because of its robustness and 

sensibility, the test can be performed in negative temperatures and very low or high 

strain levels. The assumption is that the ASR is free from compliance errors. This test 

is widely used and developed in ENTPE studies since 2003 by Olard and Di Benedetto 

(2003) and Delaporte et al. (2007).  

When talking about bitumen and its bituminous mixtures, it is important to 

emphasize that it has different behaviors during its useful life when in use because of 

the deleterious actions of the environment. Therefore, it should be noted that this 

material has great aging potential and despite not being the subject of this thesis, some 

considerations about aging should be made. 

(SIRIN; PAUL; KASSEM, 2018) Did a large research about the “State of the Art 

Study on Aging of Asphalt Mixtures and Use of Antioxidant Additives”. The author’s 

states that the detrimental effects of hardening in asphalt pavements were first 

recognized by pioneering pavement engineers in the 1900s and have been studied 

extensively during the last 70 years. This hardening process, referred to as asphalt 

aging, is generally defined as change in the rheological properties of asphalt 

binders/mixtures due to changes in chemical composition during construction and its 
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service life period. They conclude, after a broad revision research, that: The aging is a 

complex phenomenon and affects performance of asphalt pavement by causing 

functional damage to asphalt. It is generally defined as change in the rheological 

properties of asphalt bitumens/mixtures due to changes in chemical composition 

during the construction and its service life period. Aging is influenced by many 

variables: intrinsic variables include mixture types, aggregate, void content, and film 

thickness and extrinsic variables are mixing temperature and environmental 

conditions. Aging affects asphalt pavement and makes it embrittle, reduce the damage 

tolerance and less durable. As a result, pavement becomes susceptible to 

disintegration and cracking failures at low temperatures. Complex molecular structure 

of asphalt and its chemical components are changed as a result of exposure to 

temperature variation and atmospheric conditions resulting in alteration in its 

properties. The main mechanisms for asphalt aging are identified as oxidation, 

volatilization, and steric hardening. During construction, the bitumen is subjected to 

higher temperature which causes aging due to oxidation and loss of volatile 

compounds. On the contrary, long-term aging during service periods takes place at 

lower temperature primarily due to oxidation mechanism. Steric hardening occurs 

during long-term aging at relatively lower temperature. (SIRIN et al., 2019) Presents a 

comprehensive laboratory evaluation and statistical analysis of the effect of aging on 

the viscoelastic properties of bituminous mixtures. They found that short and long-term 

aging temperatures and times have a substantial effect on the modulus. 

 

 BITUMINOUS MIXTURES 

 

The paving structure is usually formed by layers of materials with different 

properties, compacted from the subgrade. This structure must be adequate to meet 

both structural and operational traffic durability. In most Brazilian pavements, the upper 

layer of the pavement is the asphalt, or bituminous mixture, which basically consists of 

a mix of stone aggregates and bitumen. 

The asphaltic layer must resist abrasion caused by traffic, make the pavement 

waterproof, provide a slip-resistant surface and improve rolling conditions (comfort and 

safety). For this to happen, it is necessary to obtain a balanced bituminous mixture 

with appropriate materials, grain size and percentage of bitumen ideal for the weather 

and traffic conditions imposed. 
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As well as the study of bitumen properties, the mechanical properties of 

bituminous mixtures are also important for mastering knowledge about the 

characteristics and performance of pavements. The mechanical properties highlighted 

in this work are: stiffness (linear viscoelastic behavior), permanent deformation 

(viscoplastic behavior) and fatigue damage (fracture). 

 

2.2.1 Bituminous mixtures rheology 

 

The term stiffness, used mainly in the study of bituminous mixtures, indicates 

the capacity of the material resistant to deformation. 

For Kim (2009), stiffness in bituminous mixture is a material parameter, nothing 

more than the slope of the stress curve, which is a unique property (independent of the 

test, the size or the geometry of the sample). Kim also states that stiffness in 

bituminous mixture is influenced by several factors such as: rate of strain, temperature, 

stress state, such as aggregate particles, type of bitumen, bitumen film involving 

aggregates, fines in mass, voids, aging of the asphalt mixture, reactivity with oxygen, 

and modifiers that were used in the asphalt mixture. 

An important aspect of paving study is to understand the linear viscous 

behavior, where the material dissipates the accumulated energy without permanent 

deformation. The stress is linked to the strain rate by the law of linear proportionality 

related to the viscosity coefficient ().  

Asphalt mixtures do not have the ability to fully store and dissipate the energy 

supplied to them and are satisfactorily represented by Elasticity (spring) and Viscosity 

models. Viscoelastic materials have characteristics of elastic and viscous materials, 

where strain is time dependent. 

Bahia et al. (1999) state that when subjected to small strains, asphalt materials 

exhibit linear viscoelastic behavior. Linearity occurs when the effects of time are 

disregarded, thus the stress strain ratio of the material is proportional. 

As the behavior of bitumens, the mechanical behavior of asphalt mixtures is 

extremely complex, which itself is subject to a variety of external factors and their 

intrinsic properties. According to Mangiafico (2014), it can be considered that 

bituminous mixture is a continuous, homogeneous and isotropic material, and its 
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behavior is influenced by three factors, at macroscopic level: temperature, amplitude 

of strains, and the number of charge cycles requested. 

The mechanical behavior of asphalt materials may assume different domains 

depending on the values assumed for each of these factors. In Figure 5, it is possible 

to observe the behavior of asphalt materials for different strain intervals (ε) and 

temperature (T), and in Figure 6 the different behavior domains for strain relations (ε) 

and number of cycles (N). 

Figure 7 shows, according to the applied strain amplitude and the amount of 

load cycles, the different behaviors observed for bituminous mixtures. For a small strain 

domain (ε<100μm/m) and small number of cycles, bituminous materials exhibit linear 

viscoelastic behavior.  

The reproduction of loading and field strains in the laboratory restricts the 

conditions that the pavements are subjected to. In addition, modeling based on the 

theory of elasticity and viscosity further limits field conditions, no longer considering 

temperature, load variation and recovery of mixture strain.  

Within this context it is necessary to use mathematical models that approach 

the real variables, such as the 2S2P1D (2 elastic elements - Springs; 2 Parabolic Creep 

Elements, 1 purely viscous element - Dashpot) developed at ENTPE (Di Benedetto et 

al., 2004; Olard & Di Benedetto, 2003; Olard et al., 2005; Pouget et al., 2010; Tiouajni, 

Di Benedetto, Sauzéat, & Pouget, 2011). The model was developed to simulate linear 

viscoelastic properties of both bitumens and mixtures. Di Benedetto et al. (2004) 

experimented with various mixtures in order to understand their linear viscoelastic 

behavior. They characterized the mixtures by interpreting complex modulus tests at 

varying temperatures and frequencies, which provided data for use of the 2S2P1D 

model developed by the authors. This 2S2P1D model uses a generalization of the 

Huet-Savegh analog model, where there is an adaptation due to the addition of a series 

linear damper with two parabolic elements and a stiffness spring. Figure 8 represents 

the described system. 
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Figure 5 - Typical mechanical behavior domains of bitumen depending on strain 
amplitude Ɛ and temperature T (Tg is the glass transition temperature), 
for a given number of cycles 

 
Source: (Olard et al., 2005). 

 

Figure 6 - Typical mechanical behavior domains of bitumen depending on strain 
amplitude and number of cycles N, for a given temperature 

 
Source: (Mangiafico, 2014). 

 

Figure 7 - Typical mechanical behavior domains of bituminous mixtures depending 
on strain amplitude and number of cycles N, for a given temperature 

 
Source: (Di Benedetto et al., 2013). 
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Figure 8 - Representation of model 2S2P1D (left); and graphical representation of 
the model parameters in the complex modulus master curve (right) 

 
Source: (Pedraza, Di Benedetto, Sauzéat, & Pouget, 2019). 

 

The 2S2P1D model has calibration parameters for correct representation of the 

viscoelastic behavior of the material in terms of modulus, phase angle and Poisson's 

ratio for temperature and varying loading frequency. The complex modulus (E*) and 

Poisson's ratio (𝜐∗) are demonstrated by Equations 2 and 3. In this model, the 

Poisson's ratio acts to three-dimensionally model the behavior of the mixture loading. 

 

𝐸∗(𝜔) = 𝐸00

𝐸0 − 𝐸00

1 + 𝛿(𝑗𝜔𝜏)−𝑘 + (𝑗𝜔𝜏)−ℎ + (𝑗𝜔𝛽𝜏)−1
 (2) 

  

𝜐∗(𝜔) = 𝜐00 + (𝜐0 − 𝜐00)
𝐸∗(𝜔) − 𝐸00

𝐸0 − 𝐸00
 (3) 

Where: 

i = complex number defined by i² = -1; 
ω = the pulsation = 2π.fr, (fr is the frequency); 
k,h = exponents such as 0<k<h<1; 

, 𝛿 = constants; 

E00 = static modulus when 0; 

E0 = glassy modulus when ; 

 = Newtonian viscosity,  = (E0 - E00) ; 

 = characteristic time, which value varies with temperature. T,(T) = aT(T).0 where 0 = (Tref) 
and aT(T) is the shift factor at temperature determined at the reference temperature. It accounts 
for the Time-Temperature Superposition Principle. 

00 = static Poisson's ratio, 0; 

0 = glass transition static Poisson's ratio, . 

 

There are also two constants C1 and C2, responsible for translation, as shown 

in Equation 4 (WILLIAMS; LANDEL; FERRY, 1955). 
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𝑙𝑜𝑔(𝑎𝑇) = −
𝐶1 (𝑇 − 𝑇𝑟𝑒𝑓)

𝐶2 + (𝑇 − 𝑇𝑟𝑒𝑓)
 (4) 

 

Olard et al. (2003) state that the 2S2P1D model allows to improve the 

approximation of the simulations with the real curves found through the data collected 

during the laboratory tests. After the results are entered into the 2S2P1D, the Cole-

Cole plane curves, Black diagram, dynamic modulus master curves and phase angle 

are generated and adjusted. Cole-Cole is the representation of data collected on an 

arithmetic scale from E1 (real part) together with E2 (loss) or imaginary part, giving rise 

to a semicircle curve, as shown in Figure 9. 

The Black diagram originates from the phase angle and dynamic modulus 

values. This diagram allows us to understand the changes in material behavior at 

different temperatures, relating the dynamic modulus and phase angle. 

In addition, two master curves are generated, one of phase angle that provides 

verification of the viscous behavior of the material at different temperatures and 

frequencies and the other of dynamic modulus that allows the analysis of modulus 

variation at different temperatures and frequencies. 

 

Figure 9 -  Meaning of 2S2P1D parameters associated with constitutive elements of 
the model on a general Cole–Cole curve of a bitumen 

 

Source: (Mangiafico et al. 2013).  

 

Onofre (2012) states that in the complex module there is a frequency or time 

curve per dynamic module or phase angle for each temperature. The complex modulus 

is given by dividing the amplitude of the applied stress and the corresponding strain 
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amplitude of each mixture, and the larger the dynamic modulus of the mixture, the 

more rigid it tends to be. The phase angle, on the other hand, ranges from 0 to 90°, 

which the closer to 0°, the mixture tends to have an elastic behavior (the greater the 

elastic portion), and the value is close to 90°, the mixture tends to have a more viscous 

behavior (larger the viscous portion). 

In Brazil, the evaluation of pavement stiffness is by the Resilience Module (MR) 

test, also known as modulus of elasticity (E), having the same definition by the theory 

of elasticity, however, determined from repeated loads. The MR in asphalt mixtures 

can be obtained with several types of repeated loads among them the uniaxial tensile 

test; uniaxial compression test; flexural beam test; tensile compression test (indirect 

traction) and triaxial compression test. The most commonly used test in Brazil is the 

Diametral Compression Tensile (MR), due to the diffusion of this test in the country 

and the difficulty of acquiring more sophisticated equipment such as those that perform 

the complex modulus test. Currently the MR test is essential for pavement design (after 

the development of mechanistic methods). In some countries the complex module is 

commonly used to assess rigidity, while in Brazil the complex module is restricted to 

the academic and research environments. In the complex modulus test the effects of 

temperature and especially the loading time on the properties of asphalt materials can 

be accounted for. Linear viscoelastic characteristics are obtained by means of this test 

consisting of the application of a sine axial compression loading on cylindrical samples 

and the measurement of the corresponding vertical displacements. 

Although MR and E * tests measure the stiffness of asphalt mixtures, they have 

methods with different characteristics. (SPECHT et al., 2017) discussed and compared 

both essays, considering different mixtures. Table 5 summarizes the main differences 

between MR and E *. 

Sides et al. (1985) state that the determination of viscoelastic properties in 

asphalt mixtures is of fundamental importance for the study of mechanical behavior. 

This property is an inheritance of the bitumen that makes the asphalt mixtures 

susceptible to temperature variation and load application frequency. Thus, the authors 

believe that the behavior is dependent on the load application rate and its mechanical 

performance may vary from elastic to linear viscoelastic for low temperatures and high 

loading rates and nonlinear to viscoplastic viscoelastic for high temperatures and low 

loading rates.  
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Table 5 - Differences between Resilience Modulus and Dynamic Modulus 

Parameter Resilient Modulus Complex modulus 

Load 
Repeated loading  
(0.1s and 0.9s rest) 

Dynamic loading (application time  
and rest dependent on frequency used) 

Kind of Loading 
Diametral compression generating  
a biaxial stress state 

Sinusoidal axial compression loading 

Temperature (ºC) 25 -10; 4; 21; 37 e 54 

Frequency (Hz) 10 25; 20; 10; 5; 2; 1; 0.5; 0.2; 0.1 e 0.01 

Sample dimension 100mm diameter and 63.5mm high 100mm diameter and 150mm high 

Source: (Adapted from Boeira, 2015). 

 

2.2.2 Permanent deformation in bituminous mixtures 

 

Permanent deformation or rutting is one of the most common distresses found 

in asphalt pavements. It can be defined as the unrecoverable accumulation of small 

amounts of deformation, leading to a distortion of the pavement surface resulting from 

the loading of vehicles. This distortion typically appears as longitudinal depressions in 

wheel tracks, usually accompanied by side elevations adjacent to the track (MURAYA, 

1991). 

Depending on the significance of loading and field conditions, permanent 

deformation may occur on the subgrade, base layers, or asphalt coating layers. 

Joliet and Malot (2000) state that permanent deformation is simultaneously the 

viscous deformation of the bitumen and the plastic deformation of the mineral structure. 

In addition to the influence of materials and their proportions other factors should 

be investigated because the asphalt mixtures the problems are complex. Nascimento 

(2008) presented some factors in detail, among them we can mention two groups: 

I. Aggregates: Aggregate particle size - Mixtures with larger aggregates and 

continuous particle size exhibit better resistance to permanent deformation due to 

better interlocking of aggregate particles, offering greater strength; Aggregate Shape - 

Cubic aggregate mixtures are more resistant to permanent deformation than rolled 

aggregate compounds because cubic aggregates provide better frictional resistance; 

II. Bitumen: Too much bitumen - tends to function as a lubricant facilitating relative 

movement between particles; Bitumen Viscosity - The use of harder or modified 

bitumens increases the resistance to permanent deformation of asphalt mixtures. 
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Nascimento (2008) states that both bitumen and aggregate play a fundamental 

role in the mechanical behavior of the asphalt mixture. The asphalt content in the 

mixture, the viscosity and especially the modification, are important factors that depend 

directly on the bitumen. In general, less viscous bitumens make mixtures less rigid and 

more willing to accumulation of permanent deformation. 

Almeida Jr. (2016) found that the factor that most changed the stiffness and 

resistance to permanent deformation of the mixtures was the type of bitumen, in which 

the polymer modified bitumen increased both stiffness and resistance to damage. The 

Bailey method of particle size selection also improved the behavior of mixtures on a 

smaller scale when compared to bitumen influence and mixture design. The author 

proved that the mixture design method (Marshall or Superpave) altered the results of 

the mixtures, being the mixtures designed by the Superpave method more resistant to 

permanent deformation due to their lower bitumen content. 

Motta et al. (1996) state that laboratory tests are always necessary for the 

characterization of materials, regardless of the prediction method or model used. For 

the evaluation of asphalt mixtures, the tendency is to use tests that can measure and 

represent the two types of requests that deal with permanent deformation: 

compression and shear. 

To characterize the behavior of asphalt mixtures against permanent deformation 

the main tests are: fundamental tests (repeated loading triaxial and unconfined uniaxial 

compression - static creep and dynamic creep); and simulation tests (laboratory traffic 

simulators such as French and Hamburg). 

The most commom test to evaluate the resistance of bituminous mixtures to 

permanent deformation in mixtures in Brasil is Flow Number (FN). Table 6 shows the 

Flow Number criteria for bituminous mixtures for different traffic levels established by 

various authors. Nascimento (2008) stipulated limit values for medium and heavy traffic 

through research with different aggregate nominal size and CAP 20 REVAP. In 

NCHRP, Report 673 (Advanced Asphalt Technologies-AAT, 2011), FN criteria were 

developed based on the evaluation of six FHWA pavements and 27 laboratory 

mixtures. These criteria were included in the hot bituminous mixture manual developed 

in the project. Bonaquist (2012) judged these criteria conservative, considering the 

performance of these mixtures in the field. For this reason, the author chose to use the 

Francken model by proposing FN criteria for mixtures used in road intersections that 

are subjected to low speeds and, consequently, more susceptible to permanent 
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deformation. Bastos (2016) formulated four FN criteria according to traffic using data 

from Brazilian experimental pavements. It is observed that the value determined by 

Nascimento (2008) for moderate traffic is the same as that found by Bastos (2017) for 

heavy traffic. It is observed that only the authors Nascimento (2008) and Bastos (2017) 

consider the tension conditions of 204kPa (also used in this thesis) to define the limits, 

while Bonaquist (2012) and AAT (2011) use other strain levels to classify traffic for 

permanent deformation. Recently, Franco and Motta (2020) - MeDiNa and Faccin et 

al. (2021) determined news FN criteria. 

(FACCIN et al., 2021) Presents the rutting evaluation of different bituminous 

mixtures in use in Brazil through the uniaxial repeated load test and the monitoring of 

mixtures performance in field, culminating in a criteria proposal for the parameter Flow 

Number depending on traffic. For this, five distinct bitumens were studied, five grain 

size distributions, three warm mixtures and 21 hot mixtures, with different mineralogical 

types of aggregates, and 15 monitored test sites distributed geographically throughout 

the Rio Grande do Sul state. The results indicated that the bitumen modifications were 

the most influential characteristics in the bituminous mixtures rutting. Also, it was 

verified that the Flow Number criteria proposed so far in the country present significant 

differences. They show that the FN parameter is adequate as a rutting criterion for hot 

mixtures, presenting, in general, good correspondence with the field results.  

Despite causing user comfort problems and increasing the maintenance costs 

of the highways, only recently, in terms of Brazilan method of design, the permanent 

deformation of the coating asphalt began to be analyzed more carefully under the new 

method of Brazilian Mechanistic-Empirical Dimensioning (MeDiNa), launched in 2018 

the uniaxial test of repeated load (Flow Number) (NBR 16505/2016; DNIT 184/2018 - 

ME). In the MeDiNa guide document, Franco and Motta (2020) showed the 

Nascimento (2014) findings in his broad research with field calibration in Petrobras. 

Faccin et al. (2021) also observed that the FN limits proposed by Bastos et al. 

(2017) and Franco and Motta (2020) may not reach the maximum rut depth 

requirements, mainly for mixtures with conventional bitumen 50/70. The limits 

proposed by Nascimento (2008) are coherent with the results obtained so far. 
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Table 6 – FN criteria for different traffic levels for authors 

Researches  
x 
Traffic (N) 

Air Voids 
(%) 

Temp.  
(ºC) 

Stress  
(kPa) 

Low Medium Heavy 
Extremely  
Heavy 

3×106 
[3×106; 
1×107] 

[1×107;  
3×107] 

> 3×107 

Nascimento 
(2008) 

6.5 - 7.5 60.0 204 - 300 750 - 

AAT (2011) 4.7 - 8.2 
31.3 - 
54.3 

600 - 53 190 740 

Bonaquist 
(2012) 

6.0 - 7.3 49.6 600 15 50 135 415 

Bastos et al. 
(2017) 

5.5 - 7.5 60.0 204 <100 100 300 >1000 

MeDiNa - 
Franco and 
Motta (2020) 

97% 
degree of 
compaction 

60.0 204 ≥100 100≤FN<300  300≤FN<750 750≤FN<2000 

Faccin et al. 
(2021) 

6.4 - 7.5 60.0 204  300 600 >2000 

 

 

2.2.3 Fatigue in bituminous mixtures 

 

Fatigue cracking is one of the major failure modes in layers of bituminous 

mixture and is characterized by the accumulation of damage by traffic loading. This 

fact generates a progressive micro-cracking process that culminates in the 

development of fractures and, consequently, in the rupture of the material. 

Understanding the behavior of asphalt mixtures under induction of repetitive loads is 

essential to correctly predict the fatigue phenomenon and pavement performance.  

According to Di Benedetto et al. (2004), bituminous mixtures are subjected in a 

short time to loading resulting from vehicles. With loading micro cracks appear on the 

bottom surface of the asphalt coating, resulting in the loss of material stiffness and 

their accumulation results in the phenomenon of fatigue. 

The phenomenon of fatigue is the degradation of material under repeated 

loading, recognized as one of the main causes of deterioration or degradation of 

pavement materials. Fatigue cracking begins in the regions of maximum stress or 

tensile deformation, as materials are found to be more resistant to repeated 

compression than tensile loading (Figure 10). 

Wheel load is considered a vertical compression load applied to the pavement 

surface, which generates in the lower fibers of the asphalt layer tensile and 

compressive stresses due to repeated loading and unloading. Cracks usually appear 

first on the bottom surface of the asphalt layer, where the tensile forces are greatest, 
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and then propagate to the pavement surface in the form of interlocking cracks 

damaging the pavement.  

 

Figure 10 - Demonstration of the stresses of a pavement 

 

Source: (Nascimento, 2015). 

 

According to Preussler (1983), the stress or strain behavior depends on both 

the thickness and stiffness of the coating layer and the stiffness of the underlying 

structure. And, as with the stiffness and permanent deformation properties of asphalt 

mixtures, the phenomenon of fatigue can be affected by many factors. 

It is important to characterize the fatigue damage of asphalt mixtures and it is 

necessary to evaluate its behavior under stress state similar to that found in the field. 

However, it is a complex objective since there are many variables and stress and strain 

sizes obtained by passing the axis vary depending on the type of traffic and weather 

conditions. 

The laboratory tests are the main resource for the study of the fatigue 

phenomenon in asphalt mixtures. In the laboratory, the fatigue tests basically consist 

of the cyclic repetition of loading until the failure of the material. In general, during the 

application of the cycles, the dynamic module decreases, while the phase angle of the 

material increases. Fatigue failure, however, does not necessarily coincide with the 

macroscopic fracture of the sample, being associated with different approaches, often 

still in the state of micro cracking. 
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The main laboratory tests to determine fatigue performance are: 

I. Diametral Compression (Indirect Traction): Most used method in Brazil; 

II. Bending in trapezoidal specimens; 

III. Bending in prismatic bars or beams; 

IV. Direct Tension Cyclic Fatigue Test. 

The Direct Tension Cyclic Fatigue Test was used in this thesis. To perform each 

test, which follows the simplified viscoelastic continuum damage (S-VECD) protocols 

developed by Daniel & Kim (2002), Kim & Chehab (2004), Underwood & Kim (2009) e 

Underwood et al. (2012), the short-term complex module test is first performed 

(fingerprint). These complex modulus tests consist of determinations with small strains 

(50 to 70μm) to capture sample-by-sample variations. The same LVDTs (Linear 

Variable Differential Transducers) of the complex module tests were used. 

Failure criterion is an important parameter for verifying the performance of 

asphalt mixtures in the face of fatigue cracking, since it is this one that will characterize 

the fatigue life of the evaluated mixture. 

The failure does not necessarily coincide with the visible fracture of the sample. 

There are several failure criteria for fatigue testing, however the three most important 

ones will be highlighted.  

The first criterion is in accordance with EN 12697-24:2012 and considers the 

fatigue life (Nf) to be the number of cycles corresponding to a 50% reduction of the 

initial dynamic module value. 

The second failure criterion is the one used in this research and was proposed 

by Kim et al. (2003). It consists in identifying the turning point in the phase angle versus 

number of cycles curve. The inflection point corresponding to the phase angle peak 

and is considered to represent a change in the mechanical behavior of the material 

due to the accumulation of fatigue damage. For this reason, the number of cycles 

corresponding to the phase angle peak is taken as the fatigue life Nf. 

According to the S-VECD failure criterion (the GR method), the maximum stored 

pseudo strain energy at each cycle represents the material’s ability to store energy at 

that particular time.  

Sabouri and Kim (2014) defined the energy term, 𝐺𝑅, as the rate of change of 

the averaged released pseudo strain energy (per cycle) throughout the entire history 

of the test. The GR can be calculated using Equation 5. 
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𝐺𝑅 =  
𝑊𝐶

𝑅̅̅ ̅̅ ̅

𝑁𝑓
=

∫ 𝑊𝐶
𝑅𝑁𝑓

0

𝑁𝑓
  (5) 

 

To determine the sample failure, was specified based on the Reese approach, 

the cycle in which the phase angle drop occurs (𝑁𝑓). 

Sabouri and Kim (2014) found that a characteristic relationship exists between 

the GR during fatigue testing and the final fatigue life (Nf). This failure criterion 

combines the advantages of the S-VECD model and this characteristic relationship, 

which both originate from fundamental mixture properties.  

The third criterion assumes that the LVDTs are positioned at different points in 

the cylindrical sample whose strain measurements should be made at 120° from each 

other. With this configuration, while the axial strain amplitude is evaluated as the 

average of the three values measured by the LVDTs, it is possible to monitor the 

relative strain difference between each strain amplitude and the average amplitude. 

When any of the three strains exceeds 25% of the average, the deformation field of 

the sample is considered inhomogeneous, indicating the presence of a fracture. The 

same approach can be followed by monitoring the phase angle amplitudes. When the 

relative difference between the measured phase angle values in each LVDT exceeds 

5° from the average of the others, the occurrence of the fatigue crack is assumed. 

The S-VECD model was used to derive damage characteristic curves and a 

failure criterion for performance predictions. Damage characteristic curves represent 

the relationship between material integrity (C) and damage (S). According to the time–

temperature superposition principle with growing damage, the damage characteristic 

curve should be independent of loading and temperature history. This attribute allows 

the derivation of a model to predict the evolution of fatigue damage under any loading 

and temperature history of interest, with only limited test results needed. 

In (CHEN; ZHANG; BAHIA, 2021) study, they confirm that the C-S (Damage 

Intensity) curve in the PSE analysis is not always subjected to time–temperature 

superposition, especially when it comes to modified bitumen. To understand the 

temperature dependency of parameters C1 and C2 of the PSE analysis, the measured 

C-S curves at several testing temperatures were firstly shifted to the reference 

temperatures by using the shift factors determined from the master curve data of 

complex shear modulus of bitumen. 
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 MULTISCALE APPROACH 

 

Many multiscale studies related asphalt mastics and fine aggregate mixtures 

(FAM) with bitumen, chemistry, bituminous mixtures and also pavement. The 

multiscale analisys have much potencial for analysis and cross scale possibilities. In 

this work, the aim is to verify the correlation ChemistryBitumenMixture. 

Linking mechanical behaviors of bitumen and bituminous mixture in a single 

step requires the smearing of multiple physical phenomena. Such an approach would 

then limit the potential to develop meaningful insight into cause-and-effect relationships 

and to consequently formulate strategies to better design the materials.  

According to Underwood et al. (2015), at the smallest scale, bitumen can be 

viewed as a composite of hydrocarbons and other elements in multiple complex 

structures. In this domain, the material is best understood with respect to the chemical 

properties of the constituent elements, molecular species, and functional groups that 

compose the bulk bitumen.  

In the largest scale, bitumen is viewed as a dark brown to black semisolid 

cementitious material with viscous to viscoelastoplastic mechanical properties. Here, 

behaviors are interpreted primarily in a rheological context either as part of a 

specification process or as a means to understand the impacts of bitumen 

compositional factors on mechanical properties.  

The next scale of practical interest is bituminous mixture, which consists of the 

bitumen, graded aggregates from up to 37.5mm to sizes less than 75mm, and air in 

the form of void spaces between the coated aggregates. Although this is the next 

largest size of practical engineering significance, understanding the mechanical 

relationship between it and the bitumen can be facilitated by further dividing the 

composition of bituminous mixture into two scales: asphalt mastic and asphalt fine 

aggregate matrix (FAM). Asphalt mastic is the material consisting of mineral filler 

(particles smaller than 75mm) and the bitumen. The importance of this scale in 

establishing the link between bitumen and bituminous mixture is the magnification of 

physicochemical interactions that occur at the interface of the asphalt and aggregate. 

This scale magnifies the influences of this phenomenon because of the relatively large 

specific surface of the filler particles. Asphalt FAM consists of the asphalt mastic and 

the fine aggregate particles. FAM forms the material that exists between the coarsest 

aggregate particles in the mixture. It is the FAM phase that deforms under high-
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temperature loading and that shows visible cracking under repeated loading at 

intermediate temperatures. Because mastic is a part of this scale, the physicochemical 

influences are inherently occurring, but particle contact interactions are the more 

dominant mechanism.  

One goal for multiscale evaluations is to understand physical and chemical 

mechanisms that occur in a material by carrying out targeted experiments at scales 

where those mechanisms are most dominant. A second and perhaps more meaningful 

outcome from these evaluations is the integration of the individual mechanisms into a 

comprehensive analytical formulation. Such a model can then be used to deduce the 

cause-and-effect relationships and/or to engineer the composition and internal 

structure of bituminous mixture to improve the properties and performance. With 

respect to oxidative aging, this process has progressed in two separate directions 

starting at the bitumen.  

According to Figure 11 (Underwood, 2016) to the left (toward smaller scales), 

there is impetus to understand the linkages between rheological properties and 

molecular composition. The goal of moving in this direction is to identify the key 

molecular components and allow the engineering of bitumen to be more resilient to 

oxidative impacts. To the right (toward larger scales), the primary motivation is to 

develop an understanding of the relationship between asphalt rheology, the 

physicochemical interactions, particle contacts and the role that these play in affecting 

the properties of the bituminous mixture, and ultimately the performance of asphalt 

pavements. Performance includes resistance to distresses (fatigue cracking, rutting, 

etc.), which involves understanding the behaviors as they relate to viscoelastoplasticity 

and damage as well as perhaps healing, thixotropy, heat generation, and others. 
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Figure 11 - Scale dependencies involved in a multiscale interpretation of bituminous 
mixture 

 

Source: (Advances in asphalt - HUANG; DI BENEDETTO, 2015; Underwood, page 276). 

 

(UNDERWOOD; KIM, 2011) Said that, in general, multiscale modelling in the 

bituminous mixture field consists of performing a series of two-phase (matrix and 

particulate) computational simulations wherein each successive simulation uses the 

input from the previous simulation as the matrix phase and increases the characteristic 

size of the particulate phase by some amount. For example, in a typical modelling 

scheme, the first simulation may be performed to predict the stiffness response of a 

material with bitumen as the matrix phase and particles smaller than 75mm as the 

particulate phase. The predicted properties of this material would then become the 

input for the matrix phase of a scale that uses particles larger than 75mm but smaller 

than 2.36mm as the particulate phase. This process continues until the full asphalt 

mixture performance is predicted.  

According to the same authors, the characteristic scale immediately smaller 

than that of bituminous mixture and immediately larger than that of asphalt mastic is 

referred to as the fine aggregate matrix (FAM) phase. Although no formal consensus 

exists on the definitions used in these modelling efforts, the authors’ states that a 

general agreement throughout the literature seems to be that the material that is one 

characteristic scale larger than the pure bitumen should be called asphalt mastic. A 
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general agreement also suggests that the mastic consists of two materials: the bitumen 

and all of the aggregate particles pass the 75 or 100mm sieve. They purpose in his 

paper their findings of an extensive experimental programme to identify the sensitivity 

of the dynamic shear modulus to changes in material composition. Tests were 

performed on four different material scales (bitumen to asphalt mixture). It is found that 

these materials can be very sensitive to changes in the volumetric composition, 

particularly in the case of asphalt mastics.  

 

2.3.1 From chemistry to bitumen 

 

The most common chemical analyses related to bitumen are those that quantify 

the main elements that constitute this material, focusing on those that may have some 

relationship with its behavior and aging process. In recent literature, it is possible to 

observe a tendency to use SARA fractionation to infer the rheological aspects of 

bitumens. Another especially important element for the characterization of bitumens is 

the Sulfur, which has a high oxidation potential and may indicate that the material has 

a greater or lesser tendency to harden when it ages. Metals such as Nickel and 

Vanadium are also important because these heteroatoms are responsible for the 

unique physical and chemical properties of bitumens: they can replace Carbon atoms 

in a bitumen molecule and have the ability to form strong associations with other 

molecules by hydrogen bonding. Another kind of analysis is the quantification of the 

elements Carbon, Hydrogen, Oxygen and Nitrogen as these indicators show the basic 

composition of the material. Techniques such as Gel Permeation Chromatography 

(GPC) are also used to discover the size of the melecular chains of the carbon 

compounds that form the bitumen in order to infer their viscosity: the larger the average 

size of the linear chains of the bitumen, the more viscous they tend to be.  

According to (WEIGEL; STEPHAN, 2018b), regarding the rheological 

properties, the asphaltenes as well as the resins, aromatics and saturates (SARA 

fractions) demonstrate a strong influence on stiffness, viscosity, deformation behaviour 

and temperature sensitivity of bitumen. The ageing behaviour depends mostly on the 

asphaltenes. The results of their research show some significant influences of the 

chemical properties on the physical, rheological, ageing and adhesions behaviour of 

the bitumen whereby the asphaltenes and the other SARA fractions play a decisive 

role.  
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Weigel and Stephan (2018) also affirms that the bitumen is a particularly 

complex material consisting of a large number of chemical compounds, which 

complicates its chemical characterisation. Because of this, the normative classification 

and specification of bitumen are mainly based on physical and rheological methods.  

According to (ROBERT N. HUNTER; ANDY SELF; JOHN READ, 2015) the 

physical, rheological and also the ageing related properties of bitumen depend on its 

chemical composition and especially on the structure of the molecules. (LEE et al., 

2018; REDELIUS, 2006; WOOL; O’CONNOR, 1981) found dependencies between the 

molecular weight and different physical and rheological parameters such as the 

softening point, the penetration, the complex shear modulus |G*| as well as the 

dynamic viscosity η. They also established relationships between the ageing-related 

changes of various bitumen fractions in form of the saturates, aromatics, resins as well 

as the asphaltenes and the ageing-related changes of different physical and 

rheological parameters like the softening point, penetration, complex shear modulus 

|G*| and phase angle δ. (LU; ISACSSON; EKBLAD, 2003) determined correlations 

between the ageing behaviour of the complex shear modulus |G*| and the molecular 

weights of the bitumen.  

In Weigel and Stephan (2018) work, the influence of different chemical bitumen 

properties on the physical, rheological, ageing and adhesion-related properties of the 

bitumen were shown. The physical and rheological properties of bitumen are 

influenced especially by the asphaltene content but also by the other SARA fractions. 

Thereby, an increasing gel character of bitumen causes an increasing stiffness 

captured by the complex shear modulus |G*|, second an increasing viscosity captured 

by the softening point and the complex viscosity |η*|, third an increasing elastic 

deformation behaviour captured by the phase angle δ and fourth a decreasing 

temperature sensitivity captured by the penetration index. Concerning the ageing of 

bitumen, the asphaltenes in the unaged bitumen are important. With an increasing 

asphaltene content in the unaged bitumen, the stiffness at the softening point 

decreases and the elastic deformation behaviour increases with ageing. The ageing 

behaviour at low temperatures captured by the parameters of the BBR measurement 

seems to be influenced by the molecular weights of the maltene fractions in the unaged 

state of the bitumen. In summary, the presented correlations show the influence of 

chemical bitumen properties on the physical, rheological and ageing behaviour as well 

as the chemical bitumen and aggregate properties on the adhesion behaviour of 
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bitumen. Still according to the authors, Weigel and Stephan (2018), the strongest 

relationships were found for the asphaltenes and the other SARA fractions. 

According to (HUANG; DI BENEDETTO, 2015), along with other mechanisms, 

oxidative aging is generally interpreted in the framework of a two-scale system: 

bitumen and bituminous mixures. They state that the two materials in this paradigm 

exist in a related, but separate context and rely on single-step correlations. For them, 

a multiscale perspective postulates that single-step relationships have limited utility 

because of the existence of multiple mechanisms that manifest at different length 

scales. 

The authors (PAULI; HUANG, 2013) recently studied the Relationship between 

Asphalt Compatibility, Flow Properties, and Oxidative Aging. The aim of the authors 

was to investigate changes in asphalt composition as they relate to flow properties of 

bitumens after oxidative aging according to a colloidal suspension model of asphalt 

and a phenomenological rate law of oxidation. They used unaged and aged asphalt 

samples and subject them to both chemical/compositional and rheological analysis. 

The unaged and aged samples were separated into four fractions (SARA) according 

to Corbett separation (ASTM D4124-09) to investigate changes in asphalt composition 

resulting from the aging process. The parameters generated from aging master curves 

were found to correlate with material compatibility as measured by asphaltene content 

in accordance with our colloidal suspension model and phenomenological rate law of 

oxidation. The parameters that they generated from these aging master curves were 

further correlated with measures of asphalt compatibility, the initial asphaltene content. 

Their work results indicate that the aging shift factors generated from master curves 

correlate well with initial asphaltene content according to a phenomenological first-

order rate law derived by assuming that asphalt flow properties behave in accordance 

with a colloidal suspension description of asphalt. 

(REDELIUS, 2006) found that the only significant difference between 

asphaltene molecules and the other molecules in bitumen is the insolubility in n-

heptane. He saw in his experiments that asphaltenes contain a range of molecular 

weights which range from 300 up to more than 1000. He also concludes that the 

interactions between the polar molecules in bitumen may explain the elastic properties. 

Some authors also used Fourier transform infrared spectroscopy (FTIR) to 

determine bitumen properties and correlate with bitumen rheology with the aim to see 
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the rejuvenation, aging and oxidation of the bitumens. (RAD et al., 2018; WU et al., 

2009; ZHANG; YU; HAN, 2011).  

(MOUSAVI et al., 2016) Studied the addition of biomodifiers to see the 

difference in aging of bitumens. Fot that, they performed SARA analysis and FTIR 

spectroscopy on the material that shows that the ratio of polar components to nonpolar 

ones is higher in oxidized bitumen compared to virgin bitumen. 

 (RAD et al., 2018) said that carbonyls and sulfoxides are the two primary 

chemical functional groups that are produced on oxidation of bitumen. The carbonyl 

chemical functional group has long been used to indicate the level of oxidation within 

bitumen. They realize that comparing the oxidation rates of different materials based 

on the combined effects of carbonyl and sulfoxide can lead to significantly different 

conclusions than when considering carbonyl alone. C+S peaks is an effective chemical 

aging index property (AIP) for tracking oxidation and can be obtained directly from 

FTIR spectrometry data. They also state that the two most promising rheological AIPs 

for tracking oxidation levels are G* at 64°C and 10 rad/s and the G-R parameter. 

Besides the aging of bitumens is not the aim of this thesis, the interest about the 

characteristics of the materials includes the oxidation. 

(MOUSAVI; FINI, 2021) affirm that Sulfur is among the few chemical reagents 

practically used in the bitumen industry. Depending on application temperature and 

concentration, the sulfur could have negative impacts on bitumen performance 

associated with increased susceptibility to oxidation, an increase of moisture 

susceptibility, and conversion of dissolved sulfur to crystalline form. 

(CARVALHO; CRAVO; CRAVO, 2016) Studied the chemical changes that occur 

during the different degradative processes, thermal and photochemical, using 

techniques such as Infrared, Liquid Chromatography, Heithaus Parameter, Nuclear 

Magnetic Ressonance and Molecular Weight Distribution in virgin bitumen and with 

lignin (natural antioxidant). To study the rheological behavior they used the 

Christensen-Anderson model to calculate the R parameter and the linear amplitude 

sweep test (LAS) to see the damage tolerance of this material. The chemical and 

rheological analysis, in all tests showed different paths between the thermal and 

photochemical aging. The chemical results show some markers that enabled to see 

that lignin works to rejuvenate bitumen. 

(OSMARI, 2016; OSMARI; ARAGÃO, 2017) Evaluated the rejuvenation 

process of bitumens using three rejuvenator products. Analyses included chemical, 
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surface morphology and rheological characterizations of two bitumens in virgin, aged 

and rejuvenated states. To identify changes in chemical compositions, chemical tests 

were performed SARA, Fourier Transform Infrared Spectroscopy, Gel Permeation 

Chromatography and Nuclear Magnetic Resonance. An Atomic Force Microscope was 

used to identify microstructural changes in the constituents of the samples. To this end, 

a quantification procedure for these elements was developed from a digital image 

processing technique, which evaluated information such as spatial and size 

distributions of the different fractions of the bitumens. They also used a Dynamic Shear 

Rheometer to determine the rheological characteristics of the materials. It was also 

demonstrated that there are strong correlations between properties and characteristics 

determined in the tests, which indicates that the integration of chemical, rheological 

and microstructural characterization analyses of the bitumens can provide crucial 

information about their aging and rejuvenation mechanisms.  

The (OSMARI et al., 2019) work evaluated the cracking characteristics of nine 

unmodified and three modified (by SBS, ground tire rubber, and TLA) bitumens aged 

by different testing methodologies. They used the carbonyl index and the benzylic 

hydrogen content obtained by Fourier Transform Infrared Spectroscopy and Nuclear 

Magnetic Resonance to identify the chemical effects of the different aging strategies. 

The cracking resistance of the aged bitumens was evaluated by means of the Glover–

Rowe (G-R) parameter and of LAS test results. 

 

2.3.2 From bitumen to mixtures 

 

There are many ways to predict the behavior of the bituminous mixtures from 

the bitumen. The main objective observed in the literature is to carry out more 

economical and faster tests to define materials for bituminous mixtures pavements. 

For that, several techniques were revised, mainly regarding the rheology considering 

the linear viscoelastic domain and the permanent deformation and fatigue damage 

domains. Mathematical models are crucial to making the leap from bitumen tests 

results. The authors cited in this review were fundamental to this advance. 
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2.3.2.1 Linear Viscoelasticity 

 

The aim of (OLARD et al., 2003) work was to seek pertinent relations between 

the rheological properties of bitumens and mixtures in the linear domain. The 

viscoelastic behavior of bitumens was evaluated using complex modulus tests and the 

Bending Beam Rheometer. The viscoelastic behavior of bituminous mixtures has been 

studied by performing complex modulus tests. The conclusions of their work are: the 

shift factors aT of bitumens and mixtures are nearly identical. This brings to the 

conclusion that the time-temperature superposition (TTS) principle of mixtures directly 

depends on that of bitumens. It even seems possible to define, as a first approximation, 

“universal” shift factors aT for all the bituminous materials (bitumens and mixtures). 

The TTS works very well for no modified bitumens. The author appropriate universal 

constants C1 and C2 of the WLF equation are proposed for the reference temperature 

(Ts). The complex modulus test can be used to predict exactly the behavior of the 

bitumen during any test in the small strain amplitude domain (the behavior is linear 

viscoelastic). In addition, from results obtained on nine bitumens and four mixtures, 

they found that is possible to superpose (at different appropriate temperatures) the 

master curves of virgin bitumens and the master curves of mixtures. Olard et al. 2003 

also found a new and simple relation between Log|G*| (bitumen modulus) and Log|E*| 

(mixture modulus) for their materials. This equation, associated with the WLF equation, 

can be used to predict mixture modulus from bitumen modulus at any given frequency-

temperature combination. They said that the two coefficients of the equation will be 

different in each skeleton as they probably depend on the considered mixture design. 

This predicting tool can be used for any given bitumen, provided that its bitumen master 

curve can be superimposed (following the technique proposed in their paper) on the 

unique “general” master curve of bitumens that has been herein found. Consequently, 

the work to prepare mixtures samples and perform the mixtures tests can be saved.  

Some links between the linear viscoelastic properties of bitumens and those of 

bituminous mixtures have been latterly established by the authors as shown in Figure 

12. 

Some bituminous materials, such as polymer modified bitumens, are not 

thermorheologically simple, therefore TTSP is not valid for them. Sometimes it is 

observed that a unique Black curve is not obtained. However, it is possible to obtain a 

master curve by applying shift factors to shift isothermal curves, for a reference 
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temperature. In this case, the material is said to comply with the Partial Time 

Temperature Superposition Principle (PTTSP) (Di Benedetto, Olard, Sauzéat, & 

Delaporte, 2004; Olard & Di Benedetto, 2003; Olard et al., 2005). 

 

Figure 12 - Linear Viscoelastic domains for bitumens and mixtures in the axes log 
(strain) – log (number of applied cycles) and the Tests performed on 
bitumens and mixtures in the Linear Viscoelastic domain 

 

Source: (Olard et al., 2003). 

 

The author concluded that modified bitumens normally do not conform to the 

Time-Temperature Superposition Principle as their Black curves are not unique. 

Meanwhile, a unique shear modulus master curves of |G*| can be plotted at a reference 

temperature, hereafter named Ts, using a shifting procedure. Then, the value of |G*| 

at any temperature can be obtained, provided the shift factor aT is known. We call this 

property “Partial Time-Temperature Superposition Principle” (PTTSP) as the shifting 

procedure gives a unique and continuous master curve only for the norm of the 

modulus. 

(OLARD; DI BENEDETTO, 2003) studied the viscoelastic behavior of bitumens 

and mixtures by performing complex modulus tests at different temperatures and 

frequencies. They developed a unique rheological model for the modeling of linear 

viscoelastic properties of both bitumens and mixtures. This model consists of a 

generalization of the Huet-Sayegh analogical model. Their analyses on test data for 

nine different bitumens and four mixtures, with one mixture design, show that the 

introduced model fits well the measurements. From their first results, a transformation 

that is independent of the introduced model allows to predict easily and efficiently the 

mixture complex modulus from the bitumen one. As the complex modulus tests on 

bituminous mixtures are time-consuming, many researchers have focused on the 
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prediction of the mixtures complex modulus from the bitumen one so as to get 

approximate formulas that can be used in road design for the purpose of first estimates. 

Some simple linear relationships between the norm of the complex shear modulus |G*| 

of bitumen and the norm of the complex stiffness modulus |E*| of mixtures have been 

found. Mangiafico (2014) calculated E* values from G* values by applying, as 

commonly done, an arbitrary constant Poisson's ratio equal to 0.5 (E* = 3G*). 

  They used a rational approach, which consists in comparing the properties of 

bitumens and mixtures only in the small strain amplitude domain (where Linear 

ViscoElastic behavior is observed). Their reached objectives were to seek pertinent 

relations between the rheological properties of bitumens and mixtures in the linear 

visoelastic domain from the use of a rheological modeling based on physical analogical 

elements. They evaluated the viscoelastic behavior of bitumens and mixtures using 

complex modulus tests. A general model 2S2P1D valid for both the bitumens and 

mixtures and based on a simple combination of physical elements (spring, dashpot 

and parabolic element) has been proposed. The use of the introduced general model 

“2S2P1D” (also demonstred in item 2.2.1, Equation 2) confirmed that the rheology of 

bituminous mixtures can be correlated to that of bitumens. In fact, they found that 4 out 

of 7 constants, needed at a given temperature, are identical for the bitumen and the 

respective mixture. 

(DI BENEDETTO et al., 2004b) affirm that this comprehensive model translates 

correctly the linear viscoelastic behavior of quite different bitumens and various mastic 

and mixtures compositions, for any range of frequencies and temperatures. In total, 16 

different bituminous materials were considered in their study. Addicionally, in this work, 

they proposed a new and simple relation (Equation 6, explained in their work) to obtain 

the complex modulus of mixtures from the bitumen modulus. This equation is simple 

and powerful for predicting the mixtures complex modulus from the bitumen one.  

 

𝐸𝑚𝑖𝑥
∗ (𝜔, 𝑇) = 𝐸0_𝑚𝑖𝑥 + [𝐸𝑏𝑖𝑡

∗ (10𝛼𝜔, 𝑇) − 𝐸0_𝑏𝑖𝑡]
𝐸∞_𝑚𝑖𝑥 − 𝐸0_𝑚𝑖𝑥

𝐸∞_𝑏𝑖𝑡 − 𝐸0_𝑏𝑖𝑡
          (6) 

 

The parameters of the introduced general model (2S2P1D) do not appear in this 

equation. This means that the relation between the mixtures complex modulus and the 

bitumen modulus may be intrinsic. It does not depend on any considered model for 

bitumen and can be applied to any “good” or “improved” model (2S2P1D model or 
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another model) or more directly and simply from the experimental data on bitumen. If 

the bitumen complex modulus is known, only three parameters α, E0_mix and Ei_mix 

need to be determined to obtain the mixture complex modulus. E0_mix and Ei_mix 

highly depend on mixtures composition. Finally, according to the authors, this 

predicting tool could be used for any bitumen provided that the coefficient α and the 

static and glassy modulus of the considered mixtures design are known. They also 

state that if a bitumen “x” and the corresponding “x” mixture (for a given mixture design) 

have been tested, the complex modulus of a bitumen “y” could be then sufficient to 

predict the complex modulus of the corresponding “y” mix, for the considered mixture 

design. 

(MANGIAFICO, 2014) agree that it is possible to predict the LVE behavior of an 

asphalt mixture from the LVE properties of the corresponding bitumen and vice versa. 

On a common Cole-Cole plan, the relationship corresponds to the sequence of a shift 

along the horizontal axis, a homothetic transformation, a shift of characteristic time and 

a second shift along the horizontal axis (Figure 13). For this reason, it is called SHStS 

(Shift-Homothety-Shift in time-Shift) transformation (Pouget, 2011; Pouget, Sauzéat, 

Di Benedetto, & Olard, 2010, 2012).  

 

Figure 13 - Schematic representation of the SHStS transformation, to obtain/predict 
mixture properties from bitumen properties 

 

Source: (Mangiafico, 2014). 
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This relationship is independent of any rheological model and it allows 

calculating the mixture complex modulus E*mix at temperature T if bitumen modulus 

E*bitumen is known (and vice-versa) at the same temperature. 

Mangiafico (2014) concluded that LVE and fatigue resistance performances of 

bitumens can be obtained by Dynamic Shear Rheometer (DSR) and tension-

compression tests (mixtures). The data obtained for his materials with DSR tests were 

successfully modeled using 2S2P1D model.  

 

2.3.2.2 Permanent deformation 

 

Hot bituminous mixtures are characterised as stress, loading time and 

temperature susceptible materials due to their visco-elastic nature inherited from 

bitumen. The bituminous materials become viscous at high stress, long loading time 

(i.e. slow moving traffic) and high temperature conditions while behave elastically at 

low stress, short loading time (i.e. fast moving traffic) and low temperature conditions. 

Because of that, the permanent deformation of asphalt mixtures is associated with the 

plastic strain in non-linear deformation range (HUSSAN et al., 2019). To measure that, 

there are some techniques in both bitumen and mixture scale. 

The Multi‐Stress Creep and Recovery Test (MSCR) for bitumen were developed 

to replace the existing RTFOT DSR high temperature in Superpave. It has been to 

shown to be far more discriminating in identifying the rutting potential of both modified 

and conventional bitumens. The relationship of the MSCR test specification parameter 

“Jnr” to rutting has been extensively evaluated. At the Federal Highway 

Administration’s (FHWA) Accelerated Loading Facility (ALF), full scale testing of test 

sections constructed with multiple conventional and modified bitumens clearly showed 

the improved performance relationship of the MSCR test over the standard Superpave 

PG high temperature bitumen criteria, G*/sinδ. Rutting of the test sections was 

compared to both the PG high temperature parameter (G*/sinδ) and also the MSCR 

high temperature parameter (Jnr). The findings from the FHWA ALF study indicated 

that the existing Superpave high temperature parameter actually did not do a very good 

job of correlating with rutting. The correlation of G*/sinδ at 64ºC to rutting only provided 

an R² value of only 0.13. The relationship of Jnr to rutting was significantly better, with 
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an R² value of 0.82. The findings indicated that Jnr could identify the rutting 

performance of the modified as well as the non‐modified bitumens. (BUKOWSKI; 

YOUTCHEFF; HARMAN, 2011) 

(DAVID; DOMINGOS; FAXINA, 2015) Aims to comparing the results of the 

MSCR tests according to the ASTM D7405-10a with the ones collected in accordance 

with the AASHTO T350-14. These comparisons were made based on tests with 

bitumens modified with polyphosphoric acid, crumb rubber and a combination of both 

additives. The percent recoveries (R) and the nonrecoverable compliances (Jnr) were 

calculated and their variations were statistically evaluated. The ASTM procedure 

underestimated the R values and overestimated the Jnr values for all the formu- 

lations. The data from the modified bitumens suggest that the change from the ASTM 

protocol to the AASHTO one is recommended. 

(D’ANGELO, 2009) Affirm that the MSCR test is currently being considered as 

a replacement for the Superpave high temperature bitumen criteria G*/sinδ. The 

MSCR test can distinguish between the rutting properties of both neat bitumens and 

polymer modified bitumens. They made one validation of the MSCR compliance value 

Jnr to rutting through extensive mix testing using laboratory rut testers, large 

Accelerated Loading Facilities and roadway sections. This paper covers the validation 

of the MSCR test bitumen compliance value Jnr to mixture rutting for modified and 

conventional bitumens. Multiple bitumens and mixtures types are included in the 

validation and it is demonstrated that the MSCR test provides a much better correlation 

to mixture rutting than the existing Superpave bitumen criteria. 

(WASAGE; STASTNA; ZANZOTTO, 2011) Affirm that the current AASHTO M 

320-05 specification does not address the true rutting potential of modified bitumens. 

The Superpave high-temperature bitumen parameter of |G*|/sinδ (AASHTO TP 70-09) 

was replaced by Jnr MSCR. They made an investigation of the Jnr parameter in 

capturing the rutting potential and a rheological analysis of the MSCR test method were 

carried out for conventional and modified bitumens. The laboratory wheel tracking test 

was conducted to study the rutting potential of asphalt mixtures prepared with the same 

bitumens. Correlation of Jnr with rutting in bitumen was discussed. A linear viscoelastic 

compliance model was developed to describe the MSCR test. They found that the best 

correlation between Jnr and rut depth was obtained at the high stress levels of the 

MSCR test. The variation of Jnr in the modified bitumens again clearly showed that it 

is important to understand the stress dependency of the material. The MSCR test can 
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be used to identify the upper bound of the stress level below which linear viscoelastic 

behaviour is probable; linear viscoelasticity can be used for the description of the test, 

depending on the temperature at which the test was performed. Thus, the ability of Jnr 

to predict the performance of different asphalt bitumens is strongly dependent on the 

testing temperature. 

(PIRES, 2020) Showed relationships between the scales in his extensive work: 

bitumen, mixture and in situ tests (road sections). To carry out the study, eight mixtures 

were collected and evaluated the mechanical behaviour of these mixtures through lab 

and field examination, focusing on permanent deformation, as defined on the study 

Flow Number, Hamburg Test and the bitumens by the MSCR. In addition, the roads 

were monitored to evaluate permanent deformation in the field. With the analysis of 

the results, it was possible to verify the modified bitumens by polymer and rubber 

demonstrated a satisfactory performance on permanent deformation when compared 

to conventional bitumens. The stiffness of mixtures under high temperatures is a 

predictor of huge importance by the permanent deformation performance, on a relation 

of strength gain with respect to rutting, as of gain of stiffness. It was verified that the 

stiffness behaviour of mixtures under high temperatures is directly related to the 

stiffness of the bitumens, on field, suggesting the performance against permanent 

deformation is strongly connected to the behaviour of the bitumen-scale. The 

parameter Jnr(3.2), derived from the MSCR test, performed at the PG temperature of 

the bitumen, was not able to distinguish and display trend of results between the 

different types of bitumens. For all bitumens tested at a fixed temperature of 64°C, the 

modified bitumens had lower Jnr(3.2) suggesting better performance, followed by the 

rubber-modified bitumen, with intermediate performance, and the conventional 

bitumens, with the highest Jnr(3.2).  The author also observe a very strong correlation 

between |G*| of the bitumens at high temperatures and the results of Jnr(3.2), 

suggesting that the rheological tests are able to accurately classify the permanent 

deformation resistance of the bitumens. According to the author, the FN parameter, 

from the unaxial test of repeated loads, was able to accurately distinguish the modified 

mixtures from the conventional ones, and presented results between 18 and 2072 

cycles for the group of evaluated mixtures. 

(HOSSAIN; GHOSH, 2016) The authors tested, using MSCR, three different 

types from 12 sources of commonly used bitumens (PG 64-22, PG 70-28, and PG 76-

28) in Oklahoma at 64ºC and at two stress levels (0.1 and 3.2 kPa). They conclude 



70 

 

that the MSCR method can be used to characterize high-temperature performance of 

PG bitumens. 

 

2.3.2.3 Fatigue 

 

Concerning the fatigue multiscale behavior of these materials, (BAAJ; DI 

BENEDETTO; CHAVEROT, 2005) evaluate the effect of bitumen characteristics on 

the fatigue resistance of mixtures. An approach was developed in the ENTPE to 

determine the fatigue damage of bituminous mixtures (Di Benedetto et al., 1996 and 

1997), (Ashayer Soltani, 1998). The considered test uses a sinusoidal cyclic loading 

either in stress control or strain control. The characterisation is based on the estimation 

of the rate of damage per cycle, which is corrected from bias effects, such as 

temperature variations (heating or cooling) and thixotropy. It gives, for each test, the 

true fatigue damage per loading cycle corresponding to the strain level for a considered 

interval of cycles. The authors satate that these values give an intrinsic fatigue 

characterisation. Baaj (2002) and Di Benedetto et al. (2003) proposed a global non-

linear damage evolution characterisation procedure. The hypothesis of the linearity of 

damage is not considered in this procedure. They had an important found: the type of 

bitumen has a great influence on the fatigue resistance of the bituminous mixtures. 

This influence is generally more important at the high strain levels. The mixtures made 

with hard bitumens show a lower damage rates than those made with the soft 

bitumens. 

According to (SAFAEI; CASTORENA; KIM, 2016), fatigue cracking is a major 

form of distress in asphalt pavements. Bitumen is the weakest bituminous mixture 

constituent and plays a critical role in determining the fatigue resistance of pavements. 

The authors believe that the ability to characterize and model the inherent fatigue 

performance of a bitumen is a necessary first step to design mixtures and pavements 

that are not susceptible to premature fatigue failure. The simplified viscoelastic 

continuum damage (S-VECD) model has been used successfully by researchers to 

predict the damage evolution in asphalt mixtures for various traffic and climatic 

conditions using limited uniaxial test data.  

In (SAFAEI; CASTORENA; KIM, 2016) study, the S-VECD model, developed 

for asphalt mixtures, is adapted for bitumens tested under cyclic torsion in a dynamic 

shear rheometer. The results demonstrate good agreement between the bitumen and 
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mixture test results and pavement performance, indicating that the developed model 

framework is able to capture the bitumen’s contribution to mixture fatigue and 

pavement fatigue cracking performance. The VECD modeling approach has recently 

been extended to bitumens tested using torsional loading in a dynamic shear 

rheometer (DSR).  

According to Safaei et al. (2016), the authors Wen and Bahia (2008) first 

investigated the applicability of the VECD model to bitumens under monotonic constant 

strain-rate shear loading in the DSR. They found that the relationship between material 

integrity and internal damage is independent of the strain rate for virgin bitumens. 

However, the model was found to be inapplicable for monotonic test results of polymer-

modified bitumens that display two-phase behavior in monotonic tests (Johnson et al. 

2009). At a low strain level, the bitumen dominates the response to loading. Safaei and 

Castorena (2015) recently demonstrated the applicability of the time–temperature 

superposition principle to the VECD modeling of bitumens subjected to cyclic loading 

in the DSR. Their conclusions are: Schapery’s extended elastic–viscoelastic 

correspondence principle applies to bitumens subjected to cyclic loading in a DSR. S-

VECD modeling can be applied to bitumen time sweep test results, thereby producing 

a damage characteristic curve that is independent of loading mode, loading amplitude, 

and temperature. Use of the model for fatigue life predictions was verified in this study. 

These authors also found that S-VECD modeling allows a damage 

characteristic curve to be derived that is independent of temperature, based on LAS 

testing (AASHTO TP-101). However, the damage characteristic curves differ from 

those obtained from time sweep tests, but nonetheless retain a consistent material 

ranking. Furthermore, although fatigue life predictions using the S-VECD model 

calibrated using LAS tests are less accurate than for time sweep tests, the predictions 

are still deemed reasonable, especially considering the efficiency gains associated 

with the use of the LAS test over the time sweep test. The pseudo-strain energy-based 

failure criterion (GR) is independent of temperature, loading mode, and loading history. 

This failure criterion is equivalent for time sweep and LAS tests and can be derived 

using test results obtained from three or more conditions (i.e., temperature or loading 

history) to define the GR function. The use of the S-VECD model to model the bitumen 

DSR results in order to predict the bitumen’s contribution to mixture and pavement 

fatigue performance was demonstrated using data from two studies. Although 

promising, they suggested that the findings be confirmed using a broader data set. 
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(WANG et al., 2016) Proposes a PSE-based method for defining failure using 

LAS tests. A new fatigue failure criterion was proposed and can be incorporated into 

the S-VECD modelling framework for fatigue performance predictions of bitumen. The 

specific findings of their study are: The maximum stored PSE (Max WRs) is proposed 

for defining failure in the LAS test. This definition is based on logical trends in energy 

evolution and is consistent with phase angle trends that have been used extensively 

in defining asphalt mixture fatigue failure. A unified failure criterion based on PSE 

release rates (GR) can be applied to both LAS and Time Sweep tests to provide a 

unique relationship with the number of cycles to failure (Nf) that is independent of 

loading mode/history, which aims to establish a full fatigue characterisation for one 

bitumen. This is the failure criteria adopted in thi work for the LAS tests. 

Although the limits for this test have not yet been consensually defined, several 

researchers have performed LAS tests on different types of bitumen and generating 

databases. 

A criterion was recently developed based on the relationship between LAS for 

bitumens and uniaxial fatigue for asphalt concrete mixtures (based on the simplified 

viscoelastic continuum damage S-VECD). Underwood (2011) and (HINTZ et al., 2011) 

proposed the Fatigue factor of binder/bitumen (FFB) based on the area below fatigue 

life curves between strain levels of 1.25% and 2.50%. This index, calculated with 

Equation 7 was named as FFB19°C, because tests are performed at 19°C. 

Nascimento et al. (2014) proposed another criterion to determine the fatigue factor of 

mixtures at 19°C (FFM19°C). The parameter is related to the area under fatigue curves 

in the log-log space, according to Equation 8. Considering that fatigue curves for each 

mix have different slopes, two strain levels were chosen to characterise the FFM19°C: 

100 and 200 microstrains. As a result, it can be implied that larger FFM19°C mixture 

have a better fatigue life in pavement. 

FFB =
(log(Nf,1.25%)+log(Nf,2.5%))

2
∗ (log(0.025) − log(0.0125))        (7) 

FFM =
(log(Nf,100με)+log(Nf,200με))

2
∗ (log(200) − log(100))             (8) 

Where:  Nf,1.25% is the bitumen fatigue life at 1.25% of strain;  Nf,2.5% is the 

bitumen fatigue life at 2.5% of strain; Nf,100με is the mixture fatigue life at 100µε; Nf,200με 

is the mixture fatigue life at 200µε. 
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According to Martins (2014), a large database has been accumulated by the 

Petrobras in Brazil. The careful analysis of that database allowed the observation of 

significant correlations between the fatigue characteristics of bituminous mixtures and 

bitumens by means FFM and FFB.  Nascimento (2021) defined some limits to FFB 

based on these nacional huge database, they are presented in Table 7. The standard 

error of the prediction 0.076 is related to the linear prediction of FFM from FFB for 

identical mixtures when considering different groups of mixtures. 

  

Table 7 - FFBPSE19ºC grades according to Nascimento (2021) 

Grades FFBPSE (19ºC) 

1 – Poor FFB< 1,22 

2 – Inferior 1,22<FFB<1,31 

3 – Average 1,31<FFB<1,48 

4 – Superior 1,48<FFB<1,57 

5 – Excelent FFB>1,57 

 

A recent work (CHEN; ZHANG; BAHIA, 2021) compare the bitumen fatigue life 

determined by means of using the applied-strain analysis and PSE analysis in the S-

VECD model. They also apply the time–temperature superposition in the C-Damage 

Intensity curves created by the PSE analysis to evaluate their temperature 

dependency, and propose a simpler approach for predicting the fatigue life of asphalt 

bitumens at other temperatures of interest. Their results show that the time–

temperature superposition is not always applicable for the C-Damage Intensity curves 

in the PSE analysis. 
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3 EXPERIMENTAL CAMPAIGNS 

 

This section is dedicated to showing how the research was conducted. The first 

item is about showing how the experimental campaigns were organized and where 

each test was carried out. The second item shows the materials and their classic 

characterization. The results of the chemical tests of bitumen are in this section as they 

are part of the work of other laboratories and are not said to be direct results of this 

thesis. Finally, the techniques of each test performed to obtain the results of this thesis 

are demonstrated. 

 

 EXPERIMENTAL PLANNING 

 

Briefly, the experimental campaigns methodology contemplates the steps 

present in the flowchart of Figure 14. This study covers a broad chemical and 

rheological characterization of twelve bitumens and mixtures, emphasizing the 

conventional bitumens produced in the main Brazilian refineries. The colors on the 

flowchart indicate where each test was performed. The author performed all GEPPASV 

and CEPETRO tests and analysed all laboratories results. 
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Figure 14 - Experimental flowchart 

 

 

 

 TESTED MATERIALS  

 

The materials used are commonly used in Brazilian highways: Virgin 

aggregates, lime and conventional and modified bitumens. All mixtures are made by 

the same aggregates (same mineralogical origin and particle size), varying just the 

type of bitumen. 
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3.2.1 Bitumens 

 

The bitumens chosen for the development of this research were collected in 

most refineries in the country, seeking to represent the Brazilian production of 

bitumens at certain time. This study contemplates the characterization of twelve 

bitumens, emphasizing the conventional bitumens produced in the main Brazilian 

refineries. Table 8 shows the list of the twelve collected bitumens with the 

nomenclature used in the Petrobras Asphalt Network report and its Brazilian state of 

origin (refinery location). Nine Bitumens 50/70, one 30/45 and two modified bitumens 

with rubber and SBS polymer were selected. All these twelve bitumens were 

rheologically tested specifically for this thesis and chemically tested for the thesis 

developed in partnership with LACHEM and for this thesis, in two conditions: virgin 

(VG) and short-term aged (RTFOT). 

 

Table 8 – Names, refinery and Brazilian State of origin of bitumens of this research  

Bitumens Brazilian state of origin 

CAP 30/45 REGAP Minas Gerais (MG) 

AMP 60/85E BETUNEL R - UFSM Rio Grande do Sul (RS) 

AMB 08 - GRECA Rio Grande do Sul (RS) 

CAP 50/70 LUBNOR 1 Ceará (CE) 

CAP 50/70 LUBNOR R - UFSM Ceará (CE) 

CAP 50/70 REFAP R - UFSM Rio Grande do Sul (RS) 

CAP 50/70 REGAP 1 Minas Gerais (MG) 

CAP 50/70 REGAP R - UFSM Minas Gerais (MG) 

CAP 50/70 REMAN Amazônia (AM) 

CAP 50/70 REPAR Paraná (PR) 

CAP 50/70 REVAP São Paulo (SP) 

CAP 50/70 RLAM Bahia (BA) 

 

This work used CAPs from seven different refineries, controlled by Petrobras 

and located as shown in Figure 15, where the black points represent the other 

refineries. 
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Figure 15 - Localization of CAPs refineries used in this research 

 

 

 

The nomenclature of the bitumens showed in Table 8 were changed to 50/70-

A, 50/70-B, 50/70-C, 50/70-D, 50/70-E, 50/70-F, 50/70-G, 50/70-H, 50/70-I, 30/45, 

60/85E and AR, where the 50/70 were renamed randomly. The reason for this is to 

facilitate the comprehension in the results graphs, since comparing the refinery or 

origin of the bitumen is not the aim of this research. 

The twelve bitumens followed the specification for bitumens and were 

characterized according to Brazilian and international standards in GEPPASV. The 

results of these tests are remarkably similar and sometimes equal to the 

manufacturer's report. The bitumens were completly characterized by Performance 

Graded (PG) according to AASHTO M332 (2018) and ASTM D6373-16 and the results 

are in Table 9. 
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Table 9 - Bitumen properties 

PROPERTIES / 
UNITS 

METHOD 
50/70-

A 
50/70-

B 
50/70-

C 
50/70-

D 
50/70-

E 
50/70-

F 
50/70-

G 
50/70-

H 
50/70-

I 
30/45 60/85E AR 

Penetration 
(0.1mm) 

ASTM D5 62 61 57 50 55 57 59 54 65 30 58 50 

Softening point 
(°C) 

ASTM 
D36 

48.2 47.8 48.6 50.2 49.8 49.5 48.1 49 50.2 63.2 67 59 

Brookfield 

Viscosity at  
135°C, SP 21, 
20 rpm (cP) 

ASTM 
D4402 

369 335 300 315 302 477 314 392 354 430 918 - 

Brookfield 
Viscosity at  

150°C, SP 21 
(cP) 

ASTM 

D4402 
181 170 156 169 154 238 160 193 187 211 437 - 

Brookfield 

Viscosity at  
177°C, SP 21 
(cP) 

ASTM 
D4402 

67 84 60 64 58 85 59 74 80 76 153 - 

Brookfield 
Viscosity at  
175°C, SP 3 (cP) 

NBR 
15529 

- - - - - - - - - - - 1530 

RTFOT retained  
penetration (%) 

ASTM  
D5 

74 64 65 55 56 58 70 63 66 70 - - 

RTFOT 
Increasing of  
softening point 

(°C) 

ASTM 
D36 

3.2 3.6 4.8 4.8 5.4 7.2 2.3 4.2 6.1 4.2 - - 

RTFOT Ductility 
at  

25°C (cm) 

ASTM 

D113 
>150 >150 >147 >150 >150 71 >100 >150 92 >150 - - 

RTFOT mass 

variation (%) 

ASTM 

D2872 
0.029 0.007 0.053 -0.121 -0.315 0.152 -0.024 -0.1 0.009 

-

0.105 
- - 

Ductility 25°C 

(cm) 

ASTM 

D113 
>150 >100 >147 >150 >150 >100 >100 >150 118 >150 - - 

Elastic Recovery 

(%) 

AASHTO 

T301 
- - - - - - - - - - 86 69 

Trichloroethylene 
solubility  

(mass %) 

ASTM 

D2042 
100 100 100 99.9 100 100 99.9 100 100 99.9 - - 

Flash point (°C) 
ASTM 

D92 
>300 >300 >236 328 >314 >306 >235 264 >320 304 >236 >240 

Thermal 
Susceptibility 

Index 

ASTM 

X018 
-1.2 -1.3 -1.3 -1.1 -1 -1.0 -1.3 -1.3 -0.5 -1.5 - - 

Density at 20/4 

°C 

ASTM 

D70 
1.000 - 1.000 1.011 1.01 0.995 1.013 1.019 0.997 1.011 1.004 1.01 

PG 
ASTM 
D6373-

16 

64S-
16 

64S-
16 

58H-
22 

64S-
16 

64S-
16 

64S-
22 

64S-
22 

64S-
22 

64S-
22 

70S-
16 

64V-
22 

70S-
16 

Continuous High 

temperature PG 
(RTFOT) 

ASTM 

D6373-
16 

64 64.8 57.8 65.5 66.1 70.2 65.6 68.1 67.6 70 68.3 70 

Continuous High 

temperature PG 
(virgin) 

ASTM 

D6373-
16 

66.5 67.8 63.6 68.6 66.2 67.2 67.3 67.7 67.4 72.7 71.5 70.1 
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3.2.1.1 Chemical tests in bitumens 

 

Chemical tests in bitumens were done in partnership with LACHEM, CENPES 

and CEPETRO. The chemical testing methods in LACHEM are discussed in 

publications (DA SILVEIRA et al., 2016, 2017; DE CARVALHO et al., 2015, 2016), the 

CENPES tests in (CRAVO, 2016) and the CEPETRO FTIR test in (MULLER et al., 

2013; RAYZA R.T. RODRIGUES, JULIA T.C. ROCHA, L. MIRELA S.L. OLIVEIRA, 

JÚLIO CESAR M. DIAS, EDSON I. MÜLLER, 2017). The chemical results were used 

to perform multiscale analysis, considering and respecting the partnership between 

LACHEM, CENPES, CEPETRO and GEPPASV future publications researches.  

Chemical characterization analyses were obtained by Payzant and Green 

methods for: Thiophenes, Aliphatic sulfides, Aromatic and saturate sulfur, Sulfuric acid 

compounds, Sulfur basic compounds and Sulfur neutral compounds. Chemical 

analyses of total S, total Ni and total V were obtained by Dispersive Energy X-ray 

Fluorescence (ED-XRF). 

Until now, the chemical characterization of bitumen carried out in LACHEM 

involved speciation of sulfur compounds in virgin condition samples. In addition to 

sulfur speciation, analysis in the classes of compounds (Thiophenes, Aliphatic and 

Sulfurates Saturate and Aromatic, Sulfuric Acids, Sulfur Bases and Sulfur Neutral 

Compounds), the content of Asphaltenes and Total Maltens, as well as the distribution 

of sulfur between the fraction Aromatic and aliphatic (Aryl and Alkyl compounds) was 

determined.  

a) The separation in asphaltenes and maltenes was carried out according to 

the method described in ASTM D 4124. First 1g of sample was refluxed with 

stirring in 100ml of isooctane and temperature was maintained at 99°C for 

1-2h, until no evidence of asphalt matrix adhered in the glassware. After all 

asphalt matrix dissolves in the solution, the reflux was maintained for an 

additional 1h. Next the sample was cooled with stirring for 2h and the reflux 

condensator washed by rinse down 10 to 20ml of iso-octane from top to 

bottom, and the solution was kept at resting for 2h before filtration. To filter 

the sample, a fritted-glass funnel attached to a vacuum source was used. To 

assure a quantitative filter, the remaining asphaltenes adhered to the 

glassware were washed with 100ml of isooctane by refluxing for 30min. The 

asphaltene filter cake was continued washed until it became colorless. The 
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soluble fraction obtained was further evaporated in order to remove the 

isooctane residue. Both fractions, the maltene (the soluble fraction obtained 

in the eluate) and the asphaltene (the insoluble fraction) were weighted for 

calculating the process mass balance.  

b) To further fractionate the maltenes and asphaltenes into acidic, basic, and 

neutral fractions the method described by (GREEN et al., 1984, 1993) was 

adapted by (DE CARVALHO et al., 2015). Prior to fractionation the anionic 

and cationic ion-exchange resins were cleaned and activated using a series 

of different solvents according to Green procedure. The total content of each 

fraction was dissolved in ciclohexane, and further inserted in a separation 

system composed of two chromatographic columns connected in series. The 

first one containing the cationic ion-exchange stationary phase, while the 

second one had the anionic stationary phase. For maltene fractionation each 

column was filed with 10g of cationic and anionic ion-exchange resins, and 

for asphaltene fractionation 5g was used, since the final content of 

asphaltene is close to 10% of the total asphalt sample. After the sample was 

applied into the columns system 100ml of cyclohexane was added, and the 

neutral fraction is obtained, since it had no interaction with any the ion-

exchange columns. Then, the columns were disconnected and 10ml of 

methanol was added to each one and the content of the two columns was 

treaty separately. The content of each column, the ion-exchange resins, 

were extracted in a soxhlet system for 10h. The cation exchange resin was 

extracted with benzene and formic acid (10ml) in order to obtain the acidic 

fraction, and the anionic exchange resin was extracted in another soxhlet 

with benzene and propylamine (10ml) in order to obtain the basic fraction. 

The 6 final fractions (maltenes acid, basic and neutral and asphaltenes acid, 

basic and neutral) were stored for posterior analysis of total sulfur. 

c) For bitumen fractionation based on the selective oxidation and reduction of 

the sulfur atom, in which the samples are separated into thiophenics, 

aliphatic sulfides and aromatic and saturate sulfur the gravimetric method 

proposed by (PAYZANT; MOJELSKY; STRAUSZ, 1989) was adapted by 

(DE CARVALHO et al., 2016). At the first step, 1g of the asphalt sample is 

refluxed for 30min with 25ml of toluene and 0.15g of tetrabutylammonium 

periodate (TBAP) that selective oxidize the sulfide compounds to sulfoxides. 
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After refluxing, the sample was cooled and 25ml of pentane was added to 

the sample in an extraction funnel, and washing with 40ml of water in 

triplicate. The organic phase was rotaevaporated and inserted into a 

preparative column packed with 140g of alumina silica and conditioned with 

250ml of pentene. The first elution was made by using 50ml of pentane 

followed by 200ml toluene, which separate the aromatic compounds that 

were non-oxidized by TBAP (PREVIOUS FRACTION 1).   The second 

elution was made by using 200ml of a mixture toluene/methanol (20:80), 

which separate the polar sulfoxide fraction (PREVIOUS FRACTION 2). In 

the second step the PREVIOUS FRACTION 1, the non-oxidized aromatic 

compounds, was rotaevaporated, to eliminate the solvent excess, and added 

2.5g sodium bicarbonate, 40ml dichloromethane and 1.5gm-CPBA to 

oxidize the aromatic fraction. The mixture was agitated for 30min at room 

temperature, and 100ml dichloromethane was added and agitated for more 

30min. Then, 3g sodium thiosulfate and 20ml water were added to the 

mixture and agitated for additional 15min. After that, the sample was 

extracted using 50ml of water and 100ml of pentane. The separated pentane 

phase was then washed twice with 50ml of caustic solution 5% NaOH and 

once with 50ml of water. The organic phase was rotaevaporated and 

inserted into a preparative column packed with 140g of alumina silica and 

conditioned with 250ml of pentene. The first elution was made by using 

150ml toluene, where the first final fraction, the aromatic and saturate 

compounds were obtained. The fraction was rotaevaporated and stored for 

posterior analysis of total sulfur. A second elution was made by using 200ml 

of a mixture toluene/methanol (20:80), where a polar sulfone fraction 

(PREVIOUS FRACTION 3) was obtained. In the third step the PREVIOUS 

FRACTION 3, the polar sulfone fraction, was reduced to thiophenes.  For 

this purpose, in the fraction were added 50ml ethyl ether (dried) and 0.3g 

LiAlH4, a strong reducing agent, and the mixture was refluxed for 1h. After 

cooled down in an ice bath, 50ml toluene and 50ml H2SO4 5% was added, 

and the mixture agitated for 15min at room temperature. The organic phase 

was separated from the aqueous phase, and then washed twice with 20ml 

water.  The organic phase was rotaevaporated and inserted into a 

preparative column packed with 70g of alumina silica and conditioned with 
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150ml of pentene. The elution was made by using 75ml of toluene for 

obtaining the thiophenes, the second final fraction. The obtained fraction was 

rotaevaporated and stored for posterior analysis of total sulfur. In the fourth 

step, the PREVIOUS FRACTION 2, the polar sulfoxides fraction was 

reduced to aliphatic sulfides. For this purpose, 15ml dioxane and 0.2g LiAlH4 

were added to the whole material and refluxed for 1h. The mixture was 

cooled down in an ice bath and 20ml toluene, 30ml pentane and 30ml 

H2SO4 10% were added to the mixture, that was then agitated for 15min at 

room temperature. The organic phase was separated from aqueous phase, 

and washed once with 30ml H2SO4 5% and twice with 30ml water. The 

organic phase was rotaevaporated and inserted into a preparative column 

packed with 70g of alumina silica and conditioned with 150ml of pentene. 

The elution was made by using 100ml of a mixture toluene/methanol (20:80) 

for obtaining of aliphatic sulfides, the last final fraction. The obtained fraction 

was rotaevaporated and stored for posterior analysis of total sulfur.The sulfur 

analysis in the asphalt samples was in accordance with the ASTM D4294. A 

calibration curve was developed using Di-n-butyl sulfide in a high purity 

toluene solvent. For this application we choose to use a linear range of 0-

500mg/kg, due to the low sulfur content of the samples. To improve the limit 

of detection 300s of counting time was used in the method. A sample cup of 

32mm outer diameter, sealed with a 6 micron Myler film was used to settle 

the curve and measure the samples. Besides that, a standard material was 

used to ensure the method accuracy and present 104% of recuperation. The 

samples were analysed dissolved in toluene. 

All the bitumen samples were characterized in triplicate (n=3). Sulfur speciation 

was performed in the following fractions: Asphaltenes, Maltenes, Acid Fraction, Basic 

Fraction and Neutral Fraction. The Nickel and V analyses were performed 

comparatively by Atomic Absorption Spectrometry (AAS) and X-ray Fluorescence (ED-

XRF). However, the AAS analyses were not completely ready and will not be discussed 

in this work.  

The chemical tests performed at LACHEM are underway and the available 

results for bitumens in virgin conditions (the average of triplicate samples) are in the 

Table 10. These tests are being performed for Schimidt (2022) thesis. The blank cells 

indicate that the tests have not yet been performed. There is a difficulty in carrying out 
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chemical tests on rubber modified bitumen, as the particles hinder the phase 

separation and make some results incomprehensible. For future works, all these tests 

will be performed with bitumen aged in RTFOT. 

(ROBERT N. HUNTER; ANDY SELF; JOHN READ, 2015) states that Vanadium 

and Nickel are largely present as porphyrin structures, which also represent large 

numbers of different molecules depending on ring substituents (various organic groups 

that have been added to the core structure of a molecule) and structural isomerism 

(repositioning of organic groups in different positions within a molecule, with the same 

molecular formula but with a different chemical or physical behaviour). According to 

the same authors, the Nickel composition varies from 10 to 139 ppm in bitumens, 

because of that the bitumen 30/45 is considered a material of high Nickel content. The 

same authors considered the range from 7 to 1590ppm for the Vanadium content, 

however, the bitumens in this research showed similar Vanadium concentrations 

comparing that range with the range presented from 40 to 49ppm, they can be said as 

bitumens with low vanadium content. Ni and V are indicators of the origin of oil and are 

known catalysts in the oxidative process. 

To analyse the Table 10 results, some graphics were constructed. Figure 16 

shows the results of total thiophenes, total sulfides, total aromatic/saturate sulphur 

obtained by the Payzant method. It is possible to see that there is a predominance of 

aromatic and saturate compounds in this gravimetric measurement. The bitumen with 

more quantities of aliphatic sulphides is the 50/70-C and as 50/70-F, G and I have 

fewer quantities of aromatic/saturate compounds. Until observing the Payzant method 

results in Figure 17 wich shows the Total Aryl-S and Reduced-S, it is possible to state 

that the 50/70-C have more reduction Sulfurated compounds when compared to 

others. It means that this bitumen is more oxidyzed than others in virgin condition. 

Figure 18 shows the total asphaltenes and maltenes separated by the ASTM 

D4124. Is clear that the bitumen 50/70-D have less asphaltenes than the others. It’s 

possible to observe that all bitumens studied, as expected, have a larger maltene 

fraction. The maltenes can be divided into resins and oils, where the oils are the 

aromatics and saturates. This method does not allow the maltenes separation. 

The chemical fractionation of classes (basic, acid and neutral) based on polarity 

and sulfur species can be observed in Figures 19 and 20 that show these classes 

considering the Green method. 
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Table 10 - Chemical results for the virgin bitumens (avarege of triplicate samples) 
analysed in LACHEM 

RESULTS/BITUM
ENS 

50/70-
A 

50/70-
B 

50/70-
C 

50/70-
D 

50/70-
E 

50/70-
F 

50/70-
G 

50-70-
H 

50/70-
I 

30/45 60/85
E 

AR 

X-Ray Fluorescence 

S total (%) 1.17 1.290 1.000 1.07 1.170 - 0.93 1.06 1.27 1.73 1.720 - 

Ni (ppm) - FRX 48.61 32.15
0 

38.890 64.43 64.05
0 

- 63.11 86.87 84.8
5 

108.40 75.39
0 

- 

V (ppm) - FRX 48.61 53.58
0 

48.610 32.21 42.70
0 

- 21.04 67.57 0.00 21.68 53.85
0 

- 

Ni/V FRX 1.00 1.667 1.250 2.00 0.667 - 3.00 1.29 - 5.00 0.714 - 

Atomic Absorption Spectrometry 

Ni (ppm) - AAS 23.65213 - 23.037
14 

35.055
65 

- - 38.175
7 

37.531
58 

- 33.889
47 

- - 

V (ppm) - AAS 40.59574 - 46.011
43 

46.220
87 

- - 49.788
79 

62.842
11 

- 49.731
58 

- - 

Ni/V - AAS 1.716 - 1.997 1.318 - - 1.304 1.674 - 1.467 - - 

Payzant Sulfur Speciation  

Aromatic/saturate 
gravimetric % 

92.31 91.49
0 

60.190 96.62 78.44
0 

60.6
4 

56.38 88.79 59.5
0 

83.36 96.62
0 

86.23 

Aliphatic sulfides 
gravimetric % 

4.05 5.090 19.740 2.11 7.880 2.65 12.05 1.38 9.97 4.43 2.110 5.82 

Thiophenes 
gravimetric % 

3.64 5.030 20.070 1.26 13.68
0 

36.7
1 

31.56 9.82 30.5
4 

12.22 1.260 7.95 

Aryl-S (%) 97.89 96.52 80.260 97.35 92.12
0 

87.9
5 

98.62 90.03 95.5
7 

94.18 95.94
0 

- 

Reduced S (%) 3.38 10.12 39.800 39.36 21.56
0 

43.6
2 

11.21 40.50 16.6
4 

13.77 7.680 - 

Green Sulfur Speciation  

Asphaltenes 

gravimetric % 

9.40 9.210 8.750 1.30 9.380 14.6

1 

11.92 16.77 12.5

0 

11.65 11.08

0 

- 

Maltenes 
gravimetric % 

90.60 90.78
0 

91.590 98.70 90.62
0 

85.3
9 

88.08 83.23 87.5
0 

88.35 88.92
0 

- 

Acid fraction 
gravimetric % 

9.55 9.375 11.582 3.32 7.553 13.4
4 

6.89 9.80 5.48 10.09 7.632 - 

Basic fraction 
gravimetric % 

16.36 13.77
3 

15.998 20.31 15.64
9 

13.4
8 

13.93 12.47 7.80 19.54 16.11
8 

- 

Neutral fraction 
gravimetric % 

74.09 76.85
2 

72.420 76.37 76.79
8 

73.0
8 

79.18 77.73 86.7
2 

70.37 76.25
0 

- 

Reactivity Index 
(S) 

0.74 0.76 0.760 1.85 0.850 0.97 0.92 0.78 0.77 1.54 0.500 - 

Sulfurated acids 
(%) 

19.13 20.08 24.67 13.02 22.83 19.7
4 

30.84 15.29 14.9
0 

12.19 17.53 - 

Sulfurated basics 
(%)  

23.33 23.41 18.44 51.87 23.13 29.5
1 

17.11 28.50 28.5
8 

48.49 15.96 - 

Sulfurateds neutral 
(%) 

57.54 56.5 56.87 35.11 54.03 50.7
4 

52.05 56.22 56.5
2 

39.32 66.49 - 

Asphaltenics S-
Acids (%) 

27.79 27.59 36.94 7.35 29.62 23.9
7 

50.69 18.92 19.1
4 

7.02 27.35 - 

Asphaltenics S-
Basics (%)  

33.31 34.54 27.25 86.00 32.65 43.9
2 

15.27 40.35 42.6
5 

83.00 21.76 - 
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Figure 16 – Payzant total thiophenes, total sulfides, total aromatic/saturate sulfur 

 

 

Figure 17 - Payzant Total Aryl-S and Reduced S 
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Figure 18 – ASTM D4294 Total Asphaltenes and Maltenes (gravimetric) 

 

 

Figure 19 – Green Acid, Basic and Neutral fractions (gravimetric) 

 

 

The determination of chemical indexes of stability and reactivity are important 

indicators to understand the behavior of the bitumens when subjected to high 

temperatures and others factors of degradation and aging. The reactivity index (Ir) was 

calculated by the Green Method (GREEN et al., 1993) and the results are shown in 

Figure 21. The more reactive bitumens are 50/70-D and 50/70-E, it means that they 

are more propense to react with Oxygen and prone to form free radicals. 
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Figure 20 - Green total sulfured acids, sulfured bases and sulfured neutral 
compounds 

 

 

Figure 21 - Reactivity Index by Green Method 

 

 

Different chemical tests were performed in CENPES and the final results for the 

chemical tests in twelve bitumens are in the Table 11. It’s important to state that the 

speciation, phase separation, solvents and tests methods used in CENPES are 

different from LACHEM. 
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Table 11 - CENPES chemical results 

RESULTS/BITUMENS 
50/70

-A 
50/70

-B 
50/70

-C 
50/70

-D 
50/70

-E 
50/70

-F 
50/70

-G 
50/70

-H 
50/70

-I 
30/45 60/85 AR 

Simulated destilation 

IBP 
440.

6 
420.

4 
397.

6 
364.

2 
335.

4 
- 

408.
0 

359.
4 

- 
399.

0 
393.

6 
- 

Recuperation (ºC) - 10% 
526.

8 
497.

8 
514.

8 
509.

8 
469.

6 
- 

515.
2 

458.
4 

- 
544.

6 
503.

0 
- 

Recuperation (ºC) - 20% 570 
532.

2 

559.

6 

571.

8 

524.

2 
- 

556.

6 

505.

8 
- 593 

544.

8 
- 

Recuperation (ºC) - 30% 
609.

6 
562.

4 
587.

2 
613.

2 
564.

6 
- 

596.
4 

554.
8 

- 
629.

2 
574.

6 
- 

Recuperation (ºC) - 40% 648 
590.

2 
610.

8 
649.

8 
594.

2 
- 

638.
2 

623 - 
660.

6 
600.

2 
- 

Recuperation (ºC) - 50% 
681.

6 

619.

00 

635.

0 

683.

4 

621.

4 
- 

675.

2 

677.

6 
- 

690.

6 

625.

8 
- 

Recuperation (ºC) - 60% 714 
649.

4 
661.

6 
716.

2 
649.

8 
- 

711.
6 

718.
2 

- 
717.

6 
653.

6 
- 

Recuperation (ºC) - 70% - 
685.

4 
694.

2 
- 

684.
6 

- - - - - 
686.

6 
- 

Recuperation in 720ºC (%) 62.5 78.3 77.0 61.5 77.9 - 63.2 60.6 - 61.0 79.3 - 

Total acid index 2.30 2.2 0.74 0.4 0.36 1.2 0.92 0.95 0.72 0.60 0.68 1.0 

NITROGEN CONTENT             
Basic N 0.26 0.21 0.21 0.27 0.26 0.20 0.32 0.32 0.23 0.34 0.28 0.26 

Kjeldahl N (total) 0.71 0.75 0.82 0.78 0.88 0.66 0.85 0.87 0.71 0.89 0.87 0.82 

NUCLEAR MAGNETIC RESONANCE 
ISA (%Caro/%Haro) (%) 4.58 4.59 4.46 4.23 4.06 4.9 4.58 4.46 4.89 4.95 4.51 4.91 

R - Oxidation index 
(%Hα/%Hsat.total) (%) 

0.13 0.13 0.12 0.13 0.13 0.12 0.13 0.16 0.12 0.14 0.13 0.12 

C/H Ratio (%) 
0.57

72 

0.58

03 

0.57

73 

0.58

69 

0.58

55 

0.57

90 

0.58

28 

0.59

76 

0.58

05 

0.58

45 

0.58

47 

0.58

69 
Caro (Alkyl) - 7.8 7.5 - 6.8 7.8 - - 7.0 - 7.9 7.4 

Caro (Hidrogen) - 10.4 10.4 - 12.3 9.6 - - 9.8 - 11.0 10.3 

Caro (total) 26.7 - - 29.6 - - 28.4 32.7 - 28.9 - - 
Csat (total) 73.3 72.3 73.2 70.4 70.8 72.7 71.6 67.3 72.3 71.1 71 70.4 

Haro 5.8 6.0 6.0 7 7.2 5.6 6.2 7.3 5.7 5.8 6.4 6 

Hsat 94.1 94.0 94.0 92.8 92.6 94.4 93.7 92.7 94.2 94.1 92.8 94.0 
% Linear alkane (%) 26.2 23.4 23.7 25.5 22.9 27 25.4 22.0 28.3 26.3 22.9 23.8 

Average size of linear chains 21 20 20 21 22 23 20 19 24 20 21 22 

% C methyl terminal (%) 2.5 2.4 2.3 2.4 2.1 2.3 2.5 2.3 2.4 2.6 0.3 2.2 
% C methyl branches (%) 5.6 4.8 4.8 5.9 4.8 5.0 5.7 5.9 5.1 5.4 5.4 4.4 

SARA FRACTIONS (TLC-FID) 

Saturates (% mass) 16.0 11 13 14 10 17 13.0 16 25 13.0 7.1 11 
Aromatics (% mass) 41.0 43 49 42 49 37 46.0 41 32 41.0 49 39 
Resines (% mass) 24.0 30 31 29 31 20 23.0 29 30 25.0 28 37 

Colloidal stability index - IC 0.6 0.4 0.3 0.4 0.2 0.7 0.4 0.4 0.6 0.5 0.3 0.3 
Asphaltenes (% mass) 20.0 15 8.1 16 9.4 25 18.0 14 13 21.0 16 13 

N-heptane insoluble 

asphaltenes  (% mass) 
3.1  -  - 7.0 4.8  - 7.3 8.7 - 6.2  -  - 

Crystalized paraffins (% mass) 0.5 3.2 1.6 1.1 1.7 5.6 1.6 5.7 10.6 1.5 2.6 7.7 

HP-GPC molecule size distribution 

HP-GPC molecule size 
distribution % LMS (LMS˂425) 

24.2 8.33 9.09 
22.6

2 
33.7

5 
8.18 27.9 37.1 6.27 

22.6
2 

6.52 6.30 

HP-GPC molecule size 

distribution %MMS 
(3700˂MMS˂425) 

69.4 78.2 
76.4

2 
71.8

8 
59.5

9 
69.9

6 
66.3 56.2 

73.3
1 

71.8
8 

78.4
4 

78.4
2 

HP-GPC molecule size 

distribution %HMS 
(HMS˃3700) 

6.5 
13.4

7 
14.4

9 
5.5 6.66 

21.8
6 

5.7 6.6 
20.4

2 
5.5 

15.0
4 

15.2
9 

CHNS, % m             

Carbon  -  -  -  -  - 86.8  -  - 86.7  -  - 86.7 
Hidrogen  -  -  -  -  - 11.1  -  - 11.1  -  - 10.3 
Nitrogen  -  -  -  -  - 0.7  -  - 0.8  -  - 0.9 

Sulfur 0.97  -  -  -  - 0.3 1.06 0.9 0.3 1.02  - 0.6 

 

Figure 22 shows the results of total acid index. It is observed that the same 

bitumens (50/70-A, B, F, G) that have more acid fractions in Figures 19 and 20 have 

the higher values of acids in this analysis too.  
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Figure 22 - Total acid index 

 

 

Regarding Nitrogen, Figure 23 shows the results of the basic fraction of Nitrogen 

and the Total Nitrogen in the bitumen samples. The bitumens 50/70-F and 50/70-I have 

the lower values of both kinds of Nitrogen speciation.  

 

Figure 23 - Basic Fraction of Nitrogen and Total Nitrogen (%) 

 

 

Some analyses of the chemical speciation based on element analysis using the 

Nuclear Magnectic Ressonance (NMR) can be drawn. Figure 24 shows the NMR 

results for ISA that is the relation between the aromatics Carbon and Hidrogen. Figure 
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25 shows the Oxidation Index calculated dividing the aromatic Hidrogen by the 

Saturate Hidrogen found in the samples by this technique. 

 

Figure 24 – NMR results for ISA - relation between the aromatics Carbon and 
Hidrogen 

 

 

Figure 25 - Oxidation index related to aromatic and saturate Hidrogen 

 

 

Figure 26 shows the normalized avarege size of the linear molecule chains of 

the bitumens in virgin condition. Small variations in linear molecule chain sizes can be 

important, so the values ranging from 19 to 24 have been normalized to see the 

differences more clearly. The higher value is from bitumen 50/70-I and indicates that 
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this material can be more viscous than the others, as well as the 50/70-F. These 

material are less susceptible to thermal changes (thermic susceptibility index) and had 

the higher rotational viscosity at high temperatures (Brookfield viscosity) among the 

conventional bitumens (Table 9). This conventional bitumen presented interesting 

results that will be discussed in the rheology chapter. 

 

Figure 26 – Normalized average size of linear chains 

 

 

Figures 27 and 28 shows the SARA chemical patterns found in the bitumen 

samples in virgin condition. It is possible to state that, in general, the bitumens have 

similar pattern since they are similar materials (9 of the 12 samples are 50/70). The 

most different ones are the 50/70-F (more asphaltenes ans less resins than the others) 

and 50/70-I (more saturate oils and less aromatics than the others), as well as the AR 

modificated that have more resins and less asphaltenes. The aromatic fraction is 

preponderant, as it is expected, for all bitumens. However, the 50/70-I have almost the 

same quantities of resins in its composition. It can explain some behaviors that were 

found in rheological tests for this bitumen. The colloidal instability index (Ic calculated 

from Equation 1 and Figure 29) showed that the bitumens 50/70-A, 50/70-F and 50/70-

I are very structured (they have Gel behavior) considering the SARA, i. e, they have 

more instability in their colloidal structure and can be more difficult to add and stabilize 

modificators in this bitumens. Instead, the bitumen 50/70-E showed a low value of Ic, 

even though it is within the spectrum of SOL-GEL behavior (balanced), this bitumen 
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has a value closer to 0.1 than the others analysed, indicating a poorer structure making 

this material more apt to receive modifiers. 

 

Figure 27 – Comparison among SARA chemical patterns 

 

 

Figure 28 -  SARA fraction of the bitumens in virgin condition 
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Figure 29 – Colloidal Stability Index - Ic 

 

 

The molecule size distribution technique was performed using Gel Permeation 

Chromatography (GPC) and the results of the size of the molecules are in the Figure 

30 where LMS mean low molecular size, MMS mean medium molecular size and HMS 

mean high molecular size. 

 

Figure 30 – Molecule size distribution (GPC chemical patterns) 
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Some observations can be drawn regarding the results of N and S, which were 

close. In the literature, the result of N for the bitumens is generally lower than that of 

S. The percentage of sulfur indicates the reactivity of the samples. 

The FTIR technique allows the observation of several organic groups, like 

ketones, carboxyl acids, aldehydes or other compound that contain carbonyl. 

Moreover, it is possible to follow the change of sulphur compounds and aromatic 

hydrocarbons. The carbonyl forms an absorbance peak in the region between 1750 

and 1650 cm−1. (LIU; ZHOU; ZHANG, 2020; OLABEMIWO et al., 2017; OSMARI et 

al., 2019) 

(WEIGEL; STEPHAN, 2017) States that Fourier Transform infrared (FTIR) 

spectroscopy can be used as an innovative characterisation method for bitumen. Due 

to the stimulation with infrared radiation and the absorption of energy by the molecules, 

the determined FTIR spectra contain much information about the composition and the 

structure of the bitumen including the compounds and functional groups of the bitumen 

components. Thus, the FTIR spectroscopy has increasingly been used for the 

investigation of bitumen in recent years (FENG et al., 2016; MARSAC et al., 2014; 

MIKHAILENKO; BERTRON; RINGOT, 2016; PAULI; HUANG, 2013). Most of these 

studies focused in their FTIR investigations on several functional groups, i.e. the 

carbonyls and sulfoxides, and thus other bands of spectra to understand the ageing 

behaviour of the bitumen. For the carbonyl and sulfoxide groups, relationships between 

the content determined by the height or area of the associating peak and different 

conventional and rheological parameters including the softening point, the penetration 

and the complex shear modulus of the DSR measurements could be found. These 

relationships illustrate the link between the chemical structure determined by the FTIR 

and the physical behaviour of the bitumen. These studies demonstrated that, in 

principle, the FTIR spectra can be used to predict chemical and physical properties of 

bitumen. 

For this study, the samples at room temperature were scraped with a spatula 

heated to 150ºC and then the heated samples were placed on top of the crystal of the 

attenuated total reflection accessory (ATR) to obtain the infrared spectrum. After 

analysis, the ATR crystal was cleaned using toluene. The blank of the analyses was 

atmospheric air. (MULLER et al., 2013) Also used the Fourier transform infrared 

spectroscopy with attenuated total reflection (ATR-FTIR). The author used the same 

equipament and methodology of this research, a Fourier transform infrared (FT-IR) 
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spectrometer (Perkin Elmer, Spectrum One, USA) provided with a universal horizontal 

attenuated total reflection accessory and a ZnSe crystal with number of reflection equal 

to 10 (Pike Technologies, USA) was used for sample spectra acquisition. The sample 

was not covered because losses of volatile compounds were insignificant. Spectra 

were obtained using a spectral range of 4000 to 650cm-1, resolution of 4cm-1, and 8 

scans (number of total variables equal to 3350). (OSMARI et al., 2019) Used the same 

tests conditions. 

The ATR-FTIR of the bitumens in Virgin condition are presented in Figure 31 

and after RTFOT in Figure 32. In the Figure 33 it is possible to see, as an example 

using the sample 50/70-D, the difference between the spectrums of the bitumen in 

virgin versus RTFOT aging. Is observed that the RTFOT bitumen spectrum is lower 

than the virgin sample spectrum, it indicated that the aging promotes new reactions of 

these kind of compounds, decreasing the amount of these molecules wave observed 

in the bands of this method. The decreasing of the spectrum from virgin to RTFOT 

condition appears in almost bitumens, in different scales (sometimes the difference 

between the curves is smaller). 

 

Figure 31 - ATR-FTIR spectrum of the 12 bitumens in virgin condition and the main 
picks identification 
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Figure 32 - ATR-FTIR spectrum of the 12 bitumens aged in RTFOT 

 

 

Figure 33 - ATR-FTIR Spectrum of bitumen 50/70-D virgin and aged in RTFOT 

 

 

3.2.2 Aggregates 

 

In twelve mixtures, the same aggregates and particle size were used to compare 
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research is a Volcanic Riodacite from the city of Itaara (Figure 34), localized in the 

basaltic plateau in Rio Grande do Sul (RS). The fractions used are: 1”, 3/4”, 3/8”, stone 

dust. The calcitic lime is from the city of Colombo in Paraná (PR). The stone 
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aggregates characteristics are tested and the results are in Table 12, where the 

Stripping test was performed just with the bitumen 50/70-C. 

 

Figure 34 - Geological formations in Rio Grande do Sul state 

 
Source: (Adapted from Boeira, 2014). 

 

Table 12 - Characterization of aggregates from Itaara/RS 

Properties Standards 
DNIT 

Limits 
Results 

“Los Angeles” Abrasion (%) DNIT-ME 035/98 ≤50 13 

Shape Index DNIT-ME 086/94 >0,50 3/4”: 0.94 | 3/8”: 0.78 

Specific Gravity (g/m³) DNIT ME 413/2021 - 3/4”: 2.566 | 3/8”: 2.557 

Soundness (%) DNIT-ME 089/94 <12 0.44 

Sand equivalent (%) DNIT-ME 054/97 ≥55 80.04 

Lamellarity Index (Superpave 5:1) ASTM D4791 - 4.31% 

Lamellarity Index DAER/RS 108/01 - 3/4”: 9.20 | 3/8”: 27.4 

Absorption (%) DNIT-ME 195/97 - 2.9306 

Fine aggregate specific gravity 
(g/cm³) 

DNIT ME 411/2021 - 2.667 

Unit mass (kg/m³) NBR NM45/2006 - 
3/4”: 1388.88 | 3/8”: 

1417.75 | dust: 1523.07 

Voids Index (%) NBR NM45/2006 - 
3/4”: 48.16 | 3/8”: 

46.56 | dust: 42.89 

Stripping DNIT-ME 078/94 - Satisfactory 

 

Paiva (2017) performed the petrographic analysis of the same rock used in this 

study, and according to the author, these aggregates have a very fine aphanitic to 

pheneritic texture, and white spots can be observed. The author observed the 

intergrowth of quartz and feldspar with spherulitic texture, a small portion of pyroxene 

altered with small opaque oxides, which could probably be ferromagnetite. In some 
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portions of the matrix, devitrification with clay mineral formation is observed. This rock, 

classified as rhyodacite (acidic volcanic rock) has 35% feldspar, 32% quartz, 25% 

pyroxene and 8% opaque minerals. In (SANTOS DE PAIVA, 2017) dissertation there 

are complete results of characterization of the same aggregate, whose sampling is the 

same as in this research. 

The AIMS 2 (Aggregate Image Measurement System) trial was performed in 

COPPE/UFRJ and several studies have indicated good representativeness of the 

different aggregate properties measured by the system (ALVES, 2014; MAHMOUD et 

al., 2010; PAZOS, 2015). The results (Table 13) showed that the aggregates are cubic 

(high sphericity), moderately rough and not elongated, all respect the Superpave Flat 

& Elongated criterion.  

 

Table 13 - AIMS 2 (Aggregate Image Measurement System) results 

Aggregate Sphericity Angularity Flat & Enlogated Texture 2D shape 

3/4” High Moderated 

 

≥ 1:1 = 98.3% 
> 1:2 = 26.1% 
> 1:3 = 0.4% 
> 1:4 = 0% 
> 1:5 = 0% 

Moderated - 

3/8” Extreme Moderated 

≥ 1:1 = 67.2% 
> 1:2 = 5.4% 
> 1:3 = 0% 
> 1:4 = 0% 
> 1:5 = 0% 

Moderated Moderated 

Stone dust - Moderated - - Moderated 

 

The decision to add lime to the mixtures was important and it is based in DNIT 

recommendations about the use of lime in asphalt mixtures since 2009 in CREMA type 

contracts. Furthermore, EULA (2010) states that the chemical interaction between 

hydrated lime and the acid groups of the CAP contributes to the increased aging 

resistance and the adhesiveness of the bituminous mixtures. Since this research aims 

to analyze the different types of bitumens, lime was added at the same percentage in 

all bituminous mixtures. 

A lime sample of this work was sent to Cientec for the determination of: insoluble 

residue, iron and aluminum oxides, total calcium oxide, magnesium oxide, fire loss and 

available calcium oxide. All tests were developed according to NBR 6473:2003 and 

the results are shown in Table 14. 
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Table 14 - Lime tests results 

Test Calcitic lime results 

Insoluble residue (RI+SiO2), % 8.30 

Iron and Aluminium oxides (R2O3), % 1.00 

Total calcium oxides (CaO), % 44.7 

Magnesium oxides (MgO), % 5.40 

Fire loss (1000 ± 50 °C), % 40.3 

Available calcium oxide (CaO), % 0.60 

 

The Figure 35 show pictures of the material collected in May 2016 for this 

research. The grain size distribution of aggregates and lime is in Figure 36. 

 

Figure 35 - Fractions 3/4’’ (left), 3/8’’ (center) and stone dust (right) 

   
 

Figure 36 - Grain size distribution of aggregates and lime 
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3.2.3 Bituminous mixtures 

 

Twelve mixtures were produced with the same aggregates according to the 

grain size distribution “C” of DNIT/BR with Nominal Maximum Aggregate Size (NMAS) 

19mm (The grain size distribution is in the Table 15 and in Figure 37) and Superpave 

control points for NMAS 19mm according AASHTO M323-17 (Figures 38 and 39). 

 

Table 15 - Specification and grain size limits of mixture FX C DNIT - NMAS 19mm 

SPECIFICATION AND LIMITS OF MIXTURE NMAS 19mm - FX C DNIT 

Sieve mm Limits of FX C Center of FX C Work range Studied Mix 

1 1/2" 38.1 100.0 100.0 100.0 100.0 100.0 100.0 

1" 25.4 100.0 100.0 100.0 100.0 100.0 100.0 

3/4" 19.1 100.0 100.0 100.0 100.0 100.0 100.0 

1/2" 12.7 80.0 100.0 90.0 80.0 89.6 82.6 

3/8" 9.5 70.0 90.0 80.0 70.0 79.1 72.1 

n 4 4.8 44.0 72.0 58.0 46.7 56.7 51.7 

n 10 2.0 22.0 50.0 36.0 26.1 36.1 31.1 

n 40 0.4 8.0 26.0 17.0 9.3 19.3 14.3 

n 80 0.2 4.0 16.0 10.0 6.7 12.7 9.7 

n 200 0.1 2.0 10.0 6.0 4.2 8.2 6.2 

 

Figure 37 - Grain size distribution of DNIT Faixa C 031/2006 
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Figure 38 - Superpave Gradation Control Points for a 19mm Nominal Maximum Size 
Aggregate Gradation – Sieve opening (0.45 power) 

 
 

Figure 39 - Superpave Gradation Control Points for a 19mm Nominal Maximum Size 
Aggregate Gradation - (d/D)^0.45 

 
 

Table 16 shows the mixtures, their bitumen content and the GEPPASV authors 

that made some mixtures design (OLIVEIRA, 2019; POSSEBON, 2018). All the tests 

and analysis of these bitumens and its chemistry is the theme of this thesis. The 

mixtures nomenclatures follow the bitumens nomenclatures. 

The mixtures were designed by the Superpave methodology (AASHTO, 2017), 

mixed in the mixer and compacted with Superpave gyratory compactor (SGC) showed 
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in the Figure 40. The mixture design criterion for all mixtures was the bitumen content 

that reach 4% of air voids. 

 

Table 16 - List of the 12 mixtures studied in this research, the bitumen content and 
the authors who desinged it 

Mixtures Bitumen Content (%) References 

50/70-A 5.42 Possebon, 2018 

50/70-B 5.85 This thesis 

50/70-C 5.72 Possebon, 2018 

50/70-D 5.55 Possebon, 2018 

50/70-E 5.95 This thesis 

50/70-F 5.28 This thesis 

50/70-G 5.85 Possebon, 2018 

50-70-H 5.66 Possebon, 2018 

50/70-I 6.04 This thesis 

30/45 5.47 Possebon, 2018 

60/85E 5.88 Oliveira, 2019 

AR 5.60 Oliveira, 2019 

 

According to Bernucci at al. (2010), the mixture design by the Superpave 

basically consists in estimating a probable design content by setting the void volume 

at 4% and the knowledge of the available aggregate particle size.  

The characteristics of the Superpave SGC are to use a vertical press on the 

compactor of 600kPa, sample diameter of 150 or 100mm, turning angle of 1.2 ±0.02° 

and a rate of 30 revolutions per minute. The number of gyrations (N project) that the 

rotary compactor will produce in the sample depends on the type of traffic, and in the 

present research adopted a number of 100 gyrations, corresponding to medium to high 

traffic roads. 

The sample preparing process of the specimens for mixture design and test 

samples was as follows: the washed and dried virgin aggregates were separated 

according to the particle size composition, with the lime already mixed manually in the 

coarse aggregates (above 4mm), and stand in the oven overnight at 125°C. In the 

morning it was increased to the aggregate temperature determined by the ideal 

Brookfield rotational viscosity in Table 17. For bitumen heating the same was done: 

overnight at 100°C and increased to the temperature set in Table 17 in the morning. 

The bitumen was already heated in containers of the required volume for each sample. 

These temperatures were calculated based on the Brookfield rotational viscosity limits 
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(temperature whose the viscosity results are from 0.15 to 0.19cP for mixing 

temperature and 0.25 to 0.31cP for compaction temperature) for each bitumen 

according to the Asphalt Institute (1995). Aggregate temperature was defined as the 

mixing temperature plus 10°C, as the material loses temperature in the pathway 

between the oven and the mixer.  

 

Figure 40 - Mixer (right) and Rotatory Compactor (left) 

    

 

The mixer was set at the temperatures of each mixture. After the temperature 

stabilization,  only the aggregates were mixed for 100 seconds. After, the bitumen was 

added and the mixer rotated for 400 seconds. After the mixing time of the equipment, 

the asphalt mass was manually mixed and visually evaluated to avoid fines 

accumulating at the bottom of the mixer and then separating the samples in trays 

(1250g each) and placing them in the oven for 2 hours at temperature of compression 

to simulate short-term aging. After aging, the samples were placed in the heated mold 

(at the compaction temperature) of the SGC. This procedure was done equally for all 

mixtures, including those of the other authors. 

During the mixture design procedure, for each bitumen content, approximately 

7kg of asphalt mass was introduced into the mixer to compose: three specimens 

containing 1200g each and a further 1500g sample were separated for the 

determination of the measured maximum density (Gmm), using the Rice method that 

was performed for each content (normally, betweeen 5% and 6.5%), according to 

AASHTO T 209-15 - Theoretical Maximum Specific Gravity and Density of Hot Mix 



104 

 

Asphalt, standardized in Brazil through NBR 15619/2012 for bitumen mixtures. 

Through this density parameter it was possible to calculate, on average, the void 

volume for each content, and thus, to determine the optimum design content for each 

mixture, corresponding to air void volume (AV) equal to 4.0%.  

 

Table 17 - Aggregates, mixture and compaction temperatures for preparing samples 

Bitumens of mixtures Temperature of 
aggregates (ºC) 

Temperature of 
mixture (ºC) 

Temperature during 
compactation (ºC) 

50/70-A 164 154 141 

50/70-B 163 153 140 

50/70-C 161 151 136 

50/70-D 162 152 137 

50/70-E 159 149 136 

50/70-F 169 159 147 

50/70-G 162 152 140 

50-70-H 166 156 140 

50/70-I 164 154 140 

30/45 166 156 147 

60/85E 173 163 145 

AR 160 175 155 

 

As the definition of the content was made by attempts, aiming to reach the air 

voids (AV) of 4%, the hydrostatic weighing and the Rice test were performed to 

determine the maximum measured density (Gmm) according to NBR 15619.  

The bitumen content results were set at 4% AV (design/project bitumen content) 

in all mixtures and are given in Table 18. The calculated effective bitumen content 

values consider the absorbed bitumen content for each mixture. Also, according to 

AASHTO M323-2017, the Mineral Aggregate Voids (VMA), Voids filled with asphalt 

(VFA), Dust-to-binder ratio range (DTB), Apparent Specific Gravity (ASG) and DASR 

(Dominant Aggregate size range) values were calculated. The modified Lottman test 

was done (AASHTO T283) and the results for all mixtures were over 72%. All 

parameters respect the Superpave Asphalt Mixture Design Requirements 

Considering the mixtures with the same NMAS and bitumen grade, no major 

discrepancy was expected from these values. The difference among the bitumen 

content was approximately 0.5%. The sample preparing methodology and aggregate 

particle size composition were exactly the same for twelve mixtures, varying only the 

mixing and compaction temperatures according to the viscosities of the bitumens. 
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These different temperatures can lead to greater stone absorption or ease of 

compaction. 

 

Table 18 - Volumetric properties of the bituminous mixtures 

Mixture 
Project Bitumen 

content (%) 
Effective bitumen 

content (%) 
VMA (%) 

VFA 
(%) 

DTB 
ASG 

(g/cm³) 
DASR 

(%) 

50/70-A 5.42 5.21 17.75 77.59 1.19 2.28 36.1 

50/70-B 5.85 5.46 17.78 77.15 1.14 2.27 36.2 

50/70-C 5.72 5.33 17.64 77.36 1.16 2.27 36.3 

50/70-D 5.55 5.16 17.62 77.32 1.20 2.27 36.2 

50/70-E 5.96 5.56 17.84 77.52 1.12 2.27 36.4 

50/70-F 5.30 4.91 17.69 77.42 1.26 2.26 36.1 

50/70-G 5.85 5.63 17.75 77.67 1.11 2.27 36.4 

50-70-H 5.66 5.38 17.73 77.47 1.15 2.27 36.3 

50/70-I 6.04 5.66 18.28 78.23 1.10 2.26 36.0 

30/45 5.47 5.08 17.63 77.24 1.22 2.27 36.2 

60/85E 5.88 5.49 18.10 77.90 1.13 2.26 36.4 

AR 5.60 5.21 17.50 77.20 1.19 2.28 36.3 

Note: VMA=Voids in the Mineral Aggregate, VFA=Voids filled with asphalt, DTB=Dust-to-binder ratio 

range ASG=Apparent Specific Gravity and DASR=Dominant Aggregate size range (KIM et al., 2009). 

 

 

3.2.3.1 Resilient modulus 

 

The resilient modulus (MR) test is standardized by DNIT 135/2010. The purpose 

of the test is to determine the ability of an elastic body to store energy when requested 

for a load and then return to its initial state. 

The equipment used for this purpose is the global IPC Universal Testing 

Machine UTM - 25, shown in Figure 41 with mounting bracket for performing MR 

testing. The UTM - 25 is made up of a piston that provides a pulsed repeated loading 

with the aid of a hydraulic device coupled to a 1Hz frequency and time regulator. 

Because the equipment operates within a temperature-controlled chamber, it allows 

testing at various temperatures. For this work the temperature of 25ºC was used. 

To start the test, the samples must be at 25ºC for at least 2 hours, after which 

the specimen is placed in the holder to position the Linear Variable Differential 

Transducer (LVDTs) on its face, aligning it vertically, horizontally and centered on the 

load application cylinder. 
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Figure 41 – UTM-25 MR test 

 

 

Resilience modulus is measured from the application of dynamic loading with 

0.1s of time duration and 0.9s of rest. This type of load application simulates the effect 

of traffic, which applies transient loads to vehicle movement. Thus, the sample suffers 

horizontal deformations, which are measured through an LVDT, connected to a 

microcomputer, which collects and archives all information. The loading used is 

minimal enough to deform the sample. The Poisson's coefficient for the execution of 

the test was set at 0.30 to 25°C according to DNIT - ME 135/2018. In this study were 

considered the influence of the particle size arrangement within the samples on the 

determination of the modulus values and for this, MR tests were performed in two 

different directions (0° and 90°). 

 

Equation 9 was used to calculate the resilience module. 

 

                                                       𝑀𝑅 =
𝑃

∆ℎ
(0,9976𝜇 + 0,2692)                                                   (9) 

Where:  

𝑀𝑅 = Resilient Modulus (MPa);  
𝑃  = repeated vertical load applied directly to the sample (N);  
∆ = elastic or resilient deformation measured at particular load repetition cycles (𝑃) (mm); 
ℎ = sample high (mm);  
𝜇 = Poisson’s coefficient (0.30 for 25°C). 

The avarege resilient modulus results, as well as the standard deviation (SD) 

and the coefficient of variation (CV) of the test are shown in Table 19. Figure 42 shows 

the results for all mixtures in a graph. 
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Table 19 - Resilient modulus tests results 

Mixture Avarege resilient modulus (MPa)  SD CV% 

50/70-A 8628  620 7.20 
50/70-B 9979  699 6.73 
50/70-C 7352  292 4.00 
50/70-D 8382  362 4.25 
50/70-E 7546  463 6.39 
50/70-F 6943  364 5.40 
50/70-G 7173  466 6.50 
50/70-H 8133  588 7.05 
50/70-I 9974  614 5.90 
30/45 11241  607 5.40 

60/85E 7014  465 6.95 
AR 8443  461 5.47 

 

Figure 42 - Resilient modulus tests results 

 

 

The results of this test serve as a comparison parameter with other mixtures, as 

it is the test recommended in the new Brazilian design method. In this test, the mixture 

is understood as elastic, which is a simplification of reality. 

From the results, it is observed that all mixtures had closer values of MR. This 

proximity can be explained by the fact that they all have the same aggregate and 

granulometry, changing only the type of bitumen. Also, the 30/45 mixture stands out 

for having the highest MR. However, polymer and rubber modified mixtures have 

similar or even lower MR than conventional blends. It should be noted that better 

resilient modulus does not mean better behavior in relation to damage. To this end, 
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results of uniaxial Flow Number and Direct Tension Cyclic Fatigue tests will be 

analysed. 

 

3.2.3.2 Tensile strenght test in mixtures 

 

After performing Resilience Module tests, the same specimens were subjected 

to the Tensile Strength (RT) test on the UTM-25 as Figure 43. 

The test recommended by DNIT-ME 136/2018 is also known as “Brazilian test” 

and consists in the application of a static compression load distributed over two 

opposite generators, in order to obtain the tensile stresses through the diameter 

perpendicular to the load. Before applying the load, the specimen shall be in a 

temperature of 25°C. The resultant obtained is tensile strength (RT). Specimens with 

6.3cm height and 10cm diameter were used. 

The rupture results for tensile strength determination were obtained using 

Equation 10. 

                                                                     𝜎𝑅 =  
2𝐹

100𝜋𝐷𝐻
                                                              (10) 

Where:  

𝜎𝑅 = tensile strength (MPa);  
𝐹 = break load (N);  
𝐷 = specimen diameter (cm);  
𝐻 = specimen high (cm). 

 

The direct tensile strength is calculated as a function of the maximum load 

applied at the moment of specimen rupture using the theory of elasticity, ignoring the 

effect of the multiaxial stress state. It is the parameter used in the Brazilian 

specifications.  

The tensile strenght (RT) avarege test results as well as the standard deviation 

(SD) and the coefficient of variation (CV) are shown in Table 20 and Figure 44. 

The DNIT - ES 031/2006 standard establishes that the minimum RT value for 

mixtures with conventional bitumen must be 0.65MPa. All mixtures of this thesis have 

RT values higher than 0.65MPa. 
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Figure 43 - Performance of the diametral compression tensile strength test 

 
 

 

Bernucci et al. (2010) state that for hot bituminous mixtures, typical values are 

between 0.5 and 2MPa and this value can be increased given the harder consistency 

of some bitumen, for example in high modulus mixes. 

 

Table 20 - Tensile strenght (RT) test results 

MIXTURES Avarege RT (MPa)  SD CV% 

50/70-A 1.45  0.09 0.06 
50/70-B 1.21  0.12 0.10 
50/70-C 1.37  0.05 0.04 
50/70-D 1.30  0.06 0.04 
50/70-E 1.28  0.14 0.11 
50/70-F 1.00  0.03 0.03 
50/70-G 1.27  0.11 0.09 
50/70-H 1.46  0.06 0.04 
50/70-I 1.06  0.01 0.01 
30/45 2.38  0.02 0.01 

60/85E 1.27  0.10 0.07 
AR 1.40  0.08 0.05 

 

The 30/45 mixture has the highest RT among the other tested. The graph shows 

that the values of the 50/70 mixtures are very close, except for the 50/70-F and 50/70-

I thar have less resistance during this test. The modified mixtures demonstrate 

behavior close to and even worse than some conventional mixtures. 

 



110 

 

Figure 44 - Tensile strenght test results 

 

 

 PERFORMED TESTS 

 

The test methods settled down for this thesis are related to bitumen and 

bituminous mixtures scales. It is noticed that there is a parallelism between the bitumen 

and mixture tests, which is expected to be also noticed in the analysis.  

 

3.3.1 Tests on Bitumen 

 

The tests for rheological analysis and determination of bitumen performance 

used in this work are proposed by the Superpave methodology. The bitumens were 

subjected to rheological (master curves) and damage tests (LAS and MSCR). To 

perform the mechanical properties tests for bitumens it is necessary to have different 

bitumens conditions. For that, some laboratory aging processes for bitumens were 

performed in order to represent better and correlate with the mixtures tests (that are 

also aged), following the bitumens mechanical tests standarts. 
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3.3.1.1 Laboratory aging processes for bitumens 

 

Different aging processes are necessary in each bitumen test, the short-term 

aging is necessary for the high temperature PG (Superpave Performance Grading), 

LAS (Linear Amplitude Sweep), MSCR (Multiple Stress Creep Recovery) and before 

long term aging. Besides, the master curves are made with the virgin and short-term 

aged bitumens. After short-term aging, the samples are subjected to DSR (Dynamic 

Shear Rheometer) for the tests. The long-term aging was used to do the Bending beam 

rheometer (BBR, ASTM D 6648/2008) test to determine the low temperature PG.  

The short-term aging is performed in RTFOT - Rolling Thin Film Oven Test that 

Simulates bitumen aging during mixing, transportation and compactation. The 

standard used is the AASHTO T 240:2009 - Standard Method of Test for Effect of Heat 

and Air on a Moving Film of Asphalt (Rolling Thin-Film Oven Test). 35g of bitumen 

sample is served in eight small bottles that are placed into the RTFOT oven at 163ºC 

for 85min and subjected to heated air flow (4000ml/min) directly inside the bottle 

(Figure 45). The samples are scraped from the bottles and can be used for the tests 

that require this type of aging and ready for doing the PAV (Pressure Aging Vessel) 

aging when is necessary. 

 

Figure 45 - RTFOT equipament and samples in the bottles 
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The long-term aging is performed in PAV after the aging in RTFOT and 

simulates bitumen aging in service for 7 to 10 years. The standard used is ASTM D 

6521:2013 - Practice for Accelerated Aging of Bitumen Using a Pressurized Aging 

Vessel. The samples are disposed in plates in the PAV equipament (Figure 46) at 

100ºC for 20 hours and it’s applied a positive pressure (2.1MPa) of a gas composed 

of Nitrogen (80%) and Oxygen (20%). The temperature in PAV depends of the PG high 

temperature, all the samples of this work have high temperature PG 58 or 64, so they 

need 20h in 100ºC temperature. After the PAV (Figure 46), the sample stay with small 

bubbles (Figure 47c). The sample is scrapped to other container of dimensions such 

that the depth of the PAV residue in the container is between 15 and 40mm. The 

bubbles are removed in the vacumm oven. After placing the containers in the vacuum 

degassing oven (Figure 48), set a vacuum pressure (15kPa) in the temperature 170°C 

for 30min. Then, the samples are ready for doing the tests that needs PAV aging such 

as BBR. 

 

Figure 46 - PAV equipament 

  

 

Figure 47 - PAV pan holder (A) and samples before (B) and after (C) the test 

 

A B C 
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 Figure 48 - Vacuum oven used after PAV to take off the bubbles 

 

 

3.3.1.2 Mechanical properties tests 

 

The DSR (Figure 49) was used for perform several mechanical properties tests 

for bitumens, such as the high temperature PG, master curves, LAS and MSCR tests.  

 

Figure 49 - DSR rheometer (Anton Paar EC-Twist MCR 502) 
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The Figures 50 and 51 shows the different geometrys used in the DSR tests. 

The small geometry (8mm) is used for tests in lower temperatures (such LAS and 

master curves tests in low temperatures), where the G* is higher than 0.1Mpa. The 

25mm geometry is used when the G* is between 100Pa and 0.1MPa, commonly in 

temperatures higher than 35ºC, for example in the MSCR, high temperature PG or 

master curves tests. Different silicon samples molds are used (Figure 52) in each case.  

 

Figure 50 - 25mm plate diameter with sample before the test 

 
 

 

Figure 51 - 8mm diameter plate with the sample during the trimming 
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Figure 52 - Sample silicon molds 

 

 

3.3.1.2.1 Temperature and frequency sweep test 

 

The temperature and frequency sweep in DSR can generate master curves that 

represent the rheological behavior of the material as a function of loading frequency 

(or time). The American standard used is ASTM D 7175-08 - Test Method for 

Determining the Rheological Properties of Bitumen Using a Dynamic Shear 

Rheometer. The test specimens have 1mm thick by 25mm in diameter or 2mm thick 

by 8mm in diameter and are formed between parallel metal plates. During testing, one 

of the parallel plates is oscillated with respect to the other at preselected frequencies 

and rotational deformation amplitudes (strain control). The required stress or strain 

amplitude depends on the value of the complex shear modulus of the bitumen being 

tested. The required amplitudes have been selected to ensure that the measurements 

are within the region of linear behavior. 

The test specimen is maintained at the test temperature to within ±0.1°C by 

positive heating and cooling of the upper and lower plates or by enclosing the upper 

and lower plates in a thermally controlled test chamber. 

Oscillatory loading frequencies using this standard can range from 1 to 100rad/s 

using a sinusoidal waveform. Specification testing is performed at a test frequency of 

10 rad/s. The complex modulus (G*) and phase angle (δ) are calculated automatically 

as part of the operation of the rheometer using proprietary computer software supplied 

by the equipment manufacturer. 

The Williams-Landel-Ferry (WLF) equation (WILLIAMS; LANDEL; FERRY, 

1955) was used to describe the Time-temperature (or frequency-temperature) 

superposition phenomenon and is used to construct the master curves. The 

temperatures used during the tests are: 5, 15, 25, 35, 45, 55 and 65ºC. The tests 

frequencies are from 0.1 to 30Hz in a rising logarithm ramp. The samples used are in 
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virgin and RTFOT condition. The 2S2P1D is used to simulate the behavior of the 

bitumen. 

 

3.3.1.2.2 Multiple Stress Creep and Recovery test 

 

The MSCR test applies a fluency and multiple stress recovery. This test aims to 

characterize the resistance of bitumen to permanent deformation and gives the traffic 

letter (AASHTO 332/2020) in the PG nomenclature. The standard for its realization is 

ASTM 7405 - Standard Test Method for Multiple Stress Creep and Recovery of 

Bitumen Using a Dynamic Shear Rheometer and recentely in Brazil with the standard 

DNIT ME 423 (2020). This test was performed in RTFOT aged sample in three 

temperatures for all samples (58, 64 and 70ºC), including each bitumen high PG 

temperature. 

This test applies a total of 30 load cycles with two levels of stress, the first 20 

cycles being performed with a creep stress of 0.1kPa, and the last 10 cycles there is 

an increase in the applied creep stress to 3.2kPa. The test is triggered by applying the 

load at constant tension for 1s (shear strain), followed by the application of a zero load 

for 9s (rest), in relation to each cycle of 10 seconds duration.  

After obtaining the values of initial and final deformation of the cycles, load-rest, 

calculate the non-recoverable creep compliance (Jnr) and recovery percentage (R%), 

parameters that make it possible to evaluate the performance of the bitumens at high 

temperatures. 

The first 10 cycles at 0.1 kPa creep stress are for sample conditioning, while the 

last 10 cycles at 0.1 kPa and the 10 cycles at tension 3.2 kPa are used to determine 

the following parameters: JnR 0.1; JnR 3.2; R0.1; R3.2; JnR diff and Rdiff. Jnr0.1 and 

Jnr3.2 are calculated by Equations (11) and (12), respectively. 

𝐽𝑛𝑟0,1 =  
∑ 𝐽𝑛𝑟11𝑡𝑜 𝐽

𝑛𝑟 20

10
                       (11) 

𝐽𝑛𝑟3,2 =  
∑ 𝐽𝑛𝑟21  𝑡𝑜 𝐽

𝑛𝑟 30

10
                       (12) 

 

Jnr3.2 is used to classify bitumens by traffic level as standard (2.0<JnR<4.5), 

heavy (1.0<JnR<2.5), very heavy (0.5<JnR<1.0) or extremely heavy (Jnr<0.5), 

according to AASHTO M 332 (2018), which is part of the Superpave characterization 
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of section 2.1.2.2. The already presented Table 3 shows the Jnr values limits for each 

traffic and to determine the letter of Superpave PG. 

 

3.3.1.2.3 Linear Amplitude Sweep test 

 

It is performed by AASHTO TP-101-12- Standard Method of Test for Estimating 

Fatigue Resistance of Bitumens Using the Linear Amplitude Sweep. Through this test 

it is possible to make correlations of G* with the phase angle. (MARTINS, 2014) found 

that there is agreement between the results of bitumen and mixtures regarding the 

prediction of fatigue in mixtures. This test was performed in 19ºC for all RTFOT aged 

samples.  

The LAS (Linear Amplitude Sweep) test serves to see the bitumen damage 

tolerance estimation using linear amplitude and strain sweep. Two types of testing are 

performed in succession.  

The first test, a frequency sweep, is designed to obtain information on the 

rheological properties. Frequency sweep test data is used to determine the damage 

analysis “alpha” parameter. The frequency sweep test is performed at the selected 

temperature (19ºC) and applies oscillatory shear loading at constant amplitude over a 

range of loading frequencies. For this test method, the frequency sweep test is selected 

from the DSR manufacturer’s controller software, employing an applied load of 0.1 

percent strain over a range of frequencies from 0.2–30Hz. Data is sampled at the 

following 12 unique frequencies (all in Hz): 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 8.0, 10, 

20 and 30Hz. 

The second test, an amplitude sweep, is intended to measure the damage 

characteristics of the material. This procedure utilized an oscillatory shear in strain-

control mode at a constant frequency of 10Hz that consists of linearly increasing the 

strain from 0.1 percent to 30% over the course of five minutes. Figure 53 shows the 

loading that is increased linearly from zero to 30% over the course of 3100 cycles of 

loading. Peak shear strain and peak shear stress are recorded every 10 load cycles 

(1sec), along with phase angle [d, degrees] and dynamic shear modulus [|G*|, Pa]. 

The LAS test is analysed using the AASHTO TP-101-12 definitions and the 

failure criteria adopted in this work was the maximum stored pseudo strain energy 

(PSE) presented by (WANG et al., 2015). The PSE (Max WRs) define failure in the 

LAS test. This unified failure criterion based on PSE release rates (GR) can be applied 
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to both LAS and Time Sweep tests to provide a unique relationship with the number of 

cycles to failure (Nf). 

 

Figure 53 - Loading Scheme for linear aplitude sweep test 

 

Source: AASHTO TP 101 (2014). 

 

3.3.2 Tests on Mixtures 

 

Mixtures are usually characterized in two stages: rheology (from the elastic and 

viscoelastic point of view) and damage (fatigue and permanent deformation). 

The stiffness tests performed for mixtures are: 

I. The resilient modulus (MR) test, standardized by DNIT 135/2018, aims to 

determine the ability of an elastic body to store energy when requested for a load and 

then return to its initial state. This test is important in Brazil because it is recommended 

in the pavement design specifications and its results were already presented in the 

section 3.2.3.1. 

II. The compression dynamic modulus test (E*) consists in the application of a 

uniaxial compressive sinusoidal load on a cylindrical specimen to determine the 

modulus and phase angle at different frequencies and temperatures. The test is based 

on AASHTO T 342-11 - Determining Dynamic Modulus of Hot Mix Asphalt (HMA) 

standard and DNIT 416/2019. This test was performed in five temperatures: -4, 10, 21, 

37 and 54ºC. 

Fatigue damage and permanent deformation tests performed are: 
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I. The Direct Tension Cyclic Fatigue Test consists of applying a sinusoidal cyclic 

deformation to the specimen until the phase angle breaks or falls. Deformation, load, 

phase angle and dynamic modulus are collected and monitored during the test. The 

AASHTO TP 107-14 standard (Standard Method of Testing for Determining the 

Characteristic Curve of Asphalt Mixtures from Direct Tension Cyclic Fatigue Tests) is 

responsible for detailing the test methods. This test was performed at 19ºC for all 

mixtures. 

II. The Flow Number (FN) test is performed to evaluate the resistance of 

bituminous mixtures to permanent deformation and is standardized in Brazil by ABNT 

NBR 16505: 2016. This test was performed at 60ºC for all mixtures. This test is 

important in Brazil because it is recommended in the pavement design specifications. 

III. The Hamburg test is designed to evaluate the resistance of bituminous mixtures 

to permanent deformation and is standardized by the American standard AASHTO T 

324 - Hamburg Wheel-Track Testing of Compacted Hot-Mix Asphalt. It was performed 

by the E-Vias laboratory for three mixtures of this research: 50/70-C, Rubber Modified 

Asphalt (AR), and SBS Polymer Modified Asphalt (60/85E). 

 The tests performed in GEPPASV are the mechanical characterization of 

bitumens and mixtures, except the traffic simulator (Hamburg test). The mixtures are 

made in the mixer and in the Superpave compactor of the Figure 54a, 54b and 54c 

and are tested in the UTM-25 machine of the Figure 54d. 

 

Figure 54 - (a, b) GEPPASV's mixer, (c) CGS and (d) UTM-25 machine for testing 
mixtures 
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3.3.2.1 Compression complex modulus test 

 

The complex modulus (E*) is a complex number that relates stress and strain 

of viscoelastic materials subjected to sine loading applied in a certain frequency 

domain. 

The complex modulus test consists of the application of a sinusoidal uniaxial 

compressive load on a cylindrical specimen. Nascimento (2008) states that the stress-

strain relationship during continuous sine loading is defined by a complex number 

called the Complex Module (E*) and the absolute value |E*| is defined as Dynamic 

Module. In other words, |E*| is the relationship between the maximum dynamic stress 

and the maximum recoverable axial deformation, with one delay between load 

application and sample response defined as the phase angle of the bituminous mixture 

(φ). The phase angle indicates one of the material's viscous properties, being 0° for 

elastic material and 90° for viscous material. 

The value of |E*| varies depending on the test parameters (temperature and 

loading speed) and also on the parameters of the bituminous material formulation, 

nature and content of the bitumen, granular and fines percentage, and the form of 

compaction. 

The test is based on the AASHTO T 342-11 - Determining Dynamic Modulus of 

Hor Mix Asphalt (HMA) and DNIT 416/2019 standards and both consider: 

I. Test temperatures: -10°C, 4°C, 21°C, 37°C e 54°C; 

II. Loading frequencies (for each temperature): 0.1, 0.5, 1, 5, 10 e 25Hz; 

III. Specimen size: diameter from 100 to 104mm, height from 147.5 to 152.5mm 

and maximum nominal aggregate size 37.5mm. 

The test is performed by applying a haversine axial load to cylindrical samples, 

where the corresponding vertical displacements are measured. Di Benedetto and 

Corté (2005) comment that the values of these displacements/strains should be small 

(less than 100.10-6m/m or 100µS) so that there is no damage to the material. 

Evaluating a bituminous mixture in the small strain domain, the expected behavior is 

linear viscoelastic. The standard indicates that the strains cannot exceed 75µS. Axial 

strain amplitudes (ε0) from 50 to 75μS were applied. The test was performed at UTM-

25, using 3 LVDTs (Linear Variable Differential Transducers) that are pinned to the 

specimens. Figure 55b shows the sample positioned for performing the test. 
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To interpret the test results, the 2S2P1D modeling developed by Di Benedetto 

& Corté (2005) was used for two-dimensional loading, which does not consider the 

Poisson's ratio. The model 2S2P1D applied to this case has the calibration parameters 

for correct representation of the viscoelastic behavior of the material in terms of 

modulus and phase angle for varying temperature and loading frequency.  

 

Figure 55 - Performing Dynamic Modulus Test on UTM-25 (a) and the sample 
aparatus (b) 

 

 

 

3.3.2.2 Flow Number test 

 

The Flow Number (FN) test was performed to evaluate the resistance of 

bituminous mixtures to permanent strain and was performed on UTM-25. 

This test is standardized in Brazil by ABNT NBR 16505: 2016 standard. In this 

research, besides respecting the degree of compaction (GC) of 97%±0.5%, the void 

volume of the samples was observed, which was between 6% and 8%. Three samples 

were tested per mixture, with the dimensions: height of 150±2.5mm and diameter 

102±2mm. Figure 56 shows the test apparatus and the sample positioning as well as 

its rupture. 

The test consists of the application of cyclically charged pulses in the axial 

direction of cylindrical samples, applied at a frequency of 1Hz, where there is a load of 

0.1s and a rest of 0.9s. This is a simple performance test of bituminous mixtures for 

permanent deformation based on repeated loads. The collapse is when the number of 
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load cycle repetitions at which shear strain is initiated at constant volume or the point 

where the permanent deformation accumulated in the mixture starts to increase 

rapidly. The test ends when one of the following occurs: The Flow Number is reached, 

ie when the number of cycles at which shear strain starts under constant volume (this 

is where the accumulated permanent deformation on the specimen increases rapidly); 

or when the number of cycles reaches 7500. 

The relationship of the FN test with permanent deformation is linked to the fact 

that the greater the number of cycles and the smaller the accumulated deformation, 

the lower the propensity of the pavement to form wheel rails. 

 

Figure 56 - Performing Flow Number Test on UTM-25 

 

 

The result of the test is a uniaxial vertical plastic strain curve in a permanent 

deformation plane accumulated by number of cycles applied. In this curve the 

accumulated permanent deformation can be divided into three distinct regions as 

shown in Figure 57. These are: the primary zone, the secondary zone, and the tertiary 

zone. In the primary zone occurs the consolidation of the sample and the drop in the 

rate of plastic deformation, in this phase there is great variation in the volume of the 

specimen. When entering the secondary zone, the deformation rate is almost constant, 

with little variation in the sample volume. Finally, the tertiary zone, which is 
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characterized by the occurrence of shear at constant volume of material where the rate 

of plastic deformation increases considerably. 

The Flow Number is identified in the passage from the secondary to the tertiary 

region, where the deformation occurs at constant volume and the deformation rate 

grows again, because in this region, the sample does not have so much load 

resistance. The Flow Number test has important parameters regarding the study of 

permanent deformations. These include the deformation value obtained by extending 

a tangent straight line from the secondary zone curve to the primary zone, also known 

as the intercept, and the slope of the curve in the secondary zone. 

In order that a bituminous mixture does not present permanent deformation in 

the field, it is expected that the defined limit values (FN criteria) for some traffic volumes 

are respected. 

 

Figure 57 - Cumulative permanent strain curve for uniaxial repeated load testing 

 

Source: (Adapted from Nascimento, 2008). 

 

The Francken (1977) model (Equation 13) was used to determine the FN. 

Nonlinear regression analysis was used to fit the model to the test data. 

 

                         (13) 

 

Where Ɛp(N) is the permanent deformation in N Cycles, N is the number of 

cycles and a, b, c and d are the regression coefficients. 

 

 PRIMARY ZONE 

SECONDARY ZONE 

TERTIARY ZONE 

log N, cicles 
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3.3.2.3 Direct Tension Cyclic Fatigue Test 

 

Cyclic direct tension tests were performed at 10Hz and a temperature of 19°C 

varying the strain amplitude. The tests were conducted at different levels of 

deformation (about 150, 200, 250 and 300μm), in such a way to create a spread of 

numbers of cycles to failure (Nf) in the range of 1000–100000 cycles. Except to fixed 

temperature (19ºC), the test is performed following AASHTO TP 107-14 - Standard 

Method of Test for Determining the Damage Characteristic Curve of Asphalt Mixtures 

from Direct Tension Cyclic Fatigue Tests. 

According to Nascimento et al. (2014), after 20 years of research led by Y. 

Richard Kim of North Carolina State University in the United States, a new technique 

for determining the fatigue life of bituminous mixtures has been proposed, whereby 

experimental curves can be obtained by direct traction and with more consistent 

theoretical interpretation. The proposed fatigue test consists in applying a sinusoidal 

cyclic strain to the specimen until the phase angle break or falls. Deformation, load, 

phase angle and dynamic modulus are collected and monitored during the test. 

The same press used in the other tests was suitable for this fatigue test, IPC 

Global’s Universal Test Machine (UTM - 25). The AASHTO TP 107-14 standard is 

responsible for detailing the test methods. Figure 58 shows the apparatus for carrying 

out the test available at the UFSM, which was developed by Boeira (2018).  

 

Figure 58 - Realization of Direct Tension Cyclic Fatigue Test 
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The samples of the mixtures were compacted in the Superpave Giratory 

Compactor (SGC) at the design bitumen content determined by the Superpave mixture 

design in 10x16cm dimensions and with a void volume of 5.5% ± 0.5%. At least 5 

samples were prepared for each mix, totaling more than 60 samples. After surface 

grinding, its final dimensions were equal to 10x13cm. After rectification, they were 

glued with epoxy on top and down plates and connected to UTM-25 using bolts and 

traction hinge. The bonding procedure was performed with the aid of an aligning 

apparatus that fixed the the top and bottom of the sample. To perform the test, the 

1mm layer of glue must be dry (20h). 

According to the AASHTO TP 107 - 2014 standard, the tests were conducted at 

10Hz and 19°C varying the amplitude of strain. Four samples were used, one for each 

different level of strain (about 125, 150, 200 and 250μS). 

During the test it is possible to determine the actuator movement and with this 

it is possible to approach a tension that generates strains close to the desired ones. 

Thus, the strains used in analyses are the test strains, in other words, the 

measurements by the LVDTs that can be obtained after the calculations. To select the 

strain values and generate the Wöhler curves and the analysis by Nascimento's 

equations (2016), the test strains between 12 and 25 cycles, which are the initial cycles 

where the strain is constant, were calculated. 

According to Mangiafico (2014), during this test the mixtures suffers progressive 

damage. This phenomenon, together with premature failure, is considered the effect 

of repeated loads. Specifically, as the number of cycles increases, the value of the 

complex module decreases as the value of the phase angle increases. Therefore, 

during stress-controlled testing, the measured strain increases with the number of 

cycles to sample failure. In contrast, during strain-controlled testing, stress decreases 

as the number of cycles increases to ideally close to zero or even to sample failure. 

The UTM-25 press does not control stress or strain, however in the test it is possible 

to control and measure the displacement of the loading piston, which generates known 

stresses. 

In order to analyse the results obtained in the tensile-compression fatigue test, 

two equations were used to rank the mixtures: the Wöhler curve equations and the 

Equations 14 to 18 proposed by Nascimento (2016). 

The Wöhler curve analysis of the mixtures consists of plotting two axes: one 

with the strain results (ε) measured by the LVDTs for each test specimen and another 
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with the number of cycles (Nf) each sample has undergone before breaking, in log 

scale. 

After verifying the equation of the curve, it is possible to calculate the Nf for any 

chosen strain. For this work the strains chosen to calculate the Nf were those obtained 

by simulating a pavement in the software LVECD. Mechanistic analysis was used to 

analyse fatigue results and to be able to compare the mixtures considering the same 

pavement structure for all, varying just the modulus and the fatigue properties in the 

asphaltic layer. 

Wöhler curves are a good parameter to analyse the data and it is a more 

widespread method in the literature to compare mixtures, however the equation 

proposed by Nascimento (2016) covers more parameters obtained in the test results 

and thus the Nf found is considered closer to the reality of the test. 

The authors of the model comment that the S-VECD can be used in several 

ways, but two are worth mentioning: obtaining fatigue curves under different conditions 

than the one tested, and, to analyse pavements, the mechanics of continuous 

viscoelastic damage. In this way it is possible to evaluate the mixtures using continuous 

damage mechanics with a small number of tests.  

With the results exported from the UTM-25 Software it was possible, after 

routine calculation in MATLAB, to generate a Characteristic Damage Curve for each 

specimen tested. From the curves obtained for each specimen, adjustments were 

made to represent the Average Damage Characteristic Curve (C versus S) of the 

material (performing an average fitting for each mix). The damage characteristic curve 

of Figure 59 demonstrates recurring behavior in mixtures subjected to Direct Tension 

Cyclic Fatigue Test. 

The S-VECD fatigue performance model is the simplified form of the more 

rigorous VECD model and can be used to characterize the fatigue behavior of 

bituminous mixture using the elastic–viscoelastic correspondence principle, continuum 

damage mechanics, and time–temperature superposition principle. The S-VECD 

model has been proven to be independent of mode of loading.  

For Nascimento et al. (2014), one of the main advantages of S-VECD is to 

obtain the damage property of mixtures, regardless of the test conditions (temperature, 

amplitude and whether the form of control is by stress or strain). Thus, tests made 

under a specific condition allow obtaining the material behavior under several other 

conditions, reducing the number of samples and consequently the work. 
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Figure 59 - Typical graffic of damage characteristic curve (C versus S), result of 
Direct Tension Cyclic Fatigue Test 

 

Source: (Nascimento et al., 2014). 

 

Babadopulos (2014) explains in a practical way the application of S-VECD in 

asphalt mixtures, in the same way that it was applied in this research. (BELO et al., 

2020) also used these equations to see the influence of temperature and traffic speed 

on asphalt pavement predicted cracked area. 

One of the analysis performed with the results obtained in the fatigue test will 

be using Equation 14 developed by Nascimento (2016). Wöhler curves are a good 

parameter to analyse the data and it is a more widespread method in the literature to 

compare mixtures, however the equation proposed by Nascimento (2016) covers more 

parameters obtained in the test results and thus the Nf found is considered closer to 

the reality of the essay. Input data for the set of Equations 14-18 are taken from the 

test results refined by the MATLAB routine. However, not only the values of C and S 

are used, but all variables described after the equations. 
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 𝑝 = 𝛼 − 𝛼𝐶12 + 1 (17) 

 𝐺𝑟 = 𝑌(𝑁𝑓)∆ (18) 

 

Where: 

휀𝑅 
𝑇𝐴 is the amplitude of pseudo-strain; 

𝛼 is the damage evolution rate; 

C11 and C12 are the coefficients of the fitted CxS curve of the samples; 

𝑓𝑅  is the reduced frequency; 

Gr is the average rate of change of pseudo strain energy released (per cycle) over the entire 

test; 

Nf is the number of cycles to failure; 

Y is the coefficient of the failure criterion of the curve Gr versus Nf; 

 is the exponent of equation Y; 

C(S) is the integrity of the material or the pseudo stiffness; 

S is the damage parameter; 

휀0,𝑝𝑝 is the peak to peak strain amplitude; 

𝛽 is the portion of the cycle where tensile stress occurs (the usual value is -0.08 and in practice 

means that compression occurs at 8% of the cycle); 

|𝐸∗|𝐿𝑉𝐸 is the linear viscoelastic dynamic modulus at the temperature and frequency conditions 

of the test. 

After these Nf calculation by the Nascimento equations (2016), the Nf values 

were obtained for each mixture. 
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4 LINEAR VISCOELATIC BEHAVIOUR 

 

To understand the results obtained according to the procedures detailed in the 

methodology, the following items show the bitumens and mixtures LVE 

characterization and its analysis considering the correspondence between bitumens 

and mixtures. A complete analysis using the SHStS transposition was carried out to 

see if the LVE bitumen tests performed in DSR can predict the LVE behaviour of the 

mixtures. Besides that, an attempt to find chemical markers that explain the behavior 

of bitumen under these conditions was done. 

 

 BITUMENS 

 

The experimental data obtained for bitumens in virgin and RTFOT conditions 

used for the analysis presented in this chapter are fully presented in Appendix A and 

B respectively. Shift factors aT of the virgin bitumens modelled with fitted WLF equation 

were presented in Figure 60. They are used to shift the experimental data to form the 

curves presented in the other figures. The Black space and Cole-cole graphs are made 

for all bitumens tests results in virgin condition. They are plotted in Figures 61 and 62. 

The Dynamic shear Modulus (|G*|) and phase angle () master curves obtained 

through the WLF of the twelve virgin bitumens are plotted in the graphics of the Figures 

63 and 64 respectively. It is noted that the DSR is not the ideal test for testing rubber 

bitumen, which has rubber granules that hinder measurements. Even so, the test was 

carried out and the results for the AR are presented. 

The construction of the polymer and rubber modified bitumens and mixtures 

master curves relies on the introduced “Partial Time-Temperature Superposition 

Principle” (PTTSP). The PTTSP is herein considered as an effective approximate 

approach for analysing viscoelastic data in the case of modified bitumens. 

The LVE behaviour of the bitumens were calculated by the average from two 

samples for each RTFOT aged bitumen. From the experimental data, 2S2P1D model 

was calibrated (just for RTFOT bitumen samples) and the seven parameters of 2D 

2S2P1D model and the constants C1 and C2 of WLF equation were obtained, being 

presented in Table 21. The shift factors aT fitted with WLF equation of each RTFOT 

bitumen are presented in Figure 65. Figures 66 and 67 shows the experimental results 

(points) of the bitumens tests and the 2S2P1D model (lines) plotted in Black diagram 
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(Figure 66), Cole-cole (Figure 67), and master curves of dymamic modulus (Figure 68) 

and phase angle (Figure 69). The reference temperature is 25ºC. 

 

Figure 60 - Shift factors aT of the virgin bitumens modelled with fitted WLF equation  

 

 

Figure 61 - Black space of bitumens in virgin condition 
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Figure 62 - Cole cole of bitumens in virgin condition 

 

 

 

Figure 63 - Dynamic shear modulus (G*) master curves of bitumens in virgin 
condition Tref=25ºC 
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Figure 64 – Phase Angle (º) master curves of bitumens in virgin condition Tref=25ºC 

 

 

 

Table 21 - 2S2P1D model and WLF equation parameters used to model the LVE 
behaviour of the bitumens aged in RTFOT. Tref = 25°C 

Bitumen G00 G0 (MPa) k h  E  C1 C2 (ºC) 

50/70-A RTFOT 0 730 0.21 0.60 1.90 1.2E-5 60 15.16 135.76 
50/70-B RTFOT 0 670 0.24 0.66 2.48 2.5E-5 37 14.93 135.77 
50/70-C RTFOT 0 840 0.19 0.53 1.89 2.6E-6 400 21.03 171.89 
50/70-D RTFOT 0 800 0.18 0.55 1.55 4.0E-6 300 20.39 171.89 
50/70-E RTFOT 0 790 0.20 0.52 1.85 8.0E-6 600 22.31 172.73 
50/70-F RTFOT 0 800 0.21 0.57 3.00 2.5E-6 2500 22.65 169.94 
50/70-G RTFOT 0 850 0.24 0.61 2.50 9.0E-6 100 18.95 164.80 
50-70-H RTFOT 0 900 0.18 0.58 1.96 8.0E-6 190 19.54 169.89 
50/70-I RTFOT 0 600 0.19 0.53 2.20 3.0E-6 3000 23.27 170.80 
30/45 RTFOT 0 900 0.18 0.55 1.90 1.2E-5 250 34.80 237.92 

60/85E RTFOT 0 1300 0.27 0.57 5.50 2.0E-6 2000 17.99 128.85 
AR RTFOT 0 800 0.28 0.68 4.80 6.0E-6 3000 13.49 107.99 
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Figure 65 - Shift factors aT of the RTFOT bitumens modelling with fitted WLF 
equation 

 

 

 

Figure 66 - Black diagram of the RTFOT aged bitumens 
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Figure 67 - Cole cole of the RTFOT aged bitumens 

 

 

Figure 68 - Bitumens |G*| master curves at 25ºC 

 

 

0

50

100

150

1E+0 5E+1 1E+2 2E+2 2E+2

Im
a
g

in
a
ry

 (
G

*)
 -

M
P

a

Real (G*) (MPa)

50/70-A RTFOT

50/70-B RTFOT

50/70-C RTFOT

50/70-D RTFOT

50/70-E RTFOT

50/70-F RTFOT

50/70-G RTFOT

50/70-H RTFOT

50/70-I RTFOT

30/45 RTFOT

60/85E RTFOT

AR RTFOT

1E-5

2E-3

4E-1

8E+1

1E-7 1E-5 1E-3 1E-1 1E+1 1E+3 1E+5

|G
*|

 (
M

P
a
)

aT x Freq (Hz)

50/70-A RTFOT

50/70-B RTFOT

50/70-C RTFOT

50/70-D RTFOT

50/70-E RTFOT

50/70-F RTFOT

50/70-G RTFOT

50/70-H RTFOT

50/70-I RTFOT

30/45 RTFOT

60/85E RTFOT

AR RTFOT

Tref=25ºC



135 

 

Figure 69 - Bitumens phase angle master curves at 25ºC 
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temperatures as well as the polymer modified one. These two conventional bitumens 

showed different results from the others in all the tests carried out and in the modelling. 

Finally, the third group of bitumens has a standard LVE behaviour for conventional 

bitumens. It is also observed that the bitumen 60/85E have higher values of the real 

portion of G*, that indicates a more elastic behaviour. 

 

 MIXTURES 

 

The experimental data obtained for bituminous mixtures used to perform the 

analysis presented in this chapter are fully presented in Appendix C. The LVE 

behaviour was obtained by average from three samples for each mixture. From the 

experimental data, 2S2P1D model was calibrated and the seven parameters of 2D 

2S2P1D model and the constants C1 and C2 of WLF equation were obtained, 

presented in Table 22. Figure 70 shows the shift factors aT of the mixtures modelling 

with fitted WLF equation. 

When analysing the parameters of the 2S2P1D model, some conclusions can 

be drawn. E0 (asymptotic glassy modulus) and E00 (asymptotic static modulus) highly 

depend on mixture composition (Di Benedetto et al., 2004). Therefore, since aggregate 

and particle size characteristics are the same for all mixtures parameters E0 and E00 

should be similar or equal. 

 

Table 22 - 2S2P1D model and WLF equation parameters used to model the LVE 
behaviour of the mixtures. Tref = 25°C 

Mixture E00 E0 k h  E  C1 C2 (ºC) 

50/70-A 30 27000 0.21 0.62 1.90 1.21E-02 900 34.59 238.12 
50/70-B 68 27800 0.24 0.65 2.48 1.28E-02 400 26.21 188.58 
50/70-C 55 27300 0.19 0.53 1.89 1.15E-02 700 27.42 188.04 
50/70-D 41 26500 0.18 0.56 1.55 1.46E-02 900 33.63 244.73 
50/70-E 55 27000 0.20 0.52 1.85 9.65E-03 700 27.30 183.99 
50/70-F 100 26000 0.21 0.50 3.00 7.07E-03 2500 27.03 216.72 
50/70-G 45 23000 0.23 0.65 2.60 3.00E-02 600 32.77 236.27 
50-70-H 35 26700 0.18 0.58 1.95 1.34E-02 900 33.56 238.34 
50/70-I 70 26500 0.19 0.50 2.20 7.12E-03 2500 33.57 235.94 
30/45 30 26700 0.19 0.56 1.90 5.98E-02 900 34.80 237.92 

60/85E 26 27345 0.21 0.57 2.25 1.06E-02 2000 31.77 224.14 
AR 30 26000 0.20 0.57 1.83 1.09E-02 3000 17.69 139.97 
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Figure 70 - Shift factors aT of the mixtures modelling with fitted WLF equation 

 

 

According to Table 22, when checking the E00 distinct groups are perceptible. 

The mixtures 50/70-B, 50/70-F and 50/70-I had values of close order and higher than 

the other mixtures, that had similar values from 26 to 55MPa. It is important to state 

that the modified bitumens did not have higher values of E00 as expected. For the E0, 

the values are within the same magnitude but also differ from each other with no 

defined pattern as to the type of bitumen. Thus, for this group of mixtures of the same 

granulometric composition, it is noticed that the variables E0 and E00, although strongly 

linked to the stone matrix, also suffer the influence of the bitumen, either by type or by 

bitumen content.  

Variations in model parameters may still be associated with the user's own 

adjustment (MANGIAFICO; SAUZÉAT; DI BENEDETTO, 2019). However, the 

coefficients of variation found for the data of this research in E0 and E00 are higher than 

those obtained in (Mangiafico et al. 2019), reinforcing that the user variability of the 

model is not predominant but rather of the characteristics of the mixtures.  

From Figure 71, a variation coefficient (%) of 4.41% was verified in the values 

attributed to the E00 parameter, with a maximum absolute difference of 3487MPa for 

the 50/70-G mixture. For the E0, the coefficient of variation resulted in 43.36% among 

the mixtures, with a maximum absolute variation of 51.25MPa for the 50/70-F mixture. 

For the twelve mixtures of the same granulometry, the standard deviation of the values 

assigned to parameters E0 and E00 is 21.13MPa and 1168MPa, respectively. 

1E-4

1E-3

1E-2

1E-1

1E+0

1E+1

1E+2

1E+3

1E+4

1E+5

1E+6

1E+7

-10 0 10 20 30 40 50 60

a
T

Temperature (C°)

50/70-A 50/70-B 50/70-C

50/70-D 50/70-E 50/70-F

50/70-G 50/70-H 50/70-I

30/45 AR 60/85E



138 

 

Figure 71 - E00 and E0 results and variation analysis 
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Figure 72 - Black diagram of the Brazilian bituminous mixtures 

 

Figure 73 - Cole-cole of Brazilian bituminous mixtures 
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varies by approximately 15° comparing all mixtures with the 50/70-F and 50/70-I, 

showing a more elastic behaviour than the others over the frequency and temperature 

scans tested. The other mixtures, included the modified ones, showed very similar E00, 

in addition to having a more active viscous portion with larger phase angles. On the 

other hand, the mixtures of 50/70-A, 50/70-B and 50/70-G have the highest phase 

angle value, so they have a more important viscous portion when compared to the 

elastic portion, which represents a greater energy dissipation or greater loss by internal 

friction. From this, it would be possible to infer that these two mixtures maybe are more 

likely to suffer damage in the field of plasticity (permanent deformation).  

Analysing the Real (E*) axis, it can be seen that the mixture with the highest 

elastic behavior is 50/70-B, followed by 60/85E, while the mixture with the lowest 

elastic behavior is 50/70-G and AR. 

To visualize the stiffness of the mixtures over the full spectrum of temperatures 

and frequencies, the master curves of the norm of complex modulus are constructed 

(Figure 74). The susceptibility of the stiffness response is verified as a consequence 

of bitumen type variation both for the high frequency and low temperature range (upper 

semi-log space region) as well as the low frequency and high temperature range 

(bottom region of the log-log space). The conventional 30/45 bitumen was led to the 

highest stiffness among the mixtures in most of the analysed low frequency spectrum. 

In contrast to this, the 50/70-A mixture have the lowest stiffness. The 50/70-F mixture 

has a marked stiffness gain over the others when analysing the low temperatures and 

high frequencies. The other mixtures exhibit intermediate behaviour to the others. 

It can be observed that the phase angle master curves (Figure 75) of the 

mixtures present high variations, suggesting a strong influence of the bitumen type on 

the different delays between applied stresses and measured deformations, reinforcing 

the analysis of the Cole-Cole plane and Black Diagram of the large variation in the 

viscous portion of the mixtures for different bitumen types. 
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Figure 74 - Experimental data and 2S2P1D simulated master curves of complex 
modulus at 25ºC, there is a zoom for high frequencies in the graph detail  

 

 

Figure 75 - Experimental data and 2S2P1D simulated phase angle master curves of 
mixtures at 25ºC 

 

1

10

100

1000

10000

1E-7 1E-5 1E-3 1E-1 1E+1 1E+3 1E+5 1E+7

|E
*|

 (
M

P
a
)

aT x Freq (Hz)

50/70-A
50/70-B
50/70-C
50/70-D
50/70-E
50/70-F
50/70-G
50/70-H
50/70-I
30/45
AR
60/85E

0

5

10

15

20

25

30

35

40

45

50

1E-7 1E-5 1E-3 1E-1 1E+1 1E+3 1E+5 1E+7

ϕ
(°

)

aT x Freq (Hz)

50/70-A

50/70-B

50/70-C

50/70-D

50/70-E

50/70-F

50/70-G

50/70-H

50/70-I

30/45

AR

60/85E

Tref=25ºC



142 

 

 FROM BITUMENS TO MIXTURES 

 

Syntetically, the parameters E* and G* were correlated (Figure 76) and it was 

verified what was also proven through the 2S2P1D modeling: the linear viscoelastic 

behavior of the bituminous mixtures inherits the behavior of the bitumen. In this section, 

considerations will be presented about the application of the mixture behavior 

prediction model by the bitumens from its 2S2P1D modeling correspondence and 

SHStS transformation. 

 

Figure 76 - G* (RTFOT) and E* at 25ºC and 10Hz R² correlation for all samples 
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upscaling bitumen to mixture may be suggesting that the ratio of loss modulus and 

storage modulus is altered at high rigidities. 

For parameter h, strongly linked to the phase angle at high temperatures and 

the adjustment of the loss/storage modulus ratio in the low rigidity zone, a strong 

relation is seen, where only two bitumens (50/70-F and AR) showed a drop in the 

values when upscaling bitumen to mixture. The AR bitumen, which is significantly more 

affected, has the second highest stiffness among the bitumens at high temperatures 

(65°C), while the mixture exhibits the third lowest stiffness at 54°C. 

 

Figure 77 - Mixture versus bitumen correlation of the variables k, h, δ and β of 
2S1P1D 
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The parameter β, for conventional bitumens, had higher values in the bitumen 

to mixture upscaling, except for the 50/70-I bitumen, which showed a significantly 

higher value. Bitumen 50/70-F also showed different values from those commonly 

found in conventional bitumen. Based on these values, it is suspected that the 

chemistry of these bitumens are very different and also there is the possibility of aging 

too much during production in refineries and storage. The modified bitumens also 

showed high β, mainly linked to higher rigidity and lower phase angle at the high 

temperatures, provided by the addition of the modifiers. 

 

4.3.2 SHStS transformation  

 

The Equation 6 developed by (DI BENEDETTO et al., 2004a) was used to obtain 

the complex modulus of mixtures from the bitumen modulus. This equation is easy to 

apply and efficient to predict the mixtures complex modulus from the bitumen one.  This 

relationship corresponds to the sequence of a shift along the horizontal axis, a 

homothetic transformation, a shift of characteristic time and a second shift along the 

horizontal axis in the cole-cole plane, known as the Shift-Homothety-Shift in time-Shift 

(SHStS) transformation. 

Figure 78 presents the master curves of complex modulus (right axis) and phase 

angle (left axis) of the experimental data of mixture (points) and the predicted behaviors 

of mixtures from the results of the bitumens tests on the DSR in bitumens (predictions 

from DSR are in red) using the SHStS transformation. 

In general, the SHStS transformation worked successfully for this group of 

samples, even though the 50/70-F, AR and 60/85E samples did not fit perfectly, it is 

possible to state that the SHStS transformation worked for Brazilian bitumens. The 

three mixtures that were not well predicted with the DSR results are different LVE 

mixtures because they are modified by polymer (60/85E) or rubber (AR) and the other 

(50/70-F) has unique characteristics in all tests and analyses. This 50/70-F behavior 

may be due to the origin of the oil, the production process and also possible chemical 

characteristics that result in a behavior similar to modified bitumens. 
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Figure 78 - SHStS transformation from bitumens to mixtures 
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4.3.3 Chemical parameters and rheology 

 

In order to understand and be able to define which are the most important 

multiscale correlations, considering the large amount of data obtained in this work, 

multivariate analysis was used. As a result of the analysis, it was possible to observe 

which variables were more relevant to the characteristics (compared by groups) of this 

set of 12 samples of bitumen and mixtures.  

The selected groups for the multivariate analysis of the LVE behavior are: 

Chemical main markers (filtered by type of analysis – molecular or elemental) and 

indexes versus the LVE behavior of bitumens (parameters like E*, G*, δ and the 

2S2P1D parameters). 

In multivariate data analysis, the instrumental response is represented in the 

form of an X matrix, while the property of interest, measured by a reference method, is 

represented by a Y vector. In the X matrix, each line corresponds to a sample and each 

column refers to a variable, that is, a measurement made for all samples (FERREIRA 

et al., 1999). 

There are some data pre-treatment methods, the one used in this work was the 

autoscaling (also known as standardization). This method consists of centering the 
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data on the mean and dividing them by the standard deviation, making all the variables 

have the same variance. Autoscaling is recommended when variables have different 

units or when data have a wide range of variation because it equals the impact of each.  

Principal Component Analysis (PCA) is a method of exploratory data analysis 

that was introduced in 1901 by Karl Pearson. Its main objective is to reduce the 

dimensionality of the original dataset, preserving and expanding the relevant 

information, making its visual analysis simpler (FERREIRA, 2015) in the X-loagding 

graphs. This is possible through the establishment of new orthogonal variables, called 

principal components (PCs). PCs are linear combinations of the original variables and 

are organized in descending order of importance. In this sense, the first principal 

component (PC1) is the linear combination of maximum variance of the original data, 

the second (PC2) is orthogonal to PC1 and presents the largest variance in this 

subspace. The application of PCA makes it possible to graphically visualize the entire 

dataset, increasing its understanding and examining the presence or absence of 

groupings between samples. The method is based on the decomposition of the X 

matrix of data into a matrix of scores (T) and a matrix of weights (P), as described in 

Equation 19. 

𝑋 = 𝑃𝑇𝑇 + 𝐸                  (19) 

Where PT is the transposed matrix of weights, T is the matrix of scores and E is 

the matrix of residuals. The Unscrambler software version 9.7 was used for the 

calculations. Figure 79 shows the steps of the statistical analysis used in this thesis. 

With the X-loadings graph clues, it is possible to start the correlations trying the 

R² of Excel for each close combination. In this case, the interest variables are the G* 

or E*, δ and the 2S2P1D parameters. For the LVE analysis, as an example, Figure 76 

shows the results of R² correlation between the High molecular size (%HMS form HP-

GPC analysis) and the E00 from mixtures. This and others expected an unexpected 

correlations were observed in the X-loading graph because of the variables proximity 

with the interest variable. 
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Figure 79 – Statistical analysys steps: selection of groups, The Unscrambler PCA, 
Excel R² for the best correlated variables 

 

According to (YUSOFF; MONIEUR D.; G. D., 2010), the criteria for goodness of 

fit statistics is showed in Table 23. This procedure to choose the variables to be 

compared as well as to obtain the R² correlation was done in a similar way for the 

permanent deformation and fatigue analyses. For this work, the R²>0.70 was chosen 

as the minimum criterion to consider the relationship good and only these will be 

shown. 

 

Table 23 - Criteria for goodness R² of fit statistics 

 

Source: Yusoff et al. (2010). 

  

Figure 80 shows R² that results in a good correlation between the % of high size 

molecules in bitumen (HP-GPC %HMS) and the G* RTFOT DSR test result at 25ºC at 

10Hz. It can be seen that the higher the % of high molecular size particles, the lower 

is the modulus of the bitumen in this temperature. The samples 50/70-A, D and G were 
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excluded in this R² analysis because they present a three times lower amount of heavy 

molecules in their composition when compared to the others. 

 

Figure 80 - R² correlation between % of high size molecules in bitumen (HP-GPC 
%HMS) and the G* DSR RTFOT test result at 25ºC at 10Hz 

 

 

Since the relations showed in Figures 76 and 80 are good, it is possible to 

construct the Figure 81 that demonstrated a good correlation between the chemical 

marker of the % of high size molecules in bitumen (HP-GPC %HMS) and the mixture 

E* at 25ºC and 10Hz. Note that this correlation is between chemical and mixture scales 

just as an extension of the bitumen and chemical correlation because the bitumen and 

its bituminous mixtures have similar and well correlated behaviour. The samples 50/70-

A, D and G were excluded in this R² analysis because they present a three times lower 

amount of heavy molecules in their composition when compared to the others. It can 

be seen that the higher the % of high molecular size particles, the lower is the modulus 

of the bituminous mixture in this temperature. 

Like Figure 80, Figure 81 also shows the correlation: The higher the modulus, 

the less the % of high-size molecules. Physically, this correlation was expected to be 

opposite, considering that the high % of high-sized molecules tend to stiffen materials 

(just the opposite of what was observed for these materials). However, there are other 

possible explanations. Stiffness depends not only on the size of the molecules, but 

also on the type of molecules. Polythiophenes are molecules with large size resulting 

from the polymerization of sulphur and may be responsible for lubrication between 
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molecules and reducing stiffness under some types of loading. In addition, there is the 

possibility of the formation of porphyrins, which are large, polar and reactive molecules 

that could influence the modulus. As there are no results for total polythiophenes and 

porphyrins for these samples, it is impossible to establish the cause of the reduction in 

stiffness with increasing % of high size molecules. 

 

Figure 81 - Correlation of E* at 25ºC and 10Hz from mixtures and HP-GPC %HMS of 
the bitumens 

 

Figure 82 shows the good correlation between G* 65ºC RTFOT 1Hz versus 

Total Sulfur % in 50/70-A, B, C, D, G, I, 30/45 and 60/85E bitumen samples. It can be 

seen that the higher Sulfur content in bitumen, the higher the G* is. In general, Sulfur 

make the bitumen more prone to react with Oxygen and this can increase the chance 

of hardening of the material, so the more S% the bitumen has in virgin condition, the 

harder it becomes with aging. 

The Figure 83 corelates G* 65ºC 1Hz and Nickel (ppm) in bitumen samples, the 

R² shows a good relation and indicates that the Nickel can be a marker to know the 

stiffness of the bitumen. All the samples results were used in this correlation, except 

the ones that the Ni speciation results are not available yet (50/70-F and AR). 
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Figure 82 - G* 65ºC RTFOT 1Hz versus % of Total Sulfur R² in bitumen samples  

 

 

Figure 83 - G* RTFOT 65ºC 1Hz versus Nickel (ppm) R² in bitumen samples 

 

 

These correlations can help in the chemical selection of crude oils that produce 

more balanced bitumen in terms of stiffness, placing in the bitumen market with less 

properties variation and meeting the demands of required rheological behavior. 
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5 PERMANENT DEFORMATION 

 

 

 BITUMENS 

 

The experimental data obtained for bitumens used for the analysis presented in 

this chapter are fully presented in Appendix D. The Multiple Stress Creep and 

Recovery (MSCR) test, that measure the permanent deformation of bitumen, was 

performed in three temperatures: 58ºC, 64ºC and 70ºC. These temperatures cover the 

temperatures required for all Brazilian regions. To determine the traffic classe that goes 

in the PG classification, it is necessary to perform the MSCR test at the temperature of 

the high temperature PG. Most bitumens in this research had high temperature PG 

equal to 64ºC, except for 50/70-C (58ºC), 30/45 and AR (70ºC). Table 24 and the 

graphs from Figures 84 and 85 shows the results of Non-recoverable creep compliance 

Jnr0.1kPa, Jnr3.2kPa and JnrDIFF and the percent recovery (R%)  at 0.1kPa and 3.2kPa 

for the bitumen studied at the three temperatures tested. Higher resistance to 

permanent deformation is correlated with lower JnR3.2 values. The result of the letter 

that indicates the traffic for each bitumen is also presented, according to Table 2 and 

AASHTO T 332-2018. The bitumens 50/70-G and AR didin’t reach the minimum Jnr3.2 

result (4.5) to be classified as Standard traffic considering their PG result for high 

temperatures. 

It can be seen that the thermal susceptibility has a great weight in the analysis 

of permanent deformation. At the milder temperature (58°C), bitumens have practically 

the same behavior, however when the test temperature is 64°C or 70°C there is a 

greater distance between the points, indicating that some samples are more 

susceptible to permanent deformation when at higher temperatures. 
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Table 24 - MSCR PG traffic classification, Jnr0.1, Jnr3.2, Jnr,diff, R0.1 and R3.2 
results 

Mixture PG Traffic Classification Parameter/Temperature 58 °C 64 °C 70 °C 

50/70-A 

 Jnr 0.1 1.831 4.436 9.647 

 R 0.1 1.681 0 0 

S – Standard Traffic Jnr 3.2 1.948 4.483 10.299 

 R 3.2 0 0 0 

 JnrDIFF 6.38 5.56 6.75 

50/70-B 

 Jnr 0.1 1.606 3.911 8.541 

 R 0.1 2.036 0 0 

S – Standard Traffic Jnr 3.2 1.715 4.132 9.117 

 R 3.2 0 0 0 

 JnrDIFF 6.81 5.65 6.74 

50/70-C 

 Jnr 0.1 1.51 4.489 10.426 

 R 0.1 4.329 1.682 0 

H – Heavy traffic Jnr 3.2 1.706 5.209 11.844 

 R 3.2 0.254 0 0 

 JnrDIFF 12.97 16.02 13.59 

50/70-D 

 Jnr 0.1 1.545 3.473 8.406 

 R 0.1 5.276 0.74 0 

S – Standard Traffic Jnr 3.2 1.751 3.829 9.224 

 R 3.2 0.056 0 0 

 JnrDIFF 13.34 10.26 9.73 

50/70-E 

 Jnr 0.1 1.242 3.182 7.236 

 R 0.1 4.647 1.564 0 

S – Standard Traffic Jnr 3.2 1.368 3.549 8.011 

 R 3.2 0.669 0 0 

 JnrDIFF 10.11 11.52 10.71 

50/70-F 

 Jnr 0.1 0.623 1.443 3.352 

 R 0.1 23.905 16.253 9.278 

S – Standard Traffic Jnr 3.2 0.827 2.06 4.89 

 R 3.2 8.69 2.172 0 

 JnrDIFF 32.84 42.72 45.9 

50/70-G 

 Jnr 0.1 1.359 4.383 7.727 

 R 0.1 4.388 1.535 0 

Higher than 4.5 – not meet MSCR 

criteria in PG temperature 
Jnr 3.2 1.492 5.031 8.371 

 R 3.2 0.591 0 0 

 JnrDIFF 9.78 14.77 8.33 

50/70-H 

 Jnr 0.1 1.001 2.462 5.795 

 R 0.1 4.031 0.762 0 

S – Standard Traffic Jnr 3.2 1.073 2.615 6.134 

 R 3.2 1.047 0 0 

 JnrDIFF 7.12 6.23 5.84 

50/70-I 

 Jnr 0.1 0.875 2.348 5.706 

 R 0.1 18.954 10.183 3.189 

S – Standard Traffic Jnr 3.2 1.19 3.309 7.579 

 R 3.2 4.608 0 0 

 JnrDIFF 35.97 40.89 32.82 

30/45 

 Jnr 0.1 0.604 1.588 2.839 

 R 0.1 6.995 3.677 1.574 

S – Standard Traffic Jnr 3.2 0.641 1.749 3.106 

 R 3.2 3.285 0.002 0 

 JnrDIFF 6.18 10.16 9.4 

60/85E 

 Jnr 0.1 0.203 0.423 0.947 

 R 0.1 76.758 75.739 72.397 

V - Very Heavy Traffic Jnr 3.2 0.314 0.808 2.484 

 R 3.2 64.699 54.289 31.666 

 JnrDIFF 54.58 90.94 162.4 

AR 

 Jnr 0.1 1.642 4.238 9.457 

 R 0.1 3.902 0.832 0 

Higher than 4.5 – not meet MSCR 
criteria in PG temperature 

Jnr 3.2 1.826 4.692 10.226 

 R 3.2 0.059 0 0 

 JnrDIFF 11.2 10.7 8.13 
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Figure 84 - Jnr0.1 results for the 12 bitumens tested in 58ºC, 64ºC and 70ºC 

 

 

Figure 85 – Jnr3.2 results for the 12 bitumens tested in 58ºC, 64ºC and 70ºC 

 

 

From Figure 85 it is feasible to infer that the bitumens 60/85E, 30/45 and 50/70-

F have the lower values of Jnr3.2 indicating that possibly they are more resistant do 

permanent deformation. The bitumen 50/70-A, 50/70-C and AR Jnr3.2 results indicates 

that maybe these bitumens and bituminous mixtures will present inferior performance 

of permanent deformation. 

The Figure 86 is an example of the graph with the accumulation of deformation 

at 3 temperatures during the MSCR tests in the conventional bitumen 30/45. This 
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bitumen graph shows a typical behaviour presented by conventional bitumens. The 

plateau of the graphs indicates the rest periods during the test. It is possible to observe 

that the higher temperatures lead to higher values of the shear strain accumulation that 

meand more permanent deforation accumulated in the sample. That is why it is 

important to see the MSCR results in the high PG temperature and when compare 

graphically to others bitumens use the same temperature. The Figure 87 shows the 

50/70-F MSCR graphs where it is possible to see a discrete angulation of the plateau 

indicating that this bitumen has a little recovery in the rest periods. The Figure 88 

shows the same graph for the polymer modified bitumen and the recovery is marked 

in the rest periods. 

The R parameter, which indicates the recovery of the material in the test rest 

period, is more used to see the behavior of modified bitumen and therefore the 

recovery value for both creep stress is zero in most conventional bitumen at higher 

temperatures. However, it can be seen that the bitumen 50/70-F show an atypical 

behaviour for a conventional bitumen: it recovers a little even in high temperatures and 

creep stress, indicating that maybe this bitumen and its bituminous mixture is better 

when subjected to permanent deformation. Even so, the recovery of the 50/70-F 

bitumen does not have the same scale as the 60/85E. 

 

Figure 86 - Graph with the Shear strain acumulation (%) of sample 30/45 during the 
300s of MSCR test at 3 temperatures 
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Figure 87 - Graph with the Shear strain acumulation (%) of sample 50/70-F during 
the 300s of MSCR test at 3 temperatures 

 

Figure 88 - Graph with the Shear strain acumulation (%) of sample 60/85E during the 
300s of MSCR test at 3 temperatures 
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plastic deformations. 
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modified bitumen 60/85E, which reinforces the importance of the MSCR permanent 

deformation test to improve the PG classification, since only PG cannot perfectly infer 

damage when it comes to polymer modified bitumens. 

 

Figure 89 – Correlation between Jnr3.2 and the continuos PG (RTFOT) 

 

 

 MIXTURES 

 

The Hamburg test was performed for three of the twelve mixtures, and the 

results for each sample and avarege are in Table 25. The Hamburg test results were 

satisfactory since the maximum deformation of -6mm, defined by the method, was not 

reached.  

 

Table 25 - Hamburg test results 

Mixtures Sample Results (mm) Averege (mm) 

50/70-C 
A -4.3 

-3.00 
B -1.7 

60/85E 
A -1.3 

-1.25 
B -1.2 

AR 
A -0.7 

-0.85 
B -1.0 

 

The Flow Number tests were performed and the results were calculated by 
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Table 26 - Flow number results and Francken parameters for the mixtures 

Mixtures Specimen FN 
Average 

FN 
CV 
(%) 

Francken parameters 

A B C D 

50/70-A 
 

1A 122 

128 8.12 

805.33 0.619 136.227 0.016 

1V 122 1189.79 0.520 622.683 0.010 

2 140 823.04 0.605 63.914 0.017 

50/70-B 
 

1 16 

18 16.34 

nc nc nc nc 

2 21 nc nc nc nc 

3 16 nc nc nc nc 

50/70-C 
 

1 184 

176 9.39 

869.20 0.556 391.960 0.008 

2 187 655.10 0.611 123.255 0.011 

3 157 904.81 0.569 161.366 0.012 

50/70-D 
 

6 142 

132 9.46 

944.92 0.587 135.702 0.014 

7 118 1062.73 0.579 203.446 0.015 

19 136 862.49 0.600 160.753 0.014 

50/70-E 
 

1 16 

17 14.49 

nc nc nc nc 

2 16 nc nc nc nc 

3 21 nc nc nc nc 

4 16 nc nc nc nc 

50/70-F 
 

14 224 

233 5.17 

238.79 0.728 30.449 0.011 

16 233 216.03 0.749 20.003 0.012 

25 241 193.27 0.771 9.597 0.013 

50/70-G 
 

17 78 
70 17.30 

1439.95 0.571 407.582 0.019 

18 61 1171.65 0.634 284.316 0.026 

50/70-H 

9 156 

165 11.61 

1039.52 0.547 633.076 0.008 

10 187 985.73 0.529 453.643 0.008 

11 152 924.03 0.571 293.289 0.011 

50/70-I 
 

1 18 

21 23.12 

nc nc nc nc 

2 27 nc nc nc nc 

3 19 nc nc nc nc 

30/45 
 

2 217 
214 2.32 

1039.99 0.525 382.870 0.007 

3 210 1035.86 0.531 302.089 0.008 

60/85E 
 

21 172 
158 12.53 

472.53 0.660 189.310 0.010 

27 144 535.07 0.680 29.390 0.020 

AR 

30 120 

124 7.47 

390.82 0.740 31.780 0.020 

13 118 400.55 0.740 47.130 0.020 

2 135 459.35 0.710 22.140 0.020 

nc= not calculated by Francken method. These samples lasted few cycles, these FN results are from 
UTM-25 cycles counting) 
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The ranking on the results of the Hamburg test differs from the FN results 

because the mixture with rubber bitumen showed greater resistance to damage by 

permanent deformation in Hamburg compared to the samples of conventional and 

polymer modified bitumen, which had greater rutting considering the same level of 

traffic at the test. In Hamburg test the AR performed better than the 60/85E and the 

50/70-C while in FN the 50/70-C had the best result followed by the 60/85E and then 

the AR. The Jnr3.2 parameter also demonstrated that the AR bitumen is prone to have 

worse behavior to permanent deformation when compared to others. 

The FN results of this research are within the expected range for conventional 

bitumen mixes. It is known that rubber bitumen has an atypical behavior in the FN test, 

even more considering that this bitumen performed well in the MSCR and Hamburg 

test. When comparing the results of this research with the results of the research by 

Faccin (2021) which used 32 mixtures tested in the field and FN in laboratory, it is 

possible to confirm that the range of FN results from 17 to 214 is close to the range 

found by the author for mixtures produced with these types of bitumens (from 132 to 

822 in 50/70 mixtures and from 175 to 986 cycles in 60/85 mixtures). Still, it is possible 

to observe that the harder bitumen (30/45) obtained a better performance in the FN 

test indicating that this bitumen probably resists more permanent deformation as does 

50/70-F. The 50/70-F is an atypical bitumen in all other tests performed in this thesis, 

and is considered a conventional bitumen with superior performance as it is more 

resistant to permanent deformation corroborating with its MSCR results that indicates 

an atypical recovery for conventional bitumens. Even though 50/70-F is part of the 

50/70 bitumen class, it has properties similar to those of modified or harder bitumen 

like 30/45. Still, the FN results for 50/70 bitumens do not differ much from each other 

(they are on the same scale), considering that FN test results for hot bituminous 

mixtures can vary between 0 and more than 10000 cycles. 

The Figure 90 shows the FN results of this research with the traffic limits shown 

in Table 6 for the authors that applied the same Stress (204kPa) and temperature 

(60ºC) in their tests to define the limits. 
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Figure 90 - FN results with the traffic limits showed by the authors Nascimento 
(2008), Bastos et al. (2017), Franco and Motta (2020) and Faccin et al. 
(2021) 

 

 

Observing the classes defined by MeDiNa and the classes found for PG in the 
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S-Standard traffic for most bitumen except the 50/70-C and the 60/85 that had H-Heavy 
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mixtures formed by these two bitumen are in Class 2 (traffic less than 1E6 in severe 

conditions), so they did not reach Class 3 of MeDiNa, which considers heavy traffic in 

severe conditions (from 1E6 to 1E7). 

According to Nascimento (2008) criteria, none of these mixtures achieve the 

performance to be applied on medium-traffic roads (FN of 300 is required). Bastos et 

al. (2017) and the MeDiNa - Franco and Motta (2020) consider that FN<100 is for low 

traffic, so the mixtures that can be used for low traffic considering these parameters 
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(2008), Faccin et al. (2021), Bastos et al. (2017) and Franco and Motta (2020) used 

the same Stress condition of this thesis (204kPa). That is why the AAT (2011) and 

Bonaquist (2012) criteria consider the mixtures of this thesis adequate fot medium and 

heavy traffic, and maybe are not adequate to classify these mixtures since they used 

600kPa in the FN test. But, according to AAT (2011), the mixtures 50/70-A, C, D, G, 

H, 60/85 and AR are classified to medium traffic and the mixtures 50/70-F and 30/45 

to heavy traffic. Considering the Bonaquist (2012) FN criteria, that the mixtures 50/70-

B, E, G and I can be selected to low traffic, the mixtures 50/70-A, D, G and AR to 

medium traffic and the others for heavy traffic. Despite that, the conclusion is that all 

the mixtures tested for this thesis are classified for low traffic.  

The Figure 91 (A) shows the good correlation that both parameters in mixture 

escales have: E* at 54ºC 1Hz and the FN at 60ºC results for the conventional and the 

polymer modified mixture. The FN results of the 50/70-B, E, G and I mixtures were 

excluded as they had a very low FN result, and some of them did not have the results 

calculated in the same way as the others by the Francken method. Even so, the higher 

the modulus E* of the mixture, the more prone to have good behaviour when subjected 

to permanent deformation damage. However, as Figure 91 (B) when adding the AR 

mixture, the R² correlation decrease. 

 

Figure 91 - FN and E* 54ºC 1Hz of samples (A) 50/70-A, C, D, F, H, 30/45 and 
60/85E and the (B) with AR 
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 CORRELATIONS BETWEEN BITUMENS AND MIXTURES PROPERTIES 

 

As the FN results for the bitumens 50/70-B, 50/70-E, 50/70-G and 50/70-I were 

remarkably low and were not calculated by Francken method because of the short 

duration of the test, the analysis comparing FN and Jnr with the other parameters (G*, 

E*, chemical markers) don’t take into account these out of line FN results. 

Even the bitumens 50/70-B, 50/70-E and 50/70-I having intermediate behaviour 

in the MSCR results, they show awfully bad results in FN. The Bitumens 50/70-A, C 

and AR showed the worst results in the MSCR Jnr parameter, however, they obtained 

intermediate results when it comes to the FN, indicating that for this set of samples the 

MSCR, the FN and the Hamburg test do not have good correlation.  

The FN and Jnr3.2 correlation of the samples 50/70-A, C, D, F, H, 30/45 and 

AR is in Figure 92, where the R² indicate a good correlation between these different 

scales variables. For those bitumens and mixtures, the Jnr3.2 can partially explain the 

FN results of the bituminous mixtures. 

 

Figure 92 - FN and Jnr3.2 correlation of the samples 50/70-A, C, D, F, H, 30/45 and 
AR 
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permanent deformation. This correlation can be explained because the Sulfur content 

indicates a greater reactivity of the sample and may be linked to its hardening, which 

is good when it comes to permanent deformation. 

Figure 94 demonstrate the correlation between Nickel content and the Jnr3.2 

results for all samples at MSCR test temperature equal 64ºC. It is inferred from the 

figure that the Nickel content contributes for the resistance to permanent deformation 

in this group of samples, since the higher the Nickel content, the lower the Jnr result. 

This correlation just work for the conventional bitumens.  

 

Figure 93 - S% total versus Jnr3.2 R² correlation considering all samples 

 

Figure 94 -  Nickel content versus Jnr3.2 results of conventional bitumens 
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6 FATIGUE 

 

Fatigue is one of the major failure modes in layers of asphalt concrete, and is 

characterized by the accumulation of damage by traffic loading. This fact generates a 

progressive micro-cracking process that culminates in the development of fractures 

and, consequently, in the rupture of the material. Understanding the behavior of 

asphalt mixtures under induction of repetitive loads is essential to correctly predict the 

fatigue phenomenon and pavement performance. The laboratory tests are the main 

resource for the study of the fatigue phenomenon in asphalt mixtures. In the laboratory, 

the fatigue tests basically consist of the cyclic repetition of loading until the failure of 

the material. In general, during the application of the cycles, the dynamic module 

decreases, while the phase angle of the material increases. Fatigue failure, however, 

does not necessarily coincide with the macroscopic fracture of the sample, being 

associated with different approaches, often still in the state of micro cracking. 

 

 BITUMENS 

 

The LAS test was performed on a linear ramp of strain amplitudes from 0.1% to 

30%, at a constant frequency of 10 Hz for 300 seconds. The material integrity curves 

(C) versus damage accumulation (S) of bitumens are in Figure 95. They were 

calculated using simplified VECD techniques according to the AASHTO TP 101 2014, 

where the value of D(t) at failure, Df, is defined as the D(t) which corresponds to the 

reduction in initial |G*| at the peak shear stress. It is possible to verify from CxS that 

the bitumen presents similar behavior of loss of integrity as they accumulate damage. 

As an exception, the 30/45 bitumen presents a greater loss of integrity for the same 

amount of induced damage, while the 50/70-F exhibits a lower loss of integrity for the 

same damage value than the others. However, the C vs S curves are not sufficient to 

analyse the fatigue strength of materials, so the definition of fatigue failure must be 

considered for such analysis. For a better understanding of the fatigue behavior of 

bitumens, the maximum pseudo storage energy peak (Max PSE) parameter was used 

to determine fatigue failure.The experimental data obtained for bitumens used to 

perform the analysis presented in this chapter are fully presented in Appendix E. 

Strains of 1.25%, 2.5% and 5% at 19ºC were simulated and the Nf versus strain 

results curves are shown in the Figure 96. It’s observed that the bitumen 50/70-I and 
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50/70-F seems to be more resistent to fatigue damage in this test condition. The 

polymeric bitumen, 60/85E, resist less cycles than these two conventional bitumens. 

The bitumen fatigue factor was also calculated (Equation 7 and Table 27) considering 

the area below the Whöler curves generated by the fatigue prediction using the 

AASHTO TP 101 2014 equations, and the Nascimento (2021) criteria results are also 

showed. 

 

Figure 95 - Bitumens integrity (C) versus damage accumulation (S) curves 

 
 

Figure 96 – Simulated Wöhler curves of bitumens from LAS test 
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Table 27 - Bitumen fatigue factor: FFBpse at 19ºC 

BITUMEN FFBPSE 19°C 
Nascimento (2021) 

classification 

50/70-A 1.36 3 - Average 
50/70-B 1.37 3 - Average 
50/70-C 1.48 4 - Superior 
50/70-D 1.39 3 - Average 
50/70-E 1.47 3 - Average 
50/70-F 1.85 5 - Excelent 
50/70-G 1.44 3 - Average 
50-70-H 1.44 3 - Average 
50/70-I 1.81 5 - Excelent 
30/45 1.46 3 - Average 

60/85E 1.52 4 - Superior 
AR 1.44 3 - Average 

 

The bitumen fatigue fator (FFB) of the most conventional bitumens of this 

research were considered “Medium” in Nascimento (2021) ranking according to the 

Table 7 and Figure 97. The modified bitumens 50/70-C and 60/85E ares considered 

“Very good” in this ranking, while 50/70-F and 50/70-I presented the higher values of 

FFB and since they present FFB>1.57 they are in “Excellent” range ranking. Most 

conventional bitumens are in the “Medium” range. 

 

Figure 97 - Nascimento (2021) FFBpse at 19ºC goodness criteria 
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The classification criterion of bitumens used in this research was the ranking of 

FFBpse 19ºC according Nascimento (2021). However, there are other criteria for 

interpretation that could be tested in the future. 

 

 MIXTURES   

 

The specimens of mixtures were submitted to three or four different strain 

conditions in the Direct Tension Cyclic Fatigue Test. Wöhler curves propose a 

relationship between the fatigue performance of a material and the stress and can thus 

be used to calculate other desired strains by the potential equation that represents the 

points. The rupture criterion used is proposed by (KIM; LITTLE; LYTTON, 2003) and 

consists in identifying the phase angle peak point that is considered as representative 

of a change in the mechanical behavior of the material due to the accumulation of 

fatigue damage. The number of cycles corresponding to the phase angle peak is taken 

as the fatigue life Nf (failure). 

The procedure used for data processing was presented by the authors 

Babadopulos (2014), Nascimento (2015), Boeira (2018), Possebon (2018) and 

Schuster (2019). The experimental results of strain and Nf are shown in Table 28 and 

were used to generate Wöhler curves. The results can be seen under the view of the 

classic approach with the Wöhler curves in Figure 98. 

The tests were carried out under different conditions, varying the strain 

amplitude. One sample was used for each of the four different target strain levels 

(about 100, 125, 150, 200 and 250μS). Before each fatigue test, a short-term tensile-

compression dynamic modulus test (fingerprint test) was performed to obtain the 

variation in stiffness between the samples. Finally, to compare the fatigue cracking 

resistance of different mixtures, relationships between the energy-based fatigue failure 

criterion (GR) and number of load cycles to failure were developed. 

The failure criterion is defined as the relationship between the average rate of 

pseudostrain energy release up to failure (GR) and fatigue life (Nf). This failure criterion 

is unique to loading and temperature history and allows the prediction of when failure 

will occur in predictions of damage evolution.  

For the set of curves of each mixture, a fitting was made, to obtain the 

characteristic curve of the mixture. The Power Law equation (or fitting curve 
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characteristic of the material) must be like: 𝐶 = 1 − 𝐶11 ∗ 𝑆𝐶12, where C11 and C12 are 

the constants. 

It is observed that the results presented were obtained in different load 

amplitudes, indicated by the initial strain amplitude (ε) measured with the LVDTs. The 

evolution of material integrity and the accumulated damage versus reduced time (after 

application of the time-temperature superposition principle) are very different for the 

four tests. To validate the hypothesis that the C versus S curve is a material property, 

independent of the loading conditions and temperature for a given material, as shown 

by Daniel & Kim (2002) for asphalt mixtures, the curves obtained for each sample 

should be overlaped. 

It is possible to verify that all tests were performed successfully because, 

although with different strains, the samples of the same mixture had the same behavior 

against damage. This verification is valid because the CxS curves of the samples of 

the same mixture overlap according to the S-VECD precepts, as well as in the mixture 

30/45 used as an example in Figure 99. This model was built for all mixtures and the 

damage characteristic curves (C versus S) of mixtures were obtained from fitted curves 

of each mixture (Figure 100).  

With the results obtained in the test, a calculation routine was performed to 

obtain the fatigue parameters of each specimen. The CxS curve was fitted to obtain 

parameters C11 and C12. The Y and ∆ values are coefficients of the Gr curve (average 

rate of change of pseudo strain energy released per test cycle) versus Nf (Phase angle 

peak), as shown for each mixture in Table 29 and the curves in Figure 101. 

In addition to Gr, C, S, Nf, the peak-to-peak strains were also obtained, the 

|E*|lve (linear viscoelastic dynamic modulus obtained in the fingerprint test), α (damage 

evolution rate), among other parameters that are resulting from the routine of 

calculation of the results of the module fingerprint and fatigue. The versatility of the S-

VECD model allows the use of these parameters to obtain the damage characteristic 

curve and also failure criteria to estimate the fatigue behavior of the material tested 

under various loading conditions. 
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Table 28 - Inicial strain and test result of Nf for each mixtures samples 

Mixture Sample Inicial Strain (µs) Nf 

50/70-A 

2 170 23760 

3 218 5234 

4 151 42620 

6 260 4050 

50/70-B 

5 261 4800 

6 205 6750 

10 176 27400 

50/70-C 

2 143 73178 

3b 176 19750 

4 291 3189 

6 230 16723 

50/70-D 

4 133 70180 

10 175 30565 

11 215 4354 

12 250 5992 

50/70-E 

6 255 7400 

11 217 11750 

12 173 37200 

50/70-F 

6 222 33315 

9 186 26790 

10 271 6696 

20 154 44500 

50/70-G 

22 229 10092 

23 275 4847 

24 174 24752 

50/70-H 

4 174 53995 

6 220 15706 

7 150 35452 

8 268 1224 

50/70-I 

5 273 6336 

6 239 26731 

22 205 47126 

30/45 

6 254 6142 

5 203 14400 

9 146 80833 

4 165 40788 

60/85E 

10 206 20615 

18 258 13868 

19 312 9453 

AR 

23 206 16098 

31 245 7225 

32 179 54537 

35 185 12204 
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Table 29 – Mixtures Nf and Gr results 

MIXTURE SAMPLE INICIAL STRAIN (μS) NF GR 

50/70-A 

2 170 23760 13.4 
3 218 5234 123.0 
4 151 42620 6.3 
6 260 4050 187.5 

50/70-B 
5 261 4800 158.0 
6 205 6750 25.4 

10 176 27400 14.0 

50/70-C 

2 143 73178 3.5 
3b 176 19750 20.1 
4 291 3189 324.2 
6 230 16723 64.9 

50/70-D 

4 133 70180 4.0 
10 175 30565 12.5 
11 215 4354 87.6 
12 250 5992 97.2 

50/70-E 
6 255 7400 69.4 

11 217 11750 41.3 
12 173 37200 10.7 

50/70-F 

6 222 33315 25.2 
9 186 26790 20.9 

10 271 6696 151.3 
20 154 44500 6.7 

50/70-G 
22 229 10092 49.4 
23 275 4847 136.8 
24 174 24752 13.1 

50/70-H 

4 174 53995 3.3 
6 220 15706 24.7 
7 150 35452 4.4 
8 268 1224 626.0 

50/70-I 
5 273 6336 125.1 
6 239 26731 32.3 

22 205 47126 10.1 

30/45 

6 254 6142 107.3 
5 203 14400 24.0 
9 146 80833 3.6 
4 165 40788 11.7 

60/85E 
10 206 20615 31.8 
18 258 13868 82.4 
19 312 9453 153.7 

AR 
23 206 16098 28.6 
31 245 7225 109.8 
32 179 54537 8.0 



171 

 

Figure 98 - Wöhler curves of twelve mixtures (Nf obtained in the tests) 

 

 

 

Figure 99 - Material integrity curves (C) versus damage accumulation (S) of each 
sample and fitting curve of the 30/45 mixture 
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Figure 100 - C verus S fitting curves of all mixtures 

 

 

Figure 101 - GR versus Nf curves of each mixture 
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After applying Nascimento's equations (2016), NfN values were calculated for 

each mixture. The calculated NfN and the average test strains that were used are 

shown in Table 33. The lines in Figure 102 represent the model proposed by the 

author, which by applying the test parameters in Equation 14 predicts the NfN for each 

test strain. 

 

Table 30 - Parameters C11, C12, Y, ∆, α and |E*|lve used to calculate NfN by the 
Nascimento equation (2016) 

Mixture 
Fitting CxS curves GrxNf curves indexes 

α |E*|lve (kPa) 
C11 C12 Y ∆ 

50/70-A 0.00039 0.65159 2.99E+07 -1.45 2.808 1.06E+07 

50/70-B 0.00046 0.63283 1.02E+06 -1.11 2.944 9.19E+06 

50/70-C 0.00019 0.71219 4.69E+07 -1.45 2.888 9.93E+06 

50/70-D 0.00028 0.67402 1.91E+06 -1.16 3.039 1.04E+07 

50/70-E 0.00031 0.6571 2.11E+06 -1.16 2.952 8.75E+06 

50/70-F 0.00209 0.48447 1.26E+07 -1.28 3.910 7.43E+06 

50/70-G 0.00037 0.6542 1.62E+07 -1.38 2.910 9.07E+06 

50/70-H 0.00017 0.72378 1.54E+07 -1.41 2.910 9.47E+06 

50/70-I 0.00046 0.63283 1.02E+06 -1.11 2.944 9.19E+06 

30/45 0.000053 0.79893 4.38E+06 -1.23 2.931 1.30E+07 

60/85E 0.00054 0.60966 1.81E+10 -2.02 3.003 9.42E+06 

AR 0.00029 0.64649 8.33E+06 -1.28 2.968 9.16E+06 

 

Table 31 - NFN results calculated by the equation of Nascimento (2016) 

Mixture 
NfN 1 NfN 2 NfN 3 NfN 4 

150 μS 200 μS 250 μS 300 μS 

50/70-A 1.26E+05 3.04E+04 1.01E+04 4.10E+03 

50/70-B 1.55E+06 1.12E+05 1.45E+04 2.73E+03 

50/70-C 4.83E+05 1.13E+05 3.64E+04 1.45E+04 

50/70-D 7.13E+05 6.86E+04 1.12E+04 2.53E+03 

50/70-E 5.37E+06 5.26E+05 8.68E+04 1.99E+04 

50/70-F 2.53E+06 3.02E+05 5.80E+04 1.51E+04 

50/70-G 3.86E+05 7.89E+04 2.30E+04 8.41E+03 

50/70-H 2.63E+05 5.65E+04 1.72E+04 6.48E+03 

50/70-I 1.59E+06 1.14E+05 1.48E+04 2.79E+03 

30/45 7.53E+05 1.08E+05 2.39E+04 6.99E+03 

60/85E 1.33E+05 5.90E+04 3.13E+04 1.87E+04 

AR 2.38E+06 3.66E+05 8.57E+04 2.62E+04 
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Figure 102 - Curves generated by the union of points (model) of NfN calculated by the 
equation of Nascimento (2016) 
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The FFM in Simulated Wöhler Curves, according to Schuster (2018) shows very 

good correlations with the classification through the simulated damage in real 

conditions. 

 The FFM values found vary between 1.43 and 1.88, with both extremes being 

reached by conventional bitumens without modification. Schuster (2018), when 

evaluated the fatigue strength of 24 asphalt mixtures produced in field with different 

bitumens and different mineral compositions found FFM values ranging from 1.11 to 

2.67. Boeira (2018) found FFM from 1.15 to 2.39. 

It can be seen from Table 33 that the mixtures with modified bitumens presented 

performance below expectations, with a lower result when comparing with the 

conventional bitumens. Mixture with rubber bitumen (AR) showed the second best 

result, suggesting better performance compared to most others.  

 

Table 33 - FFM results and ranking of 72 mixtures from this work and Correa (2020), 
Boeira (2018), Schuster (2018) and Luzzi (2019) 

Mixture FFM Position  Mixture FFM Position 

Correa (2020) REF 60/85 2.52 1º  Boeira (2018) HIMA S 1.51 37º 
Boeira (2018) AMP M 2.40 2º  Luzzi (2019) M30 1.50 38º 
Schuster (2018) ECO 2.39 3º  Correa (2020) 20 RAP 50/70 1.49 39º 
Schuster (2018) AMP 2.28 4º  50/70-C 1.48 40º 
Schuster (2018) ECO 2.08 5º  30/45 1.46 41º 
Boeira (2018) HIMA M 2.04 6º  50/70-I 1.45 42º 
Boeira (2018) HIMA S 2.03 7º  50/70-B 1.45 43º 

Luzzi (2019) M10 1.99 8º  Schuster (2018) 50/70 1.45 44º 
Correa (2020) 10 RAP 60/85 1.96 9º  Luzzi (2019) M0 1.44 45º 

Boeira (2018) HIMA M 1.95 10º  Schuster (2018) AMP 1.44 46º 
Boeira (2018) 50/70 M 1.94 11º  50/70-G 1.43 47º 
Boeira (2018) 50/70 M 1.80 12º  Correa (2020) 10 RAP 50/70 1.43 48º 
Boeira (2018) AMP M 1.79 13º  Boeira (2018) HIMA S 1.43 49º 

Correa (2020) 20 RAP 60/85 1.77 14º  Schuster (2018) 50/70 1.43 50º 
Correa (2020) 30 RAP 60/85 1.76 15º  60/85E 1.41 51º 

Schuster (2018) AMP 1.75 16º  Schuster (2018) 50/70 1.41 52º 
Schuster (2018) AMP 1.73 17º  Schuster (2018) 50/70 1.40 53º 
Boeira (2018) AMP M 1.71 18º  50/70-D 1.39 54º 
Schuster (2018) AMP 1.68 19º  50/70-H 1.39 55º 
Boeira (2018) HIMA M 1.67 20º  Boeira (2018) 50/70 S 1.38 56º 
Schuster (2018) 50/70 1.67 21º  Schuster (2018) 50/70 1.38 57º 
Schuster (2018)50/70 1.66 22º  Schuster (2018) 50/70 1.38 58º 

50/70-E 1.66 23º  Boeira (2018) HIMA M 1.37 59º 
Correa (2020) REF 50/70 1.65 24º  Schuster (2018) 50/70 1.37 60º 

Boeira (2018) 50/70 M 1.65 25º  Schuster (2018) 50/70 1.35 61º 
Boeira (2018) 50/70 M 1.64 26º  Boeira (2018) HIMA S 1.33 62º 
Schuster (2018) 50/70 1.63 27º  Boeira (2018) AMP S 1.31 63º 

AR 1.62 28º  50/70-A 1.31 64º 
Correa (2020) 30 RAP 50/70 1.61 29º  Boeira (2018) AMP S 1.27 65º 

50/70-F 1.59 30º  Boeira (2018) 50/70 S 1.25 66º 
Luzzi (2019) M20 1.58 31º  Boeira (2018) 50/70 S 1.18 67º 

Schuster (2018) AMP 1.57 32º  Boeira (2018) AMP S 1.18 68º 
Schuster (2018) AMP 1.56 33º  Schuster (2018) AMP 1.18 69º 
Schuster (2018) AMP 1.56 34º  Boeira (2018) AMP S 1.16 70º 
Boeira (2018) AMP M 1.55 35º  Boeira (2018) 50/70 S  1.16 71º 
Schuster (2018) ECO 1.54 36º  Schuster (2018) TLAF 1.03 72º 
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With these FFM values, it was possible to compare the values with those found 

by Schuster (2018), Boeira (2018), Luzzi (2019) and Correa (2020) showed in Table 

33. The first two authors used different types of bitumens (50/70, modified by polymer, 

ecoflex-rubber modified and HIMA) and two types of design, Marshall and Superpave. 

The last two authors used reclaimed asphalt (RAP) in their mixtures, but they have 

reference mixtures of 50/70 and 60/85 without RAP that can be compared to the 

mixtures of this research. According to the ranking results, it is possible to see that the 

50/70-E and 50/70-F that have the best results for FFM are among other authors 50/70 

mixtures and also they are best compared to some modified mixtures. The other 50/70 

mixtures of this research have remarkably similar values of FFM, from 1.39 to 1.48 and 

are also among conventional and modified mixtures of other authors. The mixture 

50/70-A have the worst behaviour when subjected to fatigue and results in a FFM value 

of 1.31, nexto to Boeira and Schuster (2018) worst mixtures.  

It is important to note that the fatigue behavior of mixtures does not solely 

depend on their FFM result. Each mixture has a different stiffness modulus (E*), and 

when applied in the pavement (depending on the thickness and the stiffness of the 

pavement layers, temperature and other factors) they can present different fatigue 

behaviors. The Figure 103 shows the FFM results of this research with the bituminous 

mixtures fatigue classes suggested by Nascimento (2016). This graph correlate the 

stiffness (E* at 19ºC, 10Hz) with the FFM and intend to indicate how good the mixtures 

are considering a broad research that correlates simulartions results with FFM. The 

classes in the Figure 103 are difined from medium (class 2) to excellent (class 4). All 

mixtures stay below the line of Class 3, however the mixtures 30/45, 50/70-E and 

50/70-C are above the line of Class 2. The mixtures 50/70-B, 50/70-G, 50/70-H and 

50/70-I, have very close points in this graph. It can be observed that even having high 

FFM result the 50/70-F mixture, because of the lower modulus result, it is on the line 

of Class 2, even being ranked in Table 33 next to the mixture AR which now is almost 

in Class 3. 
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Figure 103 - FFM classes from Nascimento (2016) and the FFM results  

 

 

 

 CORRELATIONS BETWEEN BITUMENS AND MIXTURES PROPERTIES 

 

Within the fatigue context, the American standard D6373-2016 used the relation 
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with the post-RTFOT bitumen. In the correlation shown in Figure 104, it is possible to 
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parameter FFBpse 19ºC as show the Figure 103. The LAS tests were performed at 

19ºC in RTFOT aged bitumen. 
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Figure 104 - FFM 19ºC versus G*.sinφ 10Hz 19ºC RTFOT for all samples 

 

 

Figure 105 - FFM 19ºC versus G*.sinφ 10Hz 19ºC RTFOT for 50/70 samples 
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the rubber modified have its own particularities in DSR LAS tests (it has grains that 

interfere with the rheometer measurements). It is important to mention that the 

bituminous mixtures have a small difference in bitumen contents, since the dosage 

was made setting the void volume at 4% and not setting the binder content for all the 

mixtures. These small variations in bitumen content between mixtures can also 

influence FFM results. 

 

Figure 106 - R² correlation between FFBpse 19ºC and FFM 19ºC for all samples 

 

 

 

Figure 107 - R² correlation between FFBpse 19ºC and FFM 19ºC 
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When changing from scale to bitumen chemistry, one can observe a good 

relationship of FFB with the average size of the linear chains (Figure 108) and the 

percentage of saturate fraction (Figure 109) of the samples. Both relationships are 

interesting because the larger the size of the average size of the linear chains, the 

more resistant the bitumen showed to fatigue. This result corroborated with Figures 80 

and 81 correlations considering the stiffness of the bitumens. Likewise, the higher the 

content of Saturates in the samples, the greater the resistance of these materials when 

subjected to the LAS test. Saturate components are responsible for softening the 

bituminous matrix and this may explain why the material remains intact for longer 

during testing. 

 

Figure 108 - The average size of the linear chains versus the FFBpse 19ºC 
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(DA SILVEIRA et al., 2018) study said that the voltammetric data, supported by ATR-

FTIR spectroscopy, indicate that aging asphalts involve the increase of the proportion 

of sulfoxide and thiophene components and that polythiophene compounds were 

formed. 

 

Figure 109 - Saturates fraction (%) versus FFBpse 19ºC 

 

Figure 110 - Correlation between Tiophenes and FFBpse 19ºC 
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7 CONCLUSIONS 

 

The conclusions are drawn, by section, in accordance with the objectives 

expected in this thesis. It is evident that the conclusions obtained are limited to the 

universe of materials researched and the results of the experimental program carried 

out and their respective analyses. As far as is known, it is the first work presenting a 

comprehensive characterization of bitumens produced in Brazil. It is expected that the 

extensive database of this thesis will contribute to the knowledge of the main chemical, 

rheological and damage characteristics on Brazilian bitumen. 

It is possible to verify a parallelism between the bitumen and mixture scales in 

relation to rheological and damage tests. In both scales, the ranking of bitumens and 

mixtures remained very similar. Still, some chemical markers proved to be interesting 

when confronted with rheological and damage results. 

- Linear viscoelastic behaviour (LVE): 

The stiffness of the twelve Brazilian bitumens and mixtures were evaluated from 

de elastic and viscoelastic approach. The 2S2P1D was applied and some correlations 

between the bitumen and mixture were made, including the SHStS transformation.  

It was verified that these twelve Brazilian mixtures had similar values of the 

2S2P1D constants E0 and E00, however, they were not identical. For this group of 

mixtures of the same granulometric composition, it is noticed that the variables E0 and 

E00, although strongly linked to the stone matrix, also suffer the influence of the 

bitumen, either by type or by bitumen content. It is important to state that even mixtures 

made with same specification bitumens, just produced in different refineries, the LVE’s 

behaviour changes in a ratio as large as comparing with the modified bitumens.  

The parameters of the 2S2P1D model k, h and δ showed equal or extremely 

similar values for the bitumen and mixture scales. The parameter β required higher 

values for the mixtures. Discrepancies were observed in the parameter values for 

bitumens modified by SBS polymer and rubber. The k and δ values obtained were 

significantly higher for the bitumen scale for both polymer and rubber modifications. In 

addition to these, for the rubber-modified bitumen, parameter h also exhibited a 

significantly higher value for bitumen. The β values for the modified bitumens are the 

same in both scales. This fact is linked to the fact that for these bitumens the β has a 

significantly high value, so that it has less influence, not significantly altering the 

2S2P1D model. 
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Overall, the SHStS transformation had successful predictions of mixtures LVE 

behaviour from bitumens’ LVE behaviour for the conventional bitumens with the 

exception of the 50/70-F. For polymer and rubber modified bitumens the relationship 

was compromised, with the transformation predicting smaller modulus values and 

higher phase angle values than the experimental values obtained in the mixtures. 

There is a good correlation between G* RTFOT 65ºC 1Hz versus Total Sulfur 

% in bitumen samples. It can be seen that the higher Sulfur content in bitumen, the 

higher the G* is. G* RTFOT 65ºC 1Hz and Nickel (ppm) have a good relation and 

indicates that the Nickel can be a marker to know the stiffness of the bitumen. 

- Permanent deformation: 

The permanent deformation of the bitumens and mixtures were evaluated from 

different tests viewpoints and some relations can be drawn. 

The MSCR tests were performed in bitumens and the results shows that the 

bitumens 60/85E, 30/45 and 50/70-F have the lower values of Jnr3.2 indicating that 

possibly they are more resistant do permanent deformation. The bitumen 50/70-A, 

50/70-C and AR Jnr3.2 results indicates that maybe these bitumens and bituminous 

mixtures will present inferior performance of permanent deformation. 

The results of the Hamburg test differ from the FN results because the mixture 

with rubber bitumen showed greater resistance to damage by permanent deformation 

in Hamburg compared to the samples of conventional and polymer modified bitumen, 

which had greater rutting considering the same level of traffic at the test. The FN results 

of this research are within the expected range for conventional bitumen mixes. It is 

known that rubber bitumen has an atypical behavior in the FN test, even more 

considering that this bitumen performed well in the MSCR and Hamburg test. When 

comparing the results of this research with the results of the research by Faccin (2021) 

it is possible to confirm that the range of FN results from 17 to 214 is close to the range 

found by the author for mixtures produced with these types of bitumens (from 132 to 

822 in 50/70 mixtures and from 175 to 986 cycles in 60/85 mixtures). Still, it is possible 

to observe that the harder bitumen (30/45) obtained a better performance in the FN 

test indicating that this bitumen probably resists more permanent deformation as does 

50/70-F. 50/70-F is an atypical bitumen in all other tests performed in this thesis, and 

is considered a conventional bitumen with superior performance as it is more resistant 

to permanent deformation corroborating with its MSCR results. Even though 50/70-F 

is part of the 50/70 bitumen class, it has properties similar to those of modified or harder 
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bitumen like 30/45. Still, the FN results for 50/70 bitumens do not differ much from each 

other (they are on the same scale). 

Despite that, the conclusion is that all the mixtures tested for this thesis are 

classified for low traffic according to Nascimento (2008) and Faccin et al (2021). Most 

mixtures are classified as MeDina medium traffic, except 50/70-B, E, G and I, that are 

classified as Low traffic. 

The correlation between the FN and the Jnr3.2 (at 64ºC) for the samples 50/70-

A, C, D, F, H, 30/45 and AR is good. For those samples, the Jnr3.2 can partially explain 

the FN results of the bituminous mixtures. 

There is a good and already expected correlation that both parameters in 

mixture escales have: E* at 54ºC 1Hz and the FN results. The higher the modulus E* 

of the mixture, the more prone to have good behaviour when subjected to permanent 

deformation damage. 

This work also shows the good correlation between the total Sulfur (%) of the 

bitumen and the Jnr3.2, indicating that the quantity of Sulfur in bitumen influences in 

the Jnr3.2 results. As Jnr3.2 is linked to the permanent deformation of mixtures, it can 

be said that the higher the Sulfur content of the bitumen, the higher the percentage of 

sulfur in the sample, the greater its resistance to permanent deformation. This 

correlation can be explained because the Sulfur content indicates a greater reactivity 

of the sample and may be linked to its hardening, which is good when it comes to 

permanent deformation. 

The results of the permanent deformation of bituminous mixtures were coherent 

with the MSCR results, showing that it is possible to predict the damage by permanent 

deformation in mixtures from the bitumen scale.  

The high % of Sulfur and Nickel content seems to improve the bitumens 

permanent deformation behaviour.  

- Fatigue: 

The resistante to fatigue of bitumens and mixtures were analysed using the S-

VECD approach. It’s observed that the bitumen 50/70-I and 50/70-F seems to be more 

resistent to fatigue damage in this test condition. The polymeric modified bitumen, 

60/85E, resist less cycles than these two conventional bitumens.  

The bitumen fatigue fator (FFB) of the most conventional bitumens of this 

research were considered “Medium” in Nascimento (2021) ranking. The modified 

bitumen 60/85E is considered “Very good” in this ranking, while 50/70-F and 50/70-I 



185 

 

presented the higher values of FFB and since they present FFB>1.57 they are in 

“Excellent” range ranking. 

The FFM values found vary between 1.31 and 1.66, with both extremes being 

reached by conventional bitumens. The mixtures with modified bitumens presented 

performance below expectations, with a lower result when comparing with the 

conventional bitumens. Mixture with rubber bitumen (AR) showed the second best 

result, suggesting better performance compared to most others. 

Taking into account that in this study the twelve mixtures have the same 

aggregate and gradation distribution as well as similar bitumen content, it is worthwhile 

to compare the fatigue performance of the bituminous mixtures directly to the bitumen 

properties. The Fatigue Factors of bitumen (FFBpse19ºC) and mixture (FFM19ºC) 

correlation showed a good R².  

The average size of the linear chains is a factor that correlates well with fatigue, 

as is the percentage of Saturates and Thiophenes. The greater the quantity of these 

components, the more resistant to fatigue is the bitumen. The concentration of 

saturates was linked to the softening of the bitumen, and this correlation exposed that 

the higher the percentage of Saturates compounds, the more resistant to fatigue the 

bitumen is. 

- General considerations: 

In general, it is concluded that the properties of the mixtures can be predicted 

from the results of the bitumen. Furthermore, the characteristics of bitumens can be 

partially explained by some chemical properties. The chemical markers tested in this 

thesis that showed greater correspondence with the results of bitumens and 

bituminous mixtures were the total content of Sulfur, Nickel, size of molecules and 

Tiophenes. 

However, a more complete investigation and with more samples and kinds of 

aggregates is needed to truly understand the behaviour of Brazilian mixtures with these 

so different bitumens. Also, one must consider performing three-dimensionally 

mixtures tests and homogeneous bitumens tests. 

Furthermore, it is important to emphasize that recent and constant transitions in 

the bitumen market in Brazil can influence the change in the characteristics of these 

materials since this research began (2016) and in the coming years. This work refers 

to the state of the art and perhaps does not represent practice.  

- The main contributions of this thesis are: 
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A complete overview of the characterization of the main Brazilian bitumen and 

their bituminous mixtures; 

Methodological advance in the research of mixtures produced with Brazilian 

materials; 

Advanced and robust LVE analysis techniques were applied to the results of 

rheological tests carried out by DSR; 

Discussions of the Jnr parameter from the MSCR and FFB from the LAS test 

were held and engineering practice can benefit; 

Correlations of chemistry with the rheology of bitumens were made and 

indicators can be used by the industry; 

Formation of a database for future comparisons. 

 

 SUGGESTIONS FOR FUTURE WORKS 

 

During the preparation of this thesis, some possibilities for continuity of the 

research were verified: 

- Analyse the results of rheological and damage behavior of other mixtures that 

have already been tested with the same materials in GEPPASV, such as a 

mixtures with bitumen 50/70-C without lime and mixtures with different MNS 

(12.5 and 25mm) and explore different kinds of aggregates. 

- Use the data of this thesis for making aging considerations, since these samples 

have been tested in frequency and temperature sweep in virgin, RTFOT and 

PAV conditions enabling the calculation of aging factors to relate with chemical 

markers. 

- Calculate parameters that measure the aging factor of mixtures such as Glover 

Rowe (MENSCHING et al., 2016) and Ra* (DELAPORTE, 2006) and compare 

with the chemical results, considering the aging potential and comparing pre- 

and post-aging samples. 

- Perform more statistical analysis with the database available in this thesis. 

- Understand and try to relate the tests carried out in other institutions 

participating in the Asphalt Network for the same samples. 

- It was observed in this work that, basically, it was not possible to understand 

the behavior of the modified bitumen with so few modified samples. A 
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suggestion for future work is to expand the study on modified bitumens 

considering the same conditions of this work. 

- Apply the data obtained in the tests of these 12 mixtures in the LVECD 

(FlexPave 1.0) to see how these mixtures would perform in some simulated 

pavement structures. 

- An important number of conclusions are drawn in the study based on laboratory 

measurements analyses. Validation with in-situ observations on field 

performances should be performed. 
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APPENDIX A – EXPERIMENTAL DATA OF BITUMENS (VIRGIN) 

 

LVE BITUMEN - 50/70-A VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.67E+02 53.93 

5.00 0.127 1.92E+02 52.71 

5.00 0.161 2.21E+02 51.42 

5.00 0.204 2.53E+02 50.13 

5.00 0.259 2.88E+02 48.87 

5.00 0.328 3.26E+02 47.62 

5.00 0.416 3.68E+02 46.38 

5.00 0.528 4.15E+02 45.14 

5.00 0.669 4.65E+02 43.92 

5.00 0.849 5.20E+02 42.7 

5.00 1.08 5.80E+02 41.49 

5.00 1.37 6.43E+02 40.31 

5.00 1.73 7.12E+02 39.14 

5.00 2.2 7.84E+02 37.98 

5.00 2.79 8.61E+02 36.84 

5.00 3.53 9.43E+02 35.72 

5.00 4.48 1.03E+03 34.62 

5.00 5.68 1.12E+03 33.54 

5.00 7.21 1.21E+03 32.5 

5.00 9.14 1.30E+03 31.47 

5.00 11.6 1.39E+03 30.49 

5.00 14.7 1.49E+03 29.55 

5.00 18.7 1.58E+03 28.67 

5.00 23.7 1.67E+03 27.85 

5.00 30 1.75E+03 27.12 

15.00 0.1 1.57E+01 70.81 

15.00 0.127 1.91E+01 69.88 

15.00 0.161 2.30E+01 68.87 

15.00 0.204 2.76E+01 67.82 

15.00 0.259 3.31E+01 66.74 

15.00 0.328 3.95E+01 65.64 

15.00 0.416 4.70E+01 64.52 

15.00 0.528 5.58E+01 63.37 

15.00 0.669 6.59E+01 62.19 

15.00 0.849 7.76E+01 61.01 

15.00 1.08 9.10E+01 59.81 

15.00 1.37 1.06E+02 58.6 

15.00 1.73 1.24E+02 57.38 

15.00 2.2 1.44E+02 56.16 

15.00 2.79 1.66E+02 54.92 

15.00 3.53 1.91E+02 53.69 

15.00 4.48 2.20E+02 52.45 

15.00 5.68 2.51E+02 51.22 

15.00 7.21 2.85E+02 50 

15.00 9.14 3.23E+02 48.78 

15.00 11.6 3.64E+02 47.57 

15.00 14.7 4.09E+02 46.38 

15.00 18.7 4.56E+02 45.22 

15.00 23.7 5.06E+02 44.11 

15.00 30 5.58E+02 43.06 

25.00 0.1 1.27E+00 80.3 

25.00 0.127 1.57E+00 79.86 

25.00 0.161 1.95E+00 79.34 

25.00 0.204 2.41E+00 78.79 

25.00 0.259 2.98E+00 78.21 

25.00 0.328 3.67E+00 77.61 

25.00 0.416 4.51E+00 76.97 

25.00 0.528 5.54E+00 76.31 

25.00 0.669 6.78E+00 75.62 

25.00 0.849 8.29E+00 74.89 

25.00 1.08 1.01E+01 74.12 

25.00 1.37 1.23E+01 73.31 

25.00 1.73 1.50E+01 72.46 

25.00 2.2 1.81E+01 71.57 

25.00 2.79 2.19E+01 70.64 
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25.00 3.53 2.64E+01 69.68 

25.00 4.48 3.17E+01 68.68 

25.00 5.68 3.80E+01 67.64 

25.00 7.21 4.53E+01 66.57 

25.00 9.14 5.40E+01 65.48 

25.00 11.6 6.40E+01 64.39 

25.00 14.7 7.56E+01 63.3 

25.00 18.7 8.90E+01 62.23 

25.00 23.7 1.04E+02 61.18 

25.00 30 1.22E+02 60.22 

35.00 0.1 1.05E-01 85.71 

35.00 0.127 1.32E-01 85.47 

35.00 0.161 1.65E-01 85.14 

35.00 0.204 2.06E-01 84.81 

35.00 0.259 2.58E-01 84.46 

35.00 0.328 3.23E-01 84.1 

35.00 0.416 4.03E-01 83.73 

35.00 0.528 5.03E-01 83.35 

35.00 0.669 6.27E-01 82.95 

35.00 0.849 7.80E-01 82.51 

35.00 1.08 9.70E-01 82.08 

35.00 1.37 1.21E+00 81.63 

35.00 1.73 1.50E+00 81.14 

35.00 2.2 1.86E+00 80.61 

35.00 2.79 2.30E+00 80.08 

35.00 3.53 2.84E+00 79.49 

35.00 4.48 3.51E+00 78.85 

35.00 5.68 4.32E+00 78.17 

35.00 7.21 5.32E+00 77.43 

35.00 9.14 6.54E+00 76.64 

35.00 11.6 8.01E+00 75.77 

35.00 14.7 9.80E+00 74.81 

35.00 18.7 1.20E+01 73.77 

35.00 23.7 1.45E+01 72.62 

35.00 30 1.76E+01 71.35 

45.00 0.1 1.56E-02 88.16 

45.00 0.127 1.97E-02 88.01 

45.00 0.161 2.48E-02 87.77 

45.00 0.204 3.12E-02 87.54 

45.00 0.259 3.94E-02 87.27 

45.00 0.328 4.96E-02 87 

45.00 0.416 6.24E-02 86.74 

45.00 0.528 7.85E-02 86.47 

45.00 0.669 9.87E-02 86.19 

45.00 0.849 1.24E-01 85.9 

45.00 1.08 1.55E-01 85.6 

45.00 1.37 1.95E-01 85.29 

45.00 1.73 2.44E-01 84.97 

45.00 2.2 3.05E-01 84.64 

45.00 2.79 3.82E-01 84.29 

45.00 3.53 4.77E-01 83.93 

45.00 4.48 5.95E-01 83.55 

45.00 5.68 7.42E-01 83.15 

45.00 7.21 9.25E-01 82.73 

45.00 9.14 1.15E+00 82.28 

45.00 11.6 1.43E+00 81.81 

45.00 14.7 1.78E+00 81.31 

45.00 18.7 2.20E+00 80.77 

45.00 23.7 2.73E+00 80.2 

45.00 30 3.38E+00 79.59 

55.00 0.1 3.00E-03 89.17 

55.00 0.127 3.80E-03 89.32 

55.00 0.161 4.81E-03 89.14 

55.00 0.204 6.10E-03 89.04 

55.00 0.259 7.73E-03 88.93 

55.00 0.328 9.77E-03 88.75 

55.00 0.416 1.24E-02 88.58 

55.00 0.528 1.56E-02 88.37 

55.00 0.669 1.97E-02 88.17 

55.00 0.849 2.49E-02 87.95 

55.00 1.08 3.14E-02 87.73 

55.00 1.37 3.96E-02 87.49 
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55.00 1.73 4.99E-02 87.25 

55.00 2.2 6.28E-02 87.01 

55.00 2.79 7.90E-02 86.76 

55.00 3.53 9.93E-02 86.51 

55.00 4.48 1.25E-01 86.24 

55.00 5.68 1.57E-01 85.97 

55.00 7.21 1.97E-01 85.69 

55.00 9.14 2.47E-01 85.39 

55.00 11.6 3.09E-01 85.09 

55.00 14.7 3.87E-01 84.77 

55.00 18.7 4.85E-01 84.4 

55.00 23.7 6.08E-01 84.09 

55.00 30 7.63E-01 83.87 

65.00 0.1 7.30E-04 89.59 

65.00 0.127 9.20E-04 89.73 

65.00 0.161 1.18E-03 89.62 

65.00 0.204 1.48E-03 89.4 

65.00 0.259 1.89E-03 89.65 

65.00 0.328 2.38E-03 89.56 

65.00 0.416 3.03E-03 89.31 

65.00 0.528 3.84E-03 89.31 

65.00 0.669 4.86E-03 89.26 

65.00 0.849 6.15E-03 89.22 

65.00 1.08 7.79E-03 89.06 

65.00 1.37 9.85E-03 88.93 

65.00 1.73 1.25E-02 88.79 

65.00 2.2 1.58E-02 88.62 

65.00 2.79 1.99E-02 88.48 

65.00 3.53 2.52E-02 88.31 

65.00 4.48 3.18E-02 88.14 

65.00 5.68 4.01E-02 87.97 

65.00 7.21 5.06E-02 87.84 

65.00 9.14 6.38E-02 87.74 

65.00 11.6 8.05E-02 87.69 

65.00 14.7 1.02E-01 87.65 

65.00 18.7 1.28E-01 87.65 

65.00 23.7 1.63E-01 87.68 

65.00 30 2.07E-01 88.18 

    
LVE BITUMEN - 50/70-B VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.76E+02 53.53 

5.00 0.127 2.02E+02 52.35 

5.00 0.161 2.32E+02 51.11 

5.00 0.204 2.65E+02 49.87 

5.00 0.259 3.01E+02 48.64 

5.00 0.328 3.41E+02 47.42 

5.00 0.416 3.85E+02 46.21 

5.00 0.528 4.34E+02 45 

5.00 0.669 4.87E+02 43.8 

5.00 0.849 5.44E+02 42.6 

5.00 1.08 6.06E+02 41.42 

5.00 1.37 6.73E+02 40.27 

5.00 1.73 7.44E+02 39.13 

5.00 2.2 8.20E+02 38 

5.00 2.79 9.00E+02 36.89 

5.00 3.53 9.85E+02 35.79 

5.00 4.48 1.07E+03 34.71 

5.00 5.68 1.17E+03 33.66 

5.00 7.21 1.26E+03 32.63 

5.00 9.14 1.36E+03 31.63 

5.00 11.6 1.46E+03 30.66 

5.00 14.7 1.56E+03 29.74 

5.00 18.7 1.65E+03 28.88 

5.00 23.7 1.75E+03 28.08 

5.00 30 1.83E+03 27.35 

15.00 0.1 1.77E+01 69.5 

15.00 0.127 2.14E+01 68.61 

15.00 0.161 2.57E+01 67.62 

15.00 0.204 3.08E+01 66.61 

15.00 0.259 3.68E+01 65.58 
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15.00 0.328 4.38E+01 64.53 

15.00 0.416 5.19E+01 63.46 

15.00 0.528 6.13E+01 62.37 

15.00 0.669 7.22E+01 61.26 

15.00 0.849 8.48E+01 60.13 

15.00 1.08 9.93E+01 58.98 

15.00 1.37 1.16E+02 57.82 

15.00 1.73 1.35E+02 56.65 

15.00 2.2 1.56E+02 55.47 

15.00 2.79 1.80E+02 54.28 

15.00 3.53 2.07E+02 53.09 

15.00 4.48 2.37E+02 51.89 

15.00 5.68 2.71E+02 50.7 

15.00 7.21 3.07E+02 49.51 

15.00 9.14 3.48E+02 48.33 

15.00 11.6 3.92E+02 47.16 

15.00 14.7 4.39E+02 46 

15.00 18.7 4.90E+02 44.87 

15.00 23.7 5.43E+02 43.78 

15.00 30 5.99E+02 42.74 

25.00 0.1 1.58E+00 78.77 

25.00 0.127 1.95E+00 78.32 

25.00 0.161 2.41E+00 77.78 

25.00 0.204 2.96E+00 77.22 

25.00 0.259 3.64E+00 76.65 

25.00 0.328 4.46E+00 76.04 

25.00 0.416 5.46E+00 75.41 

25.00 0.528 6.67E+00 74.74 

25.00 0.669 8.13E+00 74.04 

25.00 0.849 9.90E+00 73.31 

25.00 1.08 1.20E+01 72.54 

25.00 1.37 1.46E+01 71.74 

25.00 1.73 1.76E+01 70.9 

25.00 2.2 2.12E+01 70.02 

25.00 2.79 2.55E+01 69.1 

25.00 3.53 3.06E+01 68.16 

25.00 4.48 3.66E+01 67.18 

25.00 5.68 4.37E+01 66.17 

25.00 7.21 5.20E+01 65.13 

25.00 9.14 6.16E+01 64.06 

25.00 11.6 7.28E+01 63.06 

25.00 14.7 8.56E+01 62 

25.00 18.7 1.00E+02 60.94 

25.00 23.7 1.17E+02 59.89 

25.00 30 1.36E+02 58.88 

35.00 0.1 1.79E-01 83.8 

35.00 0.127 2.24E-01 83.63 

35.00 0.161 2.79E-01 83.14 

35.00 0.204 3.48E-01 82.75 

35.00 0.259 4.33E-01 82.35 

35.00 0.328 5.38E-01 81.92 

35.00 0.416 6.68E-01 81.46 

35.00 0.528 8.28E-01 81.07 

35.00 0.669 1.03E+00 80.63 

35.00 0.849 1.27E+00 80.19 

35.00 1.08 1.57E+00 79.74 

35.00 1.37 1.94E+00 79.26 

35.00 1.73 2.39E+00 78.78 

35.00 2.2 2.94E+00 78.28 

35.00 2.79 3.62E+00 77.76 

35.00 3.53 4.44E+00 77.21 

35.00 4.48 5.44E+00 76.65 

35.00 5.68 6.66E+00 76.06 

35.00 7.21 8.14E+00 75.49 

35.00 9.14 9.94E+00 74.92 

35.00 11.6 1.21E+01 74.43 

35.00 14.7 1.46E+01 74.15 

35.00 18.7 1.77E+01 73.76 

35.00 23.7 2.15E+01 73.51 

35.00 30 2.60E+01 73.34 

45.00 0.1 1.83E-02 87.56 

45.00 0.127 2.31E-02 87.37 
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45.00 0.161 2.91E-02 87.06 

45.00 0.204 3.67E-02 86.76 

45.00 0.259 4.61E-02 86.45 

45.00 0.328 5.79E-02 86.14 

45.00 0.416 7.26E-02 85.81 

45.00 0.528 9.11E-02 85.49 

45.00 0.669 1.14E-01 85.17 

45.00 0.849 1.43E-01 84.84 

45.00 1.08 1.79E-01 84.5 

45.00 1.37 2.23E-01 84.15 

45.00 1.73 2.79E-01 83.8 

45.00 2.2 3.48E-01 83.44 

45.00 2.79 4.33E-01 83.07 

45.00 3.53 5.40E-01 82.68 

45.00 4.48 6.71E-01 82.27 

45.00 5.68 8.34E-01 81.85 

45.00 7.21 1.04E+00 81.41 

45.00 9.14 1.29E+00 80.99 

45.00 11.6 1.59E+00 80.52 

45.00 14.7 1.97E+00 80.01 

45.00 18.7 2.44E+00 79.47 

45.00 23.7 3.01E+00 78.9 

45.00 30 3.71E+00 78.3 

55.00 0.1 3.39E-03 89.3 

55.00 0.127 4.29E-03 89.24 

55.00 0.161 5.43E-03 89.17 

55.00 0.204 6.87E-03 88.9 

55.00 0.259 8.69E-03 88.69 

55.00 0.328 1.10E-02 88.48 

55.00 0.416 1.39E-02 88.24 

55.00 0.528 1.75E-02 87.99 

55.00 0.669 2.21E-02 87.74 

55.00 0.849 2.79E-02 87.45 

55.00 1.08 3.51E-02 87.17 

55.00 1.37 4.43E-02 86.89 

55.00 1.73 5.57E-02 86.6 

55.00 2.2 7.00E-02 86.32 

55.00 2.79 8.79E-02 86.03 

55.00 3.53 1.10E-01 85.74 

55.00 4.48 1.38E-01 85.44 

55.00 5.68 1.73E-01 85.14 

55.00 7.21 2.17E-01 84.84 

55.00 9.14 2.71E-01 84.53 

55.00 11.6 3.39E-01 84.21 

55.00 14.7 4.24E-01 83.89 

55.00 18.7 5.30E-01 83.52 

55.00 23.7 6.62E-01 83.26 

55.00 30 8.23E-01 83.2 

65.00 0.1 8.10E-04 89.91 

65.00 0.127 1.02E-03 89.76 

65.00 0.161 1.30E-03 89.74 

65.00 0.204 1.65E-03 89.76 

65.00 0.259 2.09E-03 89.81 

65.00 0.328 2.65E-03 89.69 

65.00 0.416 3.36E-03 89.52 

65.00 0.528 4.27E-03 89.36 

65.00 0.669 5.40E-03 89.24 

65.00 0.849 6.85E-03 89.11 

65.00 1.08 8.66E-03 88.88 

65.00 1.37 1.10E-02 88.7 

65.00 1.73 1.39E-02 88.52 

65.00 2.2 1.75E-02 88.31 

65.00 2.79 2.21E-02 88.12 

65.00 3.53 2.79E-02 87.89 

65.00 4.48 3.51E-02 87.67 

65.00 5.68 4.43E-02 87.45 

65.00 7.21 5.58E-02 87.27 

65.00 9.14 7.02E-02 87.11 

65.00 11.6 8.83E-02 87.01 

65.00 14.7 1.11E-01 86.92 

65.00 18.7 1.40E-01 86.88 

65.00 23.7 1.77E-01 86.87 
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65.00 30 2.20E-01 87.48 

    
LVE BITUMEN - 50/70-C VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.68E+02 47.56 

5.00 0.127 1.90E+02 46.61 

5.00 0.161 2.15E+02 45.62 

5.00 0.204 2.43E+02 44.65 

5.00 0.259 2.72E+02 43.7 

5.00 0.328 3.05E+02 42.77 

5.00 0.416 3.40E+02 41.84 

5.00 0.528 3.78E+02 40.93 

5.00 0.669 4.20E+02 40.01 

5.00 0.849 4.65E+02 39.1 

5.00 1.08 5.14E+02 38.2 

5.00 1.37 5.66E+02 37.3 

5.00 1.73 6.22E+02 36.41 

5.00 2.2 6.82E+02 35.51 

5.00 2.79 7.45E+02 34.62 

5.00 3.53 8.12E+02 33.74 

5.00 4.48 8.82E+02 32.86 

5.00 5.68 9.55E+02 31.99 

5.00 7.21 1.03E+03 31.12 

5.00 9.14 1.11E+03 30.27 

5.00 11.6 1.19E+03 29.44 

5.00 14.7 1.27E+03 28.63 

5.00 18.7 1.35E+03 27.86 

5.00 23.7 1.43E+03 27.13 

5.00 30 1.50E+03 26.44 

15.00 0.1 2.00E+01 63.66 

15.00 0.127 2.38E+01 62.68 

15.00 0.161 2.81E+01 61.64 

15.00 0.204 3.31E+01 60.57 

15.00 0.259 3.89E+01 59.5 

15.00 0.328 4.56E+01 58.43 

15.00 0.416 5.31E+01 57.36 

15.00 0.528 6.17E+01 56.29 

15.00 0.669 7.15E+01 55.24 

15.00 0.849 8.25E+01 54.2 

15.00 1.08 9.49E+01 53.18 

15.00 1.37 1.09E+02 52.17 

15.00 1.73 1.25E+02 51.18 

15.00 2.2 1.42E+02 50.2 

15.00 2.79 1.62E+02 49.23 

15.00 3.53 1.83E+02 48.27 

15.00 4.48 2.08E+02 47.33 

15.00 5.68 2.34E+02 46.39 

15.00 7.21 2.63E+02 45.46 

15.00 9.14 2.95E+02 44.54 

15.00 11.6 3.29E+02 43.62 

15.00 14.7 3.66E+02 42.71 

15.00 18.7 4.06E+02 41.82 

15.00 23.7 4.48E+02 40.95 

15.00 30 4.92E+02 40.14 

25.00 0.1 1.51E+00 76.11 

25.00 0.127 1.86E+00 75.71 

25.00 0.161 2.28E+00 75.19 

25.00 0.204 2.79E+00 74.66 

25.00 0.259 3.41E+00 74.06 

25.00 0.328 4.15E+00 73.46 

25.00 0.416 5.05E+00 72.78 

25.00 0.528 6.12E+00 72.06 

25.00 0.669 7.42E+00 71.3 

25.00 0.849 8.96E+00 70.51 

25.00 1.08 1.08E+01 69.67 

25.00 1.37 1.30E+01 68.79 

25.00 1.73 1.56E+01 67.88 

25.00 2.2 1.86E+01 66.93 

25.00 2.79 2.22E+01 65.95 

25.00 3.53 2.64E+01 64.95 

25.00 4.48 3.12E+01 63.92 
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25.00 5.68 3.69E+01 62.88 

25.00 7.21 4.34E+01 61.83 

25.00 9.14 5.10E+01 60.79 

25.00 11.6 5.96E+01 59.76 

25.00 14.7 6.95E+01 58.8 

25.00 18.7 8.07E+01 57.87 

25.00 23.7 9.35E+01 57 

25.00 30 1.08E+02 56.18 

35.00 0.1 9.67E-02 84.27 

35.00 0.127 1.21E-01 84.11 

35.00 0.161 1.51E-01 83.86 

35.00 0.204 1.89E-01 83.59 

35.00 0.259 2.36E-01 83.3 

35.00 0.328 2.94E-01 82.99 

35.00 0.416 3.66E-01 82.67 

35.00 0.528 4.55E-01 82.32 

35.00 0.669 5.66E-01 81.95 

35.00 0.849 7.04E-01 81.54 

35.00 1.08 8.73E-01 81.12 

35.00 1.37 1.08E+00 80.68 

35.00 1.73 1.34E+00 80.22 

35.00 2.2 1.66E+00 79.71 

35.00 2.79 2.05E+00 79.18 

35.00 3.53 2.52E+00 78.62 

35.00 4.48 3.11E+00 78.01 

35.00 5.68 3.82E+00 77.37 

35.00 7.21 4.69E+00 76.69 

35.00 9.14 5.74E+00 75.97 

35.00 11.6 7.01E+00 75.2 

35.00 14.7 8.55E+00 74.38 

35.00 18.7 1.04E+01 73.51 

35.00 23.7 1.26E+01 72.58 

35.00 30 1.52E+01 71.57 

45.00 0.1 1.54E-02 86.2 

45.00 0.127 1.94E-02 86.12 

45.00 0.161 2.43E-02 85.96 

45.00 0.204 3.05E-02 85.81 

45.00 0.259 3.83E-02 85.63 

45.00 0.328 4.80E-02 85.48 

45.00 0.416 6.01E-02 85.31 

45.00 0.528 7.53E-02 85.13 

45.00 0.669 9.43E-02 84.93 

45.00 0.849 1.18E-01 84.73 

45.00 1.08 1.48E-01 84.5 

45.00 1.37 1.85E-01 84.25 

45.00 1.73 2.31E-01 83.99 

45.00 2.2 2.88E-01 83.7 

45.00 2.79 3.59E-01 83.39 

45.00 3.53 4.48E-01 83.06 

45.00 4.48 5.58E-01 82.7 

45.00 5.68 6.94E-01 82.32 

45.00 7.21 8.63E-01 81.92 

45.00 9.14 1.07E+00 81.48 

45.00 11.6 1.33E+00 81.01 

45.00 14.7 1.65E+00 80.52 

45.00 18.7 2.04E+00 79.99 

45.00 23.7 2.52E+00 79.44 

45.00 30 3.11E+00 78.84 

55.00 0.1 3.00E-03 87.98 

55.00 0.127 3.79E-03 87.89 

55.00 0.161 4.78E-03 87.71 

55.00 0.204 6.02E-03 87.51 

55.00 0.259 7.58E-03 87.37 

55.00 0.328 9.54E-03 87.2 

55.00 0.416 1.20E-02 87.03 

55.00 0.528 1.51E-02 86.84 

55.00 0.669 1.90E-02 86.71 

55.00 0.849 2.38E-02 86.57 

55.00 1.08 2.99E-02 86.42 

55.00 1.37 3.76E-02 86.27 

55.00 1.73 4.72E-02 86.13 

55.00 2.2 5.92E-02 85.96 
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55.00 2.79 7.43E-02 85.8 

55.00 3.53 9.33E-02 85.61 

55.00 4.48 1.17E-01 85.41 

55.00 5.68 1.47E-01 85.2 

55.00 7.21 1.84E-01 84.97 

55.00 9.14 2.30E-01 84.72 

55.00 11.6 2.88E-01 84.47 

55.00 14.7 3.60E-01 84.17 

55.00 18.7 4.51E-01 83.86 

55.00 23.7 5.64E-01 83.53 

55.00 30 7.07E-01 83.36 

65.00 0.1 6.90E-04 88.36 

65.00 0.127 8.70E-04 88.74 

65.00 0.161 1.09E-03 89.53 

65.00 0.204 1.38E-03 89.41 

65.00 0.259 1.75E-03 89.11 

65.00 0.328 2.19E-03 89.11 

65.00 0.416 2.79E-03 88.76 

65.00 0.528 3.53E-03 88.43 

65.00 0.669 4.48E-03 88.52 

65.00 0.849 5.64E-03 88.24 

65.00 1.08 7.13E-03 88.16 

65.00 1.37 8.99E-03 88.02 

65.00 1.73 1.14E-02 87.85 

65.00 2.2 1.43E-02 87.76 

65.00 2.79 1.80E-02 87.64 

65.00 3.53 2.27E-02 87.53 

65.00 4.48 2.86E-02 87.43 

65.00 5.68 3.61E-02 87.32 

65.00 7.21 4.54E-02 87.25 

65.00 9.14 5.72E-02 87.19 

65.00 11.6 7.21E-02 87.19 

65.00 14.7 9.09E-02 87.18 

65.00 18.7 1.15E-01 87.2 

65.00 23.7 1.45E-01 87.22 

65.00 30 1.86E-01 87.65 

    
LVE BITUMEN - 50/70-D VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.67E+02 50.25 

5.00 0.127 1.91E+02 49.22 

5.00 0.161 2.16E+02 48.14 

5.00 0.204 2.45E+02 47.06 

5.00 0.259 2.77E+02 45.99 

5.00 0.328 3.12E+02 44.93 

5.00 0.416 3.51E+02 43.88 

5.00 0.528 3.93E+02 42.85 

5.00 0.669 4.38E+02 41.83 

5.00 0.849 4.87E+02 40.81 

5.00 1.08 5.40E+02 39.8 

5.00 1.37 5.98E+02 38.81 

5.00 1.73 6.59E+02 37.83 

5.00 2.2 7.24E+02 36.86 

5.00 2.79 7.94E+02 35.89 

5.00 3.53 8.67E+02 34.93 

5.00 4.48 9.44E+02 33.99 

5.00 5.68 1.02E+03 33.05 

5.00 7.21 1.11E+03 32.14 

5.00 9.14 1.19E+03 31.23 

5.00 11.6 1.28E+03 30.36 

5.00 14.7 1.37E+03 29.51 

5.00 18.7 1.46E+03 28.7 

5.00 23.7 1.54E+03 27.95 

5.00 30 1.62E+03 27.25 

15.00 0.1 1.82E+01 66.57 

15.00 0.127 2.19E+01 65.62 

15.00 0.161 2.61E+01 64.59 

15.00 0.204 3.10E+01 63.54 

15.00 0.259 3.67E+01 62.48 

15.00 0.328 4.33E+01 61.4 

15.00 0.416 5.08E+01 60.32 



206 

 

15.00 0.528 5.95E+01 59.22 

15.00 0.669 6.94E+01 58.12 

15.00 0.849 8.08E+01 57.02 

15.00 1.08 9.37E+01 55.92 

15.00 1.37 1.08E+02 54.82 

15.00 1.73 1.25E+02 53.73 

15.00 2.2 1.43E+02 52.65 

15.00 2.79 1.64E+02 51.58 

15.00 3.53 1.87E+02 50.51 

15.00 4.48 2.13E+02 49.45 

15.00 5.68 2.41E+02 48.41 

15.00 7.21 2.73E+02 47.38 

15.00 9.14 3.07E+02 46.35 

15.00 11.6 3.44E+02 45.34 

15.00 14.7 3.84E+02 44.34 

15.00 18.7 4.27E+02 43.36 

15.00 23.7 4.73E+02 42.42 

15.00 30 5.21E+02 41.54 

25.00 0.1 1.40E+00 77.73 

25.00 0.127 1.72E+00 77.24 

25.00 0.161 2.12E+00 76.67 

25.00 0.204 2.61E+00 76.13 

25.00 0.259 3.19E+00 75.54 

25.00 0.328 3.91E+00 74.92 

25.00 0.416 4.77E+00 74.26 

25.00 0.528 5.81E+00 73.57 

25.00 0.669 7.06E+00 72.84 

25.00 0.849 8.56E+00 72.09 

25.00 1.08 1.04E+01 71.3 

25.00 1.37 1.25E+01 70.48 

25.00 1.73 1.51E+01 69.62 

25.00 2.2 1.81E+01 68.74 

25.00 2.79 2.17E+01 67.82 

25.00 3.53 2.59E+01 66.87 

25.00 4.48 3.09E+01 65.89 

25.00 5.68 3.67E+01 64.9 

25.00 7.21 4.34E+01 63.88 

25.00 9.14 5.12E+01 62.85 

25.00 11.6 6.02E+01 61.87 

25.00 14.7 7.06E+01 60.88 

25.00 18.7 8.24E+01 59.94 

25.00 23.7 9.59E+01 59.04 

25.00 30 1.11E+02 58.24 

35.00 0.1 9.91E-02 84.9 

35.00 0.127 1.24E-01 84.67 

35.00 0.161 1.55E-01 84.37 

35.00 0.204 1.94E-01 84.06 

35.00 0.259 2.42E-01 83.74 

35.00 0.328 3.02E-01 83.39 

35.00 0.416 3.77E-01 83.04 

35.00 0.528 4.69E-01 82.68 

35.00 0.669 5.84E-01 82.3 

35.00 0.849 7.26E-01 81.87 

35.00 1.08 9.01E-01 81.46 

35.00 1.37 1.12E+00 81.03 

35.00 1.73 1.39E+00 80.58 

35.00 2.2 1.71E+00 80.08 

35.00 2.79 2.12E+00 79.58 

35.00 3.53 2.62E+00 79.05 

35.00 4.48 3.22E+00 78.48 

35.00 5.68 3.97E+00 77.88 

35.00 7.21 4.87E+00 77.24 

35.00 9.14 5.97E+00 76.57 

35.00 11.6 7.31E+00 75.86 

35.00 14.7 8.93E+00 75.11 

35.00 18.7 1.09E+01 74.32 

35.00 23.7 1.32E+01 73.48 

35.00 30 1.60E+01 72.6 

45.00 0.1 1.55E-02 87.16 

45.00 0.127 1.95E-02 87 

45.00 0.161 2.45E-02 86.78 

45.00 0.204 3.09E-02 86.55 
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45.00 0.259 3.88E-02 86.33 

45.00 0.328 4.88E-02 86.1 

45.00 0.416 6.12E-02 85.87 

45.00 0.528 7.68E-02 85.64 

45.00 0.669 9.63E-02 85.38 

45.00 0.849 1.21E-01 85.13 

45.00 1.08 1.51E-01 84.86 

45.00 1.37 1.89E-01 84.58 

45.00 1.73 2.36E-01 84.28 

45.00 2.2 2.95E-01 83.96 

45.00 2.79 3.68E-01 83.63 

45.00 3.53 4.59E-01 83.29 

45.00 4.48 5.72E-01 82.92 

45.00 5.68 7.13E-01 82.54 

45.00 7.21 8.86E-01 82.14 

45.00 9.14 1.10E+00 81.71 

45.00 11.6 1.37E+00 81.27 

45.00 14.7 1.69E+00 80.8 

45.00 18.7 2.10E+00 80.3 

45.00 23.7 2.60E+00 79.78 

45.00 30 3.21E+00 79.22 

55.00 0.1 3.01E-03 88.85 

55.00 0.127 3.81E-03 88.91 

55.00 0.161 4.85E-03 88.71 

55.00 0.204 6.09E-03 88.4 

55.00 0.259 7.70E-03 88.08 

55.00 0.328 9.71E-03 87.99 

55.00 0.416 1.23E-02 87.73 

55.00 0.528 1.54E-02 87.52 

55.00 0.669 1.94E-02 87.33 

55.00 0.849 2.45E-02 87.11 

55.00 1.08 3.08E-02 86.92 

55.00 1.37 3.87E-02 86.72 

55.00 1.73 4.86E-02 86.52 

55.00 2.2 6.11E-02 86.31 

55.00 2.79 7.67E-02 86.1 

55.00 3.53 9.63E-02 85.88 

55.00 4.48 1.21E-01 85.65 

55.00 5.68 1.51E-01 85.41 

55.00 7.21 1.90E-01 85.16 

55.00 9.14 2.38E-01 84.9 

55.00 11.6 2.98E-01 84.64 

55.00 14.7 3.72E-01 84.36 

55.00 18.7 4.66E-01 84.07 

55.00 23.7 5.82E-01 83.79 

55.00 30 7.29E-01 83.69 

65.00 0.1 7.10E-04 88.46 

65.00 0.127 9.00E-04 88.79 

65.00 0.161 1.14E-03 88.58 

65.00 0.204 1.44E-03 89.13 

65.00 0.259 1.84E-03 89.5 

65.00 0.328 2.31E-03 88.95 

65.00 0.416 2.93E-03 88.95 

65.00 0.528 3.72E-03 88.91 

65.00 0.669 4.71E-03 88.93 

65.00 0.849 5.94E-03 88.63 

65.00 1.08 7.51E-03 88.51 

65.00 1.37 9.50E-03 88.35 

65.00 1.73 1.20E-02 88.18 

65.00 2.2 1.51E-02 88.03 

65.00 2.79 1.91E-02 87.89 

65.00 3.53 2.41E-02 87.75 

65.00 4.48 3.03E-02 87.61 

65.00 5.68 3.82E-02 87.47 

65.00 7.21 4.82E-02 87.37 

65.00 9.14 6.07E-02 87.3 

65.00 11.6 7.65E-02 87.27 

65.00 14.7 9.65E-02 87.25 

65.00 18.7 1.22E-01 87.28 

65.00 23.7 1.54E-01 87.33 

65.00 30 1.97E-01 87.83 
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LVE BITUMEN - 50/70-E VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.68E+02 51.34 

5.00 0.127 1.93E+02 50.21 

5.00 0.161 2.20E+02 49.05 

5.00 0.204 2.50E+02 47.89 

5.00 0.259 2.83E+02 46.76 

5.00 0.328 3.19E+02 45.65 

5.00 0.416 3.58E+02 44.55 

5.00 0.528 4.01E+02 43.47 

5.00 0.669 4.46E+02 42.48 

5.00 0.849 4.83E+02 42.5 

5.00 1.08 5.37E+02 41.4 

5.00 1.37 5.91E+02 40.59 

5.00 1.73 6.54E+02 39.57 

5.00 2.2 7.20E+02 38.62 

5.00 2.79 7.89E+02 37.74 

5.00 3.53 8.62E+02 36.81 

5.00 4.48 9.41E+02 35.81 

5.00 5.68 1.02E+03 34.97 

5.00 7.21 1.11E+03 34.09 

5.00 9.14 1.20E+03 33.04 

5.00 11.6 1.29E+03 31.93 

5.00 14.7 1.38E+03 30.95 

5.00 18.7 1.47E+03 30.08 

5.00 23.7 1.56E+03 29.27 

5.00 30 1.65E+03 28.49 

15.00 0.1 1.75E+01 68.2 

15.00 0.127 2.11E+01 67.27 

15.00 0.161 2.52E+01 66.25 

15.00 0.204 3.01E+01 65.2 

15.00 0.259 3.58E+01 64.12 

15.00 0.328 4.24E+01 63.02 

15.00 0.416 5.01E+01 61.9 

15.00 0.528 5.90E+01 60.76 

15.00 0.669 6.91E+01 59.61 

15.00 0.849 8.07E+01 58.45 

15.00 1.08 9.40E+01 57.29 

15.00 1.37 1.09E+02 56.13 

15.00 1.73 1.26E+02 54.97 

15.00 2.2 1.45E+02 53.82 

15.00 2.79 1.67E+02 52.67 

15.00 3.53 1.91E+02 51.54 

15.00 4.48 2.17E+02 50.41 

15.00 5.68 2.47E+02 49.3 

15.00 7.21 2.80E+02 48.2 

15.00 9.14 3.15E+02 47.12 

15.00 11.6 3.54E+02 46.04 

15.00 14.7 3.96E+02 44.98 

15.00 18.7 4.40E+02 43.96 

15.00 23.7 4.87E+02 42.97 

15.00 30 5.33E+02 42.18 

25.00 0.1 1.24E+00 78.73 

25.00 0.127 1.53E+00 78.43 

25.00 0.161 1.89E+00 78.02 

25.00 0.204 2.33E+00 77.57 

25.00 0.259 2.86E+00 77.06 

25.00 0.328 3.52E+00 76.53 

25.00 0.416 4.31E+00 75.96 

25.00 0.528 5.28E+00 75.33 

25.00 0.669 6.45E+00 74.67 

25.00 0.849 7.86E+00 73.96 

25.00 1.08 9.56E+00 73.21 

25.00 1.37 1.16E+01 72.41 

25.00 1.73 1.41E+01 71.56 

25.00 2.2 1.70E+01 70.68 

25.00 2.79 2.05E+01 69.75 

25.00 3.53 2.46E+01 68.78 

25.00 4.48 2.94E+01 67.78 

25.00 5.68 3.52E+01 66.74 

25.00 7.21 4.19E+01 65.68 

25.00 9.14 4.97E+01 64.59 
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25.00 11.6 5.87E+01 63.5 

25.00 14.7 6.91E+01 62.48 

25.00 18.7 8.11E+01 61.45 

25.00 23.7 9.48E+01 60.41 

25.00 30 1.10E+02 59.45 

35.00 0.1 1.58E-01 82.68 

35.00 0.127 1.96E-01 82.5 

35.00 0.161 2.44E-01 82.22 

35.00 0.204 3.03E-01 81.93 

35.00 0.259 3.76E-01 81.61 

35.00 0.328 4.67E-01 81.28 

35.00 0.416 5.79E-01 80.92 

35.00 0.528 7.17E-01 80.55 

35.00 0.669 8.87E-01 80.13 

35.00 0.849 1.10E+00 79.68 

35.00 1.08 1.35E+00 79.24 

35.00 1.37 1.67E+00 78.73 

35.00 1.73 2.06E+00 78.19 

35.00 2.2 2.53E+00 77.6 

35.00 2.79 3.10E+00 76.97 

35.00 3.53 3.81E+00 76.29 

35.00 4.48 4.66E+00 75.55 

35.00 5.68 5.69E+00 74.76 

35.00 7.21 6.94E+00 73.91 

35.00 9.14 8.43E+00 72.99 

35.00 11.6 1.02E+01 72.01 

35.00 14.7 1.24E+01 70.94 

35.00 18.7 1.49E+01 69.79 

35.00 23.7 1.79E+01 68.56 

35.00 30 2.14E+01 67.22 

45.00 0.1 2.23E-02 85.47 

45.00 0.127 2.79E-02 85.35 

45.00 0.161 3.49E-02 85.16 

45.00 0.204 4.36E-02 84.96 

45.00 0.259 5.45E-02 84.76 

45.00 0.328 6.82E-02 84.57 

45.00 0.416 8.52E-02 84.36 

45.00 0.528 1.06E-01 84.14 

45.00 0.669 1.33E-01 83.91 

45.00 0.849 1.66E-01 83.66 

45.00 1.08 2.07E-01 83.39 

45.00 1.37 2.58E-01 83.1 

45.00 1.73 3.22E-01 82.8 

45.00 2.2 4.01E-01 82.47 

45.00 2.79 4.98E-01 82.12 

45.00 3.53 6.19E-01 81.74 

45.00 4.48 7.68E-01 81.33 

45.00 5.68 9.53E-01 80.9 

45.00 7.21 1.18E+00 80.44 

45.00 9.14 1.46E+00 79.96 

45.00 11.6 1.80E+00 79.43 

45.00 14.7 2.23E+00 78.86 

45.00 18.7 2.74E+00 78.26 

45.00 23.7 3.37E+00 77.6 

45.00 30 4.14E+00 76.9 

55.00 0.1 3.77E-03 87.97 

55.00 0.127 4.75E-03 87.82 

55.00 0.161 6.00E-03 87.61 

55.00 0.204 7.55E-03 87.38 

55.00 0.259 9.50E-03 87.22 

55.00 0.328 1.20E-02 86.96 

55.00 0.416 1.51E-02 86.78 

55.00 0.528 1.89E-02 86.6 

55.00 0.669 2.38E-02 86.4 

55.00 0.849 2.98E-02 86.23 

55.00 1.08 3.75E-02 86.03 

55.00 1.37 4.70E-02 85.85 

55.00 1.73 5.89E-02 85.66 

55.00 2.2 7.39E-02 85.47 

55.00 2.79 9.26E-02 85.26 

55.00 3.53 1.16E-01 85.03 

55.00 4.48 1.45E-01 84.79 
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55.00 5.68 1.82E-01 84.54 

55.00 7.21 2.27E-01 84.27 

55.00 9.14 2.84E-01 83.98 

55.00 11.6 3.54E-01 83.68 

55.00 14.7 4.42E-01 83.35 

55.00 18.7 5.52E-01 82.98 

55.00 23.7 6.88E-01 82.68 

55.00 30 8.58E-01 82.46 

65.00 0.1 8.40E-04 89.04 

65.00 0.127 1.06E-03 89 

65.00 0.161 1.35E-03 89.33 

65.00 0.204 1.70E-03 89.03 

65.00 0.259 2.15E-03 88.83 

65.00 0.328 2.72E-03 88.57 

65.00 0.416 3.43E-03 88.51 

65.00 0.528 4.33E-03 88.51 

65.00 0.669 5.47E-03 88.19 

65.00 0.849 6.90E-03 88.07 

65.00 1.08 8.70E-03 87.87 

65.00 1.37 1.10E-02 87.68 

65.00 1.73 1.38E-02 87.53 

65.00 2.2 1.74E-02 87.37 

65.00 2.79 2.19E-02 87.24 

65.00 3.53 2.76E-02 87.09 

65.00 4.48 3.47E-02 86.94 

65.00 5.68 4.37E-02 86.78 

65.00 7.21 5.49E-02 86.66 

65.00 9.14 6.91E-02 86.54 

65.00 11.6 8.69E-02 86.46 

65.00 14.7 1.09E-01 86.37 

65.00 18.7 1.38E-01 86.3 

65.00 23.7 1.74E-01 86.23 

65.00 30 2.22E-01 86.53 

    
LVE BITUMEN - 50/70-F VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 8.03E+01 42.2 

5.00 0.127 8.98E+01 41.72 

5.00 0.161 1.00E+02 41.19 

5.00 0.204 1.12E+02 40.65 

5.00 0.259 1.24E+02 40.12 

5.00 0.328 1.38E+02 39.59 

5.00 0.416 1.53E+02 39.08 

5.00 0.528 1.69E+02 38.57 

5.00 0.669 1.86E+02 38.07 

5.00 0.849 2.05E+02 37.58 

5.00 1.08 2.26E+02 37.09 

5.00 1.37 2.49E+02 36.62 

5.00 1.73 2.73E+02 36.14 

5.00 2.2 2.99E+02 35.67 

5.00 2.79 3.28E+02 35.2 

5.00 3.53 3.58E+02 34.74 

5.00 4.48 3.91E+02 34.29 

5.00 5.68 4.26E+02 33.83 

5.00 7.21 4.64E+02 33.38 

5.00 9.14 5.04E+02 32.92 

5.00 11.6 5.47E+02 32.47 

5.00 14.7 5.92E+02 32.01 

5.00 18.7 6.38E+02 31.57 

5.00 23.7 6.87E+02 31.12 

5.00 30 7.37E+02 30.72 

15.00 0.1 1.24E+01 52.08 

15.00 0.127 1.43E+01 51.77 

15.00 0.161 1.64E+01 51.39 

15.00 0.204 1.88E+01 50.99 

15.00 0.259 2.15E+01 50.57 

15.00 0.328 2.45E+01 50.14 

15.00 0.416 2.80E+01 49.69 

15.00 0.528 3.19E+01 49.23 

15.00 0.669 3.62E+01 48.76 

15.00 0.849 4.11E+01 48.28 
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15.00 1.08 4.66E+01 47.78 

15.00 1.37 5.28E+01 47.28 

15.00 1.73 5.96E+01 46.76 

15.00 2.2 6.73E+01 46.23 

15.00 2.79 7.58E+01 45.7 

15.00 3.53 8.52E+01 45.15 

15.00 4.48 9.56E+01 44.61 

15.00 5.68 1.07E+02 44.06 

15.00 7.21 1.20E+02 43.51 

15.00 9.14 1.34E+02 42.96 

15.00 11.6 1.49E+02 42.41 

15.00 14.7 1.66E+02 41.89 

15.00 18.7 1.84E+02 41.4 

15.00 23.7 2.04E+02 40.96 

15.00 30 2.25E+02 40.59 

25.00 0.1 1.27E+00 62.29 

25.00 0.127 1.51E+00 62.04 

25.00 0.161 1.78E+00 61.7 

25.00 0.204 2.09E+00 61.36 

25.00 0.259 2.46E+00 61.03 

25.00 0.328 2.89E+00 60.69 

25.00 0.416 3.39E+00 60.35 

25.00 0.528 3.97E+00 60.01 

25.00 0.669 4.65E+00 59.67 

25.00 0.849 5.44E+00 59.32 

25.00 1.08 6.36E+00 58.97 

25.00 1.37 7.43E+00 58.62 

25.00 1.73 8.66E+00 58.24 

25.00 2.2 1.01E+01 57.86 

25.00 2.79 1.17E+01 57.46 

25.00 3.53 1.36E+01 57.05 

25.00 4.48 1.58E+01 56.62 

25.00 5.68 1.84E+01 56.19 

25.00 7.21 2.12E+01 55.75 

25.00 9.14 2.45E+01 55.34 

25.00 11.6 2.83E+01 54.97 

25.00 14.7 3.26E+01 54.63 

25.00 18.7 3.74E+01 54.49 

25.00 23.7 4.29E+01 54.4 

25.00 30 4.94E+01 54.29 

35.00 0.1 1.05E-01 73.96 

35.00 0.127 1.28E-01 73.45 

35.00 0.161 1.55E-01 72.89 

35.00 0.204 1.88E-01 72.33 

35.00 0.259 2.27E-01 71.77 

35.00 0.328 2.75E-01 71.23 

35.00 0.416 3.31E-01 70.71 

35.00 0.528 3.98E-01 70.2 

35.00 0.669 4.79E-01 69.71 

35.00 0.849 5.75E-01 69.24 

35.00 1.08 6.89E-01 68.78 

35.00 1.37 8.26E-01 68.33 

35.00 1.73 9.88E-01 67.91 

35.00 2.2 1.18E+00 67.49 

35.00 2.79 1.41E+00 67.11 

35.00 3.53 1.68E+00 66.7 

35.00 4.48 2.00E+00 66.31 

35.00 5.68 2.38E+00 65.91 

35.00 7.21 2.83E+00 65.51 

35.00 9.14 3.37E+00 65.1 

35.00 11.6 3.99E+00 64.67 

35.00 14.7 4.74E+00 64.22 

35.00 18.7 5.61E+00 63.76 

35.00 23.7 6.63E+00 63.27 

35.00 30 7.82E+00 62.76 

45.00 0.1 1.93E-02 80.01 

45.00 0.127 2.38E-02 79.59 

45.00 0.161 2.93E-02 79.08 

45.00 0.204 3.61E-02 78.54 

45.00 0.259 4.44E-02 77.99 

45.00 0.328 5.45E-02 77.44 

45.00 0.416 6.68E-02 76.87 
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45.00 0.528 8.17E-02 76.31 

45.00 0.669 9.99E-02 75.74 

45.00 0.849 1.22E-01 75.17 

45.00 1.08 1.48E-01 74.62 

45.00 1.37 1.80E-01 74.07 

45.00 1.73 2.19E-01 73.53 

45.00 2.2 2.66E-01 73.01 

45.00 2.79 3.22E-01 72.5 

45.00 3.53 3.89E-01 72 

45.00 4.48 4.70E-01 71.53 

45.00 5.68 5.67E-01 71.06 

45.00 7.21 6.83E-01 70.62 

45.00 9.14 8.22E-01 70.19 

45.00 11.6 9.89E-01 69.77 

45.00 14.7 1.19E+00 69.36 

45.00 18.7 1.42E+00 69.06 

45.00 23.7 1.71E+00 68.69 

45.00 30 2.05E+00 68.33 

55.00 0.1 3.84E-03 84.75 

55.00 0.127 4.81E-03 84.36 

55.00 0.161 6.01E-03 83.99 

55.00 0.204 7.51E-03 83.53 

55.00 0.259 9.36E-03 83.01 

55.00 0.328 1.16E-02 82.51 

55.00 0.416 1.45E-02 82.02 

55.00 0.528 1.80E-02 81.53 

55.00 0.669 2.23E-02 81.01 

55.00 0.849 2.75E-02 80.48 

55.00 1.08 3.40E-02 79.94 

55.00 1.37 4.20E-02 79.4 

55.00 1.73 5.18E-02 78.85 

55.00 2.2 6.37E-02 78.29 

55.00 2.79 7.83E-02 77.74 

55.00 3.53 9.60E-02 77.19 

55.00 4.48 1.18E-01 76.65 

55.00 5.68 1.44E-01 76.12 

55.00 7.21 1.76E-01 75.6 

55.00 9.14 2.14E-01 75.1 

55.00 11.6 2.61E-01 74.61 

55.00 14.7 3.18E-01 74.18 

55.00 18.7 3.87E-01 73.74 

55.00 23.7 4.70E-01 73.32 

55.00 30 5.68E-01 73.21 

65.00 0.1 9.00E-04 87.86 

65.00 0.127 1.14E-03 87.68 

65.00 0.161 1.43E-03 87.53 

65.00 0.204 1.81E-03 87.31 

65.00 0.259 2.27E-03 86.91 

65.00 0.328 2.86E-03 86.33 

65.00 0.416 3.59E-03 85.91 

65.00 0.528 4.51E-03 85.59 

65.00 0.669 5.65E-03 85.21 

65.00 0.849 7.07E-03 84.73 

65.00 1.08 8.84E-03 84.28 

65.00 1.37 1.11E-02 83.84 

65.00 1.73 1.38E-02 83.36 

65.00 2.2 1.72E-02 82.89 

65.00 2.79 2.14E-02 82.43 

65.00 3.53 2.66E-02 81.95 

65.00 4.48 3.29E-02 81.47 

65.00 5.68 4.08E-02 81.01 

65.00 7.21 5.05E-02 80.59 

65.00 9.14 6.24E-02 80.2 

65.00 11.6 7.70E-02 79.91 

65.00 14.7 9.50E-02 79.66 

65.00 18.7 1.17E-01 79.47 

65.00 23.7 1.45E-01 79.47 

65.00 30 1.79E-01 79.95 

    
LVE BITUMEN - 50/70-G VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 
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5.00 0.1 1.71E+02 49.56 

5.00 0.127 1.95E+02 48.54 

5.00 0.161 2.21E+02 47.48 

5.00 0.204 2.50E+02 46.43 

5.00 0.259 2.83E+02 45.39 

5.00 0.328 3.18E+02 44.37 

5.00 0.416 3.56E+02 43.36 

5.00 0.528 3.98E+02 42.36 

5.00 0.669 4.44E+02 41.37 

5.00 0.849 4.93E+02 40.38 

5.00 1.08 5.46E+02 39.4 

5.00 1.37 6.04E+02 38.43 

5.00 1.73 6.65E+02 37.47 

5.00 2.2 7.30E+02 36.51 

5.00 2.79 8.00E+02 35.56 

5.00 3.53 8.73E+02 34.62 

5.00 4.48 9.50E+02 33.68 

5.00 5.68 1.03E+03 32.76 

5.00 7.21 1.11E+03 31.86 

5.00 9.14 1.20E+03 30.98 

5.00 11.6 1.29E+03 30.12 

5.00 14.7 1.37E+03 29.29 

5.00 18.7 1.46E+03 28.51 

5.00 23.7 1.54E+03 27.78 

5.00 30 1.62E+03 27.11 

15.00 0.1 1.88E+01 65.49 

15.00 0.127 2.25E+01 64.6 

15.00 0.161 2.68E+01 63.62 

15.00 0.204 3.18E+01 62.63 

15.00 0.259 3.75E+01 61.62 

15.00 0.328 4.41E+01 60.59 

15.00 0.416 5.18E+01 59.55 

15.00 0.528 6.05E+01 58.5 

15.00 0.669 7.05E+01 57.44 

15.00 0.849 8.19E+01 56.38 

15.00 1.08 9.48E+01 55.32 

15.00 1.37 1.09E+02 54.27 

15.00 1.73 1.26E+02 53.21 

15.00 2.2 1.44E+02 52.17 

15.00 2.79 1.65E+02 51.13 

15.00 3.53 1.88E+02 50.09 

15.00 4.48 2.14E+02 49.07 

15.00 5.68 2.42E+02 48.06 

15.00 7.21 2.74E+02 47.05 

15.00 9.14 3.08E+02 46.06 

15.00 11.6 3.45E+02 45.07 

15.00 14.7 3.85E+02 44.1 

15.00 18.7 4.27E+02 43.15 

15.00 23.7 4.73E+02 42.23 

15.00 30 5.20E+02 41.35 

25.00 0.1 1.45E+00 76.26 

25.00 0.127 1.78E+00 75.87 

25.00 0.161 2.19E+00 75.42 

25.00 0.204 2.68E+00 74.94 

25.00 0.259 3.27E+00 74.41 

25.00 0.328 3.99E+00 73.85 

25.00 0.416 4.85E+00 73.25 

25.00 0.528 5.90E+00 72.63 

25.00 0.669 7.15E+00 71.96 

25.00 0.849 8.65E+00 71.26 

25.00 1.08 1.04E+01 70.53 

25.00 1.37 1.26E+01 69.75 

25.00 1.73 1.51E+01 68.94 

25.00 2.2 1.82E+01 68.09 

25.00 2.79 2.17E+01 67.21 

25.00 3.53 2.59E+01 66.3 

25.00 4.48 3.08E+01 65.35 

25.00 5.68 3.66E+01 64.38 

25.00 7.21 4.33E+01 63.38 

25.00 9.14 5.11E+01 62.38 

25.00 11.6 6.00E+01 61.37 

25.00 14.7 7.03E+01 60.43 
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25.00 18.7 8.20E+01 59.48 

25.00 23.7 9.53E+01 58.52 

25.00 30 1.10E+02 57.62 

35.00 0.1 1.23E-01 83.3 

35.00 0.127 1.53E-01 82.97 

35.00 0.161 1.91E-01 82.57 

35.00 0.204 2.38E-01 82.15 

35.00 0.259 2.95E-01 81.74 

35.00 0.328 3.66E-01 81.31 

35.00 0.416 4.54E-01 80.89 

35.00 0.528 5.62E-01 80.46 

35.00 0.669 6.95E-01 80.02 

35.00 0.849 8.58E-01 79.55 

35.00 1.08 1.06E+00 79.1 

35.00 1.37 1.30E+00 78.63 

35.00 1.73 1.61E+00 78.13 

35.00 2.2 1.97E+00 77.61 

35.00 2.79 2.42E+00 77.07 

35.00 3.53 2.97E+00 76.5 

35.00 4.48 3.64E+00 75.88 

35.00 5.68 4.45E+00 75.24 

35.00 7.21 5.42E+00 74.55 

35.00 9.14 6.61E+00 73.81 

35.00 11.6 8.03E+00 73.03 

35.00 14.7 9.73E+00 72.18 

35.00 18.7 1.18E+01 71.26 

35.00 23.7 1.42E+01 70.26 

35.00 30 1.71E+01 69.18 

45.00 0.1 1.91E-02 86.61 

45.00 0.127 2.39E-02 86.37 

45.00 0.161 3.01E-02 86.03 

45.00 0.204 3.77E-02 85.7 

45.00 0.259 4.73E-02 85.37 

45.00 0.328 5.92E-02 85.03 

45.00 0.416 7.41E-02 84.69 

45.00 0.528 9.28E-02 84.34 

45.00 0.669 1.16E-01 83.99 

45.00 0.849 1.45E-01 83.63 

45.00 1.08 1.80E-01 83.26 

45.00 1.37 2.25E-01 82.89 

45.00 1.73 2.80E-01 82.5 

45.00 2.2 3.48E-01 82.11 

45.00 2.79 4.32E-01 81.71 

45.00 3.53 5.36E-01 81.31 

45.00 4.48 6.64E-01 80.89 

45.00 5.68 8.22E-01 80.46 

45.00 7.21 1.02E+00 80.01 

45.00 9.14 1.26E+00 79.56 

45.00 11.6 1.55E+00 79.08 

45.00 14.7 1.91E+00 78.57 

45.00 18.7 2.35E+00 78.04 

45.00 23.7 2.89E+00 77.47 

45.00 30 3.55E+00 76.88 

55.00 0.1 3.72E-03 88.61 

55.00 0.127 4.69E-03 88.69 

55.00 0.161 5.94E-03 88.27 

55.00 0.204 7.49E-03 88.08 

55.00 0.259 9.46E-03 87.83 

55.00 0.328 1.19E-02 87.54 

55.00 0.416 1.50E-02 87.23 

55.00 0.528 1.89E-02 86.95 

55.00 0.669 2.38E-02 86.66 

55.00 0.849 2.99E-02 86.34 

55.00 1.08 3.76E-02 86.06 

55.00 1.37 4.72E-02 85.76 

55.00 1.73 5.91E-02 85.45 

55.00 2.2 7.41E-02 85.15 

55.00 2.79 9.28E-02 84.83 

55.00 3.53 1.16E-01 84.51 

55.00 4.48 1.45E-01 84.19 

55.00 5.68 1.81E-01 83.85 

55.00 7.21 2.26E-01 83.51 
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55.00 9.14 2.82E-01 83.16 

55.00 11.6 3.51E-01 82.81 

55.00 14.7 4.37E-01 82.44 

55.00 18.7 5.44E-01 82.04 

55.00 23.7 6.76E-01 81.72 

55.00 30 8.41E-01 81.47 

65.00 0.1 8.80E-04 89.22 

65.00 0.127 1.11E-03 89.66 

65.00 0.161 1.41E-03 89.38 

65.00 0.204 1.78E-03 89.16 

65.00 0.259 2.26E-03 89.24 

65.00 0.328 2.86E-03 89.04 

65.00 0.416 3.62E-03 88.92 

65.00 0.528 4.58E-03 88.72 

65.00 0.669 5.80E-03 88.49 

65.00 0.849 7.33E-03 88.32 

65.00 1.08 9.26E-03 88.09 

65.00 1.37 1.17E-02 87.87 

65.00 1.73 1.47E-02 87.62 

65.00 2.2 1.86E-02 87.38 

65.00 2.79 2.34E-02 87.14 

65.00 3.53 2.94E-02 86.89 

65.00 4.48 3.70E-02 86.65 

65.00 5.68 4.64E-02 86.41 

65.00 7.21 5.83E-02 86.2 

65.00 9.14 7.32E-02 86.01 

65.00 11.6 9.19E-02 85.86 

65.00 14.7 1.15E-01 85.72 

65.00 18.7 1.45E-01 85.62 

65.00 23.7 1.83E-01 85.52 

65.00 30 2.31E-01 85.82 

    
LVE BITUMEN - 50/70-H VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.33E+02 53.47 

5.00 0.127 1.53E+02 52.3 

5.00 0.161 1.75E+02 51.09 

5.00 0.204 2.00E+02 49.89 

5.00 0.259 2.28E+02 48.71 

5.00 0.328 2.59E+02 47.54 

5.00 0.416 2.93E+02 46.39 

5.00 0.528 3.30E+02 45.26 

5.00 0.669 3.71E+02 44.14 

5.00 0.849 4.15E+02 43.03 

5.00 1.08 4.63E+02 41.94 

5.00 1.37 5.15E+02 40.87 

5.00 1.73 5.71E+02 39.82 

5.00 2.2 6.31E+02 38.78 

5.00 2.79 6.95E+02 37.76 

5.00 3.53 7.63E+02 36.75 

5.00 4.48 8.36E+02 35.77 

5.00 5.68 9.12E+02 34.8 

5.00 7.21 9.91E+02 33.85 

5.00 9.14 1.07E+03 32.92 

5.00 11.6 1.16E+03 32.03 

5.00 14.7 1.24E+03 31.16 

5.00 18.7 1.33E+03 30.34 

5.00 23.7 1.41E+03 29.57 

5.00 30 1.49E+03 28.87 

15.00 0.1 1.37E+01 69.04 

15.00 0.127 1.65E+01 68.19 

15.00 0.161 1.98E+01 67.25 

15.00 0.204 2.37E+01 66.29 

15.00 0.259 2.83E+01 65.3 

15.00 0.328 3.36E+01 64.28 

15.00 0.416 3.99E+01 63.24 

15.00 0.528 4.71E+01 62.17 

15.00 0.669 5.55E+01 61.08 

15.00 0.849 6.51E+01 59.97 

15.00 1.08 7.62E+01 58.84 

15.00 1.37 8.88E+01 57.7 
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15.00 1.73 1.03E+02 56.55 

15.00 2.2 1.20E+02 55.39 

15.00 2.79 1.38E+02 54.23 

15.00 3.53 1.59E+02 53.06 

15.00 4.48 1.82E+02 51.9 

15.00 5.68 2.08E+02 50.75 

15.00 7.21 2.36E+02 49.6 

15.00 9.14 2.67E+02 48.46 

15.00 11.6 3.02E+02 47.34 

15.00 14.7 3.39E+02 46.23 

15.00 18.7 3.79E+02 45.16 

15.00 23.7 4.22E+02 44.13 

15.00 30 4.67E+02 43.16 

25.00 0.1 1.07E+00 78.24 

25.00 0.127 1.32E+00 77.88 

25.00 0.161 1.63E+00 77.49 

25.00 0.204 2.00E+00 77.01 

25.00 0.259 2.46E+00 76.49 

25.00 0.328 3.02E+00 75.95 

25.00 0.416 3.69E+00 75.37 

25.00 0.528 4.51E+00 74.76 

25.00 0.669 5.50E+00 74.12 

25.00 0.849 6.69E+00 73.44 

25.00 1.08 8.13E+00 72.73 

25.00 1.37 9.86E+00 71.98 

25.00 1.73 1.19E+01 71.21 

25.00 2.2 1.44E+01 70.39 

25.00 2.79 1.73E+01 69.54 

25.00 3.53 2.08E+01 68.66 

25.00 4.48 2.50E+01 67.74 

25.00 5.68 2.98E+01 66.79 

25.00 7.21 3.56E+01 65.82 

25.00 9.14 4.23E+01 64.82 

25.00 11.6 5.01E+01 63.81 

25.00 14.7 5.91E+01 62.85 

25.00 18.7 6.96E+01 61.88 

25.00 23.7 8.17E+01 60.93 

25.00 30 9.57E+01 60.02 

35.00 0.1 1.27E-01 84.3 

35.00 0.127 1.59E-01 84.5 

35.00 0.161 1.98E-01 83.81 

35.00 0.204 2.46E-01 83.44 

35.00 0.259 3.08E-01 82.98 

35.00 0.328 3.83E-01 82.57 

35.00 0.416 4.76E-01 82.09 

35.00 0.528 5.92E-01 81.62 

35.00 0.669 7.34E-01 81.14 

35.00 0.849 9.09E-01 80.63 

35.00 1.08 1.13E+00 80.13 

35.00 1.37 1.39E+00 79.6 

35.00 1.73 1.72E+00 79.07 

35.00 2.2 2.11E+00 78.54 

35.00 2.79 2.60E+00 78 

35.00 3.53 3.19E+00 77.45 

35.00 4.48 3.91E+00 76.89 

35.00 5.68 4.79E+00 76.32 

35.00 7.21 5.86E+00 75.8 

35.00 9.14 7.15E+00 75.32 

35.00 11.6 8.72E+00 74.97 

35.00 14.7 1.06E+01 74.92 

35.00 18.7 1.30E+01 74.83 

35.00 23.7 1.59E+01 74.94 

35.00 30 1.97E+01 75.23 

45.00 0.1 1.65E-02 87.92 

45.00 0.127 2.09E-02 87.71 

45.00 0.161 2.63E-02 87.42 

45.00 0.204 3.31E-02 87.1 

45.00 0.259 4.17E-02 86.78 

45.00 0.328 5.24E-02 86.44 

45.00 0.416 6.59E-02 86.11 

45.00 0.528 8.27E-02 85.75 

45.00 0.669 1.04E-01 85.38 
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45.00 0.849 1.30E-01 85 

45.00 1.08 1.63E-01 84.61 

45.00 1.37 2.03E-01 84.2 

45.00 1.73 2.54E-01 83.78 

45.00 2.2 3.17E-01 83.33 

45.00 2.79 3.95E-01 82.88 

45.00 3.53 4.92E-01 82.4 

45.00 4.48 6.12E-01 81.9 

45.00 5.68 7.59E-01 81.39 

45.00 7.21 9.42E-01 80.85 

45.00 9.14 1.17E+00 80.29 

45.00 11.6 1.44E+00 79.72 

45.00 14.7 1.78E+00 79.11 

45.00 18.7 2.19E+00 78.46 

45.00 23.7 2.70E+00 77.76 

45.00 30 3.31E+00 76.85 

55.00 0.1 3.25E-03 89.44 

55.00 0.127 4.11E-03 89.33 

55.00 0.161 5.22E-03 89.22 

55.00 0.204 6.60E-03 89.03 

55.00 0.259 8.36E-03 88.89 

55.00 0.328 1.06E-02 88.66 

55.00 0.416 1.34E-02 88.41 

55.00 0.528 1.69E-02 88.17 

55.00 0.669 2.14E-02 87.91 

55.00 0.849 2.70E-02 87.62 

55.00 1.08 3.40E-02 87.33 

55.00 1.37 4.28E-02 87.03 

55.00 1.73 5.39E-02 86.72 

55.00 2.2 6.77E-02 86.4 

55.00 2.79 8.50E-02 86.07 

55.00 3.53 1.07E-01 85.73 

55.00 4.48 1.34E-01 85.38 

55.00 5.68 1.68E-01 85.02 

55.00 7.21 2.10E-01 84.64 

55.00 9.14 2.62E-01 84.25 

55.00 11.6 3.28E-01 83.85 

55.00 14.7 4.09E-01 83.43 

55.00 18.7 5.11E-01 82.97 

55.00 23.7 6.37E-01 82.6 

55.00 30 7.94E-01 82.33 

65.00 0.1 7.90E-04 89.26 

65.00 0.127 1.01E-03 89.62 

65.00 0.161 1.27E-03 89.54 

65.00 0.204 1.62E-03 89.5 

65.00 0.259 2.05E-03 89.42 

65.00 0.328 2.60E-03 89.54 

65.00 0.416 3.29E-03 89.4 

65.00 0.528 4.18E-03 89.34 

65.00 0.669 5.29E-03 89.21 

65.00 0.849 6.70E-03 89.11 

65.00 1.08 8.48E-03 89 

65.00 1.37 1.07E-02 88.79 

65.00 1.73 1.36E-02 88.57 

65.00 2.2 1.72E-02 88.37 

65.00 2.79 2.17E-02 88.16 

65.00 3.53 2.74E-02 87.92 

65.00 4.48 3.45E-02 87.67 

65.00 5.68 4.35E-02 87.41 

65.00 7.21 5.49E-02 87.17 

65.00 9.14 6.91E-02 86.94 

65.00 11.6 8.70E-02 86.76 

65.00 14.7 1.09E-01 86.56 

65.00 18.7 1.38E-01 86.39 

65.00 23.7 1.74E-01 86.24 

65.00 30 2.20E-01 86.48 

    
LVE BITUMEN - 50/70-I VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.25E+02 39.19 

5.00 0.127 1.38E+02 38.74 
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5.00 0.161 1.53E+02 38.24 

5.00 0.204 1.69E+02 37.74 

5.00 0.259 1.87E+02 37.24 

5.00 0.328 2.05E+02 36.76 

5.00 0.416 2.26E+02 36.28 

5.00 0.528 2.48E+02 35.81 

5.00 0.669 2.71E+02 35.35 

5.00 0.849 2.96E+02 35 

5.00 1.08 3.24E+02 34.55 

5.00 1.37 3.54E+02 34.05 

5.00 1.73 3.86E+02 33.63 

5.00 2.2 4.19E+02 33.24 

5.00 2.79 4.56E+02 32.82 

5.00 3.53 4.95E+02 32.41 

5.00 4.48 5.36E+02 32.03 

5.00 5.68 5.80E+02 31.69 

5.00 7.21 6.26E+02 31.33 

5.00 9.14 6.75E+02 30.97 

5.00 11.6 7.26E+02 30.61 

5.00 14.7 7.79E+02 30.28 

5.00 18.7 8.35E+02 29.88 

5.00 23.7 8.93E+02 29.5 

5.00 30 9.51E+02 29.11 

15.00 0.1 2.07E+01 49.31 

15.00 0.127 2.36E+01 49.02 

15.00 0.161 2.68E+01 48.63 

15.00 0.204 3.05E+01 48.21 

15.00 0.259 3.46E+01 47.76 

15.00 0.328 3.92E+01 47.29 

15.00 0.416 4.44E+01 46.8 

15.00 0.528 5.01E+01 46.29 

15.00 0.669 5.65E+01 45.77 

15.00 0.849 6.36E+01 45.24 

15.00 1.08 7.15E+01 44.71 

15.00 1.37 8.02E+01 44.17 

15.00 1.73 8.98E+01 43.62 

15.00 2.2 1.00E+02 43.08 

15.00 2.79 1.12E+02 42.54 

15.00 3.53 1.25E+02 42 

15.00 4.48 1.39E+02 41.48 

15.00 5.68 1.55E+02 40.96 

15.00 7.21 1.71E+02 40.45 

15.00 9.14 1.90E+02 39.95 

15.00 11.6 2.10E+02 39.45 

15.00 14.7 2.32E+02 38.96 

15.00 18.7 2.55E+02 38.49 

15.00 23.7 2.80E+02 38.06 

15.00 30 3.07E+02 37.7 

25.00 0.1 2.61E+00 58.51 

25.00 0.127 3.05E+00 58.4 

25.00 0.161 3.55E+00 58.18 

25.00 0.204 4.14E+00 57.96 

25.00 0.259 4.82E+00 57.71 

25.00 0.328 5.61E+00 57.44 

25.00 0.416 6.52E+00 57.15 

25.00 0.528 7.57E+00 56.83 

25.00 0.669 8.79E+00 56.5 

25.00 0.849 1.02E+01 56.14 

25.00 1.08 1.18E+01 55.75 

25.00 1.37 1.36E+01 55.35 

25.00 1.73 1.58E+01 54.92 

25.00 2.2 1.82E+01 54.46 

25.00 2.79 2.10E+01 53.98 

25.00 3.53 2.41E+01 53.48 

25.00 4.48 2.77E+01 52.96 

25.00 5.68 3.18E+01 52.42 

25.00 7.21 3.64E+01 51.86 

25.00 9.14 4.16E+01 51.31 

25.00 11.6 4.75E+01 50.76 

25.00 14.7 5.41E+01 50.25 

25.00 18.7 6.14E+01 49.83 

25.00 23.7 6.97E+01 49.46 
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25.00 30 7.95E+01 49.03 

35.00 0.1 1.28E-01 74.64 

35.00 0.127 1.56E-01 74.17 

35.00 0.161 1.90E-01 73.63 

35.00 0.204 2.31E-01 73.1 

35.00 0.259 2.81E-01 72.57 

35.00 0.328 3.40E-01 72.05 

35.00 0.416 4.11E-01 71.54 

35.00 0.528 4.96E-01 71.04 

35.00 0.669 5.98E-01 70.55 

35.00 0.849 7.20E-01 70.06 

35.00 1.08 8.66E-01 69.57 

35.00 1.37 1.04E+00 69.11 

35.00 1.73 1.25E+00 68.64 

35.00 2.2 1.49E+00 68.18 

35.00 2.79 1.79E+00 67.7 

35.00 3.53 2.14E+00 67.23 

35.00 4.48 2.55E+00 66.74 

35.00 5.68 3.04E+00 66.24 

35.00 7.21 3.61E+00 65.72 

35.00 9.14 4.30E+00 65.19 

35.00 11.6 5.10E+00 64.62 

35.00 14.7 6.04E+00 64.03 

35.00 18.7 7.14E+00 63.41 

35.00 23.7 8.43E+00 62.75 

35.00 30 9.93E+00 62.06 

45.00 0.1 2.09E-02 80.59 

45.00 0.127 2.59E-02 80.26 

45.00 0.161 3.20E-02 79.84 

45.00 0.204 3.95E-02 79.37 

45.00 0.259 4.88E-02 78.9 

45.00 0.328 6.00E-02 78.4 

45.00 0.416 7.38E-02 77.9 

45.00 0.528 9.06E-02 77.38 

45.00 0.669 1.11E-01 76.85 

45.00 0.849 1.36E-01 76.32 

45.00 1.08 1.66E-01 75.79 

45.00 1.37 2.03E-01 75.26 

45.00 1.73 2.47E-01 74.74 

45.00 2.2 3.01E-01 74.22 

45.00 2.79 3.66E-01 73.71 

45.00 3.53 4.44E-01 73.22 

45.00 4.48 5.38E-01 72.73 

45.00 5.68 6.51E-01 72.25 

45.00 7.21 7.86E-01 71.78 

45.00 9.14 9.50E-01 71.32 

45.00 11.6 1.14E+00 70.86 

45.00 14.7 1.38E+00 70.4 

45.00 18.7 1.66E+00 69.94 

45.00 23.7 1.99E+00 69.47 

45.00 30 2.39E+00 69.02 

55.00 0.1 4.20E-03 84.3 

55.00 0.127 5.25E-03 84.12 

55.00 0.161 6.55E-03 83.8 

55.00 0.204 8.18E-03 83.48 

55.00 0.259 1.02E-02 83.11 

55.00 0.328 1.27E-02 82.73 

55.00 0.416 1.58E-02 82.35 

55.00 0.528 1.96E-02 81.92 

55.00 0.669 2.44E-02 81.47 

55.00 0.849 3.02E-02 81.02 

55.00 1.08 3.75E-02 80.55 

55.00 1.37 4.63E-02 80.07 

55.00 1.73 5.72E-02 79.57 

55.00 2.2 7.06E-02 79.07 

55.00 2.79 8.69E-02 78.57 

55.00 3.53 1.07E-01 78.06 

55.00 4.48 1.31E-01 77.55 

55.00 5.68 1.61E-01 77.04 

55.00 7.21 1.97E-01 76.54 

55.00 9.14 2.41E-01 76.05 

55.00 11.6 2.94E-01 75.57 
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55.00 14.7 3.59E-01 75.11 

55.00 18.7 4.38E-01 74.66 

55.00 23.7 5.33E-01 74.16 

55.00 30 6.51E-01 73.97 

65.00 0.1 8.90E-04 87.85 

65.00 0.127 1.13E-03 87.83 

65.00 0.161 1.42E-03 87.3 

65.00 0.204 1.79E-03 87.08 

65.00 0.259 2.26E-03 86.9 

65.00 0.328 2.84E-03 86.51 

65.00 0.416 3.57E-03 86.3 

65.00 0.528 4.48E-03 85.98 

65.00 0.669 5.62E-03 85.65 

65.00 0.849 7.05E-03 85.28 

65.00 1.08 8.84E-03 84.89 

65.00 1.37 1.11E-02 84.47 

65.00 1.73 1.38E-02 84.06 

65.00 2.2 1.73E-02 83.61 

65.00 2.79 2.15E-02 83.19 

65.00 3.53 2.68E-02 82.73 

65.00 4.48 3.34E-02 82.27 

65.00 5.68 4.14E-02 81.8 

65.00 7.21 5.14E-02 81.35 

65.00 9.14 6.38E-02 80.9 

65.00 11.6 7.90E-02 80.52 

65.00 14.7 9.79E-02 80.12 

65.00 18.7 1.21E-01 79.77 

65.00 23.7 1.51E-01 79.44 

65.00 30 1.89E-01 79.46 

    
LVE BITUMEN - 30/45 VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 3.63E+02 42.36 

5.00 0.127 4.05E+02 41.36 

5.00 0.161 4.50E+02 40.33 

5.00 0.204 4.99E+02 39.32 

5.00 0.259 5.52E+02 38.32 

5.00 0.328 6.08E+02 37.33 

5.00 0.416 6.68E+02 36.35 

5.00 0.528 7.32E+02 35.39 

5.00 0.669 8.00E+02 34.45 

5.00 0.849 8.72E+02 33.53 

5.00 1.08 9.49E+02 32.61 

5.00 1.37 1.03E+03 31.71 

5.00 1.73 1.11E+03 30.81 

5.00 2.2 1.20E+03 29.93 

5.00 2.79 1.29E+03 29.06 

5.00 3.53 1.38E+03 28.21 

5.00 4.48 1.48E+03 27.37 

5.00 5.68 1.58E+03 26.54 

5.00 7.21 1.68E+03 25.74 

5.00 9.14 1.78E+03 24.95 

5.00 11.6 1.88E+03 24.19 

5.00 14.7 1.98E+03 23.47 

5.00 18.7 2.08E+03 22.77 

5.00 23.7 2.17E+03 22.11 

5.00 30 2.26E+03 21.5 

15.00 0.1 5.08E+01 59.54 

15.00 0.127 5.96E+01 58.39 

15.00 0.161 6.96E+01 57.21 

15.00 0.204 8.10E+01 56.03 

15.00 0.259 9.38E+01 54.86 

15.00 0.328 1.08E+02 53.7 

15.00 0.416 1.25E+02 52.55 

15.00 0.528 1.43E+02 51.42 

15.00 0.669 1.63E+02 50.3 

15.00 0.849 1.85E+02 49.2 

15.00 1.08 2.10E+02 48.11 

15.00 1.37 2.38E+02 47.04 

15.00 1.73 2.68E+02 45.97 

15.00 2.2 3.02E+02 44.92 
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15.00 2.79 3.38E+02 43.88 

15.00 3.53 3.78E+02 42.86 

15.00 4.48 4.20E+02 41.85 

15.00 5.68 4.67E+02 40.85 

15.00 7.21 5.16E+02 39.86 

15.00 9.14 5.69E+02 38.88 

15.00 11.6 6.25E+02 37.91 

15.00 14.7 6.83E+02 36.97 

15.00 18.7 7.44E+02 36.05 

15.00 23.7 8.06E+02 35.17 

15.00 30 8.69E+02 34.34 

25.00 0.1 4.56E+00 73.65 

25.00 0.127 5.57E+00 72.96 

25.00 0.161 6.78E+00 72.2 

25.00 0.204 8.23E+00 71.39 

25.00 0.259 9.95E+00 70.55 

25.00 0.328 1.20E+01 69.68 

25.00 0.416 1.44E+01 68.78 

25.00 0.528 1.73E+01 67.85 

25.00 0.669 2.07E+01 66.88 

25.00 0.849 2.47E+01 65.89 

25.00 1.08 2.94E+01 64.86 

25.00 1.37 3.49E+01 63.81 

25.00 1.73 4.12E+01 62.74 

25.00 2.2 4.86E+01 61.65 

25.00 2.79 5.70E+01 60.54 

25.00 3.53 6.68E+01 59.41 

25.00 4.48 7.79E+01 58.28 

25.00 5.68 9.05E+01 57.15 

25.00 7.21 1.05E+02 56.01 

25.00 9.14 1.21E+02 54.87 

25.00 11.6 1.39E+02 53.75 

25.00 14.7 1.59E+02 52.63 

25.00 18.7 1.82E+02 51.55 

25.00 23.7 2.07E+02 50.52 

25.00 30 2.34E+02 49.59 

35.00 0.1 3.71E-01 81.42 

35.00 0.127 4.61E-01 81.03 

35.00 0.161 5.70E-01 80.58 

35.00 0.204 7.05E-01 80.12 

35.00 0.259 8.72E-01 79.66 

35.00 0.328 1.08E+00 79.18 

35.00 0.416 1.33E+00 78.7 

35.00 0.528 1.63E+00 78.16 

35.00 0.669 2.01E+00 77.65 

35.00 0.849 2.46E+00 77.05 

35.00 1.08 3.02E+00 76.48 

35.00 1.37 3.70E+00 75.83 

35.00 1.73 4.52E+00 75.16 

35.00 2.2 5.52E+00 74.46 

35.00 2.79 6.72E+00 73.71 

35.00 3.53 8.16E+00 72.91 

35.00 4.48 9.88E+00 72.06 

35.00 5.68 1.19E+01 71.14 

35.00 7.21 1.44E+01 70.14 

35.00 9.14 1.73E+01 69.06 

35.00 11.6 2.07E+01 67.91 

35.00 14.7 2.46E+01 66.69 

35.00 18.7 2.93E+01 65.39 

35.00 23.7 3.46E+01 63.98 

35.00 30 4.07E+01 62.45 

45.00 0.1 5.14E-02 85.64 

45.00 0.127 6.45E-02 85.36 

45.00 0.161 8.08E-02 84.99 

45.00 0.204 1.01E-01 84.6 

45.00 0.259 1.27E-01 84.21 

45.00 0.328 1.58E-01 83.8 

45.00 0.416 1.97E-01 83.38 

45.00 0.528 2.45E-01 82.96 

45.00 0.669 3.05E-01 82.53 

45.00 0.849 3.79E-01 82.11 

45.00 1.08 4.71E-01 81.68 
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45.00 1.37 5.84E-01 81.24 

45.00 1.73 7.24E-01 80.81 

45.00 2.2 8.97E-01 80.36 

45.00 2.79 1.11E+00 79.91 

45.00 3.53 1.37E+00 79.44 

45.00 4.48 1.69E+00 78.93 

45.00 5.68 2.08E+00 78.4 

45.00 7.21 2.56E+00 77.84 

45.00 9.14 3.15E+00 77.25 

45.00 11.6 3.86E+00 76.62 

45.00 14.7 4.72E+00 75.95 

45.00 18.7 5.77E+00 75.23 

45.00 23.7 7.04E+00 74.47 

45.00 30 8.57E+00 73.66 

55.00 0.1 8.83E-03 88.17 

55.00 0.127 1.11E-02 87.97 

55.00 0.161 1.41E-02 87.72 

55.00 0.204 1.77E-02 87.47 

55.00 0.259 2.24E-02 87.21 

55.00 0.328 2.81E-02 86.91 

55.00 0.416 3.54E-02 86.61 

55.00 0.528 4.45E-02 86.31 

55.00 0.669 5.59E-02 85.98 

55.00 0.849 7.02E-02 85.66 

55.00 1.08 8.80E-02 85.32 

55.00 1.37 1.10E-01 84.97 

55.00 1.73 1.38E-01 84.6 

55.00 2.2 1.73E-01 84.23 

55.00 2.79 2.15E-01 83.84 

55.00 3.53 2.69E-01 83.45 

55.00 4.48 3.35E-01 83.05 

55.00 5.68 4.17E-01 82.65 

55.00 7.21 5.19E-01 82.24 

55.00 9.14 6.44E-01 81.81 

55.00 11.6 8.00E-01 81.39 

55.00 14.7 9.92E-01 80.94 

55.00 18.7 1.23E+00 80.55 

55.00 23.7 1.52E+00 80.07 

55.00 30 1.88E+00 79.57 

65.00 0.1 1.87E-03 89.28 

65.00 0.127 2.36E-03 89.28 

65.00 0.161 2.99E-03 89.13 

65.00 0.204 3.80E-03 89.02 

65.00 0.259 4.81E-03 88.87 

65.00 0.328 6.08E-03 88.71 

65.00 0.416 7.69E-03 88.51 

65.00 0.528 9.71E-03 88.32 

65.00 0.669 1.23E-02 88.11 

65.00 0.849 1.55E-02 87.88 

65.00 1.08 1.95E-02 87.63 

65.00 1.37 2.46E-02 87.39 

65.00 1.73 3.10E-02 87.12 

65.00 2.2 3.91E-02 86.85 

65.00 2.79 4.91E-02 86.57 

65.00 3.53 6.18E-02 86.27 

65.00 4.48 7.76E-02 85.97 

65.00 5.68 9.74E-02 85.65 

65.00 7.21 1.22E-01 85.33 

65.00 9.14 1.53E-01 84.99 

65.00 11.6 1.92E-01 84.64 

65.00 14.7 2.41E-01 84.27 

65.00 18.7 3.01E-01 83.86 

65.00 23.7 3.77E-01 83.25 

65.00 30 4.70E-01 83.21 

    
LVE BITUMEN - 60/85E VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.26E+02 50.93 

5.00 0.127 1.45E+02 49.93 

5.00 0.161 1.65E+02 48.9 

5.00 0.204 1.87E+02 47.87 
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5.00 0.259 2.12E+02 46.86 

5.00 0.328 2.40E+02 45.87 

5.00 0.416 2.70E+02 44.88 

5.00 0.528 3.03E+02 43.91 

5.00 0.669 3.39E+02 42.94 

5.00 0.849 3.79E+02 41.97 

5.00 1.08 4.22E+02 41.01 

5.00 1.37 4.68E+02 40.06 

5.00 1.73 5.18E+02 39.11 

5.00 2.2 5.72E+02 38.17 

5.00 2.79 6.30E+02 37.24 

5.00 3.53 6.91E+02 36.3 

5.00 4.48 7.55E+02 35.38 

5.00 5.68 8.23E+02 34.46 

5.00 7.21 8.94E+02 33.55 

5.00 9.14 9.68E+02 32.65 

5.00 11.6 1.04E+03 31.77 

5.00 14.7 1.12E+03 30.91 

5.00 18.7 1.20E+03 30.1 

5.00 23.7 1.27E+03 29.32 

5.00 30 1.34E+03 28.6 

15.00 0.1 1.34E+01 65.58 

15.00 0.127 1.60E+01 64.9 

15.00 0.161 1.91E+01 64.12 

15.00 0.204 2.27E+01 63.29 

15.00 0.259 2.69E+01 62.43 

15.00 0.328 3.18E+01 61.53 

15.00 0.416 3.74E+01 60.59 

15.00 0.528 4.38E+01 59.63 

15.00 0.669 5.13E+01 58.65 

15.00 0.849 5.98E+01 57.65 

15.00 1.08 6.95E+01 56.64 

15.00 1.37 8.05E+01 55.63 

15.00 1.73 9.30E+01 54.61 

15.00 2.2 1.07E+02 53.6 

15.00 2.79 1.23E+02 52.59 

15.00 3.53 1.41E+02 51.58 

15.00 4.48 1.61E+02 50.58 

15.00 5.68 1.83E+02 49.58 

15.00 7.21 2.07E+02 48.6 

15.00 9.14 2.35E+02 47.62 

15.00 11.6 2.64E+02 46.65 

15.00 14.7 2.96E+02 45.69 

15.00 18.7 3.31E+02 44.75 

15.00 23.7 3.69E+02 43.84 

15.00 30 4.08E+02 42.99 

25.00 0.1 1.07E+00 71.52 

25.00 0.127 1.30E+00 71.76 

25.00 0.161 1.58E+00 71.83 

25.00 0.204 1.92E+00 71.87 

25.00 0.259 2.33E+00 71.83 

25.00 0.328 2.82E+00 71.71 

25.00 0.416 3.42E+00 71.54 

25.00 0.528 4.14E+00 71.3 

25.00 0.669 5.01E+00 71 

25.00 0.849 6.06E+00 70.63 

25.00 1.08 7.32E+00 70.2 

25.00 1.37 8.82E+00 69.7 

25.00 1.73 1.06E+01 69.14 

25.00 2.2 1.28E+01 68.53 

25.00 2.79 1.53E+01 67.86 

25.00 3.53 1.83E+01 67.13 

25.00 4.48 2.19E+01 66.36 

25.00 5.68 2.60E+01 65.54 

25.00 7.21 3.09E+01 64.68 

25.00 9.14 3.67E+01 63.81 

25.00 11.6 4.33E+01 62.91 

25.00 14.7 5.09E+01 62.09 

25.00 18.7 5.98E+01 61.26 

25.00 23.7 7.00E+01 60.49 

25.00 30 8.20E+01 59.72 

35.00 0.1 1.03E-01 72.36 
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35.00 0.127 1.25E-01 72.62 

35.00 0.161 1.51E-01 72.82 

35.00 0.204 1.84E-01 73.02 

35.00 0.259 2.23E-01 73.23 

35.00 0.328 2.71E-01 73.44 

35.00 0.416 3.29E-01 73.65 

35.00 0.528 4.00E-01 73.85 

35.00 0.669 4.87E-01 74.04 

35.00 0.849 5.93E-01 74.21 

35.00 1.08 7.22E-01 74.34 

35.00 1.37 8.80E-01 74.46 

35.00 1.73 1.07E+00 74.54 

35.00 2.2 1.31E+00 74.59 

35.00 2.79 1.60E+00 74.6 

35.00 3.53 1.95E+00 74.54 

35.00 4.48 2.38E+00 74.43 

35.00 5.68 2.90E+00 74.25 

35.00 7.21 3.54E+00 74 

35.00 9.14 4.31E+00 73.69 

35.00 11.6 5.24E+00 73.29 

35.00 14.7 6.37E+00 72.81 

35.00 18.7 7.73E+00 72.24 

35.00 23.7 9.36E+00 71.57 

35.00 30 1.13E+01 70.82 

45.00 0.1 2.29E-02 71.21 

45.00 0.127 2.76E-02 71.48 

45.00 0.161 3.34E-02 71.68 

45.00 0.204 4.04E-02 71.87 

45.00 0.259 4.89E-02 72.06 

45.00 0.328 5.91E-02 72.25 

45.00 0.416 7.15E-02 72.45 

45.00 0.528 8.66E-02 72.65 

45.00 0.669 1.05E-01 72.85 

45.00 0.849 1.27E-01 73.07 

45.00 1.08 1.54E-01 73.29 

45.00 1.37 1.87E-01 73.52 

45.00 1.73 2.27E-01 73.75 

45.00 2.2 2.77E-01 73.98 

45.00 2.79 3.36E-01 74.2 

45.00 3.53 4.10E-01 74.42 

45.00 4.48 4.99E-01 74.63 

45.00 5.68 6.08E-01 74.82 

45.00 7.21 7.42E-01 74.98 

45.00 9.14 9.06E-01 75.12 

45.00 11.6 1.11E+00 75.22 

45.00 14.7 1.35E+00 75.33 

45.00 18.7 1.65E+00 75.35 

45.00 23.7 2.02E+00 75.32 

45.00 30 2.47E+00 75.24 

55.00 0.1 6.39E-03 69.84 

55.00 0.127 7.72E-03 70.43 

55.00 0.161 9.32E-03 70.8 

55.00 0.204 1.13E-02 71.11 

55.00 0.259 1.36E-02 71.39 

55.00 0.328 1.65E-02 71.6 

55.00 0.416 1.99E-02 71.79 

55.00 0.528 2.41E-02 71.96 

55.00 0.669 2.92E-02 72.12 

55.00 0.849 3.53E-02 72.27 

55.00 1.08 4.28E-02 72.43 

55.00 1.37 5.18E-02 72.59 

55.00 1.73 6.27E-02 72.75 

55.00 2.2 7.60E-02 72.94 

55.00 2.79 9.21E-02 73.13 

55.00 3.53 1.12E-01 73.33 

55.00 4.48 1.36E-01 73.54 

55.00 5.68 1.65E-01 73.77 

55.00 7.21 2.00E-01 74 

55.00 9.14 2.44E-01 74.23 

55.00 11.6 2.97E-01 74.46 

55.00 14.7 3.62E-01 74.69 

55.00 18.7 4.42E-01 74.9 
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55.00 23.7 5.40E-01 75.04 

55.00 30 6.60E-01 75.49 

65.00 0.1 2.03E-03 68.66 

65.00 0.127 2.45E-03 69.45 

65.00 0.161 2.96E-03 70.04 

65.00 0.204 3.57E-03 70.6 

65.00 0.259 4.32E-03 71.06 

65.00 0.328 5.22E-03 71.46 

65.00 0.416 6.33E-03 71.78 

65.00 0.528 7.66E-03 72.03 

65.00 0.669 9.28E-03 72.22 

65.00 0.849 1.13E-02 72.41 

65.00 1.08 1.36E-02 72.54 

65.00 1.37 1.65E-02 72.65 

65.00 1.73 2.00E-02 72.78 

65.00 2.2 2.43E-02 72.91 

65.00 2.79 2.94E-02 73.02 

65.00 3.53 3.57E-02 73.14 

65.00 4.48 4.33E-02 73.26 

65.00 5.68 5.25E-02 73.41 

65.00 7.21 6.37E-02 73.61 

65.00 9.14 7.74E-02 73.83 

65.00 11.6 9.41E-02 74.14 

65.00 14.7 1.15E-01 74.47 

65.00 18.7 1.40E-01 74.87 

65.00 23.7 1.71E-01 75.34 

65.00 30 2.09E-01 76.12 

    
LVE BITUMEN - AR VIRGIN 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 1.53E+02 50.79 

5.00 0.127 1.75E+02 49.66 

5.00 0.161 1.99E+02 48.5 

5.00 0.204 2.26E+02 47.36 

5.00 0.259 2.56E+02 46.25 

5.00 0.328 2.88E+02 45.16 

5.00 0.416 3.23E+02 44.08 

5.00 0.528 3.62E+02 43.02 

5.00 0.669 4.04E+02 41.97 

5.00 0.849 4.50E+02 40.93 

5.00 1.08 4.99E+02 39.89 

5.00 1.37 5.52E+02 38.88 

5.00 1.73 6.09E+02 37.88 

5.00 2.2 6.70E+02 36.89 

5.00 2.79 7.34E+02 35.91 

5.00 3.53 8.03E+02 34.94 

5.00 4.48 8.74E+02 33.99 

5.00 5.68 9.49E+02 33.05 

5.00 7.21 1.03E+03 32.12 

5.00 9.14 1.11E+03 31.21 

5.00 11.6 1.19E+03 30.33 

5.00 14.7 1.27E+03 29.48 

5.00 18.7 1.35E+03 28.66 

5.00 23.7 1.43E+03 27.9 

5.00 30 1.51E+03 27.19 

15.00 0.1 1.58E+01 67.68 

15.00 0.127 1.91E+01 66.74 

15.00 0.161 2.28E+01 65.72 

15.00 0.204 2.72E+01 64.67 

15.00 0.259 3.23E+01 63.6 

15.00 0.328 3.82E+01 62.5 

15.00 0.416 4.51E+01 61.38 

15.00 0.528 5.30E+01 60.25 

15.00 0.669 6.20E+01 59.11 

15.00 0.849 7.24E+01 57.96 

15.00 1.08 8.42E+01 56.82 

15.00 1.37 9.76E+01 55.67 

15.00 1.73 1.13E+02 54.53 

15.00 2.2 1.30E+02 53.4 

15.00 2.79 1.49E+02 52.27 

15.00 3.53 1.70E+02 51.15 
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15.00 4.48 1.94E+02 50.04 

15.00 5.68 2.20E+02 48.94 

15.00 7.21 2.49E+02 47.85 

15.00 9.14 2.81E+02 46.78 

15.00 11.6 3.15E+02 45.72 

15.00 14.7 3.52E+02 44.67 

15.00 18.7 3.92E+02 43.66 

15.00 23.7 4.35E+02 42.67 

15.00 30 4.79E+02 41.75 

25.00 0.1 1.17E+00 77.78 

25.00 0.127 1.44E+00 77.46 

25.00 0.161 1.78E+00 77.12 

25.00 0.204 2.19E+00 76.67 

25.00 0.259 2.68E+00 76.19 

25.00 0.328 3.29E+00 75.65 

25.00 0.416 4.02E+00 75.08 

25.00 0.528 4.91E+00 74.47 

25.00 0.669 5.99E+00 73.8 

25.00 0.849 7.28E+00 73.1 

25.00 1.08 8.84E+00 72.36 

25.00 1.37 1.07E+01 71.57 

25.00 1.73 1.29E+01 70.75 

25.00 2.2 1.56E+01 69.87 

25.00 2.79 1.88E+01 68.96 

25.00 3.53 2.25E+01 68.01 

25.00 4.48 2.69E+01 67.03 

25.00 5.68 3.21E+01 66.01 

25.00 7.21 3.81E+01 64.96 

25.00 9.14 4.51E+01 63.9 

25.00 11.6 5.33E+01 62.84 

25.00 14.7 6.27E+01 61.82 

25.00 18.7 7.35E+01 60.81 

25.00 23.7 8.59E+01 59.83 

25.00 30 1.00E+02 58.9 

35.00 0.1 1.05E-01 83.98 

35.00 0.127 1.31E-01 83.75 

35.00 0.161 1.63E-01 83.42 

35.00 0.204 2.04E-01 83.09 

35.00 0.259 2.54E-01 82.74 

35.00 0.328 3.16E-01 82.39 

35.00 0.416 3.92E-01 82.02 

35.00 0.528 4.87E-01 81.64 

35.00 0.669 6.04E-01 81.23 

35.00 0.849 7.49E-01 80.79 

35.00 1.08 9.27E-01 80.36 

35.00 1.37 1.15E+00 79.9 

35.00 1.73 1.42E+00 79.42 

35.00 2.2 1.75E+00 78.91 

35.00 2.79 2.15E+00 78.38 

35.00 3.53 2.65E+00 77.81 

35.00 4.48 3.25E+00 77.2 

35.00 5.68 3.99E+00 76.55 

35.00 7.21 4.88E+00 75.87 

35.00 9.14 5.96E+00 75.13 

35.00 11.6 7.27E+00 74.34 

35.00 14.7 8.84E+00 73.47 

35.00 18.7 1.07E+01 72.55 

35.00 23.7 1.30E+01 71.55 

35.00 30 1.56E+01 70.48 

45.00 0.1 1.66E-02 86.38 

45.00 0.127 2.08E-02 86.24 

45.00 0.161 2.61E-02 86.01 

45.00 0.204 3.28E-02 85.81 

45.00 0.259 4.12E-02 85.58 

45.00 0.328 5.16E-02 85.34 

45.00 0.416 6.47E-02 85.1 

45.00 0.528 8.10E-02 84.84 

45.00 0.669 1.01E-01 84.58 

45.00 0.849 1.27E-01 84.3 

45.00 1.08 1.58E-01 84 

45.00 1.37 1.98E-01 83.7 

45.00 1.73 2.46E-01 83.38 
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45.00 2.2 3.07E-01 83.04 

45.00 2.79 3.82E-01 82.69 

45.00 3.53 4.76E-01 82.33 

45.00 4.48 5.91E-01 81.94 

45.00 5.68 7.34E-01 81.53 

45.00 7.21 9.11E-01 81.11 

45.00 9.14 1.13E+00 80.66 

45.00 11.6 1.40E+00 80.18 

45.00 14.7 1.73E+00 79.68 

45.00 18.7 2.13E+00 79.15 

45.00 23.7 2.63E+00 78.58 

45.00 30 3.24E+00 77.99 

55.00 0.1 3.09E-03 88.38 

55.00 0.127 3.91E-03 88.3 

55.00 0.161 4.93E-03 88.14 

55.00 0.204 6.21E-03 87.92 

55.00 0.259 7.82E-03 87.66 

55.00 0.328 9.87E-03 87.51 

55.00 0.416 1.24E-02 87.29 

55.00 0.528 1.57E-02 87.1 

55.00 0.669 1.97E-02 86.9 

55.00 0.849 2.48E-02 86.68 

55.00 1.08 3.11E-02 86.48 

55.00 1.37 3.91E-02 86.27 

55.00 1.73 4.91E-02 86.03 

55.00 2.2 6.16E-02 85.8 

55.00 2.79 7.73E-02 85.56 

55.00 3.53 9.69E-02 85.31 

55.00 4.48 1.21E-01 85.04 

55.00 5.68 1.52E-01 84.77 

55.00 7.21 1.90E-01 84.48 

55.00 9.14 2.38E-01 84.18 

55.00 11.6 2.97E-01 83.86 

55.00 14.7 3.71E-01 83.53 

55.00 18.7 4.63E-01 83.16 

55.00 23.7 5.78E-01 82.8 

55.00 30 7.23E-01 82.57 

65.00 0.1 6.90E-04 89.53 

65.00 0.127 8.90E-04 89.43 

65.00 0.161 1.12E-03 89.73 

65.00 0.204 1.42E-03 89.2 

65.00 0.259 1.80E-03 89.27 

65.00 0.328 2.28E-03 89.25 

65.00 0.416 2.88E-03 88.97 

65.00 0.528 3.64E-03 88.77 

65.00 0.669 4.60E-03 88.72 

65.00 0.849 5.82E-03 88.59 

65.00 1.08 7.35E-03 88.36 

65.00 1.37 9.29E-03 88.2 

65.00 1.73 1.17E-02 88.01 

65.00 2.2 1.48E-02 87.81 

65.00 2.79 1.87E-02 87.64 

65.00 3.53 2.35E-02 87.44 

65.00 4.48 2.97E-02 87.22 

65.00 5.68 3.74E-02 87 

65.00 7.21 4.70E-02 86.79 

65.00 9.14 5.92E-02 86.59 

65.00 11.6 7.46E-02 86.43 

65.00 14.7 9.40E-02 86.23 

65.00 18.7 1.19E-01 86.04 

65.00 23.7 1.50E-01 85.8 

65.00 30 1.91E-01 85.93 
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APPENDIX B – EXPERIMENTAL DATA OF BITUMENS (RTFOT) 

 

LVE BITUMEN - 50/70-A RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 19.974 49.28 

5.00 0.127 22.702 48.22 

5.00 0.161 25.739 47.12 

5.00 0.204 29.075 46.02 

5.00 0.259 32.718 44.94 

5.00 0.328 36.703 43.87 

5.00 0.416 41.053 42.81 

5.00 0.528 45.786 41.75 

5.00 0.669 50.910 40.70 

5.00 0.849 56.450 39.66 

5.00 1.08 62.404 38.63 

5.00 1.37 68.768 37.62 

5.00 1.73 75.556 36.61 

5.00 2.2 82.769 35.61 

5.00 2.79 90.396 34.62 

5.00 3.53 98.417 33.64 

5.00 4.48 106.787 32.68 

5.00 5.68 115.479 31.73 

5.00 7.21 124.452 30.80 

5.00 9.14 133.657 29.89 

5.00 11.6 142.942 29.01 

5.00 14.7 152.179 28.16 

5.00 18.7 161.232 27.35 

5.00 23.7 169.944 26.60 

5.00 30 178.181 25.91 

15.00 0.1 2.305 65.11 

15.00 0.127 2.747 64.16 

15.00 0.161 3.261 63.14 

15.00 0.204 3.857 62.11 

15.00 0.259 4.546 61.07 

15.00 0.328 5.342 60.01 

15.00 0.416 6.257 58.96 

15.00 0.528 7.304 57.89 

15.00 0.669 8.500 56.82 

15.00 0.849 9.859 55.75 

15.00 1.08 11.401 54.68 

15.00 1.37 13.140 53.61 

15.00 1.73 15.097 52.53 

15.00 2.2 17.289 51.46 

15.00 2.79 19.737 50.39 

15.00 3.53 22.457 49.32 

15.00 4.48 25.463 48.25 

15.00 5.68 28.769 47.20 

15.00 7.21 32.392 46.14 

15.00 9.14 36.336 45.09 

15.00 11.6 40.601 44.05 

15.00 14.7 45.181 43.03 

15.00 18.7 50.031 42.03 

15.00 23.7 55.120 41.06 

15.00 30 60.408 40.15 

25.00 0.1 0.219 75.55 

25.00 0.127 0.268 75.04 

25.00 0.161 0.329 74.43 

25.00 0.204 0.402 73.81 

25.00 0.259 0.490 73.15 

25.00 0.328 0.595 72.48 

25.00 0.416 0.722 71.77 

25.00 0.528 0.874 71.03 

25.00 0.669 1.055 70.27 

25.00 0.849 1.271 69.47 

25.00 1.08 1.528 68.64 

25.00 1.37 1.832 67.79 

25.00 1.73 2.192 66.90 

25.00 2.2 2.614 65.98 

25.00 2.79 3.110 65.04 
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25.00 3.53 3.689 64.08 

25.00 4.48 4.363 63.09 

25.00 5.68 5.146 62.09 

25.00 7.21 6.049 61.07 

25.00 9.14 7.089 60.05 

25.00 11.6 8.281 59.02 

25.00 14.7 9.640 58.01 

25.00 18.7 11.179 57.02 

25.00 23.7 12.917 56.07 

25.00 30 14.875 55.19 

35.00 0.1 0.022 81.81 

35.00 0.127 0.027 81.41 

35.00 0.161 0.034 80.94 

35.00 0.204 0.042 80.49 

35.00 0.259 0.052 80.02 

35.00 0.328 0.064 79.56 

35.00 0.416 0.079 79.10 

35.00 0.528 0.097 78.64 

35.00 0.669 0.119 78.13 

35.00 0.849 0.147 77.66 

35.00 1.08 0.180 77.16 

35.00 1.37 0.221 76.62 

35.00 1.73 0.270 76.05 

35.00 2.2 0.331 75.48 

35.00 2.79 0.404 74.87 

35.00 3.53 0.492 74.22 

35.00 4.48 0.599 73.52 

35.00 5.68 0.727 72.77 

35.00 7.21 0.881 71.95 

35.00 9.14 1.065 71.05 

35.00 11.6 1.284 70.09 

35.00 14.7 1.543 69.04 

35.00 18.7 1.849 67.90 

35.00 23.7 2.208 66.67 

35.00 30 2.626 65.33 

45.00 0.1 0.003 85.85 

45.00 0.127 0.004 85.57 

45.00 0.161 0.005 85.19 

45.00 0.204 0.006 84.80 

45.00 0.259 0.008 84.41 

45.00 0.328 0.010 84.02 

45.00 0.416 0.012 83.61 

45.00 0.528 0.015 83.20 

45.00 0.669 0.019 82.79 

45.00 0.849 0.024 82.37 

45.00 1.08 0.030 81.95 

45.00 1.37 0.037 81.53 

45.00 1.73 0.046 81.10 

45.00 2.2 0.057 80.66 

45.00 2.79 0.070 80.23 

45.00 3.53 0.087 79.78 

45.00 4.48 0.107 79.33 

45.00 5.68 0.132 78.86 

45.00 7.21 0.162 78.37 

45.00 9.14 0.199 77.86 

45.00 11.6 0.245 77.33 

45.00 14.7 0.301 76.77 

45.00 18.7 0.368 76.17 

45.00 23.7 0.450 75.54 

45.00 30 0.550 74.85 

55.00 0.1 0.001 88.38 

55.00 0.127 0.001 88.23 

55.00 0.161 0.001 87.98 

55.00 0.204 0.001 87.66 

55.00 0.259 0.001 87.37 

55.00 0.328 0.002 87.04 

55.00 0.416 0.002 86.74 

55.00 0.528 0.003 86.41 

55.00 0.669 0.004 86.08 

55.00 0.849 0.005 85.74 

55.00 1.08 0.006 85.40 

55.00 1.37 0.007 85.04 
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55.00 1.73 0.009 84.69 

55.00 2.2 0.011 84.32 

55.00 2.79 0.014 83.95 

55.00 3.53 0.018 83.57 

55.00 4.48 0.022 83.19 

55.00 5.68 0.028 82.81 

55.00 7.21 0.035 82.41 

55.00 9.14 0.043 82.01 

55.00 11.6 0.053 81.60 

55.00 14.7 0.066 81.19 

55.00 18.7 0.082 80.80 

55.00 23.7 0.102 80.39 

55.00 30 0.126 80.04 

65.00 0.1 0.000 89.61 

65.00 0.127 0.000 89.51 

65.00 0.161 0.000 89.41 

65.00 0.204 0.000 89.31 

65.00 0.259 0.000 89.27 

65.00 0.328 0.000 89.01 

65.00 0.416 0.001 88.73 

65.00 0.528 0.001 88.50 

65.00 0.669 0.001 88.29 

65.00 0.849 0.001 88.00 

65.00 1.08 0.001 87.74 

65.00 1.37 0.002 87.45 

65.00 1.73 0.002 87.17 

65.00 2.2 0.003 86.87 

65.00 2.79 0.004 86.58 

65.00 3.53 0.004 86.28 

65.00 4.48 0.006 85.97 

65.00 5.68 0.007 85.67 

65.00 7.21 0.009 85.37 

65.00 9.14 0.011 85.08 

65.00 11.6 0.014 84.81 

65.00 14.7 0.017 84.54 

65.00 18.7 0.021 84.30 

65.00 23.7 0.027 84.02 

65.00 30 0.034 84.03 

    

LVE BITUMEN - 50/70-B RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 18.480 49.14 

5.00 0.127 21.014 48.10 

5.00 0.161 23.835 47.03 

5.00 0.204 26.919 45.96 

5.00 0.259 30.284 44.91 

5.00 0.328 33.963 43.86 

5.00 0.416 37.986 42.83 

5.00 0.528 42.370 41.79 

5.00 0.669 47.139 40.76 

5.00 0.849 52.294 39.74 

5.00 1.08 57.838 38.72 

5.00 1.37 63.773 37.73 

5.00 1.73 70.108 36.73 

5.00 2.2 76.843 35.75 

5.00 2.79 83.991 34.77 

5.00 3.53 91.510 33.81 

5.00 4.48 99.393 32.85 

5.00 5.68 107.585 31.91 

5.00 7.21 116.056 30.99 

5.00 9.14 124.743 30.09 

5.00 11.6 133.527 29.21 

5.00 14.7 142.303 28.37 

5.00 18.7 150.915 27.57 

5.00 23.7 159.221 26.81 

5.00 30 167.134 26.12 

15.00 0.1 2.203 64.36 

15.00 0.127 2.620 63.45 

15.00 0.161 3.106 62.48 

15.00 0.204 3.669 61.49 

15.00 0.259 4.317 60.49 

15.00 0.328 5.063 59.48 



231 

 

15.00 0.416 5.918 58.46 

15.00 0.528 6.897 57.44 

15.00 0.669 8.015 56.41 

15.00 0.849 9.286 55.38 

15.00 1.08 10.727 54.34 

15.00 1.37 12.355 53.30 

15.00 1.73 14.187 52.25 

15.00 2.2 16.240 51.21 

15.00 2.79 18.533 50.16 

15.00 3.53 21.082 49.11 

15.00 4.48 23.901 48.07 

15.00 5.68 27.004 47.03 

15.00 7.21 30.401 45.99 

15.00 9.14 34.099 44.96 

15.00 11.6 38.112 43.93 

15.00 14.7 42.410 42.92 

15.00 18.7 46.970 41.93 

15.00 23.7 51.770 40.97 

15.00 30 56.766 40.07 

25.00 0.1 0.215 74.52 

25.00 0.127 0.263 74.02 

25.00 0.161 0.320 73.45 

25.00 0.204 0.390 72.86 

25.00 0.259 0.474 72.25 

25.00 0.328 0.574 71.61 

25.00 0.416 0.695 70.95 

25.00 0.528 0.839 70.26 

25.00 0.669 1.010 69.54 

25.00 0.849 1.215 68.79 

25.00 1.08 1.457 68.01 

25.00 1.37 1.744 67.19 

25.00 1.73 2.083 66.35 

25.00 2.2 2.481 65.47 

25.00 2.79 2.947 64.57 

25.00 3.53 3.493 63.64 

25.00 4.48 4.127 62.69 

25.00 5.68 4.862 61.72 

25.00 7.21 5.712 60.73 

25.00 9.14 6.689 59.73 

25.00 11.6 7.810 58.72 

25.00 14.7 9.087 57.74 

25.00 18.7 10.535 56.78 

25.00 23.7 12.175 55.86 

25.00 30 14.030 55.01 

35.00 0.1 0.029 79.70 

35.00 0.127 0.035 79.28 

35.00 0.161 0.044 78.79 

35.00 0.204 0.054 78.31 

35.00 0.259 0.066 77.84 

35.00 0.328 0.081 77.36 

35.00 0.416 0.099 76.90 

35.00 0.528 0.122 76.44 

35.00 0.669 0.149 75.91 

35.00 0.849 0.182 75.45 

35.00 1.08 0.222 74.91 

35.00 1.37 0.270 74.40 

35.00 1.73 0.329 73.84 

35.00 2.2 0.400 73.25 

35.00 2.79 0.485 72.64 

35.00 3.53 0.588 71.98 

35.00 4.48 0.711 71.27 

35.00 5.68 0.858 70.52 

35.00 7.21 1.033 69.69 

35.00 9.14 1.241 68.79 

35.00 11.6 1.486 67.81 

35.00 14.7 1.776 66.75 

35.00 18.7 2.115 65.59 

35.00 23.7 2.509 64.32 

35.00 30 2.964 62.95 

45.00 0.1 0.004 84.42 

45.00 0.127 0.005 84.06 

45.00 0.161 0.007 83.62 
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45.00 0.204 0.008 83.17 

45.00 0.259 0.010 82.72 

45.00 0.328 0.013 82.26 

45.00 0.416 0.016 81.81 

45.00 0.528 0.020 81.35 

45.00 0.669 0.024 80.90 

45.00 0.849 0.030 80.45 

45.00 1.08 0.037 80.00 

45.00 1.37 0.046 79.55 

45.00 1.73 0.056 79.10 

45.00 2.2 0.069 78.66 

45.00 2.79 0.085 78.22 

45.00 3.53 0.105 77.77 

45.00 4.48 0.129 77.31 

45.00 5.68 0.158 76.85 

45.00 7.21 0.193 76.36 

45.00 9.14 0.237 75.86 

45.00 11.6 0.289 75.33 

45.00 14.7 0.353 74.77 

45.00 18.7 0.430 74.19 

45.00 23.7 0.523 73.56 

45.00 30 0.635 72.89 

55.00 0.1 0.001 87.72 

55.00 0.127 0.001 87.44 

55.00 0.161 0.001 87.09 

55.00 0.204 0.001 86.74 

55.00 0.259 0.002 86.34 

55.00 0.328 0.002 85.98 

55.00 0.416 0.003 85.60 

55.00 0.528 0.004 85.21 

55.00 0.669 0.005 84.82 

55.00 0.849 0.006 84.41 

55.00 1.08 0.007 84.01 

55.00 1.37 0.009 83.61 

55.00 1.73 0.011 83.20 

55.00 2.2 0.014 82.79 

55.00 2.79 0.017 82.38 

55.00 3.53 0.022 81.97 

55.00 4.48 0.027 81.56 

55.00 5.68 0.033 81.15 

55.00 7.21 0.041 80.74 

55.00 9.14 0.051 80.32 

55.00 11.6 0.063 79.91 

55.00 14.7 0.077 79.51 

55.00 18.7 0.095 79.11 

55.00 23.7 0.118 78.75 

55.00 30 0.145 78.36 

65.00 0.1 0.000 89.38 

65.00 0.127 0.000 89.39 

65.00 0.161 0.000 89.13 

65.00 0.204 0.000 88.96 

65.00 0.259 0.000 88.58 

65.00 0.328 0.001 88.49 

65.00 0.416 0.001 88.20 

65.00 0.528 0.001 87.89 

65.00 0.669 0.001 87.58 

65.00 0.849 0.001 87.22 

65.00 1.08 0.002 86.90 

65.00 1.37 0.002 86.55 

65.00 1.73 0.003 86.19 

65.00 2.2 0.003 85.85 

65.00 2.79 0.004 85.49 

65.00 3.53 0.005 85.14 

65.00 4.48 0.007 84.78 

65.00 5.68 0.008 84.43 

65.00 7.21 0.010 84.09 

65.00 9.14 0.013 83.76 

65.00 11.6 0.016 83.46 

65.00 14.7 0.020 83.16 

65.00 18.7 0.025 82.90 

65.00 23.7 0.031 82.55 

65.00 30 0.039 82.64 
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LVE BITUMEN - 50/70-C RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 24.427 41.45 

5.00 0.127 27.183 40.69 

5.00 0.161 30.211 39.90 

5.00 0.204 33.482 39.11 

5.00 0.259 37.015 38.34 

5.00 0.328 40.842 37.58 

5.00 0.416 44.973 36.83 

5.00 0.528 49.421 36.08 

5.00 0.669 54.183 35.33 

5.00 0.849 59.269 34.60 

5.00 1.08 64.682 33.87 

5.00 1.37 70.431 33.16 

5.00 1.73 76.532 32.44 

5.00 2.2 82.990 31.72 

5.00 2.79 89.798 31.00 

5.00 3.53 96.940 30.29 

5.00 4.48 104.406 29.58 

5.00 5.68 112.161 28.87 

5.00 7.21 120.192 28.17 

5.00 9.14 128.421 27.48 

5.00 11.6 136.762 26.80 

5.00 14.7 145.131 26.15 

5.00 18.7 153.411 25.52 

5.00 23.7 161.481 24.93 

5.00 30 169.298 24.37 

15.00 0.1 3.856 55.61 

15.00 0.127 4.476 54.64 

15.00 0.161 5.176 53.63 

15.00 0.204 5.961 52.64 

15.00 0.259 6.840 51.67 

15.00 0.328 7.824 50.72 

15.00 0.416 8.925 49.78 

15.00 0.528 10.152 48.88 

15.00 0.669 11.518 47.99 

15.00 0.849 13.033 47.12 

15.00 1.08 14.712 46.28 

15.00 1.37 16.567 45.45 

15.00 1.73 18.610 44.64 

15.00 2.2 20.859 43.85 

15.00 2.79 23.326 43.07 

15.00 3.53 26.023 42.30 

15.00 4.48 28.961 41.54 

15.00 5.68 32.153 40.80 

15.00 7.21 35.610 40.06 

15.00 9.14 39.339 39.32 

15.00 11.6 43.336 38.59 

15.00 14.7 47.583 37.87 

15.00 18.7 52.063 37.17 

15.00 23.7 56.769 36.48 

15.00 30 61.617 35.83 

25.00 0.1 0.391 69.19 

25.00 0.127 0.471 68.56 

25.00 0.161 0.566 67.85 

25.00 0.204 0.679 67.10 

25.00 0.259 0.812 66.34 

25.00 0.328 0.968 65.54 

25.00 0.416 1.151 64.71 

25.00 0.528 1.365 63.86 

25.00 0.669 1.615 62.99 

25.00 0.849 1.906 62.09 

25.00 1.08 2.243 61.18 

25.00 1.37 2.632 60.25 

25.00 1.73 3.080 59.31 

25.00 2.2 3.594 58.37 

25.00 2.79 4.182 57.42 

25.00 3.53 4.852 56.47 

25.00 4.48 5.614 55.53 

25.00 5.68 6.475 54.63 

25.00 7.21 7.449 53.71 

25.00 9.14 8.545 52.81 
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25.00 11.6 9.775 51.92 

25.00 14.7 11.149 51.07 

25.00 18.7 12.669 50.28 

25.00 23.7 14.348 49.53 

25.00 30 16.198 48.83 

35.00 0.1 0.028 78.91 

35.00 0.127 0.035 78.46 

35.00 0.161 0.043 77.93 

35.00 0.204 0.053 77.41 

35.00 0.259 0.065 76.89 

35.00 0.328 0.080 76.37 

35.00 0.416 0.097 75.86 

35.00 0.528 0.119 75.34 

35.00 0.669 0.145 74.78 

35.00 0.849 0.176 74.27 

35.00 1.08 0.214 73.69 

35.00 1.37 0.259 73.13 

35.00 1.73 0.314 72.51 

35.00 2.2 0.381 71.86 

35.00 2.79 0.461 71.19 

35.00 3.53 0.556 70.48 

35.00 4.48 0.669 69.74 

35.00 5.68 0.803 68.96 

35.00 7.21 0.962 68.13 

35.00 9.14 1.149 67.26 

35.00 11.6 1.368 66.32 

35.00 14.7 1.624 65.33 

35.00 18.7 1.922 64.25 

35.00 23.7 2.266 63.09 

35.00 30 2.656 61.86 

45.00 0.1 0.004 83.77 

45.00 0.127 0.005 83.44 

45.00 0.161 0.007 83.03 

45.00 0.204 0.008 82.60 

45.00 0.259 0.010 82.17 

45.00 0.328 0.013 81.71 

45.00 0.416 0.016 81.26 

45.00 0.528 0.020 80.81 

45.00 0.669 0.024 80.35 

45.00 0.849 0.030 79.88 

45.00 1.08 0.037 79.41 

45.00 1.37 0.045 78.95 

45.00 1.73 0.056 78.47 

45.00 2.2 0.068 77.99 

45.00 2.79 0.084 77.50 

45.00 3.53 0.103 77.00 

45.00 4.48 0.127 76.50 

45.00 5.68 0.156 75.98 

45.00 7.21 0.191 75.44 

45.00 9.14 0.233 74.87 

45.00 11.6 0.284 74.29 

45.00 14.7 0.346 73.68 

45.00 18.7 0.420 73.04 

45.00 23.7 0.509 72.37 

45.00 30 0.615 71.68 

55.00 0.1 0.001 87.22 

55.00 0.127 0.001 86.94 

55.00 0.161 0.001 86.66 

55.00 0.204 0.001 86.32 

55.00 0.259 0.002 86.05 

55.00 0.328 0.002 85.68 

55.00 0.416 0.003 85.35 

55.00 0.528 0.004 85.01 

55.00 0.669 0.004 84.66 

55.00 0.849 0.005 84.29 

55.00 1.08 0.007 83.92 

55.00 1.37 0.009 83.54 

55.00 1.73 0.011 83.15 

55.00 2.2 0.013 82.77 

55.00 2.79 0.016 82.38 

55.00 3.53 0.020 81.98 

55.00 4.48 0.025 81.57 



235 

 

55.00 5.68 0.031 81.16 

55.00 7.21 0.039 80.74 

55.00 9.14 0.048 80.31 

55.00 11.6 0.059 79.88 

55.00 14.7 0.073 79.46 

55.00 18.7 0.090 79.02 

55.00 23.7 0.110 78.73 

55.00 30 0.136 78.33 

65.00 0.1 0.000 88.81 

65.00 0.127 0.000 88.42 

65.00 0.161 0.000 88.50 

65.00 0.204 0.000 88.49 

65.00 0.259 0.000 88.32 

65.00 0.328 0.000 88.15 

65.00 0.416 0.001 87.93 

65.00 0.528 0.001 87.70 

65.00 0.669 0.001 87.41 

65.00 0.849 0.001 87.13 

65.00 1.08 0.001 86.83 

65.00 1.37 0.002 86.55 

65.00 1.73 0.002 86.25 

65.00 2.2 0.003 85.96 

65.00 2.79 0.004 85.65 

65.00 3.53 0.005 85.34 

65.00 4.48 0.006 85.03 

65.00 5.68 0.007 84.71 

65.00 7.21 0.009 84.41 

65.00 9.14 0.011 84.10 

65.00 11.6 0.014 83.82 

65.00 14.7 0.017 83.54 

65.00 18.7 0.022 83.27 

65.00 23.7 0.027 82.98 

65.00 30 0.034 83.12 

    

LVE BITUMEN - 50/70-D RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 24.367 44.67 

5.00 0.127 27.350 43.76 

5.00 0.161 30.648 42.81 

5.00 0.204 34.247 41.86 

5.00 0.259 38.132 40.94 

5.00 0.328 42.340 40.04 

5.00 0.416 46.897 39.14 

5.00 0.528 51.828 38.26 

5.00 0.669 57.137 37.38 

5.00 0.849 62.827 36.51 

5.00 1.08 68.912 35.65 

5.00 1.37 75.378 34.81 

5.00 1.73 82.258 33.97 

5.00 2.2 89.539 33.13 

5.00 2.79 97.201 32.30 

5.00 3.53 105.239 31.48 

5.00 4.48 113.639 30.66 

5.00 5.68 122.334 29.86 

5.00 7.21 131.315 29.07 

5.00 9.14 140.471 28.30 

5.00 11.6 149.703 27.55 

5.00 14.7 158.921 26.82 

5.00 18.7 167.956 26.13 

5.00 23.7 176.662 25.48 

5.00 30 184.928 24.88 

15.00 0.1 3.324 60.07 

15.00 0.127 3.908 59.09 

15.00 0.161 4.577 58.06 

15.00 0.204 5.336 57.02 

15.00 0.259 6.199 55.98 

15.00 0.328 7.178 54.95 

15.00 0.416 8.287 53.92 

15.00 0.528 9.535 52.90 

15.00 0.669 10.938 51.89 

15.00 0.849 12.509 50.89 

15.00 1.08 14.265 49.91 
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15.00 1.37 16.220 48.94 

15.00 1.73 18.391 47.97 

15.00 2.2 20.794 47.02 

15.00 2.79 23.445 46.08 

15.00 3.53 26.355 45.15 

15.00 4.48 29.539 44.24 

15.00 5.68 33.014 43.34 

15.00 7.21 36.786 42.45 

15.00 9.14 40.859 41.57 

15.00 11.6 45.242 40.70 

15.00 14.7 49.901 39.85 

15.00 18.7 54.805 39.02 

15.00 23.7 59.931 38.22 

15.00 30 65.220 37.46 

25.00 0.1 0.324 72.09 

25.00 0.127 0.393 71.53 

25.00 0.161 0.475 70.89 

25.00 0.204 0.574 70.20 

25.00 0.259 0.691 69.50 

25.00 0.328 0.831 68.77 

25.00 0.416 0.997 68.00 

25.00 0.528 1.193 67.21 

25.00 0.669 1.424 66.39 

25.00 0.849 1.696 65.54 

25.00 1.08 2.015 64.66 

25.00 1.37 2.388 63.76 

25.00 1.73 2.822 62.84 

25.00 2.2 3.326 61.89 

25.00 2.79 3.909 60.93 

25.00 3.53 4.581 59.96 

25.00 4.48 5.353 58.98 

25.00 5.68 6.235 58.02 

25.00 7.21 7.241 57.03 

25.00 9.14 8.383 56.05 

25.00 11.6 9.674 55.08 

25.00 14.7 11.126 54.12 

25.00 18.7 12.746 53.23 

25.00 23.7 14.545 52.38 

25.00 30 16.543 51.57 

35.00 0.1 0.028 79.77 

35.00 0.127 0.035 79.35 

35.00 0.161 0.043 78.87 

35.00 0.204 0.053 78.38 

35.00 0.259 0.065 77.88 

35.00 0.328 0.080 77.39 

35.00 0.416 0.098 76.89 

35.00 0.528 0.120 76.40 

35.00 0.669 0.147 75.84 

35.00 0.849 0.179 75.33 

35.00 1.08 0.219 74.75 

35.00 1.37 0.267 74.20 

35.00 1.73 0.324 73.58 

35.00 2.2 0.394 72.95 

35.00 2.79 0.478 72.29 

35.00 3.53 0.578 71.59 

35.00 4.48 0.698 70.86 

35.00 5.68 0.841 70.08 

35.00 7.21 1.012 69.26 

35.00 9.14 1.213 68.39 

35.00 11.6 1.452 67.46 

35.00 14.7 1.732 66.48 

35.00 18.7 2.061 65.44 

35.00 23.7 2.443 64.31 

35.00 30 2.887 63.10 

45.00 0.1 0.004 84.33 

45.00 0.127 0.005 84.02 

45.00 0.161 0.006 83.62 

45.00 0.204 0.008 83.22 

45.00 0.259 0.010 82.81 

45.00 0.328 0.012 82.38 

45.00 0.416 0.015 81.96 

45.00 0.528 0.019 81.53 
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45.00 0.669 0.024 81.09 

45.00 0.849 0.029 80.65 

45.00 1.08 0.036 80.21 

45.00 1.37 0.045 79.76 

45.00 1.73 0.055 79.30 

45.00 2.2 0.068 78.84 

45.00 2.79 0.084 78.38 

45.00 3.53 0.103 77.90 

45.00 4.48 0.127 77.41 

45.00 5.68 0.156 76.90 

45.00 7.21 0.191 76.37 

45.00 9.14 0.234 75.82 

45.00 11.6 0.285 75.24 

45.00 14.7 0.348 74.63 

45.00 18.7 0.424 73.99 

45.00 23.7 0.516 73.31 

45.00 30 0.626 72.60 

55.00 0.1 0.001 87.59 

55.00 0.127 0.001 87.32 

55.00 0.161 0.001 87.00 

55.00 0.204 0.001 86.68 

55.00 0.259 0.002 86.35 

55.00 0.328 0.002 86.01 

55.00 0.416 0.003 85.69 

55.00 0.528 0.003 85.35 

55.00 0.669 0.004 85.01 

55.00 0.849 0.005 84.66 

55.00 1.08 0.007 84.30 

55.00 1.37 0.008 83.94 

55.00 1.73 0.010 83.57 

55.00 2.2 0.013 83.19 

55.00 2.79 0.016 82.81 

55.00 3.53 0.020 82.42 

55.00 4.48 0.025 82.03 

55.00 5.68 0.031 81.63 

55.00 7.21 0.039 81.22 

55.00 9.14 0.048 80.80 

55.00 11.6 0.059 80.37 

55.00 14.7 0.073 79.96 

55.00 18.7 0.090 79.54 

55.00 23.7 0.111 79.11 

55.00 30 0.137 78.72 

65.00 0.1 0.000 89.33 

65.00 0.127 0.000 89.00 

65.00 0.161 0.000 89.01 

65.00 0.204 0.000 88.84 

65.00 0.259 0.000 88.64 

65.00 0.328 0.000 88.38 

65.00 0.416 0.001 88.13 

65.00 0.528 0.001 87.83 

65.00 0.669 0.001 87.56 

65.00 0.849 0.001 87.28 

65.00 1.08 0.002 87.00 

65.00 1.37 0.002 86.67 

65.00 1.73 0.002 86.41 

65.00 2.2 0.003 86.11 

65.00 2.79 0.004 85.82 

65.00 3.53 0.005 85.53 

65.00 4.48 0.006 85.23 

65.00 5.68 0.007 84.93 

65.00 7.21 0.009 84.65 

65.00 9.14 0.012 84.37 

65.00 11.6 0.015 84.12 

65.00 14.7 0.018 83.87 

65.00 18.7 0.023 83.64 

65.00 23.7 0.029 83.39 

65.00 30 0.036 83.48 

    

LVE BITUMEN - 50/70-E RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 37.775 36.77 

5.00 0.127 41.509 36.09 
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5.00 0.161 45.549 35.38 

5.00 0.204 49.889 34.66 

5.00 0.259 54.511 33.96 

5.00 0.328 59.443 33.27 

5.00 0.416 64.703 32.58 

5.00 0.528 70.286 31.90 

5.00 0.669 76.209 31.22 

5.00 0.849 82.457 30.56 

5.00 1.08 89.024 29.91 

5.00 1.37 95.902 29.26 

5.00 1.73 102.709 28.85 

5.00 2.2 110.826 27.96 

5.00 2.79 118.777 27.32 

5.00 3.53 126.916 26.70 

5.00 4.48 135.531 26.04 

5.00 5.68 144.372 25.41 

5.00 7.21 153.311 24.79 

5.00 9.14 162.155 24.23 

5.00 11.6 171.511 23.60 

5.00 14.7 180.580 23.03 

5.00 18.7 189.005 22.53 

5.00 23.7 197.855 21.96 

5.00 30 206.059 21.48 

15.00 0.1 7.191 49.41 

15.00 0.127 8.200 48.56 

15.00 0.161 9.319 47.68 

15.00 0.204 10.558 46.82 

15.00 0.259 11.929 45.97 

15.00 0.328 13.441 45.14 

15.00 0.416 15.106 44.33 

15.00 0.528 16.936 43.54 

15.00 0.669 18.942 42.76 

15.00 0.849 21.139 42.00 

15.00 1.08 23.540 41.24 

15.00 1.37 26.158 40.50 

15.00 1.73 29.005 39.77 

15.00 2.2 32.096 39.05 

15.00 2.79 35.435 38.33 

15.00 3.53 39.033 37.63 

15.00 4.48 42.905 36.94 

15.00 5.68 47.054 36.25 

15.00 7.21 51.483 35.57 

15.00 9.14 56.195 34.89 

15.00 11.6 61.162 34.22 

15.00 14.7 66.354 33.56 

15.00 18.7 71.737 32.92 

15.00 23.7 77.284 32.30 

15.00 30 82.914 31.71 

25.00 0.1 0.901 62.83 

25.00 0.127 1.067 62.12 

25.00 0.161 1.259 61.34 

25.00 0.204 1.482 60.55 

25.00 0.259 1.739 59.75 

25.00 0.328 2.036 58.94 

25.00 0.416 2.377 58.11 

25.00 0.528 2.768 57.28 

25.00 0.669 3.215 56.45 

25.00 0.849 3.725 55.60 

25.00 1.08 4.305 54.76 

25.00 1.37 4.962 53.91 

25.00 1.73 5.706 53.07 

25.00 2.2 6.545 52.23 

25.00 2.79 7.489 51.39 

25.00 3.53 8.547 50.55 

25.00 4.48 9.731 49.72 

25.00 5.68 11.051 48.89 

25.00 7.21 12.517 48.08 

25.00 9.14 14.142 47.27 

25.00 11.6 15.934 46.48 

25.00 14.7 17.903 45.71 

25.00 18.7 20.052 44.97 

25.00 23.7 22.373 44.29 
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25.00 30 24.860 43.68 

35.00 0.1 0.086 73.27 

35.00 0.127 0.105 72.72 

35.00 0.161 0.127 72.11 

35.00 0.204 0.153 71.51 

35.00 0.259 0.185 70.89 

35.00 0.328 0.223 70.28 

35.00 0.416 0.268 69.63 

35.00 0.528 0.322 68.98 

35.00 0.669 0.386 68.33 

35.00 0.849 0.462 67.65 

35.00 1.08 0.553 66.95 

35.00 1.37 0.659 66.20 

35.00 1.73 0.784 65.43 

35.00 2.2 0.932 64.64 

35.00 2.79 1.104 63.80 

35.00 3.53 1.305 62.92 

35.00 4.48 1.539 62.00 

35.00 5.68 1.810 61.04 

35.00 7.21 2.123 60.03 

35.00 9.14 2.484 58.96 

35.00 11.6 2.896 57.84 

35.00 14.7 3.366 56.65 

35.00 18.7 3.899 55.41 

35.00 23.7 4.498 54.09 

35.00 30 5.168 52.71 

45.00 0.1 0.012 80.09 

45.00 0.127 0.015 79.57 

45.00 0.161 0.019 78.99 

45.00 0.204 0.023 78.40 

45.00 0.259 0.029 77.82 

45.00 0.328 0.035 77.24 

45.00 0.416 0.043 76.67 

45.00 0.528 0.053 76.10 

45.00 0.669 0.064 75.54 

45.00 0.849 0.079 74.97 

45.00 1.08 0.096 74.40 

45.00 1.37 0.116 73.84 

45.00 1.73 0.141 73.28 

45.00 2.2 0.172 72.71 

45.00 2.79 0.208 72.13 

45.00 3.53 0.251 71.54 

45.00 4.48 0.303 70.92 

45.00 5.68 0.365 70.29 

45.00 7.21 0.440 69.63 

45.00 9.14 0.528 68.95 

45.00 11.6 0.633 68.23 

45.00 14.7 0.758 67.47 

45.00 18.7 0.905 66.67 

45.00 23.7 1.079 65.83 

45.00 30 1.283 64.94 

55.00 0.1 0.002 85.25 

55.00 0.127 0.002 84.87 

55.00 0.161 0.003 84.42 

55.00 0.204 0.004 83.92 

55.00 0.259 0.005 83.43 

55.00 0.328 0.006 82.91 

55.00 0.416 0.007 82.41 

55.00 0.528 0.009 81.89 

55.00 0.669 0.011 81.37 

55.00 0.849 0.014 80.84 

55.00 1.08 0.017 80.32 

55.00 1.37 0.021 79.79 

55.00 1.73 0.026 79.27 

55.00 2.2 0.032 78.74 

55.00 2.79 0.040 78.22 

55.00 3.53 0.049 77.70 

55.00 4.48 0.060 77.17 

55.00 5.68 0.074 76.65 

55.00 7.21 0.090 76.12 

55.00 9.14 0.110 75.59 

55.00 11.6 0.135 75.06 
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55.00 14.7 0.164 74.51 

55.00 18.7 0.200 73.95 

55.00 23.7 0.243 73.38 

55.00 30 0.295 72.79 

65.00 0.1 0.000 88.23 

65.00 0.127 0.000 87.97 

65.00 0.161 0.001 87.63 

65.00 0.204 0.001 87.36 

65.00 0.259 0.001 86.99 

65.00 0.328 0.001 86.63 

65.00 0.416 0.001 86.26 

65.00 0.528 0.002 85.83 

65.00 0.669 0.002 85.43 

65.00 0.849 0.003 85.00 

65.00 1.08 0.004 84.57 

65.00 1.37 0.005 84.13 

65.00 1.73 0.006 83.68 

65.00 2.2 0.007 83.23 

65.00 2.79 0.009 82.77 

65.00 3.53 0.011 82.31 

65.00 4.48 0.014 81.84 

65.00 5.68 0.017 81.37 

65.00 7.21 0.021 80.91 

65.00 9.14 0.026 80.44 

65.00 11.6 0.032 79.98 

65.00 14.7 0.040 79.52 

65.00 18.7 0.049 79.06 

65.00 23.7 0.061 78.62 

65.00 30 0.075 78.37 

    

LVE BITUMEN - 50/70-F RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 12.734 37.08 

5.00 0.127 14.021 36.67 

5.00 0.161 15.433 36.22 

5.00 0.204 16.954 35.76 

5.00 0.259 18.586 35.32 

5.00 0.328 20.351 34.90 

5.00 0.416 22.263 34.48 

5.00 0.528 24.326 34.06 

5.00 0.669 26.552 33.66 

5.00 0.849 28.946 33.27 

5.00 1.08 31.517 32.88 

5.00 1.37 34.277 32.50 

5.00 1.73 37.234 32.12 

5.00 2.2 40.395 31.75 

5.00 2.79 43.775 31.38 

5.00 3.53 47.381 31.01 

5.00 4.48 51.224 30.64 

5.00 5.68 55.312 30.27 

5.00 7.21 59.649 29.90 

5.00 9.14 64.227 29.53 

5.00 11.6 69.041 29.15 

5.00 14.7 74.072 28.77 

5.00 18.7 79.293 28.40 

5.00 23.7 84.728 28.02 

5.00 30 90.191 27.67 

15.00 0.1 2.552 45.78 

15.00 0.127 2.881 45.40 

15.00 0.161 3.247 44.97 

15.00 0.204 3.653 44.53 

15.00 0.259 4.104 44.09 

15.00 0.328 4.604 43.65 

15.00 0.416 5.156 43.21 

15.00 0.528 5.767 42.76 

15.00 0.669 6.439 42.32 

15.00 0.849 7.181 41.88 

15.00 1.08 7.998 41.44 

15.00 1.37 8.897 41.00 

15.00 1.73 9.884 40.57 

15.00 2.2 10.966 40.13 

15.00 2.79 12.152 39.69 
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15.00 3.53 13.449 39.26 

15.00 4.48 14.864 38.83 

15.00 5.68 16.405 38.40 

15.00 7.21 18.081 37.97 

15.00 9.14 19.900 37.55 

15.00 11.6 21.873 37.12 

15.00 14.7 24.004 36.71 

15.00 18.7 26.297 36.32 

15.00 23.7 28.739 35.98 

15.00 30 31.327 35.70 

25.00 0.1 0.364 54.25 

25.00 0.127 0.420 53.94 

25.00 0.161 0.485 53.60 

25.00 0.204 0.559 53.26 

25.00 0.259 0.643 52.92 

25.00 0.328 0.739 52.60 

25.00 0.416 0.848 52.27 

25.00 0.528 0.973 51.94 

25.00 0.669 1.115 51.61 

25.00 0.849 1.276 51.28 

25.00 1.08 1.459 50.93 

25.00 1.37 1.667 50.59 

25.00 1.73 1.902 50.23 

25.00 2.2 2.168 49.86 

25.00 2.79 2.469 49.48 

25.00 3.53 2.808 49.10 

25.00 4.48 3.190 48.70 

25.00 5.68 3.619 48.30 

25.00 7.21 4.100 47.89 

25.00 9.14 4.639 47.49 

25.00 11.6 5.241 47.11 

25.00 14.7 5.909 46.77 

25.00 18.7 6.650 46.53 

25.00 23.7 7.481 46.35 

25.00 30 8.439 46.20 

35.00 0.1 0.039 63.08 

35.00 0.127 0.046 62.54 

35.00 0.161 0.054 61.99 

35.00 0.204 0.063 61.47 

35.00 0.259 0.075 60.99 

35.00 0.328 0.087 60.54 

35.00 0.416 0.102 60.13 

35.00 0.528 0.120 59.74 

35.00 0.669 0.140 59.37 

35.00 0.849 0.164 59.01 

35.00 1.08 0.191 58.68 

35.00 1.37 0.223 58.37 

35.00 1.73 0.260 58.07 

35.00 2.2 0.303 57.78 

35.00 2.79 0.352 57.49 

35.00 3.53 0.410 57.19 

35.00 4.48 0.476 56.89 

35.00 5.68 0.553 56.57 

35.00 7.21 0.641 56.25 

35.00 9.14 0.743 55.90 

35.00 11.6 0.861 55.53 

35.00 14.7 0.996 55.14 

35.00 18.7 1.150 54.71 

35.00 23.7 1.327 54.25 

35.00 30 1.530 53.76 

45.00 0.1 0.007 71.01 

45.00 0.127 0.009 70.34 

45.00 0.161 0.010 69.60 

45.00 0.204 0.013 68.90 

45.00 0.259 0.015 68.20 

45.00 0.328 0.018 67.53 

45.00 0.416 0.021 66.89 

45.00 0.528 0.026 66.29 

45.00 0.669 0.030 65.70 

45.00 0.849 0.036 65.16 

45.00 1.08 0.043 64.64 

45.00 1.37 0.051 64.16 
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45.00 1.73 0.060 63.71 

45.00 2.2 0.071 63.30 

45.00 2.79 0.083 62.90 

45.00 3.53 0.098 62.54 

45.00 4.48 0.116 62.20 

45.00 5.68 0.136 61.89 

45.00 7.21 0.160 61.58 

45.00 9.14 0.189 61.29 

45.00 11.6 0.221 61.01 

45.00 14.7 0.260 60.74 

45.00 18.7 0.305 60.46 

45.00 23.7 0.358 60.18 

45.00 30 0.419 59.91 

55.00 0.1 0.001 78.47 

55.00 0.127 0.002 77.78 

55.00 0.161 0.002 77.00 

55.00 0.204 0.003 76.26 

55.00 0.259 0.003 75.50 

55.00 0.328 0.004 74.73 

55.00 0.416 0.005 73.98 

55.00 0.528 0.006 73.24 

55.00 0.669 0.007 72.51 

55.00 0.849 0.009 71.80 

55.00 1.08 0.011 71.11 

55.00 1.37 0.013 70.44 

55.00 1.73 0.015 69.80 

55.00 2.2 0.018 69.18 

55.00 2.79 0.022 68.59 

55.00 3.53 0.026 68.03 

55.00 4.48 0.031 67.51 

55.00 5.68 0.037 67.01 

55.00 7.21 0.045 66.55 

55.00 9.14 0.053 66.11 

55.00 11.6 0.063 65.70 

55.00 14.7 0.075 65.33 

55.00 18.7 0.089 64.99 

55.00 23.7 0.106 64.69 

55.00 30 0.126 64.51 

65.00 0.1 0.000 83.62 

65.00 0.127 0.000 83.16 

65.00 0.161 0.001 82.36 

65.00 0.204 0.001 81.71 

65.00 0.259 0.001 81.14 

65.00 0.328 0.001 80.31 

65.00 0.416 0.001 79.68 

65.00 0.528 0.002 78.93 

65.00 0.669 0.002 78.22 

65.00 0.849 0.002 77.51 

65.00 1.08 0.003 76.80 

65.00 1.37 0.004 76.09 

65.00 1.73 0.004 75.40 

65.00 2.2 0.005 74.71 

65.00 2.79 0.007 74.04 

65.00 3.53 0.008 73.39 

65.00 4.48 0.010 72.76 

65.00 5.68 0.012 72.16 

65.00 7.21 0.014 71.59 

65.00 9.14 0.017 71.06 

65.00 11.6 0.020 70.59 

65.00 14.7 0.025 70.18 

65.00 18.7 0.029 69.83 

65.00 23.7 0.035 69.54 

65.00 30 0.043 69.51 

    

LVE BITUMEN - 50/70-G RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 22.520 44.94 

5.00 0.127 25.299 44.09 

5.00 0.161 28.395 43.18 

5.00 0.204 31.783 42.28 

5.00 0.259 35.466 41.40 

5.00 0.328 39.451 40.53 
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5.00 0.416 43.763 39.67 

5.00 0.528 48.428 38.81 

5.00 0.669 53.458 37.96 

5.00 0.849 58.877 37.11 

5.00 1.08 64.687 36.27 

5.00 1.37 70.893 35.45 

5.00 1.73 77.512 34.62 

5.00 2.2 84.549 33.79 

5.00 2.79 91.959 32.97 

5.00 3.53 99.761 32.15 

5.00 4.48 107.925 31.34 

5.00 5.68 116.405 30.54 

5.00 7.21 125.198 29.74 

5.00 9.14 134.203 28.96 

5.00 11.6 143.306 28.19 

5.00 14.7 152.410 27.45 

5.00 18.7 161.355 26.75 

5.00 23.7 169.974 26.08 

5.00 30 178.163 25.46 

15.00 0.1 3.065 59.42 

15.00 0.127 3.601 58.54 

15.00 0.161 4.212 57.59 

15.00 0.204 4.907 56.65 

15.00 0.259 5.697 55.70 

15.00 0.328 6.592 54.76 

15.00 0.416 7.608 53.81 

15.00 0.528 8.754 52.88 

15.00 0.669 10.047 51.94 

15.00 0.849 11.496 51.01 

15.00 1.08 13.119 50.09 

15.00 1.37 14.931 49.17 

15.00 1.73 16.947 48.26 

15.00 2.2 19.184 47.36 

15.00 2.79 21.659 46.47 

15.00 3.53 24.384 45.59 

15.00 4.48 27.375 44.71 

15.00 5.68 30.646 43.84 

15.00 7.21 34.205 42.98 

15.00 9.14 38.064 42.12 

15.00 11.6 42.231 41.27 

15.00 14.7 46.677 40.43 

15.00 18.7 51.378 39.60 

15.00 23.7 56.317 38.81 

15.00 30 61.448 38.05 

25.00 0.1 0.286 71.01 

25.00 0.127 0.347 70.52 

25.00 0.161 0.419 69.95 

25.00 0.204 0.505 69.36 

25.00 0.259 0.608 68.76 

25.00 0.328 0.729 68.12 

25.00 0.416 0.874 67.46 

25.00 0.528 1.045 66.77 

25.00 0.669 1.246 66.05 

25.00 0.849 1.484 65.31 

25.00 1.08 1.763 64.54 

25.00 1.37 2.089 63.74 

25.00 1.73 2.470 62.92 

25.00 2.2 2.914 62.07 

25.00 2.79 3.428 61.21 

25.00 3.53 4.022 60.32 

25.00 4.48 4.707 59.42 

25.00 5.68 5.494 58.51 

25.00 7.21 6.394 57.58 

25.00 9.14 7.419 56.66 

25.00 11.6 8.586 55.73 

25.00 14.7 9.903 54.83 

25.00 18.7 11.384 53.97 

25.00 23.7 13.048 53.15 

25.00 30 14.921 52.39 

35.00 0.1 0.026 78.74 

35.00 0.127 0.032 78.31 

35.00 0.161 0.039 77.81 
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35.00 0.204 0.048 77.33 

35.00 0.259 0.058 76.84 

35.00 0.328 0.071 76.37 

35.00 0.416 0.087 75.91 

35.00 0.528 0.107 75.45 

35.00 0.669 0.130 74.94 

35.00 0.849 0.158 74.49 

35.00 1.08 0.193 74.00 

35.00 1.37 0.234 73.50 

35.00 1.73 0.285 72.96 

35.00 2.2 0.345 72.42 

35.00 2.79 0.418 71.87 

35.00 3.53 0.505 71.28 

35.00 4.48 0.609 70.67 

35.00 5.68 0.734 70.03 

35.00 7.21 0.882 69.35 

35.00 9.14 1.058 68.64 

35.00 11.6 1.267 67.90 

35.00 14.7 1.513 67.11 

35.00 18.7 1.801 66.27 

35.00 23.7 2.139 65.37 

35.00 30 2.532 64.44 

45.00 0.1 0.004 83.67 

45.00 0.127 0.005 83.29 

45.00 0.161 0.006 82.83 

45.00 0.204 0.008 82.37 

45.00 0.259 0.009 81.90 

45.00 0.328 0.012 81.44 

45.00 0.416 0.015 80.97 

45.00 0.528 0.018 80.50 

45.00 0.669 0.022 80.04 

45.00 0.849 0.027 79.58 

45.00 1.08 0.034 79.13 

45.00 1.37 0.042 78.68 

45.00 1.73 0.051 78.23 

45.00 2.2 0.063 77.78 

45.00 2.79 0.077 77.34 

45.00 3.53 0.095 76.89 

45.00 4.48 0.116 76.44 

45.00 5.68 0.142 76.01 

45.00 7.21 0.173 75.55 

45.00 9.14 0.211 75.07 

45.00 11.6 0.257 74.58 

45.00 14.7 0.313 74.07 

45.00 18.7 0.381 73.53 

45.00 23.7 0.462 72.98 

45.00 30 0.560 72.40 

55.00 0.1 0.001 87.21 

55.00 0.127 0.001 86.93 

55.00 0.161 0.001 86.58 

55.00 0.204 0.001 86.21 

55.00 0.259 0.002 85.80 

55.00 0.328 0.002 85.43 

55.00 0.416 0.003 85.03 

55.00 0.528 0.003 84.63 

55.00 0.669 0.004 84.23 

55.00 0.849 0.005 83.82 

55.00 1.08 0.007 83.40 

55.00 1.37 0.008 82.99 

55.00 1.73 0.010 82.57 

55.00 2.2 0.013 82.15 

55.00 2.79 0.016 81.73 

55.00 3.53 0.020 81.31 

55.00 4.48 0.024 80.89 

55.00 5.68 0.030 80.47 

55.00 7.21 0.037 80.05 

55.00 9.14 0.046 79.62 

55.00 11.6 0.057 79.20 

55.00 14.7 0.070 78.79 

55.00 18.7 0.086 78.38 

55.00 23.7 0.106 77.96 

55.00 30 0.130 77.74 
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65.00 0.1 0.000 89.15 

65.00 0.127 0.000 89.05 

65.00 0.161 0.000 89.05 

65.00 0.204 0.000 88.51 

65.00 0.259 0.000 88.36 

65.00 0.328 0.000 88.08 

65.00 0.416 0.001 87.77 

65.00 0.528 0.001 87.46 

65.00 0.669 0.001 87.12 

65.00 0.849 0.001 86.77 

65.00 1.08 0.002 86.41 

65.00 1.37 0.002 86.04 

65.00 1.73 0.002 85.70 

65.00 2.2 0.003 85.33 

65.00 2.79 0.004 84.97 

65.00 3.53 0.005 84.60 

65.00 4.48 0.006 84.23 

65.00 5.68 0.008 83.85 

65.00 7.21 0.009 83.49 

65.00 9.14 0.012 83.12 

65.00 11.6 0.015 82.79 

65.00 14.7 0.018 82.45 

65.00 18.7 0.023 82.11 

65.00 23.7 0.028 81.75 

65.00 30 0.035 81.71 

    

LVE BITUMEN - 50/70-I RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 16.846 34.48 

5.00 0.127 18.419 34.12 

5.00 0.161 20.128 33.72 

5.00 0.204 21.957 33.32 

5.00 0.259 23.921 32.94 

5.00 0.328 26.037 32.56 

5.00 0.416 28.305 32.19 

5.00 0.528 30.738 31.83 

5.00 0.669 33.339 31.48 

5.00 0.849 36.122 31.13 

5.00 1.08 39.095 30.79 

5.00 1.37 42.275 30.46 

5.00 1.73 45.669 30.13 

5.00 2.2 49.287 29.80 

5.00 2.79 53.135 29.47 

5.00 3.53 57.227 29.14 

5.00 4.48 61.573 28.82 

5.00 5.68 66.174 28.48 

5.00 7.21 71.031 28.15 

5.00 9.14 76.131 27.80 

5.00 11.6 81.470 27.46 

5.00 14.7 87.011 27.10 

5.00 18.7 92.725 26.75 

5.00 23.7 98.627 26.39 

5.00 30 104.538 26.06 

15.00 0.1 3.584 43.35 

15.00 0.127 4.014 42.95 

15.00 0.161 4.491 42.49 

15.00 0.204 5.016 42.02 

15.00 0.259 5.593 41.56 

15.00 0.328 6.226 41.10 

15.00 0.416 6.921 40.64 

15.00 0.528 7.683 40.19 

15.00 0.669 8.518 39.74 

15.00 0.849 9.430 39.30 

15.00 1.08 10.427 38.87 

15.00 1.37 11.515 38.44 

15.00 1.73 12.700 38.02 

15.00 2.2 13.991 37.61 

15.00 2.79 15.394 37.21 

15.00 3.53 16.918 36.82 

15.00 4.48 18.572 36.43 

15.00 5.68 20.363 36.05 

15.00 7.21 22.301 35.68 
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15.00 9.14 24.394 35.32 

15.00 11.6 26.651 34.96 

15.00 14.7 29.084 34.59 

15.00 18.7 31.689 34.24 

15.00 23.7 34.459 33.92 

15.00 30 37.363 33.66 

25.00 0.1 0.498 53.42 

25.00 0.127 0.575 53.09 

25.00 0.161 0.661 52.71 

25.00 0.204 0.760 52.32 

25.00 0.259 0.872 51.93 

25.00 0.328 0.999 51.53 

25.00 0.416 1.144 51.13 

25.00 0.528 1.307 50.72 

25.00 0.669 1.492 50.31 

25.00 0.849 1.701 49.88 

25.00 1.08 1.937 49.45 

25.00 1.37 2.203 49.02 

25.00 1.73 2.502 48.57 

25.00 2.2 2.837 48.12 

25.00 2.79 3.213 47.66 

25.00 3.53 3.634 47.20 

25.00 4.48 4.104 46.74 

25.00 5.68 4.628 46.27 

25.00 7.21 5.213 45.81 

25.00 9.14 5.863 45.34 

25.00 11.6 6.584 44.90 

25.00 14.7 7.377 44.52 

25.00 18.7 8.253 44.17 

25.00 23.7 9.228 43.88 

25.00 30 10.336 43.65 

35.00 0.1 0.049 65.04 

35.00 0.127 0.058 64.45 

35.00 0.161 0.069 63.92 

35.00 0.204 0.082 63.34 

35.00 0.259 0.097 62.85 

35.00 0.328 0.114 62.36 

35.00 0.416 0.134 61.88 

35.00 0.528 0.158 61.45 

35.00 0.669 0.185 61.01 

35.00 0.849 0.218 60.58 

35.00 1.08 0.255 60.18 

35.00 1.37 0.299 59.80 

35.00 1.73 0.350 59.41 

35.00 2.2 0.409 59.03 

35.00 2.79 0.477 58.66 

35.00 3.53 0.556 58.29 

35.00 4.48 0.648 57.92 

35.00 5.68 0.754 57.55 

35.00 7.21 0.876 57.22 

35.00 9.14 1.017 56.93 

35.00 11.6 1.179 56.75 

45.00 0.1 0.006 74.92 

45.00 0.127 0.007 74.23 

45.00 0.161 0.008 73.49 

45.00 0.204 0.010 72.74 

45.00 0.259 0.012 72.01 

45.00 0.328 0.015 71.31 

45.00 0.416 0.018 70.62 

45.00 0.528 0.021 69.97 

45.00 0.669 0.026 69.33 

45.00 0.849 0.031 68.73 

45.00 1.08 0.037 68.16 

45.00 1.37 0.044 67.61 

45.00 1.73 0.053 67.10 

45.00 2.2 0.063 66.61 

45.00 2.79 0.074 66.14 

45.00 3.53 0.089 65.69 

45.00 4.48 0.105 65.27 

45.00 5.68 0.125 64.85 

45.00 7.21 0.148 64.44 

45.00 9.14 0.175 64.05 
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45.00 11.6 0.207 63.66 

45.00 14.7 0.245 63.26 

45.00 18.7 0.289 62.86 

45.00 23.7 0.341 62.45 

45.00 30 0.402 62.04 

55.00 0.1 0.001 81.23 

55.00 0.127 0.001 80.65 

55.00 0.161 0.002 79.99 

55.00 0.204 0.002 79.31 

55.00 0.259 0.003 78.62 

55.00 0.328 0.003 77.94 

55.00 0.416 0.004 77.23 

55.00 0.528 0.005 76.52 

55.00 0.669 0.006 75.81 

55.00 0.849 0.007 75.12 

55.00 1.08 0.009 74.43 

55.00 1.37 0.011 73.75 

55.00 1.73 0.013 73.10 

55.00 2.2 0.016 72.46 

55.00 2.79 0.019 71.84 

55.00 3.53 0.023 71.25 

55.00 4.48 0.027 70.68 

55.00 5.68 0.033 70.13 

55.00 7.21 0.040 69.61 

55.00 9.14 0.048 69.11 

55.00 11.6 0.057 68.62 

55.00 14.7 0.068 68.15 

55.00 18.7 0.082 67.71 

55.00 23.7 0.098 67.29 

55.00 30 0.117 66.91 

65.00 0.1 0.000 86.00 

65.00 0.127 0.000 85.45 

65.00 0.161 0.000 85.07 

65.00 0.204 0.000 84.57 

65.00 0.259 0.001 84.01 

65.00 0.328 0.001 83.42 

65.00 0.416 0.001 82.82 

65.00 0.528 0.001 82.23 

65.00 0.669 0.001 81.62 

65.00 0.849 0.002 80.98 

65.00 1.08 0.002 80.34 

65.00 1.37 0.003 79.68 

65.00 1.73 0.003 79.02 

65.00 2.2 0.004 78.36 

65.00 2.79 0.005 77.70 

65.00 3.53 0.006 77.05 

65.00 4.48 0.007 76.40 

65.00 5.68 0.009 75.76 

65.00 7.21 0.011 75.15 

65.00 9.14 0.013 74.54 

65.00 11.6 0.016 73.99 

65.00 14.7 0.020 73.44 

65.00 18.7 0.024 72.93 

65.00 23.7 0.029 72.43 

65.00 30 0.036 72.12 

        

LVE BITUMEN - 30/45 
RTFOT       

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 42.556 38.41 

5 0.127 46.985 37.57 

5 

5 0.204 56.772 35.84 

5.00 0.259 62.205 34.99 

5.00 0.328 67.990 34.14 

5.00 0.416 74.125 33.31 

5.00 0.528 80.611 32.49 

5.00 0.669 87.414 31.68 

5.00 0.849 94.359 30.98 

5.00 1.08 99.722 31.29 

5.00 1.37 105.847 31.87 

5.00 1.73 113.788 31.37 
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5.00 2.2 122.771 30.34 

5.00 2.79 131.481 29.59 

5.00 3.53 140.338 28.91 

5.00 4.48 149.359 28.30 

5.00 5.68 158.602 27.69 

5.00 7.21 168.589 26.77 

5.00 9.14 178.861 25.72 

5.00 11.6 188.866 24.82 

5.00 14.7 198.578 24.05 

5.00 18.7 207.869 23.36 

5.00 23.7 216.843 22.70 

5.00 30 225.589 22.02 

15.00 0.1 7.200 53.09 

15.00 0.127 8.291 52.10 

15.00 0.161 9.516 51.08 

15.00 0.204 10.884 50.08 

15.00 0.259 12.406 49.09 

15.00 0.328 14.093 48.12 

15.00 0.416 15.962 47.17 

15.00 0.528 18.028 46.23 

15.00 0.669 20.306 45.30 

15.00 0.849 22.810 44.39 

15.00 1.08 25.556 43.49 

15.00 1.37 28.562 42.60 

15.00 1.73 31.841 41.72 

15.00 2.2 35.400 40.85 

15.00 2.79 39.251 39.99 

15.00 3.53 43.406 39.14 

15.00 4.48 47.872 38.29 

15.00 5.68 52.652 37.45 

15.00 7.21 57.738 36.62 

15.00 9.14 63.122 35.80 

15.00 11.6 68.791 34.99 

15.00 14.7 74.684 34.20 

15.00 18.7 80.743 33.43 

15.00 23.7 86.920 32.70 

15.00 30 93.167 32.00 

25.00 0.1 0.813 67.06 

25.00 0.127 0.974 66.32 

25.00 0.161 1.163 65.50 

25.00 0.204 1.385 64.65 

25.00 0.259 1.644 63.79 

25.00 0.328 1.946 62.91 

25.00 0.416 2.297 62.01 

25.00 0.528 2.704 61.09 

25.00 0.669 3.174 60.16 

25.00 0.849 3.715 59.21 

25.00 1.08 4.336 58.25 

25.00 1.37 5.047 57.29 

25.00 1.73 5.856 56.33 

25.00 2.2 6.777 55.36 

25.00 2.79 7.820 54.39 

25.00 3.53 8.998 53.42 

25.00 4.48 10.323 52.45 

25.00 5.68 11.809 51.49 

25.00 7.21 13.468 50.54 

25.00 9.14 15.312 49.60 

25.00 11.6 17.354 48.66 

25.00 14.7 19.609 47.74 

25.00 18.7 22.079 46.84 

25.00 23.7 24.760 45.99 

25.00 30 27.640 45.20 

35.00 0.1 0.076 76.48 

35.00 0.127 0.094 75.97 

35.00 0.161 0.115 75.39 

35.00 0.204 0.140 74.81 

35.00 0.259 0.171 74.22 

35.00 0.328 0.208 73.63 

35.00 0.416 0.253 72.99 

35.00 0.528 0.307 72.34 

35.00 0.669 0.372 71.67 

35.00 0.849 0.450 70.94 
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35.00 1.08 0.543 70.27 

35.00 1.37 0.654 69.48 

35.00 1.73 0.785 68.65 

35.00 2.2 0.941 67.80 

35.00 2.79 1.125 66.90 

35.00 3.53 1.341 65.93 

35.00 4.48 1.594 64.92 

35.00 5.68 1.890 63.84 

35.00 7.21 2.233 62.70 

35.00 9.14 2.628 61.49 

35.00 11.6 3.082 60.21 

35.00 14.7 3.599 58.86 

35.00 18.7 4.185 57.46 

35.00 23.7 4.844 56.02 

35.00 30 5.602 54.52 

45.00 0.1 0.011 82.06 

45.00 0.127 0.014 81.63 

45.00 0.161 0.017 81.13 

45.00 0.204 0.021 80.62 

45.00 0.259 0.026 80.11 

45.00 0.328 0.032 79.60 

45.00 0.416 0.040 79.10 

45.00 0.528 0.049 78.59 

45.00 0.669 0.061 78.08 

45.00 0.849 0.074 77.55 

45.00 1.08 0.091 77.02 

45.00 1.37 0.112 76.49 

45.00 1.73 0.137 75.97 

45.00 2.2 0.167 75.42 

45.00 2.79 0.204 74.86 

45.00 3.53 0.249 74.27 

45.00 4.48 0.302 73.66 

45.00 5.68 0.367 73.02 

45.00 7.21 0.445 72.35 

45.00 9.14 0.539 71.65 

45.00 11.6 0.651 70.91 

45.00 14.7 0.785 70.13 

45.00 18.7 0.944 69.30 

45.00 23.7 1.132 68.42 

45.00 30 1.355 67.49 

55.00 0.1 0.002 85.99 

55.00 0.127 0.002 85.68 

55.00 0.161 0.003 85.29 

55.00 0.204 0.004 84.90 

55.00 0.259 0.005 84.50 

55.00 0.328 0.006 84.08 

55.00 0.416 0.007 83.66 

55.00 0.528 0.009 83.22 

55.00 0.669 0.011 82.78 

55.00 0.849 0.014 82.33 

55.00 1.08 0.017 81.87 

55.00 1.37 0.021 81.42 

55.00 1.73 0.026 80.95 

55.00 2.2 0.032 80.48 

55.00 2.79 0.040 80.01 

55.00 3.53 0.050 79.53 

55.00 4.48 0.061 79.05 

55.00 5.68 0.075 78.56 

55.00 7.21 0.093 78.06 

55.00 9.14 0.114 77.55 

55.00 11.6 0.140 77.09 

55.00 14.7 0.171 76.56 

55.00 18.7 0.210 76.02 

55.00 23.7 0.256 75.45 

55.00 30 0.313 74.87 

65.00 0.1 0.000 88.47 

65.00 0.127 0.000 88.30 

65.00 0.161 0.001 88.01 

65.00 0.204 0.001 87.74 

65.00 0.259 0.001 87.40 

65.00 0.328 0.001 87.08 

65.00 0.416 0.001 86.75 
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65.00 0.528 0.002 86.41 

65.00 0.669 0.002 86.07 

65.00 0.849 0.003 85.72 

65.00 1.08 0.004 85.36 

65.00 1.37 0.005 84.99 

65.00 1.73 0.006 84.61 

65.00 2.2 0.007 84.23 

65.00 2.79 0.009 83.84 

65.00 3.53 0.011 83.44 

65.00 4.48 0.014 83.03 

65.00 5.68 0.018 82.63 

65.00 7.21 0.022 82.22 

65.00 9.14 0.027 81.80 

65.00 11.6 0.034 81.39 

65.00 14.7 0.042 80.98 

65.00 18.7 0.052 80.52 

65.00 23.7 0.064 80.16 

65.00 30 0.079 80.05 

    

LVE BITUMEN - 60/85E RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 20.617 34.48 

5.00 0.127 23.111 34.12 

5.00 0.161 25.868 33.72 

5.00 0.204 28.898 33.32 

5.00 0.259 32.200 32.94 

5.00 0.328 35.782 32.56 

5.00 0.416 39.656 32.19 

5.00 0.528 43.838 31.83 

5.00 0.669 48.351 31.48 

5.00 0.849 53.212 31.13 

5.00 1.08 58.437 30.79 

5.00 1.37 64.022 30.46 

5.00 1.73 69.992 30.13 

5.00 2.2 76.339 29.80 

5.00 2.79 83.068 29.47 

5.00 3.53 90.181 29.14 

5.00 4.48 97.648 28.82 

5.00 5.68 105.440 28.48 

5.00 7.21 113.540 28.15 

5.00 9.14 121.894 27.80 

5.00 11.6 130.402 27.46 

5.00 14.7 138.987 27.10 

5.00 18.7 147.517 26.75 

5.00 23.7 155.851 26.39 

5.00 30 163.941 26.06 

15.00 0.1 2.934 43.35 

15.00 0.127 3.432 42.95 

15.00 0.161 3.998 42.49 

15.00 0.204 4.641 42.02 

15.00 0.259 5.372 41.56 

15.00 0.328 6.198 41.10 

15.00 0.416 7.131 40.64 

15.00 0.528 8.181 40.19 

15.00 0.669 9.359 39.74 

15.00 0.849 10.679 39.30 

15.00 1.08 12.153 38.87 

15.00 1.37 13.795 38.44 

15.00 1.73 15.621 38.02 

15.00 2.2 17.644 37.61 

15.00 2.79 19.884 37.21 

15.00 3.53 22.351 36.82 

15.00 4.48 25.062 36.43 

15.00 5.68 28.026 36.05 

15.00 7.21 31.259 35.68 

15.00 9.14 34.773 35.32 

15.00 11.6 38.569 34.96 

15.00 14.7 42.639 34.59 

15.00 18.7 46.968 34.24 

15.00 23.7 51.558 33.92 

15.00 30 56.344 33.66 

25.00 0.1 0.281 53.42 
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25.00 0.127 0.338 53.09 

25.00 0.161 0.405 52.71 

25.00 0.204 0.485 52.32 

25.00 0.259 0.579 51.93 

25.00 0.328 0.692 51.53 

25.00 0.416 0.825 51.13 

25.00 0.528 0.982 50.72 

25.00 0.669 1.167 50.31 

25.00 0.849 1.384 49.88 

25.00 1.08 1.639 49.45 

25.00 1.37 1.937 49.02 

25.00 1.73 2.285 48.57 

25.00 2.2 2.688 48.12 

25.00 2.79 3.155 47.66 

25.00 3.53 3.694 47.20 

25.00 4.48 4.314 46.74 

25.00 5.68 5.025 46.27 

25.00 7.21 5.838 45.81 

25.00 9.14 6.763 45.34 

25.00 11.6 7.815 44.90 

25.00 14.7 9.001 44.52 

25.00 18.7 10.337 44.17 

25.00 23.7 11.839 43.88 

25.00 30 13.537 43.65 

35.00 0.1 0.021 66.18 

35.00 0.127 0.026 65.60 

35.00 0.161 0.031 65.00 

35.00 0.204 0.038 64.44 

35.00 0.259 0.045 63.90 

35.00 0.328 0.055 63.39 

35.00 0.416 0.066 62.91 

35.00 0.528 0.080 62.46 

35.00 0.669 0.096 62.00 

35.00 0.849 0.116 61.56 

35.00 1.08 0.141 61.16 

35.00 1.37 0.170 60.75 

35.00 1.73 0.206 60.35 

35.00 2.2 0.249 59.96 

35.00 2.79 0.301 59.56 

35.00 3.53 0.363 59.15 

35.00 4.48 0.439 58.73 

35.00 5.68 0.529 58.30 

35.00 7.21 0.637 57.86 

35.00 9.14 0.766 57.40 

35.00 11.6 0.919 56.91 

35.00 14.7 1.102 56.40 

35.00 18.7 1.317 55.86 

35.00 23.7 1.572 55.28 

35.00 30 1.871 54.67 

45.00 0.1 0.004 74.92 

45.00 0.127 0.005 74.23 

45.00 0.161 0.006 73.49 

45.00 0.204 0.008 72.74 

45.00 0.259 0.009 72.01 

45.00 0.328 0.011 71.31 

45.00 0.416 0.013 70.62 

45.00 0.528 0.016 69.97 

45.00 0.669 0.019 69.33 

45.00 0.849 0.023 68.73 

45.00 1.08 0.028 68.16 

45.00 1.37 0.034 67.61 

45.00 1.73 0.041 67.10 

45.00 2.2 0.049 66.61 

45.00 2.79 0.060 66.14 

45.00 3.53 0.072 65.69 

45.00 4.48 0.088 65.27 

45.00 5.68 0.106 64.85 

45.00 7.21 0.129 64.44 

45.00 9.14 0.156 64.05 

45.00 11.6 0.190 63.66 

45.00 14.7 0.230 63.26 

45.00 18.7 0.279 62.86 
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45.00 23.7 0.338 62.45 

45.00 30 0.410 62.04 

55.00 0.1 0.001 81.23 

55.00 0.127 0.001 80.65 

55.00 0.161 0.002 79.99 

55.00 0.204 0.002 79.31 

55.00 0.259 0.003 78.62 

55.00 0.328 0.003 77.94 

55.00 0.416 0.004 77.23 

55.00 0.528 0.004 76.52 

55.00 0.669 0.005 75.81 

55.00 0.849 0.006 75.12 

55.00 1.08 0.008 74.43 

55.00 1.37 0.009 73.75 

55.00 1.73 0.011 73.10 

55.00 2.2 0.013 72.46 

55.00 2.79 0.016 71.84 

55.00 3.53 0.019 71.25 

55.00 4.48 0.023 70.68 

55.00 5.68 0.028 70.13 

55.00 7.21 0.034 69.61 

55.00 9.14 0.041 69.11 

55.00 11.6 0.049 68.62 

55.00 14.7 0.060 68.15 

55.00 18.7 0.073 67.71 

55.00 23.7 0.088 67.29 

55.00 30 0.108 66.91 

65.00 0.1 0.000 86.00 

65.00 0.127 0.000 85.45 

65.00 0.161 0.001 85.07 

65.00 0.204 0.001 84.57 

65.00 0.259 0.001 84.01 

65.00 0.328 0.001 83.42 

65.00 0.416 0.001 82.82 

65.00 0.528 0.001 82.23 

65.00 0.669 0.002 81.62 

65.00 0.849 0.002 80.98 

65.00 1.08 0.002 80.34 

65.00 1.37 0.003 79.68 

65.00 1.73 0.003 79.02 

65.00 2.2 0.004 78.36 

65.00 2.79 0.005 77.70 

65.00 3.53 0.006 77.05 

65.00 4.48 0.007 76.40 

65.00 5.68 0.009 75.76 

65.00 7.21 0.011 75.15 

65.00 9.14 0.013 74.54 

65.00 11.6 0.015 73.99 

65.00 14.7 0.019 73.44 

65.00 18.7 0.022 72.93 

65.00 23.7 0.027 72.43 

65.00 30 0.033 72.12 

    

LVE BITUMEN - AR RTFOT 

Temperature (°C) f(Hz) |G*| (MPa) Phi (G*) 

5.00 0.1 10.256 43.90 

5.00 0.127 11.541 43.27 

5.00 0.161 12.930 42.61 

5.00 0.204 14.460 41.96 

5.00 0.259 16.139 41.31 

5.00 0.328 17.977 40.68 

5.00 0.416 19.980 40.06 

5.00 0.528 22.161 39.45 

5.00 0.669 24.537 38.85 

5.00 0.849 27.114 38.25 

5.00 1.08 29.908 37.66 

5.00 1.37 32.935 37.07 

5.00 1.73 36.201 36.49 

5.00 2.2 39.724 35.90 

5.00 2.79 43.517 35.32 

5.00 3.53 47.587 34.73 

5.00 4.48 51.954 34.14 
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5.00 5.68 56.621 33.55 

5.00 7.21 61.590 32.95 

5.00 9.14 66.872 32.34 

5.00 11.6 72.445 31.74 

5.00 14.7 78.298 31.13 

5.00 18.7 84.410 30.52 

5.00 23.7 90.762 29.91 

5.00 30 97.317 29.33 

15.00 0.1 1.618 53.63 

15.00 0.127 1.875 53.29 

15.00 0.161 2.166 52.85 

15.00 0.204 2.498 52.38 

15.00 0.259 2.874 51.89 

15.00 0.328 3.298 51.37 

15.00 0.416 3.778 50.83 

15.00 0.528 4.318 50.28 

15.00 0.669 4.925 49.70 

15.00 0.849 5.607 49.11 

15.00 1.08 6.371 48.50 

15.00 1.37 7.226 47.90 

15.00 1.73 8.180 47.28 

15.00 2.2 9.244 46.66 

15.00 2.79 10.426 46.04 

15.00 3.53 11.738 45.42 

15.00 4.48 13.191 44.79 

15.00 5.68 14.796 44.17 

15.00 7.21 16.566 43.56 

15.00 9.14 18.513 42.94 

15.00 11.6 20.649 42.32 

15.00 14.7 22.992 41.70 

15.00 18.7 25.547 41.09 

15.00 23.7 28.327 40.50 

15.00 30 31.308 39.99 

25.00 0.1 0.191 58.69 

25.00 0.127 0.224 58.89 

25.00 0.161 0.263 59.04 

25.00 0.204 0.309 59.15 

25.00 0.259 0.362 59.22 

25.00 0.328 0.425 59.25 

25.00 0.416 0.498 59.24 

25.00 0.528 0.583 59.19 

25.00 0.669 0.682 59.10 

25.00 0.849 0.799 58.96 

25.00 1.08 0.935 58.78 

25.00 1.37 1.092 58.55 

25.00 1.73 1.276 58.27 

25.00 2.2 1.489 57.96 

25.00 2.79 1.735 57.59 

25.00 3.53 2.020 57.19 

25.00 4.48 2.348 56.74 

25.00 5.68 2.725 56.26 

25.00 7.21 3.159 55.74 

25.00 9.14 3.655 55.22 

25.00 11.6 4.222 54.67 

25.00 14.7 4.867 54.16 

25.00 18.7 5.597 53.73 

25.00 23.7 6.437 53.31 

25.00 30 7.430 52.80 

35.00 0.1 0.018 62.14 

35.00 0.127 0.022 62.26 

35.00 0.161 0.026 62.35 

35.00 0.204 0.030 62.47 

35.00 0.259 0.036 62.61 

35.00 0.328 0.042 62.77 

35.00 0.416 0.050 62.95 

35.00 0.528 0.058 63.15 

35.00 0.669 0.069 63.35 

35.00 0.849 0.081 63.56 

35.00 1.08 0.096 63.75 

35.00 1.37 0.114 63.95 

35.00 1.73 0.134 64.15 

35.00 2.2 0.159 64.33 
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35.00 2.79 0.188 64.47 

35.00 3.53 0.222 64.60 

35.00 4.48 0.262 64.70 

35.00 5.68 0.310 64.76 

35.00 7.21 0.366 64.77 

35.00 9.14 0.432 64.75 

35.00 11.6 0.509 64.68 

35.00 14.7 0.599 64.55 

35.00 18.7 0.704 64.37 

35.00 23.7 0.825 64.14 

35.00 30 0.964 63.85 

45.00 0.1 0.005 63.84 

45.00 0.127 0.006 63.68 

45.00 0.161 0.007 63.49 

45.00 0.204 0.008 63.33 

45.00 0.259 0.009 63.21 

45.00 0.328 0.011 63.12 

45.00 0.416 0.013 63.08 

45.00 0.528 0.015 63.07 

45.00 0.669 0.018 63.09 

45.00 0.849 0.021 63.15 

45.00 1.08 0.025 63.24 

45.00 1.37 0.029 63.36 

45.00 1.73 0.034 63.51 

45.00 2.2 0.040 63.69 

45.00 2.79 0.048 63.87 

45.00 3.53 0.056 64.08 

45.00 4.48 0.066 64.30 

45.00 5.68 0.079 64.53 

45.00 7.21 0.093 64.76 

45.00 9.14 0.110 64.99 

45.00 11.6 0.131 65.20 

45.00 14.7 0.155 65.41 

45.00 18.7 0.184 65.60 

45.00 23.7 0.218 65.76 

45.00 30 0.259 65.90 

55.00 0.1 0.001 66.79 

55.00 0.127 0.002 66.61 

55.00 0.161 0.002 66.32 

55.00 0.204 0.002 66.00 

55.00 0.259 0.003 65.68 

55.00 0.328 0.003 65.37 

55.00 0.416 0.004 65.07 

55.00 0.528 0.005 64.79 

55.00 0.669 0.006 64.55 

55.00 0.849 0.007 64.34 

55.00 1.08 0.008 64.16 

55.00 1.37 0.009 64.02 

55.00 1.73 0.011 63.92 

55.00 2.2 0.013 63.86 

55.00 2.79 0.015 63.84 

55.00 3.53 0.018 63.86 

55.00 4.48 0.021 63.91 

55.00 5.68 0.025 64.00 

55.00 7.21 0.030 64.11 

55.00 9.14 0.035 64.26 

55.00 11.6 0.042 64.45 

55.00 14.7 0.049 64.68 

55.00 18.7 0.059 64.94 

55.00 23.7 0.070 65.19 

55.00 30 0.083 65.61 

65.00 0.1 0.000 68.49 

65.00 0.127 0.001 68.78 

65.00 0.161 0.001 68.81 

65.00 0.204 0.001 68.71 

65.00 0.259 0.001 68.53 

65.00 0.328 0.001 68.29 

65.00 0.416 0.001 68.00 

65.00 0.528 0.002 67.67 

65.00 0.669 0.002 67.32 

65.00 0.849 0.002 66.96 

65.00 1.08 0.003 66.61 
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65.00 1.37 0.003 66.26 

65.00 1.73 0.004 65.93 

65.00 2.2 0.005 65.63 

65.00 2.79 0.006 65.35 

65.00 3.53 0.007 65.11 

65.00 4.48 0.008 64.91 

65.00 5.68 0.010 64.75 

65.00 7.21 0.011 64.64 

65.00 9.14 0.014 64.59 

65.00 11.6 0.016 64.61 

65.00 14.7 0.019 64.70 

65.00 18.7 0.023 64.97 

65.00 23.7 0.027 65.28 

65.00 30 0.032 65.65 
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APPENDIX C – EXPERIMENTAL DATA USED FOR THE MASTER CURVES OF 

MIXTURES 

LVE BITUMINOUS MIXTURE - 50/70-A 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 18518 6.61 
-10.00 0.1 20629 4.69 
-10.00 0.2 21365 4.18 

-10.00 0.5 22233 3.50 
-10.00 1 22883 3.07 
-10.00 2 23443 2.70 

-10.00 5 24124 2.06 
-10.00 10 24501 1.64 
-10.00 20 24785 1.17 

-10.00 25     
        
        

4.00 0.01 7792 21.57 
4.00 0.1 11082 15.46 
4.00 0.2 12164 13.70 

4.00 0.5 13708 11.57 
4.00 1 14836 10.15 
4.00 2 15886 8.89 

4.00 5 17216 7.47 
4.00 10 18131 6.49 
4.00 20 18926 5.61 

4.00 25 19040 5.24 
        
        

21.00 0.01 523 46.76 
21.00 0.1 2040 38.43 

21.00 0.2 2855 35.58 
21.00 0.5 4117 31.60 
21.00 1 5220 28.63 

21.00 2 6407 25.63 
21.00 5 8118 21.87 
21.00 10 9480 19.30 
21.00 20 10868 16.83 

21.00 25     
        
        

37.00 0.01 40 25.62 
37.00 0.1 112 36.66 

37.00 0.2 164 41.11 
37.00 0.5 272 43.77 
37.00 1 402 45.43 

37.00 2 614 45.90 
37.00 5 1109 43.65 
37.00 10 1664 42.04 

37.00 20 2344 41.85 
37.00 25 2463 41.46 

        

        

54.00 0.01 12 11.56 
54.00 0.1 12 18.38 

54.00 0.2 30 24.79 
54.00 0.5 44   
54.00 1 55 32.96 

54.00 2 102 34.48 
54.00 5 172 42.26 
54.00 10 273 44.00 

54.00 20 402 48.15 
54.00 25 428 42.45 

        

LVE BITUMINOUS MIXTURE - 50/70-B 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 18936 7.02 
-10.00 0.1 21416 4.98 
-10.00 0.2 22206 4.44 

-10.00 0.5 23100 3.80 
-10.00 1 23714 3.35 
-10.00 2 24264 2.96 

-10.00 5 24913 2.48 
-10.00 10 25347 2.18 
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-10.00 20 25700 1.84 

-10.00 25 25988 1.57 
        
        

4.00 0.01 6970 23.17 
4.00 0.1 10860 16.39 
4.00 0.2 12134 14.74 

4.00 0.5 13871 12.60 
4.00 1 15159 11.20 
4.00 2 16414 9.89 

4.00 5 17981 8.47 
4.00 10 19096 7.46 
4.00 20 20136 6.52 

4.00 25 20528 6.29 
        
        

21.00 0.01 590 40.28 
21.00 0.1 1890 37.26 
21.00 0.2 2585 35.11 

21.00 0.5 3697 33.60 
21.00 1 4686 29.22 
21.00 2 5792 26.60 

21.00 5 7422 23.17 
21.00 10 8758 20.74 
21.00 20 10154 18.40 

21.00 25 10733 17.73 
        
        

37.00 0.01 85 26.50 
37.00 0.1 163 35.11 

37.00 0.2 220 39.27 
37.00 0.5 332 43.50 
37.00 1 474 46.36 

37.00 2 709 47.15 
37.00 5 1206 45.41 
37.00 10 1754 43.63 

37.00 20 2457 41.18 
37.00 25 2612 42.91 

        
        

54.00 0.01 67 3.44 
54.00 0.1 76 10.85 

54.00 0.2 81 10.36 
54.00 0.5 96 20.14 
54.00 1 115 27.51 

54.00 2 144 34.03 
54.00 5 238 38.38 
54.00 10 359 40.11 

54.00 20 542 41.79 
54.00 25 620 43.06 

        

LVE BITUMINOUS MIXTURE - 50/70-C 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 18727 5.57 
-10.00 0.1 20637 4.29 
-10.00 0.2 21293 3.89 

-10.00 0.5 22106 3.37 
-10.00 1   2.95 
-10.00 2 23195 2.63 

-10.00 5 23789 2.23 
-10.00 10 24173 1.95 
-10.00 20 24490 1.77 

-10.00 25 24650 1.69 
        
        

4.00 0.01 9005 16.42 
4.00 0.1 12362 11.85 
4.00 0.2 13322 10.84 

4.00 0.5 14737 9.48 
4.00 1 15776 8.53 
4.00 2 16763 7.66 

4.00 5 17984 6.63 
4.00 10 18835 5.93 
4.00 20 19612 5.34 

4.00 25 19838 4.88 
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21.00 0.01 1114 36.57 
21.00 0.1 2721 32.22 

21.00 0.2 3523 29.72 
21.00 0.5 4689 26.33 
21.00 1 5679 24.00 

21.00 2 6745 21.94 
21.00 5 8262 19.30 
21.00 10 9515 17.49 

21.00 20     
21.00 25     

        

        

37.00 0.01 52   
37.00 0.1 139 34.98 

37.00 0.2 212 29.76 
37.00 0.5 347 32.44 
37.00 1 500 37.77 

37.00 2 787 38.11 
37.00 5 1339 37.16 
37.00 10 1968 36.69 

37.00 20 2785   
37.00 25     

        

        

54.00 0.01 41 6.31 

54.00 0.1 54 10.41 
54.00 0.2 60 14.81 
54.00 0.5 72 18.92 

54.00 1 84 21.76 
54.00 2 107 31.20 
54.00 5 178 36.24 

54.00 10 272 38.86 
54.00 20 499 40.48 
54.00 25     

        

LVE BITUMINOUS MIXTURE - 50/70-D 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 17089 6.35 
-10.00 0.1 18935 5.15 
-10.00 0.2 19612 4.67 

-10.00 0.5 20461 3.96 
-10.00 1 21021 3.58 
-10.00 2 21579 3.19 

-10.00 5 22236 2.78 
-10.00 10 22541 2.49 
-10.00 20 22778 2.19 

-10.00 25 22936 2.10 
        
        

4.00 0.01 8334 18.21 
4.00 0.1 11423 13.28 

4.00 0.2 12353 12.01 
4.00 0.5 13720 10.16 
4.00 1 14743 8.94 

4.00 2 15710 7.70 
4.00 5 16625 7.18 
4.00 10 17492 6.38 

4.00 20 18227 5.57 
4.00 25 18470 5.39 

        

        

21.00 0.01 804 42.14 
21.00 0.1 2656 34.10 

21.00 0.2 3531 31.31 
21.00 0.5 4806 27.45 
21.00 1 5889 24.65 

21.00 2 7067 21.94 
21.00 5 8716 18.94 
21.00 10 10007 16.76 

21.00 20 11319 14.78 
21.00 25 11943 13.58 
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37.00 0.01 62 16.34 

37.00 0.1 130 34.83 
37.00 0.2 181 38.87 
37.00 0.5 286 41.00 

37.00 1 418 42.62 
37.00 2 627 43.38 
37.00 5 1098 43.00 

37.00 10 1631 41.01 
37.00 20 2319 38.95 
37.00 25 2477 39.44 

        
        

54.00 0.01 38 11.72 

54.00 0.1 55 17.08 
54.00 0.2 63 18.69 
54.00 0.5 79 22.88 

54.00 1 96 27.55 
54.00 2 121 33.38 
54.00 5 206 36.77 

54.00 10 310 39.16 
54.00 20 463 41.82 
54.00 25 503 43.45 

        

LVE BITUMINOUS MIXTURE - 50/70-E 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 18386 6.08 
-10.00 0.1 20617 4.56 

-10.00 0.2 21281 4.09 
-10.00 0.5 22100 3.47 
-10.00 1 22640 3.10 

-10.00 2 23135 2.76 
-10.00 5 23714 2.35 
-10.00 10 24088 1.99 

-10.00 20 24401 1.77 
-10.00 25 24461 1.71 

        

        

4.00 0.01 7103 20.86 
4.00 0.1 10547 14.88 

4.00 0.2 11635 13.51 
4.00 0.5 13152 11.71 
4.00 1 14278 10.48 

4.00 2 15371 9.41 
4.00 5 16776 8.06 
4.00 10 17750 7.18 

4.00 20 18682 6.30 
4.00 25 18939 5.98 

        

        

21.00 0.01 631 38.56 
21.00 0.1 1910 38.23 

21.00 0.2 2583 35.53 
21.00 0.5 3657 31.60 
21.00 1 4595 28.66 

21.00 2 5660 25.77 
21.00 5 7189 22.15 
21.00 10 8406 19.74 

21.00 20 9691 17.55 
21.00 25 10032 17.42 

        

        

37.00 0.01 80 20.94 

37.00 0.1 146 32.15 
37.00 0.2 198 36.04 
37.00 0.5 313 40.28 
37.00 1 453 42.54 

37.00 2 671 43.53 
37.00 5 1143 41.69 
37.00 10 1665 40.06 

37.00 20 2424 38.23 
37.00 25 2629 38.76 

        

        

54.00 0.01     

54.00 0.1     
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54.00 0.2     

54.00 0.5     
54.00 1 80 26.93 
54.00 2 99 34.49 

54.00 5 153 41.76 
54.00 10 225 42.15 
54.00 20 324 44.57 

54.00 25 371 45.20 

        

LVE BITUMINOUS MIXTURE - 50/70-F 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 14841 6.72 

-10.00 0.1 16807 5.91 
-10.00 0.2 17436 5.59 
-10.00 0.5 18384 5.04 

-10.00 1 19050 4.77 
-10.00 2 19670 4.44 
-10.00 5 20484 4.03 

-10.00 10 21061 3.72 
-10.00 20 21597 3.34 
-10.00 25 21727 3.04 

        
        

4.00 0.01 6548 16.84 

4.00 0.1 9093 13.66 
4.00 0.2 10178 12.88 
4.00 0.5 11070 11.79 

4.00 1 11952 11.03 
4.00 2 12852 10.34 
4.00 5 14044 9.29 

4.00 10 14935 8.62 
4.00 20 15832 7.86 
4.00 25 16006 7.52 

        
        

21.00 0.01 1189 29.39 

21.00 0.1 2477 27.00 
21.00 0.2 3016 26.14 
21.00 0.5 3826 24.57 

21.00 1 4507 23.32 
21.00 2 5305 21.72 
21.00 5 6444 19.63 

21.00 10 7401 18.09 
21.00 20 8342 16.34 
21.00 25 8654 16.41 

        
        

37.00 0.01 217 24.13 

37.00 0.1 411 27.58 
37.00 0.2 523 28.40 
37.00 0.5 713 29.44 

37.00 1 900 30.46 
37.00 2 1159 30.34 
37.00 5 1599 30.30 

37.00 10 1995 30.15 
37.00 20 2493 29.54 
37.00 25 2665 29.68 

        
        

54.00 0.01 88 16.78 
54.00 0.1 140 21.01 
54.00 0.2 170 22.35 

54.00 0.5 218 24.79 
54.00 1 267 26.88 
54.00 2 328 29.35 
54.00 5 487 29.80 

54.00 10 647 30.52 
54.00 20 850 31.77 
54.00 25 927 32.10 

        

LVE BITUMINOUS MIXTURE - 50/70-G 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 15164 6.06 
-10.00 0.1 17233 4.49 

-10.00 0.2 17830 4.06 
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-10.00 0.5 18699 3.62 

-10.00 1 19255 3.11 
-10.00 2 19736 2.73 
-10.00 5 20322 2.66 

-10.00 10 20654 2.31 
-10.00 20 20809 1.69 
-10.00 25 20795 1.57 

        
        

4.00 0.01 7825 17.84 

4.00 0.1 10694 12.83 
4.00 0.2 11540 11.71 
4.00 0.5 12778 10.12 

4.00 1 13695 9.10 
4.00 2 14564 8.04 
4.00 5 15695 6.78 

4.00 10 16422 6.06 
4.00 20 16839 5.90 
4.00 25 16953 5.72 

        
        

21.00 0.01 700   

21.00 0.1 2189 38.15 
21.00 0.2 2932 32.92 
21.00 0.5 4001 27.38 

21.00 1 4921 24.55 
21.00 2 5913 22.02 
21.00 5 7340 19.17 

21.00 10 8480 17.36 
21.00 20 9461 15.56 
21.00 25   15.09 

        
        

37.00 0.01 57 17.02 
37.00 0.1 144 37.74 
37.00 0.2 217 41.80 

37.00 0.5 352 46.59 
37.00 1 511 46.66 
37.00 2 760 45.60 
37.00 5 1261 42.15 

37.00 10 1794 39.42 
37.00 20 2466 37.34 
37.00 25 2599 38.22 

        
        

54.00 0.01 41 2.35 
54.00 0.1 56 11.35 
54.00 0.2 63 16.95 

54.00 0.5 78 22.80 
54.00 1 93 28.17 
54.00 2 120 33.47 

54.00 5 202 36.20 
54.00 10 307 37.49 
54.00 20 453 39.76 

54.00 25 476 43.58 

        

LVE BITUMINOUS MIXTURE - 50/70-H 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 16683 6.80 

-10.00 0.1 18591 5.28 
-10.00 0.2 19249 4.79 
-10.00 0.5 20164 4.18 

-10.00 1 20793 3.77 
-10.00 2 21395 3.40 
-10.00 5 22090 2.92 
-10.00 10 22535 2.52 

-10.00 20 22950 2.19 
-10.00 25 23005 2.13 

        

        

4.00 0.01 7589 19.32 

4.00 0.1 10744 13.46 
4.00 0.2 11703 11.99 
4.00 0.5 12970 10.28 

4.00 1 13901 9.16 
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4.00 2 14779 8.18 

4.00 5 15909 7.04 
4.00 10 16689 6.32 
4.00 20 17393 5.61 

4.00 25 17533 5.47 
        
        

21.00 0.01 747 43.17 
21.00 0.1 2442 35.45 
21.00 0.2 3242 32.60 

21.00 0.5 4434 28.62 
21.00 1 5424 25.87 
21.00 2 6484 23.13 

21.00 5 7969 19.86 
21.00 10 9111 17.44 
21.00 20 10268 15.18 

21.00 25 10623 14.36 
        
        

37.00 0.01     
37.00 0.1 150 32.53 
37.00 0.2 233 37.16 

37.00 0.5 396 43.72 
37.00 1 582 44.81 
37.00 2 879 43.74 

37.00 5 1467 41.95 
37.00 10 2085 39.35 
37.00 20 2963 35.61 

37.00 25 2610 36.96 
        
        

54.00 0.01 41 11.38 
54.00 0.1 59 18.41 

54.00 0.2 70 22.14 
54.00 0.5 90 27.91 
54.00 1 116 32.56 

54.00 2 158 37.16 
54.00 5 278 40.36 
54.00 10 427 41.14 
54.00 20 639 42.53 

54.00 25 813 42.58 

        

LVE BITUMINOUS MIXTURE - 50/70-I 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 15442 7.00 

-10.00 0.1 17418 5.92 
-10.00 0.2 18217 5.60 
-10.00 0.5 19258 5.08 

-10.00 1 19967 4.71 
-10.00 2 20692 4.34 
-10.00 5 21593 3.85 

-10.00 10 22223 3.53 
-10.00 20 22787 3.18 
-10.00 25 22951 3.01 

        
        

4.00 0.01 6331 16.33 
4.00 0.1 8635 13.23 
4.00 0.2 9437 12.48 

4.00 0.5 10573 11.34 
4.00 1 11462 10.60 
4.00 2 12396 9.90 

4.00 5 13639 9.11 
4.00 10 14589 8.50 
4.00 20 15544 7.91 
4.00 25 15862 7.73 

        
        

21.00 0.01 994 33.44 
21.00 0.1 2178 31.11 
21.00 0.2 2689 29.77 

21.00 0.5 3451 26.92 
21.00 1 4107 24.84 
21.00 2 4853 22.58 

21.00 5 5942 20.04 
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21.00 10 6879 18.68 

21.00 20 7823 17.63 
21.00 25 8070 18.32 

        

        

37.00 0.01 137 24.12 
37.00 0.1 271 29.27 

37.00 0.2 326 30.72 
37.00 0.5 502 32.22 
37.00 1 654 33.55 

37.00 2 863 34.08 
37.00 5 1250 32.73 
37.00 10 1631 32.17 

37.00 20 2097 31.31 
37.00 25 2258 31.30 

        

        

54.00 0.01 65 10.74 
54.00 0.1 79 14.07 

54.00 0.2 90 15.58 
54.00 0.5 108 21.00 
54.00 1 129 24.69 

54.00 2 160 29.13 
54.00 5 246 31.28 
54.00 10 345 32.41 

54.00 20 479 34.21 
54.00 25 463 34.58 

        

LVE BITUMINOUS MIXTURE - 30/45 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 19661 4.86 
-10.00 0.1 21432 3.49 
-10.00 0.2 22010 3.16 

-10.00 0.5 22645 2.73 
-10.00 1 23079 2.45 
-10.00 2 23481 2.17 

-10.00 5 23963 1.84 
-10.00 10 24285 1.58 
-10.00 20 24512 1.51 

-10.00 25 24607 1.37 
        
        

4.00 0.01 11726 12.65 
4.00 0.1 14521 9.27 
4.00 0.2 15396 8.40 

4.00 0.5 16660 7.36 
4.00 1 17573 6.59 
4.00 2 18442 5.94 

4.00 5 19516 5.11 
4.00 10 20256 4.51 
4.00 20 20810 4.12 

4.00 25     
        
        

21.00 0.01 1749 35.99 
21.00 0.1 4533 27.35 

21.00 0.2 5596 24.73 
21.00 0.5 7040 21.29 
21.00 1 8165 18.92 

21.00 2 9314 16.67 
21.00 5 10862 14.24 
21.00 10 12067 12.63 

21.00 20 13225 11.19 
21.00 25     

        
        

37.00 0.01 111 31.10 
37.00 0.1 317 40.84 

37.00 0.2 478 42.38 
37.00 0.5 798 42.36 
37.00 1 1160 41.48 

37.00 2 1664 39.73 
37.00 5 2562 36.64 
37.00 10 3399 34.17 

37.00 20 4342 31.81 
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37.00 25     

        
        

54.00 0.01 35 15.08 

54.00 0.1 53 23.85 
54.00 0.2 73 28.09 
54.00 0.5 103 33.19 

54.00 1 139 38.57 
54.00 2 194 42.98 
54.00 5 346 44.18 

54.00 10 540 44.02 
54.00 20 826 44.14 
54.00 25     

        

LVE BITUMINOUS MIXTURE - 60/85E 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 17601 7.26 
-10.00 0.1 20275 5.08 

-10.00 0.2 20971 4.57 
-10.00 0.5 21837 3.98 
-10.00 1 22439 3.54 

-10.00 2 22989 3.17 
-10.00 5 23633 2.70 
-10.00 10 24057 2.39 

-10.00 20 24414 2.05 
-10.00 25 24366 2.09 

        

        

4.00 0.01     
4.00 0.1 10806 14.47 

4.00 0.2 11899 13.08 
4.00 0.5 13383 11.38 
4.00 1 14482 10.24 

4.00 2 15586 9.18 
4.00 5 17302 7.93 
4.00 10 17943 7.06 

4.00 20 18877 6.20 
4.00 25 19088 6.21 

        

        

21.00 0.01     
21.00 0.1 2298 29.88 

21.00 0.2 2895 28.86 
21.00 0.5 3845 27.12 
21.00 1 4698 25.64 

21.00 2 5662 23.93 
21.00 5 7090 21.55 
21.00 10 8272 19.72 

21.00 20 9521 17.78 
21.00 25 9883 17.32 

        

        

37.00 0.01 69 25.96 

37.00 0.1 159 31.04 
37.00 0.2 206 37.17 
37.00 0.5 286 41.47 

37.00 1 382 43.67 
37.00 2 531 44.76 
37.00 5 862 44.68 

37.00 10 1247 43.85 
37.00 20 1781 42.15 
37.00 25     

        
        

54.00 0.01 25 16.90 

54.00 0.1 32 24.00 
54.00 0.2 42 28.63 
54.00 0.5 60 35.48 

54.00 1 96 32.34 
54.00 2 143 34.89 
54.00 5 230 38.98 

54.00 10 331 41.62 
54.00 20 464 42.37 
54.00 25 598 46.64 
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LVE BITUMINOUS MIXTURE - AR 

Temperature (°C) f(Hz) |E*| (MPa) Phi (E*) 

-10.00 0.01 0 0.00 

-10.00 0.1 19666 4.53 
-10.00 0.2 20347 4.02 
-10.00 0.5 21169 3.52 

-10.00 1 21703 3.10 
-10.00 2 22185 2.77 
-10.00 5 22765 2.36 

-10.00 10 23145 2.04 
-10.00 20 23478 1.75 
-10.00 25 23635 1.71 

        
        

4.00 0.01 0 0.00 

4.00 0.1 11663 12.23 
4.00 0.2 12745 11.01 
4.00 0.5 14141 9.55 

4.00 1 15172 8.57 
4.00 2 16164 7.68 
4.00 5 17397 6.65 

4.00 10 18245 5.80 
4.00 20 18384 5.20 
4.00 25 0 0.00 

        
        

21.00 0.01     

21.00 0.1 2422 32.59 
21.00 0.2 3165 30.63 
21.00 0.5 4283 27.81 

21.00 1 5222 25.64 
21.00 2 6300 23.44 
21.00 5 7793 20.51 

21.00 10 8961 18.24 
21.00 20 10157 15.93 
21.00 25 11320 17.73 

        
        

37.00 0.01     

37.00 0.1 181 34.58 
37.00 0.2 245 37.48 
37.00 0.5 378 40.35 

37.00 1 540 42.12 
37.00 2 779 42.74 
37.00 5 1279 41.46 

37.00 10 1820 39.89 
37.00 20 2521 37.50 
37.00 25 3088 34.74 

        
        

54.00 0.01 34 9.58 

54.00 0.1 51 20.58 
54.00 0.2 65 28.08 
54.00 0.5 91 29.07 

54.00 1 118 32.56 
54.00 2 165 37.62 
54.00 5 281 42.70 

54.00 10 436 42.94 
54.00 20 645 44.68 
54.00 25 701 43.45 
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APPENDIX D – EXPERIMENTAL DATA FROM MSCR TESTS FOR BITUMENS 

 

MSCR 64ºC BITUMEN - 50/70-A RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 4.4843843 ε0 

  2 101.01 64 0.1 4.9282526 εC 

  3 110.01 64 0 4.9340882 εR 

2 4 110.01 64 0.1 4.9340882 ε0 

  5 111.01 64 0.1 5.3779685 εC 

  6 120.01 64 0 5.3840067 εR 

3 7 120.01 64 0.1 5.3840067 ε0 

  8 121.01 64 0.1 5.827882 εC 

  9 130.01 64 0 5.8340976 εR 

4 10 130.01 64 0.1 5.8340976 ε0 

  11 131.01 64 0.1 6.2776987 εC 

  12 140.01 64 0 6.2835132 εR 

5 13 140.01 64 0.1 6.2835132 ε0 

  14 141.01 64 0.1 6.727068 εC 

  15 150.01 64 0 6.7332578 εR 

6 16 150.01 64 0.1 6.7332578 ε0 

  17 151.01 64 0.1 7.176795 εC 

  18 160.02 64 0 7.1825921 εR 

7 19 160.02 64 0.1 7.1825921 ε0 

  20 161.02 64 0.1 7.6260308 εC 

  21 170.02 64 0 7.6315571 εR 

8 22 170.02 64 0.1 7.6315571 ε0 

  23 171.02 64 0.1 8.0748152 εC 

  24 180.02 64 0 8.0803749 εR 

9 25 180.02 64 0.1 8.0803749 ε0 

  26 181.02 64 0.1 8.5241153 εC 

  27 190.02 64 0 8.5288312 εR 

10 28 190.02 64 0.1 8.5288312 ε0 

  29 191.02 64 0.1 8.9723249 εC 

  30 200.02 64 0 8.977489 εR 

11 31 200.02 64 3.2 8.977489 ε0 

  32 201.02 64 3.2 23.925369 εC 

  33 210.02 64 0 24.260391 εR 

12 34 210.02 64 3.2 24.260391 ε0 

  35 211.02 64 3.2 39.202477 εC 

  36 220.02 64 0 39.539353 εR 

13 37 220.02 64 3.2 39.539353 ε0 

  38 221.02 64 3.2 54.512307 εC 

  39 230.02 64 0 54.850845 εR 

14 40 230.02 64 3.2 54.850845 ε0 

  41 231.02 64 3.2 69.83948 εC 

  42 240.02 64 0 70.179909 εR 

15 43 240.02 64 3.2 70.179909 ε0 

  44 241.02 64 3.2 85.171475 εC 

  45 250.02 64 0 85.511917 εR 

16 46 250.02 64 3.2 85.511917 ε0 

  47 251.02 64 3.2 100.50145 εC 

  48 260.03 64 0 100.84688 εR 

17 49 260.03 64 3.2 100.84688 ε0 

  50 261.03 64 3.2 115.84867 εC 

  51 270.03 64 0 116.19621 εR 

18 52 270.03 64 3.2 116.19621 ε0 

  53 271.03 64 3.2 131.20485 εC 

  54 280.03 64 0 131.54861 εR 

19 55 280.03 64 3.2 131.54861 ε0 

  56 281.03 64 3.2 146.54941 εC 

  57 290.03 64 0 146.89591 εR 

20 58 290.03 64 3.2 146.89591 ε0 

  59 291.03 64 3.2 161.90465 εC 

  60 300.03 64 0 162.25629 εR 

              

MSCR 64ºC BITUMEN - 50/70-B RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 3.9389863 ε0 

  2 101.01 64 0.1 4.3299626 εC 
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  3 110.01 64 0 4.3334713 εR 

2 4 110.01 64 0.1 4.3334713 ε0 

  5 111.01 64 0.1 4.7244761 εC 

  6 120.01 64 0 4.7284289 εR 

3 7 120.01 64 0.1 4.7284289 ε0 

  8 121.01 64 0.1 5.1194698 εC 

  9 130.01 64 0 5.1233819 εR 

4 10 130.01 64 0.1 5.1233819 ε0 

  11 131.01 64 0.1 5.5146335 εC 

  12 140.01 64 0 5.5176115 εR 

5 13 140.01 64 0.1 5.5176115 ε0 

  14 141.01 64 0.1 5.9088786 εC 

  15 150.01 64 0 5.9129239 εR 

6 16 150.01 64 0.1 5.9129239 ε0 

  17 151.01 64 0.1 6.3042208 εC 

  18 160.02 64 0 6.3080899 εR 

7 19 160.02 64 0.1 6.3080899 ε0 

  20 161.02 64 0.1 6.6991508 εC 

  21 170.02 64 0 6.7023623 εR 

8 22 170.02 64 0.1 6.7023623 ε0 

  23 171.02 64 0.1 7.0936327 εC 

  24 180.02 64 0 7.0967389 εR 

9 25 180.02 64 0.1 7.0967389 ε0 

  26 181.02 64 0.1 7.4876656 εC 

  27 190.02 64 0 7.491324 εR 

10 28 190.02 64 0.1 7.491324 ε0 

  29 191.02 64 0.1 7.8822278 εC 

  30 200.02 64 0 7.8859455 εR 

11 31 200.02 64 3.2 7.8859455 ε0 

  32 201.02 64 3.2 21.077615 εC 

  33 210.02 64 0 21.329101 εR 

12 34 210.02 64 3.2 21.329101 ε0 

  35 211.02 64 3.2 34.526078 εC 

  36 220.02 64 0 34.775105 εR 

13 37 220.02 64 3.2 34.775105 ε0 

  38 221.02 64 3.2 47.987419 εC 

  39 230.02 64 0 48.240638 εR 

14 40 230.02 64 3.2 48.240638 ε0 

  41 231.02 64 3.2 61.461578 εC 

  42 240.02 64 0 61.715405 εR 

15 43 240.02 64 3.2 61.715405 ε0 

  44 241.02 64 3.2 74.936903 εC 

  45 250.02 64 0 75.192944 εR 

16 46 250.02 64 3.2 75.192944 ε0 

  47 251.02 64 3.2 88.419997 εC 

  48 260.03 64 0 88.678727 εR 

17 49 260.03 64 3.2 88.678727 ε0 

  50 261.03 64 3.2 101.91616 εC 

  51 270.03 64 0 102.17368 εR 

18 52 270.03 64 3.2 102.17368 ε0 

  53 271.03 64 3.2 115.41613 εC 

  54 280.03 64 0 115.67844 εR 

19 55 280.03 64 3.2 115.67844 ε0 

  56 281.03 64 3.2 128.92055 εC 

  57 290.03 64 0 129.1814 εR 

20 58 290.03 64 3.2 129.1814 ε0 

  59 291.03 64 3.2 142.41925 εC 

  60 300.03 64 0 142.67899 εR 

       
MSCR 58ºC BITUMEN - 50/70-C RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 58 0.1 1.5224699 ε0 

  2 101.01 58 0.1 1.6807333 εC 

  3 110.01 58 0 1.6740302 εR 

2 4 110.01 58 0.1 1.6740302 ε0 

  5 111.01 58 0.1 1.8322202 εC 

  6 120.01 58 0 1.82545 εR 

3 7 120.01 58 0.1 1.82545 ε0 

  8 121.01 58 0.1 1.9835085 εC 

  9 130.01 58 0 1.9769964 εR 

4 10 130.01 58 0.1 1.9769964 ε0 



268 

 

  11 131.01 58 0.1 2.1349558 εC 

  12 140.01 58 0 2.1281949 εR 

5 13 140.01 58 0.1 2.1281949 ε0 

  14 141.01 58 0.1 2.2861254 εC 

  15 150.01 58 0 2.2793764 εR 

6 16 150.01 58 0.1 2.2793764 ε0 

  17 151.01 58 0.1 2.4372163 εC 

  18 160.02 58 0 2.4301587 εR 

7 19 160.02 58 0.1 2.4301587 ε0 

  20 161.02 58 0.1 2.5878869 εC 

  21 170.02 58 0 2.5808028 εR 

8 22 170.02 58 0.1 2.5808028 ε0 

  23 171.02 58 0.1 2.7384313 εC 

  24 180.02 58 0 2.7320464 εR 

9 25 180.02 58 0.1 2.7320464 ε0 

  26 181.02 58 0.1 2.8895682 εC 

  27 190.02 58 0 2.8825412 εR 

10 28 190.02 58 0.1 2.8825412 ε0 

  29 191.02 58 0.1 3.0400782 εC 

  30 200.02 58 0 3.0327916 εR 

11 31 200.02 58 3.2 3.0327916 ε0 

  32 201.02 58 3.2 8.4124185 εC 

  33 210.02 58 0 8.3962724 εR 

12 34 210.02 58 3.2 8.3962724 ε0 

  35 211.02 58 3.2 13.825456 εC 

  36 220.02 58 0 13.808944 εR 

13 37 220.02 58 3.2 13.808944 ε0 

  38 221.02 58 3.2 19.252199 εC 

  39 230.02 58 0 19.235109 εR 

14 40 230.02 58 3.2 19.235109 ε0 

  41 231.02 58 3.2 24.698578 εC 

  42 240.02 58 0 24.683867 εR 

15 43 240.02 58 3.2 24.683867 ε0 

  44 241.02 58 3.2 30.164098 εC 

  45 250.02 58 0 30.148972 εR 

16 46 250.02 58 3.2 30.148972 ε0 

  47 251.02 58 3.2 35.641116 εC 

  48 260.03 58 0 35.626574 εR 

17 49 260.03 58 3.2 35.626574 ε0 

  50 261.03 58 3.2 41.129302 εC 

  51 270.03 58 0 41.116251 εR 

18 52 270.03 58 3.2 41.116251 ε0 

  53 271.03 58 3.2 46.628064 εC 

  54 280.03 58 0 46.617333 εR 

19 55 280.03 58 3.2 46.617333 ε0 

  56 281.03 58 3.2 52.133678 εC 

  57 290.03 58 0 52.122521 εR 

20 58 290.03 58 3.2 52.122521 ε0 

  59 291.03 58 3.2 57.645219 εC 

  60 300.03 58 0 57.635554 εR 

       
MSCR 64ºC BITUMEN - 50/70-C RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 4.4715363 ε0 

  2 101.01 64 0.1 4.9266995 εC 

  3 110.01 64 0 4.919402 εR 

2 4 110.01 64 0.1 4.919402 ε0 

  5 111.01 64 0.1 5.3750448 εC 

  6 120.01 64 0 5.3667057 εR 

3 7 120.01 64 0.1 5.3667057 ε0 

  8 121.01 64 0.1 5.8228217 εC 

  9 130.01 64 0 5.8141203 εR 

4 10 130.01 64 0.1 5.8141203 ε0 

  11 131.01 64 0.1 6.2706158 εC 

  12 140.01 64 0 6.2622361 εR 

5 13 140.01 64 0.1 6.2622361 ε0 

  14 141.01 64 0.1 6.718958 εC 

  15 150.01 64 0 6.7115496 εR 

6 16 150.01 64 0.1 6.7115496 ε0 

  17 151.01 64 0.1 7.1686229 εC 

  18 160.02 64 0 7.1608661 εR 
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7 19 160.02 64 0.1 7.1608661 ε0 

  20 161.02 64 0.1 7.6180577 εC 

  21 170.02 64 0 7.610604 εR 

8 22 170.02 64 0.1 7.610604 ε0 

  23 171.02 64 0.1 8.0678585 εC 

  24 180.02 64 0 8.0603424 εR 

9 25 180.02 64 0.1 8.0603424 ε0 

  26 181.02 64 0.1 8.5177749 εC 

  27 190.02 64 0 8.5107674 εR 

10 28 190.02 64 0.1 8.5107674 ε0 

  29 191.02 64 0.1 8.967929 εC 

  30 200.02 64 0 8.9609952 εR 

11 31 200.02 64 3.2 8.9609952 ε0 

  32 201.02 64 3.2 25.556152 εC 

  33 210.02 64 0 25.943791 εR 

12 34 210.02 64 3.2 25.943791 ε0 

  35 211.02 64 3.2 42.527663 εC 

  36 220.02 64 0 42.921514 εR 

13 37 220.02 64 3.2 42.921514 ε0 

  38 221.02 64 3.2 59.548861 εC 

  39 230.02 64 0 59.950167 εR 

14 40 230.02 64 3.2 59.950167 ε0 

  41 231.02 64 3.2 76.587897 εC 

  42 240.02 64 0 76.992714 εR 

15 43 240.02 64 3.2 76.992714 ε0 

  44 241.02 64 3.2 93.654699 εC 

  45 250.02 64 0 94.064602 εR 

16 46 250.02 64 3.2 94.064602 ε0 

  47 251.02 64 3.2 110.73962 εC 

  48 260.03 64 0 111.15535 εR 

17 49 260.03 64 3.2 111.15535 ε0 

  50 261.03 64 3.2 127.85782 εC 

  51 270.03 64 0 128.27707 εR 

18 52 270.03 64 3.2 128.27707 ε0 

  53 271.03 64 3.2 145.01556 εC 

  54 280.03 64 0 145.44116 εR 

19 55 280.03 64 3.2 145.44116 ε0 

  56 281.03 64 3.2 162.14429 εC 

  57 290.03 64 0 162.5648 εR 

20 58 290.03 64 3.2 162.5648 ε0 

  59 291.03 64 3.2 179.31811 εC 

  60 300.03 64 0 179.74211 εR 

       
MSCR 64ºC BITUMEN - 50/70-D RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 3.4830023 ε0 

  2 101.01 64 0.1 3.8327699 εC 

  3 110.01 64 0 3.830358 εR 

2 4 110.01 64 0.1 3.830358 ε0 

  5 111.01 64 0.1 4.1802751 εC 

  6 120.01 64 0 4.1785231 εR 

3 7 120.01 64 0.1 4.1785231 ε0 

  8 121.01 64 0.1 4.5284532 εC 

  9 130.01 64 0 4.5268381 εR 

4 10 130.01 64 0.1 4.5268381 ε0 

  11 131.01 64 0.1 4.8767079 εC 

  12 140.01 64 0 4.8747608 εR 

5 13 140.01 64 0.1 4.8747608 ε0 

  14 141.01 64 0.1 5.2243972 εC 

  15 150.01 64 0 5.222358 εR 

6 16 150.01 64 0.1 5.222358 ε0 

  17 151.01 64 0.1 5.5722654 εC 

  18 160.02 64 0 5.5699719 εR 

7 19 160.02 64 0.1 5.5699719 ε0 

  20 161.02 64 0.1 5.9197568 εC 

  21 170.02 64 0 5.9172909 εR 

8 22 170.02 64 0.1 5.9172909 ε0 

  23 171.02 64 0.1 6.2672056 εC 

  24 180.02 64 0 6.2636328 εR 

9 25 180.02 64 0.1 6.2636328 ε0 

  26 181.02 64 0.1 6.6136153 εC 
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  27 190.02 64 0 6.6104715 εR 

10 28 190.02 64 0.1 6.6104715 ε0 

  29 191.02 64 0.1 6.9603537 εC 

  30 200.02 64 0 6.9556982 εR 

11 31 200.02 64 3.2 6.9556982 ε0 

  32 201.02 64 3.2 19.04174 εC 

  33 210.02 64 0 19.233239 εR 

12 34 210.02 64 3.2 19.233239 ε0 

  35 211.02 64 3.2 31.381255 εC 

  36 220.02 64 0 31.575048 εR 

13 37 220.02 64 3.2 31.575048 ε0 

  38 221.02 64 3.2 43.79021 εC 

  39 230.02 64 0 43.988898 εR 

14 40 230.02 64 3.2 43.988898 ε0 

  41 231.02 64 3.2 56.242758 εC 

  42 240.02 64 0 56.449012 εR 

15 43 240.02 64 3.2 56.449012 ε0 

  44 241.02 64 3.2 68.720859 εC 

  45 250.02 64 0 68.925998 εR 

16 46 250.02 64 3.2 68.925998 ε0 

  47 251.02 64 3.2 81.21792 εC 

  48 260.03 64 0 81.426675 εR 

17 49 260.03 64 3.2 81.426675 ε0 

  50 261.03 64 3.2 93.731785 εC 

  51 270.03 64 0 93.938898 εR 

18 52 270.03 64 3.2 93.938898 ε0 

  53 271.03 64 3.2 106.26072 εC 

  54 280.03 64 0 106.47245 εR 

19 55 280.03 64 3.2 106.47245 ε0 

  56 281.03 64 3.2 118.78654 εC 

  57 290.03 64 0 118.999 εR 

20 58 290.03 64 3.2 118.999 ε0 

  59 291.03 64 3.2 131.31933 εC 

  60 300.03 64 0 131.53032 εR 

       
MSCR 64ºC BITUMEN - 50/70-E RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 3.1832291 ε0 

  2 101.01 64 0.1 3.5063396 εC 

  3 110.01 64 0 3.5015409 εR 

2 4 110.01 64 0.1 3.5015409 ε0 

  5 111.01 64 0.1 3.8245575 εC 

  6 120.01 64 0 3.8198022 εR 

3 7 120.01 64 0.1 3.8198022 ε0 

  8 121.01 64 0.1 4.1428596 εC 

  9 130.01 64 0 4.137766 εR 

4 10 130.01 64 0.1 4.137766 ε0 

  11 131.01 64 0.1 4.4608138 εC 

  12 140.01 64 0 4.4554241 εR 

5 13 140.01 64 0.1 4.4554241 ε0 

  14 141.01 64 0.1 4.7782911 εC 

  15 150.01 64 0 4.7728724 εR 

6 16 150.01 64 0.1 4.7728724 ε0 

  17 151.01 64 0.1 5.0960054 εC 

  18 160.02 64 0 5.0911525 εR 

7 19 160.02 64 0.1 5.0911525 ε0 

  20 161.02 64 0.1 5.4147103 εC 

  21 170.02 64 0 5.4094494 εR 

8 22 170.02 64 0.1 5.4094494 ε0 

  23 171.02 64 0.1 5.7329619 εC 

  24 180.02 64 0 5.7273429 εR 

9 25 180.02 64 0.1 5.7273429 ε0 

  26 181.02 64 0.1 6.0511479 εC 

  27 190.02 64 0 6.0465163 εR 

10 28 190.02 64 0.1 6.0465163 ε0 

  29 191.02 64 0.1 6.3704477 εC 

  30 200.02 64 0 6.3656984 εR 

11 31 200.02 64 3.2 6.3656984 ε0 

  32 201.02 64 3.2 17.798932 εC 

  33 210.02 64 0 17.974187 εR 

12 34 210.02 64 3.2 17.974187 ε0 
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  35 211.02 64 3.2 29.210133 εC 

  36 220.02 64 0 29.374893 εR 

13 37 220.02 64 3.2 29.374893 ε0 

  38 221.02 64 3.2 40.664724 εC 

  39 230.02 64 0 40.834481 εR 

14 40 230.02 64 3.2 40.834481 ε0 

  41 231.02 64 3.2 52.170561 εC 

  42 240.02 64 0 52.343148 εR 

15 43 240.02 64 3.2 52.343148 ε0 

  44 241.02 64 3.2 63.694775 εC 

  45 250.02 64 0 63.868196 εR 

16 46 250.02 64 3.2 63.868196 ε0 

  47 251.02 64 3.2 75.232844 εC 

  48 260.03 64 0 75.408587 εR 

17 49 260.03 64 3.2 75.408587 ε0 

  50 261.03 64 3.2 86.782392 εC 

  51 270.03 64 0 86.959314 εR 

18 52 270.03 64 3.2 86.959314 ε0 

  53 271.03 64 3.2 98.346277 εC 

  54 280.03 64 0 98.526175 εR 

19 55 280.03 64 3.2 98.526175 ε0 

  56 281.03 64 3.2 109.92257 εC 

  57 290.03 64 0 110.10688 εR 

20 58 290.03 64 3.2 110.10688 ε0 

  59 291.03 64 3.2 121.50828 εC 

  60 300.03 64 0 121.69111 εR 

       
MSCR 64ºC BITUMEN - 50/70-F RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 1.4602154 ε0 

  2 101.01 64 0.1 1.6330978 εC 

  3 110.01 64 0 1.6051798 εR 

2 4 110.01 64 0.1 1.6051798 ε0 

  5 111.01 64 0.1 1.7779869 εC 

  6 120.01 64 0 1.7499102 εR 

3 7 120.01 64 0.1 1.7499102 ε0 

  8 121.01 64 0.1 1.9225857 εC 

  9 130.01 64 0 1.8945569 εR 

4 10 130.01 64 0.1 1.8945569 ε0 

  11 131.01 64 0.1 2.0671739 εC 

  12 140.01 64 0 2.0392819 εR 

5 13 140.01 64 0.1 2.0392819 ε0 

  14 141.01 64 0.1 2.211757 εC 

  15 150.01 64 0 2.1836514 εR 

6 16 150.01 64 0.1 2.1836514 ε0 

  17 151.01 64 0.1 2.3559335 εC 

  18 160.02 64 0 2.3279253 εR 

7 19 160.02 64 0.1 2.3279253 ε0 

  20 161.02 64 0.1 2.500084 εC 

  21 170.02 64 0 2.4723099 εR 

8 22 170.02 64 0.1 2.4723099 ε0 

  23 171.02 64 0.1 2.6443349 εC 

  24 180.02 64 0 2.6161849 εR 

9 25 180.02 64 0.1 2.6161849 ε0 

  26 181.02 64 0.1 2.7880751 εC 

  27 190.02 64 0 2.7599741 εR 

10 28 190.02 64 0.1 2.7599741 ε0 

  29 191.02 64 0.1 2.9315903 εC 

  30 200.02 64 0 2.9035423 εR 

11 31 200.02 64 3.2 2.9035423 ε0 

  32 201.02 64 3.2 9.469978 εC 

  33 210.02 64 0 9.315303 εR 

12 34 210.02 64 3.2 9.315303 ε0 

  35 211.02 64 3.2 15.993391 εC 

  36 220.02 64 0 15.836155 εR 

13 37 220.02 64 3.2 15.836155 ε0 

  38 221.02 64 3.2 22.536168 εC 

  39 230.02 64 0 22.382763 εR 

14 40 230.02 64 3.2 22.382763 ε0 

  41 231.02 64 3.2 29.106839 εC 

  42 240.02 64 0 28.955689 εR 
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15 43 240.02 64 3.2 28.955689 ε0 

  44 241.02 64 3.2 35.704649 εC 

  45 250.02 64 0 35.555975 εR 

16 46 250.02 64 3.2 35.555975 ε0 

  47 251.02 64 3.2 42.323586 εC 

  48 260.03 64 0 42.177859 εR 

17 49 260.03 64 3.2 42.177859 ε0 

  50 261.03 64 3.2 48.961743 εC 

  51 270.03 64 0 48.819567 εR 

18 52 270.03 64 3.2 48.819567 ε0 

  53 271.03 64 3.2 55.614684 εC 

  54 280.03 64 0 55.476571 εR 

19 55 280.03 64 3.2 55.476571 ε0 

  56 281.03 64 3.2 62.280982 εC 

  57 290.03 64 0 62.144237 εR 

20 58 290.03 64 3.2 62.144237 ε0 

  59 291.03 64 3.2 68.954306 εC 

  60 300.03 64 0 68.819569 εR 

       
MSCR 64ºC BITUMEN - 50/70-G RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 4.3555271 ε0 

  2 101.01 64 0.1 4.7992349 εC 

  3 110.01 64 0 4.791985 εR 

2 4 110.01 64 0.1 4.791985 ε0 

  5 111.01 64 0.1 5.2359677 εC 

  6 120.01 64 0 5.2292769 εR 

3 7 120.01 64 0.1 5.2292769 ε0 

  8 121.01 64 0.1 5.6736166 εC 

  9 130.01 64 0 5.6666948 εR 

4 10 130.01 64 0.1 5.6666948 ε0 

  11 131.01 64 0.1 6.1114873 εC 

  12 140.01 64 0 6.1048393 εR 

5 13 140.01 64 0.1 6.1048393 ε0 

  14 141.01 64 0.1 6.5498404 εC 

  15 150.01 64 0 6.5428879 εR 

6 16 150.01 64 0.1 6.5428879 ε0 

  17 151.01 64 0.1 6.9882985 εC 

  18 160.02 64 0 6.9817672 εR 

7 19 160.02 64 0.1 6.9817672 ε0 

  20 161.02 64 0.1 7.4274649 εC 

  21 170.02 64 0 7.4209576 εR 

8 22 170.02 64 0.1 7.4209576 ε0 

  23 171.02 64 0.1 7.8672748 εC 

  24 180.02 64 0 7.8604666 εR 

9 25 180.02 64 0.1 7.8604666 ε0 

  26 181.02 64 0.1 8.3067285 εC 

  27 190.02 64 0 8.2993176 εR 

10 28 190.02 64 0.1 8.2993176 ε0 

  29 191.02 64 0.1 8.745052 εC 

  30 200.02 64 0 8.738436 εR 

11 31 200.02 64 3.2 8.738436 ε0 

  32 201.02 64 3.2 24.735033 εC 

  33 210.02 64 0 25.10846 εR 

12 34 210.02 64 3.2 25.10846 ε0 

  35 211.02 64 3.2 41.013227 εC 

  36 220.02 64 0 41.379536 εR 

13 37 220.02 64 3.2 41.379536 ε0 

  38 221.02 64 3.2 57.412561 εC 

  39 230.02 64 0 57.790279 εR 

14 40 230.02 64 3.2 57.790279 ε0 

  41 231.02 64 3.2 73.849983 εC 

  42 240.02 64 0 74.229285 εR 

15 43 240.02 64 3.2 74.229285 ε0 

  44 241.02 64 3.2 90.333106 εC 

  45 250.02 64 0 90.716473 εR 

16 46 250.02 64 3.2 90.716473 ε0 

  47 251.02 64 3.2 106.8732 εC 

  48 260.03 64 0 107.26237 εR 

17 49 260.03 64 3.2 107.26237 ε0 

  50 261.03 64 3.2 123.42991 εC 
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  51 270.03 64 0 123.82616 εR 

18 52 270.03 64 3.2 123.82616 ε0 

  53 271.03 64 3.2 140.00517 εC 

  54 280.03 64 0 140.4005 εR 

19 55 280.03 64 3.2 140.4005 ε0 

  56 281.03 64 3.2 156.59358 εC 

  57 290.03 64 0 156.99142 εR 

20 58 290.03 64 3.2 156.99142 ε0 

  59 291.03 64 3.2 173.17527 εC 

  60 300.03 64 0 173.57791 εR 

       
MSCR 64ºC BITUMEN - 50/70-H RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 2.4589343 ε0 

  2 101.01 64 0.1 2.7070254 εC 

  3 110.01 64 0 2.7048796 εR 

2 4 110.01 64 0.1 2.7048796 ε0 

  5 111.01 64 0.1 2.9531462 εC 

  6 120.01 64 0 2.9513279 εR 

3 7 120.01 64 0.1 2.9513279 ε0 

  8 121.01 64 0.1 3.1994154 εC 

  9 130.01 64 0 3.1977455 εR 

4 10 130.01 64 0.1 3.1977455 ε0 

  11 131.01 64 0.1 3.4460295 εC 

  12 140.01 64 0 3.4443148 εR 

5 13 140.01 64 0.1 3.4443148 ε0 

  14 141.01 64 0.1 3.6923942 εC 

  15 150.01 64 0 3.6906957 εR 

6 16 150.01 64 0.1 3.6906957 ε0 

  17 151.01 64 0.1 3.9389018 εC 

  18 160.02 64 0 3.9370318 εR 

7 19 160.02 64 0.1 3.9370318 ε0 

  20 161.02 64 0.1 4.1849899 εC 

  21 170.02 64 0 4.1828601 εR 

8 22 170.02 64 0.1 4.1828601 ε0 

  23 171.02 64 0.1 4.4308285 εC 

  24 180.02 64 0 4.4287966 εR 

9 25 180.02 64 0.1 4.4287966 ε0 

  26 181.02 64 0.1 4.6766047 εC 

  27 190.02 64 0 4.6746655 εR 

10 28 190.02 64 0.1 4.6746655 ε0 

  29 191.02 64 0.1 4.9226645 εC 

  30 200.02 64 0 4.9207878 εR 

11 31 200.02 64 3.2 4.9207878 ε0 

  32 201.02 64 3.2 13.273572 εC 

  33 210.02 64 0 13.34872 εR 

12 34 210.02 64 3.2 13.34872 ε0 

  35 211.02 64 3.2 21.697889 εC 

  36 220.02 64 0 21.774376 εR 

13 37 220.02 64 3.2 21.774376 ε0 

  38 221.02 64 3.2 30.136066 εC 

  39 230.02 64 0 30.214929 εR 

14 40 230.02 64 3.2 30.214929 ε0 

  41 231.02 64 3.2 38.58285 εC 

  42 240.02 64 0 38.661653 εR 

15 43 240.02 64 3.2 38.661653 ε0 

  44 241.02 64 3.2 47.040343 εC 

  45 250.02 64 0 47.119724 εR 

16 46 250.02 64 3.2 47.119724 ε0 

  47 251.02 64 3.2 55.498046 εC 

  48 260.03 64 0 55.577782 εR 

17 49 260.03 64 3.2 55.577782 ε0 

  50 261.03 64 3.2 63.95029 εC 

  51 270.03 64 0 64.032613 εR 

18 52 270.03 64 3.2 64.032613 ε0 

  53 271.03 64 3.2 72.407238 εC 

  54 280.03 64 0 72.491661 εR 

19 55 280.03 64 3.2 72.491661 ε0 

  56 281.03 64 3.2 80.866741 εC 

  57 290.03 64 0 80.950737 εR 

20 58 290.03 64 3.2 80.950737 ε0 
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  59 291.03 64 3.2 89.328829 εC 

  60 300.03 64 0 89.413413 εR 

       
MSCR 64ºC BITUMEN - 50/70-I RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 2.3856823 ε0 

  2 101.01 64 0.1 2.6482186 εC 

  3 110.01 64 0 2.621794 εR 

2 4 110.01 64 0.1 2.621794 ε0 

  5 111.01 64 0.1 2.8840478 εC 

  6 120.01 64 0 2.8576587 εR 

3 7 120.01 64 0.1 2.8576587 ε0 

  8 121.01 64 0.1 3.1195944 εC 

  9 130.01 64 0 3.0926294 εR 

4 10 130.01 64 0.1 3.0926294 ε0 

  11 131.01 64 0.1 3.3543597 εC 

  12 140.01 64 0 3.3277815 εR 

5 13 140.01 64 0.1 3.3277815 ε0 

  14 141.01 64 0.1 3.5893551 εC 

  15 150.01 64 0 3.5627093 εR 

6 16 150.01 64 0.1 3.5627093 ε0 

  17 151.01 64 0.1 3.8240545 εC 

  18 160.02 64 0 3.797161 εR 

7 19 160.02 64 0.1 3.797161 ε0 

  20 161.02 64 0.1 4.0580474 εC 

  21 170.02 64 0 4.0314267 εR 

8 22 170.02 64 0.1 4.0314267 ε0 

  23 171.02 64 0.1 4.2924217 εC 

  24 180.02 64 0 4.2659194 εR 

9 25 180.02 64 0.1 4.2659194 ε0 

  26 181.02 64 0.1 4.5265216 εC 

  27 190.02 64 0 4.4999682 εR 

10 28 190.02 64 0.1 4.4999682 ε0 

  29 191.02 64 0.1 4.7606473 εC 

  30 200.02 64 0 4.7339791 εR 

11 31 200.02 64 3.2 4.7339791 ε0 

  32 201.02 64 3.2 15.063746 εC 

  33 210.02 64 0 15.068882 εR 

12 34 210.02 64 3.2 15.068882 ε0 

  35 211.02 64 3.2 25.510283 εC 

  36 220.02 64 0 25.520163 εR 

13 37 220.02 64 3.2 25.520163 ε0 

  38 221.02 64 3.2 36.038717 εC 

  39 230.02 64 0 36.053726 εR 

14 40 230.02 64 3.2 36.053726 ε0 

  41 231.02 64 3.2 46.629556 εC 

  42 240.02 64 0 46.649223 εR 

15 43 240.02 64 3.2 46.649223 ε0 

  44 241.02 64 3.2 57.265877 εC 

  45 250.02 64 0 57.291465 εR 

16 46 250.02 64 3.2 57.291465 ε0 

  47 251.02 64 3.2 67.935961 εC 

  48 260.03 64 0 67.964079 εR 

17 49 260.03 64 3.2 67.964079 ε0 

  50 261.03 64 3.2 78.625956 εC 

  51 270.03 64 0 78.658741 εR 

18 52 270.03 64 3.2 78.658741 ε0 

  53 271.03 64 3.2 89.33005 εC 

  54 280.03 64 0 89.367749 εR 

19 55 280.03 64 3.2 89.367749 ε0 

  56 281.03 64 3.2 100.06258 εC 

  57 290.03 64 0 100.10521 εR 

20 58 290.03 64 3.2 100.10521 ε0 

  59 291.03 64 3.2 110.82633 εC 

  60 300.03 64 0 110.87214 εR 

       
MSCR 64ºC BITUMEN - 30/45 RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 1.5926612 ε0 

  2 101.01 64 0.1 1.7575501 εC 

  3 110.01 64 0 1.7514462 εR 
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2 4 110.01 64 0.1 1.7514462 ε0 

  5 111.01 64 0.1 1.9162751 εC 

  6 120.01 64 0 1.9101962 εR 

3 7 120.01 64 0.1 1.9101962 ε0 

  8 121.01 64 0.1 2.0749215 εC 

  9 130.01 64 0 2.0689413 εR 

4 10 130.01 64 0.1 2.0689413 ε0 

  11 131.01 64 0.1 2.2336985 εC 

  12 140.01 64 0 2.227625 εR 

5 13 140.01 64 0.1 2.227625 ε0 

  14 141.01 64 0.1 2.3924163 εC 

  15 150.01 64 0 2.3863482 εR 

6 16 150.01 64 0.1 2.3863482 ε0 

  17 151.01 64 0.1 2.551172 εC 

  18 160.02 64 0 2.5448474 εR 

7 19 160.02 64 0.1 2.5448474 ε0 

  20 161.02 64 0.1 2.7098112 εC 

  21 170.02 64 0 2.7038256 εR 

8 22 170.02 64 0.1 2.7038256 ε0 

  23 171.02 64 0.1 2.8687271 εC 

  24 180.02 64 0 2.8626231 εR 

9 25 180.02 64 0.1 2.8626231 ε0 

  26 181.02 64 0.1 3.0275708 εC 

  27 190.02 64 0 3.0215304 εR 

10 28 190.02 64 0.1 3.0215304 ε0 

  29 191.02 64 0.1 3.186574 εC 

  30 200.02 64 0 3.1807144 εR 

11 31 200.02 64 3.2 3.1807144 ε0 

  32 201.02 64 3.2 8.7701117 εC 

  33 210.02 64 0 8.7687524 εR 

12 34 210.02 64 3.2 8.7687524 ε0 

  35 211.02 64 3.2 14.405063 εC 

  36 220.02 64 0 14.406608 εR 

13 37 220.02 64 3.2 14.406608 ε0 

  38 221.02 64 3.2 20.006943 εC 

  39 230.02 64 0 20.008372 εR 

14 40 230.02 64 3.2 20.008372 ε0 

  41 231.02 64 3.2 25.593164 εC 

  42 240.02 64 0 25.594574 εR 

15 43 240.02 64 3.2 25.594574 ε0 

  44 241.02 64 3.2 31.186675 εC 

  45 250.02 64 0 31.188402 εR 

16 46 250.02 64 3.2 31.188402 ε0 

  47 251.02 64 3.2 36.783189 εC 

  48 260.03 64 0 36.786284 εR 

17 49 260.03 64 3.2 36.786284 ε0 

  50 261.03 64 3.2 42.384741 εC 

  51 270.03 64 0 42.386652 εR 

18 52 270.03 64 3.2 42.386652 ε0 

  53 271.03 64 3.2 47.984956 εC 

  54 280.03 64 0 47.98962 εR 

19 55 280.03 64 3.2 47.98962 ε0 

  56 281.03 64 3.2 53.584417 εC 

  57 290.03 64 0 53.588974 εR 

20 58 290.03 64 3.2 53.588974 ε0 

  59 291.03 64 3.2 59.181591 εC 

  60 300.03 64 0 59.187836 εR 

       
MSCR 70ºC BITUMEN - 30/45 RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 70 0.1 2.8539255 ε0 

  2 101.01 70 0.1 3.1425618 εC 

  3 110.01 70 0 3.138253 εR 

2 4 110.01 70 0.1 3.138253 ε0 

  5 111.01 70 0.1 3.4267682 εC 

  6 120.01 70 0 3.4220946 εR 

3 7 120.01 70 0.1 3.4220946 ε0 

  8 121.01 70 0.1 3.7105632 εC 

  9 130.01 70 0 3.7052529 εR 

4 10 130.01 70 0.1 3.7052529 ε0 

  11 131.01 70 0.1 3.9935964 εC 
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  12 140.01 70 0 3.9894521 εR 

5 13 140.01 70 0.1 3.9894521 ε0 

  14 141.01 70 0.1 4.2778165 εC 

  15 150.01 70 0 4.2738582 εR 

6 16 150.01 70 0.1 4.2738582 ε0 

  17 151.01 70 0.1 4.5621124 εC 

  18 160.02 70 0 4.5578994 εR 

7 19 160.02 70 0.1 4.5578994 ε0 

  20 161.02 70 0.1 4.8464257 εC 

  21 170.02 70 0 4.8424768 εR 

8 22 170.02 70 0.1 4.8424768 ε0 

  23 171.02 70 0.1 5.1309408 εC 

  24 180.02 70 0 5.1261862 εR 

9 25 180.02 70 0.1 5.1261862 ε0 

  26 181.02 70 0.1 5.4146451 εC 

  27 190.02 70 0 5.4093634 εR 

10 28 190.02 70 0.1 5.4093634 ε0 

  29 191.02 70 0.1 5.6977617 εC 

  30 200.02 70 0 5.6929514 εR 

11 31 200.02 70 3.2 5.6929514 ε0 

  32 201.02 70 3.2 15.539991 εC 

  33 210.02 70 0 15.660773 εR 

12 34 210.02 70 3.2 15.660773 ε0 

  35 211.02 70 3.2 25.546454 εC 

  36 220.02 70 0 25.658785 εR 

13 37 220.02 70 3.2 25.658785 ε0 

  38 221.02 70 3.2 35.586948 εC 

  39 230.02 70 0 35.705939 εR 

14 40 230.02 70 3.2 35.705939 ε0 

  41 231.02 70 3.2 45.663339 εC 

  42 240.02 70 0 45.7808 εR 

15 43 240.02 70 3.2 45.7808 ε0 

  44 241.02 70 3.2 55.746153 εC 

  45 250.02 70 0 55.865695 εR 

16 46 250.02 70 3.2 55.865695 ε0 

  47 251.02 70 3.2 65.824587 εC 

  48 260.03 70 0 65.942373 εR 

17 49 260.03 70 3.2 65.942373 ε0 

  50 261.03 70 3.2 75.900464 εC 

  51 270.03 70 0 76.021288 εR 

18 52 270.03 70 3.2 76.021288 ε0 

  53 271.03 70 3.2 85.984055 εC 

  54 280.03 70 0 86.109952 εR 

19 55 280.03 70 3.2 86.109952 ε0 

  56 281.03 70 3.2 96.073661 εC 

  57 290.03 70 0 96.197655 εR 

20 58 290.03 70 3.2 96.197655 ε0 

  59 291.03 70 3.2 106.15865 εC 

  60 300.03 70 0 106.28417 εR 

       
MSCR 64ºC BITUMEN - 60/85E RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 0.5792771 ε0 

  2 101.01 64 0.1 0.754133 εC 

  3 110.01 64 0 0.6247487 εR 

2 4 110.01 64 0.1 0.6247487 ε0 

  5 111.01 64 0.1 0.7994401 εC 

  6 120.01 64 0 0.6692591 εR 

3 7 120.01 64 0.1 0.6692591 ε0 

  8 121.01 64 0.1 0.8437775 εC 

  9 130.01 64 0 0.7129519 εR 

4 10 130.01 64 0.1 0.7129519 ε0 

  11 131.01 64 0.1 0.8872772 εC 

  12 140.01 64 0 0.7558954 εR 

5 13 140.01 64 0.1 0.7558954 ε0 

  14 141.01 64 0.1 0.9301668 εC 

  15 150.01 64 0 0.7982325 εR 

6 16 150.01 64 0.1 0.7982325 ε0 

  17 151.01 64 0.1 0.9724246 εC 

  18 160.02 64 0 0.839892 εR 

7 19 160.02 64 0.1 0.839892 ε0 
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  20 161.02 64 0.1 1.0140185 εC 

  21 170.02 64 0 0.8811486 εR 

8 22 170.02 64 0.1 0.8811486 ε0 

  23 171.02 64 0.1 1.0552437 εC 

  24 180.02 64 0 0.9219462 εR 

9 25 180.02 64 0.1 0.9219462 ε0 

  26 181.02 64 0.1 1.095999 εC 

  27 190.02 64 0 0.9623528 εR 

10 28 190.02 64 0.1 0.9623528 ε0 

  29 191.02 64 0.1 1.1363351 εC 

  30 200.02 64 0 1.0021996 εR 

11 31 200.02 64 3.2 1.0021996 ε0 

  32 201.02 64 3.2 6.633878 εC 

  33 210.02 64 0 3.7275775 εR 

12 34 210.02 64 3.2 3.7275775 ε0 

  35 211.02 64 3.2 9.2540775 εC 

  36 220.02 64 0 6.1111086 εR 

13 37 220.02 64 3.2 6.1111086 ε0 

  38 221.02 64 3.2 11.681649 εC 

  39 230.02 64 0 8.4894232 εR 

14 40 230.02 64 3.2 8.4894232 ε0 

  41 231.02 64 3.2 14.102017 εC 

  42 240.02 64 0 10.919212 εR 

15 43 240.02 64 3.2 10.919212 ε0 

  44 241.02 64 3.2 16.565358 εC 

  45 250.02 64 0 13.41614 εR 

16 46 250.02 64 3.2 13.41614 ε0 

  47 251.02 64 3.2 19.089679 εC 

  48 260.03 64 0 15.983162 εR 

17 49 260.03 64 3.2 15.983162 ε0 

  50 261.03 64 3.2 21.677349 εC 

  51 270.03 64 0 18.61628 εR 

18 52 270.03 64 3.2 18.61628 ε0 

  53 271.03 64 3.2 24.325472 εC 

  54 280.03 64 0 21.309056 εR 

19 55 280.03 64 3.2 21.309056 ε0 

  56 281.03 64 3.2 27.02743 εC 

  57 290.03 64 0 24.050646 εR 

20 58 290.03 64 3.2 24.050646 ε0 

  59 291.03 64 3.2 29.776413 εC 

  60 300.03 64 0 26.843432 εR 

       
MSCR 64ºC BITUMEN - AR RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 64 0.1 4.226439 ε0 

  2 101.01 64 0.1 4.653659 εC 

  3 110.01 64 0 4.6509818 εR 

2 4 110.01 64 0.1 4.6509818 ε0 

  5 111.01 64 0.1 5.0781879 εC 

  6 120.01 64 0 5.0743437 εR 

3 7 120.01 64 0.1 5.0743437 ε0 

  8 121.01 64 0.1 5.5014407 εC 

  9 130.01 64 0 5.4977815 εR 

4 10 130.01 64 0.1 5.4977815 ε0 

  11 131.01 64 0.1 5.9248759 εC 

  12 140.01 64 0 5.9211455 εR 

5 13 140.01 64 0.1 5.9211455 ε0 

  14 141.01 64 0.1 6.3480772 εC 

  15 150.01 64 0 6.344847 εR 

6 16 150.01 64 0.1 6.344847 ε0 

  17 151.01 64 0.1 6.7728775 εC 

  18 160.02 64 0 6.7691541 εR 

7 19 160.02 64 0.1 6.7691541 ε0 

  20 161.02 64 0.1 7.1968616 εC 

  21 170.02 64 0 7.1931753 εR 

8 22 170.02 64 0.1 7.1931753 ε0 

  23 171.02 64 0.1 7.6201685 εC 

  24 180.02 64 0 7.6168363 εR 

9 25 180.02 64 0.1 7.6168363 ε0 

  26 181.02 64 0.1 8.0448063 εC 

  27 190.02 64 0 8.041451 εR 
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10 28 190.02 64 0.1 8.041451 ε0 

  29 191.02 64 0.1 8.4690738 εC 

  30 200.02 64 0 8.464771 εR 

11 31 200.02 64 3.2 8.464771 ε0 

  32 201.02 64 3.2 23.609599 εC 

  33 210.02 64 0 23.938325 εR 

12 34 210.02 64 3.2 23.938325 ε0 

  35 211.02 64 3.2 38.967752 εC 

  36 220.02 64 0 39.290041 εR 

13 37 220.02 64 3.2 39.290041 ε0 

  38 221.02 64 3.2 54.327529 εC 

  39 230.02 64 0 54.661309 εR 

14 40 230.02 64 3.2 54.661309 ε0 

  41 231.02 64 3.2 69.637974 εC 

  42 240.02 64 0 69.96528 εR 

15 43 240.02 64 3.2 69.96528 ε0 

  44 241.02 64 3.2 84.905733 εC 

  45 250.02 64 0 85.235895 εR 

16 46 250.02 64 3.2 85.235895 ε0 

  47 251.02 64 3.2 100.20809 εC 

  48 260.03 64 0 100.53719 εR 

17 49 260.03 64 3.2 100.53719 ε0 

  50 261.03 64 3.2 115.51391 εC 

  51 270.03 64 0 115.84852 εR 

18 52 270.03 64 3.2 115.84852 ε0 

  53 271.03 64 3.2 130.84298 εC 

  54 280.03 64 0 131.18103 εR 

19 55 280.03 64 3.2 131.18103 ε0 

  56 281.03 64 3.2 146.21017 εC 

  57 290.03 64 0 146.54954 εR 

20 58 290.03 64 3.2 146.54954 ε0 

  59 291.03 64 3.2 161.59513 εC 

  60 300.03 64 0 161.9355 εR 

       
MSCR 70ºC BITUMEN - AR RTFOT 

Cycle Point Nº Time (s) Temperature (ºC) Shear Stress (kPa) Shear Strain (%)   

1 1 100.01 70 0.1 9.7677527 ε0 

  2 101.01 70 0.1 10.71571 εC 

  3 110.01 70 0 10.749882 εR 

2 4 110.01 70 0.1 10.749882 ε0 

  5 111.01 70 0.1 11.697626 εC 

  6 120.01 70 0 11.731635 εR 

3 7 120.01 70 0.1 11.731635 ε0 

  8 121.01 70 0.1 12.678896 εC 

  9 130.01 70 0 12.712679 εR 

4 10 130.01 70 0.1 12.712679 ε0 

  11 131.01 70 0.1 13.659445 εC 

  12 140.01 70 0 13.692409 εR 

5 13 140.01 70 0.1 13.692409 ε0 

  14 141.01 70 0.1 14.638433 εC 

  15 150.01 70 0 14.672526 εR 

6 16 150.01 70 0.1 14.672526 ε0 

  17 151.01 70 0.1 15.61786 εC 

  18 160.02 70 0 15.651368 εR 

7 19 160.02 70 0.1 15.651368 ε0 

  20 161.02 70 0.1 16.595284 εC 

  21 170.02 70 0 16.628032 εR 

8 22 170.02 70 0.1 16.628032 ε0 

  23 171.02 70 0.1 17.572728 εC 

  24 180.02 70 0 17.603978 εR 

9 25 180.02 70 0.1 17.603978 ε0 

  26 181.02 70 0.1 18.547923 εC 

  27 190.02 70 0 18.581529 εR 

10 28 190.02 70 0.1 18.581529 ε0 

  29 191.02 70 0.1 19.524983 εC 

  30 200.02 70 0 19.560458 εR 

11 31 200.02 70 3.2 19.560458 ε0 

  32 201.02 70 3.2 52.13993 εC 

  33 210.02 70 0 53.742189 εR 

12 34 210.02 70 3.2 53.742189 ε0 

  35 211.02 70 3.2 86.356696 εC 



279 

 

  36 220.02 70 0 87.956733 εR 

13 37 220.02 70 3.2 87.956733 ε0 

  38 221.02 70 3.2 120.66959 εC 

  39 230.02 70 0 122.27673 εR 

14 40 230.02 70 3.2 122.27673 ε0 

  41 231.02 70 3.2 154.99276 εC 

  42 240.02 70 0 156.62092 εR 

15 43 240.02 70 3.2 156.62092 ε0 

  44 241.02 70 3.2 189.33774 εC 

  45 250.02 70 0 190.96057 εR 

16 46 250.02 70 3.2 190.96057 ε0 

  47 251.02 70 3.2 223.75639 εC 

  48 260.03 70 0 225.38004 εR 

17 49 260.03 70 3.2 225.38004 ε0 

  50 261.03 70 3.2 258.15548 εC 

  51 270.03 70 0 259.79902 εR 

18 52 270.03 70 3.2 259.79902 ε0 

  53 271.03 70 3.2 292.55465 εC 

  54 280.03 70 0 294.20467 εR 

19 55 280.03 70 3.2 294.20467 ε0 

  56 281.03 70 3.2 327.00879 εC 

  57 290.03 70 0 328.66016 εR 

20 58 290.03 70 3.2 328.66016 ε0 

  59 291.03 70 3.2 361.43685 εC 

  60 300.03 70 0 363.08721 εR 
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APPENDIX E – EXPERIMENTAL DATA FROM LAS TESTS FOR BITUMENS  

LAS 19ºC BITUMEN - 50/70-A RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.2 1.6E+06 67.51      

0.40 2.7E+06 64.85      

0.60 3.6E+06 63.19      

0.80 4.4E+06 61.97      

1.00 5.2E+06 61.00      

2.00 8.2E+06 57.93      

4.00 1.3E+07 54.74      

6.00 1.6E+07 52.84      

8.00 1.9E+07 51.48      

10.00 2.2E+07 50.43      

20.00 3.2E+07 47.19      

30.00 3.9E+07 45.38      

Amplitude Sweep:          

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

2.18E+07 2.2E+04 0.1 1 50.4 0.0005058 0.02898021 2.217567 

2.17E+07 3.9E+04 0.18 2 50.18 0.001 0.051 3.881 

2.17E+07 6.0E+04 0.28 3 50.23 0.001 0.080 6.056 

2.17E+07 8.3E+04 0.38 4 50.28 0.002 0.110 8.374 

2.16E+07 1.1E+05 0.49 5 50.31 0.002 0.141 10.679 

2.16E+07 1.3E+05 0.59 6 50.36 0.003 0.170 12.921 

2.16E+07 1.5E+05 0.70 7 50.39 0.003 0.199 15.087 

2.16E+07 1.7E+05 0.79 8 50.44 0.004 0.228 17.205 

2.15E+07 1.9E+05 0.89 9 50.49 0.004 0.255 19.278 

2.15E+07 2.1E+05 0.99 10 50.55 0.005 0.283 21.320 

2.14E+07 2.3E+05 1.09 11 50.62 0.005 0.311 23.343 

2.13E+07 2.5E+05 1.18 12 50.69 0.006 0.338 25.336 

2.13E+07 2.7E+05 1.28 13 50.77 0.006 0.366 27.305 

2.12E+07 2.9E+05 1.37 14 50.86 0.007 0.394 29.250 

2.11E+07 3.1E+05 1.47 15 50.96 0.007 0.421 31.168 

2.10E+07 3.3E+05 1.57 16 51.06 0.008 0.449 33.068 

2.09E+07 3.5E+05 1.66 17 51.17 0.008 0.476 34.936 

2.08E+07 3.7E+05 1.76 18 51.28 0.009 0.504 36.775 

2.07E+07 3.8E+05 1.86 19 51.4 0.009 0.532 38.584 

2.06E+07 4.0E+05 1.95 20 51.52 0.010 0.559 40.358 

2.05E+07 4.2E+05 2.05 21 51.66 0.010 0.587 42.106 

2.03E+07 4.4E+05 2.14 22 51.79 0.011 0.615 43.815 

2.02E+07 4.5E+05 2.24 23 51.93 0.011 0.642 45.487 

2.01E+07 4.7E+05 2.34 24 52.08 0.012 0.670 47.125 

1.99E+07 4.8E+05 2.43 25 52.23 0.012 0.698 48.722 

1.98E+07 5.0E+05 2.53 26 52.38 0.013 0.725 50.285 

1.96E+07 5.2E+05 2.63 27 52.54 0.013 0.753 51.811 

1.95E+07 5.3E+05 2.72 28 52.7 0.014 0.781 53.296 

1.93E+07 5.4E+05 2.82 29 52.86 0.014 0.808 54.743 

1.91E+07 5.6E+05 2.92 30 53.03 0.015 0.836 56.145 

1.90E+07 5.7E+05 3.01 31 53.2 0.015 0.864 57.514 

1.88E+07 5.9E+05 3.11 32 53.38 0.016 0.891 58.843 

1.87E+07 6.0E+05 3.21 33 53.55 0.016 0.919 60.130 

1.85E+07 6.1E+05 3.30 34 53.73 0.017 0.947 61.381 

1.83E+07 6.2E+05 3.40 35 53.91 0.017 0.975 62.590 

1.81E+07 6.3E+05 3.50 36 54.1 0.017 1.002 63.760 

1.80E+07 6.5E+05 3.59 37 54.28 0.018 1.030 64.893 

1.78E+07 6.6E+05 3.69 38 54.47 0.018 1.058 65.986 

1.76E+07 6.7E+05 3.79 39 54.65 0.019 1.085 67.045 

1.74E+07 6.8E+05 3.88 40 54.84 0.019 1.113 68.067 

1.73E+07 6.9E+05 3.98 41 55.02 0.020 1.141 69.053 

1.71E+07 7.0E+05 4.08 42 55.21 0.020 1.168 70.004 

1.69E+07 7.1E+05 4.17 43 55.4 0.021 1.196 70.921 

1.67E+07 7.1E+05 4.27 44 55.58 0.021 1.224 71.805 

1.66E+07 7.2E+05 4.37 45 55.77 0.022 1.252 72.655 

1.64E+07 7.3E+05 4.46 46 55.95 0.022 1.279 73.472 

1.62E+07 7.4E+05 4.56 47 56.14 0.023 1.307 74.262 

1.60E+07 7.5E+05 4.66 48 56.32 0.023 1.335 75.020 

1.59E+07 7.5E+05 4.75 49 56.5 0.024 1.362 75.750 

1.57E+07 7.6E+05 4.85 50 56.68 0.024 1.390 76.449 

1.55E+07 7.7E+05 4.95 51 56.85 0.025 1.419 77.259 

1.54E+07 7.8E+05 5.05 52 57.01 0.025 1.448 78.036 

1.52E+07 7.8E+05 5.15 53 57.19 0.026 1.476 78.761 
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1.50E+07 7.9E+05 5.25 54 57.36 0.026 1.505 79.433 

1.49E+07 8.0E+05 5.35 55 57.54 0.027 1.534 80.042 

1.47E+07 8.0E+05 5.45 56 57.73 0.027 1.563 80.585 

1.45E+07 8.1E+05 5.55 57 57.91 0.028 1.591 81.073 

1.44E+07 8.1E+05 5.65 58 58.09 0.028 1.619 81.521 

1.42E+07 8.2E+05 5.74 59 58.26 0.029 1.646 81.944 

1.40E+07 8.2E+05 5.84 60 58.44 0.029 1.674 82.349 

1.39E+07 8.2E+05 5.94 61 58.61 0.030 1.702 82.741 

1.37E+07 8.3E+05 6.03 62 58.78 0.030 1.729 83.122 

1.35E+07 8.3E+05 6.13 63 58.95 0.031 1.757 83.487 

1.34E+07 8.3E+05 6.23 64 59.12 0.031 1.785 83.835 

1.32E+07 8.4E+05 6.32 65 59.28 0.032 1.813 84.166 

1.31E+07 8.4E+05 6.42 66 59.44 0.032 1.840 84.481 

1.29E+07 8.4E+05 6.52 67 59.6 0.033 1.868 84.782 

1.28E+07 8.5E+05 6.61 68 59.76 0.033 1.896 85.071 

1.27E+07 8.5E+05 6.71 69 59.91 0.034 1.923 85.350 

1.25E+07 8.5E+05 6.81 70 60.07 0.034 1.951 85.611 

1.24E+07 8.5E+05 6.90 71 60.22 0.035 1.979 85.853 

1.22E+07 8.6E+05 7.00 72 60.37 0.035 2.007 86.080 

1.21E+07 8.6E+05 7.10 73 60.52 0.036 2.034 86.293 

1.20E+07 8.6E+05 7.19 74 60.67 0.036 2.062 86.494 

1.18E+07 8.6E+05 7.29 75 60.81 0.036 2.090 86.683 

1.17E+07 8.6E+05 7.39 76 60.96 0.037 2.117 86.859 

1.16E+07 8.7E+05 7.48 77 61.1 0.037 2.145 87.024 

1.14E+07 8.7E+05 7.58 78 61.24 0.038 2.173 87.176 

1.13E+07 8.7E+05 7.68 79 61.38 0.038 2.200 87.315 

1.12E+07 8.7E+05 7.77 80 61.52 0.039 2.228 87.439 

1.11E+07 8.7E+05 7.87 81 61.66 0.039 2.256 87.553 

1.09E+07 8.7E+05 7.97 82 61.79 0.040 2.284 87.657 

1.08E+07 8.7E+05 8.06 83 61.93 0.040 2.311 87.751 

1.07E+07 8.7E+05 8.16 84 62.06 0.041 2.339 87.837 

1.06E+07 8.7E+05 8.26 85 62.19 0.041 2.367 87.918 

1.05E+07 8.8E+05 8.35 86 62.32 0.042 2.394 87.985 

1.04E+07 8.8E+05 8.45 87 62.44 0.042 2.422 88.045 

1.03E+07 8.8E+05 8.55 88 62.57 0.043 2.450 88.092 

1.01E+07 8.8E+05 8.64 89 62.7 0.043 2.478 88.127 

1.00E+07 8.8E+05 8.74 90 62.82 0.044 2.505 88.152 

9.93E+06 8.8E+05 8.84 91 62.94 0.044 2.533 88.166 

9.82E+06 8.8E+05 8.93 92 63.06 0.045 2.561 88.171 

9.71E+06 8.8E+05 9.03 93 63.18 0.045 2.588 88.170 

9.61E+06 8.8E+05 9.13 94 63.3 0.046 2.616 88.159 

9.51E+06 8.8E+05 9.22 95 63.42 0.046 2.644 88.136 

9.40E+06 8.8E+05 9.32 96 63.54 0.047 2.672 88.103 

9.30E+06 8.8E+05 9.42 97 63.65 0.047 2.699 88.065 

9.20E+06 8.8E+05 9.51 98 63.77 0.048 2.727 88.016 

9.11E+06 8.8E+05 9.61 99 63.88 0.048 2.755 87.959 

9.01E+06 8.7E+05 9.71 100 63.99 0.049 2.783 87.893 

8.91E+06 8.7E+05 9.81 101 64.1 0.049 2.810 87.814 

8.81E+06 8.7E+05 9.90 102 64.21 0.050 2.838 87.725 

8.72E+06 8.7E+05 10.00 103 64.32 0.050 2.866 87.626 

8.63E+06 8.7E+05 10.10 104 64.43 0.051 2.894 87.512 

8.53E+06 8.7E+05 10.19 105 64.54 0.051 2.921 87.386 

8.44E+06 8.7E+05 10.29 106 64.65 0.051 2.949 87.247 

8.34E+06 8.7E+05 10.39 107 64.76 0.052 2.977 87.095 

8.25E+06 8.6E+05 10.48 108 64.86 0.052 3.004 86.928 

8.16E+06 8.6E+05 10.58 109 64.96 0.053 3.032 86.739 

8.06E+06 8.6E+05 10.68 110 65.07 0.053 3.060 86.528 

7.97E+06 8.6E+05 10.77 111 65.17 0.054 3.088 86.292 

7.87E+06 8.6E+05 10.87 112 65.28 0.054 3.116 86.027 

7.78E+06 8.5E+05 10.97 113 65.38 0.055 3.143 85.728 

7.68E+06 8.5E+05 11.06 114 65.48 0.055 3.171 85.390 

7.58E+06 8.5E+05 11.16 115 65.59 0.056 3.199 85.010 

7.47E+06 8.4E+05 11.26 116 65.69 0.056 3.227 84.573 

7.37E+06 8.4E+05 11.36 117 65.79 0.057 3.255 84.061 

7.25E+06 8.3E+05 11.45 118 65.89 0.057 3.283 83.449 

7.12E+06 8.2E+05 11.55 119 66 0.058 3.311 82.717 

6.99E+06 8.1E+05 11.65 120 66.1 0.058 3.340 81.830 

6.84E+06 8.0E+05 11.75 121 66.2 0.059 3.368 80.770 

6.68E+06 7.9E+05 11.85 122 66.3 0.059 3.396 79.512 

6.50E+06 7.8E+05 11.95 123 66.39 0.060 3.424 78.062 

6.32E+06 7.6E+05 12.04 124 66.48 0.060 3.452 76.433 

6.12E+06 7.4E+05 12.14 125 66.56 0.061 3.479 74.653 

5.92E+06 7.2E+05 12.23 126 66.64 0.061 3.506 72.742 

5.71E+06 7.0E+05 12.33 127 66.71 0.062 3.534 70.732 

5.50E+06 6.8E+05 12.42 128 66.78 0.062 3.561 68.643 

5.29E+06 6.6E+05 12.52 129 66.83 0.063 3.589 66.503 
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5.07E+06 6.4E+05 12.62 130 66.88 0.063 3.616 64.322 

4.86E+06 6.2E+05 12.71 131 66.93 0.064 3.644 62.120 

4.65E+06 6.0E+05 12.81 132 66.97 0.064 3.671 59.905 

4.45E+06 5.7E+05 12.90 133 67 0.065 3.699 57.701 

4.25E+06 5.5E+05 13.00 134 67.03 0.065 3.726 55.522 

4.06E+06 5.3E+05 13.09 135 67.06 0.066 3.753 53.395 

3.87E+06 5.1E+05 13.19 136 67.07 0.066 3.781 51.328 

3.69E+06 4.9E+05 13.29 137 67.09 0.066 3.808 49.335 

3.53E+06 4.7E+05 13.38 138 67.1 0.067 3.836 47.410 

3.36E+06 4.5E+05 13.48 139 67.1 0.067 3.864 45.557 

3.21E+06 4.4E+05 13.58 140 67.11 0.068 3.891 43.765 

3.06E+06 4.2E+05 13.67 141 67.1 0.068 3.919 42.038 

2.92E+06 4.0E+05 13.77 142 67.1 0.069 3.947 40.373 

2.78E+06 3.9E+05 13.87 143 67.1 0.069 3.974 38.776 

2.65E+06 3.7E+05 13.96 144 67.09 0.070 4.002 37.241 

2.53E+06 3.6E+05 14.06 145 67.09 0.070 4.030 35.769 

2.41E+06 3.4E+05 14.16 146 67.08 0.071 4.058 34.349 

2.30E+06 3.3E+05 14.25 147 67.07 0.071 4.085 32.984 

2.20E+06 3.2E+05 14.35 148 67.06 0.072 4.113 31.671 

2.09E+06 3.0E+05 14.45 149 67.05 0.072 4.141 30.409 

2.00E+06 2.9E+05 14.54 150 67.05 0.073 4.168 29.196 

1.90E+06 2.8E+05 14.64 151 67.04 0.073 4.196 28.030 

1.82E+06 2.7E+05 14.74 152 67.03 0.074 4.224 26.907 

1.73E+06 2.6E+05 14.84 153 67.02 0.074 4.252 25.829 

1.65E+06 2.5E+05 14.93 154 67.01 0.075 4.279 24.792 

1.58E+06 2.4E+05 15.03 155 67.01 0.075 4.307 23.796 

1.50E+06 2.3E+05 15.13 156 67 0.076 4.335 22.837 

1.43E+06 2.2E+05 15.22 157 67 0.076 4.362 21.918 

1.37E+06 2.1E+05 15.32 158 66.99 0.077 4.390 21.033 

1.30E+06 2.0E+05 15.42 159 67 0.077 4.418 20.181 

1.24E+06 1.9E+05 15.51 160 67 0.078 4.446 19.362 

1.18E+06 1.8E+05 15.61 161 67.01 0.078 4.473 18.576 

1.13E+06 1.8E+05 15.71 162 67.02 0.079 4.501 17.817 

1.08E+06 1.7E+05 15.8 163 67.03 0.079 4.528 17.094 

1.03E+06 1.6E+05 15.9 164 67.04 0.080 4.556 16.401 

9.79E+05 1.6E+05 16 165 67.05 0.080 4.583 15.739 

9.34E+05 1.5E+05 16.09 166 67.07 0.080 4.611 15.108 

8.92E+05 1.4E+05 16.19 167 67.08 0.081 4.639 14.506 

8.52E+05 1.4E+05 16.28 168 67.11 0.081 4.666 13.938 

8.13E+05 1.3E+05 16.38 169 67.14 0.082 4.694 13.390 

7.76E+05 1.3E+05 16.48 170 67.17 0.082 4.722 12.861 

7.42E+05 1.2E+05 16.58 171 67.2 0.083 4.750 12.358 

7.09E+05 1.2E+05 16.67 172 67.24 0.083 4.777 11.873 

6.77E+05 1.1E+05 16.77 173 67.28 0.084 4.805 11.410 

6.47E+05 1.1E+05 16.87 174 67.32 0.084 4.833 10.965 

6.18E+05 1.0E+05 16.96 175 67.36 0.085 4.860 10.537 

5.91E+05 1.0E+05 17.06 176 67.41 0.085 4.887 10.134 

5.65E+05 9.7E+04 17.15 177 67.48 0.086 4.915 9.746 

5.40E+05 9.3E+04 17.25 178 67.55 0.086 4.944 9.365 

5.16E+05 8.9E+04 17.35 179 67.62 0.087 4.972 8.994 

4.92E+05 8.6E+04 17.45 180 67.67 0.087 4.999 8.632 

4.70E+05 8.2E+04 17.54 181 67.74 0.088 5.026 8.285 

4.49E+05 7.9E+04 17.63 182 67.82 0.088 5.053 7.954 

4.29E+05 7.6E+04 17.73 183 67.9 0.089 5.079 7.644 

4.10E+05 7.3E+04 17.83 184 67.97 0.089 5.108 7.345 

3.92E+05 7.0E+04 17.93 185 68.05 0.090 5.136 7.058 

3.74E+05 6.7E+04 18.02 186 68.14 0.090 5.165 6.776 

3.58E+05 6.5E+04 18.12 187 68.25 0.091 5.191 6.517 

3.42E+05 6.2E+04 18.21 188 68.36 0.091 5.219 6.266 

3.27E+05 6.0E+04 18.31 189 68.5 0.092 5.247 6.024 

3.14E+05 5.8E+04 18.4 190 68.64 0.092 5.273 5.802 

3.00E+05 5.6E+04 18.51 191 68.77 0.093 5.302 5.588 

2.87E+05 5.3E+04 18.61 192 68.91 0.093 5.332 5.367 

2.74E+05 5.1E+04 18.7 193 69.03 0.094 5.359 5.158 

2.62E+05 4.9E+04 18.8 194 69.17 0.094 5.386 4.958 

2.51E+05 4.7E+04 18.89 195 69.35 0.094 5.413 4.765 

2.40E+05 4.6E+04 18.99 196 69.53 0.095 5.441 4.582 

2.29E+05 4.4E+04 19.09 197 69.7 0.095 5.469 4.401 

2.19E+05 4.2E+04 19.19 198 69.89 0.096 5.497 4.231 

2.10E+05 4.0E+04 19.28 199 70.09 0.096 5.525 4.066 

2.01E+05 3.9E+04 19.38 200 70.28 0.097 5.552 3.921 

1.93E+05 3.8E+04 19.48 201 70.49 0.097 5.580 3.772 

1.84E+05 3.6E+04 19.58 202 70.71 0.098 5.609 3.625 

1.76E+05 3.5E+04 19.67 203 70.98 0.098 5.636 3.486 

1.69E+05 3.3E+04 19.77 204 71.24 0.099 5.664 3.350 

1.62E+05 3.2E+04 19.86 205 71.51 0.099 5.692 3.224 
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1.55E+05 3.1E+04 19.96 206 71.77 0.100 5.720 3.100 

1.48E+05 3.0E+04 20.06 207 72.06 0.100 5.748 2.983 

1.42E+05 2.9E+04 20.16 208 72.33 0.101 5.775 2.870 

1.36E+05 2.7E+04 20.25 209 72.63 0.101 5.803 2.759 

1.30E+05 2.6E+04 20.35 210 73 0.102 5.831 2.655 

1.24E+05 2.5E+04 20.45 211 73.34 0.102 5.859 2.554 

1.19E+05 2.5E+04 20.54 212 73.7 0.103 5.886 2.465 

1.15E+05 2.4E+04 20.64 213 74.07 0.103 5.914 2.383 

1.10E+05 2.3E+04 20.74 214 74.42 0.104 5.943 2.291 

1.05E+05 2.2E+04 20.84 215 74.88 0.104 5.970 2.205 

1.01E+05 2.1E+04 20.93 216 75.26 0.105 5.998 2.125 

9.71E+04 2.0E+04 21.03 217 75.7 0.105 6.025 2.052 

9.30E+04 2.0E+04 21.13 218 76.11 0.106 6.053 1.975 

8.96E+04 1.9E+04 21.22 219 76.58 0.106 6.081 1.912 

8.61E+04 1.8E+04 21.32 220 76.97 0.107 6.109 1.844 

8.22E+04 1.8E+04 21.42 221 77.56 0.107 6.137 1.770 

7.87E+04 1.7E+04 21.52 222 78.03 0.108 6.165 1.702 

7.58E+04 1.6E+04 21.61 223 78.6 0.108 6.192 1.647 

7.26E+04 1.6E+04 21.71 224 79.15 0.109 6.220 1.583 

6.95E+04 1.5E+04 21.81 225 79.85 0.109 6.248 1.522 

6.65E+04 1.5E+04 21.9 226 80.43 0.110 6.276 1.464 

6.42E+04 1.4E+04 22 227 81.04 0.110 6.303 1.419 

6.18E+04 1.4E+04 22.09 228 81.77 0.110 6.331 1.372 

5.95E+04 1.3E+04 22.19 229 82.51 0.111 6.359 1.327 

5.76E+04 1.3E+04 22.29 230 83.21 0.111 6.386 1.289 

5.50E+04 1.2E+04 22.39 231 83.87 0.112 6.415 1.238 

5.27E+04 1.2E+04 22.49 232 84.66 0.112 6.442 1.191 

5.08E+04 1.1E+04 22.58 233 85.41 0.113 6.469 1.154 

4.89E+04 1.1E+04 22.68 234 86.2 0.113 6.497 1.115 

4.73E+04 1.1E+04 22.77 235 87.02 0.114 6.525 1.082 

4.55E+04 1.0E+04 22.87 236 87.85 0.114 6.553 1.046 

4.41E+04 1.0E+04 22.97 237 88.66 0.115 6.581 1.017 

4.24E+04 9.8E+03 23.06 238 89.53 0.115 6.609 0.983 

4.08E+04 9.4E+03 23.16 239 90 0.116 6.636 0.949 

3.89E+04 9.0E+03 23.26 240 90 0.116 6.664 0.909 

3.78E+04 8.8E+03 23.35 241 90 0.117 6.691 0.887 

3.65E+04 8.6E+03 23.45 242 90 0.117 6.719 0.861 

3.52E+04 8.3E+03 23.55 243 90 0.118 6.747 0.834 

3.38E+04 8.0E+03 23.65 244 90 0.118 6.775 0.803 

3.28E+04 7.8E+03 23.74 245 90 0.119 6.802 0.782 

3.16E+04 7.5E+03 23.84 246 90 0.119 6.830 0.757 

3.05E+04 7.3E+03 23.94 247 90 0.120 6.858 0.734 

2.97E+04 7.1E+03 24.03 248 90 0.120 6.885 0.718 

2.90E+04 7.0E+03 24.13 249 90 0.121 6.913 0.703 

2.82E+04 6.8E+03 24.23 250 90 0.121 6.941 0.686 

2.72E+04 6.6E+03 24.32 251 90 0.122 6.969 0.664 

2.65E+04 6.5E+03 24.42 252 90 0.122 6.996 0.650 

2.65E+04 6.5E+03 24.51 253 90 0.123 7.023 0.653 

2.57E+04 6.3E+03 24.61 254 90 0.123 7.053 0.635 

2.47E+04 6.1E+03 24.71 255 90 0.124 7.080 0.614 

2.39E+04 5.9E+03 24.81 256 90 0.124 7.108 0.596 

2.33E+04 5.8E+03 24.9 257 90 0.125 7.135 0.584 

2.28E+04 5.7E+03 25 258 90 0.125 7.163 0.573 

2.24E+04 5.6E+03 25.09 259 90 0.125 7.190 0.565 

2.19E+04 5.5E+03 25.19 260 90 0.126 7.218 0.556 

2.15E+04 5.4E+03 25.29 261 90 0.126 7.246 0.546 

2.12E+04 5.4E+03 25.39 262 90 0.127 7.274 0.540 

2.10E+04 5.4E+03 25.48 263 90 0.127 7.301 0.538 

2.08E+04 5.3E+03 25.58 264 90 0.128 7.329 0.535 

2.05E+04 5.3E+03 25.68 265 90 0.128 7.357 0.529 

2.04E+04 5.2E+03 25.77 266 90 0.129 7.385 0.527 

2.01E+04 5.2E+03 25.87 267 90 0.129 7.412 0.523 

1.97E+04 5.1E+03 25.97 268 90 0.130 7.441 0.514 

1.94E+04 5.1E+03 26.06 269 90 0.130 7.468 0.509 

1.92E+04 5.0E+03 26.16 270 90 0.131 7.496 0.505 

1.90E+04 5.0E+03 26.26 271 90 0.131 7.523 0.502 

1.88E+04 4.9E+03 26.35 272 90 0.132 7.551 0.497 

1.86E+04 4.9E+03 26.45 273 90 0.132 7.579 0.494 

1.84E+04 4.9E+03 26.55 274 90 0.133 7.607 0.490 

1.82E+04 4.9E+03 26.64 275 0 0.133 7.634 0.487 

1.82E+04 4.9E+03 26.74 276 0 0.134 7.662 0.488 

1.80E+04 4.8E+03 26.84 277 0 0.134 7.690 0.486 

1.79E+04 4.8E+03 26.94 278 0 0.135 7.718 0.486 

1.78E+04 4.8E+03 27.03 279 0 0.135 7.745 0.485 

1.77E+04 4.8E+03 27.13 280 0 0.136 7.773 0.483 

1.77E+04 4.8E+03 27.22 281 0 0.136 7.800 0.486 
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1.76E+04 4.8E+03 27.32 282 0 0.137 7.829 0.484 

1.76E+04 4.8E+03 27.42 283 0 0.137 7.856 0.486 

1.77E+04 4.9E+03 27.51 284 0 0.138 7.884 0.488 

1.77E+04 4.9E+03 27.61 285 0 0.138 7.911 0.492 

1.78E+04 4.9E+03 27.71 286 0 0.139 7.939 0.495 

1.78E+04 5.0E+03 27.81 287 0 0.139 7.967 0.498 

1.78E+04 5.0E+03 27.9 288 0 0.140 7.995 0.499 

1.79E+04 5.0E+03 28 289 0 0.140 8.022 0.504 

1.78E+04 5.0E+03 28.1 290 0 0.141 8.051 0.502 

1.78E+04 5.0E+03 28.19 291 0 0.141 8.078 0.504 

1.78E+04 5.0E+03 28.29 292 0 0.141 8.106 0.505 

1.77E+04 5.0E+03 28.39 293 0 0.142 8.133 0.504 

1.76E+04 5.0E+03 28.48 294 0 0.142 8.161 0.505 

1.76E+04 5.0E+03 28.58 295 0 0.143 8.189 0.505 

1.76E+04 5.1E+03 28.68 296 0 0.143 8.216 0.509 

1.77E+04 5.1E+03 28.77 297 0 0.144 8.244 0.513 

1.77E+04 5.1E+03 28.87 298 0 0.144 8.272 0.513 

1.78E+04 5.1E+03 28.97 299 0 0.145 8.300 0.517 

1.77E+04 5.2E+03 29.06 300 0 0.145 8.328 0.518 

1.78E+04 5.2E+03 29.16 301 0 0.146 8.355 0.521 

1.78E+04 5.2E+03 29.26 302 0 0.146 8.383 0.522 

1.78E+04 5.2E+03 29.35 303 0 0.147 8.410 0.524 

1.78E+04 5.2E+03 29.45 304 0 0.147 8.438 0.526 

1.79E+04 5.3E+03 29.55 305 0 0.148 8.466 0.532 

1.80E+04 5.3E+03 29.64 306 0 0.148 8.494 0.535 

1.80E+04 5.4E+03 29.74 307 0 0.149 8.522 0.539 

1.81E+04 5.4E+03 29.84 308 0 0.149 8.549 0.543 

1.82E+04 5.4E+03 29.93 309 0 0.150 8.577 0.547 

1.82E+04 5.5E+03 30.03 310 0 0.150 8.605 0.549 

        

LAS 19ºC BITUMEN - 50/70-B RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.2 1.5E+06 67.26      

0.40 2.6E+06 64.73      

0.60 3.4E+06 63.12      

0.80 4.2E+06 61.93      

1.00 4.9E+06 60.98      

2.00 7.8E+06 57.95      

4.00 1.2E+07 54.77      

6.00 1.5E+07 52.87      

8.00 1.8E+07 51.50      

10.00 2.1E+07 50.42      

20.00 3.0E+07 47.08      

30.00 3.7E+07 45.13      

Amplitude Sweep:        

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

20866901 2.1E+04 0.1 1 50.33 0.0004974 0.02849892 2.086139 

2.10E+07 3.8E+04 0.18 2 50.23 0.001 0.051 3.785 

2.10E+07 5.9E+04 0.28 3 50.24 0.001 0.080 5.921 

2.10E+07 8.1E+04 0.39 4 50.28 0.002 0.111 8.183 

2.10E+07 1.0E+05 0.49 5 50.31 0.002 0.141 10.403 

2.09E+07 1.2E+05 0.60 6 50.35 0.003 0.171 12.550 

2.09E+07 1.5E+05 0.70 7 50.39 0.003 0.200 14.641 

2.09E+07 1.7E+05 0.79 8 50.43 0.004 0.228 16.681 

2.08E+07 1.9E+05 0.89 9 50.49 0.004 0.256 18.687 

2.08E+07 2.1E+05 0.99 10 50.54 0.005 0.283 20.666 

2.07E+07 2.3E+05 1.09 11 50.6 0.005 0.311 22.615 

2.07E+07 2.4E+05 1.18 12 50.68 0.006 0.338 24.549 

2.06E+07 2.6E+05 1.28 13 50.75 0.006 0.366 26.458 

2.05E+07 2.8E+05 1.37 14 50.83 0.007 0.394 28.348 

2.05E+07 3.0E+05 1.47 15 50.92 0.007 0.421 30.215 

2.04E+07 3.2E+05 1.57 16 51.02 0.008 0.449 32.057 

2.03E+07 3.4E+05 1.66 17 51.12 0.008 0.476 33.875 

2.02E+07 3.5E+05 1.76 18 51.23 0.009 0.504 35.667 

2.01E+07 3.7E+05 1.86 19 51.34 0.009 0.531 37.427 

2.00E+07 3.9E+05 1.95 20 51.47 0.010 0.559 39.159 

1.99E+07 4.1E+05 2.05 21 51.59 0.010 0.587 40.856 

1.97E+07 4.2E+05 2.14 22 51.72 0.011 0.614 42.525 

1.96E+07 4.4E+05 2.24 23 51.86 0.011 0.642 44.160 

1.95E+07 4.6E+05 2.34 24 51.99 0.012 0.670 45.762 

1.93E+07 4.7E+05 2.43 25 52.14 0.012 0.697 47.329 
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1.92E+07 4.9E+05 2.53 26 52.28 0.013 0.725 48.860 

1.91E+07 5.0E+05 2.63 27 52.44 0.013 0.753 50.353 

1.89E+07 5.2E+05 2.72 28 52.59 0.014 0.781 51.813 

1.88E+07 5.3E+05 2.82 29 52.75 0.014 0.808 53.233 

1.86E+07 5.4E+05 2.92 30 52.91 0.015 0.836 54.618 

1.85E+07 5.6E+05 3.01 31 53.08 0.015 0.864 55.964 

1.83E+07 5.7E+05 3.11 32 53.24 0.016 0.891 57.273 

1.82E+07 5.8E+05 3.21 33 53.41 0.016 0.919 58.546 

1.80E+07 5.9E+05 3.30 34 53.58 0.017 0.947 59.782 

1.78E+07 6.1E+05 3.40 35 53.76 0.017 0.974 60.981 

1.77E+07 6.2E+05 3.50 36 53.93 0.017 1.002 62.145 

1.75E+07 6.3E+05 3.59 37 54.11 0.018 1.030 63.270 

1.74E+07 6.4E+05 3.69 38 54.29 0.018 1.058 64.361 

1.72E+07 6.5E+05 3.79 39 54.47 0.019 1.085 65.414 

1.70E+07 6.6E+05 3.88 40 54.65 0.019 1.113 66.432 

1.69E+07 6.7E+05 3.98 41 54.83 0.020 1.141 67.417 

1.67E+07 6.8E+05 4.08 42 55.01 0.020 1.168 68.370 

1.65E+07 6.9E+05 4.17 43 55.19 0.021 1.196 69.290 

1.64E+07 7.0E+05 4.27 44 55.37 0.021 1.224 70.177 

1.62E+07 7.1E+05 4.37 45 55.55 0.022 1.252 71.035 

1.60E+07 7.2E+05 4.46 46 55.73 0.022 1.279 71.862 

1.59E+07 7.2E+05 4.56 47 55.91 0.023 1.307 72.656 

1.57E+07 7.3E+05 4.66 48 56.09 0.023 1.335 73.426 

1.55E+07 7.4E+05 4.75 49 56.27 0.024 1.362 74.163 

1.54E+07 7.5E+05 4.85 50 56.44 0.024 1.390 74.875 

1.52E+07 7.5E+05 4.95 51 56.6 0.025 1.419 75.693 

1.51E+07 7.6E+05 5.05 52 56.76 0.025 1.447 76.476 

1.49E+07 7.7E+05 5.15 53 56.93 0.026 1.476 77.211 

1.48E+07 7.8E+05 5.25 54 57.1 0.026 1.505 77.896 

1.46E+07 7.8E+05 5.35 55 57.28 0.027 1.534 78.522 

1.44E+07 7.9E+05 5.45 56 57.46 0.027 1.563 79.097 

1.43E+07 7.9E+05 5.55 57 57.63 0.028 1.591 79.600 

1.41E+07 8.0E+05 5.65 58 57.8 0.028 1.619 80.075 

1.39E+07 8.0E+05 5.74 59 57.98 0.029 1.646 80.512 

1.38E+07 8.1E+05 5.84 60 58.15 0.029 1.674 80.939 

1.36E+07 8.1E+05 5.94 61 58.31 0.030 1.701 81.357 

1.35E+07 8.1E+05 6.03 62 58.48 0.030 1.729 81.763 

1.33E+07 8.2E+05 6.13 63 58.64 0.031 1.757 82.154 

1.32E+07 8.2E+05 6.23 64 58.81 0.031 1.785 82.526 

1.30E+07 8.2E+05 6.32 65 58.97 0.032 1.812 82.881 

1.29E+07 8.3E+05 6.42 66 59.12 0.032 1.840 83.222 

1.28E+07 8.3E+05 6.52 67 59.28 0.033 1.868 83.550 

1.26E+07 8.3E+05 6.61 68 59.43 0.033 1.895 83.866 

1.25E+07 8.4E+05 6.71 69 59.58 0.034 1.923 84.166 

1.23E+07 8.4E+05 6.81 70 59.73 0.034 1.951 84.451 

1.22E+07 8.4E+05 6.90 71 59.88 0.035 1.979 84.717 

1.21E+07 8.5E+05 7.00 72 60.03 0.035 2.006 84.968 

1.19E+07 8.5E+05 7.10 73 60.17 0.036 2.034 85.204 

1.18E+07 8.5E+05 7.19 74 60.32 0.036 2.062 85.427 

1.17E+07 8.5E+05 7.29 75 60.46 0.036 2.089 85.639 

1.16E+07 8.5E+05 7.39 76 60.6 0.037 2.117 85.842 

1.14E+07 8.6E+05 7.48 77 60.74 0.037 2.145 86.032 

1.13E+07 8.6E+05 7.58 78 60.87 0.038 2.173 86.213 

1.12E+07 8.6E+05 7.68 79 61.01 0.038 2.200 86.384 

1.11E+07 8.6E+05 7.77 80 61.14 0.039 2.228 86.541 

1.10E+07 8.6E+05 7.87 81 61.28 0.039 2.256 86.683 

1.08E+07 8.6E+05 7.97 82 61.41 0.040 2.284 86.821 

1.07E+07 8.7E+05 8.06 83 61.54 0.040 2.311 86.939 

1.06E+07 8.7E+05 8.16 84 61.67 0.041 2.339 87.056 

1.05E+07 8.7E+05 8.26 85 61.79 0.041 2.367 87.154 

1.04E+07 8.7E+05 8.35 86 61.92 0.042 2.394 87.244 

1.03E+07 8.7E+05 8.45 87 62.04 0.042 2.422 87.336 

1.02E+07 8.7E+05 8.55 88 62.17 0.043 2.450 87.407 

1.01E+07 8.7E+05 8.64 89 62.29 0.043 2.477 87.468 

9.96E+06 8.7E+05 8.74 90 62.41 0.044 2.505 87.524 

9.86E+06 8.7E+05 8.84 91 62.52 0.044 2.533 87.572 

9.76E+06 8.7E+05 8.93 92 62.64 0.045 2.561 87.619 

9.66E+06 8.7E+05 9.03 93 62.76 0.045 2.588 87.649 

9.56E+06 8.7E+05 9.13 94 62.87 0.046 2.616 87.681 

9.46E+06 8.7E+05 9.23 95 62.98 0.046 2.644 87.697 

9.36E+06 8.7E+05 9.32 96 63.1 0.047 2.672 87.695 

9.27E+06 8.7E+05 9.42 97 63.21 0.047 2.699 87.690 

9.17E+06 8.7E+05 9.51 98 63.32 0.048 2.727 87.683 

9.07E+06 8.7E+05 9.61 99 63.43 0.048 2.755 87.656 

8.98E+06 8.7E+05 9.71 100 63.53 0.049 2.782 87.626 

8.89E+06 8.7E+05 9.80 101 63.64 0.049 2.810 87.585 
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8.80E+06 8.7E+05 9.90 102 63.75 0.050 2.838 87.533 

8.71E+06 8.7E+05 10.00 103 63.85 0.050 2.866 87.472 

8.61E+06 8.7E+05 10.10 104 63.95 0.050 2.893 87.403 

8.53E+06 8.7E+05 10.19 105 64.06 0.051 2.921 87.326 

8.44E+06 8.7E+05 10.29 106 64.16 0.051 2.949 87.230 

8.35E+06 8.7E+05 10.39 107 64.26 0.052 2.977 87.127 

8.26E+06 8.7E+05 10.48 108 64.36 0.052 3.004 87.008 

8.17E+06 8.6E+05 10.58 109 64.46 0.053 3.032 86.882 

8.08E+06 8.6E+05 10.68 110 64.56 0.053 3.060 86.734 

8.00E+06 8.6E+05 10.77 111 64.66 0.054 3.088 86.568 

7.91E+06 8.6E+05 10.87 112 64.75 0.054 3.115 86.381 

7.82E+06 8.6E+05 10.97 113 64.85 0.055 3.143 86.172 

7.73E+06 8.6E+05 11.06 114 64.95 0.055 3.171 85.940 

7.64E+06 8.5E+05 11.16 115 65.04 0.056 3.199 85.684 

7.55E+06 8.5E+05 11.26 116 65.14 0.056 3.226 85.393 

7.46E+06 8.5E+05 11.35 117 65.23 0.057 3.254 85.063 

7.36E+06 8.4E+05 11.45 118 65.32 0.057 3.282 84.685 

7.26E+06 8.4E+05 11.55 119 65.42 0.058 3.310 84.244 

7.15E+06 8.3E+05 11.65 120 65.51 0.058 3.338 83.729 

7.04E+06 8.3E+05 11.74 121 65.6 0.059 3.366 83.117 

6.92E+06 8.2E+05 11.84 122 65.7 0.059 3.394 82.390 

6.79E+06 8.1E+05 11.94 123 65.79 0.060 3.423 81.515 

6.65E+06 8.0E+05 12.04 124 65.87 0.060 3.451 80.476 

6.50E+06 7.9E+05 12.14 125 65.96 0.061 3.479 79.263 

6.33E+06 7.7E+05 12.23 126 66.05 0.061 3.507 77.873 

6.16E+06 7.6E+05 12.33 127 66.13 0.062 3.535 76.307 

5.97E+06 7.4E+05 12.43 128 66.2 0.062 3.562 74.576 

5.77E+06 7.2E+05 12.53 129 66.28 0.063 3.590 72.686 

5.57E+06 7.0E+05 12.62 130 66.35 0.063 3.618 70.646 

5.36E+06 6.8E+05 12.72 131 66.42 0.064 3.646 68.477 

5.14E+06 6.6E+05 12.81 132 66.48 0.064 3.673 66.206 

4.92E+06 6.4E+05 12.91 133 66.53 0.065 3.700 63.869 

4.71E+06 6.1E+05 13.00 134 66.57 0.065 3.727 61.508 

4.49E+06 5.9E+05 13.10 135 66.61 0.066 3.754 59.163 

4.29E+06 5.7E+05 13.19 136 66.64 0.066 3.781 56.858 

4.09E+06 5.4E+05 13.29 137 66.67 0.066 3.809 54.613 

3.90E+06 5.2E+05 13.38 138 66.69 0.067 3.836 52.442 

3.72E+06 5.0E+05 13.48 139 66.7 0.067 3.864 50.346 

3.54E+06 4.8E+05 13.57 140 66.7 0.068 3.891 48.331 

3.38E+06 4.6E+05 13.67 141 66.7 0.068 3.919 46.395 

3.22E+06 4.4E+05 13.77 142 66.7 0.069 3.947 44.532 

3.07E+06 4.3E+05 13.87 143 66.7 0.069 3.975 42.732 

2.92E+06 4.1E+05 13.97 144 66.7 0.070 4.003 40.983 

2.78E+06 3.9E+05 14.06 145 66.69 0.070 4.031 39.273 

2.64E+06 3.7E+05 14.16 146 66.68 0.071 4.059 37.611 

2.51E+06 3.6E+05 14.26 147 66.66 0.071 4.086 36.006 

2.39E+06 3.4E+05 14.35 148 66.65 0.072 4.113 34.467 

2.27E+06 3.3E+05 14.45 149 66.63 0.072 4.140 32.998 

2.16E+06 3.1E+05 14.54 150 66.61 0.073 4.168 31.598 

2.06E+06 3.0E+05 14.64 151 66.59 0.073 4.196 30.266 

1.96E+06 2.9E+05 14.74 152 66.57 0.074 4.223 28.999 

1.86E+06 2.8E+05 14.83 153 66.55 0.074 4.251 27.791 

1.78E+06 2.7E+05 14.93 154 66.54 0.075 4.279 26.637 

1.69E+06 2.5E+05 15.03 155 66.52 0.075 4.307 25.535 

1.61E+06 2.4E+05 15.12 156 66.51 0.076 4.334 24.485 

1.54E+06 2.3E+05 15.22 157 66.5 0.076 4.362 23.481 

1.46E+06 2.2E+05 15.32 158 66.49 0.077 4.390 22.520 

1.39E+06 2.1E+05 15.42 159 66.48 0.077 4.418 21.600 

1.33E+06 2.1E+05 15.51 160 66.48 0.078 4.445 20.719 

1.27E+06 2.0E+05 15.61 161 66.47 0.078 4.473 19.874 

1.21E+06 1.9E+05 15.7 162 66.48 0.079 4.500 19.069 

1.15E+06 1.8E+05 15.8 163 66.48 0.079 4.528 18.298 

1.10E+06 1.7E+05 15.9 164 66.49 0.080 4.556 17.558 

1.05E+06 1.7E+05 16 165 66.49 0.080 4.584 16.850 

1.00E+06 1.6E+05 16.09 166 66.49 0.080 4.611 16.174 

9.55E+05 1.5E+05 16.19 167 66.49 0.081 4.638 15.534 

9.12E+05 1.5E+05 16.28 168 66.5 0.081 4.666 14.926 

8.72E+05 1.4E+05 16.38 169 66.51 0.082 4.693 14.351 

8.33E+05 1.4E+05 16.48 170 66.52 0.082 4.722 13.798 

7.97E+05 1.3E+05 16.57 171 66.55 0.083 4.749 13.272 

7.62E+05 1.3E+05 16.67 172 66.58 0.083 4.777 12.765 

7.28E+05 1.2E+05 16.77 173 66.6 0.084 4.805 12.277 

6.96E+05 1.2E+05 16.87 174 66.63 0.084 4.833 11.804 

6.66E+05 1.1E+05 16.96 175 66.67 0.085 4.859 11.360 

6.37E+05 1.1E+05 17.06 176 66.7 0.085 4.888 10.923 

6.09E+05 1.0E+05 17.16 177 66.74 0.086 4.916 10.498 
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5.82E+05 1.0E+05 17.25 178 66.8 0.086 4.943 10.094 

5.57E+05 9.7E+04 17.35 179 66.86 0.087 4.971 9.706 

5.32E+05 9.3E+04 17.45 180 66.92 0.087 4.999 9.326 

5.09E+05 8.9E+04 17.54 181 66.99 0.088 5.025 8.967 

4.88E+05 8.6E+04 17.63 182 67.1 0.088 5.051 8.640 

4.67E+05 8.3E+04 17.73 183 67.18 0.089 5.081 8.315 

4.46E+05 8.0E+04 17.84 184 67.27 0.089 5.110 7.991 

4.26E+05 7.6E+04 17.93 185 67.35 0.090 5.138 7.684 

4.08E+05 7.3E+04 18.02 186 67.45 0.090 5.164 7.387 

3.90E+05 7.1E+04 18.12 187 67.57 0.091 5.191 7.101 

3.73E+05 6.8E+04 18.22 188 67.66 0.091 5.219 6.822 

3.56E+05 6.5E+04 18.31 189 67.76 0.092 5.247 6.557 

3.41E+05 6.3E+04 18.41 190 67.88 0.092 5.274 6.304 

3.26E+05 6.0E+04 18.5 191 68 0.093 5.301 6.065 

3.12E+05 5.8E+04 18.6 192 68.12 0.093 5.330 5.831 

2.98E+05 5.6E+04 18.7 193 68.22 0.094 5.358 5.608 

2.85E+05 5.4E+04 18.8 194 68.37 0.094 5.386 5.391 

2.73E+05 5.2E+04 18.89 195 68.53 0.094 5.414 5.182 

2.62E+05 5.0E+04 18.99 196 68.69 0.095 5.440 4.991 

2.50E+05 4.8E+04 19.09 197 68.84 0.095 5.469 4.804 

2.39E+05 4.6E+04 19.19 198 69 0.096 5.498 4.618 

2.29E+05 4.4E+04 19.28 199 69.17 0.096 5.525 4.442 

2.19E+05 4.3E+04 19.38 200 69.36 0.097 5.553 4.272 

2.10E+05 4.1E+04 19.47 201 69.54 0.097 5.580 4.111 

2.01E+05 3.9E+04 19.57 202 69.77 0.098 5.607 3.959 

1.93E+05 3.8E+04 19.67 203 70 0.098 5.635 3.815 

1.85E+05 3.7E+04 19.77 204 70.23 0.099 5.664 3.674 

1.77E+05 3.5E+04 19.87 205 70.44 0.099 5.692 3.535 

1.70E+05 3.4E+04 19.96 206 70.71 0.100 5.720 3.405 

1.63E+05 3.3E+04 20.06 207 70.93 0.100 5.748 3.281 

1.56E+05 3.1E+04 20.16 208 71.18 0.101 5.776 3.158 

1.49E+05 3.0E+04 20.25 209 71.44 0.101 5.803 3.043 

1.43E+05 2.9E+04 20.35 210 71.69 0.102 5.830 2.934 

1.38E+05 2.8E+04 20.45 211 71.97 0.102 5.858 2.829 

1.32E+05 2.7E+04 20.54 212 72.29 0.103 5.886 2.730 

1.27E+05 2.6E+04 20.64 213 72.6 0.103 5.914 2.632 

1.22E+05 2.5E+04 20.74 214 72.94 0.104 5.942 2.546 

1.17E+05 2.4E+04 20.84 215 73.28 0.104 5.970 2.455 

1.13E+05 2.4E+04 20.93 216 73.66 0.105 5.998 2.368 

1.08E+05 2.3E+04 21.03 217 74.06 0.105 6.025 2.284 

1.04E+05 2.2E+04 21.13 218 74.48 0.106 6.053 2.207 

9.97E+04 2.1E+04 21.22 219 74.9 0.106 6.081 2.127 

9.59E+04 2.0E+04 21.32 220 75.34 0.107 6.109 2.055 

9.23E+04 2.0E+04 21.42 221 75.8 0.107 6.137 1.987 

8.87E+04 1.9E+04 21.51 222 76.35 0.108 6.164 1.918 

8.56E+04 1.8E+04 21.61 223 76.81 0.108 6.192 1.859 

8.22E+04 1.8E+04 21.71 224 77.33 0.109 6.220 1.793 

7.88E+04 1.7E+04 21.81 225 77.85 0.109 6.248 1.726 

7.60E+04 1.7E+04 21.9 226 78.26 0.110 6.276 1.674 

7.27E+04 1.6E+04 22 227 78.79 0.110 6.304 1.609 

7.00E+04 1.5E+04 22.09 228 79.4 0.110 6.330 1.555 

6.74E+04 1.5E+04 22.19 229 79.93 0.111 6.358 1.503 

6.49E+04 1.4E+04 22.29 230 80.59 0.111 6.386 1.455 

6.33E+04 1.4E+04 22.38 231 81.16 0.112 6.413 1.424 

6.12E+04 1.4E+04 22.48 232 81.82 0.112 6.442 1.383 

5.90E+04 1.3E+04 22.58 233 82.45 0.113 6.470 1.339 

5.71E+04 1.3E+04 22.68 234 83.2 0.113 6.498 1.301 

5.66E+04 1.3E+04 22.77 235 83.89 0.114 6.524 1.295 

5.47E+04 1.3E+04 22.87 236 84.37 0.114 6.553 1.257 

5.19E+04 1.2E+04 22.97 237 85.29 0.115 6.582 1.197 

4.96E+04 1.1E+04 23.07 238 86.26 0.115 6.609 1.149 

4.75E+04 1.1E+04 23.16 239 87.19 0.116 6.636 1.106 

4.57E+04 1.1E+04 23.26 240 88.23 0.116 6.663 1.067 

4.38E+04 1.0E+04 23.35 241 89.24 0.117 6.691 1.028 

4.23E+04 9.9E+03 23.45 242 90 0.117 6.719 0.997 

4.14E+04 9.8E+03 23.55 243 90 0.118 6.746 0.981 

3.98E+04 9.4E+03 23.64 244 90 0.118 6.775 0.946 

3.83E+04 9.1E+03 23.74 245 90 0.119 6.802 0.914 

3.70E+04 8.8E+03 23.84 246 90 0.119 6.830 0.888 

3.59E+04 8.6E+03 23.94 247 90 0.120 6.858 0.864 

3.50E+04 8.4E+03 24.03 248 90 0.120 6.886 0.846 

3.39E+04 8.2E+03 24.13 249 90 0.121 6.913 0.822 

3.26E+04 7.9E+03 24.22 250 90 0.121 6.941 0.794 

3.17E+04 7.7E+03 24.32 251 90 0.122 6.968 0.776 

3.12E+04 7.6E+03 24.42 252 90 0.122 6.996 0.765 

3.16E+04 7.8E+03 24.51 253 90 0.123 7.023 0.779 
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3.07E+04 7.6E+03 24.61 254 90 0.123 7.052 0.760 

2.90E+04 7.2E+03 24.71 255 90 0.124 7.081 0.721 

2.79E+04 6.9E+03 24.81 256 90 0.124 7.108 0.695 

2.79E+04 7.0E+03 24.9 257 90 0.124 7.133 0.699 

2.83E+04 7.1E+03 24.99 258 90 0.125 7.161 0.710 

2.67E+04 6.7E+03 25.1 259 90 0.126 7.192 0.674 

2.57E+04 6.5E+03 25.2 260 90 0.126 7.219 0.652 

2.50E+04 6.3E+03 25.29 261 90 0.126 7.246 0.635 

2.43E+04 6.2E+03 25.39 262 90 0.127 7.273 0.621 

2.47E+04 6.3E+03 25.48 263 90 0.127 7.300 0.631 

2.40E+04 6.1E+03 25.58 264 90 0.128 7.329 0.616 

2.35E+04 6.0E+03 25.68 265 90 0.128 7.357 0.608 

2.31E+04 6.0E+03 25.78 266 90 0.129 7.385 0.599 

2.25E+04 5.8E+03 25.87 267 90 0.129 7.413 0.584 

2.19E+04 5.7E+03 25.97 268 90 0.130 7.440 0.572 

2.16E+04 5.6E+03 26.06 269 90 0.130 7.467 0.565 

2.15E+04 5.6E+03 26.16 270 90 0.131 7.495 0.564 

2.10E+04 5.5E+03 26.26 271 90 0.131 7.523 0.554 

2.06E+04 5.4E+03 26.35 272 90 0.132 7.551 0.547 

2.06E+04 5.4E+03 26.45 273 90 0.132 7.578 0.547 

2.03E+04 5.4E+03 26.55 274 90 0.133 7.606 0.542 

2.01E+04 5.4E+03 26.64 275 90 0.133 7.634 0.538 

1.99E+04 5.3E+03 26.74 276 90 0.134 7.662 0.535 

1.98E+04 5.3E+03 26.84 277 90 0.134 7.690 0.533 

1.96E+04 5.3E+03 26.93 278 90 0.135 7.717 0.532 

1.95E+04 5.3E+03 27.03 279 90 0.135 7.745 0.530 

1.94E+04 5.3E+03 27.13 280 0 0.136 7.773 0.529 

1.92E+04 5.2E+03 27.23 281 0 0.136 7.801 0.526 

1.91E+04 5.2E+03 27.32 282 0 0.137 7.828 0.525 

1.91E+04 5.2E+03 27.42 283 0 0.137 7.856 0.526 

1.91E+04 5.2E+03 27.51 284 0 0.138 7.883 0.527 

1.91E+04 5.3E+03 27.61 285 0 0.138 7.911 0.529 

1.92E+04 5.3E+03 27.71 286 0 0.139 7.939 0.534 

1.91E+04 5.3E+03 27.81 287 0 0.139 7.967 0.533 

1.89E+04 5.3E+03 27.9 288 0 0.140 7.995 0.530 

1.87E+04 5.2E+03 28 289 0 0.140 8.023 0.527 

1.85E+04 5.2E+03 28.1 290 0 0.141 8.050 0.523 

1.85E+04 5.2E+03 28.19 291 0 0.141 8.077 0.524 

1.84E+04 5.2E+03 28.29 292 0 0.141 8.105 0.524 

1.84E+04 5.2E+03 28.38 293 0 0.142 8.133 0.524 

1.83E+04 5.2E+03 28.48 294 0 0.142 8.161 0.523 

1.83E+04 5.2E+03 28.58 295 0 0.143 8.189 0.525 

1.82E+04 5.2E+03 28.68 296 0 0.143 8.216 0.524 

1.83E+04 5.3E+03 28.77 297 0 0.144 8.244 0.529 

1.82E+04 5.3E+03 28.87 298 0 0.144 8.272 0.528 

1.82E+04 5.3E+03 28.97 299 0 0.145 8.300 0.530 

1.83E+04 5.3E+03 29.06 300 0 0.145 8.327 0.534 

1.83E+04 5.3E+03 29.16 301 0 0.146 8.355 0.537 

1.83E+04 5.4E+03 29.26 302 0 0.146 8.383 0.539 

1.84E+04 5.4E+03 29.35 303 0 0.147 8.410 0.543 

1.84E+04 5.4E+03 29.45 304 0 0.147 8.438 0.545 

1.84E+04 5.4E+03 29.55 305 0 0.148 8.466 0.547 

1.86E+04 5.5E+03 29.64 306 0 0.148 8.493 0.553 

1.86E+04 5.5E+03 29.74 307 0 0.149 8.522 0.556 

1.86E+04 5.5E+03 29.84 308 0 0.149 8.550 0.557 

1.85E+04 5.5E+03 29.94 309 0 0.150 8.577 0.556 

1.84E+04 5.5E+03 30.03 310 0 0.150 8.605 0.555 

        

LAS 19ºC BITUMEN - 50/70-C RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.2 2.5E+06 59.93      

0.40 3.9E+06 57.13      

0.60 5.0E+06 55.46      

0.80 6.0E+06 54.28      

1.00 6.8E+06 53.36      

2.00 1.0E+07 50.59      

4.00 1.5E+07 47.88      

6.00 1.8E+07 46.34      

8.00 2.1E+07 45.26      

10.00 2.4E+07 44.43      

20.00 3.3E+07 41.90      

30.00 4.0E+07 40.48      

Amplitude Sweep:        
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Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

2.39E+07 2.4E+04 0.1 1 44.36 0.000 0.028 2.373 

2.39E+07 4.3E+04 0.18 2 44.23 0.001 0.052 4.310 

2.39E+07 6.7E+04 0.28 3 44.28 0.001 0.080 6.755 

2.39E+07 9.3E+04 0.39 4 44.33 0.002 0.111 9.334 

2.39E+07 1.2E+05 0.49 5 44.37 0.002 0.142 11.861 

2.39E+07 1.4E+05 0.60 6 44.42 0.003 0.171 14.304 

2.38E+07 1.7E+05 0.70 7 44.47 0.003 0.200 16.667 

2.38E+07 1.9E+05 0.80 8 44.54 0.004 0.228 18.990 

2.37E+07 2.1E+05 0.89 9 44.61 0.004 0.256 21.265 

2.36E+07 2.3E+05 0.99 10 44.69 0.005 0.284 23.498 

2.36E+07 2.6E+05 1.09 11 44.77 0.005 0.311 25.699 

2.35E+07 2.8E+05 1.18 12 44.87 0.006 0.339 27.868 

2.34E+07 3.0E+05 1.28 13 44.97 0.006 0.366 30.017 

2.33E+07 3.2E+05 1.37 14 45.09 0.007 0.394 32.138 

2.32E+07 3.4E+05 1.47 15 45.2 0.007 0.421 34.223 

2.30E+07 3.6E+05 1.57 16 45.34 0.008 0.449 36.276 

2.29E+07 3.8E+05 1.66 17 45.47 0.008 0.476 38.290 

2.28E+07 4.0E+05 1.76 18 45.62 0.009 0.504 40.277 

2.26E+07 4.2E+05 1.86 19 45.77 0.009 0.532 42.228 

2.25E+07 4.4E+05 1.95 20 45.93 0.010 0.559 44.134 

2.23E+07 4.6E+05 2.05 21 46.09 0.010 0.587 46.000 

2.22E+07 4.8E+05 2.15 22 46.27 0.011 0.615 47.819 

2.20E+07 4.9E+05 2.24 23 46.44 0.011 0.642 49.599 

2.18E+07 5.1E+05 2.34 24 46.63 0.012 0.670 51.340 

2.17E+07 5.3E+05 2.43 25 46.82 0.012 0.698 53.029 

2.15E+07 5.4E+05 2.53 26 47.01 0.013 0.725 54.674 

2.13E+07 5.6E+05 2.63 27 47.21 0.013 0.753 56.269 

2.11E+07 5.8E+05 2.72 28 47.41 0.014 0.781 57.820 

2.09E+07 5.9E+05 2.82 29 47.62 0.014 0.808 59.329 

2.07E+07 6.0E+05 2.92 30 47.83 0.015 0.836 60.786 

2.05E+07 6.2E+05 3.01 31 48.04 0.015 0.864 62.196 

2.03E+07 6.3E+05 3.11 32 48.26 0.016 0.892 63.561 

2.01E+07 6.5E+05 3.21 33 48.47 0.016 0.919 64.881 

1.99E+07 6.6E+05 3.30 34 48.69 0.017 0.947 66.161 

1.97E+07 6.7E+05 3.40 35 48.91 0.017 0.975 67.394 

1.95E+07 6.8E+05 3.50 36 49.13 0.017 1.002 68.581 

1.93E+07 6.9E+05 3.59 37 49.35 0.018 1.030 69.724 

1.91E+07 7.0E+05 3.69 38 49.57 0.018 1.058 70.825 

1.89E+07 7.2E+05 3.79 39 49.8 0.019 1.085 71.889 

1.87E+07 7.3E+05 3.88 40 50.02 0.019 1.113 72.909 

1.85E+07 7.4E+05 3.98 41 50.24 0.020 1.141 73.891 

1.83E+07 7.4E+05 4.08 42 50.46 0.020 1.169 74.831 

1.81E+07 7.5E+05 4.17 43 50.68 0.021 1.196 75.732 

1.78E+07 7.6E+05 4.27 44 50.9 0.021 1.224 76.604 

1.76E+07 7.7E+05 4.37 45 51.12 0.022 1.252 77.438 

1.74E+07 7.8E+05 4.46 46 51.34 0.022 1.279 78.236 

1.72E+07 7.9E+05 4.56 47 51.56 0.023 1.307 79.001 

1.70E+07 7.9E+05 4.66 48 51.78 0.023 1.335 79.728 

1.68E+07 8.0E+05 4.75 49 51.99 0.024 1.363 80.427 

1.66E+07 8.1E+05 4.85 50 52.21 0.024 1.390 81.097 

1.65E+07 8.1E+05 4.95 51 52.4 0.025 1.419 81.892 

1.63E+07 8.2E+05 5.05 52 52.59 0.025 1.448 82.649 

1.61E+07 8.3E+05 5.15 53 52.79 0.026 1.477 83.345 

1.59E+07 8.4E+05 5.25 54 53 0.026 1.506 83.984 

1.57E+07 8.4E+05 5.35 55 53.21 0.027 1.535 84.557 

1.55E+07 8.5E+05 5.45 56 53.42 0.027 1.563 85.064 

1.53E+07 8.5E+05 5.55 57 53.62 0.028 1.591 85.511 

1.51E+07 8.5E+05 5.65 58 53.83 0.028 1.619 85.916 

1.49E+07 8.6E+05 5.74 59 54.03 0.029 1.646 86.298 

1.48E+07 8.6E+05 5.84 60 54.23 0.029 1.674 86.664 

1.46E+07 8.7E+05 5.94 61 54.43 0.030 1.702 87.017 

1.44E+07 8.7E+05 6.03 62 54.63 0.030 1.729 87.353 

1.42E+07 8.7E+05 6.13 63 54.82 0.031 1.757 87.673 

1.41E+07 8.8E+05 6.23 64 55.01 0.031 1.785 87.976 

1.39E+07 8.8E+05 6.32 65 55.2 0.032 1.813 88.264 

1.37E+07 8.8E+05 6.42 66 55.39 0.032 1.840 88.540 

1.36E+07 8.8E+05 6.52 67 55.57 0.033 1.868 88.797 

1.34E+07 8.9E+05 6.61 68 55.75 0.033 1.896 89.036 

1.32E+07 8.9E+05 6.71 69 55.93 0.034 1.923 89.260 

1.31E+07 8.9E+05 6.81 70 56.11 0.034 1.951 89.468 

1.29E+07 8.9E+05 6.90 71 56.28 0.035 1.979 89.665 

1.28E+07 8.9E+05 7.00 72 56.46 0.035 2.007 89.847 

1.26E+07 9.0E+05 7.10 73 56.63 0.036 2.034 90.015 
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1.25E+07 9.0E+05 7.19 74 56.8 0.036 2.062 90.168 

1.23E+07 9.0E+05 7.29 75 56.97 0.036 2.090 90.309 

1.22E+07 9.0E+05 7.39 76 57.13 0.037 2.117 90.438 

1.20E+07 9.0E+05 7.48 77 57.3 0.037 2.145 90.553 

1.19E+07 9.0E+05 7.58 78 57.46 0.038 2.173 90.657 

1.18E+07 9.0E+05 7.68 79 57.62 0.038 2.201 90.753 

1.16E+07 9.0E+05 7.77 80 57.78 0.039 2.228 90.840 

1.15E+07 9.0E+05 7.87 81 57.94 0.039 2.256 90.913 

1.14E+07 9.1E+05 7.97 82 58.09 0.040 2.284 90.973 

1.12E+07 9.1E+05 8.06 83 58.25 0.040 2.311 91.020 

1.11E+07 9.1E+05 8.16 84 58.4 0.041 2.339 91.061 

1.10E+07 9.1E+05 8.26 85 58.55 0.041 2.367 91.095 

1.09E+07 9.1E+05 8.35 86 58.7 0.042 2.395 91.118 

1.07E+07 9.1E+05 8.45 87 58.85 0.042 2.422 91.130 

1.06E+07 9.1E+05 8.55 88 58.99 0.043 2.450 91.133 

1.05E+07 9.1E+05 8.64 89 59.14 0.043 2.478 91.128 

1.04E+07 9.1E+05 8.74 90 59.28 0.044 2.505 91.114 

1.03E+07 9.1E+05 8.84 91 59.43 0.044 2.533 91.091 

1.01E+07 9.1E+05 8.93 92 59.57 0.045 2.561 91.060 

1.00E+07 9.1E+05 9.03 93 59.71 0.045 2.589 91.019 

9.92E+06 9.1E+05 9.13 94 59.84 0.046 2.616 90.970 

9.81E+06 9.0E+05 9.22 95 59.98 0.046 2.644 90.914 

9.70E+06 9.0E+05 9.32 96 60.12 0.047 2.672 90.849 

9.59E+06 9.0E+05 9.42 97 60.25 0.047 2.699 90.779 

9.49E+06 9.0E+05 9.51 98 60.38 0.048 2.727 90.704 

9.38E+06 9.0E+05 9.61 99 60.52 0.048 2.755 90.622 

9.28E+06 9.0E+05 9.71 100 60.65 0.049 2.783 90.534 

9.18E+06 9.0E+05 9.80 101 60.78 0.049 2.810 90.436 

9.08E+06 9.0E+05 9.90 102 60.91 0.050 2.838 90.326 

8.98E+06 9.0E+05 10.00 103 61.03 0.050 2.866 90.210 

8.88E+06 9.0E+05 10.09 104 61.16 0.051 2.893 90.082 

8.78E+06 9.0E+05 10.19 105 61.29 0.051 2.921 89.949 

8.69E+06 8.9E+05 10.29 106 61.41 0.051 2.949 89.811 

8.59E+06 8.9E+05 10.38 107 61.54 0.052 2.977 89.663 

8.50E+06 8.9E+05 10.48 108 61.66 0.052 3.004 89.506 

8.40E+06 8.9E+05 10.58 109 61.78 0.053 3.032 89.343 

8.31E+06 8.9E+05 10.68 110 61.9 0.053 3.060 89.169 

8.22E+06 8.9E+05 10.77 111 62.03 0.054 3.088 88.985 

8.13E+06 8.8E+05 10.87 112 62.15 0.054 3.115 88.788 

8.04E+06 8.8E+05 10.97 113 62.27 0.055 3.143 88.579 

7.95E+06 8.8E+05 11.06 114 62.38 0.055 3.171 88.356 

7.86E+06 8.8E+05 11.16 115 62.5 0.056 3.199 88.123 

7.77E+06 8.7E+05 11.26 116 62.62 0.056 3.226 87.877 

7.68E+06 8.7E+05 11.35 117 62.73 0.057 3.254 87.622 

7.59E+06 8.7E+05 11.45 118 62.85 0.057 3.282 87.343 

7.50E+06 8.7E+05 11.55 119 62.97 0.058 3.310 87.038 

7.41E+06 8.6E+05 11.64 120 63.08 0.058 3.337 86.704 

7.32E+06 8.6E+05 11.74 121 63.2 0.059 3.365 86.331 

7.22E+06 8.5E+05 11.84 122 63.31 0.059 3.393 85.914 

7.12E+06 8.5E+05 11.93 123 63.42 0.060 3.421 85.444 

7.02E+06 8.4E+05 12.03 124 63.54 0.060 3.449 84.902 

6.91E+06 8.4E+05 12.13 125 63.65 0.061 3.477 84.252 

6.79E+06 8.3E+05 12.23 126 63.76 0.061 3.506 83.451 

6.65E+06 8.2E+05 12.33 127 63.87 0.062 3.534 82.456 

6.50E+06 8.1E+05 12.43 128 63.97 0.062 3.563 81.236 

6.34E+06 7.9E+05 12.53 129 64.07 0.063 3.591 79.787 

6.16E+06 7.8E+05 12.62 130 64.16 0.063 3.619 78.116 

5.96E+06 7.6E+05 12.72 131 64.24 0.064 3.646 76.248 

5.76E+06 7.4E+05 12.82 132 64.31 0.064 3.674 74.202 

5.55E+06 7.2E+05 12.91 133 64.37 0.065 3.701 72.002 

5.33E+06 6.9E+05 13.01 134 64.42 0.065 3.729 69.679 

5.11E+06 6.7E+05 13.10 135 64.47 0.066 3.756 67.258 

4.89E+06 6.4E+05 13.20 136 64.51 0.066 3.783 64.795 

4.67E+06 6.2E+05 13.29 137 64.54 0.066 3.810 62.329 

4.45E+06 6.0E+05 13.39 138 64.56 0.067 3.837 59.894 

4.24E+06 5.7E+05 13.48 139 64.58 0.067 3.865 57.503 

4.04E+06 5.5E+05 13.58 140 64.6 0.068 3.892 55.165 

3.85E+06 5.3E+05 13.67 141 64.6 0.068 3.920 52.881 

3.66E+06 5.0E+05 13.77 142 64.6 0.069 3.948 50.648 

3.48E+06 4.8E+05 13.87 143 64.6 0.069 3.975 48.481 

3.30E+06 4.6E+05 13.97 144 64.59 0.070 4.003 46.369 

3.14E+06 4.4E+05 14.06 145 64.57 0.070 4.031 44.324 

2.98E+06 4.2E+05 14.16 146 64.55 0.071 4.058 42.370 

2.83E+06 4.0E+05 14.25 147 64.52 0.071 4.085 40.504 

2.68E+06 3.9E+05 14.35 148 64.49 0.072 4.113 38.713 

2.55E+06 3.7E+05 14.45 149 64.46 0.072 4.141 36.991 
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2.42E+06 3.5E+05 14.54 150 64.42 0.073 4.169 35.339 

2.29E+06 3.4E+05 14.64 151 64.39 0.073 4.197 33.748 

2.18E+06 3.2E+05 14.74 152 64.35 0.074 4.224 32.234 

2.07E+06 3.1E+05 14.83 153 64.32 0.074 4.251 30.802 

1.96E+06 2.9E+05 14.93 154 64.28 0.075 4.278 29.464 

1.87E+06 2.8E+05 15.03 155 64.24 0.075 4.306 28.181 

1.77E+06 2.7E+05 15.13 156 64.21 0.076 4.335 26.954 

1.68E+06 2.6E+05 15.23 157 64.19 0.076 4.363 25.768 

1.60E+06 2.4E+05 15.32 158 64.16 0.077 4.392 24.615 

1.52E+06 2.3E+05 15.42 159 64.13 0.077 4.419 23.506 

1.44E+06 2.2E+05 15.51 160 64.11 0.078 4.446 22.445 

1.37E+06 2.1E+05 15.61 161 64.08 0.078 4.473 21.430 

1.30E+06 2.0E+05 15.71 162 64.06 0.079 4.501 20.460 

1.23E+06 1.9E+05 15.8 163 64.04 0.079 4.528 19.539 

1.17E+06 1.9E+05 15.9 164 64.02 0.080 4.555 18.670 

1.11E+06 1.8E+05 15.99 165 64.01 0.080 4.583 17.853 

1.06E+06 1.7E+05 16.09 166 64 0.080 4.611 17.076 

1.00E+06 1.6E+05 16.19 167 63.98 0.081 4.639 16.334 

9.55E+05 1.6E+05 16.29 168 63.98 0.081 4.667 15.626 

9.08E+05 1.5E+05 16.38 169 63.96 0.082 4.695 14.947 

8.63E+05 1.4E+05 16.48 170 63.96 0.082 4.723 14.297 

8.21E+05 1.4E+05 16.58 171 63.95 0.083 4.750 13.674 

7.81E+05 1.3E+05 16.67 172 63.95 0.083 4.778 13.080 

7.43E+05 1.2E+05 16.77 173 63.94 0.084 4.805 12.514 

7.07E+05 1.2E+05 16.86 174 63.94 0.084 4.832 11.978 

6.73E+05 1.1E+05 16.96 175 63.94 0.085 4.860 11.471 

6.41E+05 1.1E+05 17.06 176 63.95 0.085 4.888 10.987 

6.10E+05 1.0E+05 17.16 177 63.97 0.086 4.916 10.520 

5.81E+05 1.0E+05 17.25 178 64 0.086 4.944 10.068 

5.53E+05 9.6E+04 17.35 179 64.04 0.087 4.971 9.636 

5.26E+05 9.2E+04 17.44 180 64.08 0.087 4.998 9.224 

5.01E+05 8.8E+04 17.54 181 64.11 0.088 5.025 8.833 

4.77E+05 8.4E+04 17.63 182 64.15 0.088 5.053 8.461 

4.55E+05 8.1E+04 17.73 183 64.19 0.089 5.081 8.108 

4.34E+05 7.7E+04 17.83 184 64.25 0.089 5.109 7.770 

4.13E+05 7.4E+04 17.93 185 64.31 0.090 5.137 7.444 

3.94E+05 7.1E+04 18.02 186 64.39 0.090 5.164 7.129 

3.75E+05 6.8E+04 18.12 187 64.48 0.091 5.192 6.828 

3.57E+05 6.5E+04 18.21 188 64.57 0.091 5.219 6.541 

3.41E+05 6.2E+04 18.31 189 64.67 0.092 5.246 6.274 

3.26E+05 6.0E+04 18.41 190 64.76 0.092 5.274 6.023 

3.11E+05 5.8E+04 18.51 191 64.84 0.093 5.302 5.780 

2.97E+05 5.5E+04 18.6 192 64.94 0.093 5.330 5.549 

2.83E+05 5.3E+04 18.7 193 65.04 0.094 5.358 5.328 

2.71E+05 5.1E+04 18.8 194 65.16 0.094 5.386 5.113 

2.58E+05 4.9E+04 18.89 195 65.28 0.094 5.414 4.905 

2.46E+05 4.7E+04 18.99 196 65.44 0.095 5.442 4.702 

2.35E+05 4.5E+04 19.09 197 65.6 0.095 5.469 4.504 

2.23E+05 4.3E+04 19.19 198 65.8 0.096 5.497 4.309 

2.13E+05 4.1E+04 19.28 199 66.01 0.096 5.525 4.122 

2.02E+05 3.9E+04 19.38 200 66.23 0.097 5.553 3.941 

1.93E+05 3.8E+04 19.47 201 66.48 0.097 5.580 3.773 

1.83E+05 3.6E+04 19.57 202 66.71 0.098 5.608 3.608 

1.75E+05 3.4E+04 19.67 203 66.95 0.098 5.636 3.453 

1.66E+05 3.3E+04 19.77 204 67.22 0.099 5.664 3.304 

1.58E+05 3.1E+04 19.86 205 67.5 0.099 5.691 3.164 

1.51E+05 3.0E+04 19.96 206 67.79 0.100 5.719 3.029 

1.44E+05 2.9E+04 20.06 207 68.1 0.100 5.747 2.899 

1.37E+05 2.8E+04 20.16 208 68.42 0.101 5.775 2.773 

1.30E+05 2.6E+04 20.25 209 68.76 0.101 5.803 2.654 

1.24E+05 2.5E+04 20.35 210 69.13 0.102 5.831 2.538 

1.18E+05 2.4E+04 20.45 211 69.47 0.102 5.859 2.428 

1.12E+05 2.3E+04 20.55 212 69.86 0.103 5.887 2.319 

1.07E+05 2.2E+04 20.64 213 70.23 0.103 5.914 2.216 

1.02E+05 2.1E+04 20.74 214 70.65 0.104 5.942 2.119 

9.69E+04 2.0E+04 20.84 215 71.01 0.104 5.970 2.029 

9.23E+04 1.9E+04 20.93 216 71.49 0.105 5.998 1.942 

8.79E+04 1.8E+04 21.03 217 72 0.105 6.025 1.859 

8.37E+04 1.8E+04 21.13 218 72.6 0.106 6.053 1.777 

7.97E+04 1.7E+04 21.22 219 73.25 0.106 6.081 1.700 

7.58E+04 1.6E+04 21.32 220 73.95 0.107 6.109 1.625 

7.22E+04 1.5E+04 21.42 221 74.6 0.107 6.137 1.555 

6.88E+04 1.5E+04 21.51 222 75.36 0.108 6.164 1.489 

6.57E+04 1.4E+04 21.61 223 75.98 0.108 6.193 1.428 

6.27E+04 1.4E+04 21.71 224 76.71 0.109 6.220 1.368 

6.00E+04 1.3E+04 21.81 225 77.4 0.109 6.248 1.314 
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5.74E+04 1.3E+04 21.9 226 78.15 0.110 6.276 1.264 

5.50E+04 1.2E+04 22 227 78.82 0.110 6.303 1.216 

5.27E+04 1.2E+04 22.1 228 79.55 0.110 6.331 1.170 

5.05E+04 1.1E+04 22.19 229 80.29 0.111 6.359 1.127 

4.84E+04 1.1E+04 22.29 230 81.09 0.111 6.387 1.084 

4.65E+04 1.0E+04 22.39 231 81.83 0.112 6.414 1.046 

4.46E+04 1.0E+04 22.48 232 82.65 0.112 6.442 1.008 

4.29E+04 9.7E+03 22.58 233 83.4 0.113 6.470 0.974 

4.13E+04 9.4E+03 22.68 234 84.16 0.113 6.498 0.942 

4.01E+04 9.1E+03 22.77 235 84.82 0.114 6.525 0.919 

3.86E+04 8.8E+03 22.87 236 85.66 0.114 6.553 0.887 

3.73E+04 8.6E+03 22.97 237 86.69 0.115 6.581 0.860 

3.59E+04 8.3E+03 23.06 238 87.82 0.115 6.608 0.833 

3.49E+04 8.1E+03 23.16 239 88.85 0.116 6.636 0.812 

3.38E+04 7.9E+03 23.26 240 90 0.116 6.664 0.789 

3.28E+04 7.7E+03 23.35 241 90 0.117 6.692 0.770 

3.17E+04 7.4E+03 23.45 242 90 0.117 6.720 0.747 

3.06E+04 7.2E+03 23.55 243 90 0.118 6.747 0.725 

2.96E+04 7.0E+03 23.64 244 90 0.118 6.775 0.704 

2.87E+04 6.8E+03 23.74 245 90 0.119 6.803 0.685 

2.78E+04 6.6E+03 23.84 246 90 0.119 6.830 0.667 

2.70E+04 6.5E+03 23.94 247 90 0.120 6.858 0.650 

2.62E+04 6.3E+03 24.03 248 90 0.120 6.886 0.632 

2.54E+04 6.1E+03 24.13 249 90 0.121 6.914 0.617 

2.47E+04 6.0E+03 24.23 250 90 0.121 6.941 0.602 

2.41E+04 5.9E+03 24.32 251 90 0.122 6.969 0.590 

2.36E+04 5.8E+03 24.42 252 90 0.122 6.997 0.578 

2.30E+04 5.6E+03 24.52 253 90 0.123 7.024 0.567 

2.25E+04 5.5E+03 24.61 254 90 0.123 7.052 0.556 

2.22E+04 5.5E+03 24.71 255 90 0.124 7.080 0.551 

2.17E+04 5.4E+03 24.81 256 90 0.124 7.108 0.541 

2.13E+04 5.3E+03 24.9 257 90 0.125 7.135 0.534 

2.09E+04 5.2E+03 25 258 90 0.125 7.163 0.526 

2.09E+04 5.2E+03 25.09 259 90 0.125 7.190 0.527 

2.06E+04 5.2E+03 25.19 260 90 0.126 7.219 0.521 

2.02E+04 5.1E+03 25.29 261 90 0.126 7.247 0.513 

1.99E+04 5.0E+03 25.39 262 90 0.127 7.274 0.507 

1.96E+04 5.0E+03 25.48 263 90 0.127 7.302 0.503 

1.94E+04 5.0E+03 25.58 264 90 0.128 7.329 0.499 

1.92E+04 4.9E+03 25.68 265 90 0.128 7.357 0.496 

1.90E+04 4.9E+03 25.77 266 90 0.129 7.385 0.492 

1.88E+04 4.9E+03 25.87 267 90 0.129 7.413 0.490 

1.86E+04 4.8E+03 25.97 268 90 0.130 7.440 0.486 

1.85E+04 4.8E+03 26.06 269 90 0.130 7.468 0.485 

1.84E+04 4.8E+03 26.16 270 90 0.131 7.496 0.483 

1.83E+04 4.8E+03 26.26 271 90 0.131 7.524 0.482 

1.81E+04 4.8E+03 26.36 272 90 0.132 7.552 0.479 

1.80E+04 4.8E+03 26.45 273 90 0.132 7.579 0.478 

1.78E+04 4.7E+03 26.55 274 90 0.133 7.607 0.475 

1.77E+04 4.7E+03 26.65 275 90 0.133 7.634 0.474 

1.75E+04 4.7E+03 26.74 276 90 0.134 7.662 0.471 

1.75E+04 4.7E+03 26.84 277 90 0.134 7.690 0.471 

1.74E+04 4.7E+03 26.93 278 90 0.135 7.717 0.470 

1.74E+04 4.7E+03 27.03 279 0 0.135 7.745 0.473 

1.75E+04 4.7E+03 27.13 280 0 0.136 7.773 0.476 

1.75E+04 4.8E+03 27.23 281 0 0.136 7.801 0.479 

1.75E+04 4.8E+03 27.32 282 0 0.137 7.829 0.480 

1.75E+04 4.8E+03 27.42 283 0 0.137 7.856 0.482 

1.74E+04 4.8E+03 27.52 284 0 0.138 7.884 0.481 

1.74E+04 4.8E+03 27.61 285 0 0.138 7.912 0.483 

1.73E+04 4.8E+03 27.71 286 0 0.139 7.939 0.482 

1.73E+04 4.8E+03 27.81 287 0 0.139 7.967 0.484 

1.74E+04 4.9E+03 27.9 288 0 0.140 7.995 0.488 

1.72E+04 4.8E+03 28 289 0 0.140 8.023 0.485 

1.71E+04 4.8E+03 28.1 290 0 0.141 8.051 0.483 

1.71E+04 4.8E+03 28.19 291 0 0.141 8.078 0.485 

1.70E+04 4.8E+03 28.29 292 0 0.141 8.106 0.484 

1.70E+04 4.8E+03 28.39 293 0 0.142 8.133 0.486 

1.69E+04 4.8E+03 28.48 294 0 0.142 8.161 0.485 

1.69E+04 4.8E+03 28.58 295 0 0.143 8.189 0.486 

1.68E+04 4.8E+03 28.68 296 0 0.143 8.217 0.485 

1.68E+04 4.8E+03 28.77 297 0 0.144 8.245 0.486 

1.67E+04 4.8E+03 28.87 298 0 0.144 8.272 0.485 

1.68E+04 4.9E+03 28.97 299 0 0.145 8.300 0.488 

1.68E+04 4.9E+03 29.06 300 0 0.145 8.327 0.491 

1.69E+04 4.9E+03 29.16 301 0 0.146 8.355 0.495 
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1.69E+04 4.9E+03 29.26 302 0 0.146 8.383 0.496 

1.70E+04 5.0E+03 29.35 303 0 0.147 8.411 0.500 

1.69E+04 5.0E+03 29.45 304 0 0.147 8.439 0.502 

1.70E+04 5.0E+03 29.55 305 0 0.148 8.466 0.505 

1.70E+04 5.0E+03 29.65 306 0 0.148 8.494 0.506 

1.70E+04 5.1E+03 29.74 307 0 0.149 8.522 0.509 

1.69E+04 5.1E+03 29.84 308 0 0.149 8.550 0.508 

1.69E+04 5.1E+03 29.94 309 0 0.150 8.577 0.510 

1.69E+04 5.1E+03 30.03 310 0 0.150 8.605 0.509 

        

LAS 19ºC BITUMEN - 50/70-D RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.2 1.8E+06 62.9      

0.40 3.0E+06 60.05      

0.60 3.9E+06 58.31      

0.80 4.7E+06 57.06      

1.00 5.4E+06 56.09      

2.00 8.2E+06 53.08      

4.00 1.2E+07 50.09      

6.00 1.5E+07 48.36      

8.00 1.8E+07 47.14      

10.00 2.0E+07 46.20      

20.00 2.8E+07 43.32      

30.00 3.4E+07 41.69      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

19970199 2.0E+04 0.1 1 46.21 0.0005034 0.0288427 2.020536 

2.00E+07 3.6E+04 0.18 2 46.06 0.001 0.051 3.575 

2.00E+07 5.6E+04 0.28 3 46.09 0.001 0.080 5.595 

2.00E+07 7.7E+04 0.39 4 46.15 0.002 0.110 7.746 

2.00E+07 9.8E+04 0.49 5 46.19 0.002 0.141 9.871 

1.99E+07 1.2E+05 0.59 6 46.24 0.003 0.170 11.925 

1.99E+07 1.4E+05 0.70 7 46.28 0.003 0.199 13.913 

1.99E+07 1.6E+05 0.79 8 46.34 0.004 0.228 15.862 

1.98E+07 1.8E+05 0.89 9 46.41 0.004 0.256 17.769 

1.98E+07 2.0E+05 0.99 10 46.48 0.005 0.283 19.645 

1.97E+07 2.1E+05 1.09 11 46.57 0.005 0.311 21.493 

1.96E+07 2.3E+05 1.18 12 46.66 0.006 0.339 23.316 

1.96E+07 2.5E+05 1.28 13 46.75 0.006 0.366 25.119 

1.95E+07 2.7E+05 1.37 14 46.86 0.007 0.394 26.899 

1.94E+07 2.9E+05 1.47 15 46.98 0.007 0.421 28.652 

1.93E+07 3.0E+05 1.57 16 47.1 0.008 0.449 30.379 

1.92E+07 3.2E+05 1.66 17 47.23 0.008 0.476 32.076 

1.91E+07 3.4E+05 1.76 18 47.37 0.009 0.504 33.747 

1.90E+07 3.5E+05 1.86 19 47.52 0.009 0.532 35.387 

1.89E+07 3.7E+05 1.95 20 47.67 0.010 0.559 36.993 

1.87E+07 3.8E+05 2.05 21 47.83 0.010 0.587 38.565 

1.86E+07 4.0E+05 2.14 22 48 0.011 0.615 40.101 

1.85E+07 4.1E+05 2.24 23 48.17 0.011 0.642 41.602 

1.83E+07 4.3E+05 2.34 24 48.35 0.012 0.670 43.069 

1.82E+07 4.4E+05 2.43 25 48.53 0.012 0.698 44.495 

1.80E+07 4.6E+05 2.53 26 48.72 0.013 0.725 45.884 

1.79E+07 4.7E+05 2.63 27 48.91 0.013 0.753 47.234 

1.77E+07 4.8E+05 2.72 28 49.1 0.014 0.781 48.548 

1.76E+07 5.0E+05 2.82 29 49.3 0.014 0.808 49.825 

1.74E+07 5.1E+05 2.92 30 49.5 0.015 0.836 51.062 

1.73E+07 5.2E+05 3.01 31 49.71 0.015 0.864 52.261 

1.71E+07 5.3E+05 3.11 32 49.92 0.016 0.891 53.420 

1.69E+07 5.4E+05 3.21 33 50.13 0.016 0.919 54.540 

1.68E+07 5.5E+05 3.30 34 50.34 0.017 0.947 55.625 

1.66E+07 5.6E+05 3.40 35 50.55 0.017 0.975 56.672 

1.64E+07 5.7E+05 3.50 36 50.77 0.017 1.002 57.680 

1.62E+07 5.8E+05 3.59 37 50.99 0.018 1.030 58.651 

1.61E+07 5.9E+05 3.69 38 51.21 0.018 1.058 59.585 

1.59E+07 6.0E+05 3.79 39 51.42 0.019 1.085 60.488 

1.57E+07 6.1E+05 3.88 40 51.64 0.019 1.113 61.353 

1.55E+07 6.2E+05 3.98 41 51.86 0.020 1.141 62.184 

1.54E+07 6.3E+05 4.08 42 52.08 0.020 1.168 62.983 

1.52E+07 6.3E+05 4.17 43 52.29 0.021 1.196 63.749 

1.50E+07 6.4E+05 4.27 44 52.51 0.021 1.224 64.485 

1.49E+07 6.5E+05 4.37 45 52.73 0.022 1.252 65.190 
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1.47E+07 6.6E+05 4.46 46 52.94 0.022 1.279 65.865 

1.45E+07 6.6E+05 4.56 47 53.16 0.023 1.307 66.512 

1.43E+07 6.7E+05 4.66 48 53.37 0.023 1.335 67.131 

1.42E+07 6.7E+05 4.75 49 53.58 0.024 1.362 67.724 

1.40E+07 6.8E+05 4.85 50 53.79 0.024 1.390 68.290 

1.39E+07 6.9E+05 4.95 51 53.98 0.025 1.419 68.961 

1.37E+07 6.9E+05 5.05 52 54.17 0.025 1.448 69.599 

1.36E+07 7.0E+05 5.15 53 54.37 0.026 1.476 70.188 

1.34E+07 7.0E+05 5.25 54 54.57 0.026 1.505 70.727 

1.32E+07 7.1E+05 5.35 55 54.77 0.027 1.534 71.210 

1.31E+07 7.1E+05 5.45 56 54.98 0.027 1.563 71.633 

1.29E+07 7.2E+05 5.55 57 55.19 0.028 1.591 72.007 

1.27E+07 7.2E+05 5.65 58 55.39 0.028 1.619 72.343 

1.26E+07 7.2E+05 5.74 59 55.59 0.029 1.646 72.658 

1.24E+07 7.3E+05 5.84 60 55.79 0.029 1.674 72.959 

1.23E+07 7.3E+05 5.94 61 55.99 0.030 1.701 73.249 

1.21E+07 7.3E+05 6.03 62 56.18 0.030 1.729 73.528 

1.20E+07 7.3E+05 6.13 63 56.37 0.031 1.757 73.794 

1.18E+07 7.4E+05 6.23 64 56.56 0.031 1.785 74.048 

1.17E+07 7.4E+05 6.32 65 56.75 0.032 1.812 74.286 

1.15E+07 7.4E+05 6.42 66 56.93 0.032 1.840 74.511 

1.14E+07 7.4E+05 6.52 67 57.11 0.033 1.868 74.725 

1.13E+07 7.5E+05 6.61 68 57.29 0.033 1.896 74.926 

1.11E+07 7.5E+05 6.71 69 57.46 0.034 1.923 75.113 

1.10E+07 7.5E+05 6.81 70 57.64 0.034 1.951 75.282 

1.09E+07 7.5E+05 6.90 71 57.81 0.035 1.979 75.436 

1.07E+07 7.5E+05 7.00 72 57.98 0.035 2.006 75.577 

1.06E+07 7.5E+05 7.10 73 58.15 0.036 2.034 75.709 

1.05E+07 7.5E+05 7.19 74 58.32 0.036 2.062 75.827 

1.04E+07 7.6E+05 7.29 75 58.48 0.036 2.090 75.937 

1.02E+07 7.6E+05 7.39 76 58.65 0.037 2.117 76.036 

1.01E+07 7.6E+05 7.48 77 58.81 0.037 2.145 76.124 

1.00E+07 7.6E+05 7.58 78 58.97 0.038 2.173 76.198 

9.88E+06 7.6E+05 7.68 79 59.12 0.038 2.200 76.260 

9.77E+06 7.6E+05 7.77 80 59.28 0.039 2.228 76.313 

9.65E+06 7.6E+05 7.87 81 59.44 0.039 2.256 76.359 

9.54E+06 7.6E+05 7.97 82 59.59 0.040 2.284 76.395 

9.43E+06 7.6E+05 8.06 83 59.74 0.040 2.311 76.419 

9.32E+06 7.6E+05 8.16 84 59.89 0.041 2.339 76.433 

9.21E+06 7.6E+05 8.26 85 60.03 0.041 2.367 76.440 

9.10E+06 7.6E+05 8.35 86 60.18 0.042 2.394 76.434 

9.00E+06 7.6E+05 8.45 87 60.33 0.042 2.422 76.423 

8.89E+06 7.6E+05 8.55 88 60.47 0.043 2.450 76.398 

8.79E+06 7.6E+05 8.64 89 60.61 0.043 2.478 76.362 

8.69E+06 7.6E+05 8.74 90 60.75 0.044 2.505 76.314 

8.59E+06 7.6E+05 8.84 91 60.89 0.044 2.533 76.263 

8.49E+06 7.6E+05 8.93 92 61.02 0.045 2.561 76.207 

8.39E+06 7.6E+05 9.03 93 61.16 0.045 2.589 76.143 

8.29E+06 7.6E+05 9.13 94 61.29 0.046 2.616 76.062 

8.19E+06 7.6E+05 9.22 95 61.43 0.046 2.644 75.967 

8.10E+06 7.5E+05 9.32 96 61.56 0.047 2.672 75.860 

8.00E+06 7.5E+05 9.42 97 61.69 0.047 2.700 75.743 

7.91E+06 7.5E+05 9.51 98 61.82 0.048 2.727 75.612 

7.81E+06 7.5E+05 9.61 99 61.95 0.048 2.755 75.471 

7.72E+06 7.5E+05 9.71 100 62.08 0.049 2.783 75.321 

7.63E+06 7.5E+05 9.80 101 62.2 0.049 2.810 75.161 

7.54E+06 7.5E+05 9.90 102 62.33 0.050 2.838 74.985 

7.44E+06 7.4E+05 10.00 103 62.45 0.050 2.866 74.791 

7.35E+06 7.4E+05 10.10 104 62.58 0.051 2.894 74.574 

7.26E+06 7.4E+05 10.19 105 62.7 0.051 2.922 74.333 

7.16E+06 7.4E+05 10.29 106 62.82 0.051 2.949 74.059 

7.07E+06 7.3E+05 10.39 107 62.94 0.052 2.977 73.762 

6.97E+06 7.3E+05 10.48 108 63.06 0.052 3.005 73.423 

6.87E+06 7.3E+05 10.58 109 63.18 0.053 3.033 73.035 

6.76E+06 7.2E+05 10.68 110 63.3 0.053 3.061 72.582 

6.65E+06 7.2E+05 10.78 111 63.42 0.054 3.089 72.042 

6.53E+06 7.1E+05 10.87 112 63.54 0.054 3.117 71.376 

6.40E+06 7.0E+05 10.97 113 63.66 0.055 3.146 70.544 

6.24E+06 6.9E+05 11.07 114 63.77 0.055 3.174 69.503 

6.08E+06 6.8E+05 11.17 115 63.89 0.056 3.203 68.238 

5.89E+06 6.6E+05 11.27 116 63.99 0.056 3.231 66.759 

5.70E+06 6.5E+05 11.37 117 64.09 0.057 3.258 65.100 

5.50E+06 6.3E+05 11.46 118 64.19 0.057 3.285 63.298 

5.29E+06 6.1E+05 11.55 119 64.28 0.058 3.312 61.397 

5.08E+06 5.9E+05 11.65 120 64.35 0.058 3.339 59.434 

4.87E+06 5.7E+05 11.74 121 64.42 0.059 3.366 57.452 
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4.66E+06 5.5E+05 11.84 122 64.48 0.059 3.393 55.475 

4.46E+06 5.3E+05 11.93 123 64.53 0.060 3.421 53.530 

4.27E+06 5.1E+05 12.03 124 64.58 0.060 3.448 51.624 

4.08E+06 5.0E+05 12.13 125 64.62 0.061 3.476 49.770 

3.90E+06 4.8E+05 12.22 126 64.65 0.061 3.504 47.963 

3.73E+06 4.6E+05 12.32 127 64.68 0.062 3.531 46.206 

3.57E+06 4.4E+05 12.42 128 64.7 0.062 3.559 44.496 

3.41E+06 4.3E+05 12.51 129 64.71 0.063 3.587 42.845 

3.26E+06 4.1E+05 12.61 130 64.73 0.063 3.614 41.253 

3.11E+06 4.0E+05 12.70 131 64.74 0.064 3.642 39.727 

2.97E+06 3.8E+05 12.80 132 64.75 0.064 3.669 38.260 

2.84E+06 3.7E+05 12.90 133 64.76 0.065 3.697 36.851 

2.72E+06 3.5E+05 13.00 134 64.76 0.065 3.725 35.491 

2.60E+06 3.4E+05 13.09 135 64.77 0.065 3.753 34.183 

2.48E+06 3.3E+05 13.19 136 64.77 0.066 3.780 32.924 

2.38E+06 3.2E+05 13.29 137 64.78 0.066 3.808 31.719 

2.27E+06 3.0E+05 13.38 138 64.78 0.067 3.835 30.566 

2.18E+06 2.9E+05 13.48 139 64.78 0.067 3.863 29.464 

2.08E+06 2.8E+05 13.58 140 64.77 0.068 3.891 28.407 

1.99E+06 2.7E+05 13.67 141 64.77 0.068 3.919 27.398 

1.91E+06 2.6E+05 13.77 142 64.77 0.069 3.946 26.425 

1.83E+06 2.5E+05 13.87 143 64.77 0.069 3.974 25.486 

1.75E+06 2.4E+05 13.97 144 64.77 0.070 4.002 24.576 

1.68E+06 2.4E+05 14.06 145 64.77 0.070 4.030 23.695 

1.60E+06 2.3E+05 14.16 146 64.77 0.071 4.058 22.839 

1.54E+06 2.2E+05 14.26 147 64.77 0.071 4.086 22.006 

1.47E+06 2.1E+05 14.36 148 64.77 0.072 4.114 21.189 

1.40E+06 2.0E+05 14.45 149 64.78 0.072 4.142 20.391 

1.34E+06 2.0E+05 14.55 150 64.78 0.073 4.169 19.607 

1.28E+06 1.9E+05 14.65 151 64.79 0.073 4.197 18.842 

1.22E+06 1.8E+05 14.74 152 64.8 0.074 4.225 18.098 

1.17E+06 1.7E+05 14.84 153 64.81 0.074 4.252 17.378 

1.11E+06 1.7E+05 14.93 154 64.82 0.075 4.279 16.685 

1.06E+06 1.6E+05 15.03 155 64.83 0.075 4.307 16.021 

1.01E+06 1.5E+05 15.13 156 64.84 0.076 4.334 15.381 

9.65E+05 1.5E+05 15.22 157 64.85 0.076 4.362 14.764 

9.20E+05 1.4E+05 15.32 158 64.86 0.077 4.390 14.169 

8.78E+05 1.4E+05 15.42 159 64.86 0.077 4.418 13.597 

8.37E+05 1.3E+05 15.51 160 64.86 0.078 4.445 13.044 

7.97E+05 1.2E+05 15.61 161 64.87 0.078 4.473 12.511 

7.60E+05 1.2E+05 15.71 162 64.88 0.079 4.500 12.001 

7.25E+05 1.1E+05 15.8 163 64.9 0.079 4.528 11.514 

6.91E+05 1.1E+05 15.9 164 64.91 0.080 4.556 11.045 

6.59E+05 1.1E+05 15.99 165 64.93 0.080 4.583 10.599 

6.29E+05 1.0E+05 16.09 166 64.96 0.080 4.611 10.172 

6.00E+05 9.7E+04 16.19 167 64.99 0.081 4.638 9.765 

5.73E+05 9.3E+04 16.28 168 65.03 0.081 4.666 9.373 

5.47E+05 9.0E+04 16.38 169 65.07 0.082 4.693 9.001 

5.22E+05 8.6E+04 16.48 170 65.11 0.082 4.721 8.642 

4.98E+05 8.3E+04 16.58 171 65.15 0.083 4.749 8.293 

4.75E+05 7.9E+04 16.67 172 65.2 0.083 4.777 7.956 

4.53E+05 7.6E+04 16.77 173 65.24 0.084 4.804 7.633 

4.32E+05 7.3E+04 16.86 174 65.3 0.084 4.832 7.321 

4.12E+05 7.0E+04 16.96 175 65.35 0.085 4.859 7.021 

3.93E+05 6.7E+04 17.06 176 65.42 0.085 4.887 6.732 

3.75E+05 6.4E+04 17.15 177 65.48 0.086 4.914 6.456 

3.57E+05 6.2E+04 17.25 178 65.56 0.086 4.942 6.189 

3.40E+05 5.9E+04 17.35 179 65.63 0.087 4.970 5.935 

3.25E+05 5.7E+04 17.44 180 65.7 0.087 4.998 5.690 

3.09E+05 5.4E+04 17.54 181 65.76 0.088 5.025 5.455 

2.95E+05 5.2E+04 17.64 182 65.84 0.088 5.053 5.228 

2.81E+05 5.0E+04 17.73 183 65.93 0.089 5.081 5.012 

2.68E+05 4.8E+04 17.83 184 66.05 0.089 5.108 4.806 

2.56E+05 4.6E+04 17.92 185 66.15 0.090 5.136 4.612 

2.44E+05 4.4E+04 18.02 186 66.28 0.090 5.163 4.428 

2.34E+05 4.2E+04 18.12 187 66.41 0.091 5.191 4.254 

2.23E+05 4.1E+04 18.22 188 66.54 0.091 5.220 4.087 

2.13E+05 3.9E+04 18.31 189 66.68 0.092 5.248 3.929 

2.04E+05 3.8E+04 18.41 190 66.83 0.092 5.275 3.777 

1.95E+05 3.6E+04 18.51 191 66.98 0.093 5.303 3.633 

1.87E+05 3.5E+04 18.61 192 67.16 0.093 5.331 3.494 

1.79E+05 3.3E+04 18.7 193 67.31 0.094 5.359 3.361 

1.71E+05 3.2E+04 18.8 194 67.49 0.094 5.387 3.232 

1.64E+05 3.1E+04 18.9 195 67.67 0.095 5.415 3.107 

1.56E+05 3.0E+04 18.99 196 67.91 0.095 5.442 2.987 

1.50E+05 2.9E+04 19.09 197 68.1 0.095 5.470 2.873 
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1.43E+05 2.7E+04 19.19 198 68.33 0.096 5.498 2.760 

1.37E+05 2.6E+04 19.29 199 68.58 0.096 5.526 2.653 

1.31E+05 2.5E+04 19.38 200 68.82 0.097 5.554 2.552 

1.25E+05 2.4E+04 19.48 201 69.01 0.097 5.582 2.454 

1.20E+05 2.3E+04 19.58 202 69.27 0.098 5.609 2.360 

1.15E+05 2.3E+04 19.67 203 69.52 0.098 5.637 2.271 

1.10E+05 2.2E+04 19.77 204 69.82 0.099 5.665 2.181 

1.05E+05 2.1E+04 19.87 205 70.1 0.099 5.693 2.096 

1.00E+05 2.0E+04 19.97 206 70.47 0.100 5.720 2.013 

9.61E+04 1.9E+04 20.06 207 70.83 0.100 5.748 1.937 

9.19E+04 1.9E+04 20.16 208 71.23 0.101 5.776 1.863 

8.81E+04 1.8E+04 20.26 209 71.58 0.101 5.804 1.793 

8.41E+04 1.7E+04 20.35 210 72.02 0.102 5.832 1.721 

8.03E+04 1.6E+04 20.45 211 72.47 0.102 5.860 1.650 

7.66E+04 1.6E+04 20.55 212 72.98 0.103 5.887 1.583 

7.32E+04 1.5E+04 20.64 213 73.51 0.103 5.915 1.519 

6.99E+04 1.5E+04 20.74 214 73.94 0.104 5.943 1.457 

6.68E+04 1.4E+04 20.84 215 74.39 0.104 5.971 1.399 

6.39E+04 1.3E+04 20.94 216 74.9 0.105 5.998 1.344 

6.10E+04 1.3E+04 21.03 217 75.43 0.105 6.026 1.290 

5.83E+04 1.2E+04 21.13 218 76.05 0.106 6.054 1.238 

5.58E+04 1.2E+04 21.23 219 76.62 0.106 6.081 1.190 

5.33E+04 1.1E+04 21.32 220 77.29 0.107 6.109 1.142 

5.10E+04 1.1E+04 21.42 221 77.84 0.107 6.137 1.098 

4.88E+04 1.0E+04 21.52 222 78.44 0.108 6.165 1.055 

4.67E+04 1.0E+04 21.61 223 79.04 0.108 6.192 1.015 

4.48E+04 9.7E+03 21.71 224 79.74 0.109 6.220 0.977 

4.30E+04 9.4E+03 21.81 225 80.46 0.109 6.248 0.942 

4.12E+04 9.0E+03 21.9 226 81.25 0.110 6.275 0.907 

3.95E+04 8.7E+03 22 227 82.05 0.110 6.303 0.874 

3.79E+04 8.4E+03 22.1 228 82.95 0.110 6.331 0.841 

3.64E+04 8.1E+03 22.19 229 83.91 0.111 6.359 0.811 

3.49E+04 7.8E+03 22.29 230 84.92 0.111 6.386 0.782 

3.36E+04 7.5E+03 22.39 231 85.95 0.112 6.414 0.755 

3.22E+04 7.2E+03 22.48 232 87.06 0.112 6.442 0.728 

3.10E+04 7.0E+03 22.58 233 88.25 0.113 6.470 0.704 

2.99E+04 6.8E+03 22.68 234 89.26 0.113 6.498 0.680 

2.88E+04 6.6E+03 22.78 235 90 0.114 6.525 0.658 

2.77E+04 6.3E+03 22.87 236 90 0.114 6.553 0.636 

2.68E+04 6.1E+03 22.97 237 90 0.115 6.581 0.618 

2.58E+04 5.9E+03 23.06 238 90 0.115 6.608 0.598 

2.49E+04 5.8E+03 23.16 239 90 0.116 6.636 0.580 

2.40E+04 5.6E+03 23.26 240 90 0.116 6.664 0.562 

2.33E+04 5.4E+03 23.35 241 90 0.117 6.692 0.546 

2.25E+04 5.3E+03 23.45 242 90 0.117 6.719 0.530 

2.18E+04 5.1E+03 23.55 243 90 0.118 6.747 0.515 

2.11E+04 5.0E+03 23.64 244 90 0.118 6.775 0.501 

2.05E+04 4.9E+03 23.74 245 90 0.119 6.802 0.489 

1.99E+04 4.7E+03 23.84 246 90 0.119 6.830 0.477 

1.94E+04 4.6E+03 23.94 247 90 0.120 6.858 0.466 

1.90E+04 4.6E+03 24.03 248 90 0.120 6.886 0.458 

1.85E+04 4.5E+03 24.13 249 90 0.121 6.913 0.449 

1.80E+04 4.4E+03 24.23 250 90 0.121 6.941 0.439 

1.76E+04 4.3E+03 24.32 251 90 0.122 6.969 0.431 

1.72E+04 4.2E+03 24.42 252 90 0.122 6.996 0.422 

1.69E+04 4.1E+03 24.52 253 90 0.123 7.024 0.416 

1.66E+04 4.1E+03 24.61 254 90 0.123 7.052 0.412 

1.63E+04 4.0E+03 24.71 255 90 0.124 7.080 0.405 

1.60E+04 4.0E+03 24.81 256 90 0.124 7.108 0.399 

1.57E+04 3.9E+03 24.9 257 90 0.125 7.135 0.393 

1.54E+04 3.9E+03 25 258 90 0.125 7.163 0.387 

1.52E+04 3.8E+03 25.1 259 90 0.125 7.190 0.383 

1.50E+04 3.8E+03 25.19 260 90 0.126 7.218 0.379 

1.48E+04 3.8E+03 25.29 261 90 0.126 7.246 0.377 

1.46E+04 3.7E+03 25.39 262 90 0.127 7.274 0.372 

1.44E+04 3.7E+03 25.48 263 90 0.127 7.302 0.369 

1.42E+04 3.6E+03 25.58 264 90 0.128 7.329 0.366 

1.41E+04 3.6E+03 25.68 265 90 0.128 7.357 0.365 

1.40E+04 3.6E+03 25.77 266 90 0.129 7.385 0.363 

1.39E+04 3.6E+03 25.87 267 90 0.129 7.412 0.362 

1.40E+04 3.6E+03 25.97 268 90 0.130 7.440 0.364 

1.40E+04 3.6E+03 26.06 269 90 0.130 7.468 0.366 

1.38E+04 3.6E+03 26.16 270 0 0.131 7.496 0.363 

1.39E+04 3.6E+03 26.26 271 0 0.131 7.523 0.366 

1.38E+04 3.6E+03 26.35 272 0 0.132 7.551 0.366 

1.38E+04 3.6E+03 26.45 273 0 0.132 7.579 0.367 
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1.37E+04 3.6E+03 26.55 274 0 0.133 7.607 0.367 

1.38E+04 3.7E+03 26.64 275 0 0.133 7.634 0.370 

1.37E+04 3.7E+03 26.74 276 0 0.134 7.662 0.368 

1.36E+04 3.7E+03 26.84 277 0 0.134 7.690 0.368 

1.36E+04 3.7E+03 26.94 278 0 0.135 7.717 0.367 

1.35E+04 3.7E+03 27.03 279 0 0.135 7.745 0.368 

1.35E+04 3.7E+03 27.13 280 0 0.136 7.773 0.368 

1.35E+04 3.7E+03 27.23 281 0 0.136 7.800 0.370 

1.35E+04 3.7E+03 27.32 282 0 0.137 7.828 0.371 

1.35E+04 3.7E+03 27.42 283 0 0.137 7.856 0.373 

1.35E+04 3.7E+03 27.52 284 0 0.138 7.884 0.373 

1.34E+04 3.7E+03 27.61 285 0 0.138 7.912 0.373 

1.35E+04 3.7E+03 27.71 286 0 0.139 7.939 0.375 

1.35E+04 3.7E+03 27.81 287 0 0.139 7.967 0.377 

1.35E+04 3.8E+03 27.9 288 0 0.140 7.994 0.379 

1.36E+04 3.8E+03 28 289 0 0.140 8.022 0.383 

1.36E+04 3.8E+03 28.1 290 0 0.141 8.050 0.384 

1.37E+04 3.9E+03 28.19 291 0 0.141 8.078 0.387 

1.37E+04 3.9E+03 28.29 292 0 0.141 8.106 0.389 

1.37E+04 3.9E+03 28.39 293 0 0.142 8.133 0.391 

1.37E+04 3.9E+03 28.48 294 0 0.142 8.161 0.392 

1.38E+04 4.0E+03 28.58 295 0 0.143 8.188 0.397 

1.38E+04 4.0E+03 28.68 296 0 0.143 8.216 0.399 

1.38E+04 4.0E+03 28.77 297 0 0.144 8.244 0.400 

1.38E+04 4.0E+03 28.87 298 0 0.144 8.272 0.400 

1.38E+04 4.0E+03 28.97 299 0 0.145 8.300 0.401 

1.38E+04 4.0E+03 29.06 300 0 0.145 8.327 0.402 

1.38E+04 4.0E+03 29.16 301 0 0.146 8.355 0.404 

1.37E+04 4.0E+03 29.26 302 0 0.146 8.383 0.404 

1.38E+04 4.1E+03 29.35 303 0 0.147 8.410 0.408 

1.38E+04 4.1E+03 29.45 304 0 0.147 8.438 0.409 

1.39E+04 4.1E+03 29.55 305 0 0.148 8.466 0.413 

1.39E+04 4.1E+03 29.65 306 0 0.148 8.494 0.414 

1.39E+04 4.1E+03 29.74 307 0 0.149 8.521 0.416 

1.39E+04 4.2E+03 29.84 308 0 0.149 8.549 0.417 

1.40E+04 4.2E+03 29.93 309 0 0.150 8.577 0.420 

1.40E+04 4.2E+03 30.03 310 0 0.150 8.605 0.421 

        

LAS 19ºC BITUMEN - 50/70-E RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.20 2.9E+06 60.99      

0.40 4.7E+06 58.09      

0.60 6.0E+06 56.38      

0.80 7.2E+06 55.14      

1.00 8.3E+06 54.18      

2.00 1.2E+07 51.24      

4.00 1.8E+07 48.34      

6.00 2.3E+07 46.67      

8.00 2.6E+07 45.49      

10.00 2.9E+07 44.58      

20.00 4.1E+07 41.79      

30.00 4.9E+07 40.19      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

2.96E+07 2.9E+04 0.10 1 44.5 0.000 0.028 2.920 

2.97E+07 5.3E+04 0.18 2 44.42 0.001 0.051 5.346 

2.96E+07 8.3E+04 0.28 3 44.46 0.001 0.080 8.349 

2.96E+07 1.1E+05 0.39 4 44.5 0.002 0.111 11.513 

2.95E+07 1.5E+05 0.49 5 44.55 0.002 0.141 14.643 

2.95E+07 1.8E+05 0.60 6 44.6 0.003 0.171 17.668 

2.94E+07 2.1E+05 0.70 7 44.66 0.003 0.200 20.604 

2.94E+07 2.3E+05 0.80 8 44.73 0.004 0.228 23.460 

2.93E+07 2.6E+05 0.89 9 44.8 0.004 0.256 26.259 

2.92E+07 2.9E+05 0.99 10 44.88 0.005 0.283 29.014 

2.91E+07 3.2E+05 1.09 11 44.98 0.005 0.311 31.725 

2.90E+07 3.4E+05 1.18 12 45.08 0.006 0.339 34.401 

2.88E+07 3.7E+05 1.28 13 45.19 0.006 0.366 37.032 

2.87E+07 3.9E+05 1.37 14 45.32 0.007 0.394 39.624 

2.85E+07 4.2E+05 1.47 15 45.45 0.007 0.421 42.175 

2.84E+07 4.4E+05 1.57 16 45.59 0.008 0.449 44.683 

2.82E+07 4.7E+05 1.66 17 45.74 0.008 0.476 47.146 
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2.80E+07 4.9E+05 1.76 18 45.89 0.009 0.504 49.563 

2.78E+07 5.2E+05 1.86 19 46.05 0.009 0.532 51.929 

2.76E+07 5.4E+05 1.95 20 46.22 0.010 0.559 54.241 

2.74E+07 5.6E+05 2.05 21 46.4 0.010 0.587 56.494 

2.72E+07 5.8E+05 2.15 22 46.59 0.011 0.615 58.694 

2.70E+07 6.1E+05 2.24 23 46.79 0.011 0.642 60.830 

2.68E+07 6.3E+05 2.34 24 47 0.012 0.670 62.901 

2.65E+07 6.5E+05 2.44 25 47.2 0.012 0.698 64.915 

2.63E+07 6.7E+05 2.53 26 47.42 0.013 0.725 66.871 

2.60E+07 6.8E+05 2.63 27 47.63 0.013 0.753 68.766 

2.58E+07 7.0E+05 2.73 28 47.85 0.014 0.781 70.600 

2.55E+07 7.2E+05 2.82 29 48.08 0.014 0.809 72.367 

2.53E+07 7.4E+05 2.92 30 48.3 0.015 0.836 74.077 

2.50E+07 7.5E+05 3.02 31 48.53 0.015 0.864 75.724 

2.47E+07 7.7E+05 3.11 32 48.77 0.016 0.892 77.316 

2.45E+07 7.8E+05 3.21 33 49 0.016 0.919 78.846 

2.42E+07 8.0E+05 3.31 34 49.23 0.017 0.947 80.316 

2.39E+07 8.1E+05 3.40 35 49.47 0.017 0.975 81.732 

2.36E+07 8.3E+05 3.50 36 49.71 0.017 1.003 83.089 

2.34E+07 8.4E+05 3.60 37 49.95 0.018 1.030 84.387 

2.31E+07 8.5E+05 3.69 38 50.18 0.018 1.058 85.636 

2.28E+07 8.6E+05 3.79 39 50.42 0.019 1.086 86.834 

2.25E+07 8.8E+05 3.89 40 50.65 0.019 1.113 87.981 

2.23E+07 8.9E+05 3.98 41 50.89 0.020 1.141 89.076 

2.20E+07 9.0E+05 4.08 42 51.12 0.020 1.169 90.121 

2.17E+07 9.1E+05 4.18 43 51.36 0.021 1.196 91.118 

2.14E+07 9.2E+05 4.27 44 51.6 0.021 1.224 92.065 

2.12E+07 9.3E+05 4.37 45 51.83 0.022 1.252 92.966 

2.09E+07 9.3E+05 4.46 46 52.07 0.022 1.280 93.824 

2.06E+07 9.4E+05 4.56 47 52.3 0.023 1.307 94.640 

2.04E+07 9.5E+05 4.66 48 52.53 0.023 1.335 95.417 

2.01E+07 9.6E+05 4.75 49 52.76 0.024 1.363 96.152 

1.99E+07 9.6E+05 4.85 50 52.98 0.024 1.390 96.851 

1.96E+07 9.7E+05 4.95 51 53.19 0.025 1.419 97.717 

1.94E+07 9.8E+05 5.05 52 53.39 0.025 1.448 98.538 

1.92E+07 9.9E+05 5.15 53 53.6 0.026 1.477 99.281 

1.89E+07 9.9E+05 5.26 54 53.82 0.026 1.506 99.940 

1.87E+07 1.0E+06 5.36 55 54.04 0.027 1.535 100.511 

1.84E+07 1.0E+06 5.45 56 54.26 0.027 1.563 100.998 

1.82E+07 1.0E+06 5.55 57 54.48 0.028 1.591 101.415 

1.79E+07 1.0E+06 5.65 58 54.7 0.028 1.619 101.788 

1.77E+07 1.0E+06 5.74 59 54.91 0.029 1.646 102.134 

1.75E+07 1.0E+06 5.84 60 55.12 0.029 1.674 102.465 

1.72E+07 1.0E+06 5.94 61 55.32 0.030 1.702 102.781 

1.70E+07 1.0E+06 6.03 62 55.53 0.030 1.729 103.078 

1.68E+07 1.0E+06 6.13 63 55.73 0.031 1.757 103.352 

1.66E+07 1.0E+06 6.23 64 55.93 0.031 1.785 103.608 

1.63E+07 1.0E+06 6.32 65 56.13 0.032 1.813 103.846 

1.61E+07 1.0E+06 6.42 66 56.32 0.032 1.840 104.067 

1.59E+07 1.0E+06 6.52 67 56.52 0.033 1.868 104.272 

1.57E+07 1.0E+06 6.61 68 56.71 0.033 1.896 104.459 

1.55E+07 1.0E+06 6.71 69 56.89 0.034 1.923 104.626 

1.53E+07 1.0E+06 6.81 70 57.08 0.034 1.951 104.776 

1.51E+07 1.0E+06 6.90 71 57.26 0.035 1.979 104.913 

1.49E+07 1.0E+06 7.00 72 57.44 0.035 2.007 105.033 

1.47E+07 1.0E+06 7.10 73 57.62 0.036 2.034 105.140 

1.46E+07 1.0E+06 7.19 74 57.8 0.036 2.062 105.236 

1.44E+07 1.0E+06 7.29 75 57.97 0.036 2.090 105.315 

1.42E+07 1.0E+06 7.39 76 58.14 0.037 2.117 105.381 

1.40E+07 1.0E+06 7.48 77 58.31 0.037 2.145 105.430 

1.38E+07 1.0E+06 7.58 78 58.48 0.038 2.173 105.467 

1.37E+07 1.0E+06 7.68 79 58.64 0.038 2.200 105.492 

1.35E+07 1.0E+06 7.77 80 58.81 0.039 2.228 105.506 

1.33E+07 1.0E+06 7.87 81 58.97 0.039 2.256 105.513 

1.32E+07 1.0E+06 7.97 82 59.13 0.040 2.284 105.511 

1.30E+07 1.0E+06 8.06 83 59.28 0.040 2.311 105.496 

1.29E+07 1.0E+06 8.16 84 59.44 0.041 2.339 105.473 

1.27E+07 1.0E+06 8.26 85 59.59 0.041 2.367 105.435 

1.26E+07 1.0E+06 8.35 86 59.75 0.042 2.395 105.384 

1.24E+07 1.0E+06 8.45 87 59.9 0.042 2.422 105.326 

1.23E+07 1.0E+06 8.55 88 60.05 0.043 2.450 105.259 

1.21E+07 1.0E+06 8.64 89 60.19 0.043 2.478 105.184 

1.20E+07 1.0E+06 8.74 90 60.34 0.044 2.505 105.100 

1.18E+07 1.0E+06 8.84 91 60.48 0.044 2.533 105.008 

1.17E+07 1.0E+06 8.93 92 60.62 0.045 2.561 104.911 

1.15E+07 1.0E+06 9.03 93 60.76 0.045 2.588 104.807 
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1.14E+07 1.0E+06 9.13 94 60.9 0.046 2.616 104.696 

1.13E+07 1.0E+06 9.22 95 61.04 0.046 2.644 104.574 

1.11E+07 1.0E+06 9.32 96 61.18 0.047 2.672 104.441 

1.10E+07 1.0E+06 9.42 97 61.31 0.047 2.699 104.301 

1.09E+07 1.0E+06 9.51 98 61.45 0.048 2.727 104.156 

1.08E+07 1.0E+06 9.61 99 61.58 0.048 2.755 104.009 

1.06E+07 1.0E+06 9.71 100 61.71 0.049 2.782 103.861 

1.05E+07 1.0E+06 9.80 101 61.84 0.049 2.810 103.704 

1.04E+07 1.0E+06 9.90 102 61.97 0.050 2.838 103.542 

1.03E+07 1.0E+06 10.00 103 62.09 0.050 2.866 103.374 

1.02E+07 1.0E+06 10.09 104 62.22 0.050 2.893 103.194 

1.01E+07 1.0E+06 10.19 105 62.34 0.051 2.921 103.005 

9.94E+06 1.0E+06 10.29 106 62.46 0.051 2.949 102.814 

9.83E+06 1.0E+06 10.38 107 62.59 0.052 2.976 102.616 

9.72E+06 1.0E+06 10.48 108 62.71 0.052 3.004 102.414 

9.61E+06 1.0E+06 10.58 109 62.82 0.053 3.032 102.210 

9.51E+06 1.0E+06 10.67 110 62.94 0.053 3.060 101.996 

9.40E+06 1.0E+06 10.77 111 63.06 0.054 3.087 101.777 

9.30E+06 1.0E+06 10.87 112 63.18 0.054 3.115 101.542 

9.19E+06 1.0E+06 10.96 113 63.29 0.055 3.143 101.300 

9.09E+06 1.0E+06 11.06 114 63.41 0.055 3.171 101.047 

8.99E+06 1.0E+06 11.16 115 63.52 0.056 3.198 100.782 

8.89E+06 1.0E+06 11.26 116 63.63 0.056 3.226 100.505 

8.78E+06 1.0E+06 11.35 117 63.74 0.057 3.254 100.222 

8.68E+06 9.9E+05 11.45 118 63.85 0.057 3.282 99.926 

8.59E+06 9.9E+05 11.55 119 63.96 0.058 3.309 99.615 

8.49E+06 9.9E+05 11.64 120 64.07 0.058 3.337 99.286 

8.39E+06 9.8E+05 11.74 121 64.18 0.059 3.365 98.938 

8.28E+06 9.8E+05 11.84 122 64.29 0.059 3.393 98.550 

8.18E+06 9.8E+05 11.93 123 64.4 0.060 3.421 98.136 

8.08E+06 9.7E+05 12.03 124 64.5 0.060 3.448 97.688 

7.97E+06 9.7E+05 12.13 125 64.61 0.061 3.476 97.195 

7.87E+06 9.6E+05 12.22 126 64.72 0.061 3.504 96.633 

7.75E+06 9.6E+05 12.32 127 64.82 0.062 3.532 95.980 

7.63E+06 9.5E+05 12.42 128 64.93 0.062 3.561 95.196 

7.49E+06 9.4E+05 12.52 129 65.04 0.063 3.589 94.229 

7.34E+06 9.3E+05 12.62 130 65.15 0.063 3.618 93.042 

7.17E+06 9.1E+05 12.72 131 65.25 0.064 3.646 91.634 

6.99E+06 9.0E+05 12.81 132 65.34 0.064 3.674 90.008 

6.80E+06 8.8E+05 12.91 133 65.43 0.065 3.701 88.183 

6.59E+06 8.6E+05 13.01 134 65.51 0.065 3.729 86.174 

6.38E+06 8.4E+05 13.10 135 65.58 0.066 3.756 84.023 

6.16E+06 8.1E+05 13.20 136 65.65 0.066 3.783 81.754 

5.94E+06 7.9E+05 13.29 137 65.7 0.067 3.811 79.380 

5.72E+06 7.7E+05 13.39 138 65.74 0.067 3.839 76.920 

5.49E+06 7.4E+05 13.49 139 65.77 0.067 3.866 74.425 

5.27E+06 7.2E+05 13.58 140 65.8 0.068 3.893 71.931 

5.05E+06 6.9E+05 13.68 141 65.81 0.068 3.920 69.446 

4.84E+06 6.7E+05 13.77 142 65.82 0.069 3.948 66.962 

4.63E+06 6.4E+05 13.87 143 65.83 0.069 3.976 64.487 

4.42E+06 6.2E+05 13.97 144 65.83 0.070 4.004 62.007 

4.21E+06 5.9E+05 14.07 145 65.82 0.070 4.032 59.519 

4.01E+06 5.7E+05 14.16 146 65.81 0.071 4.060 57.032 

3.81E+06 5.4E+05 14.26 147 65.79 0.071 4.087 54.585 

3.62E+06 5.2E+05 14.35 148 65.76 0.072 4.114 52.194 

3.44E+06 5.0E+05 14.45 149 65.73 0.072 4.141 49.888 

3.26E+06 4.7E+05 14.54 150 65.69 0.073 4.169 47.657 

3.09E+06 4.5E+05 14.64 151 65.65 0.073 4.196 45.506 

2.93E+06 4.3E+05 14.74 152 65.6 0.074 4.225 43.419 

2.78E+06 4.1E+05 14.84 153 65.55 0.074 4.253 41.385 

2.63E+06 3.9E+05 14.93 154 65.49 0.075 4.280 39.419 

2.48E+06 3.7E+05 15.03 155 65.43 0.075 4.308 37.526 

2.35E+06 3.6E+05 15.12 156 65.36 0.076 4.335 35.716 

2.22E+06 3.4E+05 15.22 157 65.29 0.076 4.362 33.995 

2.10E+06 3.2E+05 15.32 158 65.23 0.077 4.390 32.359 

1.99E+06 3.1E+05 15.41 159 65.16 0.077 4.418 30.792 

1.88E+06 2.9E+05 15.51 160 65.09 0.078 4.446 29.302 

1.78E+06 2.8E+05 15.61 161 65.03 0.078 4.473 27.895 

1.68E+06 2.6E+05 15.7 162 64.96 0.079 4.500 26.577 

1.60E+06 2.5E+05 15.8 163 64.89 0.079 4.527 25.342 

1.51E+06 2.4E+05 15.89 164 64.82 0.080 4.555 24.176 

1.43E+06 2.3E+05 15.99 165 64.75 0.080 4.584 23.065 

1.36E+06 2.2E+05 16.09 166 64.69 0.080 4.612 22.000 

1.29E+06 2.1E+05 16.19 167 64.62 0.081 4.640 20.979 

1.22E+06 2.0E+05 16.29 168 64.56 0.081 4.667 20.009 

1.16E+06 1.9E+05 16.38 169 64.5 0.082 4.694 19.087 



300 

 

1.10E+06 1.8E+05 16.48 170 64.44 0.082 4.722 18.213 

1.04E+06 1.7E+05 16.57 171 64.4 0.083 4.749 17.388 

9.90E+05 1.7E+05 16.67 172 64.36 0.083 4.778 16.587 

9.38E+05 1.6E+05 16.77 173 64.32 0.084 4.806 15.816 

8.90E+05 1.5E+05 16.87 174 64.29 0.084 4.834 15.083 

8.44E+05 1.4E+05 16.96 175 64.26 0.085 4.860 14.389 

8.01E+05 1.4E+05 17.06 176 64.24 0.085 4.888 13.724 

7.60E+05 1.3E+05 17.15 177 64.2 0.086 4.915 13.106 

7.20E+05 1.2E+05 17.26 178 64.2 0.086 4.945 12.489 

6.80E+05 1.2E+05 17.36 179 64.22 0.087 4.975 11.872 

6.44E+05 1.1E+05 17.45 180 64.19 0.087 5.000 11.294 

6.10E+05 1.1E+05 17.54 181 64.13 0.088 5.026 10.748 

5.76E+05 1.0E+05 17.64 182 64.17 0.088 5.055 10.205 

5.43E+05 9.6E+04 17.74 183 64.23 0.089 5.083 9.685 

5.14E+05 9.2E+04 17.83 184 64.3 0.089 5.108 9.200 

4.86E+05 8.7E+04 17.92 185 64.38 0.090 5.134 8.752 

4.61E+05 8.3E+04 18.01 186 64.43 0.090 5.160 8.344 

4.38E+05 7.9E+04 18.11 187 64.47 0.091 5.188 7.965 

4.15E+05 7.6E+04 18.22 188 64.61 0.091 5.219 7.589 

3.93E+05 7.2E+04 18.31 189 64.73 0.092 5.248 7.231 

3.73E+05 6.9E+04 18.41 190 64.86 0.092 5.274 6.902 

3.55E+05 6.6E+04 18.5 191 64.81 0.093 5.300 6.604 

3.37E+05 6.3E+04 18.6 192 64.86 0.093 5.330 6.301 

3.19E+05 6.0E+04 18.71 193 65.09 0.094 5.360 5.988 

3.02E+05 5.7E+04 18.8 194 65.18 0.094 5.386 5.704 

2.85E+05 5.4E+04 18.89 195 65.48 0.094 5.413 5.415 

2.70E+05 5.1E+04 18.98 196 65.75 0.095 5.439 5.151 

2.56E+05 4.9E+04 19.08 197 65.98 0.095 5.466 4.904 

2.42E+05 4.6E+04 19.18 198 66.21 0.096 5.495 4.667 

2.29E+05 4.4E+04 19.28 199 66.44 0.096 5.524 4.441 

2.17E+05 4.2E+04 19.38 200 66.69 0.097 5.552 4.225 

2.05E+05 4.0E+04 19.47 201 66.95 0.097 5.580 4.016 

1.94E+05 3.8E+04 19.57 202 67.27 0.098 5.607 3.816 

1.83E+05 3.6E+04 19.67 203 67.62 0.098 5.635 3.627 

1.74E+05 3.4E+04 19.76 204 68.01 0.099 5.662 3.453 

1.65E+05 3.3E+04 19.86 205 68.31 0.099 5.691 3.284 

1.55E+05 3.1E+04 19.96 206 68.68 0.100 5.719 3.119 

1.47E+05 2.9E+04 20.06 207 69.08 0.100 5.747 2.964 

1.39E+05 2.8E+04 20.15 208 69.52 0.101 5.775 2.816 

1.32E+05 2.7E+04 20.25 209 69.96 0.101 5.802 2.679 

1.25E+05 2.5E+04 20.35 210 70.38 0.102 5.830 2.550 

1.18E+05 2.4E+04 20.45 211 70.8 0.102 5.858 2.426 

1.12E+05 2.3E+04 20.54 212 71.29 0.103 5.886 2.309 

1.06E+05 2.2E+04 20.64 213 71.83 0.103 5.914 2.200 

1.01E+05 2.1E+04 20.74 214 72.39 0.104 5.942 2.095 

9.52E+04 2.0E+04 20.84 215 72.92 0.104 5.970 1.993 

9.02E+04 1.9E+04 20.93 216 73.61 0.105 5.997 1.897 

8.56E+04 1.8E+04 21.03 217 74.29 0.105 6.025 1.809 

8.10E+04 1.7E+04 21.13 218 75.06 0.106 6.053 1.719 

7.66E+04 1.6E+04 21.22 219 75.85 0.106 6.081 1.635 

7.25E+04 1.5E+04 21.32 220 76.78 0.107 6.108 1.554 

6.87E+04 1.5E+04 21.42 221 77.75 0.107 6.136 1.480 

6.52E+04 1.4E+04 21.51 222 78.75 0.108 6.164 1.409 

6.34E+04 1.4E+04 21.6 223 79.8 0.108 6.190 1.378 

6.00E+04 1.3E+04 21.71 224 79.99 0.109 6.221 1.309 

5.72E+04 1.2E+04 21.81 225 80.7 0.109 6.249 1.253 

5.39E+04 1.2E+04 21.9 226 82.12 0.110 6.275 1.186 

5.12E+04 1.1E+04 22 227 83.38 0.110 6.303 1.133 

4.84E+04 1.1E+04 22.1 228 84.66 0.110 6.331 1.075 

4.60E+04 1.0E+04 22.19 229 85.83 0.111 6.359 1.027 

4.41E+04 9.8E+03 22.29 230 87 0.111 6.386 0.987 

4.21E+04 9.4E+03 22.39 231 87.72 0.112 6.415 0.948 

4.03E+04 9.1E+03 22.48 232 88.82 0.112 6.442 0.910 

3.87E+04 8.7E+03 22.58 233 89.55 0.113 6.470 0.879 

3.72E+04 8.4E+03 22.68 234 90 0.113 6.497 0.848 

3.56E+04 8.1E+03 22.77 235 90 0.114 6.525 0.816 

3.42E+04 7.8E+03 22.87 236 90 0.114 6.553 0.787 

3.30E+04 7.6E+03 22.97 237 90 0.115 6.581 0.761 

3.18E+04 7.3E+03 23.06 238 90 0.115 6.608 0.736 

3.06E+04 7.1E+03 23.16 239 90 0.116 6.636 0.712 

2.96E+04 6.9E+03 23.26 240 90 0.116 6.664 0.691 

2.85E+04 6.7E+03 23.36 241 90 0.117 6.692 0.668 

2.75E+04 6.4E+03 23.45 242 90 0.117 6.719 0.648 

2.66E+04 6.3E+03 23.55 243 90 0.118 6.747 0.629 

2.57E+04 6.1E+03 23.64 244 90 0.118 6.775 0.611 

2.49E+04 5.9E+03 23.74 245 90 0.119 6.803 0.594 
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2.42E+04 5.8E+03 23.84 246 90 0.119 6.830 0.579 

2.35E+04 5.6E+03 23.94 247 90 0.120 6.858 0.565 

2.29E+04 5.5E+03 24.03 248 90 0.120 6.886 0.553 

2.23E+04 5.4E+03 24.13 249 90 0.121 6.913 0.541 

2.18E+04 5.3E+03 24.23 250 90 0.121 6.941 0.530 

2.12E+04 5.2E+03 24.32 251 90 0.122 6.969 0.519 

2.07E+04 5.1E+03 24.42 252 90 0.122 6.997 0.508 

2.02E+04 4.9E+03 24.52 253 90 0.123 7.025 0.497 

1.97E+04 4.9E+03 24.61 254 90 0.123 7.052 0.488 

1.93E+04 4.8E+03 24.71 255 90 0.124 7.080 0.479 

1.89E+04 4.7E+03 24.81 256 90 0.124 7.108 0.472 

1.85E+04 4.6E+03 24.9 257 90 0.125 7.136 0.463 

1.82E+04 4.6E+03 25 258 90 0.125 7.163 0.457 

1.79E+04 4.5E+03 25.1 259 90 0.126 7.191 0.451 

1.76E+04 4.4E+03 25.19 260 90 0.126 7.218 0.446 

1.74E+04 4.4E+03 25.29 261 90 0.126 7.246 0.443 

1.72E+04 4.4E+03 25.39 262 90 0.127 7.274 0.439 

1.69E+04 4.3E+03 25.48 263 90 0.127 7.302 0.434 

1.67E+04 4.3E+03 25.58 264 90 0.128 7.330 0.429 

1.65E+04 4.2E+03 25.68 265 90 0.128 7.357 0.426 

1.67E+04 4.3E+03 25.77 266 90 0.129 7.384 0.432 

1.65E+04 4.3E+03 25.87 267 90 0.129 7.412 0.430 

1.64E+04 4.3E+03 25.97 268 90 0.130 7.440 0.428 

1.64E+04 4.3E+03 26.06 269 90 0.130 7.468 0.429 

1.60E+04 4.2E+03 26.16 270 0 0.131 7.496 0.421 

1.58E+04 4.1E+03 26.26 271 0 0.131 7.524 0.416 

1.55E+04 4.1E+03 26.35 272 0 0.132 7.551 0.411 

1.53E+04 4.0E+03 26.45 273 0 0.132 7.579 0.406 

1.52E+04 4.0E+03 26.55 274 0 0.133 7.606 0.406 

1.50E+04 4.0E+03 26.64 275 0 0.133 7.634 0.402 

1.49E+04 4.0E+03 26.74 276 0 0.134 7.662 0.400 

1.48E+04 4.0E+03 26.84 277 0 0.134 7.690 0.399 

1.46E+04 3.9E+03 26.94 278 0 0.135 7.718 0.396 

1.47E+04 4.0E+03 27.03 279 0 0.135 7.745 0.399 

1.45E+04 3.9E+03 27.13 280 0 0.136 7.773 0.395 

1.43E+04 3.9E+03 27.23 281 0 0.136 7.801 0.391 

1.42E+04 3.9E+03 27.32 282 0 0.137 7.829 0.390 

1.41E+04 3.9E+03 27.42 283 0 0.137 7.856 0.388 

1.40E+04 3.9E+03 27.52 284 0 0.138 7.884 0.387 

1.41E+04 3.9E+03 27.61 285 0 0.138 7.911 0.391 

1.40E+04 3.9E+03 27.71 286 0 0.139 7.939 0.390 

1.40E+04 3.9E+03 27.81 287 0 0.139 7.967 0.391 

1.39E+04 3.9E+03 27.9 288 0 0.140 7.995 0.391 

1.40E+04 3.9E+03 28 289 0 0.140 8.023 0.393 

1.39E+04 3.9E+03 28.1 290 0 0.141 8.050 0.393 

1.38E+04 3.9E+03 28.19 291 0 0.141 8.078 0.392 

1.38E+04 3.9E+03 28.29 292 0 0.141 8.106 0.393 

1.37E+04 3.9E+03 28.39 293 0 0.142 8.134 0.391 

1.37E+04 3.9E+03 28.48 294 0 0.142 8.161 0.391 

1.35E+04 3.9E+03 28.58 295 0 0.143 8.189 0.389 

1.35E+04 3.9E+03 28.68 296 0 0.143 8.217 0.388 

1.34E+04 3.9E+03 28.77 297 0 0.144 8.244 0.387 

1.34E+04 3.9E+03 28.87 298 0 0.144 8.272 0.390 

1.34E+04 3.9E+03 28.97 299 0 0.145 8.300 0.390 

1.34E+04 3.9E+03 29.06 300 0 0.145 8.328 0.391 

1.33E+04 3.9E+03 29.16 301 0 0.146 8.355 0.391 

1.33E+04 3.9E+03 29.26 302 0 0.146 8.383 0.392 

1.33E+04 3.9E+03 29.35 303 0 0.147 8.411 0.393 

1.34E+04 3.9E+03 29.45 304 0 0.147 8.438 0.396 

1.34E+04 4.0E+03 29.55 305 0 0.148 8.466 0.397 

1.34E+04 4.0E+03 29.64 306 0 0.148 8.494 0.400 

1.35E+04 4.0E+03 29.74 307 0 0.149 8.522 0.403 

1.37E+04 4.1E+03 29.84 308 0 0.149 8.549 0.409 

1.37E+04 4.1E+03 29.93 309 0 0.150 8.577 0.413 

1.38E+04 4.1E+03 30.03 310 0 0.150 8.605 0.416 

        

LAS 19ºC BITUMEN - 50/70-F RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.20 1.7E+06 48.45      

0.40 2.5E+06 47.20      

0.60 3.1E+06 46.45      

0.80 3.6E+06 45.93      

1.00 4.0E+06 45.51      



302 

 

2.00 5.7E+06 44.19      

4.00 7.9E+06 42.84      

6.00 9.6E+06 42.05      

8.00 1.1E+07 41.48      

10.00 1.2E+07 41.04      

20.00 1.7E+07 39.77      

30.00 2.0E+07 39.19      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

1.22E+07 1.2E+04 0.10 1 41.08 0.000 0.028 1.217 

1.22E+07 2.2E+04 0.18 2 40.94 0.001 0.052 2.219 

1.22E+07 3.5E+04 0.28 3 40.99 0.001 0.081 3.477 

1.22E+07 4.8E+04 0.39 4 41.03 0.002 0.112 4.793 

1.22E+07 6.0E+04 0.50 5 41.07 0.002 0.142 6.079 

1.22E+07 7.3E+04 0.60 6 41.13 0.003 0.171 7.322 

1.22E+07 8.5E+04 0.70 7 41.19 0.003 0.200 8.525 

1.21E+07 9.7E+04 0.80 8 41.27 0.004 0.228 9.705 

1.21E+07 1.1E+05 0.89 9 41.34 0.004 0.256 10.862 

1.21E+07 1.2E+05 0.99 10 41.43 0.005 0.284 12.000 

1.20E+07 1.3E+05 1.09 11 41.52 0.005 0.311 13.124 

1.20E+07 1.4E+05 1.18 12 41.62 0.006 0.339 14.233 

1.19E+07 1.5E+05 1.28 13 41.74 0.006 0.366 15.331 

1.19E+07 1.6E+05 1.37 14 41.85 0.007 0.394 16.417 

1.18E+07 1.7E+05 1.47 15 41.98 0.007 0.421 17.485 

1.18E+07 1.8E+05 1.57 16 42.11 0.008 0.449 18.540 

1.17E+07 1.9E+05 1.66 17 42.24 0.008 0.476 19.577 

1.17E+07 2.0E+05 1.76 18 42.39 0.009 0.504 20.602 

1.16E+07 2.2E+05 1.86 19 42.54 0.009 0.531 21.608 

1.15E+07 2.2E+05 1.95 20 42.7 0.010 0.559 22.594 

1.14E+07 2.3E+05 2.05 21 42.86 0.010 0.587 23.561 

1.14E+07 2.4E+05 2.14 22 43.02 0.011 0.614 24.512 

1.13E+07 2.5E+05 2.24 23 43.18 0.011 0.642 25.445 

1.12E+07 2.6E+05 2.34 24 43.35 0.012 0.670 26.362 

1.11E+07 2.7E+05 2.43 25 43.52 0.012 0.697 27.257 

1.11E+07 2.8E+05 2.53 26 43.7 0.013 0.725 28.132 

1.10E+07 2.9E+05 2.63 27 43.87 0.013 0.753 28.986 

1.09E+07 3.0E+05 2.72 28 44.05 0.014 0.780 29.822 

1.08E+07 3.0E+05 2.82 29 44.23 0.014 0.808 30.639 

1.07E+07 3.1E+05 2.92 30 44.42 0.015 0.836 31.436 

1.06E+07 3.2E+05 3.01 31 44.6 0.015 0.864 32.214 

1.05E+07 3.3E+05 3.11 32 44.79 0.016 0.891 32.973 

1.05E+07 3.4E+05 3.21 33 44.97 0.016 0.919 33.710 

1.04E+07 3.4E+05 3.30 34 45.16 0.017 0.947 34.432 

1.03E+07 3.5E+05 3.40 35 45.34 0.017 0.974 35.134 

1.02E+07 3.6E+05 3.50 36 45.53 0.017 1.002 35.818 

1.01E+07 3.6E+05 3.59 37 45.71 0.018 1.030 36.484 

1.00E+07 3.7E+05 3.69 38 45.9 0.018 1.057 37.132 

9.92E+06 3.8E+05 3.79 39 46.09 0.019 1.085 37.763 

9.83E+06 3.8E+05 3.88 40 46.27 0.019 1.113 38.376 

9.74E+06 3.9E+05 3.98 41 46.46 0.020 1.141 38.972 

9.65E+06 3.9E+05 4.08 42 46.64 0.020 1.168 39.553 

9.56E+06 4.0E+05 4.17 43 46.82 0.021 1.196 40.118 

9.48E+06 4.0E+05 4.27 44 47 0.021 1.224 40.671 

9.39E+06 4.1E+05 4.37 45 47.18 0.022 1.251 41.207 

9.30E+06 4.2E+05 4.46 46 47.36 0.022 1.279 41.727 

9.21E+06 4.2E+05 4.56 47 47.54 0.023 1.307 42.233 

9.13E+06 4.3E+05 4.66 48 47.71 0.023 1.335 42.725 

9.04E+06 4.3E+05 4.75 49 47.89 0.024 1.362 43.203 

8.96E+06 4.3E+05 4.85 50 48.06 0.024 1.390 43.671 

8.88E+06 4.4E+05 4.95 51 48.22 0.025 1.418 44.186 

8.81E+06 4.4E+05 5.05 52 48.38 0.025 1.447 44.682 

8.73E+06 4.5E+05 5.15 53 48.54 0.026 1.475 45.161 

8.65E+06 4.5E+05 5.25 54 48.7 0.026 1.504 45.624 

8.56E+06 4.6E+05 5.35 55 48.87 0.027 1.534 46.063 

8.48E+06 4.6E+05 5.45 56 49.04 0.027 1.562 46.473 

8.40E+06 4.7E+05 5.55 57 49.21 0.028 1.591 46.853 

8.32E+06 4.7E+05 5.65 58 49.38 0.028 1.619 47.210 

8.24E+06 4.7E+05 5.75 59 49.54 0.029 1.646 47.551 

8.16E+06 4.8E+05 5.84 60 49.7 0.029 1.674 47.882 

8.08E+06 4.8E+05 5.94 61 49.86 0.030 1.702 48.205 

8.00E+06 4.8E+05 6.03 62 50.02 0.030 1.729 48.521 

7.92E+06 4.9E+05 6.13 63 50.17 0.031 1.757 48.829 

7.85E+06 4.9E+05 6.23 64 50.33 0.031 1.785 49.130 

7.77E+06 4.9E+05 6.33 65 50.48 0.032 1.812 49.422 
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7.70E+06 4.9E+05 6.42 66 50.63 0.032 1.840 49.706 

7.63E+06 5.0E+05 6.52 67 50.78 0.033 1.868 49.982 

7.56E+06 5.0E+05 6.62 68 50.93 0.033 1.896 50.250 

7.49E+06 5.0E+05 6.71 69 51.07 0.034 1.923 50.511 

7.42E+06 5.1E+05 6.81 70 51.21 0.034 1.951 50.764 

7.35E+06 5.1E+05 6.91 71 51.36 0.035 1.979 51.010 

7.28E+06 5.1E+05 7.00 72 51.5 0.035 2.006 51.248 

7.22E+06 5.1E+05 7.10 73 51.64 0.036 2.034 51.479 

7.15E+06 5.1E+05 7.20 74 51.77 0.036 2.062 51.704 

7.09E+06 5.2E+05 7.29 75 51.91 0.036 2.090 51.922 

7.02E+06 5.2E+05 7.39 76 52.04 0.037 2.117 52.134 

6.96E+06 5.2E+05 7.49 77 52.17 0.037 2.145 52.341 

6.89E+06 5.2E+05 7.58 78 52.31 0.038 2.173 52.540 

6.83E+06 5.2E+05 7.68 79 52.44 0.038 2.201 52.734 

6.77E+06 5.3E+05 7.78 80 52.57 0.039 2.228 52.922 

6.71E+06 5.3E+05 7.87 81 52.69 0.039 2.256 53.103 

6.65E+06 5.3E+05 7.97 82 52.82 0.040 2.284 53.278 

6.59E+06 5.3E+05 8.07 83 52.94 0.040 2.311 53.448 

6.54E+06 5.3E+05 8.16 84 53.07 0.041 2.339 53.612 

6.48E+06 5.4E+05 8.26 85 53.19 0.041 2.367 53.771 

6.42E+06 5.4E+05 8.36 86 53.31 0.042 2.395 53.926 

6.37E+06 5.4E+05 8.45 87 53.43 0.042 2.422 54.074 

6.31E+06 5.4E+05 8.55 88 53.55 0.043 2.450 54.219 

6.26E+06 5.4E+05 8.65 89 53.66 0.043 2.478 54.358 

6.20E+06 5.4E+05 8.74 90 53.78 0.044 2.505 54.494 

6.15E+06 5.4E+05 8.84 91 53.89 0.044 2.533 54.625 

6.10E+06 5.4E+05 8.94 92 54.01 0.045 2.561 54.751 

6.04E+06 5.5E+05 9.03 93 54.12 0.045 2.589 54.874 

5.99E+06 5.5E+05 9.13 94 54.23 0.046 2.616 54.992 

5.94E+06 5.5E+05 9.23 95 54.34 0.046 2.644 55.105 

5.89E+06 5.5E+05 9.32 96 54.45 0.047 2.672 55.214 

5.84E+06 5.5E+05 9.42 97 54.55 0.047 2.699 55.319 

5.79E+06 5.5E+05 9.52 98 54.66 0.048 2.727 55.422 

5.75E+06 5.5E+05 9.61 99 54.77 0.048 2.755 55.521 

5.70E+06 5.5E+05 9.71 100 54.87 0.049 2.783 55.616 

5.65E+06 5.5E+05 9.81 101 54.97 0.049 2.810 55.706 

5.61E+06 5.6E+05 9.90 102 55.08 0.050 2.838 55.793 

5.56E+06 5.6E+05 10.00 103 55.18 0.050 2.866 55.875 

5.51E+06 5.6E+05 10.10 104 55.28 0.051 2.893 55.955 

5.47E+06 5.6E+05 10.19 105 55.38 0.051 2.921 56.031 

5.43E+06 5.6E+05 10.29 106 55.48 0.051 2.949 56.105 

5.38E+06 5.6E+05 10.39 107 55.58 0.052 2.977 56.177 

5.34E+06 5.6E+05 10.48 108 55.67 0.052 3.004 56.245 

5.30E+06 5.6E+05 10.58 109 55.77 0.053 3.032 56.309 

5.25E+06 5.6E+05 10.68 110 55.86 0.053 3.060 56.372 

5.21E+06 5.6E+05 10.77 111 55.96 0.054 3.088 56.430 

5.17E+06 5.6E+05 10.87 112 56.05 0.054 3.115 56.485 

5.13E+06 5.6E+05 10.97 113 56.14 0.055 3.143 56.536 

5.09E+06 5.6E+05 11.06 114 56.23 0.055 3.171 56.585 

5.05E+06 5.6E+05 11.16 115 56.33 0.056 3.198 56.632 

5.01E+06 5.6E+05 11.26 116 56.42 0.056 3.226 56.677 

4.97E+06 5.6E+05 11.35 117 56.5 0.057 3.254 56.718 

4.93E+06 5.6E+05 11.45 118 56.59 0.057 3.282 56.757 

4.89E+06 5.7E+05 11.55 119 56.68 0.058 3.309 56.793 

4.86E+06 5.7E+05 11.64 120 56.77 0.058 3.337 56.827 

4.82E+06 5.7E+05 11.74 121 56.85 0.059 3.365 56.860 

4.78E+06 5.7E+05 11.84 122 56.94 0.059 3.392 56.891 

4.75E+06 5.7E+05 11.93 123 57.02 0.060 3.420 56.919 

4.71E+06 5.7E+05 12.03 124 57.11 0.060 3.448 56.945 

4.67E+06 5.7E+05 12.13 125 57.19 0.061 3.476 56.967 

4.64E+06 5.7E+05 12.22 126 57.27 0.061 3.503 56.988 

4.60E+06 5.7E+05 12.32 127 57.35 0.062 3.531 57.005 

4.57E+06 5.7E+05 12.42 128 57.43 0.062 3.559 57.022 

4.54E+06 5.7E+05 12.51 129 57.51 0.063 3.586 57.036 

4.50E+06 5.7E+05 12.61 130 57.59 0.063 3.614 57.050 

4.47E+06 5.7E+05 12.71 131 57.67 0.064 3.642 57.062 

4.44E+06 5.7E+05 12.80 132 57.75 0.064 3.670 57.071 

4.40E+06 5.7E+05 12.90 133 57.83 0.065 3.697 57.078 

4.37E+06 5.7E+05 13.00 134 57.9 0.065 3.725 57.082 

4.34E+06 5.7E+05 13.09 135 57.98 0.065 3.753 57.085 

4.31E+06 5.7E+05 13.19 136 58.06 0.066 3.780 57.087 

4.27E+06 5.7E+05 13.29 137 58.13 0.066 3.808 57.085 

4.24E+06 5.7E+05 13.38 138 58.21 0.067 3.836 57.081 

4.21E+06 5.7E+05 13.48 139 58.28 0.067 3.864 57.076 

4.18E+06 5.7E+05 13.58 140 58.35 0.068 3.891 57.068 

4.15E+06 5.7E+05 13.67 141 58.43 0.068 3.919 57.060 
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4.12E+06 5.7E+05 13.77 142 58.5 0.069 3.947 57.051 

4.09E+06 5.7E+05 13.87 143 58.57 0.069 3.974 57.039 

4.06E+06 5.7E+05 13.96 144 58.64 0.070 4.002 57.026 

4.03E+06 5.7E+05 14.06 145 58.71 0.070 4.030 57.010 

4.01E+06 5.7E+05 14.16 146 58.78 0.071 4.058 56.993 

3.98E+06 5.7E+05 14.25 147 58.85 0.071 4.085 56.973 

3.95E+06 5.7E+05 14.35 148 58.92 0.072 4.113 56.952 

3.92E+06 5.7E+05 14.45 149 58.99 0.072 4.141 56.930 

3.89E+06 5.7E+05 14.54 150 59.05 0.073 4.168 56.906 

3.87E+06 5.7E+05 14.64 151 59.12 0.073 4.196 56.879 

3.84E+06 5.7E+05 14.74 152 59.19 0.074 4.224 56.851 

3.81E+06 5.7E+05 14.83 153 59.25 0.074 4.252 56.821 

3.78E+06 5.7E+05 14.93 154 59.32 0.075 4.279 56.790 

3.76E+06 5.6E+05 15.03 155 59.38 0.075 4.307 56.757 

3.73E+06 5.6E+05 15.12 156 59.45 0.076 4.335 56.723 

3.71E+06 5.6E+05 15.22 157 59.51 0.076 4.363 56.685 

3.68E+06 5.6E+05 15.32 158 59.58 0.077 4.390 56.645 

3.65E+06 5.6E+05 15.41 159 59.64 0.077 4.418 56.607 

3.63E+06 5.6E+05 15.51 160 59.7 0.078 4.446 56.565 

3.60E+06 5.6E+05 15.61 161 59.76 0.078 4.473 56.521 

3.58E+06 5.6E+05 15.71 162 59.83 0.079 4.501 56.475 

3.55E+06 5.6E+05 15.8 163 59.89 0.079 4.529 56.427 

3.53E+06 5.6E+05 15.9 164 59.95 0.080 4.557 56.375 

3.50E+06 5.6E+05 16 165 60.01 0.080 4.584 56.319 

3.48E+06 5.6E+05 16.09 166 60.07 0.080 4.612 56.261 

3.45E+06 5.6E+05 16.19 167 60.13 0.081 4.640 56.201 

3.43E+06 5.6E+05 16.29 168 60.18 0.081 4.667 56.139 

3.41E+06 5.6E+05 16.38 169 60.24 0.082 4.695 56.075 

3.38E+06 5.6E+05 16.48 170 60.3 0.082 4.723 56.007 

3.36E+06 5.6E+05 16.58 171 60.36 0.083 4.751 55.936 

3.33E+06 5.6E+05 16.67 172 60.41 0.083 4.778 55.862 

3.31E+06 5.6E+05 16.77 173 60.47 0.084 4.806 55.783 

3.29E+06 5.5E+05 16.87 174 60.53 0.084 4.834 55.699 

3.26E+06 5.5E+05 16.96 175 60.58 0.085 4.862 55.611 

3.24E+06 5.5E+05 17.06 176 60.63 0.085 4.889 55.516 

3.21E+06 5.5E+05 17.16 177 60.69 0.086 4.917 55.416 

3.19E+06 5.5E+05 17.25 178 60.74 0.086 4.945 55.312 

3.17E+06 5.5E+05 17.35 179 60.8 0.087 4.973 55.196 

3.14E+06 5.5E+05 17.45 180 60.85 0.087 5.000 55.068 

3.12E+06 5.5E+05 17.54 181 60.9 0.088 5.028 54.929 

3.09E+06 5.5E+05 17.64 182 60.95 0.088 5.056 54.775 

3.06E+06 5.4E+05 17.74 183 61 0.089 5.084 54.606 

3.04E+06 5.4E+05 17.83 184 61.05 0.089 5.112 54.416 

3.01E+06 5.4E+05 17.93 185 61.1 0.090 5.139 54.202 

2.98E+06 5.4E+05 18.03 186 61.14 0.090 5.167 53.961 

2.95E+06 5.3E+05 18.13 187 61.19 0.091 5.195 53.688 

2.91E+06 5.3E+05 18.22 188 61.23 0.091 5.223 53.379 

2.88E+06 5.3E+05 18.32 189 61.28 0.092 5.251 53.037 

2.85E+06 5.2E+05 18.42 190 61.31 0.092 5.278 52.662 

2.81E+06 5.2E+05 18.51 191 61.35 0.093 5.306 52.259 

2.77E+06 5.2E+05 18.61 192 61.38 0.093 5.334 51.834 

2.73E+06 5.1E+05 18.71 193 61.41 0.094 5.361 51.387 

2.69E+06 5.1E+05 18.8 194 61.44 0.094 5.389 50.906 

2.65E+06 5.0E+05 18.9 195 61.46 0.095 5.417 50.386 

2.61E+06 5.0E+05 19 196 61.48 0.095 5.445 49.824 

2.57E+06 4.9E+05 19.09 197 61.49 0.096 5.473 49.227 

2.52E+06 4.8E+05 19.19 198 61.5 0.096 5.500 48.606 

2.47E+06 4.8E+05 19.29 199 61.5 0.096 5.528 47.963 

2.43E+06 4.7E+05 19.38 200 61.5 0.097 5.555 47.307 

2.38E+06 4.6E+05 19.48 201 61.49 0.097 5.583 46.645 

2.34E+06 4.6E+05 19.57 202 61.48 0.098 5.610 45.976 

2.29E+06 4.5E+05 19.67 203 61.46 0.098 5.638 45.290 

2.24E+06 4.4E+05 19.77 204 61.44 0.099 5.667 44.583 

2.20E+06 4.4E+05 19.87 205 61.41 0.099 5.695 43.842 

2.15E+06 4.3E+05 19.97 206 61.38 0.100 5.724 43.048 

2.09E+06 4.2E+05 20.07 207 61.34 0.100 5.752 42.189 

2.04E+06 4.1E+05 20.17 208 61.29 0.101 5.780 41.276 

1.98E+06 4.0E+05 20.26 209 61.23 0.101 5.807 40.339 

1.93E+06 3.9E+05 20.35 210 61.18 0.102 5.833 39.402 

1.87E+06 3.8E+05 20.44 211 61.11 0.102 5.860 38.459 

1.82E+06 3.7E+05 20.54 212 61.04 0.103 5.888 37.504 

1.76E+06 3.6E+05 20.64 213 60.96 0.103 5.916 36.544 

1.71E+06 3.5E+05 20.74 214 60.87 0.104 5.944 35.572 

1.65E+06 3.4E+05 20.83 215 60.77 0.104 5.971 34.612 

1.60E+06 3.3E+05 20.93 216 60.66 0.105 5.998 33.666 

1.55E+06 3.3E+05 21.02 217 60.55 0.105 6.026 32.739 



305 

 

1.50E+06 3.2E+05 21.12 218 60.43 0.106 6.053 31.839 

1.45E+06 3.1E+05 21.21 219 60.31 0.106 6.080 30.977 

1.41E+06 3.0E+05 21.31 220 60.18 0.107 6.108 30.150 

1.36E+06 2.9E+05 21.41 221 60.05 0.107 6.136 29.347 

1.32E+06 2.8E+05 21.51 222 59.92 0.108 6.165 28.554 

1.28E+06 2.8E+05 21.61 223 59.76 0.108 6.193 27.774 

1.24E+06 2.7E+05 21.7 224 59.61 0.109 6.220 27.021 

1.20E+06 2.6E+05 21.79 225 59.48 0.109 6.246 26.312 

1.17E+06 2.6E+05 21.89 226 59.34 0.109 6.273 25.638 

1.13E+06 2.5E+05 21.99 227 59.21 0.110 6.302 24.984 

1.10E+06 2.4E+05 22.09 228 59.08 0.111 6.331 24.331 

1.06E+06 2.4E+05 22.19 229 58.96 0.111 6.361 23.667 

1.03E+06 2.3E+05 22.3 230 58.84 0.112 6.390 22.976 

9.89E+05 2.2E+05 22.4 231 58.73 0.112 6.419 22.255 

9.51E+05 2.1E+05 22.5 232 58.64 0.113 6.447 21.501 

9.12E+05 2.1E+05 22.59 233 58.57 0.113 6.475 20.719 

8.73E+05 2.0E+05 22.69 234 58.53 0.113 6.502 19.909 

8.34E+05 1.9E+05 22.78 235 58.5 0.114 6.529 19.093 

7.96E+05 1.8E+05 22.87 236 58.5 0.114 6.554 18.291 

7.59E+05 1.7E+05 22.96 237 58.52 0.115 6.580 17.512 

7.23E+05 1.7E+05 23.06 238 58.55 0.115 6.607 16.754 

6.88E+05 1.6E+05 23.16 239 58.6 0.116 6.637 16.002 

6.53E+05 1.5E+05 23.26 240 58.68 0.116 6.665 15.265 

6.21E+05 1.4E+05 23.35 241 58.79 0.117 6.691 14.564 

5.90E+05 1.4E+05 23.44 242 58.87 0.117 6.717 13.888 

5.60E+05 1.3E+05 23.53 243 58.95 0.118 6.744 13.249 

5.33E+05 1.3E+05 23.62 244 59.03 0.118 6.769 12.662 

5.09E+05 1.2E+05 23.71 245 59.1 0.119 6.796 12.125 

4.86E+05 1.2E+05 23.81 246 59.17 0.119 6.824 11.630 

4.65E+05 1.1E+05 23.91 247 59.24 0.120 6.852 11.172 

4.45E+05 1.1E+05 24.01 248 59.33 0.120 6.881 10.746 

4.27E+05 1.0E+05 24.11 249 59.41 0.121 6.909 10.349 

4.10E+05 9.9E+04 24.21 250 59.49 0.121 6.936 9.980 

3.94E+05 9.6E+04 24.3 251 59.59 0.122 6.965 9.630 

3.79E+05 9.2E+04 24.4 252 59.71 0.122 6.993 9.293 

3.64E+05 8.9E+04 24.5 253 59.84 0.123 7.022 8.966 

3.49E+05 8.6E+04 24.6 254 60.01 0.123 7.051 8.639 

3.35E+05 8.3E+04 24.7 255 60.2 0.124 7.079 8.315 

3.21E+05 8.0E+04 24.8 256 60.41 0.124 7.106 7.994 

3.07E+05 7.6E+04 24.89 257 60.63 0.124 7.132 7.685 

2.94E+05 7.4E+04 24.98 258 60.87 0.125 7.158 7.392 

2.83E+05 7.1E+04 25.08 259 61.08 0.125 7.185 7.120 

2.71E+05 6.8E+04 25.17 260 61.3 0.126 7.213 6.865 

2.61E+05 6.6E+04 25.27 261 61.5 0.126 7.241 6.627 

2.51E+05 6.4E+04 25.37 262 61.73 0.127 7.270 6.397 

2.41E+05 6.1E+04 25.47 263 61.97 0.127 7.299 6.174 

2.32E+05 5.9E+04 25.57 264 62.2 0.128 7.327 5.954 

2.23E+05 5.7E+04 25.67 265 62.46 0.128 7.355 5.740 

2.13E+05 5.5E+04 25.76 266 62.74 0.129 7.383 5.525 

2.04E+05 5.3E+04 25.86 267 63.02 0.129 7.411 5.313 

1.96E+05 5.1E+04 25.96 268 63.33 0.130 7.437 5.110 

1.88E+05 4.9E+04 26.05 269 63.63 0.130 7.465 4.920 

1.80E+05 4.7E+04 26.15 270 63.96 0.131 7.492 4.741 

1.73E+05 4.5E+04 26.25 271 64.31 0.131 7.521 4.564 

1.66E+05 4.4E+04 26.35 272 64.7 0.132 7.550 4.384 

1.59E+05 4.2E+04 26.44 273 65.1 0.132 7.577 4.213 

1.52E+05 4.0E+04 26.54 274 65.54 0.133 7.605 4.051 

1.46E+05 3.9E+04 26.64 275 65.96 0.133 7.632 3.896 

1.40E+05 3.7E+04 26.73 276 66.4 0.134 7.660 3.754 

1.34E+05 3.6E+04 26.83 277 66.83 0.134 7.688 3.620 

1.29E+05 3.5E+04 26.93 278 67.26 0.135 7.716 3.493 

1.24E+05 3.4E+04 27.03 279 67.65 0.135 7.744 3.377 

1.20E+05 3.3E+04 27.12 280 68.06 0.136 7.772 3.267 

1.16E+05 3.1E+04 27.22 281 68.45 0.136 7.800 3.165 

1.12E+05 3.1E+04 27.32 282 68.85 0.137 7.827 3.066 

1.08E+05 3.0E+04 27.41 283 69.22 0.137 7.855 2.976 

1.05E+05 2.9E+04 27.51 284 69.61 0.138 7.883 2.890 

1.01E+05 2.8E+04 27.61 285 69.96 0.138 7.911 2.808 

9.80E+04 2.7E+04 27.71 286 70.34 0.139 7.939 2.728 

9.50E+04 2.6E+04 27.8 287 70.66 0.139 7.967 2.655 

9.22E+04 2.6E+04 27.9 288 71.05 0.140 7.994 2.584 

8.95E+04 2.5E+04 28 289 71.35 0.140 8.022 2.520 

8.71E+04 2.4E+04 28.09 290 71.71 0.140 8.050 2.458 

8.49E+04 2.4E+04 28.19 291 72.06 0.141 8.077 2.404 

8.27E+04 2.3E+04 28.29 292 72.45 0.141 8.105 2.352 

8.07E+04 2.3E+04 28.38 293 72.76 0.142 8.133 2.302 
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7.86E+04 2.2E+04 28.48 294 73.17 0.142 8.161 2.249 

7.66E+04 2.2E+04 28.58 295 73.42 0.143 8.189 2.200 

7.46E+04 2.1E+04 28.68 296 73.8 0.143 8.216 2.150 

7.27E+04 2.1E+04 28.77 297 74.14 0.144 8.244 2.103 

7.07E+04 2.0E+04 28.87 298 74.53 0.144 8.272 2.053 

6.90E+04 2.0E+04 28.96 299 74.84 0.145 8.300 2.008 

6.72E+04 2.0E+04 29.06 300 75.18 0.145 8.327 1.963 

6.54E+04 1.9E+04 29.16 301 75.56 0.146 8.355 1.917 

6.37E+04 1.9E+04 29.26 302 75.93 0.146 8.383 1.872 

6.20E+04 1.8E+04 29.35 303 76.26 0.147 8.410 1.830 

6.04E+04 1.8E+04 29.45 304 76.71 0.147 8.438 1.786 

5.88E+04 1.7E+04 29.55 305 76.95 0.148 8.466 1.745 

5.72E+04 1.7E+04 29.64 306 77.51 0.148 8.493 1.704 

5.58E+04 1.7E+04 29.74 307 77.79 0.149 8.522 1.669 

5.45E+04 1.6E+04 29.84 308 78.19 0.149 8.549 1.633 

5.33E+04 1.6E+04 29.93 309 78.59 0.150 8.577 1.602 

5.23E+04 1.6E+04 30.03 310 78.97 0.150 8.604 1.577 

        

LAS 19ºC BITUMEN - 50/70-G RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.20 2.0E+06 62.90      

0.40 3.3E+06 60.35      

0.60 4.3E+06 58.79      

0.80 5.2E+06 57.65      

1.00 6.0E+06 56.75      

2.00 9.2E+06 53.95      

4.00 1.4E+07 51.11      

6.00 1.7E+07 49.43      

8.00 2.0E+07 48.25      

10.00 2.3E+07 47.33      

20.00 3.2E+07 44.49      

30.00 4.0E+07 42.86      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

2.28E+07 2.3E+04 0.10 1 47.24 0.000 0.028 2.271 

2.30E+07 4.1E+04 0.18 2 47.17 0.001 0.051 4.154 

2.30E+07 6.5E+04 0.28 3 47.2 0.001 0.081 6.498 

2.30E+07 8.9E+04 0.39 4 47.24 0.002 0.111 8.972 

2.30E+07 1.1E+05 0.49 5 47.29 0.002 0.142 11.408 

2.29E+07 1.4E+05 0.60 6 47.33 0.003 0.171 13.754 

2.29E+07 1.6E+05 0.70 7 47.38 0.003 0.200 16.039 

2.29E+07 1.8E+05 0.80 8 47.44 0.004 0.228 18.268 

2.28E+07 2.0E+05 0.89 9 47.5 0.004 0.256 20.458 

2.27E+07 2.3E+05 0.99 10 47.58 0.005 0.283 22.614 

2.27E+07 2.5E+05 1.09 11 47.66 0.005 0.311 24.734 

2.26E+07 2.7E+05 1.18 12 47.75 0.006 0.339 26.834 

2.25E+07 2.9E+05 1.28 13 47.84 0.006 0.366 28.904 

2.24E+07 3.1E+05 1.37 14 47.95 0.007 0.394 30.950 

2.23E+07 3.3E+05 1.47 15 48.06 0.007 0.421 32.968 

2.22E+07 3.5E+05 1.57 16 48.18 0.008 0.449 34.951 

2.21E+07 3.7E+05 1.66 17 48.31 0.008 0.476 36.907 

2.20E+07 3.9E+05 1.76 18 48.45 0.009 0.504 38.830 

2.18E+07 4.1E+05 1.86 19 48.59 0.009 0.532 40.718 

2.17E+07 4.2E+05 1.95 20 48.74 0.010 0.559 42.570 

2.16E+07 4.4E+05 2.05 21 48.89 0.010 0.587 44.379 

2.14E+07 4.6E+05 2.15 22 49.05 0.011 0.615 46.152 

2.13E+07 4.8E+05 2.24 23 49.22 0.011 0.642 47.884 

2.11E+07 4.9E+05 2.34 24 49.39 0.012 0.670 49.576 

2.09E+07 5.1E+05 2.43 25 49.57 0.012 0.698 51.227 

2.08E+07 5.3E+05 2.53 26 49.75 0.013 0.725 52.832 

2.06E+07 5.4E+05 2.63 27 49.93 0.013 0.753 54.394 

2.04E+07 5.6E+05 2.72 28 50.12 0.014 0.781 55.915 

2.02E+07 5.7E+05 2.82 29 50.31 0.014 0.808 57.392 

2.01E+07 5.9E+05 2.92 30 50.5 0.015 0.836 58.828 

1.99E+07 6.0E+05 3.01 31 50.7 0.015 0.864 60.216 

1.97E+07 6.1E+05 3.11 32 50.9 0.016 0.892 61.561 

1.95E+07 6.3E+05 3.21 33 51.1 0.016 0.919 62.866 

1.93E+07 6.4E+05 3.30 34 51.3 0.017 0.947 64.127 

1.91E+07 6.5E+05 3.40 35 51.5 0.017 0.975 65.346 

1.89E+07 6.6E+05 3.50 36 51.71 0.017 1.002 66.521 

1.87E+07 6.7E+05 3.59 37 51.92 0.018 1.030 67.656 
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1.85E+07 6.8E+05 3.69 38 52.12 0.018 1.058 68.755 

1.83E+07 6.9E+05 3.79 39 52.33 0.019 1.085 69.812 

1.81E+07 7.0E+05 3.88 40 52.53 0.019 1.113 70.831 

1.79E+07 7.1E+05 3.98 41 52.74 0.020 1.141 71.812 

1.78E+07 7.2E+05 4.08 42 52.94 0.020 1.169 72.754 

1.76E+07 7.3E+05 4.17 43 53.15 0.021 1.196 73.665 

1.74E+07 7.4E+05 4.27 44 53.35 0.021 1.224 74.536 

1.72E+07 7.5E+05 4.37 45 53.56 0.022 1.252 75.375 

1.70E+07 7.6E+05 4.46 46 53.76 0.022 1.279 76.176 

1.68E+07 7.7E+05 4.56 47 53.96 0.023 1.307 76.945 

1.66E+07 7.7E+05 4.66 48 54.16 0.023 1.335 77.686 

1.64E+07 7.8E+05 4.75 49 54.36 0.024 1.362 78.399 

1.62E+07 7.9E+05 4.85 50 54.56 0.024 1.390 79.082 

1.61E+07 7.9E+05 4.95 51 54.73 0.025 1.419 79.888 

1.59E+07 8.0E+05 5.05 52 54.91 0.025 1.448 80.651 

1.57E+07 8.1E+05 5.15 53 55.1 0.026 1.477 81.360 

1.55E+07 8.2E+05 5.25 54 55.29 0.026 1.506 82.012 

1.54E+07 8.2E+05 5.35 55 55.48 0.027 1.534 82.603 

1.52E+07 8.3E+05 5.45 56 55.67 0.027 1.563 83.127 

1.50E+07 8.3E+05 5.55 57 55.87 0.028 1.591 83.595 

1.48E+07 8.4E+05 5.65 58 56.06 0.028 1.619 84.021 

1.46E+07 8.4E+05 5.74 59 56.24 0.029 1.646 84.421 

1.44E+07 8.4E+05 5.84 60 56.43 0.029 1.674 84.806 

1.43E+07 8.5E+05 5.94 61 56.61 0.030 1.702 85.176 

1.41E+07 8.5E+05 6.03 62 56.79 0.030 1.729 85.534 

1.39E+07 8.5E+05 6.13 63 56.97 0.031 1.757 85.880 

1.38E+07 8.6E+05 6.23 64 57.14 0.031 1.785 86.207 

1.36E+07 8.6E+05 6.32 65 57.32 0.032 1.813 86.518 

1.35E+07 8.6E+05 6.42 66 57.49 0.032 1.840 86.812 

1.33E+07 8.7E+05 6.52 67 57.65 0.033 1.868 87.093 

1.31E+07 8.7E+05 6.61 68 57.82 0.033 1.896 87.359 

1.30E+07 8.7E+05 6.71 69 57.98 0.034 1.923 87.608 

1.28E+07 8.7E+05 6.81 70 58.14 0.034 1.951 87.841 

1.27E+07 8.8E+05 6.90 71 58.3 0.035 1.979 88.060 

1.25E+07 8.8E+05 7.00 72 58.46 0.035 2.007 88.266 

1.24E+07 8.8E+05 7.10 73 58.62 0.036 2.034 88.462 

1.23E+07 8.8E+05 7.19 74 58.77 0.036 2.062 88.648 

1.21E+07 8.8E+05 7.29 75 58.92 0.036 2.090 88.819 

1.20E+07 8.9E+05 7.39 76 59.08 0.037 2.117 88.976 

1.18E+07 8.9E+05 7.48 77 59.22 0.037 2.145 89.119 

1.17E+07 8.9E+05 7.58 78 59.37 0.038 2.173 89.250 

1.16E+07 8.9E+05 7.68 79 59.52 0.038 2.201 89.370 

1.15E+07 8.9E+05 7.77 80 59.66 0.039 2.228 89.479 

1.13E+07 8.9E+05 7.87 81 59.8 0.039 2.256 89.579 

1.12E+07 8.9E+05 7.97 82 59.95 0.040 2.284 89.666 

1.11E+07 8.9E+05 8.06 83 60.08 0.040 2.311 89.745 

1.10E+07 8.9E+05 8.16 84 60.22 0.041 2.339 89.815 

1.08E+07 8.9E+05 8.26 85 60.36 0.041 2.367 89.876 

1.07E+07 8.9E+05 8.35 86 60.49 0.042 2.395 89.927 

1.06E+07 9.0E+05 8.45 87 60.63 0.042 2.422 89.967 

1.05E+07 9.0E+05 8.55 88 60.76 0.043 2.450 90.000 

1.04E+07 9.0E+05 8.64 89 60.89 0.043 2.478 90.024 

1.02E+07 9.0E+05 8.74 90 61.01 0.044 2.505 90.039 

1.01E+07 9.0E+05 8.84 91 61.14 0.044 2.533 90.048 

1.00E+07 9.0E+05 8.93 92 61.27 0.045 2.561 90.044 

9.92E+06 9.0E+05 9.03 93 61.39 0.045 2.589 90.030 

9.81E+06 9.0E+05 9.13 94 61.51 0.046 2.616 90.009 

9.71E+06 9.0E+05 9.22 95 61.64 0.046 2.644 89.981 

9.60E+06 8.9E+05 9.32 96 61.76 0.047 2.672 89.947 

9.50E+06 8.9E+05 9.42 97 61.88 0.047 2.699 89.910 

9.40E+06 8.9E+05 9.51 98 62 0.048 2.727 89.862 

9.30E+06 8.9E+05 9.61 99 62.11 0.048 2.755 89.805 

9.20E+06 8.9E+05 9.71 100 62.23 0.049 2.783 89.741 

9.10E+06 8.9E+05 9.80 101 62.34 0.049 2.810 89.671 

9.00E+06 8.9E+05 9.90 102 62.46 0.050 2.838 89.591 

8.91E+06 8.9E+05 10.00 103 62.57 0.050 2.866 89.501 

8.81E+06 8.9E+05 10.10 104 62.68 0.051 2.893 89.402 

8.72E+06 8.9E+05 10.19 105 62.79 0.051 2.921 89.296 

8.62E+06 8.9E+05 10.29 106 62.9 0.051 2.949 89.178 

8.53E+06 8.9E+05 10.39 107 63.01 0.052 2.977 89.052 

8.44E+06 8.8E+05 10.48 108 63.12 0.052 3.004 88.917 

8.35E+06 8.8E+05 10.58 109 63.23 0.053 3.032 88.777 

8.26E+06 8.8E+05 10.68 110 63.33 0.053 3.060 88.630 

8.17E+06 8.8E+05 10.77 111 63.44 0.054 3.088 88.469 

8.08E+06 8.8E+05 10.87 112 63.54 0.054 3.115 88.292 

7.99E+06 8.8E+05 10.97 113 63.65 0.055 3.143 88.102 
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7.91E+06 8.7E+05 11.06 114 63.75 0.055 3.171 87.895 

7.82E+06 8.7E+05 11.16 115 63.85 0.056 3.199 87.680 

7.73E+06 8.7E+05 11.26 116 63.95 0.056 3.226 87.446 

7.64E+06 8.7E+05 11.35 117 64.05 0.057 3.254 87.194 

7.55E+06 8.6E+05 11.45 118 64.16 0.057 3.282 86.919 

7.46E+06 8.6E+05 11.55 119 64.26 0.058 3.310 86.612 

7.37E+06 8.6E+05 11.64 120 64.36 0.058 3.338 86.273 

7.28E+06 8.5E+05 11.74 121 64.46 0.059 3.365 85.904 

7.19E+06 8.5E+05 11.84 122 64.56 0.059 3.393 85.495 

7.09E+06 8.5E+05 11.93 123 64.66 0.060 3.421 85.039 

6.99E+06 8.4E+05 12.03 124 64.76 0.060 3.449 84.514 

6.88E+06 8.3E+05 12.13 125 64.85 0.061 3.477 83.898 

6.77E+06 8.3E+05 12.23 126 64.95 0.061 3.506 83.154 

6.64E+06 8.2E+05 12.33 127 65.06 0.062 3.534 82.231 

6.49E+06 8.1E+05 12.43 128 65.15 0.062 3.563 81.054 

6.32E+06 7.9E+05 12.53 129 65.25 0.063 3.592 79.580 

6.13E+06 7.7E+05 12.63 130 65.33 0.063 3.621 77.789 

5.92E+06 7.5E+05 12.73 131 65.41 0.064 3.648 75.724 

5.70E+06 7.3E+05 12.82 132 65.48 0.064 3.675 73.419 

5.46E+06 7.1E+05 12.92 133 65.55 0.065 3.702 70.929 

5.23E+06 6.8E+05 13.01 134 65.61 0.065 3.729 68.319 

4.99E+06 6.5E+05 13.10 135 65.66 0.066 3.756 65.674 

4.76E+06 6.3E+05 13.19 136 65.71 0.066 3.782 63.052 

4.53E+06 6.0E+05 13.29 137 65.74 0.066 3.809 60.490 

4.31E+06 5.8E+05 13.38 138 65.77 0.067 3.836 58.006 

4.10E+06 5.5E+05 13.48 139 65.8 0.067 3.864 55.595 

3.90E+06 5.3E+05 13.58 140 65.81 0.068 3.892 53.256 

3.71E+06 5.1E+05 13.67 141 65.82 0.068 3.920 50.988 

3.53E+06 4.9E+05 13.77 142 65.82 0.069 3.947 48.796 

3.35E+06 4.6E+05 13.87 143 65.82 0.069 3.975 46.698 

3.19E+06 4.4E+05 13.96 144 65.81 0.070 4.002 44.695 

3.03E+06 4.3E+05 14.06 145 65.81 0.070 4.029 42.796 

2.88E+06 4.1E+05 14.15 146 65.79 0.071 4.057 40.999 

2.74E+06 3.9E+05 14.25 147 65.78 0.071 4.084 39.298 

2.61E+06 3.7E+05 14.35 148 65.77 0.072 4.113 37.674 

2.49E+06 3.6E+05 14.45 149 65.76 0.072 4.141 36.117 

2.37E+06 3.4E+05 14.55 150 65.75 0.073 4.169 34.617 

2.26E+06 3.3E+05 14.64 151 65.73 0.073 4.196 33.183 

2.15E+06 3.2E+05 14.74 152 65.73 0.074 4.224 31.818 

2.05E+06 3.0E+05 14.83 153 65.72 0.074 4.251 30.531 

1.95E+06 2.9E+05 14.93 154 65.71 0.075 4.278 29.315 

1.87E+06 2.8E+05 15.02 155 65.71 0.075 4.306 28.164 

1.78E+06 2.7E+05 15.12 156 65.7 0.076 4.334 27.067 

1.70E+06 2.6E+05 15.22 157 65.7 0.076 4.362 26.013 

1.62E+06 2.5E+05 15.32 158 65.7 0.077 4.390 24.998 

1.55E+06 2.4E+05 15.42 159 65.7 0.077 4.418 24.017 

1.48E+06 2.3E+05 15.52 160 65.7 0.078 4.446 23.061 

1.41E+06 2.2E+05 15.61 161 65.7 0.078 4.475 22.126 

1.34E+06 2.1E+05 15.71 162 65.72 0.079 4.502 21.214 

1.28E+06 2.0E+05 15.8 163 65.73 0.079 4.529 20.347 

1.22E+06 1.9E+05 15.89 164 65.75 0.079 4.554 19.541 

1.17E+06 1.9E+05 15.99 165 65.76 0.080 4.583 18.755 

1.12E+06 1.8E+05 16.07 166 65.69 0.080 4.606 18.120 

1.07E+06 1.7E+05 16.2 167 65.7 0.081 4.642 17.403 

1.02E+06 1.7E+05 16.31 168 65.72 0.082 4.675 16.658 

9.69E+05 1.6E+05 16.39 169 65.71 0.082 4.697 15.964 

9.24E+05 1.5E+05 16.48 170 65.67 0.082 4.721 15.303 

8.80E+05 1.5E+05 16.58 171 65.67 0.083 4.750 14.654 

8.36E+05 1.4E+05 16.68 172 65.7 0.083 4.779 14.011 

7.95E+05 1.3E+05 16.77 173 65.75 0.084 4.806 13.398 

7.56E+05 1.3E+05 16.86 174 65.79 0.084 4.833 12.819 

7.20E+05 1.2E+05 16.96 175 65.82 0.085 4.859 12.272 

6.85E+05 1.2E+05 17.06 176 65.88 0.085 4.887 11.749 

6.53E+05 1.1E+05 17.15 177 65.93 0.086 4.915 11.250 

6.22E+05 1.1E+05 17.25 178 65.98 0.086 4.943 10.777 

5.92E+05 1.0E+05 17.35 179 66.04 0.087 4.971 10.326 

5.65E+05 9.9E+04 17.44 180 66.11 0.087 4.998 9.901 

5.39E+05 9.5E+04 17.54 181 66.15 0.088 5.025 9.497 

5.14E+05 9.1E+04 17.63 182 66.2 0.088 5.053 9.116 

4.91E+05 8.7E+04 17.73 183 66.27 0.089 5.081 8.755 

4.70E+05 8.4E+04 17.83 184 66.31 0.089 5.108 8.414 

4.51E+05 8.1E+04 17.92 185 66.37 0.090 5.134 8.114 

4.34E+05 7.8E+04 18.01 186 66.33 0.090 5.161 7.849 

4.14E+05 7.5E+04 18.13 187 66.4 0.091 5.195 7.552 

3.95E+05 7.2E+04 18.24 188 66.45 0.091 5.225 7.246 

3.77E+05 6.9E+04 18.32 189 66.56 0.092 5.250 6.951 
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3.62E+05 6.7E+04 18.4 190 66.64 0.092 5.273 6.687 

3.47E+05 6.4E+04 18.49 191 66.72 0.092 5.299 6.443 

3.33E+05 6.2E+04 18.59 192 66.79 0.093 5.327 6.214 

3.19E+05 6.0E+04 18.7 193 66.85 0.093 5.357 5.998 

3.06E+05 5.8E+04 18.8 194 66.95 0.094 5.386 5.787 

2.94E+05 5.6E+04 18.89 195 67.07 0.094 5.414 5.586 

2.83E+05 5.4E+04 18.99 196 67.14 0.095 5.441 5.410 

2.72E+05 5.2E+04 19.09 197 67.27 0.095 5.469 5.221 

2.63E+05 5.0E+04 19.19 198 67.26 0.096 5.497 5.067 

2.52E+05 4.9E+04 19.29 199 67.41 0.096 5.527 4.880 

2.42E+05 4.7E+04 19.38 200 67.5 0.097 5.554 4.711 

2.33E+05 4.5E+04 19.48 201 67.61 0.097 5.580 4.553 

2.23E+05 4.4E+04 19.57 202 67.79 0.098 5.608 4.389 

2.14E+05 4.2E+04 19.67 203 67.98 0.098 5.636 4.227 

2.05E+05 4.1E+04 19.77 204 68.14 0.099 5.664 4.077 

1.97E+05 3.9E+04 19.86 205 68.27 0.099 5.691 3.942 

1.90E+05 3.8E+04 19.96 206 68.33 0.100 5.718 3.820 

1.89E+05 3.8E+04 20.05 207 67.35 0.100 5.746 3.805 

1.81E+05 3.6E+04 20.16 208 67.6 0.101 5.777 3.665 

1.72E+05 3.5E+04 20.26 209 68.01 0.101 5.806 3.505 

1.63E+05 3.3E+04 20.36 210 68.45 0.102 5.833 3.343 

1.55E+05 3.2E+04 20.45 211 68.9 0.102 5.859 3.195 

1.48E+05 3.0E+04 20.54 212 69.24 0.103 5.885 3.063 

1.41E+05 2.9E+04 20.64 213 69.63 0.103 5.913 2.934 

1.35E+05 2.8E+04 20.74 214 69.96 0.104 5.941 2.818 

1.30E+05 2.7E+04 20.83 215 70.4 0.104 5.968 2.724 

1.25E+05 2.6E+04 20.93 216 70.72 0.105 5.997 2.634 

1.19E+05 2.5E+04 21.03 217 71.19 0.105 6.027 2.516 

1.13E+05 2.4E+04 21.13 218 71.63 0.106 6.054 2.409 

1.08E+05 2.3E+04 21.22 219 72.05 0.106 6.081 2.312 

1.04E+05 2.2E+04 21.32 220 72.28 0.107 6.108 2.232 

9.97E+04 2.1E+04 21.42 221 72.64 0.107 6.136 2.145 

9.52E+04 2.0E+04 21.51 222 73.13 0.108 6.164 2.059 

9.14E+04 2.0E+04 21.61 223 73.76 0.108 6.191 1.984 

8.73E+04 1.9E+04 21.71 224 74.36 0.109 6.219 1.903 

8.40E+04 1.8E+04 21.81 225 74.63 0.109 6.248 1.841 

8.11E+04 1.8E+04 21.9 226 74.8 0.110 6.276 1.784 

7.77E+04 1.7E+04 22 227 75.54 0.110 6.302 1.718 

7.41E+04 1.6E+04 22.09 228 76.44 0.110 6.330 1.645 

7.09E+04 1.6E+04 22.19 229 77.24 0.111 6.358 1.581 

6.82E+04 1.5E+04 22.29 230 77.78 0.111 6.387 1.527 

6.54E+04 1.5E+04 22.39 231 78.36 0.112 6.415 1.471 

6.30E+04 1.4E+04 22.49 232 78.8 0.112 6.443 1.424 

6.04E+04 1.4E+04 22.58 233 79.68 0.113 6.469 1.371 

5.84E+04 1.3E+04 22.67 234 80.49 0.113 6.496 1.330 

5.65E+04 1.3E+04 22.77 235 80.44 0.114 6.525 1.293 

5.39E+04 1.2E+04 22.87 236 81.36 0.114 6.553 1.239 

5.37E+04 1.2E+04 22.97 237 80 0.115 6.582 1.239 

5.13E+04 1.2E+04 23.06 238 81.24 0.115 6.608 1.189 

4.86E+04 1.1E+04 23.16 239 83.04 0.116 6.635 1.130 

4.71E+04 1.1E+04 23.26 240 83.8 0.116 6.663 1.100 

4.51E+04 1.1E+04 23.35 241 85.48 0.117 6.691 1.059 

4.31E+04 1.0E+04 23.45 242 86.58 0.117 6.720 1.016 

4.11E+04 9.7E+03 23.55 243 88.55 0.118 6.747 0.973 

3.96E+04 9.4E+03 23.65 244 88.99 0.118 6.776 0.941 

3.80E+04 9.0E+03 23.74 245 90 0.119 6.803 0.906 

3.66E+04 8.7E+03 23.84 246 90 0.119 6.830 0.876 

3.54E+04 8.5E+03 23.93 247 90 0.120 6.857 0.850 

3.42E+04 8.2E+03 24.03 248 90 0.120 6.885 0.826 

3.34E+04 8.1E+03 24.13 249 90 0.121 6.913 0.809 

3.22E+04 7.8E+03 24.23 250 90 0.121 6.942 0.784 

3.11E+04 7.6E+03 24.32 251 90 0.122 6.969 0.760 

3.02E+04 7.4E+03 24.42 252 90 0.122 6.997 0.742 

2.94E+04 7.2E+03 24.52 253 90 0.123 7.024 0.724 

2.85E+04 7.0E+03 24.61 254 90 0.123 7.052 0.706 

2.77E+04 6.9E+03 24.71 255 90 0.124 7.080 0.689 

2.70E+04 6.7E+03 24.81 256 90 0.124 7.108 0.673 

2.64E+04 6.6E+03 24.9 257 90 0.125 7.135 0.661 

2.57E+04 6.4E+03 25 258 90 0.125 7.163 0.646 

2.53E+04 6.4E+03 25.1 259 90 0.125 7.190 0.639 

2.50E+04 6.3E+03 25.19 260 90 0.126 7.218 0.632 

2.43E+04 6.1E+03 25.29 261 90 0.126 7.246 0.618 

2.39E+04 6.1E+03 25.39 262 90 0.127 7.274 0.610 

2.37E+04 6.0E+03 25.48 263 90 0.127 7.301 0.606 

2.34E+04 6.0E+03 25.58 264 90 0.128 7.329 0.602 

2.30E+04 5.9E+03 25.68 265 90 0.128 7.357 0.593 
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2.26E+04 5.8E+03 25.78 266 90 0.129 7.385 0.585 

2.24E+04 5.8E+03 25.87 267 90 0.129 7.412 0.582 

2.26E+04 5.9E+03 25.97 268 90 0.130 7.440 0.590 

2.24E+04 5.9E+03 26.06 269 90 0.130 7.468 0.588 

2.42E+04 6.3E+03 26.15 270 90 0.131 7.493 0.637 

2.37E+04 6.2E+03 26.26 271 90 0.131 7.525 0.627 

2.21E+04 5.8E+03 26.37 272 90 0.132 7.555 0.585 

2.14E+04 5.7E+03 26.46 273 90 0.132 7.580 0.568 

2.10E+04 5.6E+03 26.55 274 90 0.133 7.606 0.560 

2.08E+04 5.5E+03 26.64 275 90 0.133 7.633 0.556 

2.06E+04 5.5E+03 26.74 276 90 0.134 7.661 0.553 

2.02E+04 5.4E+03 26.84 277 90 0.134 7.690 0.544 

2.00E+04 5.4E+03 26.93 278 90 0.135 7.717 0.542 

1.98E+04 5.4E+03 27.03 279 90 0.135 7.745 0.538 

1.96E+04 5.3E+03 27.13 280 90 0.136 7.773 0.535 

1.94E+04 5.3E+03 27.23 281 90 0.136 7.801 0.532 

1.93E+04 5.3E+03 27.32 282 90 0.137 7.829 0.530 

1.93E+04 5.3E+03 27.42 283 90 0.137 7.856 0.531 

1.94E+04 5.3E+03 27.51 284 0 0.138 7.883 0.535 

1.94E+04 5.3E+03 27.61 285 0 0.138 7.911 0.537 

1.93E+04 5.4E+03 27.71 286 0 0.139 7.940 0.538 

1.93E+04 5.4E+03 27.81 287 0 0.139 7.967 0.539 

1.94E+04 5.4E+03 27.9 288 0 0.140 7.995 0.543 

1.94E+04 5.4E+03 28 289 0 0.140 8.023 0.546 

1.93E+04 5.4E+03 28.1 290 0 0.141 8.051 0.546 

1.95E+04 5.5E+03 28.19 291 0 0.141 8.078 0.552 

1.93E+04 5.5E+03 28.29 292 0 0.141 8.106 0.549 

1.92E+04 5.4E+03 28.39 293 0 0.142 8.134 0.547 

1.92E+04 5.5E+03 28.48 294 0 0.142 8.161 0.548 

1.92E+04 5.5E+03 28.58 295 0 0.143 8.188 0.550 

1.91E+04 5.5E+03 28.68 296 0 0.143 8.217 0.550 

1.91E+04 5.5E+03 28.77 297 0 0.144 8.244 0.552 

1.91E+04 5.5E+03 28.87 298 0 0.144 8.272 0.556 

1.90E+04 5.5E+03 28.97 299 0 0.145 8.300 0.555 

1.90E+04 5.5E+03 29.07 300 0 0.145 8.328 0.555 

1.89E+04 5.5E+03 29.16 301 0 0.146 8.355 0.553 

1.89E+04 5.5E+03 29.26 302 0 0.146 8.383 0.555 

1.89E+04 5.5E+03 29.35 303 0 0.147 8.410 0.558 

1.90E+04 5.6E+03 29.45 304 0 0.147 8.438 0.561 

1.90E+04 5.6E+03 29.55 305 0 0.148 8.466 0.565 

1.91E+04 5.7E+03 29.64 306 0 0.148 8.494 0.569 

1.93E+04 5.7E+03 29.74 307 0 0.149 8.521 0.576 

1.92E+04 5.7E+03 29.84 308 0 0.149 8.550 0.576 

1.92E+04 5.7E+03 29.94 309 0 0.150 8.577 0.578 

1.92E+04 5.8E+03 30.03 310 0 0.150 8.605 0.581 

        

LAS 19ºC BITUMEN - 50/70-H RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.20 2.3E+06 61.48      

0.40 3.7E+06 58.81      

0.60 4.8E+06 57.19      

0.80 5.8E+06 56.00      

1.00 6.7E+06 55.08      

2.00 1.0E+07 52.17      

4.00 1.5E+07 49.23      

6.00 1.9E+07 47.50      

8.00 2.2E+07 46.27      

10.00 2.4E+07 45.33      

20.00 3.4E+07 42.41      

30.00 4.1E+07 40.73      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

2.44E+07 2.5E+04 0.10 1 45.33 0.001 0.029 2.476 

2.46E+07 4.4E+04 0.18 2 45.23 0.001 0.051 4.372 

2.45E+07 6.8E+04 0.28 3 45.25 0.001 0.079 6.827 

2.45E+07 9.4E+04 0.38 4 45.28 0.002 0.110 9.447 

2.45E+07 1.2E+05 0.49 5 45.32 0.002 0.140 12.068 

2.45E+07 1.5E+05 0.59 6 45.35 0.003 0.170 14.600 

2.44E+07 1.7E+05 0.69 7 45.4 0.003 0.199 17.061 

2.44E+07 1.9E+05 0.79 8 45.46 0.004 0.227 19.453 

2.43E+07 2.2E+05 0.89 9 45.52 0.004 0.255 21.801 
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2.43E+07 2.4E+05 0.99 10 45.59 0.005 0.283 24.113 

2.42E+07 2.6E+05 1.08 11 45.66 0.005 0.311 26.387 

2.41E+07 2.8E+05 1.18 12 45.75 0.006 0.338 28.639 

2.40E+07 3.1E+05 1.28 13 45.83 0.006 0.366 30.857 

2.39E+07 3.3E+05 1.37 14 45.93 0.007 0.394 33.048 

2.38E+07 3.5E+05 1.47 15 46.04 0.007 0.421 35.212 

2.37E+07 3.7E+05 1.57 16 46.16 0.008 0.449 37.337 

2.36E+07 3.9E+05 1.66 17 46.28 0.008 0.476 39.433 

2.35E+07 4.1E+05 1.76 18 46.4 0.009 0.504 41.494 

2.33E+07 4.3E+05 1.86 19 46.54 0.009 0.532 43.518 

2.32E+07 4.5E+05 1.95 20 46.67 0.010 0.559 45.509 

2.31E+07 4.7E+05 2.05 21 46.82 0.010 0.587 47.456 

2.29E+07 4.9E+05 2.14 22 46.97 0.011 0.615 49.367 

2.27E+07 5.1E+05 2.24 23 47.12 0.011 0.642 51.234 

2.26E+07 5.3E+05 2.34 24 47.28 0.012 0.670 53.056 

2.24E+07 5.5E+05 2.43 25 47.44 0.012 0.698 54.840 

2.22E+07 5.6E+05 2.53 26 47.61 0.013 0.725 56.579 

2.21E+07 5.8E+05 2.63 27 47.78 0.013 0.753 58.276 

2.19E+07 6.0E+05 2.72 28 47.95 0.014 0.781 59.927 

2.17E+07 6.1E+05 2.82 29 48.13 0.014 0.808 61.529 

2.15E+07 6.3E+05 2.92 30 48.31 0.015 0.836 63.088 

2.13E+07 6.4E+05 3.01 31 48.5 0.015 0.864 64.598 

2.11E+07 6.6E+05 3.11 32 48.68 0.016 0.891 66.066 

2.09E+07 6.7E+05 3.21 33 48.87 0.016 0.919 67.491 

2.07E+07 6.9E+05 3.30 34 49.06 0.017 0.947 68.866 

2.05E+07 7.0E+05 3.40 35 49.26 0.017 0.975 70.203 

2.03E+07 7.1E+05 3.50 36 49.45 0.017 1.002 71.493 

2.01E+07 7.2E+05 3.59 37 49.65 0.018 1.030 72.738 

1.99E+07 7.4E+05 3.69 38 49.85 0.018 1.058 73.943 

1.97E+07 7.5E+05 3.79 39 50.05 0.019 1.085 75.103 

1.95E+07 7.6E+05 3.88 40 50.24 0.019 1.113 76.226 

1.93E+07 7.7E+05 3.98 41 50.44 0.020 1.141 77.308 

1.91E+07 7.8E+05 4.08 42 50.64 0.020 1.169 78.352 

1.89E+07 7.9E+05 4.17 43 50.84 0.021 1.196 79.359 

1.87E+07 8.0E+05 4.27 44 51.03 0.021 1.224 80.325 

1.85E+07 8.1E+05 4.37 45 51.23 0.022 1.252 81.259 

1.83E+07 8.2E+05 4.46 46 51.43 0.022 1.279 82.160 

1.81E+07 8.3E+05 4.56 47 51.62 0.023 1.307 83.025 

1.79E+07 8.3E+05 4.66 48 51.81 0.023 1.335 83.855 

1.77E+07 8.4E+05 4.75 49 52.01 0.024 1.362 84.650 

1.75E+07 8.5E+05 4.85 50 52.2 0.024 1.390 85.414 

1.73E+07 8.6E+05 4.95 51 52.37 0.025 1.419 86.306 

1.72E+07 8.7E+05 5.05 52 52.55 0.025 1.448 87.156 

1.70E+07 8.8E+05 5.15 53 52.73 0.026 1.477 87.946 

1.68E+07 8.8E+05 5.25 54 52.91 0.026 1.505 88.676 

1.66E+07 8.9E+05 5.35 55 53.1 0.027 1.534 89.342 

1.64E+07 8.9E+05 5.45 56 53.29 0.027 1.563 89.936 

1.62E+07 9.0E+05 5.55 57 53.48 0.028 1.591 90.471 

1.60E+07 9.1E+05 5.65 58 53.67 0.028 1.619 90.960 

1.58E+07 9.1E+05 5.74 59 53.85 0.029 1.646 91.422 

1.57E+07 9.1E+05 5.84 60 54.03 0.029 1.674 91.866 

1.55E+07 9.2E+05 5.94 61 54.21 0.030 1.702 92.294 

1.53E+07 9.2E+05 6.03 62 54.39 0.030 1.729 92.710 

1.51E+07 9.3E+05 6.13 63 54.57 0.031 1.757 93.108 

1.49E+07 9.3E+05 6.23 64 54.74 0.031 1.785 93.488 

1.48E+07 9.3E+05 6.32 65 54.91 0.032 1.812 93.851 

1.46E+07 9.4E+05 6.42 66 55.08 0.032 1.840 94.194 

1.44E+07 9.4E+05 6.52 67 55.24 0.033 1.868 94.522 

1.43E+07 9.4E+05 6.61 68 55.4 0.033 1.896 94.835 

1.41E+07 9.5E+05 6.71 69 55.57 0.034 1.923 95.132 

1.39E+07 9.5E+05 6.81 70 55.73 0.034 1.951 95.410 

1.38E+07 9.5E+05 6.90 71 55.88 0.035 1.979 95.671 

1.36E+07 9.5E+05 7.00 72 56.04 0.035 2.006 95.915 

1.35E+07 9.6E+05 7.10 73 56.19 0.036 2.034 96.147 

1.33E+07 9.6E+05 7.19 74 56.35 0.036 2.062 96.362 

1.32E+07 9.6E+05 7.29 75 56.5 0.036 2.090 96.563 

1.30E+07 9.6E+05 7.39 76 56.64 0.037 2.117 96.754 

1.29E+07 9.6E+05 7.48 77 56.79 0.037 2.145 96.930 

1.27E+07 9.7E+05 7.58 78 56.94 0.038 2.173 97.089 

1.26E+07 9.7E+05 7.68 79 57.08 0.038 2.200 97.238 

1.25E+07 9.7E+05 7.77 80 57.22 0.039 2.228 97.374 

1.23E+07 9.7E+05 7.87 81 57.36 0.039 2.256 97.503 

1.22E+07 9.7E+05 7.97 82 57.5 0.040 2.284 97.619 

1.21E+07 9.7E+05 8.06 83 57.64 0.040 2.311 97.722 

1.19E+07 9.7E+05 8.16 84 57.77 0.041 2.339 97.812 

1.18E+07 9.7E+05 8.26 85 57.9 0.041 2.367 97.890 
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1.17E+07 9.7E+05 8.35 86 58.04 0.042 2.394 97.953 

1.15E+07 9.8E+05 8.45 87 58.17 0.042 2.422 98.007 

1.14E+07 9.8E+05 8.55 88 58.3 0.043 2.450 98.051 

1.13E+07 9.8E+05 8.64 89 58.42 0.043 2.478 98.087 

1.12E+07 9.8E+05 8.74 90 58.55 0.044 2.505 98.113 

1.10E+07 9.8E+05 8.84 91 58.67 0.044 2.533 98.129 

1.09E+07 9.8E+05 8.93 92 58.8 0.045 2.561 98.134 

1.08E+07 9.8E+05 9.03 93 58.92 0.045 2.588 98.130 

1.07E+07 9.8E+05 9.13 94 59.04 0.046 2.616 98.115 

1.06E+07 9.8E+05 9.22 95 59.16 0.046 2.644 98.090 

1.05E+07 9.8E+05 9.32 96 59.27 0.047 2.672 98.055 

1.04E+07 9.8E+05 9.42 97 59.39 0.047 2.699 98.014 

1.02E+07 9.7E+05 9.51 98 59.51 0.048 2.727 97.960 

1.01E+07 9.7E+05 9.61 99 59.62 0.048 2.755 97.898 

1.00E+07 9.7E+05 9.71 100 59.73 0.049 2.782 97.824 

9.92E+06 9.7E+05 9.80 101 59.84 0.049 2.810 97.741 

9.81E+06 9.7E+05 9.90 102 59.95 0.050 2.838 97.650 

9.71E+06 9.7E+05 10.00 103 60.06 0.050 2.866 97.543 

9.60E+06 9.7E+05 10.09 104 60.17 0.050 2.893 97.423 

9.50E+06 9.7E+05 10.19 105 60.28 0.051 2.921 97.288 

9.40E+06 9.7E+05 10.29 106 60.38 0.051 2.949 97.143 

9.29E+06 9.6E+05 10.38 107 60.49 0.052 2.977 96.981 

9.19E+06 9.6E+05 10.48 108 60.59 0.052 3.004 96.802 

9.09E+06 9.6E+05 10.58 109 60.7 0.053 3.032 96.608 

8.99E+06 9.6E+05 10.67 110 60.8 0.053 3.060 96.398 

8.88E+06 9.6E+05 10.77 111 60.9 0.054 3.087 96.162 

8.78E+06 9.5E+05 10.87 112 61 0.054 3.115 95.906 

8.68E+06 9.5E+05 10.96 113 61.1 0.055 3.143 95.624 

8.57E+06 9.5E+05 11.06 114 61.2 0.055 3.171 95.313 

8.47E+06 9.4E+05 11.16 115 61.3 0.056 3.199 94.971 

8.36E+06 9.4E+05 11.25 116 61.4 0.056 3.226 94.587 

8.25E+06 9.4E+05 11.35 117 61.5 0.057 3.254 94.149 

8.14E+06 9.3E+05 11.45 118 61.6 0.057 3.282 93.641 

8.02E+06 9.3E+05 11.55 119 61.7 0.058 3.310 93.054 

7.89E+06 9.2E+05 11.64 120 61.8 0.058 3.338 92.373 

7.76E+06 9.1E+05 11.74 121 61.9 0.059 3.366 91.559 

7.61E+06 9.0E+05 11.84 122 62 0.059 3.395 90.565 

7.44E+06 8.9E+05 11.94 123 62.1 0.060 3.424 89.315 

7.25E+06 8.7E+05 12.04 124 62.2 0.060 3.453 87.730 

7.03E+06 8.5E+05 12.14 125 62.3 0.061 3.482 85.761 

6.78E+06 8.3E+05 12.24 126 62.4 0.061 3.510 83.403 

6.51E+06 8.0E+05 12.34 127 62.49 0.062 3.538 80.706 

6.22E+06 7.7E+05 12.43 128 62.57 0.062 3.565 77.751 

5.93E+06 7.4E+05 12.52 129 62.64 0.063 3.591 74.658 

5.64E+06 7.1E+05 12.61 130 62.7 0.063 3.616 71.543 

5.36E+06 6.8E+05 12.71 131 62.75 0.064 3.643 68.477 

5.09E+06 6.5E+05 12.80 132 62.78 0.064 3.670 65.491 

4.83E+06 6.2E+05 12.90 133 62.81 0.065 3.697 62.603 

4.58E+06 6.0E+05 12.99 134 62.83 0.065 3.725 59.841 

4.35E+06 5.7E+05 13.09 135 62.84 0.065 3.752 57.204 

4.13E+06 5.4E+05 13.19 136 62.84 0.066 3.780 54.689 

3.92E+06 5.2E+05 13.28 137 62.84 0.066 3.808 52.277 

3.71E+06 5.0E+05 13.38 138 62.83 0.067 3.836 49.959 

3.52E+06 4.7E+05 13.48 139 62.83 0.067 3.865 47.699 

3.33E+06 4.5E+05 13.58 140 62.81 0.068 3.893 45.493 

3.15E+06 4.3E+05 13.68 141 62.8 0.068 3.920 43.343 

2.98E+06 4.1E+05 13.77 142 62.78 0.069 3.948 41.274 

2.82E+06 3.9E+05 13.86 143 62.75 0.069 3.974 39.310 

2.67E+06 3.7E+05 13.96 144 62.73 0.070 4.001 37.470 

2.53E+06 3.6E+05 14.05 145 62.7 0.070 4.028 35.756 

2.40E+06 3.4E+05 14.15 146 62.67 0.071 4.056 34.158 

2.28E+06 3.2E+05 14.25 147 62.65 0.071 4.085 32.635 

2.16E+06 3.1E+05 14.35 148 62.63 0.072 4.114 31.165 

2.05E+06 3.0E+05 14.45 149 62.6 0.072 4.142 29.746 

1.94E+06 2.8E+05 14.55 150 62.57 0.073 4.169 28.385 

1.84E+06 2.7E+05 14.64 151 62.54 0.073 4.196 27.081 

1.74E+06 2.6E+05 14.74 152 62.52 0.074 4.224 25.840 

1.65E+06 2.5E+05 14.83 153 62.49 0.074 4.251 24.666 

1.57E+06 2.3E+05 14.93 154 62.47 0.075 4.278 23.558 

1.49E+06 2.2E+05 15.02 155 62.45 0.075 4.306 22.510 

1.42E+06 2.1E+05 15.12 156 62.43 0.076 4.333 21.527 

1.35E+06 2.0E+05 15.22 157 62.42 0.076 4.361 20.597 

1.28E+06 2.0E+05 15.32 158 62.4 0.077 4.389 19.715 

1.22E+06 1.9E+05 15.41 159 62.4 0.077 4.417 18.875 

1.16E+06 1.8E+05 15.51 160 62.39 0.078 4.446 18.070 

1.10E+06 1.7E+05 15.61 161 62.4 0.078 4.474 17.292 
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1.05E+06 1.6E+05 15.71 162 62.4 0.079 4.501 16.545 

9.97E+05 1.6E+05 15.8 163 62.41 0.079 4.528 15.837 

9.49E+05 1.5E+05 15.9 164 62.41 0.080 4.556 15.161 

9.03E+05 1.4E+05 16 165 62.43 0.080 4.584 14.509 

8.58E+05 1.4E+05 16.1 166 62.44 0.080 4.612 13.877 

8.15E+05 1.3E+05 16.19 167 62.45 0.081 4.640 13.263 

7.74E+05 1.3E+05 16.29 168 62.47 0.081 4.668 12.670 

7.35E+05 1.2E+05 16.38 169 62.5 0.082 4.695 12.103 

6.98E+05 1.2E+05 16.48 170 62.52 0.082 4.721 11.564 

6.64E+05 1.1E+05 16.57 171 62.54 0.083 4.749 11.052 

6.31E+05 1.1E+05 16.67 172 62.57 0.083 4.777 10.564 

5.99E+05 1.0E+05 16.77 173 62.6 0.084 4.805 10.095 

5.69E+05 9.6E+04 16.87 174 62.62 0.084 4.833 9.646 

5.41E+05 9.2E+04 16.96 175 62.67 0.085 4.860 9.218 

5.14E+05 8.8E+04 17.05 176 62.71 0.085 4.887 8.813 

4.89E+05 8.4E+04 17.15 177 62.76 0.086 4.914 8.430 

4.65E+05 8.0E+04 17.25 178 62.8 0.086 4.942 8.064 

4.43E+05 7.7E+04 17.34 179 62.84 0.087 4.969 7.720 

4.22E+05 7.4E+04 17.44 180 62.88 0.087 4.997 7.392 

4.02E+05 7.0E+04 17.54 181 62.92 0.088 5.025 7.084 

3.83E+05 6.8E+04 17.63 182 62.96 0.088 5.053 6.791 

3.66E+05 6.5E+04 17.73 183 63.02 0.089 5.080 6.514 

3.49E+05 6.2E+04 17.83 184 63.08 0.089 5.108 6.251 

3.33E+05 6.0E+04 17.92 185 63.16 0.090 5.136 6.001 

3.18E+05 5.7E+04 18.02 186 63.23 0.090 5.164 5.760 

3.04E+05 5.5E+04 18.12 187 63.34 0.091 5.191 5.531 

2.90E+05 5.3E+04 18.22 188 63.45 0.091 5.220 5.307 

2.77E+05 5.1E+04 18.31 189 63.59 0.092 5.247 5.091 

2.64E+05 4.9E+04 18.41 190 63.72 0.092 5.275 4.884 

2.52E+05 4.7E+04 18.51 191 63.85 0.093 5.302 4.688 

2.41E+05 4.5E+04 18.6 192 63.98 0.093 5.330 4.501 

2.30E+05 4.3E+04 18.7 193 64.16 0.094 5.358 4.325 

2.20E+05 4.1E+04 18.8 194 64.28 0.094 5.386 4.149 

2.10E+05 4.0E+04 18.9 195 64.44 0.094 5.414 3.981 

2.00E+05 3.8E+04 18.99 196 64.61 0.095 5.441 3.824 

1.92E+05 3.7E+04 19.09 197 64.8 0.095 5.469 3.674 

1.83E+05 3.5E+04 19.19 198 64.98 0.096 5.497 3.533 

1.75E+05 3.4E+04 19.28 199 65.18 0.096 5.525 3.398 

1.68E+05 3.3E+04 19.38 200 65.37 0.097 5.553 3.269 

1.61E+05 3.1E+04 19.48 201 65.6 0.097 5.581 3.147 

1.54E+05 3.0E+04 19.58 202 65.77 0.098 5.609 3.032 

1.48E+05 2.9E+04 19.67 203 65.96 0.098 5.637 2.923 

1.42E+05 2.8E+04 19.77 204 66.16 0.099 5.664 2.820 

1.37E+05 2.7E+04 19.86 205 66.46 0.099 5.691 2.725 

1.31E+05 2.6E+04 19.96 206 66.63 0.100 5.720 2.630 

1.26E+05 2.5E+04 20.06 207 66.87 0.100 5.748 2.534 

1.21E+05 2.4E+04 20.16 208 67.08 0.101 5.776 2.445 

1.16E+05 2.3E+04 20.25 209 67.35 0.101 5.803 2.362 

1.12E+05 2.3E+04 20.35 210 67.59 0.102 5.831 2.282 

1.07E+05 2.2E+04 20.45 211 67.92 0.102 5.859 2.205 

1.03E+05 2.1E+04 20.55 212 68.16 0.103 5.887 2.134 

9.96E+04 2.1E+04 20.64 213 68.46 0.103 5.915 2.066 

9.59E+04 2.0E+04 20.74 214 68.69 0.104 5.943 2.000 

9.24E+04 1.9E+04 20.84 215 69.04 0.104 5.970 1.935 

8.90E+04 1.9E+04 20.93 216 69.33 0.105 5.998 1.873 

8.59E+04 1.8E+04 21.03 217 69.71 0.105 6.025 1.815 

8.30E+04 1.8E+04 21.13 218 70.05 0.106 6.053 1.763 

8.02E+04 1.7E+04 21.22 219 70.45 0.106 6.081 1.710 

7.74E+04 1.6E+04 21.32 220 70.85 0.107 6.109 1.658 

7.45E+04 1.6E+04 21.42 221 71.36 0.107 6.137 1.603 

7.20E+04 1.6E+04 21.52 222 71.72 0.108 6.165 1.558 

6.96E+04 1.5E+04 21.61 223 72.04 0.108 6.193 1.512 

6.72E+04 1.5E+04 21.71 224 72.34 0.109 6.221 1.466 

6.49E+04 1.4E+04 21.81 225 72.76 0.109 6.248 1.422 

6.27E+04 1.4E+04 21.9 226 73.12 0.110 6.275 1.381 

6.06E+04 1.3E+04 22 227 73.62 0.110 6.303 1.339 

5.86E+04 1.3E+04 22.1 228 74.06 0.110 6.331 1.300 

5.66E+04 1.3E+04 22.19 229 74.55 0.111 6.359 1.262 

5.47E+04 1.2E+04 22.29 230 74.95 0.111 6.387 1.226 

5.29E+04 1.2E+04 22.39 231 75.53 0.112 6.414 1.191 

5.14E+04 1.2E+04 22.48 232 75.91 0.112 6.442 1.162 

4.99E+04 1.1E+04 22.58 233 76.49 0.113 6.470 1.131 

4.85E+04 1.1E+04 22.68 234 77.05 0.113 6.497 1.106 

4.71E+04 1.1E+04 22.77 235 77.65 0.114 6.525 1.078 

4.53E+04 1.0E+04 22.87 236 78.37 0.114 6.553 1.042 

4.39E+04 1.0E+04 22.97 237 79.17 0.115 6.580 1.014 
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4.27E+04 9.8E+03 23.06 238 79.82 0.115 6.608 0.990 

4.13E+04 9.6E+03 23.16 239 80.67 0.116 6.636 0.961 

3.99E+04 9.3E+03 23.26 240 81.39 0.116 6.664 0.933 

3.87E+04 9.0E+03 23.35 241 82.32 0.117 6.692 0.907 

3.75E+04 8.8E+03 23.45 242 83.08 0.117 6.719 0.883 

3.64E+04 8.6E+03 23.55 243 83.84 0.118 6.747 0.861 

3.54E+04 8.4E+03 23.65 244 84.4 0.118 6.775 0.841 

3.45E+04 8.2E+03 23.74 245 84.97 0.119 6.803 0.823 

3.35E+04 8.0E+03 23.84 246 85.79 0.119 6.830 0.802 

3.25E+04 7.8E+03 23.93 247 86.56 0.120 6.858 0.783 

3.18E+04 7.6E+03 24.03 248 87.35 0.120 6.885 0.767 

3.08E+04 7.4E+03 24.13 249 88.27 0.121 6.913 0.748 

3.01E+04 7.3E+03 24.23 250 88.71 0.121 6.942 0.733 

2.96E+04 7.2E+03 24.32 251 89.76 0.122 6.968 0.722 

2.88E+04 7.0E+03 24.42 252 90 0.122 6.997 0.707 

2.80E+04 6.9E+03 24.51 253 90 0.123 7.024 0.691 

2.73E+04 6.7E+03 24.61 254 90 0.123 7.052 0.676 

2.65E+04 6.6E+03 24.71 255 90 0.124 7.080 0.659 

2.60E+04 6.5E+03 24.81 256 90 0.124 7.108 0.648 

2.53E+04 6.3E+03 24.9 257 90 0.125 7.135 0.633 

2.50E+04 6.3E+03 25 258 90 0.125 7.163 0.629 

2.47E+04 6.2E+03 25.1 259 90 0.126 7.191 0.624 

2.38E+04 6.0E+03 25.19 260 90 0.126 7.219 0.602 

2.34E+04 5.9E+03 25.29 261 90 0.126 7.246 0.595 

2.27E+04 5.8E+03 25.39 262 90 0.127 7.274 0.578 

2.21E+04 5.6E+03 25.48 263 90 0.127 7.301 0.567 

2.17E+04 5.6E+03 25.58 264 90 0.128 7.329 0.558 

2.13E+04 5.5E+03 25.68 265 90 0.128 7.357 0.549 

2.09E+04 5.4E+03 25.77 266 90 0.129 7.385 0.541 

2.05E+04 5.3E+03 25.87 267 90 0.129 7.412 0.534 

2.03E+04 5.3E+03 25.97 268 90 0.130 7.440 0.529 

2.00E+04 5.2E+03 26.06 269 90 0.130 7.468 0.523 

1.99E+04 5.2E+03 26.16 270 90 0.131 7.496 0.522 

1.94E+04 5.1E+03 26.26 271 90 0.131 7.523 0.513 

1.91E+04 5.0E+03 26.35 272 90 0.132 7.551 0.505 

1.89E+04 5.0E+03 26.45 273 90 0.132 7.579 0.502 

1.86E+04 4.9E+03 26.55 274 90 0.133 7.607 0.495 

1.83E+04 4.9E+03 26.64 275 90 0.133 7.634 0.490 

1.83E+04 4.9E+03 26.74 276 90 0.134 7.662 0.491 

1.83E+04 4.9E+03 26.84 277 90 0.134 7.689 0.494 

1.80E+04 4.8E+03 26.93 278 90 0.135 7.718 0.487 

1.77E+04 4.8E+03 27.03 279 90 0.135 7.745 0.481 

1.75E+04 4.7E+03 27.13 280 90 0.136 7.773 0.476 

1.74E+04 4.7E+03 27.22 281 90 0.136 7.801 0.477 

1.72E+04 4.7E+03 27.32 282 90 0.137 7.829 0.473 

1.71E+04 4.7E+03 27.42 283 90 0.137 7.856 0.470 

1.72E+04 4.7E+03 27.51 284 90 0.138 7.883 0.475 

1.69E+04 4.7E+03 27.61 285 90 0.138 7.912 0.469 

1.66E+04 4.6E+03 27.71 286 90 0.139 7.940 0.463 

1.64E+04 4.5E+03 27.81 287 90 0.139 7.967 0.457 

1.63E+04 4.5E+03 27.9 288 90 0.140 7.995 0.456 

1.64E+04 4.6E+03 28 289 90 0.140 8.022 0.460 

1.63E+04 4.6E+03 28.1 290 90 0.140 8.050 0.461 

1.61E+04 4.5E+03 28.19 291 90 0.141 8.078 0.456 

1.60E+04 4.5E+03 28.29 292 90 0.141 8.106 0.456 

1.60E+04 4.6E+03 28.39 293 90 0.142 8.133 0.457 

1.59E+04 4.5E+03 28.48 294 90 0.142 8.161 0.455 

1.57E+04 4.5E+03 28.58 295 90 0.143 8.189 0.451 

1.57E+04 4.5E+03 28.68 296 90 0.143 8.216 0.452 

1.56E+04 4.5E+03 28.77 297 90 0.144 8.244 0.452 

1.56E+04 4.5E+03 28.87 298 90 0.144 8.272 0.452 

1.56E+04 4.5E+03 28.97 299 0 0.145 8.299 0.455 

1.56E+04 4.5E+03 29.06 300 0 0.145 8.327 0.456 

1.56E+04 4.5E+03 29.16 301 90 0.146 8.355 0.457 

1.67E+04 4.9E+03 29.25 302 90 0.146 8.381 0.490 

1.61E+04 4.7E+03 29.36 303 90 0.147 8.411 0.475 

1.58E+04 4.7E+03 29.45 304 0 0.147 8.439 0.469 

1.58E+04 4.7E+03 29.55 305 0 0.148 8.466 0.470 

1.57E+04 4.6E+03 29.65 306 0 0.148 8.494 0.467 

1.56E+04 4.6E+03 29.74 307 0 0.149 8.521 0.465 

1.62E+04 4.8E+03 29.83 308 0 0.149 8.547 0.486 

1.58E+04 4.7E+03 29.93 309 0 0.150 8.577 0.476 

1.55E+04 4.7E+03 30.03 310 0 0.150 8.606 0.469 

        

LAS 19ºC BITUMEN - 50/70-I RTFOT 

Frequency Sweep:        



315 

 

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.20 2.2E+06 46.83      

0.40 3.2E+06 45.32      

0.60 3.9E+06 44.43      

0.80 4.5E+06 43.80      

1.00 5.0E+06 43.31      

2.00 7.0E+06 41.82      

4.00 9.5E+06 40.38      

6.00 1.1E+07 39.56      

8.00 1.3E+07 39.00      

10.00 1.4E+07 38.58      

20.00 1.9E+07 37.41      

30.00 2.2E+07 36.95      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

1.43E+07 1.4E+04 0.10 1 38.6 0.000 0.029 1.435 

1.43E+07 2.6E+04 0.18 2 38.49 0.001 0.052 2.588 

1.43E+07 4.0E+04 0.28 3 38.5 0.001 0.081 4.036 

1.43E+07 5.5E+04 0.39 4 38.53 0.002 0.111 5.564 

1.42E+07 7.0E+04 0.49 5 38.59 0.002 0.142 7.070 

1.42E+07 8.5E+04 0.60 6 38.65 0.003 0.171 8.524 

1.42E+07 9.9E+04 0.70 7 38.71 0.003 0.200 9.934 

1.42E+07 1.1E+05 0.80 8 38.78 0.004 0.228 11.309 

1.41E+07 1.3E+05 0.89 9 38.87 0.004 0.256 12.656 

1.41E+07 1.4E+05 0.99 10 38.97 0.005 0.283 13.982 

1.40E+07 1.5E+05 1.09 11 39.07 0.005 0.311 15.290 

1.40E+07 1.6E+05 1.18 12 39.19 0.006 0.339 16.578 

1.39E+07 1.8E+05 1.28 13 39.31 0.006 0.366 17.849 

1.38E+07 1.9E+05 1.37 14 39.44 0.007 0.394 19.104 

1.38E+07 2.0E+05 1.47 15 39.59 0.007 0.421 20.331 

1.37E+07 2.1E+05 1.57 16 39.74 0.008 0.449 21.552 

1.36E+07 2.3E+05 1.66 17 39.89 0.008 0.476 22.747 

1.35E+07 2.4E+05 1.76 18 40.05 0.009 0.504 23.919 

1.34E+07 2.5E+05 1.86 19 40.22 0.009 0.532 25.070 

1.34E+07 2.6E+05 1.95 20 40.39 0.010 0.559 26.198 

1.33E+07 2.7E+05 2.05 21 40.57 0.010 0.587 27.299 

1.32E+07 2.8E+05 2.14 22 40.75 0.011 0.615 28.387 

1.31E+07 2.9E+05 2.24 23 40.93 0.011 0.642 29.439 

1.30E+07 3.0E+05 2.34 24 41.12 0.012 0.670 30.476 

1.29E+07 3.1E+05 2.43 25 41.31 0.012 0.697 31.480 

1.28E+07 3.2E+05 2.53 26 41.51 0.013 0.725 32.470 

1.27E+07 3.3E+05 2.63 27 41.71 0.013 0.753 33.426 

1.26E+07 3.4E+05 2.72 28 41.9 0.014 0.781 34.368 

1.24E+07 3.5E+05 2.82 29 42.1 0.014 0.808 35.276 

1.23E+07 3.6E+05 2.92 30 42.31 0.015 0.836 36.166 

1.22E+07 3.7E+05 3.01 31 42.51 0.015 0.864 37.030 

1.21E+07 3.8E+05 3.11 32 42.72 0.016 0.891 37.869 

1.20E+07 3.8E+05 3.21 33 42.92 0.016 0.919 38.685 

1.19E+07 3.9E+05 3.30 34 43.13 0.017 0.947 39.473 

1.18E+07 4.0E+05 3.40 35 43.33 0.017 0.974 40.246 

1.17E+07 4.1E+05 3.50 36 43.54 0.017 1.002 40.989 

1.16E+07 4.2E+05 3.59 37 43.75 0.018 1.030 41.720 

1.14E+07 4.2E+05 3.69 38 43.95 0.018 1.057 42.420 

1.13E+07 4.3E+05 3.79 39 44.16 0.019 1.085 43.106 

1.12E+07 4.4E+05 3.88 40 44.36 0.019 1.113 43.767 

1.11E+07 4.4E+05 3.98 41 44.56 0.020 1.141 44.411 

1.10E+07 4.5E+05 4.08 42 44.77 0.020 1.168 45.030 

1.09E+07 4.5E+05 4.17 43 44.97 0.021 1.196 45.639 

1.08E+07 4.6E+05 4.27 44 45.17 0.021 1.224 46.220 

1.07E+07 4.7E+05 4.37 45 45.36 0.022 1.251 46.788 

1.06E+07 4.7E+05 4.46 46 45.56 0.022 1.279 47.338 

1.04E+07 4.8E+05 4.56 47 45.76 0.023 1.307 47.872 

1.03E+07 4.8E+05 4.66 48 45.95 0.023 1.335 48.389 

1.02E+07 4.9E+05 4.75 49 46.14 0.024 1.362 48.891 

1.01E+07 4.9E+05 4.85 50 46.33 0.024 1.390 49.379 

1.00E+07 5.0E+05 4.95 51 46.5 0.025 1.418 49.922 

9.94E+06 5.0E+05 5.05 52 46.67 0.025 1.447 50.455 

9.85E+06 5.1E+05 5.15 53 46.85 0.026 1.476 50.952 

9.75E+06 5.1E+05 5.25 54 47.03 0.026 1.505 51.436 

9.65E+06 5.2E+05 5.35 55 47.21 0.027 1.534 51.883 

9.54E+06 5.2E+05 5.45 56 47.4 0.027 1.563 52.303 

9.44E+06 5.2E+05 5.55 57 47.58 0.028 1.591 52.681 
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9.34E+06 5.3E+05 5.65 58 47.76 0.028 1.619 53.040 

9.24E+06 5.3E+05 5.74 59 47.94 0.029 1.646 53.375 

9.15E+06 5.3E+05 5.84 60 48.12 0.029 1.674 53.706 

9.05E+06 5.4E+05 5.94 61 48.29 0.030 1.701 54.021 

8.96E+06 5.4E+05 6.03 62 48.46 0.030 1.729 54.335 

8.87E+06 5.4E+05 6.13 63 48.63 0.031 1.757 54.633 

8.77E+06 5.5E+05 6.23 64 48.8 0.031 1.785 54.927 

8.68E+06 5.5E+05 6.32 65 48.97 0.032 1.812 55.204 

8.60E+06 5.5E+05 6.42 66 49.13 0.032 1.840 55.472 

8.51E+06 5.5E+05 6.52 67 49.3 0.033 1.868 55.734 

8.42E+06 5.6E+05 6.61 68 49.45 0.033 1.895 55.987 

8.34E+06 5.6E+05 6.71 69 49.61 0.034 1.923 56.236 

8.25E+06 5.6E+05 6.81 70 49.77 0.034 1.951 56.467 

8.17E+06 5.6E+05 6.91 71 49.92 0.035 1.979 56.694 

8.09E+06 5.7E+05 7.00 72 50.08 0.035 2.006 56.905 

8.01E+06 5.7E+05 7.10 73 50.23 0.036 2.034 57.113 

7.93E+06 5.7E+05 7.19 74 50.38 0.036 2.062 57.307 

7.85E+06 5.7E+05 7.29 75 50.52 0.036 2.090 57.500 

7.77E+06 5.7E+05 7.39 76 50.67 0.037 2.117 57.678 

7.69E+06 5.8E+05 7.49 77 50.81 0.037 2.145 57.855 

7.61E+06 5.8E+05 7.58 78 50.96 0.038 2.173 58.016 

7.54E+06 5.8E+05 7.68 79 51.1 0.038 2.201 58.177 

7.46E+06 5.8E+05 7.78 80 51.24 0.039 2.228 58.323 

7.39E+06 5.8E+05 7.87 81 51.38 0.039 2.256 58.467 

7.32E+06 5.8E+05 7.97 82 51.52 0.040 2.284 58.598 

7.25E+06 5.8E+05 8.07 83 51.65 0.040 2.311 58.729 

7.17E+06 5.9E+05 8.16 84 51.79 0.041 2.339 58.847 

7.10E+06 5.9E+05 8.26 85 51.92 0.041 2.367 58.963 

7.03E+06 5.9E+05 8.36 86 52.05 0.042 2.394 59.066 

6.96E+06 5.9E+05 8.45 87 52.18 0.042 2.422 59.167 

6.90E+06 5.9E+05 8.55 88 52.31 0.043 2.450 59.255 

6.83E+06 5.9E+05 8.65 89 52.44 0.043 2.478 59.342 

6.76E+06 5.9E+05 8.74 90 52.56 0.044 2.505 59.416 

6.70E+06 5.9E+05 8.84 91 52.69 0.044 2.533 59.489 

6.63E+06 5.9E+05 8.94 92 52.81 0.045 2.561 59.551 

6.57E+06 5.9E+05 9.03 93 52.93 0.045 2.589 59.611 

6.50E+06 5.9E+05 9.13 94 53.05 0.046 2.616 59.658 

6.44E+06 5.9E+05 9.23 95 53.17 0.046 2.644 59.705 

6.38E+06 5.9E+05 9.32 96 53.29 0.047 2.672 59.739 

6.31E+06 5.9E+05 9.42 97 53.41 0.047 2.699 59.769 

6.25E+06 6.0E+05 9.52 98 53.52 0.048 2.727 59.799 

6.19E+06 6.0E+05 9.61 99 53.64 0.048 2.755 59.817 

6.13E+06 6.0E+05 9.71 100 53.75 0.049 2.783 59.832 

6.07E+06 6.0E+05 9.81 101 53.86 0.049 2.810 59.835 

6.01E+06 6.0E+05 9.90 102 53.97 0.050 2.838 59.834 

5.95E+06 6.0E+05 10.00 103 54.08 0.050 2.866 59.824 

5.89E+06 6.0E+05 10.10 104 54.19 0.051 2.894 59.811 

5.84E+06 5.9E+05 10.19 105 54.3 0.051 2.921 59.788 

5.78E+06 5.9E+05 10.29 106 54.41 0.051 2.949 59.763 

5.72E+06 5.9E+05 10.39 107 54.51 0.052 2.977 59.726 

5.66E+06 5.9E+05 10.48 108 54.62 0.052 3.004 59.687 

5.61E+06 5.9E+05 10.58 109 54.72 0.053 3.032 59.637 

5.55E+06 5.9E+05 10.68 110 54.82 0.053 3.060 59.583 

5.50E+06 5.9E+05 10.77 111 54.93 0.054 3.087 59.524 

5.44E+06 5.9E+05 10.87 112 55.03 0.054 3.115 59.460 

5.39E+06 5.9E+05 10.97 113 55.13 0.055 3.143 59.394 

5.33E+06 5.9E+05 11.06 114 55.22 0.055 3.171 59.315 

5.28E+06 5.9E+05 11.16 115 55.32 0.056 3.199 59.233 

5.23E+06 5.9E+05 11.26 116 55.42 0.056 3.226 59.139 

5.17E+06 5.9E+05 11.35 117 55.51 0.057 3.254 59.044 

5.12E+06 5.9E+05 11.45 118 55.61 0.057 3.282 58.938 

5.07E+06 5.9E+05 11.55 119 55.7 0.058 3.309 58.828 

5.02E+06 5.8E+05 11.64 120 55.79 0.058 3.337 58.706 

4.96E+06 5.8E+05 11.74 121 55.89 0.059 3.365 58.580 

4.91E+06 5.8E+05 11.84 122 55.98 0.059 3.392 58.441 

4.86E+06 5.8E+05 11.93 123 56.07 0.060 3.420 58.299 

4.81E+06 5.8E+05 12.03 124 56.15 0.060 3.448 58.144 

4.76E+06 5.8E+05 12.13 125 56.24 0.061 3.476 57.988 

4.71E+06 5.8E+05 12.22 126 56.33 0.061 3.503 57.820 

4.66E+06 5.7E+05 12.32 127 56.41 0.062 3.531 57.649 

4.60E+06 5.7E+05 12.42 128 56.5 0.062 3.559 57.466 

4.55E+06 5.7E+05 12.51 129 56.58 0.063 3.587 57.281 

4.50E+06 5.7E+05 12.61 130 56.66 0.063 3.614 57.083 

4.45E+06 5.7E+05 12.71 131 56.74 0.064 3.642 56.882 

4.40E+06 5.6E+05 12.80 132 56.82 0.064 3.670 56.670 

4.35E+06 5.6E+05 12.90 133 56.9 0.065 3.697 56.457 
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4.30E+06 5.6E+05 13.00 134 56.98 0.065 3.725 56.233 

4.26E+06 5.6E+05 13.09 135 57.05 0.065 3.753 56.004 

4.21E+06 5.5E+05 13.19 136 57.13 0.066 3.781 55.771 

4.16E+06 5.5E+05 13.29 137 57.21 0.066 3.808 55.528 

4.11E+06 5.5E+05 13.38 138 57.28 0.067 3.836 55.278 

4.06E+06 5.5E+05 13.48 139 57.35 0.067 3.864 55.027 

4.01E+06 5.4E+05 13.58 140 57.42 0.068 3.891 54.770 

3.97E+06 5.4E+05 13.67 141 57.49 0.068 3.919 54.510 

3.92E+06 5.4E+05 13.77 142 57.56 0.069 3.947 54.244 

3.87E+06 5.4E+05 13.87 143 57.62 0.069 3.974 53.975 

3.83E+06 5.3E+05 13.96 144 57.69 0.070 4.002 53.701 

3.78E+06 5.3E+05 14.06 145 57.76 0.070 4.030 53.423 

3.73E+06 5.3E+05 14.16 146 57.82 0.071 4.058 53.139 

3.69E+06 5.3E+05 14.26 147 57.88 0.071 4.086 52.855 

3.64E+06 5.2E+05 14.35 148 57.94 0.072 4.113 52.562 

3.60E+06 5.2E+05 14.45 149 58 0.072 4.141 52.270 

3.56E+06 5.2E+05 14.55 150 58.06 0.073 4.169 51.969 

3.51E+06 5.1E+05 14.64 151 58.11 0.073 4.196 51.662 

3.47E+06 5.1E+05 14.74 152 58.17 0.074 4.224 51.348 

3.42E+06 5.1E+05 14.84 153 58.22 0.074 4.252 51.029 

3.38E+06 5.0E+05 14.93 154 58.27 0.075 4.280 50.707 

3.34E+06 5.0E+05 15.03 155 58.32 0.075 4.307 50.378 

3.29E+06 5.0E+05 15.13 156 58.37 0.076 4.335 50.043 

3.25E+06 4.9E+05 15.22 157 58.41 0.076 4.363 49.707 

3.21E+06 4.9E+05 15.32 158 58.46 0.077 4.390 49.362 

3.16E+06 4.9E+05 15.42 159 58.5 0.077 4.418 49.013 

3.12E+06 4.8E+05 15.51 160 58.54 0.078 4.446 48.653 

3.08E+06 4.8E+05 15.61 161 58.58 0.078 4.474 48.288 

3.04E+06 4.8E+05 15.71 162 58.62 0.079 4.501 47.911 

2.99E+06 4.7E+05 15.8 163 58.65 0.079 4.529 47.528 

2.95E+06 4.7E+05 15.9 164 58.69 0.080 4.557 47.134 

2.91E+06 4.6E+05 16 165 58.72 0.080 4.585 46.731 

2.86E+06 4.6E+05 16.09 166 58.74 0.081 4.612 46.314 

2.82E+06 4.6E+05 16.19 167 58.77 0.081 4.640 45.889 

2.78E+06 4.5E+05 16.29 168 58.79 0.081 4.668 45.451 

2.73E+06 4.5E+05 16.38 169 58.81 0.082 4.696 45.004 

2.69E+06 4.4E+05 16.48 170 58.83 0.082 4.723 44.541 

2.65E+06 4.4E+05 16.58 171 58.84 0.083 4.751 44.072 

2.60E+06 4.3E+05 16.67 172 58.85 0.083 4.779 43.596 

2.56E+06 4.3E+05 16.77 173 58.86 0.084 4.806 43.114 

2.51E+06 4.2E+05 16.87 174 58.86 0.084 4.834 42.625 

2.47E+06 4.2E+05 16.96 175 58.85 0.085 4.862 42.132 

2.43E+06 4.1E+05 17.06 176 58.85 0.085 4.890 41.627 

2.38E+06 4.1E+05 17.16 177 58.83 0.086 4.918 41.105 

2.34E+06 4.0E+05 17.25 178 58.81 0.086 4.945 40.576 

2.30E+06 4.0E+05 17.35 179 58.79 0.087 4.973 40.032 

2.25E+06 3.9E+05 17.45 180 58.75 0.087 5.001 39.472 

2.21E+06 3.9E+05 17.54 181 58.71 0.088 5.028 38.912 

2.16E+06 3.8E+05 17.64 182 58.67 0.088 5.056 38.351 

2.12E+06 3.8E+05 17.74 183 58.62 0.089 5.084 37.772 

2.07E+06 3.7E+05 17.84 184 58.57 0.089 5.112 37.186 

2.03E+06 3.6E+05 17.93 185 58.52 0.090 5.139 36.600 

1.99E+06 3.6E+05 18.03 186 58.46 0.090 5.166 36.020 

1.95E+06 3.5E+05 18.12 187 58.4 0.091 5.194 35.451 

1.91E+06 3.5E+05 18.22 188 58.33 0.091 5.222 34.882 

1.86E+06 3.4E+05 18.32 189 58.26 0.092 5.250 34.323 

1.83E+06 3.4E+05 18.41 190 58.21 0.092 5.277 33.791 

1.79E+06 3.3E+05 18.51 191 58.16 0.093 5.305 33.267 

1.75E+06 3.3E+05 18.61 192 58.09 0.093 5.333 32.734 

1.71E+06 3.2E+05 18.71 193 58.02 0.094 5.361 32.192 

1.67E+06 3.1E+05 18.8 194 57.94 0.094 5.389 31.643 

1.64E+06 3.1E+05 18.9 195 57.84 0.095 5.416 31.095 

1.60E+06 3.0E+05 18.99 196 57.74 0.095 5.444 30.554 

1.56E+06 3.0E+05 19.09 197 57.64 0.095 5.471 30.022 

1.53E+06 2.9E+05 19.19 198 57.54 0.096 5.499 29.489 

1.49E+06 2.9E+05 19.29 199 57.44 0.096 5.527 28.959 

1.46E+06 2.8E+05 19.38 200 57.33 0.097 5.555 28.421 

1.42E+06 2.8E+05 19.48 201 57.22 0.097 5.583 27.880 

1.39E+06 2.7E+05 19.58 202 57.1 0.098 5.611 27.336 

1.36E+06 2.7E+05 19.67 203 56.98 0.098 5.638 26.793 

1.32E+06 2.6E+05 19.77 204 56.84 0.099 5.665 26.255 

1.29E+06 2.6E+05 19.87 205 56.73 0.099 5.694 25.717 

1.25E+06 2.5E+05 19.96 206 56.63 0.100 5.722 25.179 

1.22E+06 2.5E+05 20.06 207 56.51 0.100 5.750 24.637 

1.19E+06 2.4E+05 20.16 208 56.4 0.101 5.776 24.110 

1.16E+06 2.3E+05 20.25 209 56.3 0.101 5.803 23.603 
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1.13E+06 2.3E+05 20.35 210 56.17 0.102 5.831 23.098 

1.10E+06 2.2E+05 20.45 211 56.05 0.102 5.860 22.600 

1.07E+06 2.2E+05 20.54 212 55.92 0.103 5.888 22.100 

1.04E+06 2.2E+05 20.64 213 55.81 0.103 5.916 21.609 

1.01E+06 2.1E+05 20.74 214 55.7 0.104 5.943 21.129 

9.87E+05 2.1E+05 20.83 215 55.6 0.104 5.970 20.663 

9.61E+05 2.0E+05 20.93 216 55.52 0.105 5.998 20.204 

9.35E+05 2.0E+05 21.03 217 55.45 0.105 6.026 19.750 

9.09E+05 1.9E+05 21.13 218 55.41 0.106 6.055 19.293 

8.82E+05 1.9E+05 21.23 219 55.36 0.106 6.084 18.820 

8.55E+05 1.8E+05 21.33 220 55.33 0.107 6.113 18.323 

8.27E+05 1.8E+05 21.43 221 55.3 0.107 6.141 17.806 

7.97E+05 1.7E+05 21.53 222 55.29 0.108 6.169 17.253 

7.67E+05 1.7E+05 21.63 223 55.31 0.108 6.198 16.671 

7.36E+05 1.6E+05 21.72 224 55.37 0.109 6.225 16.066 

7.05E+05 1.5E+05 21.81 225 55.45 0.109 6.251 15.460 

6.76E+05 1.5E+05 21.9 226 55.55 0.110 6.275 14.874 

6.48E+05 1.4E+05 21.98 227 55.64 0.110 6.300 14.326 

6.23E+05 1.4E+05 22.08 228 55.73 0.110 6.326 13.816 

5.99E+05 1.3E+05 22.17 229 55.83 0.111 6.354 13.338 

5.76E+05 1.3E+05 22.28 230 55.93 0.111 6.384 12.884 

5.54E+05 1.2E+05 22.38 231 56.06 0.112 6.412 12.451 

5.33E+05 1.2E+05 22.47 232 56.17 0.112 6.440 12.040 

5.14E+05 1.2E+05 22.57 233 56.31 0.113 6.467 11.653 

4.96E+05 1.1E+05 22.66 234 56.45 0.113 6.494 11.285 

4.78E+05 1.1E+05 22.76 235 56.61 0.114 6.522 10.940 

4.62E+05 1.1E+05 22.86 236 56.76 0.114 6.550 10.610 

4.46E+05 1.0E+05 22.95 237 56.92 0.115 6.578 10.298 

4.32E+05 9.9E+04 23.05 238 57.09 0.115 6.606 9.998 

4.17E+05 9.7E+04 23.15 239 57.26 0.116 6.634 9.713 

4.04E+05 9.4E+04 23.25 240 57.41 0.116 6.662 9.437 

3.91E+05 9.1E+04 23.34 241 57.56 0.117 6.689 9.172 

3.79E+05 8.9E+04 23.44 242 57.69 0.117 6.716 8.925 

3.68E+05 8.6E+04 23.53 243 57.82 0.118 6.744 8.692 

3.57E+05 8.4E+04 23.63 244 57.93 0.118 6.772 8.471 

3.46E+05 8.2E+04 23.73 245 58.07 0.119 6.800 8.257 

3.36E+05 8.0E+04 23.83 246 58.21 0.119 6.828 8.049 

3.26E+05 7.8E+04 23.93 247 58.39 0.120 6.856 7.847 

3.17E+05 7.6E+04 24.02 248 58.59 0.120 6.884 7.645 

3.07E+05 7.4E+04 24.12 249 58.81 0.121 6.912 7.449 

2.98E+05 7.2E+04 24.21 250 59.03 0.121 6.939 7.261 

2.89E+05 7.0E+04 24.31 251 59.22 0.122 6.968 7.072 

2.80E+05 6.8E+04 24.41 252 59.41 0.122 6.996 6.882 

2.71E+05 6.7E+04 24.51 253 59.65 0.123 7.024 6.686 

2.63E+05 6.5E+04 24.6 254 59.94 0.123 7.050 6.499 

2.55E+05 6.3E+04 24.69 255 60.22 0.124 7.076 6.327 

2.47E+05 6.1E+04 24.8 256 60.45 0.124 7.106 6.151 

2.39E+05 5.9E+04 24.9 257 60.73 0.125 7.135 5.970 

2.30E+05 5.8E+04 24.99 258 61.01 0.125 7.162 5.788 

2.23E+05 5.6E+04 25.09 259 61.33 0.125 7.189 5.617 

2.16E+05 5.4E+04 25.18 260 61.61 0.126 7.215 5.463 

2.11E+05 5.3E+04 25.26 261 61.91 0.126 7.239 5.359 

2.07E+05 5.2E+04 25.37 262 62.17 0.127 7.269 5.269 

2.00E+05 5.1E+04 25.49 263 62.38 0.127 7.304 5.129 

1.94E+05 5.0E+04 25.59 264 62.64 0.128 7.332 4.991 

1.87E+05 4.8E+04 25.69 265 62.86 0.128 7.361 4.824 

1.80E+05 4.6E+04 25.77 266 63.17 0.129 7.385 4.659 

1.74E+05 4.5E+04 25.85 267 63.57 0.129 7.408 4.526 

1.69E+05 4.4E+04 25.94 268 63.91 0.130 7.434 4.418 

1.65E+05 4.3E+04 26.05 269 64.2 0.130 7.464 4.318 

1.60E+05 4.2E+04 26.16 270 64.45 0.131 7.495 4.214 

1.55E+05 4.1E+04 26.26 271 64.73 0.131 7.525 4.097 

1.50E+05 4.0E+04 26.36 272 65.02 0.132 7.552 3.977 

1.46E+05 3.9E+04 26.44 273 65.43 0.132 7.577 3.873 

1.43E+05 3.8E+04 26.53 274 65.87 0.133 7.602 3.803 

1.39E+05 3.7E+04 26.63 275 66.22 0.133 7.631 3.726 

1.35E+05 3.6E+04 26.74 276 66.44 0.134 7.663 3.634 

1.31E+05 3.5E+04 26.85 277 66.62 0.134 7.693 3.526 

1.26E+05 3.4E+04 26.94 278 66.9 0.135 7.718 3.424 

1.23E+05 3.3E+04 27.02 279 67.24 0.135 7.744 3.337 

1.19E+05 3.2E+04 27.12 280 67.47 0.136 7.771 3.257 

1.16E+05 3.2E+04 27.22 281 67.74 0.136 7.799 3.182 

1.13E+05 3.1E+04 27.32 282 67.92 0.137 7.828 3.106 

1.10E+05 3.0E+04 27.42 283 68.16 0.137 7.856 3.036 

1.07E+05 3.0E+04 27.51 284 68.37 0.138 7.884 2.969 

1.05E+05 2.9E+04 27.61 285 68.63 0.138 7.911 2.904 
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1.03E+05 2.8E+04 27.7 286 68.97 0.139 7.938 2.857 

1.00E+05 2.8E+04 27.8 287 69.24 0.139 7.966 2.802 

9.80E+04 2.7E+04 27.9 288 69.38 0.140 7.995 2.748 

9.56E+04 2.7E+04 28 289 69.59 0.140 8.023 2.691 

9.36E+04 2.6E+04 28.09 290 69.79 0.141 8.050 2.643 

9.15E+04 2.6E+04 28.19 291 69.97 0.141 8.078 2.594 

8.96E+04 2.5E+04 28.29 292 70.11 0.141 8.105 2.546 

8.77E+04 2.5E+04 28.38 293 70.29 0.142 8.133 2.503 

8.60E+04 2.5E+04 28.48 294 70.48 0.142 8.160 2.463 

8.43E+04 2.4E+04 28.57 295 70.77 0.143 8.188 2.422 

8.19E+04 2.3E+04 28.68 296 70.96 0.143 8.217 2.362 

7.95E+04 2.3E+04 28.77 297 71.21 0.144 8.245 2.299 

7.73E+04 2.2E+04 28.87 298 71.36 0.144 8.273 2.242 

7.54E+04 2.2E+04 28.96 299 71.57 0.145 8.299 2.195 

7.38E+04 2.1E+04 29.06 300 71.77 0.145 8.327 2.156 

7.21E+04 2.1E+04 29.16 301 71.95 0.146 8.355 2.113 

7.05E+04 2.1E+04 29.25 302 72.03 0.146 8.383 2.074 

6.90E+04 2.0E+04 29.35 303 72.14 0.147 8.411 2.035 

6.76E+04 2.0E+04 29.45 304 72.25 0.147 8.438 2.001 

6.63E+04 2.0E+04 29.55 305 72.39 0.148 8.466 1.968 

6.50E+04 1.9E+04 29.64 306 72.44 0.148 8.494 1.936 

6.38E+04 1.9E+04 29.74 307 72.57 0.149 8.521 1.906 

6.27E+04 1.9E+04 29.83 308 72.69 0.149 8.549 1.880 

6.16E+04 1.8E+04 29.93 309 72.74 0.150 8.577 1.853 

6.04E+04 1.8E+04 30.03 310 72.82 0.150 8.605 1.823 

        

LAS 19ºC BITUMEN - 30/45 RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.20 5.3E+06 57.06      

0.40 8.1E+06 53.95      

0.60 1.0E+07 52.12      

0.80 1.2E+07 50.83      

1.00 1.4E+07 49.84      

2.00 2.0E+07 46.83      

4.00 2.8E+07 43.88      

6.00 3.4E+07 42.19      

8.00 3.9E+07 41.00      

10.00 4.3E+07 40.09      

20.00 5.8E+07 37.27      

30.00 6.9E+07 35.64      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

4.36E+07 4.3E+04 0.10 1 40.01 0.000 0.028 4.278 

4.38E+07 7.8E+04 0.18 2 39.92 0.001 0.051 7.789 

4.37E+07 1.2E+05 0.28 3 39.95 0.001 0.079 12.185 

4.37E+07 1.7E+05 0.38 4 39.99 0.002 0.110 16.861 

4.36E+07 2.1E+05 0.49 5 40.04 0.002 0.141 21.509 

4.35E+07 2.6E+05 0.59 6 40.1 0.003 0.170 25.997 

4.34E+07 3.0E+05 0.69 7 40.16 0.003 0.199 30.344 

4.33E+07 3.4E+05 0.79 8 40.24 0.004 0.228 34.574 

4.32E+07 3.9E+05 0.89 9 40.32 0.004 0.256 38.709 

4.30E+07 4.3E+05 0.99 10 40.41 0.005 0.283 42.764 

4.28E+07 4.7E+05 1.09 11 40.51 0.005 0.311 46.744 

4.26E+07 5.0E+05 1.18 12 40.63 0.006 0.339 50.662 

4.24E+07 5.4E+05 1.28 13 40.75 0.006 0.366 54.510 

4.22E+07 5.8E+05 1.37 14 40.88 0.007 0.394 58.293 

4.19E+07 6.2E+05 1.47 15 41.03 0.007 0.421 62.003 

4.17E+07 6.5E+05 1.57 16 41.18 0.008 0.449 65.637 

4.14E+07 6.9E+05 1.66 17 41.35 0.008 0.477 69.196 

4.11E+07 7.2E+05 1.76 18 41.52 0.009 0.504 72.670 

4.08E+07 7.6E+05 1.86 19 41.71 0.009 0.532 76.055 

4.04E+07 7.9E+05 1.95 20 41.9 0.010 0.560 79.349 

4.01E+07 8.2E+05 2.05 21 42.1 0.010 0.587 82.550 

3.97E+07 8.5E+05 2.15 22 42.32 0.011 0.615 85.657 

3.93E+07 8.8E+05 2.24 23 42.54 0.011 0.643 88.664 

3.89E+07 9.1E+05 2.34 24 42.76 0.012 0.670 91.570 

3.86E+07 9.4E+05 2.44 25 42.99 0.012 0.698 94.379 

3.81E+07 9.7E+05 2.53 26 43.23 0.013 0.726 97.083 

3.77E+07 9.9E+05 2.63 27 43.48 0.013 0.754 99.691 

3.73E+07 1.0E+06 2.73 28 43.73 0.014 0.781 102.193 

3.69E+07 1.0E+06 2.82 29 43.98 0.014 0.809 104.594 
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3.64E+07 1.1E+06 2.92 30 44.24 0.015 0.837 106.894 

3.60E+07 1.1E+06 3.02 31 44.5 0.015 0.864 109.091 

3.55E+07 1.1E+06 3.11 32 44.77 0.016 0.892 111.190 

3.51E+07 1.1E+06 3.21 33 45.04 0.016 0.920 113.192 

3.46E+07 1.1E+06 3.31 34 45.31 0.017 0.948 115.095 

3.42E+07 1.2E+06 3.40 35 45.59 0.017 0.975 116.903 

3.37E+07 1.2E+06 3.50 36 45.86 0.018 1.003 118.617 

3.33E+07 1.2E+06 3.60 37 46.14 0.018 1.031 120.246 

3.28E+07 1.2E+06 3.69 38 46.42 0.018 1.058 121.781 

3.24E+07 1.2E+06 3.79 39 46.71 0.019 1.086 123.223 

3.19E+07 1.2E+06 3.89 40 46.99 0.019 1.114 124.581 

3.14E+07 1.3E+06 3.98 41 47.27 0.020 1.142 125.863 

3.10E+07 1.3E+06 4.08 42 47.55 0.020 1.169 127.068 

3.05E+07 1.3E+06 4.18 43 47.84 0.021 1.197 128.195 

3.01E+07 1.3E+06 4.27 44 48.12 0.021 1.225 129.244 

2.97E+07 1.3E+06 4.37 45 48.4 0.022 1.252 130.225 

2.92E+07 1.3E+06 4.47 46 48.67 0.022 1.280 131.138 

2.88E+07 1.3E+06 4.56 47 48.95 0.023 1.308 131.988 

2.84E+07 1.3E+06 4.66 48 49.22 0.023 1.335 132.777 

2.79E+07 1.3E+06 4.76 49 49.5 0.024 1.363 133.507 

2.75E+07 1.3E+06 4.85 50 49.77 0.024 1.391 134.181 

2.71E+07 1.3E+06 4.95 51 50.01 0.025 1.420 135.122 

2.68E+07 1.4E+06 5.06 52 50.26 0.025 1.449 136.003 

2.64E+07 1.4E+06 5.16 53 50.51 0.026 1.478 136.740 

2.60E+07 1.4E+06 5.26 54 50.77 0.026 1.507 137.333 

2.56E+07 1.4E+06 5.36 55 51.04 0.027 1.536 137.785 

2.52E+07 1.4E+06 5.45 56 51.3 0.027 1.564 138.111 

2.48E+07 1.4E+06 5.55 57 51.56 0.028 1.591 138.348 

2.44E+07 1.4E+06 5.65 58 51.81 0.028 1.619 138.531 

2.40E+07 1.4E+06 5.74 59 52.07 0.029 1.646 138.689 

2.37E+07 1.4E+06 5.84 60 52.32 0.029 1.674 138.826 

2.33E+07 1.4E+06 5.94 61 52.57 0.030 1.702 138.943 

2.29E+07 1.4E+06 6.03 62 52.82 0.030 1.730 139.036 

2.26E+07 1.4E+06 6.13 63 53.06 0.031 1.757 139.104 

2.22E+07 1.4E+06 6.23 64 53.3 0.031 1.785 139.145 

2.19E+07 1.4E+06 6.32 65 53.54 0.032 1.813 139.164 

2.16E+07 1.4E+06 6.42 66 53.77 0.032 1.840 139.161 

2.12E+07 1.4E+06 6.52 67 54 0.033 1.868 139.142 

2.09E+07 1.4E+06 6.61 68 54.23 0.033 1.896 139.099 

2.06E+07 1.4E+06 6.71 69 54.45 0.034 1.924 139.034 

2.03E+07 1.4E+06 6.81 70 54.67 0.034 1.951 138.945 

2.00E+07 1.4E+06 6.90 71 54.89 0.035 1.979 138.842 

1.97E+07 1.4E+06 7.00 72 55.1 0.035 2.007 138.727 

1.94E+07 1.4E+06 7.10 73 55.31 0.036 2.034 138.592 

1.92E+07 1.4E+06 7.19 74 55.52 0.036 2.062 138.436 

1.89E+07 1.4E+06 7.29 75 55.72 0.036 2.090 138.267 

1.86E+07 1.4E+06 7.39 76 55.93 0.037 2.117 138.087 

1.83E+07 1.4E+06 7.48 77 56.13 0.037 2.145 137.889 

1.81E+07 1.4E+06 7.58 78 56.32 0.038 2.173 137.671 

1.78E+07 1.4E+06 7.68 79 56.52 0.038 2.201 137.436 

1.76E+07 1.4E+06 7.77 80 56.71 0.039 2.228 137.186 

1.73E+07 1.4E+06 7.87 81 56.9 0.039 2.256 136.920 

1.71E+07 1.4E+06 7.96 82 57.09 0.040 2.284 136.651 

1.68E+07 1.4E+06 8.06 83 57.28 0.040 2.311 136.375 

1.66E+07 1.4E+06 8.16 84 57.46 0.041 2.339 136.090 

1.64E+07 1.4E+06 8.26 85 57.65 0.041 2.367 135.789 

1.61E+07 1.3E+06 8.35 86 57.83 0.042 2.395 135.474 

1.59E+07 1.3E+06 8.45 87 58 0.042 2.422 135.156 

1.57E+07 1.3E+06 8.54 88 58.18 0.043 2.450 134.830 

1.55E+07 1.3E+06 8.64 89 58.35 0.043 2.478 134.493 

1.53E+07 1.3E+06 8.74 90 58.52 0.044 2.505 134.146 

1.51E+07 1.3E+06 8.83 91 58.69 0.044 2.533 133.790 

1.49E+07 1.3E+06 8.93 92 58.86 0.045 2.561 133.421 

1.47E+07 1.3E+06 9.03 93 59.03 0.045 2.588 133.044 

1.45E+07 1.3E+06 9.12 94 59.19 0.046 2.616 132.652 

1.43E+07 1.3E+06 9.22 95 59.35 0.046 2.644 132.251 

1.41E+07 1.3E+06 9.32 96 59.51 0.047 2.672 131.838 

1.39E+07 1.3E+06 9.41 97 59.67 0.047 2.699 131.410 

1.37E+07 1.3E+06 9.51 98 59.83 0.048 2.727 130.969 

1.35E+07 1.3E+06 9.61 99 59.98 0.048 2.755 130.518 

1.33E+07 1.3E+06 9.70 100 60.13 0.049 2.782 130.054 

1.32E+07 1.3E+06 9.80 101 60.29 0.049 2.810 129.571 

1.30E+07 1.3E+06 9.90 102 60.44 0.050 2.838 129.060 

1.28E+07 1.3E+06 9.99 103 60.59 0.050 2.866 128.537 

1.26E+07 1.3E+06 10.09 104 60.74 0.050 2.893 127.998 

1.24E+07 1.3E+06 10.19 105 60.89 0.051 2.921 127.442 
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1.23E+07 1.3E+06 10.28 106 61.03 0.051 2.949 126.860 

1.21E+07 1.3E+06 10.38 107 61.18 0.052 2.977 126.241 

1.19E+07 1.2E+06 10.48 108 61.33 0.052 3.005 125.583 

1.17E+07 1.2E+06 10.57 109 61.47 0.053 3.032 124.878 

1.16E+07 1.2E+06 10.67 110 61.61 0.053 3.060 124.111 

1.14E+07 1.2E+06 10.77 111 61.76 0.054 3.088 123.266 

1.12E+07 1.2E+06 10.87 112 61.9 0.054 3.117 122.281 

1.10E+07 1.2E+06 10.97 113 62.05 0.055 3.145 121.086 

1.08E+07 1.2E+06 11.07 114 62.2 0.055 3.174 119.595 

1.05E+07 1.2E+06 11.17 115 62.34 0.056 3.203 117.739 

1.02E+07 1.1E+06 11.27 116 62.48 0.056 3.231 115.473 

9.88E+06 1.1E+06 11.36 117 62.61 0.057 3.259 112.797 

9.53E+06 1.1E+06 11.46 118 62.73 0.057 3.286 109.721 

9.15E+06 1.1E+06 11.55 119 62.85 0.058 3.313 106.272 

8.76E+06 1.0E+06 11.64 120 62.95 0.058 3.340 102.547 

8.37E+06 9.8E+05 11.74 121 63.04 0.059 3.366 98.700 

7.97E+06 9.4E+05 11.83 122 63.12 0.059 3.394 94.822 

7.58E+06 9.0E+05 11.93 123 63.19 0.060 3.422 90.945 

7.20E+06 8.7E+05 12.03 124 63.24 0.060 3.449 87.084 

6.83E+06 8.3E+05 12.12 125 63.28 0.061 3.477 83.270 

6.48E+06 7.9E+05 12.22 126 63.3 0.061 3.504 79.548 

6.13E+06 7.6E+05 12.32 127 63.32 0.062 3.532 75.925 

5.81E+06 7.2E+05 12.41 128 63.32 0.062 3.559 72.435 

5.50E+06 6.9E+05 12.51 129 63.31 0.063 3.586 69.117 

5.21E+06 6.6E+05 12.60 130 63.29 0.063 3.613 66.007 

4.94E+06 6.3E+05 12.70 131 63.27 0.064 3.641 63.064 

4.68E+06 6.0E+05 12.80 132 63.24 0.064 3.670 60.213 

4.43E+06 5.7E+05 12.90 133 63.2 0.065 3.698 57.452 

4.20E+06 5.5E+05 12.99 134 63.16 0.065 3.726 54.790 

3.97E+06 5.2E+05 13.09 135 63.11 0.066 3.753 52.225 

3.76E+06 5.0E+05 13.18 136 63.04 0.066 3.780 49.790 

3.55E+06 4.7E+05 13.28 137 62.98 0.066 3.808 47.436 

3.36E+06 4.5E+05 13.38 138 62.92 0.067 3.836 45.188 

3.18E+06 4.3E+05 13.48 139 62.87 0.067 3.864 43.040 

3.00E+06 4.1E+05 13.57 140 62.8 0.068 3.892 40.971 

2.84E+06 3.9E+05 13.67 141 62.71 0.068 3.919 38.991 

2.68E+06 3.7E+05 13.77 142 62.63 0.069 3.947 37.079 

2.53E+06 3.5E+05 13.87 143 62.56 0.069 3.975 35.257 

2.39E+06 3.3E+05 13.96 144 62.47 0.070 4.002 33.536 

2.26E+06 3.2E+05 14.06 145 62.39 0.070 4.029 31.911 

2.14E+06 3.0E+05 14.15 146 62.31 0.071 4.056 30.388 

2.02E+06 2.9E+05 14.24 147 62.22 0.071 4.083 28.979 

1.92E+06 2.8E+05 14.34 148 62.14 0.072 4.111 27.653 

1.82E+06 2.6E+05 14.44 149 62.07 0.072 4.140 26.395 

1.72E+06 2.5E+05 14.54 150 61.97 0.073 4.168 25.208 

1.64E+06 2.4E+05 14.64 151 61.9 0.073 4.196 24.071 

1.55E+06 2.3E+05 14.74 152 61.85 0.074 4.224 22.988 

1.47E+06 2.2E+05 14.83 153 61.76 0.074 4.250 21.978 

1.40E+06 2.1E+05 14.93 154 61.72 0.075 4.278 21.028 

1.33E+06 2.0E+05 15.02 155 61.7 0.075 4.306 20.129 

1.27E+06 1.9E+05 15.12 156 61.62 0.076 4.334 19.276 

1.21E+06 1.8E+05 15.22 157 61.57 0.076 4.363 18.446 

1.15E+06 1.8E+05 15.32 158 61.49 0.077 4.391 17.637 

1.09E+06 1.7E+05 15.42 159 61.42 0.077 4.420 16.832 

1.03E+06 1.6E+05 15.51 160 61.27 0.078 4.445 16.105 

9.78E+05 1.5E+05 15.61 161 61.18 0.078 4.475 15.350 

9.26E+05 1.5E+05 15.71 162 61.12 0.079 4.503 14.619 

8.76E+05 1.4E+05 15.81 163 61.11 0.079 4.530 13.914 

8.28E+05 1.3E+05 15.9 164 61.13 0.080 4.557 13.239 

7.84E+05 1.3E+05 15.99 165 61.18 0.080 4.583 12.601 

7.44E+05 1.2E+05 16.08 166 61.17 0.080 4.608 12.017 

7.06E+05 1.1E+05 16.17 167 61.11 0.081 4.635 11.481 

6.71E+05 1.1E+05 16.28 168 61.01 0.081 4.664 10.972 

6.37E+05 1.0E+05 16.38 169 60.9 0.082 4.694 10.480 

6.04E+05 1.0E+05 16.48 170 60.85 0.082 4.723 10.008 

5.73E+05 9.5E+04 16.58 171 60.8 0.083 4.751 9.551 

5.43E+05 9.1E+04 16.67 172 60.73 0.083 4.778 9.106 

5.14E+05 8.6E+04 16.77 173 60.67 0.084 4.806 8.671 

4.87E+05 8.2E+04 16.87 174 60.62 0.084 4.833 8.249 

4.61E+05 7.8E+04 16.96 175 60.58 0.085 4.859 7.850 

4.36E+05 7.4E+04 17.05 176 60.53 0.085 4.886 7.475 

4.13E+05 7.1E+04 17.15 177 60.49 0.086 4.913 7.123 

3.92E+05 6.8E+04 17.24 178 60.44 0.086 4.940 6.798 

3.73E+05 6.5E+04 17.34 179 60.38 0.087 4.968 6.495 

3.54E+05 6.2E+04 17.44 180 60.32 0.087 4.998 6.198 

3.35E+05 5.9E+04 17.54 181 60.33 0.088 5.026 5.911 
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3.18E+05 5.6E+04 17.64 182 60.28 0.088 5.053 5.640 

3.02E+05 5.4E+04 17.73 183 60.25 0.089 5.080 5.384 

2.87E+05 5.1E+04 17.82 184 60.27 0.089 5.107 5.146 

2.73E+05 4.9E+04 17.92 185 60.06 0.090 5.136 4.916 

2.59E+05 4.7E+04 18.02 186 60.07 0.090 5.164 4.691 

2.46E+05 4.5E+04 18.12 187 59.96 0.091 5.192 4.476 

2.33E+05 4.2E+04 18.22 188 59.88 0.091 5.220 4.267 

2.22E+05 4.1E+04 18.31 189 59.81 0.092 5.246 4.076 

2.11E+05 3.9E+04 18.4 190 59.87 0.092 5.272 3.906 

2.02E+05 3.7E+04 18.5 191 59.69 0.093 5.302 3.752 

1.93E+05 3.6E+04 18.61 192 59.51 0.093 5.331 3.605 

1.84E+05 3.4E+04 18.7 193 59.47 0.094 5.359 3.463 

1.76E+05 3.3E+04 18.8 194 59.42 0.094 5.386 3.333 

1.69E+05 3.2E+04 18.9 195 59.3 0.095 5.415 3.207 

1.62E+05 3.1E+04 18.99 196 59.24 0.095 5.442 3.086 

1.55E+05 3.0E+04 19.09 197 59.12 0.095 5.471 2.967 

1.47E+05 2.8E+04 19.19 198 59.02 0.096 5.499 2.844 

1.41E+05 2.7E+04 19.29 199 58.9 0.096 5.527 2.726 

1.34E+05 2.6E+04 19.38 200 58.95 0.097 5.553 2.616 

1.29E+05 2.5E+04 19.47 201 59.06 0.097 5.580 2.529 

1.24E+05 2.4E+04 19.58 202 58.9 0.098 5.609 2.437 

1.20E+05 2.4E+04 19.67 203 59.2 0.098 5.637 2.380 

1.14E+05 2.3E+04 19.78 204 58.84 0.099 5.669 2.273 

1.08E+05 2.2E+04 19.87 205 59.23 0.099 5.695 2.163 

1.04E+05 2.1E+04 19.97 206 59.29 0.100 5.721 2.079 

9.94E+04 2.0E+04 20.05 207 60.07 0.100 5.745 2.003 

9.53E+04 1.9E+04 20.16 208 59.39 0.101 5.778 1.932 

9.03E+04 1.8E+04 20.26 209 59.84 0.101 5.805 1.838 

8.59E+04 1.7E+04 20.36 210 59.95 0.102 5.833 1.757 

8.11E+04 1.7E+04 20.45 211 60.38 0.102 5.860 1.667 

7.70E+04 1.6E+04 20.55 212 60.52 0.103 5.888 1.589 

7.35E+04 1.5E+04 20.64 213 60.79 0.103 5.915 1.524 

7.09E+04 1.5E+04 20.74 214 60.85 0.104 5.943 1.477 

6.84E+04 1.4E+04 20.83 215 61.79 0.104 5.968 1.431 

6.67E+04 1.4E+04 20.95 216 59.92 0.105 6.002 1.404 

6.36E+04 1.3E+04 21.03 217 60.55 0.105 6.026 1.345 

6.08E+04 1.3E+04 21.13 218 60.42 0.106 6.054 1.292 

5.69E+04 1.2E+04 21.22 219 61.31 0.106 6.080 1.214 

5.55E+04 1.2E+04 21.32 220 61.35 0.107 6.109 1.189 

5.27E+04 1.1E+04 21.42 221 61.36 0.107 6.138 1.134 

5.14E+04 1.1E+04 21.53 222 59.89 0.108 6.168 1.112 

4.83E+04 1.0E+04 21.61 223 61.86 0.108 6.191 1.050 

4.78E+04 1.0E+04 21.71 224 61.43 0.109 6.220 1.043 

4.88E+04 1.1E+04 21.79 225 63.06 0.109 6.243 1.068 

4.81E+04 1.1E+04 21.92 226 60.68 0.110 6.280 1.059 

4.37E+04 9.6E+03 22.01 227 62.24 0.110 6.305 0.966 

4.06E+04 9.0E+03 22.09 228 64.74 0.110 6.329 0.902 

4.20E+04 9.3E+03 22.2 229 62.64 0.111 6.361 0.936 

4.06E+04 9.1E+03 22.28 230 65.17 0.111 6.384 0.910 

3.93E+04 8.8E+03 22.39 231 64.41 0.112 6.415 0.884 

3.77E+04 8.5E+03 22.49 232 64.86 0.112 6.443 0.852 

3.79E+04 8.6E+03 22.6 233 61.96 0.113 6.476 0.861 

3.63E+04 8.2E+03 22.67 234 64.48 0.113 6.496 0.828 

3.42E+04 7.8E+03 22.76 235 65.8 0.114 6.522 0.782 

3.38E+04 7.7E+03 22.86 236 65.69 0.114 6.552 0.776 

3.30E+04 7.6E+03 22.96 237 66.32 0.115 6.580 0.761 

3.20E+04 7.4E+03 23.07 238 66.21 0.115 6.609 0.741 

3.14E+04 7.3E+03 23.16 239 66.47 0.116 6.638 0.730 

3.03E+04 7.0E+03 23.26 240 67.41 0.116 6.664 0.708 

3.23E+04 7.5E+03 23.35 241 68.59 0.117 6.690 0.758 

3.65E+04 8.6E+03 23.43 242 69.65 0.117 6.715 0.861 

4.25E+04 1.0E+04 23.53 243 70.65 0.118 6.742 1.004 

4.98E+04 1.2E+04 23.64 244 69.48 0.118 6.775 1.183 

5.76E+04 1.4E+04 23.74 245 68.78 0.119 6.805 1.375 

6.66E+04 1.6E+04 23.87 246 64.32 0.119 6.842 1.598 

6.45E+04 1.5E+04 23.96 247 63.31 0.120 6.866 1.552 

7.06E+04 1.7E+04 24.02 248 62.94 0.120 6.883 1.704 

6.38E+04 1.5E+04 24.14 249 60.66 0.121 6.918 1.547 

5.17E+04 1.3E+04 24.23 250 60.48 0.121 6.943 1.259 

5.14E+04 1.2E+04 24.29 251 60.32 0.122 6.962 1.255 

5.49E+04 1.3E+04 24.36 252 62.9 0.122 6.980 1.344 

6.49E+04 1.6E+04 24.46 253 65.09 0.122 7.009 1.596 

7.32E+04 1.8E+04 24.61 254 64.18 0.123 7.053 1.811 

7.50E+04 1.9E+04 24.75 255 62.38 0.124 7.095 1.867 

7.53E+04 1.9E+04 24.87 256 58.9 0.124 7.127 1.883 

6.62E+04 1.6E+04 24.91 257 59.08 0.125 7.139 1.656 
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6.05E+04 1.5E+04 24.98 258 57.99 0.125 7.159 1.520 

5.48E+04 1.4E+04 25.07 259 56.8 0.125 7.184 1.382 

5.04E+04 1.3E+04 25.16 260 56.83 0.126 7.211 1.275 

5.94E+04 1.5E+04 25.28 261 54.37 0.126 7.244 1.509 

6.23E+04 1.6E+04 25.38 262 53.37 0.127 7.273 1.589 

5.79E+04 1.5E+04 25.45 263 55.82 0.127 7.293 1.481 

6.07E+04 1.6E+04 25.56 264 56.24 0.128 7.326 1.559 

6.52E+04 1.7E+04 25.67 265 57.13 0.128 7.356 1.682 

6.76E+04 1.7E+04 25.81 266 53.69 0.129 7.399 1.753 

5.94E+04 1.5E+04 25.88 267 53.37 0.129 7.418 1.546 

5.50E+04 1.4E+04 25.97 268 51.67 0.130 7.443 1.436 

4.88E+04 1.3E+04 26.04 269 51.61 0.130 7.463 1.278 

4.54E+04 1.2E+04 26.12 270 53.7 0.131 7.486 1.192 

4.74E+04 1.2E+04 26.25 271 50.92 0.131 7.524 1.251 

4.97E+04 1.3E+04 26.35 272 50.47 0.132 7.550 1.316 

4.23E+04 1.1E+04 26.42 273 53.22 0.132 7.573 1.123 

5.38E+04 1.4E+04 26.49 274 58.8 0.132 7.591 1.431 

6.21E+04 1.7E+04 26.64 275 58.64 0.133 7.636 1.664 

5.16E+04 1.4E+04 26.78 276 59.56 0.134 7.674 1.390 

5.00E+04 1.3E+04 26.84 277 62.45 0.134 7.692 1.349 

6.20E+04 1.7E+04 26.92 278 61.25 0.135 7.717 1.679 

7.80E+04 2.1E+04 27.05 279 57.94 0.135 7.753 2.120 

6.75E+04 1.8E+04 27.13 280 58.35 0.136 7.776 1.841 

6.66E+04 1.8E+04 27.19 281 60.31 0.136 7.794 1.821 

6.65E+04 1.8E+04 27.34 282 56.78 0.137 7.835 1.826 

6.39E+04 1.8E+04 27.4 283 57.02 0.137 7.853 1.759 

7.86E+04 2.2E+04 27.42 284 61.67 0.137 7.859 2.166 

9.47E+04 2.6E+04 27.56 285 61.67 0.138 7.901 2.623 

1.25E+05 3.5E+04 27.69 286 61.48 0.139 7.937 3.470 

1.35E+05 3.7E+04 27.81 287 61.98 0.139 7.974 3.762 

1.39E+05 3.9E+04 27.94 288 61.69 0.140 8.010 3.897 

1.39E+05 3.9E+04 28.05 289 59.93 0.140 8.043 3.910 

1.31E+05 3.7E+04 28.07 290 60.99 0.140 8.048 3.696 

1.30E+05 3.7E+04 28.17 291 59.91 0.141 8.077 3.685 

1.26E+05 3.6E+04 28.31 292 57.58 0.142 8.115 3.589 

1.10E+05 3.1E+04 28.37 293 58.26 0.142 8.132 3.129 

1.12E+05 3.2E+04 28.4 294 59.5 0.142 8.142 3.203 

1.12E+05 3.2E+04 28.53 295 59.31 0.143 8.179 3.217 

1.10E+05 3.2E+04 28.65 296 60.31 0.143 8.215 3.179 

1.15E+05 3.3E+04 28.77 297 60.18 0.144 8.247 3.313 

1.20E+05 3.5E+04 28.79 298 63.48 0.144 8.255 3.479 

1.32E+05 3.8E+04 28.93 299 63.59 0.145 8.294 3.826 

1.25E+05 3.7E+04 29.15 300 61.82 0.146 8.358 3.669 

1.39E+05 4.1E+04 29.11 301 63.16 0.146 8.347 4.077 

1.54E+05 4.5E+04 29.2 302 62.14 0.146 8.372 4.526 

1.53E+05 4.5E+04 29.38 303 61.42 0.147 8.424 4.511 

1.37E+05 4.0E+04 29.53 304 61.21 0.148 8.466 4.056 

1.28E+05 3.8E+04 29.63 305 58.61 0.148 8.495 3.798 

1.25E+05 3.7E+04 29.67 306 54.83 0.148 8.506 3.728 

1.28E+05 3.8E+04 29.62 307 54.52 0.148 8.494 3.811 

1.28E+05 3.8E+04 29.73 308 53.62 0.149 8.523 3.836 

1.38E+05 4.1E+04 29.85 309 52.97 0.149 8.559 4.152 

1.24E+05 3.7E+04 30.11 310 50.09 0.151 8.632 3.764 

        

LAS 19ºC BITUMEN - 60/85E RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.20 1.7E+06 60.93      

0.40 2.8E+06 58.53      

0.60 3.6E+06 57.01      

0.80 4.3E+06 55.90      

1.00 5.0E+06 55.01      

2.00 7.5E+06 52.30      

4.00 1.1E+07 49.63      

6.00 1.4E+07 48.11      

8.00 1.6E+07 47.05      

10.00 1.8E+07 46.24      

20.00 2.6E+07 43.76      

30.00 3.1E+07 42.39      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

1.82E+07 1.8E+04 0.10 1 46.2 0.000 0.028 1.820 
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1.83E+07 3.3E+04 0.18 2 46.1 0.001 0.052 3.308 

1.83E+07 5.1E+04 0.28 3 46.11 0.001 0.081 5.168 

1.83E+07 7.1E+04 0.39 4 46.15 0.002 0.111 7.129 

1.82E+07 9.0E+04 0.49 5 46.19 0.002 0.142 9.058 

1.82E+07 1.1E+05 0.60 6 46.23 0.003 0.171 10.924 

1.82E+07 1.3E+05 0.70 7 46.28 0.003 0.200 12.736 

1.81E+07 1.4E+05 0.80 8 46.33 0.004 0.228 14.504 

1.81E+07 1.6E+05 0.89 9 46.4 0.004 0.256 16.239 

1.80E+07 1.8E+05 0.99 10 46.47 0.005 0.283 17.949 

1.80E+07 2.0E+05 1.09 11 46.55 0.005 0.311 19.635 

1.79E+07 2.1E+05 1.18 12 46.64 0.006 0.339 21.303 

1.79E+07 2.3E+05 1.28 13 46.73 0.006 0.366 22.950 

1.78E+07 2.4E+05 1.37 14 46.83 0.007 0.394 24.577 

1.77E+07 2.6E+05 1.47 15 46.95 0.007 0.421 26.183 

1.76E+07 2.8E+05 1.57 16 47.07 0.008 0.449 27.765 

1.76E+07 2.9E+05 1.66 17 47.19 0.008 0.476 29.329 

1.75E+07 3.1E+05 1.76 18 47.31 0.009 0.504 30.869 

1.74E+07 3.2E+05 1.86 19 47.45 0.009 0.532 32.381 

1.73E+07 3.4E+05 1.95 20 47.59 0.010 0.559 33.867 

1.72E+07 3.5E+05 2.05 21 47.74 0.010 0.587 35.323 

1.70E+07 3.7E+05 2.14 22 47.89 0.011 0.615 36.751 

1.69E+07 3.8E+05 2.24 23 48.05 0.011 0.642 38.148 

1.68E+07 3.9E+05 2.34 24 48.21 0.012 0.670 39.512 

1.67E+07 4.1E+05 2.43 25 48.37 0.012 0.698 40.847 

1.66E+07 4.2E+05 2.53 26 48.54 0.013 0.725 42.152 

1.64E+07 4.3E+05 2.63 27 48.71 0.013 0.753 43.425 

1.63E+07 4.4E+05 2.72 28 48.89 0.014 0.781 44.667 

1.62E+07 4.6E+05 2.82 29 49.07 0.014 0.808 45.876 

1.60E+07 4.7E+05 2.92 30 49.25 0.015 0.836 47.055 

1.59E+07 4.8E+05 3.01 31 49.43 0.015 0.864 48.202 

1.58E+07 4.9E+05 3.11 32 49.62 0.016 0.891 49.314 

1.56E+07 5.0E+05 3.21 33 49.81 0.016 0.919 50.397 

1.55E+07 5.1E+05 3.30 34 49.99 0.017 0.947 51.446 

1.53E+07 5.2E+05 3.40 35 50.18 0.017 0.974 52.464 

1.52E+07 5.3E+05 3.50 36 50.38 0.017 1.002 53.449 

1.51E+07 5.4E+05 3.59 37 50.57 0.018 1.030 54.400 

1.49E+07 5.5E+05 3.69 38 50.77 0.018 1.058 55.323 

1.48E+07 5.6E+05 3.79 39 50.96 0.019 1.085 56.219 

1.46E+07 5.7E+05 3.88 40 51.15 0.019 1.113 57.087 

1.45E+07 5.8E+05 3.98 41 51.34 0.020 1.141 57.926 

1.43E+07 5.8E+05 4.08 42 51.53 0.020 1.168 58.739 

1.42E+07 5.9E+05 4.17 43 51.72 0.021 1.196 59.522 

1.40E+07 6.0E+05 4.27 44 51.91 0.021 1.224 60.277 

1.39E+07 6.1E+05 4.37 45 52.1 0.022 1.252 61.009 

1.38E+07 6.1E+05 4.46 46 52.29 0.022 1.279 61.711 

1.36E+07 6.2E+05 4.56 47 52.48 0.023 1.307 62.388 

1.35E+07 6.3E+05 4.66 48 52.66 0.023 1.335 63.042 

1.33E+07 6.3E+05 4.75 49 52.85 0.024 1.362 63.670 

1.32E+07 6.4E+05 4.85 50 53.04 0.024 1.390 64.272 

1.31E+07 6.5E+05 4.95 51 53.2 0.025 1.419 64.967 

1.29E+07 6.5E+05 5.05 52 53.37 0.025 1.447 65.634 

1.28E+07 6.6E+05 5.15 53 53.55 0.026 1.476 66.261 

1.27E+07 6.7E+05 5.25 54 53.72 0.026 1.505 66.848 

1.25E+07 6.7E+05 5.35 55 53.9 0.027 1.534 67.390 

1.24E+07 6.8E+05 5.45 56 54.08 0.027 1.563 67.884 

1.22E+07 6.8E+05 5.55 57 54.26 0.028 1.591 68.334 

1.21E+07 6.8E+05 5.65 58 54.44 0.028 1.619 68.749 

1.20E+07 6.9E+05 5.74 59 54.61 0.029 1.646 69.141 

1.18E+07 6.9E+05 5.84 60 54.79 0.029 1.674 69.516 

1.17E+07 7.0E+05 5.94 61 54.96 0.030 1.702 69.881 

1.16E+07 7.0E+05 6.03 62 55.13 0.030 1.729 70.236 

1.15E+07 7.0E+05 6.13 63 55.3 0.031 1.757 70.578 

1.13E+07 7.1E+05 6.23 64 55.46 0.031 1.785 70.905 

1.12E+07 7.1E+05 6.32 65 55.63 0.032 1.813 71.217 

1.11E+07 7.1E+05 6.42 66 55.79 0.032 1.840 71.514 

1.10E+07 7.1E+05 6.52 67 55.95 0.033 1.868 71.796 

1.08E+07 7.2E+05 6.61 68 56.11 0.033 1.896 72.069 

1.07E+07 7.2E+05 6.71 69 56.27 0.034 1.923 72.329 

1.06E+07 7.2E+05 6.81 70 56.42 0.034 1.951 72.577 

1.05E+07 7.2E+05 6.90 71 56.57 0.035 1.979 72.817 

1.04E+07 7.3E+05 7.00 72 56.73 0.035 2.007 73.046 

1.03E+07 7.3E+05 7.10 73 56.87 0.036 2.034 73.264 

1.02E+07 7.3E+05 7.19 74 57.02 0.036 2.062 73.472 

1.01E+07 7.3E+05 7.29 75 57.17 0.036 2.090 73.669 

9.95E+06 7.3E+05 7.39 76 57.31 0.037 2.117 73.854 

9.84E+06 7.4E+05 7.49 77 57.46 0.037 2.145 74.026 
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9.74E+06 7.4E+05 7.58 78 57.6 0.038 2.173 74.185 

9.63E+06 7.4E+05 7.68 79 57.74 0.038 2.201 74.335 

9.53E+06 7.4E+05 7.77 80 57.88 0.039 2.228 74.478 

9.43E+06 7.4E+05 7.87 81 58.02 0.039 2.256 74.615 

9.33E+06 7.4E+05 7.97 82 58.16 0.040 2.284 74.741 

9.24E+06 7.4E+05 8.07 83 58.29 0.040 2.311 74.856 

9.14E+06 7.5E+05 8.16 84 58.43 0.041 2.339 74.961 

9.04E+06 7.5E+05 8.26 85 58.56 0.041 2.367 75.060 

8.95E+06 7.5E+05 8.36 86 58.7 0.042 2.395 75.148 

8.86E+06 7.5E+05 8.45 87 58.83 0.042 2.422 75.232 

8.77E+06 7.5E+05 8.55 88 58.96 0.043 2.450 75.309 

8.68E+06 7.5E+05 8.65 89 59.08 0.043 2.478 75.381 

8.59E+06 7.5E+05 8.74 90 59.21 0.044 2.505 75.442 

8.50E+06 7.5E+05 8.84 91 59.34 0.044 2.533 75.497 

8.41E+06 7.5E+05 8.93 92 59.46 0.045 2.561 75.551 

8.33E+06 7.5E+05 9.03 93 59.59 0.045 2.589 75.595 

8.24E+06 7.5E+05 9.13 94 59.71 0.046 2.616 75.629 

8.16E+06 7.5E+05 9.23 95 59.83 0.046 2.644 75.660 

8.08E+06 7.5E+05 9.32 96 59.95 0.047 2.672 75.684 

8.00E+06 7.5E+05 9.42 97 60.07 0.047 2.700 75.702 

7.92E+06 7.5E+05 9.52 98 60.19 0.048 2.727 75.710 

7.84E+06 7.5E+05 9.61 99 60.31 0.048 2.755 75.711 

7.76E+06 7.5E+05 9.71 100 60.43 0.049 2.783 75.705 

7.68E+06 7.5E+05 9.81 101 60.55 0.049 2.810 75.697 

7.61E+06 7.5E+05 9.90 102 60.66 0.050 2.838 75.687 

7.53E+06 7.5E+05 10.00 103 60.77 0.050 2.866 75.670 

7.46E+06 7.5E+05 10.10 104 60.89 0.051 2.894 75.649 

7.38E+06 7.5E+05 10.19 105 61 0.051 2.921 75.622 

7.31E+06 7.5E+05 10.29 106 61.11 0.051 2.949 75.589 

7.24E+06 7.5E+05 10.39 107 61.22 0.052 2.977 75.554 

7.17E+06 7.5E+05 10.48 108 61.33 0.052 3.004 75.511 

7.10E+06 7.5E+05 10.58 109 61.44 0.053 3.032 75.467 

7.03E+06 7.5E+05 10.68 110 61.54 0.053 3.060 75.415 

6.96E+06 7.5E+05 10.77 111 61.65 0.054 3.088 75.360 

6.89E+06 7.5E+05 10.87 112 61.76 0.054 3.115 75.300 

6.83E+06 7.5E+05 10.97 113 61.86 0.055 3.143 75.236 

6.76E+06 7.5E+05 11.06 114 61.97 0.055 3.171 75.169 

6.70E+06 7.5E+05 11.16 115 62.07 0.056 3.198 75.095 

6.63E+06 7.5E+05 11.26 116 62.17 0.056 3.226 75.014 

6.57E+06 7.5E+05 11.35 117 62.27 0.057 3.254 74.932 

6.50E+06 7.4E+05 11.45 118 62.37 0.057 3.282 74.846 

6.44E+06 7.4E+05 11.55 119 62.47 0.058 3.309 74.751 

6.38E+06 7.4E+05 11.64 120 62.57 0.058 3.337 74.648 

6.32E+06 7.4E+05 11.74 121 62.67 0.059 3.365 74.544 

6.26E+06 7.4E+05 11.84 122 62.77 0.059 3.393 74.431 

6.20E+06 7.4E+05 11.93 123 62.87 0.060 3.420 74.317 

6.14E+06 7.4E+05 12.03 124 62.96 0.060 3.448 74.197 

6.08E+06 7.4E+05 12.13 125 63.06 0.061 3.476 74.073 

6.02E+06 7.4E+05 12.22 126 63.15 0.061 3.503 73.946 

5.96E+06 7.3E+05 12.32 127 63.25 0.062 3.531 73.810 

5.90E+06 7.3E+05 12.42 128 63.34 0.062 3.559 73.665 

5.85E+06 7.3E+05 12.51 129 63.43 0.063 3.587 73.509 

5.79E+06 7.3E+05 12.61 130 63.52 0.063 3.614 73.346 

5.73E+06 7.3E+05 12.71 131 63.62 0.064 3.642 73.176 

5.67E+06 7.3E+05 12.80 132 63.71 0.064 3.670 72.993 

5.62E+06 7.2E+05 12.90 133 63.8 0.065 3.697 72.803 

5.56E+06 7.2E+05 13.00 134 63.88 0.065 3.725 72.597 

5.50E+06 7.2E+05 13.09 135 63.97 0.066 3.753 72.379 

5.44E+06 7.2E+05 13.19 136 64.06 0.066 3.781 72.140 

5.38E+06 7.2E+05 13.29 137 64.15 0.066 3.809 71.879 

5.32E+06 7.1E+05 13.38 138 64.23 0.067 3.836 71.589 

5.26E+06 7.1E+05 13.48 139 64.32 0.067 3.864 71.275 

5.20E+06 7.1E+05 13.58 140 64.4 0.068 3.892 70.922 

5.13E+06 7.0E+05 13.68 141 64.48 0.068 3.920 70.528 

5.06E+06 7.0E+05 13.77 142 64.56 0.069 3.948 70.103 

5.00E+06 6.9E+05 13.87 143 64.63 0.069 3.975 69.644 

4.93E+06 6.9E+05 13.96 144 64.71 0.070 4.003 69.160 

4.86E+06 6.8E+05 14.06 145 64.78 0.070 4.031 68.648 

4.79E+06 6.8E+05 14.16 146 64.85 0.071 4.058 68.106 

4.71E+06 6.7E+05 14.26 147 64.92 0.071 4.086 67.532 

4.64E+06 6.7E+05 14.35 148 64.99 0.072 4.114 66.918 

4.56E+06 6.6E+05 14.45 149 65.05 0.072 4.142 66.264 

4.49E+06 6.5E+05 14.55 150 65.11 0.073 4.170 65.570 

4.41E+06 6.5E+05 14.64 151 65.17 0.073 4.197 64.841 

4.33E+06 6.4E+05 14.74 152 65.23 0.074 4.225 64.089 

4.25E+06 6.3E+05 14.83 153 65.28 0.074 4.252 63.319 
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4.17E+06 6.2E+05 14.93 154 65.33 0.075 4.280 62.543 

4.09E+06 6.1E+05 15.03 155 65.38 0.075 4.307 61.764 

4.01E+06 6.1E+05 15.12 156 65.43 0.076 4.335 60.990 

3.94E+06 6.0E+05 15.22 157 65.48 0.076 4.363 60.216 

3.86E+06 5.9E+05 15.32 158 65.52 0.077 4.390 59.448 

3.79E+06 5.8E+05 15.41 159 65.57 0.077 4.418 58.684 

3.72E+06 5.8E+05 15.51 160 65.61 0.078 4.446 57.929 

3.65E+06 5.7E+05 15.61 161 65.65 0.078 4.473 57.186 

3.58E+06 5.6E+05 15.7 162 65.68 0.079 4.501 56.456 

3.51E+06 5.5E+05 15.8 163 65.72 0.079 4.529 55.741 

3.44E+06 5.5E+05 15.9 164 65.75 0.080 4.556 55.035 

3.38E+06 5.4E+05 15.99 165 65.79 0.080 4.584 54.344 

3.32E+06 5.3E+05 16.09 166 65.82 0.080 4.612 53.670 

3.26E+06 5.3E+05 16.19 167 65.86 0.081 4.639 53.012 

3.20E+06 5.2E+05 16.28 168 65.89 0.081 4.667 52.366 

3.14E+06 5.1E+05 16.38 169 65.92 0.082 4.695 51.728 

3.09E+06 5.1E+05 16.48 170 65.96 0.082 4.723 51.095 

3.03E+06 5.0E+05 16.57 171 65.99 0.083 4.751 50.472 

2.98E+06 5.0E+05 16.67 172 66.02 0.083 4.778 49.861 

2.92E+06 4.9E+05 16.77 173 66.05 0.084 4.806 49.253 

2.87E+06 4.8E+05 16.86 174 66.07 0.084 4.834 48.657 

2.82E+06 4.8E+05 16.96 175 66.1 0.085 4.861 48.069 

2.77E+06 4.7E+05 17.06 176 66.13 0.085 4.889 47.488 

2.72E+06 4.7E+05 17.15 177 66.16 0.086 4.917 46.910 

2.67E+06 4.6E+05 17.25 178 66.18 0.086 4.945 46.332 

2.62E+06 4.6E+05 17.35 179 66.21 0.087 4.973 45.761 

2.58E+06 4.5E+05 17.44 180 66.24 0.087 5.000 45.193 

2.53E+06 4.4E+05 17.54 181 66.27 0.088 5.028 44.641 

2.49E+06 4.4E+05 17.64 182 66.3 0.088 5.055 44.089 

2.44E+06 4.3E+05 17.74 183 66.32 0.089 5.083 43.543 

2.40E+06 4.3E+05 17.83 184 66.35 0.089 5.111 43.001 

2.36E+06 4.2E+05 17.93 185 66.37 0.090 5.139 42.467 

2.32E+06 4.2E+05 18.02 186 66.4 0.090 5.166 41.948 

2.28E+06 4.1E+05 18.12 187 66.42 0.091 5.194 41.439 

2.24E+06 4.1E+05 18.22 188 66.45 0.091 5.222 40.936 

2.20E+06 4.0E+05 18.32 189 66.47 0.092 5.250 40.433 

2.16E+06 4.0E+05 18.41 190 66.49 0.092 5.277 39.935 

2.12E+06 3.9E+05 18.51 191 66.52 0.093 5.305 39.439 

2.08E+06 3.9E+05 18.61 192 66.55 0.093 5.333 38.938 

2.05E+06 3.8E+05 18.7 193 66.57 0.094 5.361 38.445 

2.01E+06 3.8E+05 18.8 194 66.6 0.094 5.388 37.974 

1.97E+06 3.7E+05 18.89 195 66.63 0.095 5.416 37.503 

1.94E+06 3.7E+05 18.99 196 66.64 0.095 5.444 37.031 

1.91E+06 3.6E+05 19.09 197 66.66 0.095 5.471 36.571 

1.87E+06 3.6E+05 19.18 198 66.68 0.096 5.498 36.131 

1.84E+06 3.6E+05 19.28 199 66.7 0.096 5.527 35.691 

1.81E+06 3.5E+05 19.38 200 66.73 0.097 5.555 35.245 

1.78E+06 3.5E+05 19.48 201 66.76 0.097 5.583 34.798 

1.75E+06 3.4E+05 19.57 202 66.78 0.098 5.610 34.356 

1.72E+06 3.4E+05 19.67 203 66.79 0.098 5.638 33.918 

1.69E+06 3.3E+05 19.77 204 66.81 0.099 5.665 33.494 

1.66E+06 3.3E+05 19.86 205 66.83 0.099 5.693 33.078 

1.63E+06 3.3E+05 19.96 206 66.85 0.100 5.721 32.667 

1.60E+06 3.2E+05 20.06 207 66.86 0.100 5.749 32.254 

1.57E+06 3.2E+05 20.16 208 66.87 0.101 5.777 31.842 

1.54E+06 3.1E+05 20.25 209 66.88 0.101 5.804 31.443 

1.52E+06 3.1E+05 20.35 210 66.89 0.102 5.831 31.052 

1.49E+06 3.1E+05 20.44 211 66.9 0.102 5.860 30.658 

1.47E+06 3.0E+05 20.54 212 66.91 0.103 5.887 30.274 

1.44E+06 3.0E+05 20.64 213 66.93 0.103 5.914 29.904 

1.42E+06 2.9E+05 20.73 214 66.95 0.104 5.942 29.540 

1.39E+06 2.9E+05 20.83 215 66.97 0.104 5.970 29.181 

1.37E+06 2.9E+05 20.93 216 66.98 0.105 5.998 28.822 

1.35E+06 2.8E+05 21.03 217 66.99 0.105 6.026 28.457 

1.32E+06 2.8E+05 21.12 218 67.01 0.106 6.054 28.092 

1.30E+06 2.8E+05 21.22 219 67.04 0.106 6.080 27.747 

1.28E+06 2.7E+05 21.31 220 67.06 0.107 6.108 27.407 

1.26E+06 2.7E+05 21.41 221 67.08 0.107 6.136 27.070 

1.24E+06 2.7E+05 21.51 222 67.1 0.108 6.165 26.736 

1.21E+06 2.6E+05 21.61 223 67.13 0.108 6.195 26.371 

1.19E+06 2.6E+05 21.71 224 67.16 0.109 6.222 26.007 

1.17E+06 2.6E+05 21.8 225 67.18 0.109 6.247 25.660 

1.15E+06 2.5E+05 21.89 226 67.2 0.110 6.274 25.318 

1.13E+06 2.5E+05 21.98 227 67.24 0.110 6.301 25.006 

1.11E+06 2.5E+05 22.09 228 67.26 0.110 6.331 24.681 

1.09E+06 2.4E+05 22.19 229 67.28 0.111 6.360 24.344 
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1.07E+06 2.4E+05 22.29 230 67.31 0.111 6.388 24.008 

1.05E+06 2.4E+05 22.38 231 67.34 0.112 6.414 23.680 

1.04E+06 2.3E+05 22.47 232 67.36 0.112 6.439 23.377 

1.02E+06 2.3E+05 22.57 233 67.39 0.113 6.467 23.090 

9.99E+05 2.3E+05 22.67 234 67.38 0.113 6.498 22.774 

9.81E+05 2.2E+05 22.77 235 67.39 0.114 6.527 22.460 

9.65E+05 2.2E+05 22.86 236 67.42 0.114 6.552 22.165 

9.49E+05 2.2E+05 22.95 237 67.46 0.115 6.579 21.886 

9.34E+05 2.2E+05 23.05 238 67.48 0.115 6.605 21.632 

9.18E+05 2.1E+05 23.15 239 67.51 0.116 6.635 21.371 

9.03E+05 2.1E+05 23.25 240 67.54 0.116 6.663 21.110 

8.88E+05 2.1E+05 23.35 241 67.58 0.117 6.692 20.845 

8.72E+05 2.0E+05 23.46 242 67.61 0.117 6.722 20.551 

8.56E+05 2.0E+05 23.55 243 67.65 0.118 6.749 20.250 

8.40E+05 2.0E+05 23.64 244 67.67 0.118 6.774 19.963 

8.26E+05 2.0E+05 23.72 245 67.65 0.119 6.799 19.690 

8.12E+05 1.9E+05 23.82 246 67.66 0.119 6.828 19.438 

7.98E+05 1.9E+05 23.93 247 67.71 0.120 6.858 19.180 

7.81E+05 1.9E+05 24.04 248 67.73 0.120 6.890 18.880 

7.67E+05 1.9E+05 24.13 249 67.76 0.121 6.915 18.593 

7.54E+05 1.8E+05 24.21 250 67.8 0.121 6.938 18.335 

7.40E+05 1.8E+05 24.31 251 67.82 0.122 6.967 18.074 

7.28E+05 1.8E+05 24.4 252 67.87 0.122 6.992 17.846 

7.15E+05 1.8E+05 24.51 253 67.89 0.123 7.024 17.600 

7.01E+05 1.7E+05 24.61 254 67.92 0.123 7.054 17.346 

6.88E+05 1.7E+05 24.71 255 67.93 0.124 7.083 17.077 

6.75E+05 1.7E+05 24.8 256 67.95 0.124 7.108 16.826 

6.63E+05 1.6E+05 24.89 257 67.99 0.125 7.134 16.580 

6.50E+05 1.6E+05 24.99 258 67.98 0.125 7.161 16.334 

6.41E+05 1.6E+05 25.07 259 67.98 0.125 7.186 16.143 

6.31E+05 1.6E+05 25.17 260 68 0.126 7.214 15.958 

6.18E+05 1.6E+05 25.3 261 68.01 0.127 7.250 15.722 

6.07E+05 1.5E+05 25.39 262 68 0.127 7.276 15.497 

5.96E+05 1.5E+05 25.48 263 68.02 0.127 7.302 15.267 

5.85E+05 1.5E+05 25.57 264 68.09 0.128 7.329 15.040 

5.74E+05 1.5E+05 25.67 265 68.09 0.128 7.356 14.813 

5.64E+05 1.5E+05 25.76 266 68.09 0.129 7.382 14.611 

5.53E+05 1.4E+05 25.87 267 68.14 0.129 7.414 14.370 

5.44E+05 1.4E+05 25.94 268 68.18 0.130 7.435 14.184 

5.36E+05 1.4E+05 26.04 269 68.22 0.130 7.463 14.020 

5.25E+05 1.4E+05 26.17 270 68.22 0.131 7.499 13.800 

5.13E+05 1.3E+05 26.28 271 68.23 0.131 7.531 13.550 

5.03E+05 1.3E+05 26.35 272 68.28 0.132 7.553 13.317 

4.95E+05 1.3E+05 26.42 273 68.33 0.132 7.572 13.132 

4.87E+05 1.3E+05 26.52 274 68.33 0.133 7.599 12.977 

4.78E+05 1.3E+05 26.63 275 68.33 0.133 7.633 12.797 

4.70E+05 1.3E+05 26.73 276 68.38 0.134 7.661 12.640 

4.60E+05 1.2E+05 26.85 277 68.38 0.134 7.695 12.425 

4.52E+05 1.2E+05 26.93 278 68.49 0.135 7.718 12.237 

4.45E+05 1.2E+05 27.01 279 68.54 0.135 7.741 12.079 

4.43E+05 1.2E+05 27.06 280 68.62 0.135 7.754 12.042 

4.36E+05 1.2E+05 27.21 281 68.49 0.136 7.798 11.930 

4.27E+05 1.2E+05 27.35 282 68.5 0.137 7.839 11.745 

4.18E+05 1.1E+05 27.45 283 68.55 0.137 7.867 11.538 

4.08E+05 1.1E+05 27.54 284 68.61 0.138 7.892 11.296 

3.99E+05 1.1E+05 27.61 285 68.68 0.138 7.912 11.074 

3.92E+05 1.1E+05 27.68 286 68.68 0.138 7.932 10.890 

3.85E+05 1.1E+05 27.76 287 68.76 0.139 7.956 10.746 

3.78E+05 1.1E+05 27.88 288 68.78 0.139 7.990 10.580 

3.71E+05 1.0E+05 27.99 289 68.85 0.140 8.022 10.431 

3.62E+05 1.0E+05 28.11 290 68.86 0.141 8.056 10.236 

3.55E+05 1.0E+05 28.2 291 68.88 0.141 8.082 10.051 

3.47E+05 9.8E+04 28.28 292 68.84 0.141 8.106 9.870 

3.40E+05 9.7E+04 28.37 293 68.87 0.142 8.129 9.702 

3.35E+05 9.5E+04 28.45 294 68.87 0.142 8.153 9.577 

3.30E+05 9.4E+04 28.56 295 68.88 0.143 8.184 9.457 

3.24E+05 9.3E+04 28.67 296 68.95 0.143 8.216 9.329 

3.20E+05 9.2E+04 28.75 297 69.1 0.144 8.239 9.244 

3.14E+05 9.1E+04 28.88 298 69.1 0.144 8.276 9.109 

3.07E+05 8.9E+04 28.98 299 69.09 0.145 8.305 8.947 

3.03E+05 8.8E+04 29.04 300 69.18 0.145 8.323 8.857 

3.00E+05 8.7E+04 29.13 301 69.27 0.146 8.348 8.776 

2.93E+05 8.6E+04 29.26 302 69.15 0.146 8.386 8.628 

2.86E+05 8.4E+04 29.37 303 69.19 0.147 8.416 8.453 

2.81E+05 8.3E+04 29.45 304 69.2 0.147 8.440 8.303 

2.77E+05 8.2E+04 29.52 305 69.18 0.148 8.460 8.213 
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2.71E+05 8.0E+04 29.63 306 69.19 0.148 8.491 8.077 

2.66E+05 7.9E+04 29.73 307 69.22 0.149 8.520 7.942 

2.62E+05 7.8E+04 29.82 308 69.31 0.149 8.546 7.854 

2.59E+05 7.8E+04 29.91 309 69.43 0.150 8.571 7.797 

2.54E+05 7.6E+04 30.04 310 69.45 0.150 8.608 7.681 

        

LAS 19ºC BITUMEN - AR RTFOT 

Frequency Sweep:        

Frequency 
Complex 
Modulus(G*) 

Phase 
Angle 

     

[Hz] [Pa] [°]      

0.20 1.3E+06 53.58      

0.40 2.0E+06 52.67      

0.60 2.6E+06 51.99      

0.80 3.1E+06 51.43      

1.00 3.5E+06 50.97      

2.00 5.1E+06 49.41      

4.00 7.5E+06 47.70      

6.00 9.3E+06 46.65      

8.00 1.1E+07 45.89      

10.00 1.2E+07 45.29      

20.00 1.7E+07 43.32      

30.00 2.1E+07 42.09      

Amplitude Sweep:       

Complex Modulus Shear Stress Strain 
Tim
e 

Phase 
Angle 

Displaceme
nt 

Deflection 
Angle 

Torque 

[Pa] [Pa] [%] [s] [°] rad [⁰] [mNm] 

1.21E+07 1.2E+04 0.10 1 45.29 0.001 0.029 1.234 

1.22E+07 2.2E+04 0.18 2 45.17 0.001 0.051 2.195 

1.21E+07 3.4E+04 0.28 3 45.21 0.001 0.080 3.429 

1.21E+07 4.7E+04 0.39 4 45.27 0.002 0.111 4.731 

1.21E+07 6.0E+04 0.49 5 45.34 0.002 0.141 6.015 

1.21E+07 7.2E+04 0.60 6 45.42 0.003 0.171 7.250 

1.20E+07 8.4E+04 0.70 7 45.51 0.003 0.199 8.447 

1.20E+07 9.5E+04 0.80 8 45.62 0.004 0.228 9.611 

1.20E+07 1.1E+05 0.89 9 45.72 0.004 0.255 10.750 

1.19E+07 1.2E+05 0.99 10 45.84 0.005 0.283 11.869 

1.19E+07 1.3E+05 1.09 11 45.96 0.005 0.311 12.970 

1.18E+07 1.4E+05 1.18 12 46.09 0.006 0.338 14.055 

1.18E+07 1.5E+05 1.28 13 46.23 0.006 0.366 15.124 

1.17E+07 1.6E+05 1.37 14 46.37 0.007 0.393 16.177 

1.16E+07 1.7E+05 1.47 15 46.52 0.007 0.421 17.215 

1.16E+07 1.8E+05 1.57 16 46.68 0.008 0.448 18.236 

1.15E+07 1.9E+05 1.66 17 46.83 0.008 0.476 19.240 

1.14E+07 2.0E+05 1.76 18 47 0.009 0.503 20.225 

1.13E+07 2.1E+05 1.85 19 47.16 0.009 0.531 21.193 

1.13E+07 2.2E+05 1.95 20 47.33 0.010 0.558 22.144 

1.12E+07 2.3E+05 2.05 21 47.51 0.010 0.586 23.075 

1.11E+07 2.4E+05 2.14 22 47.69 0.011 0.614 23.986 

1.10E+07 2.5E+05 2.24 23 47.87 0.011 0.641 24.876 

1.09E+07 2.6E+05 2.34 24 48.05 0.012 0.669 25.745 

1.08E+07 2.6E+05 2.43 25 48.24 0.012 0.697 26.596 

1.08E+07 2.7E+05 2.53 26 48.42 0.013 0.724 27.428 

1.07E+07 2.8E+05 2.63 27 48.61 0.013 0.752 28.239 

1.06E+07 2.9E+05 2.72 28 48.8 0.014 0.780 29.030 

1.05E+07 3.0E+05 2.82 29 49 0.014 0.807 29.801 

1.04E+07 3.0E+05 2.92 30 49.19 0.015 0.835 30.553 

1.03E+07 3.1E+05 3.01 31 49.38 0.015 0.863 31.286 

1.02E+07 3.2E+05 3.11 32 49.57 0.016 0.890 31.998 

1.01E+07 3.2E+05 3.21 33 49.76 0.016 0.918 32.693 

1.00E+07 3.3E+05 3.30 34 49.96 0.017 0.945 33.369 

9.93E+06 3.4E+05 3.40 35 50.15 0.017 0.973 34.025 

9.84E+06 3.4E+05 3.50 36 50.34 0.017 1.001 34.664 

9.75E+06 3.5E+05 3.59 37 50.53 0.018 1.029 35.285 

9.65E+06 3.6E+05 3.69 38 50.72 0.018 1.056 35.889 

9.56E+06 3.6E+05 3.79 39 50.91 0.019 1.084 36.475 

9.47E+06 3.7E+05 3.88 40 51.1 0.019 1.112 37.046 

9.38E+06 3.7E+05 3.98 41 51.28 0.020 1.139 37.602 

9.29E+06 3.8E+05 4.08 42 51.46 0.020 1.167 38.141 

9.20E+06 3.8E+05 4.17 43 51.65 0.021 1.195 38.665 

9.11E+06 3.9E+05 4.27 44 51.83 0.021 1.222 39.173 

9.02E+06 3.9E+05 4.37 45 52.01 0.022 1.250 39.665 

8.93E+06 4.0E+05 4.46 46 52.19 0.022 1.278 40.143 

8.84E+06 4.0E+05 4.56 47 52.37 0.023 1.305 40.607 

8.75E+06 4.1E+05 4.66 48 52.55 0.023 1.333 41.057 

8.67E+06 4.1E+05 4.75 49 52.72 0.024 1.361 41.495 
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8.58E+06 4.2E+05 4.85 50 52.89 0.024 1.388 41.920 

8.50E+06 4.2E+05 4.95 51 53.05 0.025 1.417 42.399 

8.43E+06 4.3E+05 5.05 52 53.2 0.025 1.445 42.859 

8.35E+06 4.3E+05 5.15 53 53.36 0.026 1.474 43.301 

8.27E+06 4.3E+05 5.25 54 53.52 0.026 1.503 43.725 

8.18E+06 4.4E+05 5.35 55 53.69 0.027 1.532 44.125 

8.10E+06 4.4E+05 5.45 56 53.86 0.027 1.561 44.495 

8.02E+06 4.5E+05 5.55 57 54.02 0.028 1.589 44.837 

7.94E+06 4.5E+05 5.65 58 54.19 0.028 1.617 45.157 

7.86E+06 4.5E+05 5.74 59 54.35 0.029 1.644 45.463 

7.78E+06 4.5E+05 5.84 60 54.5 0.029 1.672 45.760 

7.70E+06 4.6E+05 5.94 61 54.66 0.030 1.700 46.052 

7.62E+06 4.6E+05 6.03 62 54.81 0.030 1.727 46.338 

7.55E+06 4.6E+05 6.13 63 54.96 0.031 1.755 46.617 

7.47E+06 4.7E+05 6.23 64 55.11 0.031 1.783 46.887 

7.40E+06 4.7E+05 6.33 65 55.26 0.032 1.811 47.150 

7.33E+06 4.7E+05 6.42 66 55.4 0.032 1.838 47.406 

7.26E+06 4.7E+05 6.52 67 55.54 0.033 1.866 47.654 

7.19E+06 4.8E+05 6.62 68 55.68 0.033 1.894 47.896 

7.12E+06 4.8E+05 6.71 69 55.82 0.034 1.921 48.130 

7.05E+06 4.8E+05 6.81 70 55.96 0.034 1.949 48.356 

6.98E+06 4.8E+05 6.91 71 56.1 0.035 1.977 48.577 

6.92E+06 4.8E+05 7.00 72 56.23 0.035 2.004 48.790 

6.85E+06 4.9E+05 7.10 73 56.36 0.035 2.032 48.999 

6.79E+06 4.9E+05 7.20 74 56.49 0.036 2.060 49.201 

6.72E+06 4.9E+05 7.29 75 56.62 0.036 2.087 49.397 

6.66E+06 4.9E+05 7.39 76 56.74 0.037 2.115 49.588 

6.60E+06 4.9E+05 7.49 77 56.87 0.037 2.143 49.773 

6.54E+06 5.0E+05 7.58 78 56.99 0.038 2.171 49.953 

6.48E+06 5.0E+05 7.68 79 57.11 0.038 2.198 50.128 

6.42E+06 5.0E+05 7.78 80 57.23 0.039 2.226 50.297 

6.36E+06 5.0E+05 7.87 81 57.35 0.039 2.254 50.462 

6.31E+06 5.0E+05 7.97 82 57.46 0.040 2.281 50.622 

6.25E+06 5.0E+05 8.07 83 57.58 0.040 2.309 50.778 

6.19E+06 5.1E+05 8.16 84 57.69 0.041 2.337 50.930 

6.14E+06 5.1E+05 8.26 85 57.8 0.041 2.364 51.077 

6.08E+06 5.1E+05 8.36 86 57.91 0.042 2.392 51.218 

6.03E+06 5.1E+05 8.45 87 58.02 0.042 2.420 51.355 

5.98E+06 5.1E+05 8.55 88 58.13 0.043 2.447 51.488 

5.93E+06 5.1E+05 8.65 89 58.23 0.043 2.475 51.617 

5.88E+06 5.1E+05 8.74 90 58.34 0.044 2.503 51.743 

5.82E+06 5.1E+05 8.84 91 58.44 0.044 2.531 51.865 

5.77E+06 5.2E+05 8.94 92 58.54 0.045 2.558 51.983 

5.73E+06 5.2E+05 9.03 93 58.64 0.045 2.586 52.097 

5.68E+06 5.2E+05 9.13 94 58.74 0.046 2.614 52.207 

5.63E+06 5.2E+05 9.23 95 58.84 0.046 2.641 52.314 

5.58E+06 5.2E+05 9.32 96 58.94 0.047 2.669 52.417 

5.53E+06 5.2E+05 9.42 97 59.03 0.047 2.697 52.517 

5.49E+06 5.2E+05 9.52 98 59.13 0.048 2.724 52.614 

5.44E+06 5.2E+05 9.61 99 59.22 0.048 2.752 52.707 

5.40E+06 5.2E+05 9.71 100 59.31 0.049 2.780 52.798 

5.35E+06 5.3E+05 9.81 101 59.4 0.049 2.807 52.886 

5.31E+06 5.3E+05 9.90 102 59.49 0.049 2.835 52.972 

5.27E+06 5.3E+05 10.00 103 59.58 0.050 2.863 53.055 

5.22E+06 5.3E+05 10.10 104 59.67 0.050 2.891 53.135 

5.18E+06 5.3E+05 10.19 105 59.75 0.051 2.918 53.213 

5.14E+06 5.3E+05 10.29 106 59.84 0.051 2.946 53.286 

5.10E+06 5.3E+05 10.39 107 59.92 0.052 2.974 53.356 

5.06E+06 5.3E+05 10.48 108 60.01 0.052 3.001 53.423 

5.02E+06 5.3E+05 10.58 109 60.09 0.053 3.029 53.490 

4.98E+06 5.3E+05 10.68 110 60.17 0.053 3.057 53.553 

4.94E+06 5.3E+05 10.77 111 60.25 0.054 3.084 53.614 

4.90E+06 5.3E+05 10.87 112 60.33 0.054 3.112 53.674 

4.86E+06 5.3E+05 10.97 113 60.41 0.055 3.140 53.731 

4.83E+06 5.3E+05 11.06 114 60.48 0.055 3.167 53.785 

4.79E+06 5.3E+05 11.16 115 60.56 0.056 3.195 53.837 

4.75E+06 5.3E+05 11.26 116 60.64 0.056 3.223 53.888 

4.72E+06 5.4E+05 11.35 117 60.71 0.057 3.250 53.937 

4.68E+06 5.4E+05 11.45 118 60.78 0.057 3.278 53.985 

4.64E+06 5.4E+05 11.55 119 60.86 0.058 3.306 54.030 

4.61E+06 5.4E+05 11.64 120 60.93 0.058 3.334 54.074 

4.58E+06 5.4E+05 11.74 121 61 0.059 3.361 54.113 

4.54E+06 5.4E+05 11.84 122 61.07 0.059 3.389 54.151 

4.51E+06 5.4E+05 11.93 123 61.14 0.060 3.417 54.187 

4.47E+06 5.4E+05 12.03 124 61.2 0.060 3.444 54.222 

4.44E+06 5.4E+05 12.13 125 61.27 0.061 3.472 54.256 
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4.41E+06 5.4E+05 12.23 126 61.34 0.061 3.500 54.289 

4.38E+06 5.4E+05 12.32 127 61.4 0.062 3.527 54.319 

4.34E+06 5.4E+05 12.42 128 61.47 0.062 3.555 54.347 

4.31E+06 5.4E+05 12.52 129 61.53 0.063 3.583 54.375 

4.28E+06 5.4E+05 12.61 130 61.6 0.063 3.610 54.400 

4.25E+06 5.4E+05 12.71 131 61.66 0.063 3.638 54.424 

4.22E+06 5.4E+05 12.81 132 61.72 0.064 3.666 54.446 

4.19E+06 5.4E+05 12.90 133 61.78 0.064 3.694 54.467 

4.16E+06 5.4E+05 13.00 134 61.84 0.065 3.721 54.486 

4.13E+06 5.4E+05 13.10 135 61.9 0.065 3.749 54.503 

4.10E+06 5.4E+05 13.19 136 61.96 0.066 3.777 54.519 

4.07E+06 5.4E+05 13.29 137 62.02 0.066 3.804 54.533 

4.05E+06 5.4E+05 13.39 138 62.08 0.067 3.832 54.548 

4.02E+06 5.4E+05 13.48 139 62.14 0.067 3.860 54.560 

3.99E+06 5.4E+05 13.58 140 62.19 0.068 3.887 54.571 

3.96E+06 5.4E+05 13.68 141 62.25 0.068 3.915 54.581 

3.93E+06 5.4E+05 13.77 142 62.3 0.069 3.943 54.589 

3.91E+06 5.4E+05 13.87 143 62.36 0.069 3.971 54.595 

3.88E+06 5.4E+05 13.97 144 62.41 0.070 3.998 54.599 

3.85E+06 5.4E+05 14.06 145 62.47 0.070 4.026 54.603 

3.83E+06 5.4E+05 14.16 146 62.52 0.071 4.054 54.606 

3.80E+06 5.4E+05 14.26 147 62.57 0.071 4.081 54.607 

3.78E+06 5.4E+05 14.35 148 62.62 0.072 4.109 54.607 

3.75E+06 5.4E+05 14.45 149 62.67 0.072 4.137 54.605 

3.73E+06 5.4E+05 14.55 150 62.72 0.073 4.164 54.601 

3.70E+06 5.4E+05 14.64 151 62.77 0.073 4.192 54.597 

3.68E+06 5.4E+05 14.74 152 62.82 0.074 4.220 54.592 

3.65E+06 5.4E+05 14.84 153 62.87 0.074 4.247 54.585 

3.63E+06 5.4E+05 14.93 154 62.92 0.075 4.275 54.577 

3.60E+06 5.4E+05 15.03 155 62.96 0.075 4.303 54.570 

3.58E+06 5.4E+05 15.13 156 63.01 0.076 4.331 54.562 

3.56E+06 5.4E+05 15.22 157 63.06 0.076 4.358 54.552 

3.53E+06 5.4E+05 15.32 158 63.1 0.077 4.386 54.541 

3.51E+06 5.4E+05 15.42 159 63.15 0.077 4.414 54.528 

3.49E+06 5.4E+05 15.51 160 63.19 0.078 4.441 54.512 

3.47E+06 5.4E+05 15.61 161 63.23 0.078 4.469 54.495 

3.44E+06 5.4E+05 15.71 162 63.28 0.078 4.497 54.477 

3.42E+06 5.4E+05 15.8 163 63.32 0.079 4.524 54.460 

3.40E+06 5.4E+05 15.9 164 63.36 0.079 4.552 54.442 

3.38E+06 5.4E+05 16 165 63.41 0.080 4.580 54.422 

3.36E+06 5.4E+05 16.09 166 63.45 0.080 4.607 54.401 

3.33E+06 5.4E+05 16.19 167 63.49 0.081 4.635 54.380 

3.31E+06 5.4E+05 16.29 168 63.53 0.081 4.663 54.358 

3.29E+06 5.4E+05 16.38 169 63.57 0.082 4.691 54.335 

3.27E+06 5.4E+05 16.48 170 63.61 0.082 4.718 54.309 

3.25E+06 5.4E+05 16.58 171 63.64 0.083 4.746 54.283 

3.23E+06 5.4E+05 16.67 172 63.68 0.083 4.774 54.257 

3.21E+06 5.4E+05 16.77 173 63.72 0.084 4.801 54.229 

3.19E+06 5.4E+05 16.87 174 63.76 0.084 4.829 54.200 

3.17E+06 5.4E+05 16.96 175 63.79 0.085 4.857 54.169 

3.15E+06 5.4E+05 17.06 176 63.83 0.085 4.884 54.138 

3.13E+06 5.4E+05 17.16 177 63.87 0.086 4.912 54.106 

3.11E+06 5.4E+05 17.25 178 63.9 0.086 4.940 54.072 

3.09E+06 5.4E+05 17.35 179 63.94 0.087 4.968 54.036 

3.07E+06 5.4E+05 17.45 180 63.97 0.087 4.995 53.999 

3.05E+06 5.4E+05 17.54 181 64.01 0.088 5.023 53.961 

3.03E+06 5.4E+05 17.64 182 64.04 0.088 5.051 53.921 

3.02E+06 5.3E+05 17.74 183 64.07 0.089 5.078 53.879 

3.00E+06 5.3E+05 17.84 184 64.11 0.089 5.106 53.834 

2.98E+06 5.3E+05 17.93 185 64.14 0.090 5.134 53.788 

2.96E+06 5.3E+05 18.03 186 64.17 0.090 5.161 53.741 

2.94E+06 5.3E+05 18.12 187 64.2 0.091 5.189 53.692 

2.92E+06 5.3E+05 18.22 188 64.23 0.091 5.217 53.642 

2.90E+06 5.3E+05 18.32 189 64.26 0.092 5.244 53.590 

2.89E+06 5.3E+05 18.42 190 64.29 0.092 5.272 53.535 

2.87E+06 5.3E+05 18.51 191 64.32 0.093 5.300 53.480 

2.85E+06 5.3E+05 18.61 192 64.35 0.093 5.328 53.423 

2.83E+06 5.3E+05 18.71 193 64.38 0.093 5.355 53.363 

2.81E+06 5.3E+05 18.8 194 64.41 0.094 5.383 53.301 

2.80E+06 5.3E+05 18.9 195 64.43 0.094 5.411 53.238 

2.78E+06 5.3E+05 19 196 64.46 0.095 5.438 53.172 

2.76E+06 5.3E+05 19.09 197 64.49 0.095 5.466 53.102 

2.74E+06 5.3E+05 19.19 198 64.51 0.096 5.494 53.028 

2.73E+06 5.3E+05 19.29 199 64.54 0.096 5.521 52.952 

2.71E+06 5.2E+05 19.38 200 64.57 0.097 5.549 52.875 

2.69E+06 5.2E+05 19.48 201 64.59 0.097 5.577 52.795 



331 

 

2.67E+06 5.2E+05 19.58 202 64.62 0.098 5.605 52.709 

2.66E+06 5.2E+05 19.67 203 64.64 0.098 5.632 52.619 

2.64E+06 5.2E+05 19.77 204 64.66 0.099 5.660 52.523 

2.62E+06 5.2E+05 19.87 205 64.69 0.099 5.688 52.422 

2.60E+06 5.2E+05 19.96 206 64.71 0.100 5.715 52.316 

2.58E+06 5.2E+05 20.06 207 64.73 0.100 5.743 52.205 

2.57E+06 5.2E+05 20.16 208 64.75 0.101 5.771 52.088 

2.55E+06 5.2E+05 20.25 209 64.77 0.101 5.799 51.966 

2.53E+06 5.1E+05 20.35 210 64.79 0.102 5.826 51.837 

2.51E+06 5.1E+05 20.45 211 64.81 0.102 5.854 51.703 

2.49E+06 5.1E+05 20.54 212 64.83 0.103 5.882 51.563 

2.47E+06 5.1E+05 20.64 213 64.85 0.103 5.909 51.418 

2.45E+06 5.1E+05 20.74 214 64.87 0.104 5.937 51.267 

2.44E+06 5.1E+05 20.83 215 64.88 0.104 5.965 51.109 

2.42E+06 5.1E+05 20.93 216 64.9 0.105 5.993 50.945 

2.40E+06 5.0E+05 21.03 217 64.91 0.105 6.020 50.774 

2.38E+06 5.0E+05 21.12 218 64.93 0.106 6.048 50.598 

2.36E+06 5.0E+05 21.22 219 64.94 0.106 6.076 50.416 

2.34E+06 5.0E+05 21.32 220 64.96 0.107 6.103 50.234 

2.32E+06 5.0E+05 21.41 221 64.97 0.107 6.131 50.047 

2.30E+06 4.9E+05 21.51 222 64.98 0.107 6.159 49.857 

2.28E+06 4.9E+05 21.61 223 64.99 0.108 6.186 49.660 

2.26E+06 4.9E+05 21.7 224 65 0.108 6.214 49.458 

2.24E+06 4.9E+05 21.8 225 65.01 0.109 6.242 49.250 

2.22E+06 4.9E+05 21.9 226 65.01 0.109 6.269 49.038 

2.20E+06 4.8E+05 21.99 227 65.02 0.110 6.297 48.822 

2.18E+06 4.8E+05 22.09 228 65.02 0.110 6.325 48.606 

2.17E+06 4.8E+05 22.19 229 65.03 0.111 6.352 48.392 

2.15E+06 4.8E+05 22.28 230 65.03 0.111 6.380 48.174 

2.13E+06 4.8E+05 22.38 231 65.03 0.112 6.408 47.954 

2.11E+06 4.7E+05 22.48 232 65.04 0.112 6.435 47.733 

2.09E+06 4.7E+05 22.57 233 65.04 0.113 6.463 47.517 

2.07E+06 4.7E+05 22.67 234 65.04 0.113 6.490 47.305 

2.05E+06 4.7E+05 22.77 235 65.04 0.114 6.519 47.094 

2.04E+06 4.7E+05 22.86 236 65.04 0.114 6.547 46.879 

2.02E+06 4.6E+05 22.96 237 65.04 0.115 6.574 46.662 

2.00E+06 4.6E+05 23.06 238 65.05 0.115 6.602 46.448 

1.98E+06 4.6E+05 23.15 239 65.05 0.116 6.629 46.234 

1.96E+06 4.6E+05 23.25 240 65.05 0.116 6.657 46.018 

1.95E+06 4.5E+05 23.35 241 65.06 0.117 6.685 45.801 

1.93E+06 4.5E+05 23.44 242 65.06 0.117 6.712 45.598 

1.92E+06 4.5E+05 23.54 243 65.06 0.118 6.739 45.410 

1.90E+06 4.5E+05 23.64 244 65.06 0.118 6.768 45.217 

1.88E+06 4.5E+05 23.74 245 65.06 0.119 6.796 45.012 

1.87E+06 4.4E+05 23.83 246 65.06 0.119 6.824 44.799 

1.85E+06 4.4E+05 23.93 247 65.06 0.120 6.851 44.582 

1.83E+06 4.4E+05 24.02 248 65.05 0.120 6.878 44.372 

1.82E+06 4.4E+05 24.12 249 65.05 0.121 6.906 44.166 

1.80E+06 4.4E+05 24.22 250 65.05 0.121 6.934 43.961 

1.79E+06 4.3E+05 24.32 251 65.05 0.122 6.962 43.751 

1.77E+06 4.3E+05 24.41 252 65.05 0.122 6.990 43.544 

1.76E+06 4.3E+05 24.51 253 65.05 0.122 7.016 43.351 

1.74E+06 4.3E+05 24.6 254 65.06 0.123 7.044 43.164 

1.73E+06 4.3E+05 24.7 255 65.06 0.123 7.071 42.983 

1.71E+06 4.2E+05 24.8 256 65.05 0.124 7.100 42.801 

1.70E+06 4.2E+05 24.89 257 65.04 0.124 7.128 42.619 

1.69E+06 4.2E+05 24.99 258 65.04 0.125 7.156 42.432 

1.67E+06 4.2E+05 25.09 259 65.03 0.125 7.184 42.233 

1.66E+06 4.2E+05 25.18 260 65.03 0.126 7.210 42.053 

1.64E+06 4.2E+05 25.28 261 65.03 0.126 7.238 41.872 

1.63E+06 4.1E+05 25.38 262 65.02 0.127 7.267 41.685 

1.62E+06 4.1E+05 25.48 263 65.03 0.127 7.295 41.494 

1.60E+06 4.1E+05 25.57 264 65.02 0.128 7.322 41.289 

1.59E+06 4.1E+05 25.67 265 65.02 0.128 7.349 41.095 

1.58E+06 4.1E+05 25.76 266 65.02 0.129 7.377 40.897 

1.56E+06 4.0E+05 25.86 267 65.02 0.129 7.404 40.709 

1.55E+06 4.0E+05 25.95 268 65.02 0.130 7.431 40.538 

1.54E+06 4.0E+05 26.05 269 65.02 0.130 7.460 40.361 

1.53E+06 4.0E+05 26.15 270 65.02 0.131 7.487 40.194 

1.51E+06 4.0E+05 26.24 271 65.02 0.131 7.514 40.041 

1.50E+06 4.0E+05 26.34 272 65.02 0.132 7.542 39.902 

1.49E+06 3.9E+05 26.45 273 65.02 0.132 7.572 39.739 

1.48E+06 3.9E+05 26.55 274 65.02 0.133 7.602 39.544 

1.47E+06 3.9E+05 26.64 275 65.01 0.133 7.628 39.334 

1.45E+06 3.9E+05 26.73 276 65.01 0.134 7.655 39.123 

1.44E+06 3.9E+05 26.83 277 65.01 0.134 7.681 38.917 
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1.43E+06 3.8E+05 26.92 278 65 0.135 7.709 38.714 

1.42E+06 3.8E+05 27.02 279 65 0.135 7.736 38.520 

1.40E+06 3.8E+05 27.11 280 65 0.136 7.764 38.342 

1.39E+06 3.8E+05 27.21 281 65 0.136 7.791 38.182 

1.38E+06 3.8E+05 27.32 282 65 0.137 7.821 37.999 

1.37E+06 3.8E+05 27.41 283 65 0.137 7.848 37.824 

1.36E+06 3.7E+05 27.49 284 64.99 0.137 7.872 37.691 

1.35E+06 3.7E+05 27.59 285 65 0.138 7.899 37.592 

1.34E+06 3.7E+05 27.69 286 65.02 0.138 7.929 37.510 

1.34E+06 3.7E+05 27.8 287 65.02 0.139 7.960 37.400 

1.33E+06 3.7E+05 27.9 288 65.01 0.139 7.989 37.264 

1.32E+06 3.7E+05 28 289 64.99 0.140 8.017 37.094 

1.31E+06 3.7E+05 28.09 290 64.99 0.140 8.043 36.938 

1.30E+06 3.7E+05 28.18 291 64.98 0.141 8.068 36.791 

1.29E+06 3.6E+05 28.27 292 64.97 0.141 8.095 36.654 

1.28E+06 3.6E+05 28.37 293 64.97 0.142 8.123 36.529 

1.27E+06 3.6E+05 28.47 294 64.96 0.142 8.153 36.398 

1.26E+06 3.6E+05 28.57 295 64.97 0.143 8.181 36.266 

1.25E+06 3.6E+05 28.67 296 64.97 0.143 8.208 36.135 

1.24E+06 3.6E+05 28.76 297 64.96 0.144 8.233 36.032 

1.24E+06 3.6E+05 28.86 298 64.97 0.144 8.263 35.917 

1.23E+06 3.6E+05 28.96 299 64.97 0.145 8.291 35.804 

1.22E+06 3.5E+05 29.05 300 64.96 0.145 8.319 35.692 

1.21E+06 3.5E+05 29.15 301 64.97 0.146 8.345 35.593 

1.21E+06 3.5E+05 29.24 302 64.99 0.146 8.372 35.510 

1.20E+06 3.5E+05 29.34 303 64.99 0.147 8.400 35.438 

1.19E+06 3.5E+05 29.45 304 64.97 0.147 8.432 35.323 

1.18E+06 3.5E+05 29.54 305 64.97 0.148 8.458 35.220 

1.18E+06 3.5E+05 29.62 306 64.96 0.148 8.482 35.157 

1.17E+06 3.5E+05 29.71 307 64.97 0.148 8.508 35.129 

1.17E+06 3.5E+05 29.82 308 64.97 0.149 8.539 35.083 

1.16E+06 3.5E+05 29.94 309 64.96 0.150 8.571 35.002 

1.15E+06 3.5E+05 30.03 310 64.94 0.150 8.597 34.925 

 


