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Abstract 
The thermal cracking performance of asphalt pavements is largely governed by the properties 
of the bituminous binder, and thus the low-temperature rheological characterization of bitumen 
is of great importance. Recently, a novel testing technique has been developed for the 
measurement of the low-temperature rheological properties of bituminous materials. This 
testing technique, commonly referred to as the 4-mm DSR, uses a 4-mm parallel plate 
geometry on a dynamic shear rheometer (DSR) with radial instrument compliance corrections. 
However, very little data produced by using the 4-mm DSR technique is currently available in 
the literature. 
 
The primary objective of this study was to examine the low-temperature rheological 
characteristics of various unmodified bitumens by using the 4-mm DSR technique. In addition, 
the correlations of the chemical and thermal properties with the low-temperature rheology of 
bitumen were investigated. The secondary purpose of this thesis was to study physical aging in 
bitumen.  
 

The 4-mm DSR technique was used to test twenty-seven bitumen samples originating from 
various crude oil sources and refineries. The chemical properties of the bitumens were 
described in terms of their molecular weight properties, as measured by gel permeation 
chromatography (GPC), and aromatic properties, as measured by ultraviolet-visible 
spectroscopy (UV-vis), infrared spectroscopy (FT-IR) and refractive index (RI) techniques. The 
thermal properties of the studied bitumens, including the glass transition temperatures (Tg), 
were determined by differential scanning calorimetry (DSC). 
 
Both horizontal and vertical shifts were needed to produce smooth master curves in the vicinity 
of Tg. The temperature dependence of horizontal shift factors was shown to accurately follow 
the Kaelble-WLF equation in the temperature range of Tg-30 K to Tg+115 K. The calculated 
relaxation time spectra H(τ) evidenced a transition from small-scale molecular to large-scale 
cooperative relaxation processes when bitumen was cooled below its Tg. It was shown that the 
low-temperature rheological properties of bitumen can be fairly accurately predicted from the 
molecular weight and aromatic properties. Physical aging in bitumen was successfully analyzed 
by means of time-aging time superposition, and, based on the limited data available, 
equilibrium is attained in approximately 2-3 days at Tg. However, additional studies are needed 
to properly assess the effect of physical aging on the low-temperature rheological properties of 
various bitumens. 

Keywords  bitumen, rheology, 4-mm DSR, bitumen chemistry, differential scanning 
calorimetry, physical aging 
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Tiivistelmä 
Asfalttipäällysteen pakkashalkeilu on suuressa määrin riippuvaista bitumisen sideaineen 
ominaisuuksista, ja siksi bitumin reologinen karakterisointi alhaisissa lämpötiloissa on erittäin 
tärkeää. Äskettäin bitumin reologisten kylmälämpötilaominaisuuksien mittaamiseen on 
kehitetty uudenlainen mittaustekniikka. Tässä niin kutsutussa 4-mm DSR -mittaustekniikassa 
dynaaminen leikkausreometri (DSR) on varustettu 4 mm:n levy-levy-geometrialla, ja 
mittaustulokset korjataan säteittäisen laitekomplianssin suhteen. Tähän mennessä on julkaistu 
kuitenkin vain hyvin rajallinen määrä 4-mm DSR -tekniikalla tuotettua dataa. 
 
Tämän työn ensisijainen tavoite oli tutkia modifioimattomien bitumien reologisia 
kylmälämpötilaominaisuuksia 4-mm DSR -tekniikalla. Lisäksi tutkittiin 
kylmälämpötilaominaisuuksien yhteyttä bitumin kemiallisiin ja termisiin ominaisuuksiin. Työn 
toissijainen tavoite oli tutkia bitumin fysikaalista vanhenemista. 
 
Tutkimusta varten kerättiin 27 bituminäytettä, jotka olivat peräisin useista raakaöljylähteistä ja 
öljynjalostamoista, ja näiden näytteiden ominaisuuksia tutkittiin 4-mm DSR -tekniikalla. 
Bitumien kemiallisia ominaisuuksia kuvattiin geelisuodatuskromatografialla (GPC) mitattujen 
molekyylipaino-ominaisuuksien avulla, sekä ultravioletti-näkyvän valon spektroskopialla (UV-
vis), infrapunaspektroskopialla (FT-IR) ja taitekerroinmittauksilla (RI) määritettyjen 
aromaattisten ominaisuuksien avulla. Bitumien termisiä ominaisuuksia, mukaan lukien niiden 
lasisiirtymälämpötiloja (Tg), tutkittiin differentiaalisen pyyhkäisykalorimetrian (DSC) avulla. 
 
Sekä vaaka- että pystysuuntaisten siirtojen käyttö oli tarpeen kunnollisten master-käyrien 
aikaansaamiseksi Tg:n läheisyydessä. Vaakasiirtokertoimien lämpötilariippuvuuden huomattiin 
noudattavan tarkasti Kaelble-WLF-yhtälöä lämpötila-alueella Tg-30 K … Tg+115 K. Lasketut 
relaksaatioaikaspektrit H(τ) osoittivat siirtymän pienen mittakaavan molekulaarisista 
relaksaatioprosesseista suuremman mittakaavan relaksaatioprosesseihin tapahtuvan 
jäähdytettäessä bitumi sen Tg:n alapuolelle. Bitumin reologiset kylmälämpötilaominaisuudet 
pystyttiin ennustamaan melko tarkasti molekyylipaino- ja aromaattisten ominaisuuksien 
perusteella. Bitumin fysikaalista vanhenemista analysoitiin onnistuneesti aika-vanhenemisaika-
superposition avulla, ja tämän tutkimuksen rajallisten mittaustulosten perusteella kestää noin 2-
3 päivää ennen kuin tasapainotila fysikaalisen vanhenemisen suhteen saavutetaan Tg:ssa. 
Lisätutkimukset ovat kuitenkin tarpeen, jotta fysikaalisen vanhenemisen vaikutusta eri bitumien 
reologisiin kylmälämpötilaominaisuuksiin voitaisiin kunnolla arvioida. 
 

Avainsanat  bitumi, reologia, 4-mm DSR, bitumikemia, differentiaalinen 
pyyhkäisykalorimetria, fysikaalinen vanheneminen 
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List of symbols 
 
Symbol Unit Name 

Cp [J g-1 K-1] Heat capacity at constant pressure 

Cp
g [J g-1 K-1] Glass heat capacity at constant pressure 

Cp
l [J g-1 K-1] Liquid heat capacity at constant pressure 

Eg [kJ mol-1] Apparent activation energy for viscous flow at Tg 

G* [Pa] 
Complex modulus in small-amplitude oscillatory 
shear 

|G*| [Pa] Absolute magnitude of G* 

G’ [Pa] Storage modulus in small-amplitude oscillatory shear 

G’m [Pa] 
Measured storage modulus in small-amplitude 
oscillatory shear when using the 4-mm parallel plate 
geometry 

G’s [Pa] 
Sample storage modulus in small-amplitude 
oscillatory shear when using the 4-mm parallel plate 
geometry 

G’’ [Pa] Loss modulus in small-amplitude oscillatory shear 

G’’m [Pa] 
Measured loss modulus in small-amplitude 
oscillatory shear when using the 4-mm parallel plate 
geometry 

G’’s [Pa] 
Sample loss modulus in small-amplitude oscillatory 
shear when using the 4-mm parallel plate geometry 

Ge [Pa] Equilibrium modulus (= 0 for viscoelastic liquids) 

Gg [Pa] Glassy modulus in shear 

G(t) [Pa] Relaxation modulus in shear 

H(τ) [Pa] Relaxation time spectrum 

J’’ [Pa-1] Loss compliance in small-amplitude oscillatory shear 

Jinstrument [rad N-1 m-1] Radial instrument compliance 

Mn [g mol-1] Number-average molecular weight 

Mw [g mol-1] Weight-average molecular weight 

Mw/Mn [-] Polydispersity 

Mz [g mol-1] Z-average molecular weight 

Mz+1 [g mol-1] Z+1-average molecular weight 
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Q [J] Amount of heat 

R [J mol-1 K-1] Universal gas constant, 8.314 J mol-1 K-1 

R2 [-] Coefficient of determination 

Rp [m] Radius of the parallel plate geometry 

S [J K-1] Entropy 

S(t) [Pa] Flexural creep modulus in the BBR testing 

T [K] or [°C] Temperature 

T∞  [K] VFT divergence temperature 

Td [K] Defining temperature in the Kaelble-WLF equation 

Tg [K] or [°C] Glass transition temperature (in this work Tg = Tg,mid) 

Tg,onset [K] or [°C] Onset temperature of the glass transition region 

Tg,mid [K] or [°C] Mid-point glass transition temperature 

Tg,end [K] or [°C] Endset temperature of the glass transition region 

Tr [K] 
Reference temperature in the construction of master 
curves 

TR&B [°C] Ring-and-Ball softening point 

Tv [K] Vogel temperature in the VFT equation 

Tβ [K] or [°C] Temperature of the highest secondary transition 

aT [-] 
Horizontal shift factor in time-temperature 
superposition 

ate [-] 
Horizontal shift factor in time-aging time 
superposition 

bT [-] 
Vertical shift factor in time-temperature 
superposition 

c1 [-] First WLF coefficient 

c1
g [-] First WLF coefficient when Tr = Tg 

c2 [K] Second WLF coefficient 

c2
g [K] Second WLF coefficient when Tr = Tg 

h [m] Gap between the plates in the parallel plate geometry 

kg [m3] 
Geometry constant used in the radial instrument 
compliance correction, kg = 2h / πRp

4 for parallel 
plate geometry 

m [-] Dynamic fragility 
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m(t) or mc(t) [-] Logarithmic creep rate in the BBR testing 

mr(t) [-] Logarithmic creep rate in the 4-mm DSR testing 

p [-] Significance level 

r [-] Pearson’s correlation coefficient 

t [s] Time 

tan δ [-] Loss tangent in small-amplitude oscillatory shear 

x various 
Viscosity, relaxation time or any other dynamic 
variable used in the determination of m 

ΔCp [J g-1 K-1] Heat capacity change at Tg 

γ [-] Shear strain 

γ0 [-] Strain amplitude 

δ [°] or [rad] 
Phase angle (loss angle) in small-amplitude 
oscillatory shear 

η [Pa s] Viscosity 

η* [Pa s] Complex viscosity 

η’ [Pa s] Dynamic viscosity (in phase with strain rate) 

η’’ [Pa s] Out-of-phase (with strain rate) component of η* 

μ [-] Aging time shift rate 

ν [m3 kg-1] Specific volume 

σ [Pa] Shear stress 

σ0 [Pa] Stress amplitude 

τ [s] Relaxation time 

τmax [s] The longest relaxation time 

ω [rad s-1] or [Hz] Angular frequency of oscillation 
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List of abbreviations 
 
ABCD Asphalt Binder Cracking Device 

AFM Atomic Force Microscopy 

ATR Attenuated Total Reflection 

BBR Bending Beam Rheometer 

C=C Carbon-carbon double bond 

CFS Cyclic Frequency Sweep 

DENT Double Edge Notch Test 

DPF Dispersed Polar Fluid 

DSC Differential Scanning Calorimetry 

DSR Dynamic Shear Rheometer 

DTA Differential Thermal Analysis 

DTT Direct Tension Test 

ETG Expert Task Group 

FHWA Federal Highway Administration 

FT-IR Fourier Transform Infrared (spectroscopy) 

FTT Fracture Toughness Test 

GPC Gel Permeation Chromatography 

IRIS Interactive Rheology Information Systems 

LAS Linear Amplitude Sweep 

LVE Linear Viscoelastic 

MDSC Modulated Differential Scanning Calorimetry 

MSCR Multiple Stress Creep-Recovery 

MYEGA Mauro-Yue-Ellison-Gupta-Allan (model) 

NRMSE Normalized Root-Mean-Square Error 

PAI Physical Aging Index 

PAV Pressure Aging Vessel 

PDA Photo Diode Array 
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PDM Phase Detection Microscopy 

Pen Penetration 

PG Performance Grade 

PI Penetration Index 

R&B Ring-and-Ball (softening point test) 

RI Refractive Index 

RTFO Rolling Thin Film Oven 

SAOS Small-Amplitude Oscillatory Shear 

SARA Saturates, Aromatics, Resins, Asphaltenes (fractions) 

SBS Styrene-Butadiene-Styrene 

SENB Single Edge Notched Beam (test) 

SHRP Strategic Highway Research Program 

TB Torsion Bar 

TGA Thermogravimetric Analysis 

THF Tetrahydrofurane 

TRMS Time-resolved Mechanical Spectroscopy 

TRR Time-resolved rheometry 

TTS Time-Temperature Superposition 

UV-vis Ultraviolet-visible (spectroscopy) 

VFT Vogel-Fulcher-Tammann (equation) 

WLF Williams-Landel-Ferry (equation) 

WRI Western Research Institute 

YAG Yttrium-Aluminum-Garnet 

d2s 95 % limits on the difference between two test results 

dmm Decimillimeter; 1/10 mm 

vGP van Gurp-Palmen (plot) 
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Glossary 
 

4-mm DSR 

A testing technique employing  4-mm diameter parallel 
plate fixture on a dynamic shear rheometer with instrument 
compliance corrections; used to measure low-temperature 
rheological properties of bituminous binders 

Activation energy for 
viscous flow 

A characteristic of the flow that indicates the amount of 
energy necessary to make fluid flow 

Angell plot 
A Tg-normalized Arrhenius plot that is used to study the 
dynamic fragility of glass-forming materials 

Aromaticity 

A property of conjugated cycloalkenes in which the 
stabilization of the molecule is strong due to the ability of 
the electrons in the p-orbitals to delocalize and act as a 
framework to create a planar molecule 

Bitumen 

Virtually involatile, adhesive and waterproofing material 
derived from crude petroleum, or present in natural asphalt, 
which is completely or nearly completely soluble in 
toluene, and very viscous or nearly solid at ambient 
temperatures 

Coefficient of 
determination 

A number that indicates how well data fit a statistical 
model; in the case of linear model it is the square of the 
Pearson's correlation coefficient 

Cole-Cole plot 
A representation where storage and loss parts of a complex 
quantity are plotted against each other; in this work a plot 
of G’’ vs. G’ on linear scales 

Cyclic frequency sweeps 
Successively repeated frequency sweeps that are used to 
capture time-dependent changes in viscoelastic properties 

Differential scanning 
calorimetry 

A thermoanalytical method that allows the determination of 
physical changes in a material associated with a heat 
exchange 

Dynamic fragility 
A measure of the temperature dependence of dynamic 
properties at the glass transition temperature; effectively a 
Tg-normalized activation energy 

Dynamic shear rheometer 
A laboratory device used to measure the viscoelastic 
properties of wide range of materials; also called rotational 
rheometer 
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Gel permeation 
chromatography 

A type of size exclusion chromatography for obtaining 
information on the molecular weight distributions of 
polymeric materials 

Glass transition 

The reversible transition in amorphous materials (or in 
amorphous regions within semicrystalline materials) from a 
hard and relatively brittle state into a molten or rubber-like 
state 

Glass transition 
temperature 

The temperature at which the glass transition occurs 

Glassy modulus 
The asymptotic value of complex modulus at low 
temperatures and/or high frequencies where the material 
behavior is ideally perfectly glassy 

Infrared spectroscopy 
A subset of absorption spectroscopy that deals with the 
infrared region of the electromagnetic spectrum 

Master curve 

A representation of rheological data over a wide range of 
frequencies or times “reduced” to a reference temperature, 
Tr; obtained as a result of time-temperature (or time-aging 
time) superposition 

Pearson’s (product-
moment) correlation 
coefficient 

A measure of the degree of linear dependence between two 
variables, giving a value between +1 and -1 inclusive, 
where +1 is the total positive correlation, 0 is no 
correlation, and -1 is the total negative correlation 

Performance grading 
A classification system which tests the bitumen for various 
performance qualities within specific temperature ranges 

Physical aging 

Structural relaxation of the glassy state toward the 
metastable  
equilibrium amorphous state, accompanied by changes in 
almost all physical properties 

Physical hardening See ‘Physical aging’ 

Radial instrument 
compliance 

Experimental artifact that results in errors in measured 
rheological data due to the compliances of rheometer 
transducer and measurement fixture; significant in the 
measurement of high-viscous materials 

Refractive index 
A dimensionless number that describes how light, or any 
other radiation, propagates through that medium 
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Relaxation time spectrum 
A fundamental quantity in the linear theory of viscoelastic 
materials that gives a macroscopic expression of small-
scale structural rearrangements in time 

Rheology The science of the deformation and flow of matter 

Shift factor 
The amount of horizontal or vertical shifting needed to 
produce master curves 

Size exclusion 
chromatography 

A chromatographic method in which molecules in solution 
are separated by their size, and in some cases molecular 
weight; see ‘Gel permeation chromatography’ 

Stepwise regression 
Stepwise regression includes regression models in which 
the choice of predictive variables is carried out by an 
automatic procedure 

Thermorheological 
simplicity 

Obtains when all contributing retardation or relaxation 
mechanisms of the material have the same temperature 
dependence and when stress magnitudes at all times or 
frequencies have the same temperature dependence 

Time-aging time 
superposition 

An equivalent to time-temperature superposition where 
temperature is replaced by isothermal aging time; used to 
study physical aging 

Time-resolved 
mechanical spectroscopy 

A tool to study time-dependent changes in mechanical 
properties of materials with changing structure 

Time-temperature 
superposition 

A tool for describing the viscoelastic behavior of linear 
polymers over a broad range of times or frequencies by 
shifting data obtained at several temperatures to a common 
reference temperature 

Ultraviolet–visible 
spectroscopy 

A commonly used spectrophotometric assay that examines 
photons in the UV-visible region 

Van Gurp-Palmen plot 
A plot of the phase angle δ versus the absolute value of the 
complex modulus |G*| 
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1. Introduction 

1.1. Background 

The low-temperature rheology of bituminous binders is of great interest because low-
temperature cracking is one of the primary asphalt pavement failure modes observed in 
cold-climate roads [1]. Moreover, binder properties have been found to mainly 
determine the thermal cracking performance of asphalt pavements, other asphalt 
mixture properties being of secondary importance [2]. Low-temperature cracking 
typically occurs during extreme low-temperature weather, usually within a few years 
after pavement construction. This failure mode is visible in the asphalt pavement as 
transverse cracks that are caused by the binder’s inability to deform to reduce stress. 
When the stresses exceed the asphalt binder’s strength, transverse cracks appear. To 
reduce the frequency of low-temperature cracking failure, the strength or stress 
relaxation ability of the binder must be increased. For the asphalt producer, the problem 
is to know how to blend asphalt components to control the low-temperature properties 
[3]. 

Field studies concerned with the monitoring of pavement performance over time are 
becoming ever more important. However, it is very laborious and time-consuming to 
extract large amounts of binder from an existing asphalt pavement. To minimize this 
effort, a binder test that uses only small amounts of material is required. Moreover, 
quick data acquisition and low sampling and preparation temperatures are needed. For 
this purpose, a testing method that uses 4-mm parallel plate geometry in a dynamic 
shear rheometer (DSR) has recently been developed to measure the rheological 
properties of bituminous binders at low temperatures. This new testing technique is 
commonly referred to as “4-mm DSR”. [4,5] 

As is the case with many viscoelastic materials, the rheological properties of bitumen 
appear to be largely governed by chemical composition and molecular interactions [6-
14]. In particular, Lesueur et al. [15] have suggested that the low-temperature rheology 
of bitumen is related to the asphaltene content. However, most relationships between the 
rheological and chemical properties of bitumen are also known to be dependent on 
crude oil source [16]. Moreover, thermal analysis methods have been used in an effort 
to better understand bitumen rheology [17,18]. 

The rheological properties of bitumen are known to change with time when held under 
isothermal conditions at low temperatures [19]. This phenomenon is commonly known 
as physical aging [20], or physical hardening in asphalt industry [21]. During the last 
decade or so, a great deal of research has been conducted to assess the effect of the 
physical aging of bitumen on low-temperature pavement performance [22-25]. It has 
been shown that the onset of low-temperature cracking can be more reliably predicted 
when the effect of physical aging on the low-temperature properties of bitumen is taken 
into account [26]. However, despite the undisputed importance of binder physical aging 
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for pavement performance, it is still not incorporated in asphalt specifications because 
of testing time limitations.  

1.2. Research problems 

A literature review reveals that in the 1990s and 2000s numerous articles were 
published concerning the low-temperature rheology of bitumen, e.g. [1,15,27-34]. 
However, the results of the older studies where DSRs have been employed to measure 
bitumen’s low-temperature characteristics are subject to criticism. This is because in 
these investigations, the data measured with 8-mm parallel plate geometry have been 
reported without accurate instrument compliance correction. Consequently, the 
reliability of these test results is rather questionable. 

Only during the last few years have asphalt researchers started to use the 4-mm DSR 
technique and systematic compliance correction to minimize the effect of instrument 
compliance. Thus, only a rather limited amount of data produced with this testing 
technique is available in the literature. Moreover, the currently available data have been 
produced almost exclusively in a single laboratory facility at the Western Research 
Institute (WRI). In order to assess the suitability of this testing method for the standard 
testing of bituminous binders, more interlaboratory testing should be conducted. In 
addition, the techniques used to analyze the low-temperature rheological data of 
bitumen have been somewhat limited so far, and thus novel techniques need to be 
introduced to gain more comprehensive understanding of the rheological nature of 
bitumen at sub-zero temperatures. 

Although unmodified bitumens have been tested with the 4-mm DSR technique in a 
number of studies, e.g. [4,5,35,36], none of them has combined an extensive chemical 
characterization with the rheological analysis. Even in a larger perspective, very few 
studies exist that concern the relationship between the chemical and low-temperature 
mechanical properties of bitumen. During the Strategic Highway Research Program 
(SHRP) an extensive analysis was conducted to find correlations between the 
rheological and chemical properties of various unmodified bitumen samples [13]. 
However, it should be noted that the SHRP binders were collected as “commercial” 
bitumens used for highway construction and were thus limited in variation of properties 
to fulfil the contemporary asphalt specifications in the US. Also, a thorough 
comparative analysis of the thermodynamic and dynamic aspects of bitumen glass 
transition is yet to be published.  

Traditionally, physical aging of bituminous binders has been characterized by 
conducting creep measurements on the bending beam rheometer (BBR) [37,38]. 
Although it is expected that physical aging occurs also during 4-mm DSR experiments, 
currently only very limited information is available concerning this topic [35]. A deeper 
understanding of physical aging during low-temperature rheological testing of 
bituminous binders is needed so that its effect on the test results could be quantified and 
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possibly isolated. Moreover, more comprehensive characterization of physical aging is 
needed for more accurate predictions of low-temperature pavement performance. 

1.3. Aims and structure of the thesis 

This thesis attempts to cover some of the knowledge gaps disclosed in Section 1.2 
Consequently, this thesis aims to address the following three major topics: 

1. Low-temperature rheology of various unmodified bitumens 

- Specifically, it will be investigated whether the thermorheological behavior 
of bitumen is simple at sub-zero temperatures, and consequently, whether the 
time-temperature superposition (TTS) principle is applicable. If TTS 
principle proves to be valid, dynamic master curves will be constructed and 
an effort will be made to model the temperature dependence of horizontal 
shift factors. This thesis also aims to introduce concepts and analysis 
techniques used in the field of glass rheology as novel methods to 
characterize the dynamics of bitumen at low service temperatures. 

2. Correlations of chemical and thermal properties with low-temperature 
rheological characteristics of bitumen 

- An effort will be made to correlate the molecular weight and aromatic 
properties of bitumen with its low-temperature rheological behavior. 
Potentially, the results of such analysis could provide insight into the relation 
between the structural and low-temperature dynamic properties of bitumen. 
In addition, possible correlations between the glass transition temperatures 
(Tg), as measured by differential scanning calorimetry (DSC), and low-
temperature rheological properties of bitumen will be investigated. The aim 
of this analysis is to study whether and how the low-temperature 
thermodynamic and dynamic properties are related in bitumen.  

3. Physical aging of bitumen as studied by the 4-mm DSR technique 

- It will be investigated whether physical aging in bitumen can be effectively 
quantified by the 4-mm DSR method. Further, the applicability of time-
resolved mechanical spectroscopy (TRMS) and time-aging time 
superposition principle in the analysis of physical aging data will be tested. 

This thesis consists of a literature review and laboratory study. In Section 2, the most 
common production methods and general properties of bitumen are discussed. This 
discussion considers both chemical, thermal and mechanical characteristics of bitumen. 
The aim of this section is to provide the reader with the necessary information to 
understand the generic properties of the materials investigated. 
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Section 3 describes the basics of oscillatory rheological testing and relevant data 
analysis. The application of rheological testing in the asphalt industry is also discussed 
in terms of the performance grading of bituminous binders.  

In Section 4, the low-temperature characteristics of bitumen are discussed. Firstly, 
traditional methods to measure the low-temperature mechanical properties of bitumen 
are briefly reviewed. After this, the newly proposed 4-mm DSR measurement technique 
and a method for the radial instrument compliance correction are introduced. The 
general and asphalt-specific aspects of glass transition and physical aging are discussed 
throughout the rest of the section. 

Section 5 is an introduction to the experimental section of this thesis. The basic physical 
and thermal properties of the investigated bitumen samples are presented, followed by 
the description of the characterization techniques used in the laboratory study. 

The results of the laboratory study are presented in Section 6, along with relevant 
analysis. A rheological analysis of the frequency sweep test results is provided in 
Section 6.1 with emphasis on the low-temperature test results. After this, in Section 6.2, 
correlations of the chemical and thermal properties of bitumen with its low-temperature 
rheological characteristics are investigated. In Section 6.3, the physical aging properties 
of bitumen are briefly studied. The results and observations of Section 6 are further 
discussed in Section 7. 

Section 8 summarizes the findings of this thesis and provides outlook on future work.   

1.4. Limitations of the research 

This thesis is a part of a joint research project of Aalto University and Nynas Oy. This 
project mainly concerns the low-temperature rheology of bituminous binders as 
measured with the 4-mm DSR technique. Because of the large extent of this research 
project, only selected research findings are presented in this thesis. Research topics that 
are investigated in the complete research project but are not discussed in this thesis, 
include: 

 The effect of aging on the low-temperature rheological properties of bitumen 

 The correlation between the low-temperature rheological and fracture properties 
of bitumen 

 The effect of Styrene-Butadiene-Styrene (SBS) polymer modification on the 
low-temperature rheological properties of bitumen. 

In addition, the application of the 4-mm DSR technique to the characterization of 
bitumens modified with various polymers, waxes and chemical additives remains to be 
investigated in future studies. Moreover, the characterization of asphalt mastics and 
mixtures made with the investigated bitumens is not considered in this research project. 
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The rheological properties of the investigated bitumens at high and intermediate 
temperatures are reported elsewhere [6]. Finally, it should be noted that this thesis is 
mainly concerned with the low-temperature rheological characterization of unmodified 
bitumens, and that the results from the other characterization techniques employed in 
this study might not be exhaustively analyzed and presented in this work. Critical 
discussion of the interpretation of the chemical test results obtained in this study is 
provided elsewhere [6].   
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2. Properties of bitumen 

2.1. Definition and production of bitumen 

According to the current European specifications [39], bitumen is defined as a “virtually 
involatile, adhesive and waterproofing material derived from crude petroleum, or 
present in natural asphalt, which is completely or nearly completely soluble in toluene, 
and very viscous or nearly solid at ambient temperatures”. In addition, a toluene 
solubility of greater than 99% is required for bitumen used in paving applications [40]. 
This European definition of bitumen is equivalent to American definitions of asphalt or 
asphalt cement [41]. Also terms bituminous binder and asphalt binder are used 
interchangeably. 

Before modern oil refining technologies became available at the turn of the 20th 
century, bitumen was recovered only from natural sources [42]. However, nowadays 
bitumen is essentially obtained by the distillation of crude oil [43,44], and native 
bitumen is used only for small and very specific markets, generally as an additive for 
straight-run bitumen [45]. Atmospheric and vacuum distillation techniques are the main 
means to refine bitumen for road construction, while solvent refining and visbreaking 
production techniques are clearly of secondary importance [46]. However, the latter 
mentioned techniques have recently regained popularity because the current petroleum 
product demand patterns can only be fulfilled by the inclusion of heavier feedstock, and 
because the bitumen produced with these techniques is able to satisfy the stringent 
environmental and quality specifications of today’s paving industry [6]. Further, 
bitumen can be treated in an air blowing unit after production as explained more in 
detail later in this subsection. 

In the following bitumen production techniques relevant for this work are briefly 
described. For more detailed description of refining processes in general the reader 
should refer to Robinson [47]. 

 Distillation of straight-run bitumen: A typical distillation process is depicted in 
Figure 1. The process begins with the separation of the light components from 
the crude oil by atmospheric distillation, typically at 350 °C. In the second step, 
the residue from the atmospheric distillation is further refined at a slightly higher 
temperature (350–425 °C) under vacuum with pressures of the order of 1–10 kPa 
(0.01–0.1 bars) [44,48]. Bitumen is then the vacuum residue of the crude oil, 
corresponding to an equivalent atmospheric cut-point of typically 500 °C [48]. 
Typically, refiners manufacture only two grades of straight-run bitumen, a soft 
one and a hard one, and the intermediate grades are obtained by blending [43]. 
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Figure 1. Distillation of bitumen (courtesy of Nynas) [49]. 

 

 Solvent deasphalting: In this process, asphaltenes are precipitated by a solvent 
that is usually a light paraffin (propane, butane, isobutene, pentane or 
isopentane). The heavy fraction of a crude oil (or soft bitumen) is mixed with 
the solvent and then left to settle typically at a temperature range of 25–70 °C 
and a pressure of 120 kPa (12 bars). Bitumen is then the solvent-free 
precipitate obtained after settling. Further, the soluble part (the deasphalted 
oil) can be further processed by hydrotreaters, fluid catalytic cracking units, 
hydrocrackers or fuel-oil blending. The precipitated residue, which is usually 
obtained as a by-product of lubricant recovery rather than from bitumen 
production, is often promoted as a blending component for bitumen. [6,48,49] 

 Visbreaking: As opposed to physical separation processes, bitumen or bitumen 
components can also result from conversion processes in which carbon-carbon 
bonds are broken. Visbreaking is a mild form of thermal cracking operated at 
455–510 °C and 0.3–2 MPa (3–20 bars) for a short residence time of 1–3 min. 
It significantly lowers the viscosity of atmospheric or vacuum residues with 
the main aim to increase conversion to gas oil and lighter boiling range 
materials. The residue from visbreaking is placed on the market typically as a 
bitumen blending component for road paving. [6,48,49] 
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 Air-blowing: Air-blowing is used to manufacture bitumen from an otherwise 
too fluid or temperature susceptible crude oil source or to produce very hard 
bitumens [48-50]. It consists of air-oxidizing the oil (or soft bitumen) for a 
few hours at 200–275 °C, sometimes in the presence of a catalyst [49]. Mild 
air blowing produces air-rectified bitumen (also called semi-blown bitumen) 
that is mainly used in paving applications, while more severe air blowing 
results in oxidized bitumen for roofing applications [6]. Oxidized bitumens are 
discarded in road construction because of their high susceptibility to cracking 
[45]. 

Finally, it should be mentioned that when several processes are applied to one or more 
crude oils, the resultant bitumen blends may have properties clearly superior to those 
obtained when only one manufacturing process is used [51]. Thus, blending of different 
bitumen types or grades in various proportions is used to obtain specific technical 
specifications for paving materials [6]. 

2.2. Chemical properties and microstructure of bitumen 

Bitumen is a complex chemical mixture of molecules that are predominantly 
hydrocarbons of different molecular sizes with a small amount of structurally analogous 
heterocyclic species (heteroatoms) and functional groups containing e.g. sulphur, 
nitrogen and hydrogen atoms [52]. Given the concentration of polar molecules, 
functional groups generally do not amount for more than a few 0.1 mol/l for straight-run 
bitumens [13]. Bitumen contains also trace quantities of metals such as vanadium, 
nickel, iron, magnesium and calcium, which occur in the form of inorganic salts and 
oxides or in porphyrine structures [53]. Elementary analysis of bitumens manufactured 
from a variety of crude oils shows that most bitumens are mainly comprised of carbon, 
hydrogen, sulphur, oxygen and nitrogen, see Table 1. 

 

Table 1. Elementary analysis of the core SHRP bitumens (data from [54]). 

Bitumen code AAA-1 AAB-1 AAC-1 AAD-1 AAF-1 AAG-1 AAK-1 AAM-1 
Origin Canada USA Canada USA USA USA Venezuela USA 
C wt.% 83.9 82.3 86.5 81.6 84.5 85.6 83.7 86.8 
H wt.% 10 10.6 11.3 10.8 10.4 10.5 10.2 11.2 
H+C wt.% 93.9 92.9 97.8 92.4 94.9 96.1 93.9 98 
H/C Molar 1.43 1.55 1.57 1.59 1.48 1.47 1.46 1.55 
O wt.% 0.6 0.8 0.9 0.9 1.1 1.1 0.8 0.5 
N wt.% 0.5 0.5 0.7 0.8 0.6 1.1 0.7 0.6 
S wt.% 5.5 4.7 1.9 6.9 3.4 1.3 6.4 1.2 
V ppm 174 220 146 310 87 37 1480 58 
Ni ppm 86 56 63 145 35 95 142 36 
Mn 

a g/mol 790 840 870 700 840 710 860 1300 
a The values of Mn were measured by Vapor Pressure Osmometry in toluene and pyridine at 60 °C [55]. 
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This elemental composition results in the formation of a wide range of molecules, which 
are typically divided into four SARA (Saturates, Aromatics, Resins, Asphaltenes) 
fractions based on their size and solubility in polar, aromatic or non-polar solvents [49]. 
Hereby, the molecular weights increase from the saturates (300 to 2000 g/mol) to the 
asphaltenes (1000 to 10000 g/mol) [44]. Likewise, the aromaticity and heteroatom 
content increase from the saturates to the asphaltenes in the same order [53]. Due to 
these characteristics in the molecular composition, bitumen is sometimes referred to as a 
“molecular cocktail” [56]. 

The relative distribution of carbon atoms in bitumen is typically 28-40 % aromatic and 
60-72 % aliphatic [57]. The majority of aromatic carbons are associated with 
polycondensed heteronuclear aromatic clusters, but also some single phenyl ring 
compounds with alkane substituents are possible. Structurally, the aliphatic carbons are 
associated with normal, branched and cyclic alkanes. These alkane structural units can 
either be attached to a condensed aromatic cluster or exist independently (e.g. paraffin 
waxes). [58] 

The molecular interactions (hydrogen bonding, π-π interactions, etc.) in a complex 
molecular system such as asphalt are extensive. At any given temperature, these 
interactions will tend to control the molecular motions of the constituents in asphalt. 
However, translational and rotational motions of the whole molecule within the asphalt 
matrix at room temperature and below are not expected to occur at any appreciable rate. 
[58] 

In a recent paper, Redelius and Soenen [7] showed that the mechanical properties of 
bitumen are governed by molecular interactions, of which the dispersive London forces 
and aromatic π-π interactions seem to be most important. They also proposed that the 
largest and most aromatic molecules in bitumen have the strongest interactions and thus 
the largest influence on the viscosity of bitumen. In another recent article, Soenen and 
Redelius [6] suggested that the elasticity of bituminous binders is related to the presence 
of polyaromatic structures. 

There are three main theories that attempt to explain the microstructure of bitumen. 
Probably the most widely accepted one of these models is the colloidal model which 
claims that bitumen is a colloidal dispersion of asphaltenes into an oily matrix 
constituted by saturates, aromatics and resins (which make up the maltene fraction) 
[15,49,59]. On the other hand, Dispersed Polar Fluid (DPF) model describes bitumen as 
a single-phase system, i.e. a simple homogenous liquid [14,60]. The third model, the so-
called “Nynäs Bitumen Solubility Model” [61], is based on mutual solubility of solvents 
and incorporates information about cohesion, molecular volume, dispersive and polar 
interactions as well as hydrogen bonding. 
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2.3. Thermal properties of bitumen 

There are at least three analysis techniques that have been used to study the thermal 
properties of bituminous binders: Differential Scanning Calorimetry (DSC), Differential 
Thermal Analysis (DTA) and Thermogravimetric Analysis (TGA). However, only the 
most popular one of these methods, DSC, is introduced in this subsection, because it 
was the only thermal analysis technique that was utilized during the experimental part 
of this study. 

DSC is a thermoanalytical method that allows the determination of physical changes in 
a material associated with a heat exchange. In practice, the difference in the amount of 
heat required to increase the temperature of a sample and reference is measured as a 
function of temperature while they are maintained at (nearly) the same temperature [62]. 
DSC has shown promising results in analyzing bitumen as it can be used to measure 
quantities related to physical changes like glass transition and phase transitions such as 
melting and crystallization [63]. Furthermore, chemical reactions and heat capacity can 
be measured [64,65]. If wax is present in bitumen, DSC can further indicate the melting 
and crystallization points of wax, and, if the melting enthalpy of pure wax is known, the 
results could be used to determine wax content [66]. 

The heat flow measured by a DSC is a function of the heating rate, sample heat 
capacity, and any endo- or exothermic events occurring in the sample. This is 
summarized as follows: 

 

d𝑄

d𝑡
= 𝐶𝑝

d𝑇

d𝑡
+ f(𝑡, 𝑇)                                                                                                                   (1) 

 

where   dQ/dt = total heat flow [J s-1] 
 Cp = heat capacity [J K-1] 
 dT/dt = heating rate [K s-1] 
 f(t,T) = kinetic component [J s-1] 

 

The first term on the right side of the equation is the heat flow contribution due to heat 
capacity and heating the sample. Because there is a shift in heat capacity at the glass 
transition, this term contains information about the glass transition. The second term on 
the right is the kinetic component that arises from the time dependence of 
crystallization, melting and/or chemical reactions. [3] 

An example of a DSC thermogram for bitumen containing natural wax is presented in 
Figure 2. This thermogram was produced by first cooling and then heating the bitumen 
sample. The glass transition temperature Tg manifests itself as a broad step change in the 
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baseline of the heating curve, and in this specific case its value is determined to be -20.8 
°C. In addition, the melting and crystallization enthalpies of bitumen wax can be 
retrieved from the heating and cooling curves, respectively. In Figure 2, these enthalpies 
are calculated from the red-shaded areas between the heat flow curves and the 
extrapolated baselines; in this special case, the values of heating and cooling enthalpy 
are calculated to be 6.0 J/g and 1.34 J/g, respectively. The onset and endset temperatures 
of the aforementioned thermal events can also be defined from the DSC thermogram as 
shown in the figure. 

 

 

Figure 2. Typical DSC thermogram for bitumen containing natural wax (endothermic is 
up on this graph). 

 

Bitumen is known to exhibit a glass transition around -20 °C, although it varies in a 
very wide range from +5 °C down to -40 °C depending essentially on the crude origin 
and somewhat less on the refining process [3,67-70]. However, one should note that 
glass transition does not occur at a single temperature in bitumen, but over a range of 
temperatures. The transition range typically spans 30 to 45 K, and -20 °C corresponds to 
the typical midpoint value [3]. Further, Masson et al. [71] have suggested that bitumen 
does not actually exhibit only one Tg, but four distinct Tgs that arise from different 
amorphous phases in bitumen. More detailed information about the glass transition 
phenomenon is provided in Section 4.3. 

The waxes naturally present in bitumen are known to have a much wider crystallization 
and melting point range than the synthetic waxes used as flow improvers in warm-mix 



24 
 

asphalts. Lesueur [49] stated that natural bitumen waxes crystallize typically at 
temperatures starting from 90 °C down to the glass transition temperature. 
Correspondingly, the melting point range of these waxes is typically nearly 100 K wide, 
cf. Figure 2. The large widths of the aforementioned temperature ranges are due to the 
varying molecular structures of the natural waxes. 

2.4. Physical properties of bitumen 

Bitumen is a viscoelastic liquid that exhibits Newtonian flow behavior at high 
temperatures (typically above 60 °C), viscoelastic behavior at intermediate temperatures 
(typically between -20 °C and 60 °C), and glassy, brittle behavior at low temperatures 
(typically below -20 °C). For practical purposes, its engineering properties have 
traditionally been characterized with the penetration and softening point tests [44]. 

The consistency of bitumen is measured by the penetration test [72]. In this test, a 
needle of specified dimensions is allowed to penetrate a sample of bitumen under a load 
of 100 g for 5 seconds. The test is performed at a fixed temperature of 25 °C (or at 15 
°C when soft bitumens are tested). The penetration (Pen) is defined as the distance 
travelled by the needle into the bitumen sample, and it is measured in tenths of a 
millimeter (decimillimeter, dmm). The lower is the value of penetration, the harder is 
the bitumen, and vice versa. This test is the basis of European bitumen classification 
system in which bitumens are divided into different penetration classes [40,73]. 

The consistency of bitumen at high in-service temperatures can be measured by 
determining its Ring-and-Ball (R&B) softening point [74]. In this test, a steel ball 
(weighting 3.5 g) is placed on a sample of bitumen contained in a brass ring that is then 
suspended in a water or glycerin bath. Water is used for bitumen with a softening point 
of 80 °C or below, and glycerin is used for softening points greater than 80 °C. When 
the bath temperature is raised at the rate of 5 K/min, the bitumen softens and eventually 
deforms slowly with the ball through the ring. At the moment the bitumen and steel ball 
touch a base plate 25 mm below the ring, the temperature of the water is recorded. The 
recorded temperature is designated the Ring-and-Ball softening point of the bitumen. 

The temperature susceptibility of bitumen can be described with the penetration index 
(PI) that was introduced by Pfeiffer and Van Doormaal in 1936 [75]. The PI is 
calculated from the penetration and softening point values as follows (assuming the 
penetration test temperature of 25 °C): 

 

PI =
1952 − 500 log Pen − 20𝑇𝑅&𝐵

50 log Pen − 𝑇𝑅&𝐵 − 120
                                                                                      (2) 

 

where TR&B = Ring-and-Ball softening point [°C] 
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The higher is the value of the PI, the less temperature-susceptible is the bitumen, and 
vice versa. It was observed that blown bitumens have typically PI > +1 when straight-
run bitumens have −1 < PI < +1 and solvent-deasphalted bitumens have −2 < PI < +2 
[75,76]. In general, the PI varies between −2.6 and 8 when including all types of 
bitumen (including blown ones), but typically lies between −2 and +2 for paving grade 
bitumens [77]. The PI proved a rather powerful indicator for classifying bitumen 
rheological behavior; in particular, Van der Poel [77] showed that bitumens with the 
same PI have similar rheological master curves. 

Other empirical test methods of bitumen include capillary viscosity tests and Fraass 
breaking point test [44]. Capillary viscosity is measured to determine the flowability of 
bitumen at pavement mixing and compaction temperatures (typically 135-165 °C and 
80-160 °C, respectively). In turn, Fraass breaking point test is used to describe the 
cracking behavior of bitumen at very low temperatures (as low as -30 °C). Sometimes 
also penetration and PI values have been used to estimate the low-temperature 
properties of bitumen [78]. 
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3. Rheological characterization and its application in 
asphalt industry 

3.1. Oscillatory rheological testing 

Oscillatory testing is the most common way to characterize rheological properties of 
viscoelastic materials with a DSR. The basic principle of an oscillatory test is to induce 
a sinusoidal shear deformation in the sample and measure the resulting stress response. 
The time scale of the measurement is determined by the frequency of oscillation, ω, of 
the shear deformation. In a typical experiment, the sample is placed between two plates, 
as shown in Figure 3(a). While the bottom plate remains stationary, a motor rotates the 
top plate, thereby imposing a time dependent strain γ(t) = γ0 · sin(ωt) on the sample. 
Simultaneously, the time dependent stress σ(t) is quantified by measuring the torque that 
is required to produce the desired deformation in the test sample. Examples of strain 
inputs and stress outputs for an elastic solid, a viscous fluid and a viscoelastic material 
are shown in Figure 3(b). 

 

                       

Figure 3. (a) Parallel plate geometry of a DSR, and (b) schematic stress response to 
oscillatory strain deformation for an elastic solid, a viscous fluid and a viscoelastic 
material. Figure (a) courtesy of TA Instruments, figure (b) from [79]. 

 

In most cases, oscillatory testing is performed within the linear viscoelastic (LVE) 
region where the values of viscoelastic material parameters are, by definition, 
independent of the applied stress or strain. This type of testing is generally known as 
small-amplitude oscillatory shear (SAOS) testing. The material functions in SAOS 
relevant for this study are defined in Table 2 and presented in the complex plane in 
Figure 4.  

(a) (b) 
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Table 2. Definitions of selected SAOS material functions [80,81]. 

Material 
function 

Symbol Definition Unit Physical meaning 

Complex 
modulus 

G* G’+iG’’ Pa 
a measure of the total 
resistance of the system to 
strain in a cyclic deformation 

Loss angle 
(phase angle) 

δ σ(t)=σ0sin(ωt+δ) rad or ° 
a measure of the energy 
dissipation per cycle of 
sinusoidal deformation 

Storage 
modulus 

G’ |G*|cos δ Pa 
a measure of the energy stored 
and recovered per cycle of 
sinusoidal deformation 

Loss modulus G’’ |G*|sin δ Pa 
a measure of the energy 
dissipated or lost as heat per 
cycle of sinusoidal deformation 

Loss tangent tan δ G’’/G’ - 
a measure of the ratio of energy 
lost to energy stored in a cyclic 
deformation 

 

 

 
Figure 4. Representation of selected SAOS material functions on a complex plane. 

 

3.2. Master curve construction and relaxation time spectrum 

In many occasions, the rheological behavior of a material needs to be characterized at 
very long loading times or modeled at various temperatures. For this purpose, it is often 
necessary to utilize the time-temperature superposition (TTS) principle [82]. It 
essentially states that the effect of increasing the loading time (or decreasing the 
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frequency) on the mechanical properties of a material is equivalent to that of raising the 
temperature [83]. Further, when data at several temperatures have been obtained, TTS 
can be used to generate a “master curve” showing the rheological behavior at a 
“reference temperature” that covers many decades of time or frequency. A material to 
which this technique is applicable is said to be “thermorheologically simple”. An 
illustrative example of master curve construction is given in Figure 5. 

 

 

Figure 5. Illustrative example of the construction of (a) |G*| and (b) δ master curves 
[84]. 

 

As a result of the master curve construction, horizontal and vertical shift factors – aT 
and bT, respectively – are obtained based on the amount of shifting that is required to 
relocate isothermal frequency sweep curves on a single master curve at each 
measurement temperature. Shift factors can be used to assess the temperature 
dependence of viscoelastic functions [85], and the temperature dependence of horizontal 
shift factors is often modeled with the Williams-Landel-Ferry (WLF) [86], Arrhenius-
type and Vogel-Fulcher-Tammann (VFT) [87-89] equations, among others. Moreover, 
the Kaelble modification of the WLF equation [90], the Mauro-Yue-Ellison-Gupta-
Allan (MYEGA) model [91] (also known as the Topological constraint theory [92]) and 
the parabolic model [93-97], among others, have been used to model horizontal shift 
factors especially at low temperatures, i.e. near and below Tg [98]. 
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From the aforementioned models, the Kaelble modification of the WLF equation 
(Equation 3) is of the greatest interest for us. This is because it is capable of modeling 
horizontal shift factors over a very wide temperature range, both above and below Tg 
[99]. Hereafter, this equation will be simply referred to as the Kaelble-WLF equation. 

 

log 𝑎𝑇 = −
𝑐1(𝑇 − 𝑇𝑑)

𝑐2 + |𝑇 − 𝑇𝑑|
                                                                                                           (3) 

 

where c1 = WLF constant [-] 
c2 = WLF constant [K] 
Td = defining temperature [K] 

 

At Td there is an inflection point in the plot of log aT vs. T that marks a change in the 
curvature of the shift factor curve [99]. Note that this equation deviates from the WLF 
equation only by the inclusion of a magnitude term in the denominator of the right hand 
side fraction (assuming that the reference temperature Tr is set at Td). Hence, above Td 
the Kaelble curve is identical to the WLF curve, but below Td it slowly approaches a 
horizontal asymptote whereas the WLF curve approaches a vertical asymptote at T = Td-
c2 (see Figure 6). It is also noteworthy to mention that, according to Rowe and Sharrock 
[99], the Td produced by the Kaelble analysis produces a numerical value very close to 
that of the defining temperature as prescribed in the SHRP work conducted by 
Christensen and Anderson [100]. 
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Figure 6. Illustrative example of the shapes of shift factor curves according to the WLF 
equation and its Kaelble modification. 

 

However, Equation 3 is difficult to apply to data since the form of the equation implies 
that the defining temperature and the reference temperature are the same. This difficulty 
can be overcome by introducing a constant term that separates Td from Tr: 

 

log 𝑎𝑇 = −𝑐1 (
𝑇 − 𝑇𝑑

𝑐2 + |𝑇 − 𝑇𝑑|
−

𝑇𝑟 − 𝑇𝑑

𝑐2 + |𝑇𝑟 − 𝑇𝑑|
)                                                                  (4) 

 

It is well known [101,102] that the WLF equation is identical to the VFT equation. Here 
it is also observed that, in the glassy region (T ≤ Td), it is possible to write the Kaelble-
WLF equation in the form that is similar to the VFT equation. If a sufficiently low 
reference temperature is selected so that Tr ≤ Td, Equation 4 can be rewritten as: 

   

ln 𝑎𝑇 = 𝐵
𝑇𝑟 − 𝑇

(𝑇 − 𝑇𝑣)(𝑇𝑟 − 𝑇𝑣)
                                                                                                     (5) 

 

where B = ln(10)c1c2 
Tv = Vogel temperature = c2 + Td 
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The derivation of Equation 5 from Equation 4 is presented in Appendix A. 

Time-temperature shifted dynamic data is often used to calculate the relaxation time 
spectrum H(τ). The relationship between H(τ) and linear dynamic data is described by 
the following equations: 

 

𝐺′(𝜔) = 𝐺𝑒 + ∫
d𝜏

𝜏
𝐻(𝜏)

 (𝜔𝜏)2

1 + (𝜔𝜏)2

𝜏𝑚𝑎𝑥

0

                                                                                  (6) 

𝐺′′(𝜔) = ∫
d𝜏

𝜏
𝐻(𝜏)

𝜔𝜏

1 + (𝜔𝜏)2

𝜏𝑚𝑎𝑥

0

                                                                                           (7) 

 
 

where Ge = equilibrium modulus (= 0 for viscoelastic liquids) [Pa] 
 τ = relaxation time [s] 
 τmax = the longest relaxation time [s] 

 

H(τ) is a macroscopic expression of small-scale structural rearrangements in time. 
Relaxation processes at short τ refer to small-scale rearrangements in a test material, 
whereas long-time relaxation depends on the large-scale rearrangement processes of 
material constituents. Thus, H(τ) may exhibit any functional shape depending whether 
short or long-time structural rearrangements dominate the stress [103]. However, most 
importantly, the linear viscoelastic behavior of any material is fully described by H(τ) 
[104]. 

3.3. Performance grading of bituminous binders 

During the last few decades, the suitability of the aforementioned empirical test 
methods for the performance characterization of bituminous binders has impaired due to 
the increased popularity of bitumen modification [105,106]. This is because the 
introduction of modifiers makes bitumen rheology more complex [107], resulting in 
poor correlations between empirical test results and bitumen performance in asphalt 
pavements [106,108]. Hence, fundamental rheological test methods were introduced in 
the SHRP program for the use in the classification of road bitumens [109]. 

The classification system developed during the SHRP program is based on the division 
of bituminous binders into different performance grades (PG). The original 
specifications for performance grading were adopted in the USA in the early 1990s 
[110]. In the PG system the binder is said to be PG H-L, where H is the limiting high 
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temperature and -L is the limiting low temperature [111]. The limiting high temperature 
corresponds to the temperature at which the inverse of the viscous compliance, 1/J’’ = 
G*/sin δ, of the unaged binder becomes inferior to 1 kPa when measured at an angular 
frequency of 10 rad s-1 [112]. The grades are defined by 6 °C steps starting from 46 °C 
up to 82 °C. The limiting high temperature can be thought of as the temperature above 
which the risk of rut formation becomes critical for an asphalt mixture made with the 
corresponding binder [49].  

Correspondingly, the limiting low temperature corresponds to the temperature at which 
the flexural creep modulus of the binder, S(t), becomes superior to 300 MPa at a loading 
time of 60 s, or at which the logarithmic creep rate, m(t), falls below 0.300, whichever is 
higher [113]. Low-temperature testing is performed with a BBR on the rolling thin film 
oven (RTFO) and then pressure aging vessel (PAV) aged binder from −10 °C down to 
−46 °C with 6 °C decrements. The limiting temperature stated in the paving grade is in 
fact 10 °C lower than that of the creep test: for example, if the binder has a creep 
modulus of 300 MPa at −12 °C and 60 s, its limiting low temperature is −22 °C. This is 
because it has been claimed that typical time-temperature shift factors for bitumen show 
that a 2-h loading time, which is characteristic for daily temperature changes, is 
equivalent to a 60-s loading time at a 10 °C higher temperature [21]. However, some 
criticism on this assumption was set forward by Basu et al. [114]. The limiting low 
temperature can be thought of as the temperature below which the risk of cracking 
becomes critical for an asphalt mixture made with the corresponding binder [49]. 

More recently, new rheological testing methods, like the Multiple Stress Creep-
Recovery (MSCR) test [115], the Linear Amplitude Sweep (LAS) test [116-118] and 
the 4-mm DSR technique [5] (described more in detail in Section 4.2), have been 
developed to replace the rheological test methods developed during the SHRP program. 
In addition, modeling work has been conducted to characterize the rheological behavior 
of bituminous binders on a more fundamental level. Perhaps the most notable recent 
development in the rheological modeling of bituminous materials has been the 
introduction of the 2S2P1D and 1S2P1D models for bituminous mixtures and binders, 
respectively [119]. However, the theory and application of these models is out of the 
scope of this work and thus, for brevity, will not be described in detail herein.   
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4. Low-temperature characteristics of bitumen 

4.1. Traditional techniques for the characterization of the low-
temperature rheological properties of bitumen 

It has been shown that the low-temperature performance of asphalt pavements is largely 
controlled by the low-temperature rheology of bituminous binders. Therefore, a better 
understanding of the low-temperature rheological characteristics of bituminous binders 
is needed to predict thermal cracking and thus, to improve the low-temperature 
performance of asphalt pavements [5]. Traditionally, there have been two methods for 
measuring the low-temperature rheological properties of bituminous binders: BBR for 
measuring flexural creep stiffness and stress relaxation rate [120] and torsion bar (TB) 
on the DSR for measuring dynamic shear modulus and phase angle under oscillatory 
shear loading [121]. It should be noted that various fracture tests have also been 
developed to characterize the low-temperature properties of bituminous binders, e.g. 
Fraass breaking point test, direct tension test (DTT), double edge notch test (DENT), 
single edge notched beam (SENB) test, asphalt binder cracking device (ABCD) test and 
fracture toughness test (FTT) [122]. However, the fracture characterization of bitumen 
is out of the scope of this work, and hence the aforementioned test methods will not be 
discussed in detail herein. 

However, both BBR and TB methods require relatively large amounts of material for 
testing and relatively high specimen preparation temperatures. In addition, TB method 
has practical problems related to specimen loading and holding that can significantly 
affect the test results. These disadvantages make it difficult to analyze samples from 
field studies that require a test method that uses only small amounts of material and 
produces data quickly. The aforementioned factors led some asphalt researchers to 
develop a novel low-temperature testing technique for a DSR as discussed in the 
following. 

4.2. 4-mm DSR technique and the correction for radial 
instrument compliance 

Recently, researchers at WRI developed a novel method to measure the low-temperature 
rheological properties of bituminous binders. This experimental technique introduces 
the use of 4-mm parallel plate geometry in a DSR, combined with the systematic 
correction of radial instrument compliance [5]. To date, this 4-mm DSR technique has 
been successfully used to measure the low-temperature rheological properties of various 
types of asphalt binders (unaged and aged, neat and modified, etc.) [4,5,9,35,36,123-
133] and other bituminous materials such as emulsion residues [134-136]. Furthermore, 
an AASHTO standard draft of this test method has been prepared (see Appendix B) and 
is currently under evaluation. 
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In the 4-mm DSR technique the binder specimen is sandwiched between two 4-mm-
diameter parallel plates that are separated from each other by a 1.75-mm gap, see Figure 
7. A small plate diameter and a large gap are used to minimize radial instrument 
compliance effects [137-139]. Radial instrument compliance implies that the true strain 
on the sample is lower than the measured strain due to the compliances of rheometer 
transducer and measurement fixture [138]. However, even when using the 
aforementioned specimen dimensions, the measured values of rheological parameters 
are influenced by compliance effects. Hence, it is necessary to systematically correct the 
measurement results for radial instrument compliance.  

 

 

Figure 7. 4-mm parallel plate set-up for a DSR. 

 

There are a few methods available in the literature for the correction of radial instrument 
compliance errors [140-142]. Out of these methods, the one developed by Schröter et al. 
[141] is probably the most popular one. Moreover, this correction method is endorsed 
by the AASHTO standard draft for the 4-mm DSR technique. The derivation of the 
instrument compliance correction according to Schröter et al. is presented in Appendix 
B. The compliance corrections for storage modulus, loss modulus and phase angle are 
as follows: 
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where G’s = storage modulus of the sample [Pa] 
G’’s = loss modulus of the sample [Pa] 
tan δ = loss tangent of the sample [-] 
G’m = measured storage modulus [Pa] 
G’’m = measured loss modulus [Pa] 
Jinstrument = instrument compliance [rad N-1 m-1] 
kg = geometry constant [m3] 

 

Note that in the special case of the parallel plate geometry, the geometry constant kg is 
calculated as follows: 

 

𝑘𝑔 =
2ℎ

𝜋𝑅𝑝
4
                                                                                                                                    (11) 

 

where h = gap between the plates [m] 
 Rp = radius of the plates [m] 

 

In most of the studies, the radial instrument compliance is assumed to be constant, i.e. 
independent of the angular frequency and temperature. However, some researchers have 
pointed out that the radial instrument compliance of single-head (stress-controlled) 
rheometers is actually frequency-dependent [35,142]. The extent of frequency 
dependence varies from one rheometer model to the other, and is presumably dependent 
at least on the instrument inertia and/or a response time of the force rebalance 
transducer controlled by the servo loop [35]. 

In 2011, Sui et al. [4] proposed a new low-temperature performance grading method for 
bituminous binders that utilized the 4-mm DSR technique. By testing eleven binders, 
they observed a strong linear correlation between BBR and 4-mm DSR data. This led 
them to conclude that the 4-mm DSR technique could be used as an alternative to the 
BBR measurement to obtain the low-temperature performance grade of bituminous 
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binders. Based on the aforementioned linear correlation, they suggested that the 
criterion S(60 s, low PG temp + 10 °C) ≤ 300 MPa should be replaced with the criterion 
G(7200 s, low PG temp) ≤ 160 MPa, and the criterion mc(60 s, low PG temp + 10 °C) ≥ 
0.300 be replaced with the criterion mr(7200 s, low PG temp) ≥ 0.26 when 4-mm DSR 
technique is used to determine the low-temperature performance grade. Finally, they 
tested four additional binders to validate that the low-temperature performance grades 
obtained with BBR and DSR techniques were comparable. 

More recently, the data collected by Sui et al. [4] were revisited and modifications to the 
previously proposed low-temperature grading criteria were suggested [35]. The 
modified criteria are determined at 60 seconds and 10 °C higher than the PG 
temperature, rather than at 7200 seconds and at the PG temperature. Again, critical 
values of G(t) and mr(t) were obtained from the linear correlation between BBR and 4-
mm DSR data: G(60 s, low PG temp + 10 °C) ≤ 143 MPa and mr(60 s, low PG temp + 10 
°C) ≥ 0.28. However, it should be noted that a rather limited number of binders was 
used to validate the correlation between BBR and 4-mm DSR data, and that this binder 
set contained only two modified binders [143]. 

4.3. Glass transition 

The glass transition is a fundamental property of amorphous materials, including 
bitumen. Below the glass transition temperature, Tg, there is insufficient thermal energy 
in a material to allow large-amplitude molecular motion. Without this motion and the 
viscous flow it allows, the approach to a thermodynamic equilibrium is slow. This slow 
approach to equilibrium is called physical aging, which is covered more in detail in 
Section 4.4. The transition is manifested by changes in the slope of primary 
thermodynamic quantities such as specific volume and enthalpy, and by step changes in 
secondary quantities such as thermal expansion coefficient and specific heat capacity. 
[3] 

The glass transition has been studied extensively in polymer sciences because it marks a 
distinct change in mechanical and other material properties as a function of temperature 
and, thus, is important for tailoring product properties. Numerous excellent texts have 
been written containing large sections about the glass transition and its relation to 
physical and mechanical properties of polymeric and other materials, e.g. [144-150]. 
There are three main theoretical developments that have been applied to explain the 
glass transition phenomenon: the free-volume theory, the kinetic theory and the 
thermodynamic theory. These theories are not discussed in detail in this work, but more 
comprehensive information of their development is available in the book of Sperling 
[146]. In general, Tg increases with the stiffness, polarity, aromaticity and molecular 
weight of the repeat molecular structure within the amorphous phase [151]. 

It is important to recognize that the glass transition depends on the thermal history of a 
sample, especially on the cooling or heating rate. If the cooling rate in the DSC 
measurement is decreased, also the measured value of Tg decreases, and vice versa 
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[152-154]. The heating/cooling rates of DSC measurements are not standardized in the 
asphalt industry, but a heating rate of 10 K/min is probably most commonly used in the 
determination of the Tg of bitumen (and also of other glass-forming materials [155]).  

Usually a single Tg is reported for bitumen, with a typical value being approximately -
20 °C. However, as mentioned already in Section 2.3, Masson et al. [71] were actually 
able to define four distinct Tgs for bitumen with a modulated DSC (MDSC). They 
claimed that these are the Tgs of four different amorphous phases in bitumen: (1) the 
maltene phase, (2) the asphaltene phase, (3) the maltene–asphaltene interfacial region of 
mixed composition likely rich in resins (the so-called “interphase”) and (4) the phase 
rich in flexible paraffinic segments. The glass transition of the maltenes is the most 
intense one, and thus the single Tg value usually reported for bitumens is most often 
associated with the glass transition of the maltene phase [3]. Interestingly, by using 
cryogenic atomic force microscopy (AFM) and phase detection microscopy (PDM), 
Masson et al. [156] detected collections of quasi-circular domains of 20–400 nm below 
the Tg of the maltenes. These domains, called “the salphase” by the authors, were found 
to be composed of unfrozen material phases with low Tg. This kind of nanophase 
separation and partial freezing-in are commonly observed in glass-forming materials 
[145]. 

It is also worth noting that, since the molecular compositions of different amorphous 
phases of bitumen are not homogeneous, their glass transition regions are relatively 
broad compared to the glass transition regions of typical single-component systems [3]. 
This possesses a problem for the determination of Tg since the glass transition does not 
manifest itself as a sharp step change in the heat flow curve of DSC measurement but 
rather as a broad change in the baseline. Two different methods are widely used to 
define the exact value of Tg: the “derivative method” (e.g. [71,156,157]) and the “mid-
point method” (e.g. [3,63]). The mid-point method was used to determine the Tgs of the 
investigated bitumens in this work, and thus the principle of this method is briefly 
described in Appendix G. 

In addition, besides DSC, there exist various other analysis techniques that have been 
employed to detect the glass transition event [155]. These techniques include e.g. 
thermal (e.g. heat capacity) [158], physical (e.g. specific volume) [159], mechanical 
(e.g. dynamic modulus) [160] and electrical (e.g. ionic conductivity) [161] 
characterization techniques, amongst others. In mechanical sense, Tg denotes the 
temperature at which, upon cooling, an amorphous material goes from a viscous fluid 
behavior to a hard, stiff, glassy state, or vice versa upon heating [162]. From rheological 
experiments, the “dynamic glass transition temperature” can be defined in principle in 
four different ways [83,163]: 

(1) The temperature at which G’ or η attains a certain value 

(2) The temperature at which tan δ has its maximum value 

(3) The temperature at which G’’ has its maximum value 
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(4) The temperature at which G’ has its greatest variation with frequency. 

It should be noted that in all the above definitions Tg necessarily depends upon the time 
or frequency of the rheological measurement [83]. Although the definition (2) is very 
common in the literature, Illers and Baur, alongside with Boyer [164], stated that it 
would be more practical to use the definition (3) as the definition of the dynamic glass 
transition temperature. Bitumen does not exhibit peak in tan δ, but its value decreases 
monotonically when temperature is decreased. This is why the definition (3) has most 
often been used to determine the dynamic glass transition temperature for bitumen. 

There are two rheological parameters that have been widely used to characterize the 
temperature dependence of dynamics in glass-forming materials: the dynamic fragility 
m and the apparent activation energy Eg at Tg. The concept of dynamic fragility was 
originally developed by Angell [165,166], and it is used to quantify the degree of 
deviation from the Arrhenius behavior [167]. More practically, it can be used to 
characterize how rapidly rheological properties change with temperature as Tg is 
approached [101]. Thus, in general, it has nothing to do with the fragility of glasses in 
the common sense, i.e. breaking easily or being brittle. Instead, Angell’s pristine 
interpretation of the dynamic fragility was related to molecular pictures for dynamics or 
thermodynamics in the liquid [145]. The dynamic fragility is defined according to 
Equation 12, and graphically it is equal to the slope of the Tg-normalized Arrhenius plot 
of x, the so-called Angell plot, at Tg (see Figure 8). 

 

𝑚 = [
d log 𝑥

d (
𝑇𝑔

𝑇 )

]

𝑇=𝑇𝑔

                                                                                                                     (12) 

 

where x = viscosity, relaxation time or any other dynamic variable 
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Figure 8. Graphical definition of the dynamic fragility parameter m in the Angell plot. 

 

In asphalt research, the concept of dynamic fragility was earlier applied by Zhai and 
Salomon [168] and Qin et al. [9]. 

For example, Williams et al. [169-172] and, more recently, Ferrer et al. [173], Roland et 
al. [174-177] and McKenna et al. [101,178,179] showed the promise of using the 
apparent activation energy for viscous flow at Tg, Eg, for classifying material behaviors. 
Eg is defined as the slope of the logarithmic viscosity or relaxation time (or any other 
dynamic variable) vs. 1/T at Tg, see Figure 9. Importantly, the dynamic fragility is 
effectively a Tg-normalized activation energy: 

 

𝐸𝑔 = ln10 𝑅𝑇𝑔𝑚                                                                                                                       (13) 

 

where R = universal gas constant, 8.314 J mol-1 K-1 

 

McKenna [178] reported that Eg varies as Tg
2 for many polymers, metals, hydrogen 

bonding liquids and ionic glass-formers, and as Tg for many small molecule organics 
and inorganic network glass-formers. 
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Figure 9. Graphical definition of the apparent activation energy Eg at Tg in the 
Arrhenius plot. 

 

4.4. Physical aging 

According to Struik [20], physical aging is a gradual continuation of the glass formation 
that sets in around Tg. Below Tg, the volume, enthalpy and entropy of a physically aging 
material are greater than they would be in the equilibrium state, see Figure 10. From 
another perspective, Donth [145] defined physical aging to be structural relaxation so 
far below Tg that it cannot be described by main transition modes alone. Irrespective of 
the definition, physical aging results in the change of specific temperature-dependent 
material properties, and this change is always in the same direction as upon cooling 
through the glass transition range [20]. In terms of rheological properties, this means 
that the material becomes stiffer, more elastic, and more brittle during physical aging. 
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Figure 10. Concept of physical aging according to Struik [20]. Tg is the glass transition 
temperature, Tβ is the temperature of the highest secondary transition, and ν is the 
specific volume. 

 

Physical aging in bitumen was first investigated by Struik [20], and later extensive 
studies on this topic have been conducted e.g. during the SHRP study [21]. The SHRP 
researchers called this phenomenon physical hardening to emphasize its reversible 
nature and to avoid confusion with oxidation aging, which is used in the asphalt 
literature and is not reversible. The term reversible aging has also been widely used to 
emphasize the reversible nature of this phenomenon [24]. In this work, the original 
nomenclature proposed by Struik [20] (involving the term physical aging) is used 
because some of the analysis techniques and definitions used in this work are adopted 
directly from her groundbreaking work. Moreover, it should be mentioned that this 
terminology has been established earlier also in asphalt research [180]. The author 
wants to emphasize that physical aging does not involve any chemical changes. In the 
nomenclature of Struik, the high-temperature aging, during which also chemical 
changes occur, is correspondingly termed chemical aging. 

In the classical experiments of Struik [20,181,182], the existence and effect of physical 
aging was quantified mainly by performing creep experiments at various aging times. 
However, in rheological experiments, physical aging can also be conveniently detected 
by monitoring the increase in the complex modulus (and the decrease in the phase 
angle) over time under isothermal conditions. For more advanced analysis, frequency 
sweeps can be performed at different aging times, and the results analyzed with the 
time-aging time superposition technique [183,184]. This superposition is similar to the 
time-temperature superposition; the frequency sweep curves measured at different aging 
time are superimposed, and as a result of shifting, shift factors are obtained. Moreover, 
as demonstrated by O’Connell and McKenna [185], time-aging time superposition 
analysis can be used to determine the aging time that is required for the material to 
attain equilibrium conditions in terms of physical aging. 
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In contrast to the physical aging of most amorphous materials, Anderson and 
Marasteanu [186] stated that the physical aging of bituminous binders occurs both 
above and below Tg, and that the rate of physical aging peaks at Tg. However, in a more 
recent study by Tabatabaee et al. [38], the broadness of bitumen’s glass transition was 
taken into account, and a conclusion was made that physical aging becomes relatively 
insignificant beyond the limits of the glass transition region. Moreover, they observed 
that the rate of physical aging peaks at Tg and is generally the higher the broader is the 
glass transition region. They claimed that the highest physical aging rate appears at Tg 
since the molecular free volume level has the highest deviation from the two linear 
“non-transition” states at this material-specific temperature (see Figure 11). Many 
studies [18,21,68,186,187] have also found that the rate of physical aging above and 
below Tg increases with increasing content of crystallizable fractions (waxes). This has 
led some researchers to conclude that the crystallization of waxes is responsible for 
physical aging in bitumen. In addition, the internal structuring of highly polar fractions 
and the collapse of free volume have been offered as possible mechanisms of physical 
aging [188]. 

 

 

Figure 11. Schematic of material behavior in glass transition region according to 
Tabatabaee et al. [38]. Note also that in this drawing the slope of specific volume vs. 
temperature changes gradually in glass transition region as opposed to Figure 10. This is 
a more realistic representation of the broad glass transition in bituminous binders. 

 

Physical aging also plays an important role in terms of asphalt pavement performance. 
Hesp et al. [22-25] have found significant evidence that physical aging is able to explain 
vast differences in pavement performance between adjacent contracts of identical 
design, climate and age. In general, it has been found that only binders with high 
colloidal stability are able to sustain low temperatures without physical aging and thus 
prevent premature and excessive cracking of asphalt pavement [189].  
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5. Experimental 

5.1. Materials 

Twenty-seven unaged bitumens were investigated in this study. Details about the 
production method were available for some of the bitumens while the others were 
commercial bitumens, collected across Europe and originating from various crude oil 
sources and refineries. Straight-run, solvent-deasphalted, visbroken, air-rectified and 
oxidized binders are included. If a blend of products was used, it is indicated as blend. If 
nothing is indicated, it means that the exact preparation mode of the bitumen is not 
known. None of these bitumen samples is modified by polymers or by special 
chemicals. 

An overview of the bitumens is given in Table 3, together with the empirical properties 
(penetration at 25 °C and R&B softening point temperature). In this table, the bitumens 
are ranked according to their penetration value. It should be noted that the low PG 
temperatures reported are determined from the 4-mm DSR measurements using the 
criteria G(60 s) ≤ 143 MPa and mr(60 s) ≥ 0.28 at the low PG temperature + 10 °C. An 
overview of the thermal properties of the investigated bitumens is given in Table 4. For 
convenience, Tg,mid value is referred to as the Tg of bitumen later in this work. 
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Table 3. Empirical properties of the investigated bitumen samples. 

Sample Production method Pen [dmm] TR&B [°C] PI [-] PG grade a 

B-1 SR followed by oxidation 5 104.5 2.57 88-XX 
B-2 SD 5 74.2 -0.74 88-XX 
B-3 - 12 65.0 -0.86 82-XX 
B-4 VB 15 64.2 -0.64 82-XX 
B-5 - 15 62.6 -0.90 82-XX 
B-6 SR 20 62.2 -0.49 82-XX 
B-7 SR followed by air-rectification 25 61.5 -0.21 82-XX 
B-8 Blend: SD + SR 27 55.5 -1.22 70-XX 
B-9 - 27 61.5 -0.06 82-XX 
B-10 VB 38 54.3 -0.80 70-XX 
B-11 - 42 51.3 -1.27 70-22 
B-12 - 51 49.1 -1.39 64-XX 
B-13 VB 52 49 -1.37 64-16 
B-14 VB followed by air-rectification 52 49.8 -1.17 64-16 
B-15 - 53 49.9 -1.10 64-XX 
B-16 - 61 47.7 -1.34 64-XX 
B-17 - 62 50 -0.69 64-XX 
B-18 SR 64 47.7 -1.23 64-28 
B-19 VB 67 46.8 -1.36 58-16 
B-20 - 70 46.1 -1.46 58-XX 
B-21 VB 80 45.8 -1.20 58-XX 
B-22 - 81 45.5 -1.25 58-XX 
B-23 - 107 43.5 -1.09 58-XX 
B-24 VB 187 38.5 -1.03 52-XX 
B-25 SR 187 36.9 -1.80 52-XX 
B-26 VB 190 39.2 -0.63 52-XX 
B-27 - 200 37.7 -1.11 52-XX 

SR = straight-run 
SD = solvent-deasphalted 
VB = visbroken 
AR = air-rectified 
a the low PG grades are reported only for five bitumens that were RTFO- and PAV-
aged. 4-mm DSR technique was used to determine the critical low temperatures  
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Table 4. An overview of the thermal properties of the investigated bitumen samples 
determined from the DSC heating scan. See Appendix G for the definitions of the 
parameters listed in the table. 

Sample 
Tg,onset 
[°C] 

Tg,mid 
[°C] 

Tg,end 
[°C] 

ΔCp 
[J g-1 K-1] 

Melting enthalpy 
[J g-1] 

Cold crystallization of 
waxes upon heating 

B-1 -28 -10 8 0.42 0 - 
B-2 -15 2 18 0.43 0 - 
B-3 -18 -4 11 0.32 1.39 - 
B-4 -43 -14 14 0.58 5.55 X 
B-5 -27 -10 8 0.45 2.07 - 
B-6 -28 -10 9 0.52 0 - 
B-7 -34 -22 -4 0.46 0 - 
B-8 -32 -14 5 0.45 2.73 X 
B-9 -43 -23 -3 0.48 3.51 X 
B-10 -47 -27 -7 0.51 5.41 X 
B-11 -35 -18 -1 0.38 2.77 X 
B-12 -39 -21 -2 0.44 6 X 
B-13 -42 -25 -9 0.32 6.8 X 
B-14 -42 -23 -5 0.38 6.16 X 
B-15 -41 -22 -3 0.48 4.96 X 
B-16 -37 -22 -7 0.40 4.86 X 
B-17 -42 -27 -12 0.38 6.34 X 
B-18 -32 -20 -7 0.40 0 - 
B-19 -44 -26 -8 0.37 7.59 X 
B-20 -38 -20 -2 0.41 3.76 X 
B-21 -44 -24 -4 0.42 7.09 X 
B-22 -35 -24 -13 0.34 2.44 - 
B-23 -45 -24 -4 0.47 4 X 
B-24 -41 -27 -14 0.44 5.36 X 
B-25 -37 -26 -15 0.46 0 - 
B-26 -45 -38 -30 0.22 9.63 - 
B-27 -45 -31 -17 0.40 6.07 X 
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5.2. Characterization methods 

The investigated bitumen samples were submitted to extensive rheological, chemical 
and thermal characterization. The testing matrix is shown in Table 5. Note that 
RTFO+PAV aged bitumens were investigated only by the 4-mm DSR technique; all the 
other tests were performed on unaged bitumens. Further, the data resulting from the 4-
mm DSR experiments were used only to determine the low PG grade (see Table 3). The 
details of the different test methods employed in this study are described in the 
following. 

 
Table 5. Testing matrix used in this study. 

Test 
method 

Rheological Chemical Thermal 
4-mm DSR 8-mm & 

25-mm 
DSR 

Physical 
aging 

experiments 
GPC UV-vis FT-IR RI DSC 

unaged 
RTFO
+PAV 

B-1 X  X  X X X X X 
B-2 X  X  X X X X X 
B-3 X  X  X X X X X 
B-4 X  X  X X X  X 
B-5 X  X  X X X  X 
B-6 X  X  X X X X X 
B-7 X  X  X X X X X 
B-8 X  X  X X X X X 
B-9 X  X  X X X  X 

B-10 X  X  X X X X X 
B-11 X X X  X X X  X 
B-12 X  X  X X X  X 
B-13 X X X  X X X X X 
B-14 X X X  X X X X X 
B-15 X  X  X X X  X 
B-16 X  X  X X X  X 
B-17 X  X  X X X  X 
B-18 X X X  X X X X X 
B-19 X X X  X X X  X 
B-20 X  X  X X X  X 
B-21 X  X X X X X X X 
B-22 X  X  X X X  X 
B-23 X  X  X X X X X 
B-24 X  X  X X X X X 
B-25 X  X  X X X X X 
B-26 X  X  X X X X X 
B-27 X  X  X X X X X 
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Rheological characterization 

Rheological experiments were performed with a stress-controlled dynamic shear 
rheometer (Malvern Kinexus Pro). The rheometer was equipped with a Peltier plate and 
active hood to minimize radial and vertical thermal gradients in the test specimen. This 
temperature control system was capable of controlling temperature to within ±0.01 K. A 
Julabo CF41 refrigerated circulator was used to remove heat from the rheometer during 
the low-temperature measurements. A parallel-plate geometry with a diameter of 4 mm 
was used, and the test results were corrected for radial instrument compliance as 
described in the AASHTO standard draft (Appendix B). This standard draft was also 
followed in the specimen preparation. The radial compliance and thermal expansion of 
the measuring system were determined prior to the rheological experiments, see 
Appendices C and D, respectively. 

Frequency sweep experiments were performed in a strain-controlled mode within the 
LVE region (the strain amplitude was varied between 0.075 % and 0.01 % depending on 
the measurement temperature, see Appendix B). The oscillation frequency was swept 
from the highest (10 Hz) to the lowest (0.01 Hz) due to a better strain control. 
Frequency sweeps were conducted at temperatures from 10 °C to -40 °C with 10 K 
decrements. However, it was observed that the stiffest bitumen samples (Pen ≤ 15) 
slipped on the rheometer plates at -40 °C (or even at -30 °C in the case of bitumen B-2). 
Consequently, this data were omitted from the analysis. Details of the measurement 
procedure are provided in Appendix B. The repeatability of the test results is analyzed 
briefly in Appendix E. 

Cyclic frequency sweeps (CFS) were carried out to study physical aging in bitumen 
sample B-21 (Tg = -24 °C as defined from DSC measurement). This sample was 
selected for the analysis since it was expected to exhibit significant physical aging due 
to its high content of crystallizable fractions and broad Tg range. CFS measurements 
were carried out in a strain-controlled mode at a constant strain amplitude of 0.01 % that 
is known not to disrupt the micro-structuring associated with physical aging [35]. The 
oscillation frequency was repeatedly ramped from 10 Hz to 0.1 Hz under isothermal 
conditions. Experiments were conducted at five different temperatures; at Tg, and 5 K 
and 10 K above and below this temperature. To ensure the thermal equilibrium of the 
test specimens, they were allowed to stabilize at the testing temperature 15 minutes 
prior to the start of the measurement. The duration of a single frequency sweep was 
approximately 510 s (= 8.5 min), and the total duration of the CFS measurement was 
approximately 7.4×105 s (≈ 206 h or 8.6 d) at Tg, and 1.0×105 s (≈ 28 h or 1.2 d) at the 
other measurement temperatures. A new specimen was prepared for each measurement 
at a different temperature. 

In addition, another rheometer was used to obtain frequency sweep data at intermediate 
and high temperatures. The rheometer was a stress-controlled Paar Physica MCR 500, 
equipped with a double Peltier temperature control system (having an accuracy of ±0.01 
K). These frequency sweeps were measured in a frequency range from 0.01 up to 10 
Hz; 8-mm parallel plates were used from 0 °C to 50 °C, and 25-mm parallel plates were 
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used from 40 °C to 90 °C. For the hardest binders (Pen < 15), 8-mm plates were used 
from 0 °C to 60 °C and 25-mm plates from 50 °C to 90 °C. The strain amplitude levels 
were fixed as follows: 0.05 % when using 8-mm plates and 1 % when using 25-mm 
plates. The gap was set at 2 mm for the 8-mm plate tests and at 1 mm for the 25-mm 
plate tests. A consistency analysis between the rheological data measured with 4-mm 
parallel plates of Malvern Kinexus Pro and 8-mm parallel plates of Paar Physica MCR 
500 is presented in Appendix F. 

Size exclusion chromatography 

In size exclusion chromatography, also referred to as gel permeation chromatography 
(GPC), a mixture of molecules is separated based on the volume of the molecules. In 
this project, an Alliance 2690 Separator module was used and two detectors were 
available, a differential refractometer (RI) detector and a Waters 996 photo diode array 
(PDA) detector. In the PDA detector, the concentration of absorbing substances in the 
eluent is continuously monitored using UV-visible light absorption (UV-vis); a 
wavelength variation from 200 to 610 nm was used. 

Two separate GPC tests were conducted: one for the molecular weight determination 
and one for the UV-vis absorption. For the molecular weight determination, a set of two 
identical mix bed columns was used (PL gel 5 um mixed-D columns 300 mm×7.5 mm; 
pore size 100, 500, 1000, 10000 Å), combined with the RI detector. Calibration for 
molecular weight was performed with narrow polystyrene standards, see Appendix H. 
The values of different apparent molecular weights (Mn, Mw, Mz, Mz+1) and 
polydispersities (Mw/Mn) were calculated from the test data as described in Appendix I 
(note that the word “apparent” is used here to emphasize the effect of associations and 
interactions on the measured molecular weights [6]). Further, obtained GPC profiles 
were divided into different fractions based on retention times; this procedure is also 
presented in Appendix I. To measure the UV-vis absorptions, the PDA detector was 
used, and the GPC columns consisted of 3 Jordi columns with pore sizes of, 
respectively, 100, 500 and 1000 Å. In both cases, the eluent was tetrahydrofurane 
(THF), the injected volume was 10 μl, and the binder concentration in the THF eluent 
was kept at 0.8 % (±0.025 %). The measured absorption level changes in a linear way 
with changes in the concentration of the THF solution or changes in the injected 
volume. This was observed at all wavelengths. 

A test using six repeats showed a repeatability standard deviation for the absorption 
areas of 0.8 % at 210 nm and 2.4 % at 570 nm. Each repeat consisted of preparing a new 
solution and injection in the GPC. As these variations are small, error bars were in most 
cases not used. It should be noted that these repeats, as well as the actual measurements, 
were recorded in a short time interval; comparing tests over longer time intervals may 
result in larger deviations. 
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Infrared spectroscopy 

Infrared spectroscopy (FT-IR) with attenuated total reflection (ATR) was applied; a 
Nicolet IS 10 with a diamond cell (smart-orbit) was used. The great advantage of ATR 
is the possibility to measure a wide variety of solid and liquid samples without complex 
sample preparation. 

The ATR prism consists of an IR transparent material with a high refractive index. The 
infrared beam enters the ATR crystal so that it is totally reflected at the crystal to 
sample interface. Due to its wavelike properties, the light is not reflected directly on the 
boundary surface but by a very small layer within the optically less dense sample. The 
fraction of the infrared wave that reaches into the sample is called the evanescent wave. 
Its penetration depth depends on the wavelength, the refractive indices of ATR crystal 
and sample and the angle of the entering infrared beam. In those spectral regions where 
the sample absorbs energy, the evanescent wave will be attenuated. After one or several 
internal reflections, the IR beam exits the ATR crystal and is directed to the IR detector. 
In the equipment used in this study, the IR beam is reflected only once. Provided a good 
contact between sample and ATR crystal is obtained, penetration depths for a diamond 
cell typically vary between 0.5–5 μm between wavenumber 4000 and 500 cm−1. 

In this study, a background is taken before each sample measurement to improve the 
repeatability. Bitumen is heated and a drop of material is poured on the prism. To obtain 
good contact between sample and prism, a small sample press is used. To account for 
small variations in penetration depths of the IR beam, a common procedure is to use 
peak ratios. This procedure was applied to the area integration at 1600 cm−1, see 
Appendix J. As it did not influence the observed trends, absolute areas were used. 

Refractive index 

The Abbemat 500 refractometer from Anton Paar, used in this study, calculates the 
refractive index from a measurement of the angle for total internal reflection, also called 
the critical angle. For this purpose, the sample is placed on top of the measuring prism. 
This prism is illuminated from different angles by a light source. For any angle of 
incidence less than the critical angle, part of the incident light will be transmitted and 
part will be reflected. The reflected beam is detected by a sensor array. From this, the 
critical angle for total reflection is calculated and used to determine the refractive index 
(RI) of the sample. This method of detecting the angle of total reflection can be used to 
measure the refractive index. It also allows the measurement of optically dense and 
strongly absorbing samples, like bitumen. In this test, bitumen is first heated to 100 °C, 
from where a drop can be poured onto the prism. The refractive index of materials 
varies with wavelength of the incident light and with temperature. In the Abbemat 
refractometer, temperature can be controlled between 20 and 80 °C, with an accuracy of 
up to 0.03 K, using Peltier elements. The incident wavelength is fixed at 589±0.2 nm 
using a LED light source. The prism material is YAG (yttrium-aluminum-garnet). 
Repeated measurements on the same bitumen indicate a repeatability standard deviation 
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of 0.0002, which is well below the variation in refractive index observed between the 
binders. For each repeat, a new specimen of bitumen was placed onto the prism. In this 
project, the refractive index was determined on 16 bitumens at the temperatures of 20 
°C, 50 °C and 80 °C. 

Calorimetric measurements 

All bitumen samples were investigated by DSC in order to have an idea about the 
presence of natural wax in these binders. The calorimeter used in this study was a 
Mettler Toledo DSC1. First, cooling scans were conducted from 140 °C to -60 °C 
followed by heating scans in the same temperature region. Scanning rates were 10 
K/min both upon cooling and heating. Tgs of the investigated bitumens were determined 
from the data using the mid-point method, and the melting enthalpies were calculated by 
extrapolating the baseline derived from the melt, see Appendix G. 

5.3. Rheological data analysis 

rSpace software (version 1.60, Malvern Instruments Ltd) was used for the acquisition of 
the rheological data measured with the Malvern Kinexus rheometer. The data were 
transferred to an Excel template that was used to correct the data for radial instrument 
compliance. The Interactive Rheology Information Systems (IRIS, version 2013) 
software, developed by Winter and coworkers [190], was used for advanced rheological 
data analysis and plotting. 
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6. Results and analysis 

6.1. Frequency sweep measurements 

van Gurp-Palmen plots 

A convenient way to analyze frequency sweep test results without any data 
manipulation is to plot them in a plot of the phase angle δ versus the absolute value of 
the complex modulus |G*|. In literature this plot is widely known as the van Gurp-
Palmen (vGP) plot [85,191,192] (in asphalt industry this plot is also termed the Black 
diagram [193]). One of the main uses of this plot is to investigate the validity of 
thermorheological simplicity; if the effect of bT on the magnitude of the complex 
modulus is negligible, the frequency sweep data measured at different temperatures will 
superpose without shifting if the material is thermorheologically simple [82]. 

The frequency sweep data measured with the 4-mm parallel plate geometry in the 
temperature range of 10 °C to -40 °C are shown in the vGP plot in Figure 12. Data for 
each bitumen sample appear as a smooth curve in this plot, and thus all the investigated 
materials can be concluded to be thermorheologically simple at low temperatures (≤ 10 
°C). However, as reported earlier by Soenen and Redelius [6], deviations from 
thermorheological simplicity are observed at higher temperatures in many of the 
samples that contain a significant amount of natural wax. This well-known 
characteristic of waxy bitumens is attributed to the gradual melting of natural wax when 
the temperature is increased [6,194]. This distinct difference in the vGP plots of waxy 
and non-waxy bitumens is demonstrated in Figure 13 where the frequency sweep data 
measured both at low and high temperatures are shown for the non-waxy bitumen B-18 
and for the waxy bitumen B-21. 
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Figure 12. Low-temperature frequency sweep data of all the investigated bitumens 
plotted in the vGP plot. 

 

    

Figure 13. vGP plots for (a) non-waxy bitumen B-18 and (b) waxy bitumen B-21.  

 

Furthermore, the glassy modulus Gg can be conveniently estimated from the vGP plot. 
Gg is the asymptotic value of complex modulus at low temperatures and/or high 
frequencies where the material behavior is ideally perfectly glassy. In the vGP plot this 
corresponds to the complex modulus value at the intersection of the data curve and x-
axis. It is already evident from Figure 12 that the curves of all bitumen samples tend to 
collapse on a single curve at high stiffness values, evidencing the existence of an 
approximately constant Gg value for all unmodified bitumens. For more accurate 
estimation of Gg values, a magnification of the high-stiffness end of the vGP plot is 
provided in Figure 14. Based on this graph, the Gg values of the investigated bitumens 
can be estimated to vary in the range of 1-1.35 GPa. This result is in agreement with the 
Gg values of bitumen obtained with torsion bar (TB) and 4-mm parallel plate geometries 
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elsewhere in the literature [5,9,21,195]. Moreover, this value is also typical for other 
amorphous organic materials such as polymers [81]. 

 

 

Figure 14. Estimation of the variation in the Gg values of the investigated bitumens. 

 

Based on the limited repeatability analysis of Appendix E, the measured values of Gg 
are expected to be within ±7 % of the true values. Hence, the observed variation in the 
Gg values can be at least partly attributed to the differences in material properties rather 
than to experimental errors. In other words, the Gg of bitumen appears to be very 
slightly dependent on the crude oil source and/or production method. In particular, the 
low-temperature rheological behavior of the non-waxy straight-run bitumens (samples 
B-6, B-18 and B-25) appeared to be peculiar. The curves corresponding to these three 
bitumens are marked with red symbols in Figure 15, whereas the other bitumens are 
plotted with blue symbols. The curves of the non-waxy straight-run bitumens plot 
clearly on the more liquid-like side of the diagram than the curves of the other bitumens 
on average; i.e., the curves corresponding to the non-waxy straight-run bitumens appear 
above the other curves in Figure 15. This seems to be true also at the lowest 
temperatures (at the lower right corner of the plot), evidencing the fact that the Gg of 
non-waxy straight-run bitumens are higher than the Gg of bitumens produced with 
different processes. At this moment, it is not clear, what is the actual chemical or 
structural property of non-waxy straight-run bitumens that causes their Gg to be 
relatively high. It should be also mentioned that the non-waxy straight-run bitumens that 
were also air-rectified are not distinguishable in the vGP plot in the same way as the 
non-air-rectified ones, i.e., in this case, air-rectification appears to shift the curve to the 
more elastic side of the vGP plot and to lower Gg. 
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Figure 15. Comparison of the low-temperature rheological behavior of the non-waxy 
straight-run bitumens (B-6, B-18 and B-25) and other bitumens. 

 

In the past, when the low-temperature rheological data were not easily accessible, a plot 
of the absolute value of the complex modulus |G*| versus the logarithm of (1+tan δ) was 
used to estimate the Gg of bitumen [196-199]. It was claimed that the advantage of this 
plot compared to the vGP plot is that it allows more of the rheological data to be used in 
the estimation of Gg since the relationship between the |G*| and log(1+tan δ) appears to 
be linear over several decades of modulus values. Figure 16 shows the data from Figure 
12 replotted in the |G*| vs. log(1+tan δ) plot. It can be seen that near Gg (at the top left 
corner of the plot) the curves tend to bend downward, and thus the value of Gg is 
overestimated if linearity is assumed. Therefore, the estimation of Gg by the low-
temperature extrapolation of the intermediate-temperature data in the |G*| vs. log(1+tan 
δ) plot is discouraged. 
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Figure 16. Estimation of Gg using the |G*| vs. log(1+tan δ) plot. 

 

Master curves and shift factors 

For further analysis of the frequency sweep test results, master curves of the dynamic 
material functions (storage G′ and loss G″ moduli, as well as the loss tangent tan δ) 
were built by applying the TTS principle. The master curves were constructed by 
horizontal shifting of the isothermal frequency sweep data. Smooth master curves are 
obtained for the bitumen samples that did not contain a significant amount of natural 
wax, see Figure 17(a). However, the master curves of some of the samples that 
contained a significant amount of natural wax appeared to be not very smooth, see 
Figure 17(b). These imperfections in the shape of the master curves are apparent at the 
low-frequency (high-temperature) end of the master curves, as could have been 
expected based on the analysis of the vGP plots. Thus, it can be concluded that smooth 
master cannot always be obtained for waxy bitumens, as also observed by e.g. Lesueur 
et al. [15]. 
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Figure 17. Master curves of (a) non-waxy bitumen B-18 and (b) waxy bitumen B-21, Tr 
= 0 °C. The lines represent the fits of the generalized Maxwell model. 

 

Horizontal shift factors aT derived from the master curve construction are observed to 
follow accurately the Kaelble-WLF temperature dependence (Equation 4). The 
normalized root-mean-square errors (NRMSE) of these fits were less than 1 % for all 
the bitumen samples investigated. As an example, the horizontal shift factors and the 
corresponding Kaelble-WLF fit of bitumen B-18 are shown in Figure 18. Note that here 
the reference temperature is set to be equal to the Tg of the bitumen sample, as defined 
by DSC (in this case Tg = -20 °C). The values of the Kaelble-WLF parameters for all the 
investigated bitumens are listed in Table 6. It is noteworthy that for all the bitumen 
samples Td is approximately 5-30 K higher than Tg. Earlier, Rowe and Sharrock [99] 
assumed that Td is approximately equal to Tg for bitumen. 

 

 

Figure 18. Kaelble-WLF fit to the horizontal shift factors of bitumen B-18. The WLF 
fit is shown for comparison purposes. 
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Table 6. The values of the Kaelble-WLF parameters (see Equation 4) and the 
normalized root-mean-square errors of the model fits. The superscript “g” denotes that Tr 

= Tg. 

Sample c1
g [-] c2

g [K] Tr = Tg [K] Td [K] 
NRMSE 

[%] 
B-1 27.0 139.0 263 270.1 0.66 
B-2 19.8 92.9 275 281.3 0.61 
B-3 19.3 91.2 269 273.0 0.83 
B-4 26.3 130.3 259 268.6 0.61 
B-5 18.5 87.8 263 274.5 0.59 
B-6 18.3 86.8 264 273.5 0.60 
B-7 19.2 99.8 251 270.5 0.35 
B-8 17.4 79.5 259 272.3 0.56 
B-9 20.1 102.3 250 271.1 0.25 
B-10 22.6 122.0 246 270.9 0.94 
B-11 18.4 92.8 255 269.9 0.43 
B-12 19.2 90.0 252 271.4 0.50 
B-13 23.5 117.9 248 267.9 0.62 
B-14 19.6 95.9 250 268.9 0.81 
B-15 17.2 78.7 251 270.9 0.74 
B-16 18.5 89.0 251 270.1 0.47 
B-17 20.7 109.0 246 268.2 0.40 
B-18 17.2 86.2 253 268.8 0.29 
B-19 21.4 105.2 247 270.3 0.72 
B-20 17.8 83.4 253 268.7 0.61 
B-21 31.9 173.6 249 266.0 0.48 
B-22 18.3 94.3 249 267.7 0.30 
B-23 20.4 111.9 249 267.0 0.63 
B-24 17.9 91.2 246 267.3 0.73 
B-25 16.5 88.6 247 265.4 0.34 
B-26 21.9 130.0 236 267.5 0.59 
B-27 17.8 95.6 242 265.9 0.53 

 

The frequency sweep data measured at low temperatures (with 4-mm parallel plate 
geometry) were also investigated separately from the frequency sweep data measured at 
higher temperatures (with 8-mm and 25-mm parallel plate geometries). This was done 
in order to obtain more detailed information of the dynamic properties near the glass 
transition. The low-temperature master curves obtained by only horizontal shifting for 
bitumen B-18 are presented in Figure 19(a). It is observed that although the tan δ curves 
superimpose very accurately, the shift is not perfect for the G’ and G’’ curves at the 
lowest temperatures. This indicates that also vertical shifting is needed to produce 
smooth master curves of all dynamic material functions. Indeed, the result of shifting is 
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more satisfying when vertical shifting is also performed, see Figure 19(b). The 
horizontal and vertical shift factors used to construct the master curves in Figure 19(b) 
are plotted against temperature in Figure 19(c). For all the investigated bitumens 
vertical shifting is needed to produce smooth master curves of G’ and G’’ at low 
temperatures. However, it should be noted that in all cases the vertical shift factors 
deviated just slightly from one, i.e. the amount of vertical shifting was only minor.  

 

              

    

Figure 19. Low-temperature master curves for bitumen B-18 produced (a) by only 
horizontal shifting and (b) by both horizontal and vertical shifting. The horizontal and 
vertical shift factors used to construct the master curves in part (b) are shown in part (c). 
The lines in part (c) are to guide the eye only. In all parts Tr = 0 °C. 

 

The vertical shift factors are typically ignored or mentioned only in passing in the 
literature due to their relatively small magnitudes compared with the magnitudes of 
horizontal shift factors, or because the nature of the shift is not always clearly 
understood [184,185]. However, deep in the glassy state where the response is less 
pronounced, the application or not of vertical shifts can have a significant effect on the 
horizontal shift factors [81,200]. O’Connell and McKenna proposed that one possible 
explanation for the need of vertical shifting is densification [184]. Further discussion on 
this topic is provided in Section 7. 
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Finally, the author wants to emphasize that although vertical shifting is needed to 
produce perfectly smooth master curves at low temperatures, mere horizontal shifting 
should be performed when both high- and low-temperature frequency sweep data are 
used to construct master curves. This is because the use of vertical shifting is not 
justified for the high-temperature data of bitumen (the Cole-Cole curves are 
temperature-independent at high temperatures, see discussion in the next subsection), 
and thus the application of vertical shift factors might lead to errors in the calculation of 
horizontal shift factors. In other words, the slight unsmoothness of the master curves at 
low temperatures is expected to be a smaller disadvantage than the incorrect values of 
horizontal shift factors at high temperatures. Therefore, shift factors obtained from the 
mere horizontal shifting of isothermal frequency sweep data are used in the later 
analysis. 

Cole-Cole plots 

The Cole-Cole representation was initially developed to model dielectric relaxation 
properties [201], but later on it has also been used to describe mechanical relaxation 
processes especially in the glassy state [202]. Essentially, the Cole-Cole plot is a 
representation where storage and loss parts of a complex quantity are plotted against 
each other. Various types of plots have been referred to as the Cole-Cole plot in 
rheology, most commonly the plots of loss modulus vs. storage modulus (G’’ vs. G’) or 
out-of-phase component of the complex viscosity η* vs. dynamic viscosity (η’’ vs. η’) 
on a linear or double-logarithmic scale. In this work, G’ and G’’ are plotted against each 
other on linear scales in order to emphasize the low-temperature rheological behavior. 

The low-temperature frequency sweep data of bitumen B-18 is shown in Figure 20(a). It 
is obvious that the data measured at the lowest temperatures do not superimpose very 
well. This is known to be an indication that vertical shifting is needed to obtain smooth 
master curves, i.e. the TTS principle to hold [203-206]. Indeed, when the vertically 
shifted frequency sweep data of Figure 19(b) is depicted in the Cole-Cole plot in Figure 
20(b), a smooth curve appears. This confirms the observation made earlier in the text 
that vertical shifting is needed to produce single master curves from the low-
temperature frequency sweep data of bitumen. It is worth noting that in the Cole-Cole 
plot isothermal curves are shifted in 45° direction when vertical shift factors are applied. 
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Figure 20. Cole-Cole plots of the frequency sweep data that (a) have not been vertically 
shifted during master curve construction, and (b) have been vertically shifted during 
master curve construction. 

 

Temperature dependence of viscoelastic properties 

The temperature dependence of viscoelastic properties at Tg can be expressed in terms 
of dynamic fragility m and apparent activation energy Eg at Tg. The values of these 
parameters are calculated from the values of the Kaelble-WLF parameters according to 
Equations 14 and 15. The derivation of these equations is presented in Appendix K. 
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2

(𝑐2
𝑔

+ |𝑇𝑑 − 𝑇𝑔|)
2                                                                                                            (15) 

 

The values of m and Eg are listed for all the investigated bitumens in Table 7. The 
values of m and Eg vary in the ranges of 26-52 and 115-271 kJ mol-1, respectively. The 
values of m reported here are significantly higher than the value of 16 reported by Qin et 
al. [9]. Still, the reported values of m are relatively low compared to most other glass-
forming liquids [101,145], and thus bitumen can be regarded to be a relatively strong 
glass-former. 
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Table 7. Values of the glass transition temperature, dynamic fragility and apparent 
activation energy at Tg for the investigated bitumens. 

Sample Tg [K] a m [-] Eg [kJ mol-1] 
B-1 263 46 231 
B-2 275 51 267 
B-3 269 52 271 
B-4 259 45 223 
B-5 263 44 221 
B-6 264 45 225 
B-7 251 34 162 
B-8 259 42 207 
B-9 250 34 162 
B-10 246 31 147 
B-11 255 38 184 
B-12 252 36 176 
B-13 248 36 171 
B-14 250 36 170 
B-15 251 35 167 
B-16 251 36 171 
B-17 246 32 153 
B-18 253 36 176 
B-19 247 34 159 
B-20 253 38 185 
B-21 249 38 181 
B-22 249 34 161 
B-23 249 33 159 
B-24 246 32 148 
B-25 247 32 150 
B-26 236 26 115 
B-27 242 29 133 

a as measured by DSC 

 

In order to analyze the temperature dependences of the viscoelastic properties of the 
investigated bitumens over a wider temperature range, the horizontal shift factors are 
shown in the Angell plot in Figure 21. This plot is a convenient way to study the 
rheology of materials near the glass transition since the temperatures on the x-axis of the 
plot are Tg-normalized. Generally speaking, there are no large differences in the 
temperature dependences as the curves fall almost on a single curve. Only waxy 
bitumen B-26 appears to be somewhat less temperature-sensitive than the rest of the 
bitumens, as also evidenced by its high PI value. However, despite Tg-normalized 
temperature dependencies appear to be relatively similar among the investigated 
bitumens over a wide range of temperatures, significant differences are observed near 
Tg. This conclusion can also be made based on the varying values of m, see Table 7. It is 
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not yet clear if and how the low-temperature performance of bitumen in paving 
applications is influenced by its temperature sensitivity near Tg, but this is certainly an 
interesting topic for future investigations. 

 

 

Figure 21. Angell plot of the horizontal shift factors for the investigated bitumens. The 
inset shows a magnification of the main figure in the vicinity of the glass transition 
temperature. The solid straight line corresponds to the Arrhenius temperature 
dependence, m = 17. 

 

Characteristics of the relaxation time spectra 

The characteristics of the relaxation time spectrum H(τ) near the glass transition have 
been earlier described for colloidal and molecular glasses, e.g. [103,207]. Winter [103] 
concluded that the relaxation patterns of these two classes of glasses are similar near the 
glass transition, and that they both can be described with a power-law relaxation time 
spectrum with positive exponent. Here the H(τ) of the investigated bitumens are 
calculated from the dynamic master curves using the method of Baumgaertel and 
Winter [208,209]. As an example, the H(τ) of bitumen B-18 is shown in Figure 22. In 
the calculation of this spectrum frequency sweep data measured both at high and low 
temperatures are utilized. At long τ (corresponding to high temperatures) the spectrum is 
characterized by a slope of approximately -1, whereas at short τ (corresponding to low 
temperatures) the spectrum has a slope of approximately 0.16. This overall shape of 
H(τ) is characteristic for all the bitumens investigated. 
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Figure 22. H(τ) of bitumen B-18 calculated numerically from the data of Figure 17(a). 

 

In order to gain more detailed information of the evolution of the slope of H(τ) at low 
temperatures, the spectrum is calculated separately for each frequency sweep measured 
at or below 0 °C. These H(τ) are depicted in Figure 23 for bitumen B-18. It can be seen 
that above Tg the slope of H(τ) is negative suggesting that the stress is dominated by 
rearrangement of the small molecules. On the contrary, below Tg, H(τ) has a positive 
slope indicating that few molecules can rearrange by themselves or involve small 
groups of molecules while most relaxation processes require large-scale cooperation of 
molecular groups [103]. In between, at Tg, the slope of H(τ) equals to zero representing 
the transition from small-scale to large-scale relaxation processes upon cooling. These 
general features of the shape of H(τ) were observed to be characteristic for all the 
investigated bitumen samples. 
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Figure 23. H(τ) calculated from individual frequency sweeps measured near Tg for 
bitumen B-18. The spectra corresponding to the frequency sweep data measured above 
and below Tg have been horizontally shifted to aid visual inspection of the data. 

 

6.2. Correlations of low-temperature rheology with chemical 
and thermal properties 

Correlations between low-temperature rheology and molecular weight 
characteristics 

The Pearson’s correlation coefficients (r) for the linear correlations between different 
molecular weight parameters (Mn, Mw, Mz, Mz+1, Mw/Mn) and low-temperature stiffness 
(G*) and elasticity (δ) are shown in Tables 8 and 9, respectively. The correlations are 
not shown for G* and δ measured at -40 °C since the stiffest bitumen samples were 
observed to slip during rheological experiments at this very low temperature. 
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Table 8. Pearson’s correlation coefficients (r) for the correlations between molecular 
weight characteristics and G* at low temperatures. 

Mn 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.44 0.49 0.53 0.52 0.49 
1 Hz 0.40 0.45 0.50 0.52 0.51 

0.1 Hz 0.36 0.40 0.47 0.50 0.51 
0.01 Hz 0.33 0.36 0.43 0.47 0.49 

      
Mw 10 °C 0 °C -10 °C -20 °C -30 °C 

10 Hz 0.27 0.29 0.32 0.34 0.39 
1 Hz 0.24 0.26 0.30 0.32 0.38 

0.1 Hz 0.23 0.23 0.26 0.29 0.36 
0.01 Hz 0.23 0.21 0.23 0.26 0.33 

      
Mz 10 °C 0 °C -10 °C -20 °C -30 °C 

10 Hz 0.16 0.18 0.21 0.24 0.33 
1 Hz 0.14 0.14 0.18 0.22 0.31 

0.1 Hz 0.13 0.12 0.14 0.18 0.28 
0.01 Hz 0.15 0.11 0.12 0.14 0.24 

      
Mz+1 10 °C 0 °C -10 °C -20 °C -30 °C 

10 Hz 0.02 0.03 0.08 0.12 0.23 
1 Hz 0.02 0.01 0.04 0.09 0.20 

0.1 Hz 0.02 0.00 0.01 0.05 0.16 
0.01 Hz 0.04 -0.01 -0.01 0.01 0.11 

      
Mw/Mn 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.16 0.17 0.20 0.23 0.32 
1 Hz 0.14 0.14 0.16 0.20 0.30 

0.1 Hz 0.13 0.12 0.13 0.16 0.25 
0.01 Hz 0.15 0.10 0.11 0.13 0.22 
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Table 9. Pearson’s correlation coefficients (r) for the correlations between molecular 
weight characteristics and δ at low temperatures. 

Mn 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz -0.44 -0.46 -0.51 -0.52 -0.54 
1 Hz -0.43 -0.44 -0.48 -0.50 -0.51 

0.1 Hz -0.43 -0.43 -0.45 -0.47 -0.48 
0.01 Hz -0.43 -0.44 -0.45 -0.46 -0.44 

      
Mw 10 °C 0 °C -10 °C -20 °C -30 °C 

10 Hz -0.30 -0.26 -0.28 -0.29 -0.35 
1 Hz -0.34 -0.27 -0.26 -0.27 -0.31 

0.1 Hz -0.40 -0.30 -0.25 -0.25 -0.28 
0.01 Hz -0.47 -0.35 -0.27 -0.24 -0.24 

      
Mz 10 °C 0 °C -10 °C -20 °C -30 °C 

10 Hz -0.19 -0.14 -0.16 -0.18 -0.26 
1 Hz -0.23 -0.15 -0.14 -0.15 -0.21 

0.1 Hz -0.29 -0.19 -0.14 -0.13 -0.18 
0.01 Hz -0.37 -0.25 -0.16 -0.13 -0.14 

      
Mz+1 10 °C 0 °C -10 °C -20 °C -30 °C 

10 Hz -0.01 0.01 -0.02 -0.06 -0.16 
1 Hz -0.04 0.01 0.01 -0.02 -0.10 

0.1 Hz -0.10 -0.01 0.02 0.01 -0.06 
0.01 Hz -0.17 -0.06 0.01 0.02 -0.01 

      
Mw/Mn 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz -0.16 -0.11 -0.12 -0.15 -0.24 
1 Hz -0.21 -0.12 -0.10 -0.12 -0.18 

0.1 Hz -0.29 -0.16 -0.10 -0.09 -0.15 
0.01 Hz -0.38 -0.23 -0.12 -0.09 -0.10 

 

It is apparent from Tables 8 and 9 that only relatively weak linear correlations between 
the molecular weight parameters and low-temperature stiffness and elasticity can be 
observed. Moreover, visual inspection of the correlation plots did not indicate any 
strong nonlinear relations between the rheological and molecular properties either. 
However, it is notable from the tables that almost all the correlations between the 
molecular weight parameters and G* are positive, while almost all the correlations 
between the molecular weight parameters and δ are negative. Furthermore, the fact that 
the strongest correlations are observed for the number-average molecular weight Mn 
indicates that smaller molecules play a more important role in the low-temperature 
rheology than larger molecules. This is in contrary to the high-temperature rheological 
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properties of bitumen that have been observed to correlate more strongly with the 
abundance of larger molecules, e.g. [210,211]. Examples of the weak correlations 
between Mn and the low-temperature rheological properties are depicted in Figure 24. 

 

    

Figure 24. Examples of the weak correlations between Mn and (a) G* and (b) δ. 

 

Another way to study the importance of small molecules on the low-temperature 
rheological properties is to investigate the correlation between the small molecular size 
(SMS) content and the rheological parameters. The relevant correlation plots are shown 
in Figure 25. The temperature and frequency at which G* and δ have been measured are 
the same as in Figure 24. Weak correlations between the small-molecule content and 
rheological parameters are found, and, as expected, the correlation is negative for G* 
and positive for δ. In other words, the bitumens that have a high small-molecule content 
tend to be, on average, softer and less elastic at low temperatures than the bitumens with 
lower small-molecule content.  

 

     

Figure 25. Correlations between the small-molecule content (SMS) and (a) G* and (b) 
δ of the investigated bitumens. The temperature and frequency at which G* and δ have 
been measured are the same as in Figure 24. 
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Correlations between low-temperature rheology and aromaticity 

In this study, three testing methods were used to determine average levels of aromaticity 
in bitumen; these are the C=C absorption in FT-IR, the RI measurements and the UV-
vis absorption. However, all these methods are only qualitative as they fail to identify 
the exact structure of the hydrocarbons. A detailed discussion about the interpretation 
and limitations of these testing techniques is provided by Soenen and Redelius [6]. In 
the following analysis only the rheological properties measured at low temperatures 
with the 4-mm parallel plate geometry are considered. The correlations between 
aromaticity and high- and intermediate-temperature rheological properties have already 
been reported by Soenen and Redelius [6].  

The r values from the linear regression analysis between the aromaticity parameters and 
low-temperature rheological properties are listed in Tables 10-15. RI exhibits a 
moderate positive correlation with the stiffness (G*) and a strong negative correlation 
with the elasticity (δ) of bitumen at selected testing conditions. However, the 
correlations become weaker with decreasing temperature and increasing frequency. On 
the contrary, the strength of the correlations is only slightly dependent on the 
temperature at which RI is measured; correlations are only a little bit stronger at 80 °C 
than at 50 °C or at 20 °C. For brevity, only the correlations for the RI values measured 
at 80 °C are shown in Tables 10 and 11. 

Even stronger correlations are found between aromaticity and low-temperature rheology 
are observed when C=C and UV-vis absorptions are used as measures of aromaticity. In 
the case of UV-vis absorptions, the correlations are highly dependent on the 
wavelength, and the highest correlations appear at the wavelengths between 380 nm and 
450 nm. At these wavelengths, the correlations with the elasticity of bitumen are as high 
as R2 = 0.81. However, again the correlations are relatively weak for the rheological 
properties measured at the lowest temperatures. In Tables 14 and 15 the correlations 
with rheological parameters are shown, for brevity, only for the UV-vis absorption 
values measured at 380 nm, 410 nm and 450 nm. To illustrate the strong relationship 
between the aromaticity and elasticity of bitumen, the strongest linear correlations 
between different aromaticity parameters and δ are shown in Figure 26. 

 

Table 10. Pearson’s correlation coefficients (r) for the correlations between refractive 
index RI measured at 80 °C and G*. 

 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.60 0.60 0.55 0.48 0.34 
1 Hz 0.58 0.59 0.57 0.51 0.37 

0.1 Hz 0.55 0.58 0.58 0.55 0.42 
0.01 Hz 0.53 0.55 0.58 0.57 0.46 
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Table 11. Pearson’s correlation coefficients (r) for the correlations between refractive 
index RI measured at 80 °C and δ. 

 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz -0.78 -0.72 -0.62 -0.49 -0.31 
1 Hz -0.81 -0.77 -0.69 -0.58 -0.43 

0.1 Hz -0.83 -0.80 -0.75 -0.65 -0.51 
0.01 Hz -0.83 -0.82 -0.77 -0.70 -0.60 

 

Table 12. Pearson’s correlation coefficients (r) for the correlations between C=C 
absorption from FT-IR and G*. 

 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.59 0.60 0.59 0.54 0.46 
1 Hz 0.57 0.59 0.59 0.56 0.46 

0.1 Hz 0.54 0.57 0.59 0.57 0.48 
0.01 Hz 0.52 0.54 0.58 0.58 0.51 

 

Table 13. Pearson’s correlation coefficients (r) for the correlations between C=C 
absorption from FT-IR and δ. 

 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz -0.74 -0.66 -0.57 -0.47 -0.34 
1 Hz -0.79 -0.72 -0.63 -0.54 -0.42 

0.1 Hz -0.83 -0.76 -0.68 -0.60 -0.49 
0.01 Hz -0.85 -0.80 -0.72 -0.63 -0.54 

 

Table 14. Pearson’s correlation coefficients (r) for the correlations between UV-vis 
absorptions and G*. For brevity, the correlations are shown only for the UV-vis 
absorptions measured at 380 nm, 410 nm and 450 nm (these wavelengths were observed 
to correlate most strongly with G*). 

UV-vis at 380 nm 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.68 0.68 0.63 0.54 0.39 
1 Hz 0.65 0.68 0.66 0.59 0.44 

0.1 Hz 0.61 0.66 0.68 0.63 0.50 
0.01 Hz 0.56 0.62 0.68 0.66 0.55 
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Table 14. Continued. 

UV-vis at 410 nm 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.74 0.74 0.74 0.71 0.63 
1 Hz 0.72 0.73 0.73 0.71 0.63 

0.1 Hz 0.69 0.71 0.73 0.72 0.63 
0.01 Hz 0.67 0.69 0.72 0.71 0.63 

 

UV-vis at 450 nm 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.62 0.63 0.64 0.62 0.58 
1 Hz 0.59 0.61 0.62 0.62 0.57 

0.1 Hz 0.57 0.59 0.61 0.61 0.55 
0.01 Hz 0.56 0.56 0.59 0.60 0.55 

 

Table 15. Pearson’s correlation coefficients (r) for the correlations between UV-vis 
absorptions and δ. For brevity, the correlations are shown only for the UV-vis 
absorptions measured at 380 nm, 410 nm and 450 nm (these wavelengths were observed 
to correlate most strongly with δ). 

UV-vis at 380 nm 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz -0.82 -0.76 -0.66 -0.54 -0.40 
1 Hz -0.85 -0.81 -0.72 -0.62 -0.49 

0.1 Hz -0.87 -0.84 -0.78 -0.69 -0.57 
0.01 Hz -0.86 -0.86 -0.81 -0.73 -0.64 

 

UV-vis at 410 nm 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz -0.81 -0.74 -0.68 -0.61 -0.52 
1 Hz -0.85 -0.78 -0.71 -0.65 -0.55 

0.1 Hz -0.89 -0.82 -0.75 -0.69 -0.59 
0.01 Hz -0.90 -0.86 -0.78 -0.71 -0.61 

 

UV-vis at 450 nm 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz -0.71 -0.64 -0.58 -0.52 -0.44 
1 Hz -0.77 -0.68 -0.61 -0.55 -0.47 

0.1 Hz -0.82 -0.72 -0.64 -0.58 -0.50 
0.01 Hz -0.86 -0.78 -0.68 -0.60 -0.51 
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Figure 26. Correlations of δ with (a) RI, (b) C=C absorption from FT-IR and (c) UV-
vis absorption at 410 nm. 

 

The finding that the correlation between the aromaticity and elasticity of bitumen is 
very strong at intermediate temperatures but becomes weaker at lower temperatures is 
not new; already Soenen and Redelius pointed this out in their article [6]. They 
speculated that this may be due to the fact that other molecular interactions, for example 
those between polar groups, start to play a role at low temperatures. One could also 
argue that the weakening of the correlations with decreasing temperature is due to 
experimental errors. However, the author wants to remark that the correlations found at 
0 °C and 10 °C are comparable to those reported by Soenen and Redelius [6], thus 
indicating a good quality of the low-temperature rheological data measured in this 
study. In addition, the repeatability analysis presented in Appendix E indicates a very 
good repeatability of δ values (or tan δ values, equivalently) at all measurement 
temperatures. On the other hand, however, it should be noted that differences in the 
rheological response of different bitumens appear to be only marginal at the lowest 
measurement temperatures (see, for example, Figure 12). In other words, low-
temperature rheology is found to be rather insensitive to the type of bitumen. Therefore, 
even modest experimental errors may have a significant influence on the quality of the 
correlations at low temperatures. 
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Soenen and Redelius [6] also pointed out that bitumen waxes can significantly distort 
the correlations between aromatic and elastic properties. Therefore, it is investigated 
here whether the correlations between δ and different aromaticity parameters could be 
improved by taking account the wax content (melting enthalpy) of the bitumens. 
Interestingly, it is observed that the addition of wax content as a regression parameter 
enhanced the correlation with δ from R2 = 0.70 (Figure 26(a)) to R2 = 0.90 (Figure 27). 
However, the relations of C=C and UV-vis absorptions with δ do not improve 
significantly when melting enthalpy is introduced as an additional model parameter. 

 

 

Figure 27. Relation of RI measured at 80 °C and wax content with δ. 

 

In addition, Soenen and Redelius [6] mentioned that the relation between aromaticity 
and δ improved slightly at low temperatures when a factor of Mn was added. Thus, it is 
also tempting to test if the correlations between aromaticity and low-temperature 
rheological properties can be improved by incorporating also molecular weight 
parameters into the linear regression model. Stepwise linear regression analysis was 
performed with Statistix software (version 9.0, Analytical Software) using different 
aromaticity (RI, C=C absorption, UV-vis absorptions) and molecular weight parameters 
(Mn, Mw, Mz, Mz+1, Mw/Mn) as the potential variables of the model. A decision was made 
to use RI, as measured at 80 °C, as a measure of aromaticity in the linear regression 
models since it was observed that, together with the different molecular weight 
parameters, it produced models with the highest R2 values. The stepwise process was 
started from the empty model and the significance level of p < 0.05 was used both for 
the entry and removal of the variables from the regression model. A relatively low 
significance level is used to keep the regression models as simple as possible. 
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It is clear from Tables 16 and 17 that the incorporation of molecular weight parameters 
into the linear regression model significantly increases the predictability of low-
temperature rheological properties. The R2 values for the prediction of G* are equal or 
larger than 0.50 at all the tested temperature-frequency combinations except the 
measurement points at the highest measurement temperatures and lowest frequencies. 
Further, the low-temperature elasticity is even more accurately predictable from the 
aromatic and molecular properties of bitumen than is the low-temperature stiffness (as 
could be expected already by comparing the R2 values in Tables 10 and 11). The 
regression models for δ have R2 values superior to 0.73 at all testing conditions except 
at the lowest temperature and highest frequencies. In most cases the R2 values are as 
high as between 0.80-0.93. Considering the great variation in the properties of the 
studied bitumens and the small number of variables used to construct each regression 
model (none of the models contain more than two molecular weight parameters as 
variables), the predictability of low-temperature elasticity from aromatic and molecular 
weight properties can be considered to be very good. Examples of the strong 
correlations between the measured and predicted values of G* and δ are illustrated in 
Figure 28. 

 

    

Figure 28. Cross-plots of the measured and predicted values of (a) G* and (b) δ at -20 
°C and 0.01 Hz. The predicted values are obtained from the relevant linear regression 
models of Tables 16 and 17. The dashed lines are the lines of equality. 

  

Finally, it is worth noting that Mn is the molecular weight parameter that is most often 
used in the regression models of Tables 16 and 17. This again highlights the moderate 
importance of relatively small molecules on the low-temperature rheological properties 
of bitumen. Further, it is observed that the coefficients for the RI and Mn parameters are 
systematically positive in the linear regression models for G* and systematically 
negative in the linear regression models for δ. In other words, bitumens with higher 
aromaticity and higher Mn are expected to be, on average, stiffer and more elastic at low 
temperatures than bitumens with lower aromaticity and lower Mn. Notably, Redelius 
and Soenen [7] have found out that also the zero-shear viscosity at 90 °C increases with 
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increasing aromaticity and increasing molecular weight. Finally, also the contribution of 
larger molecules is found to be statistically significant in many cases, as evidenced by 
the presence of Mz+1 parameter in most of the regression models.  

Correlations between low-temperature rheology and thermal properties 

The low-temperature performance of bitumen is commonly evaluated by its dynamic 
glass transition temperature, that is, the temperature at which G’’ attains its maximum 
value at a predefined frequency (see Section 4.3). Similarly to many other authors [212-
216], the dynamic glass transition temperature is defined at a frequency of 1 Hz in this 
study. To compare the thermodynamic and dynamic aspects of the glass transition, the 
glass transition temperatures defined from DSC and rheological measurements are 
cross-plotted in Figure 29. It can be observed that the correlation between the thermal 
and dynamic glass transition temperatures is very strong, R2 = 0.91. Furthermore, the 
data points plot near the equality line, implying that similar glass transition temperatures 
are obtained by these two methods. 

 

 

Figure 29. Comparison of the glass transition temperatures measured by DSC and 
rheology. The solid line represents the linear fit, and the dashed line is the line of 
equality. 

 

It is also of interest to study if the Tgs defined by DSC correlate with low-temperature 
rheological properties at fixed temperatures. Therefore, Pearson’s correlation 
coefficients r were calculated for the correlations between Tg and different rheological 
parameters (G*, δ, G’, G’’) measured at various low temperatures. The results of this 
correlation analysis are displayed in Table 18. It is observed that the correlations with Tg 
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are strongly positive for G* and G’, and strongly negative for δ at all temperature-
frequency combinations. On the other hand, in the case of G’’, the correlation is positive 
at higher temperatures and/or lower frequencies, but negative at lower temperatures 
and/or higher frequencies. 

 

Table 18. Pearson’s correlation coefficients (r) for the correlations between Tg (as 
defined by DSC) and different rheological parameters at low temperatures. 

G* 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.91 0.95 0.95 0.90 0.79 
1 Hz 0.86 0.93 0.96 0.93 0.86 

0.1 Hz 0.80 0.89 0.95 0.95 0.90 
0.01 Hz 0.74 0.84 0.93 0.96 0.93 

 

δ 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz -0.85 -0.89 -0.91 -0.91 -0.90 
1 Hz -0.81 -0.85 -0.89 -0.91 -0.91 

0.1 Hz -0.77 -0.82 -0.87 -0.90 -0.90 
0.01 Hz -0.69 -0.79 -0.85 -0.88 -0.89 

 

G’ 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.90 0.95 0.95 0.90 0.79 
1 Hz 0.85 0.93 0.96 0.93 0.86 

0.1 Hz 0.78 0.88 0.95 0.95 0.91 
0.01 Hz 0.71 0.81 0.92 0.96 0.93 

 

G’’ 10 °C 0 °C -10 °C -20 °C -30 °C 
10 Hz 0.94 0.63 -0.53 -0.89 -0.92 
1 Hz 0.94 0.90 0.30 -0.69 -0.88 

0.1 Hz 0.88 0.94 0.77 -0.03 -0.67 
0.01 Hz 0.79 0.92 0.92 0.60 -0.03 

 

Figure 30 illustrates the observed strong correlations between Tg and different 
rheological properties measured at selected temperatures and frequencies. It should be 
noted that the shown plots are just examples and that the correlations are significantly 
dependent on the temperature and frequency at which the rheological properties are 
measured. Further, one should realize that the correlation equations only represent 
simple linear fits to the data measured in this study, and they cannot be used for 
predictive purposes in all cases. For example, the linear fits indicate that G* and G’ are 
negative when Tg ≲ -33 °C, and that δ and G’’ are negative when Tg ≳ -2 °C. This is, of 
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course, physically impossible, and demonstrates the limitations of the linear regression 
models. A logarithmic fit to the δ data is shown in Figure 30(b) for more realistic and 
accurate predictions (in this model the predicted value of δ is always positive). It is also 
noteworthy to mention that a relatively strong linear correlation (R2 = 0.75) is observed 
between the logarithm of penetration and Tg. 

 

        

     

Figure 30. Examples of the strong correlations between Tg and (a) G*, (b) δ, (c) G’ and 
(d) G’’. The temperature and frequency at which each rheological property has been 
measured is indicated in the y-axis label. Different colors are used in part (b) to 
distinguish the linear and logarithmic fit curves and corresponding equations from each 
other.  

 

However, although these regression models are not rigorously correct, they can be used 
to study the general effect of Tg on the low-temperature rheological behavior of bitumen 
when testing is conducted at a fixed temperature. Moreover, as the low Tg of bitumen is 
generally considered to be an advantageous property for the low-temperature 
performance of asphalt pavement [18], the observed trends in the relationships noted 
above can be interpreted in terms of low-temperature pavement performance (however, 
it should be noted that also physical aging arguably plays a very important role when it 
comes to the low-temperature performance of asphalt pavements. The effect of physical 
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aging will be discussed in the following sections). As the correlations of G* and G’ with 
Tg are positive, it can be concluded that the high values of these material properties are 
disadvantageous for the low-temperature performance in asphalt pavements (when 
comparison is made at a fixed temperature and frequency). On the contrary, the negative 
correlations of δ and G’’ with Tg imply that high values of these rheological parameters 
are desired at low temperatures. This makes sense since it is understandable that viscous 
properties are needed to make bitumen able to relax at low temperatures and 
consequently prevent the thermal cracking of asphalt pavement. However, it should be 
still emphasized that the temperatures and frequencies at which the correlations are 
evaluated in Figure 30 are somewhat arbitrarily chosen, and are not necessarily related 
to the lowest temperatures at which the investigated bitumens are designed to perform.  

One way to compare the thermal and dynamic aspects of the glass transition is to plot 
the dynamic fragility m as a function of Tg. This is done in Figure 31(a) for the 
investigated bitumens. Note that in this case Tgs are expressed in Kelvins following the 
general custom. A very strong linear correlation (R2 = 0.94) is observed between m and 
Tg, the slope of m with respect to Tg being about 0.74. Practically speaking, this means 
that the material with higher Tg tends to behave in a more fragile fashion at the glass 
transition. In other words, the temperature dependence of rheological properties at Tg is 
the smaller the lower is Tg. This finding is quite surprising because, as far as the author 
knows, no such a result has been reported earlier in the asphalt literature. 

 

    

Figure 31. (a) Dynamic fragility m and (b) apparent activation energy Eg at Tg vs. glass 
transition temperature Tg for the investigated bitumens. 

 

Also, when the apparent activation energy Eg at Tg is plotted against Tg, a very strong 
linear correlation (R2 = 0.95) appears, see Figure 31(b). The slope of Eg with respect to 
Tg is about 4.35. This slope is considerably smaller than that reported by Qin and 
McKenna [101] for various other small-molecule organic glass-formers (the slope of 
1.78); i.e., the temperature dependence of dynamics at Tg appears to be much more 
dependent on the value of Tg in bitumen than in many other small-molecule organics. 
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However, it is not yet clearly understood why some particular classes of glass-formers 
show linear dependence of Eg on Tg [178]. In particular, it should be mentioned that the 
molecular weights of the investigated bitumens were not observed to correlate with their 
Tg, m or Eg values.  

Finally, the possible relationships between thermodynamic and dynamic glass transition 
behaviors are discussed through the concepts of thermodynamic and dynamic fragilities. 
Here the measure of thermodynamic fragility is selected to be the heat capacity change 
ΔCp at Tg. This parameter is calculated from the DSC results as described in Appendix 
G, and its values are plotted against dynamic fragility parameter m in Figure 32. No 
clear correlation between these two fragility parameters can be observed, maybe partly 
because of the difficulties in the determination of ΔCp when the cold crystallization of 
waxes occurs upon heating of a bitumen sample (see Appendix G for details). This 
result is consistent with the finding of Huang and McKenna [217], who observed no 
significant correlation between thermodynamic and dynamic fragilities of small 
molecule organic glasses (when using the ratio of the liquid to glassy heat capacities at 
Tg, Cp

l/Cp
g, as a measure of thermodynamic fragility). Although the correlation might 

look different if different thermodynamic fragility parameters (like the heat capacity 
ratio, Cp

l/Cp
g, or the rate of change of the Tg-scaled excess entropy, 

d(ΔS(Tg)/ΔS(T))/d(Tg/T) at T=Tg) were used, the investigation of these correlations is 
out of the scope of this work. 

 

 

Figure 32. Dynamic fragility m vs. thermodynamic fragility ΔCp for the investigated 
bitumens. 
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In conclusion, although evidence of the relation between the thermodynamic and 
dynamic signatures of the glass transition can be found (the strong linear correlations 
between m and Tg and between Eg and Tg), the fundamental understanding of this coupling 
is still imperfect. Therefore, the author feels that more detailed thermal studies need to be 
conducted before any definitive conclusions can be drawn regarding this issue. 

6.3. Physical aging experiments 

The physical aging characteristics of bitumen B-21 were characterized by means of 
time-resolved mechanical spectroscopy (TRMS), also known as time-resolved 
rheometry (TRR). This analysis technique utilizes data from the cyclic frequency sweep 
(CFS) measurements as described in the article by Mours and Winter [218]. CFS 
measurements were used instead of creep measurements to monitor the development of 
viscoelastic properties during physical aging because this technique allows continuous 
monitoring of not only the stiffness (G*) of the sample but also its elasticity (δ).  

As an example, the evolution of G* with the isothermal aging time at Tg is shown at 
various frequencies in Figure 33. It should be noted that t = 0 s is set to be the moment 
at which the CFSs are initiated, i.e. the duration of the thermal equilibrium period is not 
included in the physical aging time presented on the x-axis of the graph. The absolute 
rate of stiffening appears to be similar at each frequency, as evidenced by the 
approximately constant vertical spacing of the curves on a linear scale. Further, at 
relatively short aging times (< 3×104 s or 8.3 h) the curves are fairly linear when plotted 
on a lin-log scale. After this, the rate of stiffening appears to decrease, and after 
approximately 2×105 s (≈ 56 h or 2.3 d) the curves completely plateau at all frequencies. 
In other words, an equilibrium state at which no significant physical aging occurs 
anymore is reached after a couple of days of isothermal annealing at Tg. 

 

 

Figure 33. Evolution of G* with physical aging time at various frequencies for bitumen 
B-21. The aging temperature is equal to the Tg of the bitumen, -24 °C. 
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Further, a time-aging time superposition method can be used to further analyze the data 
from physical aging experiments. Figures 34(a) and 34(b) show the frequency sweep 
data of bitumen B-21 at various aging times at Tg before and after horizontal shifting, 
respectively. Note that no vertical shifting of the curves was needed to produce smooth 
master curves, even though Kriz et al. [180] claimed that this would be required. 
Consequently, the aging time shift factors ate are obtained from the shifting process and 
plotted against aging time in Figure 34(c). It is confirmed from this plot that steady-state 
conditions are reached after 2-3 days of isothermal annealing at Tg, i.e. ate become 
independent of aging time after this point [185]. This result is consistent with the 
findings of Lu and Isacsson [219], who concluded that it takes normally 1-2 days in the 
temperature range of -15 °C to -35 °C before bitumen attains an equilibrium state where 
no further hardening occurs. 

 

 

             

Figure 34. Analysis of physical aging data by means of TRMS coupled with time-aging 
time superposition analysis. (a) original (unshifted) data, (b) horizontally shifted data, 
and (c) the time dependence of the aging time shift factors. The data are from the same 
measurement as in Figure 33. The solid line in part (c) is only to guide the eye. 
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To study the temperature dependence of the rate of physical aging, CFS experiments 
were conducted also 5 K and 10 K above and below the Tg of bitumen B-21. The data 
from these measurements were analyzed using the time-aging time superposition 
principle described above. The results of this analysis are summarized in Figure 35(a) 
where the time dependence of aging time shift factors is shown at each measurement 
temperature. It is found that the rate of physical aging is only moderately dependent on 
temperature, and that the slope of the log (ate) vs. log (aging time) curve, which is 
defined by Struik [20] as the aging time shift rate μ, is between 0.35 and 0.45 depending 
on the aging temperature. The slope is the steepest at the temperatures nearest to Tg, 
indicating that the rate of physical aging is highest at Tg. It is also notable that no 
plateau can be observed at the temperatures other than Tg. However, it is believed that 
equilibrium state would be reached also at these temperatures if the testing time was 
longer. Figure 35(b) shows the temperature dependence of aging time shift factors at 
three arbitrarily chosen aging times. This graph further underlines the fact that in 
bitumen B-21 the rate of physical aging is highest near Tg, especially when long aging 
times are considered. 

 

       

Figure 35. (a) Time dependence of aging time shift factors at various temperatures near 
Tg. The slopes of the curves represent the aging time-shift rate μ. (b) Temperature 
dependence of aging time shift factors at three arbitrary aging times. The solid lines are 
only to guide the eye. 

 

For convenience of comparison, the rate of physical aging is also quantified in terms of 
the increase in the complex modulus with time. Here the ratio of the complex moduli 
measured at specific aging time and at the start of the physical aging experiment is 
called physical aging index (PAI) (Equation 16). The PAIs measured at 0.1 Hz and at 
different aging times and temperatures are shown in Figure 36. The lowest of the 
measured It is observed that PAI values are the highest at the highest physical aging 
temperature of Tg+10 K (-14 °C). However, based on Figure 35(a), the rate of physical 
aging is the lowest at this temperature. This discrepancy between the analysis results 
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can most likely be explained by the fact that at this temperature the complex modulus 
values are furthest away from the glassy modulus value (≈ 1 GPa). Therefore, the 
complex modulus values are able to increase more at higher aging temperatures than at 
lower aging temperatures, resulting in higher PAI values. On the contrary, there is no 
such limiting value for horizontal shift factors at low temperatures (at least in the 
experimental range of the present study), and hence large time-aging time shifts can be 
obtained even at the lowest aging temperatures. 

 

PAI =  
𝐺after physical aging

∗

𝐺before physical aging
∗                                                                                                      (16) 

 

 

 

Figure 36. Evolution of physical aging index (PAI) with aging time at various 
temperatures. The G* values have been measured at the oscillation frequency of 0.1 Hz. 

 

One interesting question regarding physical aging is whether it changes the value of the 
glassy modulus Gg. Probably the most convenient way to answer this question is to plot 
the frequency sweep data measured at various aging times in the vGP plot. In this way, 
Gg at various aging times can be estimated from the x-axis interception as described in 
subsection “van Gurp-Palmen plots” of Section 6.1. The dynamic physical aging data 
measured at Tg (the data of Figure 34) are shown in the vGP plot in Figure 37. It can be 
seen that the curves corresponding to the data measured at different aging times 
superimpose, the only change with increasing aging time being the movement of the 
data points closer to the x-axis. This implies that Gg does not change during physical 
aging, but the magnitude of G* and δ approach the ideal glassy state (where δ = 0°) 
identically. 
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Figure 37. Physical aging data presented in the vGP plot to assess the effect of physical 
aging on the value of Gg. 

 

It is also of interest to study whether the Cole-Cole plot (G’’ vs. G’) of bitumen is 
influenced by physical aging. Figure 38 shows the Cole-Cole plot of bitumen B-21 at 
various aging times; the data are the same as that presented in Figures 34 and 37. It is 
clear that the shape of the Cole-Cole curve does not show any distinct evolution with 
aging time. This, as discussed in subsection “Cole-Cole plots” of Section 6.1, is an 
indication that no vertical shifting is needed to produce smooth dynamic master curves, 
and confirms the observation made already earlier during the time-aging time 
superposition analysis. 
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Figure 38. Cole-Cole plot of the physical aging data. 
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7. Discussion 

The vGP plots in Section 6.1 provided evidence that all the investigated bitumens 
behave in a thermorheologically simple way at low temperatures (≤ 10 °C), i.e. in the 
glass transition region of the bitumens. This indicates that no significant chemical or 
physical changes (like phase segregation or crystallization) occur in bitumen in this 
temperature range. It is notable that this applies also to waxy bitumens that exhibit clear 
deviations from thermorheological simplicity at higher temperatures (due to wax 
melting or crystallization). Moreover, it is clear from the results of Qin et al. [130] that 
thermorheological simplicity holds also in the glass transition region of Sasobit wax 
modified bitumens. However, in polymer rheology there are also examples of materials 
whose thermorheological simplicity breaks down in the vicinity of the glass transition 
[220,221]. Van Gurp and Palmen [85] stated that, in general, both energetically and 
entropically induced relaxations play a role in the glass transition region, and therefore 
thermorheological simplicity will not hold. However, even after a comprehensive 
literature review, it appears that the fundamentals of the structural changes that can 
induce observable thermorheological complexity in the vicinity of the glass transition 
are still not completely understood. Therefore, the investigation of this phenomenon 
remains very experimental for the present, and no firm conclusions about the structural 
evolution at the glass transition can be drawn based on this analysis. 

In many cases, vertical shifting is used purely as a fitting parameter in an attempt to 
achieve a superposition that “looks OK”. This empirical procedure is sometimes used, 
unintentionally or intentionally, to disguise the failure of TTS by averaging the 
discrepancy over the entire frequency range. On the other hand, the apparent need to use 
vertical shifting in the master curve construction may also arise from experimental 
errors. For the aforementioned reasons, if both horizontal and vertical shifting are 
carried out by experimental fitting, the results may lack of any physical significance and 
be questionable [82]. Consequently, a method is needed that can be used to assess the 
need of vertical shifting without any data manipulation. In the literature, both vGP and 
Cole-Cole plots (that only involve plotting of the original, unshifted measurement data) 
have been used for this purpose [82,203-206]. In this study, however, the need for 
vertical shifts was apparent only from the Cole-Cole plots where the isothermal curves 
did not overlap sufficiently at the lowest measurement temperatures (see Figure 20(a)). 
It is speculated that the discrepancies in the curves indicative of the need of vertical 
shifting are more easily observable on the linear scales of the Cole-Cole plot than on the 
logarithmic G* scale of the vGP plot. Therefore, it is recommended that the Cole-Cole 
plot be used to assess the need of vertical shifting in the master curve construction. 

As indicated above, it is not yet clearly understood which physical phenomenon causes 
the need for vertical shifting. Some researchers, like O’Connell and McKenna [184], 
have proposed this to be due to the densification. In asphalt research, the temperature-
dependent changes in the density of a network of secondary forces and in the mutual 
solubility of the various chemical compounds have been offered as possible 
explanations for the apparent need of vertical shifting [21]. Further, when considering 
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the results presented in Section 6.3 of this work, a question arises if physical aging 
could also be responsible for the vertical shift. However, the fact that no vertical shifting 
is needed to produce smooth master curves from the data of physical aging experiments 
(see Figure 34) does not support the idea that the vertical shift is caused by physical 
aging. Moreover, the physical aging data appear to fall on a single curve in the Cole-
Cole plot (see Figure 38), whereas the unshifted data from the temperature-frequency 
sweep measurements showed temperature-dependent behavior in this plot (the Cole-
Cole plot is very similar for bitumen B-21 as for bitumen B-18, see Figure 20(a)). Based 
on the aforementioned observations, it is clear that the need of vertical shifting in the 
master curve construction is not induced by physical aging. 

As mentioned in subsection “Master curves and shift factors” of Section 6.1, the 
temperature dependence of horizontal shift factors can be accurately described with the 
Kaelble-WLF equation that is able to predict the non-divergence of the dynamics below 
Tg (the departure from the WLF-VFT behavior). It is remarkable to find that the 
temperature dependence of viscoelastic functions can be modeled over a wide 
temperature range that extends both above and below Tg. This is a property that is, at 
least to the best knowledge of the author, non-existent in any other equation describing 
the temperature dependence of shift factors. In this study, the applicability of the 
Kaelble-WLF equation was confirmed in the temperature range from approximately Tg-
30 K to Tg+115 K. Notably, this covers the whole in-service temperature range of 
asphalt pavements. 

The physical meaning of the Td parameter of the Kaelble-WLF equation is also of great 
interest. This is the temperature at which there is an inflection point in the log aT vs. T 
curve. Consequently, this means that the slope of the aforementioned curve is steepest at 
this temperature, i.e. the temperature dependence of viscoelastic functions is highest. 
Now, if also the dynamic glass transition temperature is defined to be the temperature at 
which mechanical properties have the highest variation with temperature (this is 
basically the definition (4) of Section 4.3), Td can be introduced as a new definition of 
the dynamic glass transition temperature. What is most interesting is that, this definition 
of the dynamic glass transition temperature is completely independent of the time or 
frequency of the rheological measurement, as opposed to all the previous definitions of 
this characteristic temperature. 

During the last decades, McKenna and coworkers have investigated a great number of 
glass-forming liquids, and in many of them they have observed non-diverging time 
scales below Tg [222]. In other words, the temperature dependence of the equilibrium 
shift factors has been found to deviate strongly from the singular behavior expected 
from the VFT or WLF dependence obtained in equilibrium and above the nominal Tg 
(cf. Figure 18). Considering the accumulating evidence for non-diverging time scales in 
glass-forming liquids, it is not surprising at all that also bitumen exhibits such a 
behavior. These recent observations also challenge the classical free volume theory 
which has been widely employed to describe glass transition dynamics and which states 
that the time scales diverge at finite temperatures above absolute zero. 
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In many materials viscoelastic properties have been observed to follow, a bit 
surprisingly, Arrhenius-type temperature dependence below Tg [185,223-229]. In 
general, the Arrhenius behavior has been found to be valid at temperatures as low as 15-
20 K below Tg. However, the data of this study do not appear to follow Arrhenius 
behavior at this temperature range (the Arrhenius plots of horizontal shift factors not 
shown here for brevity). Rather, the sub-Tg temperature dependence of bitumen showed 
similar characteristics to that of amber [230]. In other words, both of these materials 
form an S-shaped curve in the log aT vs. T plot (cf. Figure 18 of this work and Figure 3 
of Ref. [230]). 

It is also of interest to determine the temperature at which a departure from the WLF-
VFT behavior occurs. This is achieved by the fitting of the Kaelble-WLF equation since 
Td parameter directly represents this deviation temperature. As mentioned already in 
subsection “Master curves and shift factors” of Section 6.1, Td values are 5-30 K higher 
than nominal Tg values for the investigated bitumen samples. On the contrary, a 
majority of the glass-forming liquids investigated in the literature show departure from 
the WLF-VFT behavior at or below nominal Tg [222,225,226]. This “discrepancy” 
between the findings in the literature and those reported here is presumed to be partly 
due to the broad glass transition of bitumen; signatures of non-diverging time scales are 
seen in dynamic data already above the nominal Tg because the upper end of the glass 
transition region extends typically 15-20 K above the mid-point Tg (see Table 4). 
Secondly, it is expected that Td would be shifted to a slightly lower temperature (by not 
more than a few degrees) if the test specimen was physically aged to equilibrium state. 
The impact of physical aging on the above analysis is discussed briefly in the following 
paragraph. 

At this point, it should be mentioned that the results of this study must be considered 
only as qualitative indications of the non-divergent time scales below Tg. This is 
because the low-temperature rheological experiments in this study were not conducted 
in equilibrium conditions (after sufficiently long physical aging time, see the discussion 
in Section D of Ref. [226]) due to time restrictions. However, Zhao et al. [230] showed 
that a radical departure from the WLF-VFT behavior can be observed even after 
prolonged physical aging – in their case in 20-million-year-old amber. In addition, based 
on the results of this study, it seems unlikely that physical aging would change the 
values of horizontal shift factors so much that they would eventually (after sufficiently 
long physical aging time) end up on the curve corresponding to the WLF-VFT behavior. 
The aforementioned findings support the conjecture of non-divergent time scales below 
Tg in bitumen and other glass-formers. However, further studies need to be conducted in 
order to verify this hypothesis. 

As discussed in subsection “Characteristics of the relaxation time spectra” of Section 
6.1, the slope of H(τ) of bitumen appears to be negative on the liquid side of the glass 
transition, approximately zero at the glass transition, and positive on the glass side of 
the glass transition. These generic features provide an insight into the development of 
bitumen microstructure near the glass transition as explained in the following (see also 
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Figure 39). Above Tg, small-scale molecular rearrangements dominate the relaxation 
behavior as the movement of molecules relative to each other is possible in the liquid 
(unfrozen) state. However, when the material is cooled in the glass transition region, the 
fractions of bitumen having high Tg (alkylated and cycloalkylated aromatic rings 
according to Masson and Polomark [231]) start to freeze, and the intermolecular motion 
becomes gradually more and more restricted. In the vicinity of the main glass transition 
of bitumen, also alkylated cyclopentanes and cyclohexanes start to experience glass 
transition [157,232]. This results in the further reduction of local molecular mobility. At 
the nominal Tg (as determined by DSC), both the small-scale molecular motions and 
large-scale cooperative motions have a significant contribution to the relaxation 
behavior as evidenced by the nearly constant H(τ) in Figure 23. Therefore, it is expected 
that at this temperature the microstructure of bitumen is characterized by the mixture of 
the islands of mobility and cooperativity shells (details of the theory of the islands of 
mobility and cooperativity shells are provided in Section 2.2 of Ref. [145]). When 
bitumen is cooled further below the nominal Tg, the remaining alkylated cyclopentanes 
and cyclohexanes experience glass transition. As a consequence, the relative amount of 
the islands of mobility decreases and that of cooperativity shells increases, respectively. 
Further, this results in the domination of large-scale cooperative relaxation processes, as 
evidenced by the positive slope of H(τ) in this temperature region. In the glassy region, 
the slope of H(τ) is rather gradual (approximately 0.16), and this is speculated to be 
partly due to the existence of the islands of mobility even far below the nominal Tg. 
Indeed, Masson et al. [156] observed domains of unfrozen material in bitumen samples 
that were cooled down to -55 °C. This unfrozen material was called “the salphase” by 
the authors, and it was believed to be composed of amorphous and low-molecular-
weight alkanes or alkyl segments. 
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Figure 39. Schematic of the relationship between the structural evolution due to glass 
transitions of different bitumen fractions and the shape of H(τ). The yellow and blue 
areas in the inset figures represent liquid and glassy phases, respectively. 

 

Strong correlations between Tg (as defined by DSC) and low-temperature rheological 
properties (as measured at fixed temperatures and frequencies) were found in subsection 
“Correlations between low-temperature rheology and thermal properties” of Section 6.2. 
The presence of such correlations can be qualitatively explained by using the concept 
depicted in Figure 40. Generally speaking, the horizontal location of the curves is 
roughly dependent on the Tg of bitumen: when bitumen has a low Tg, all the curves in 
Figure 40 shift to the left, and vice versa. One manifestation of this relationship between 
the horizontal location of the rheological curves and Tg can be seen in Figure 29 where a 
strong correlation between the thermal and dynamic glass transition temperatures is 
shown (note that dynamic Tg is practically defined by the location of the G’’ peak on the 
temperature axis). Although this concept is only approximate (e.g. because the shapes of 
the rheological curves are not perfectly identical for different bitumens), it is able to 
qualitatively explain the correlations observed between the Tg and low-temperature 
rheological characteristics of bitumen (see Table 18 and Figure 30). For example, it was 
observed in Table 18 that the correlation between Tg and G’’ is positive at higher 
temperatures / lower frequencies, but negative at lower temperatures / higher 
frequencies. In the part (d) of Figure 40 the effect of Tg on the magnitude of G’’ is 
studied at two arbitrary temperatures T1 and T2 (so that T1 > T2). It is obvious from the 
figure that at the higher of these two temperatures, T1, G’’ values increase with 
increasing Tg (producing a positive correlation between these parameters), whereas the 
opposite is observed at the lower temperature of T2 (leading to a negative correlation 
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between G’’ and Tg). In a similar way, the other correlations of Table 18 and Figure 30 
can be qualitatively explained using Figure 40. 

 

 

Figure 40. Schematic representation of the relationship between Tg and the location of 
the rheological curves on the temperature axis. Only low-temperature parts of the curves 
are shown. The scales on all the axes are linear. Black color represents a “reference” 
rheological response, blue color the rheological response of a bitumen with lower Tg, 
and red color the rheological response of a bitumen with higher Tg. 

 

In this study, physical aging was shown to cause significant time-dependent changes in 
the rheological properties of bitumen. For example, by comparing the test results 
presented in Sections 6.1 and 6.3, it is concluded that 24 hours of physical aging has a 
similar effect on the rheological properties as 5-9 °C reduction in the testing 
temperature. This is equivalent to the loss of one or even two low-temperature PG 
grades. However, it should be pointed out that in this study the physical aging properties 
of only a single bitumen were investigated due to time constraints, and this particular 
bitumen was expected to exhibit exceptionally pronounced physical aging. 

Multiple studies suggest that physical aging should be taken into account in order to 
predict the low-temperature field performance of bitumen more reliably [22-25]. 
However, the main challenge in the laboratory characterization of physical aging is that 
it is very time-consuming to do. Unlike in the case of high-temperature chemical aging, 
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there is no way to accelerate the physical aging process artificially in the laboratory (by 
increasing the severity of the testing conditions). Moreover, unlike in the TB or BBR 
testing, it is not possible to load the test specimen into the measurement device without 
heating it. This makes it very difficult or even impossible to physically age the test 
specimen outside DSR prior to the testing. This is clearly a disadvantage of the 4-mm 
DSR technique compared to the TB or BBR techniques in which test specimens can be 
physically aged prior to the loading into the measurement device (i.e. the test specimen 
can be kept in cold storage and then quickly transferred to a pre-cooled measurement 
device). Despite these challenges to take physical aging effects into account in the 4-
mm DSR testing, this testing technique is often preferred over the other possible 
measurement techniques because of its easiness, quick execution and small sample size.  

Finally, it should be emphasized that physical aging occurs also during the temperature-
frequency sweep testing (Section 6.1). Since there is no practical way to eliminate the 
effect of physical aging during the testing, the most powerful way to ensure the test 
repeatability and reproducibility is simply to standardize the duration of each part of the 
test sequence (thermal equilibrium times, the durations of frequency sweeps). In 
addition, measurement temperatures and the direction of frequency sweeps (from the 
highest to the lowest frequency or vice versa) should be always the same in order to 
obtain repeatable test results. It is also important to establish a standard method for 
preparing test specimens for 4-mm DSR testing as the thermal and loading history of the 
test specimen may have a significant influence on the low-temperature rheological 
properties of bitumen. In this study, experimental errors were minimized by following a 
well-defined specimen preparation and testing procedure; only the sample loading 
temperature was varied depending on the stiffness of the bitumen sample (see Appendix 
B for details). 
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8. Summary, concluding remarks and outlook 

8.1. Summary and concluding remarks 

This study investigated the low-temperature rheological properties of various 
unmodified bitumens, their correlation with chemical and thermal properties, and the 
influence of physical aging on them. Twenty-seven bitumen samples collected across 
Europe and originating from various refineries were included in the investigation. The 
low-temperature rheological properties of the bitumens were characterized by using the 
4-mm parallel plate geometry on a DSR with instrument compliance correction. 
Correspondingly, the 8-mm and 25-mm parallel plate geometries were used to 
complement the rheological analysis at intermediate and high in-service temperatures, 
respectively. The chemical characterization of the bitumens consisted of the molecular 
weight determination by GPC and aromatic characterization by UV-vis spectroscopy, 
FT-IR spectroscopy and refractive index measurements. The thermal properties of the 
bitumens were investigated by means of DSC. 

It was observed that all the investigated bitumens, regardless of the wax content, 
exhibited thermorheologically simple behavior at low service temperatures (≤ 10 °C). 
However, in the vicinity of the glass transition vertical shifting is needed to obtain 
smooth master curves. The need for vertical shifts can be assessed by plotting frequency 
sweep data in the plot of G’’ vs. G’ on linear scales (the Cole-Cole plot). Further, it was 
concluded that the vertical shifts are not, at least solely, caused by the physical aging of 
the test specimen during the experiment. The glassy moduli, Gg, of the investigated 
bitumens varied in the range of 1-1.35 GPa. Interestingly, samples B-6, B-18 and B-25, 
which all were non-waxy straight-run bitumens, were observed to exhibit more liquid-
like behavior at low temperatures than the other bitumens and have relatively high Gg 
values. 

It was found that the temperature dependence of horizontal shift factors can be 
accurately modeled with the Kaelble-WLF equation over a very wide temperature 
range, at least from Tg-30 K to Tg+115 K. Interestingly, the Td parameter of this 
equation can be used as a frequency-independent definition of the dynamic glass 
transition temperature as it marks the temperature at which the temperature dependence 
of viscoelastic behavior is largest. Moreover, it is notable that this model predicts the 
existence of non-divergent time scales below Tg.  

The H(τ) of all the investigated bitumens were observed to have the same generic shape: 
above Tg the spectrum has a negative slope, at Tg the slope approximately equals to 
zero, and below Tg the slope is positive. In physical terms, this indicates that small-scale 
molecular rearrangements dominate the relaxation behavior above Tg, i.e. when bitumen 
is (mainly) in liquid state. On the contrary, the dominance of longer τ below Tg indicates 
that large-scale cooperative motions are the main relaxation mechanism in the glassy 
state. Correspondingly, the zero slope at the nominal Tg (as defined by DSC) represents 
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a transition state in which material relaxes both through small-scale molecular and 
large-scale cooperative rearrangements. 

It was found that both the low-temperature stiffness and elasticity of bitumen can be 
predicted fairly accurately by linear regression models that incorporate information both 
about the molecular weight and aromatic properties of bitumen. In addition, strong 
correlations were observed between the Tg (as determined by DSC) and low-
temperature rheological properties of the investigated bitumens. In particular, it was 
observed that the lower is Tg, the lower is the temperature sensitivity of viscoelastic 
properties at Tg. However, more advanced thermal analysis techniques are needed to 
develop fundamental understanding of the coupling between the dynamic and 
thermodynamic aspects of the glass transition. 

Physical aging in bitumen was successfully characterized by means of TRMS. It was 
found that time-aging time superposition is applicable, and only horizontal shifting is 
needed to superimpose rheological data obtained at different aging times. Based on the 
limited data of this study, physical aging continues for approximately 2-3 days before 
equilibrium conditions are attained. Although it would be highly important to take 
physical aging effects into account in the low-temperature rheological testing of 
bituminous binders, there does not seem to be an easy and quick way to do that using 
the 4-mm DSR technique. 

In summary, this thesis reported a set of low-temperature rheological data that is 
perhaps the most extensive in the present asphalt literature. Based on the obtained 
results, the 4-mm DSR technique seems to be viable method for measuring the low-
temperature rheological properties of bitumen as long as the test specimens are carefully 
prepared. Novel techniques for analyzing the low-temperature rheological data of 
bitumen were introduced, some of which are adopted from the field of glass rheology. 
In the author’s vision, this thesis serves as a foundation for future studies that more try 
to relate the low-temperature rheological properties of bitumen more explicitly to the 
thermal cracking performance of corresponding asphalt mixtures and pavements.      

8.2. Outlook 

As mentioned in Section 1.4, this thesis presents only a part of the results produced 
during the joint research project of Aalto University and Nynas Oy. The rest of the 
results of this project will be reported in the future publications. These publications will 
address the effects of aging and SBS polymer modification on the low-temperature 
rheology of bitumen, and the possible relationships between the low-temperature 
rheology and fracture properties of bitumen. In addition, the correlations between the 4-
mm DSR and BBR test results will be investigated as a part of this project. The 
repeatability and reproducibility of the 4-mm DSR testing technique will be evaluated in 
detail in the forthcoming round robin test organized by the Federal Highway 
Administration (FHWA) Asphalt Binder Expert Task Group (ETG). 
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Future work should also further investigate and model the relaxation time spectrum of 
bitumen in the vicinity of the glass transition. It is expected that the extremely broad 
distribution of molecular size and composition in bitumen averages relaxation processes 
in a way that will generate basic patterns which might be universal to all types of 
polydisperse glasses. This is remarkable since the glasses investigated and modeled so 
far in the rheological literature have been almost exclusively monodisperse in nature. 
Also, the modeling of the low-temperature rheological data of bitumen with the 1S2P1D 
model is a fascinating topic for future research. 

In the future, it would be also interesting to study the low-temperature rheological 
properties of bitumens modified with other additives than SBS polymer. For example, 
chemical modification with thiourea and some reactive prepolymers has shown great 
promise in improving the low-temperature performance of bitumen [233-237]. 
Moreover, some lightweight oil products have been shown to improve the thermal 
cracking resistance of bitumen [238]. The author feels that it would be intriguing to 
investigate especially modified bitumens of the aforementioned types with the 4-mm 
DSR technique. In addition, it would be interesting to try to extend the 4-mm DSR 
technique to the low-temperature rheological characterization of mastics. 

In this work, the physical aging characterization of bitumen was very limited in extent. 
Therefore, a more comprehensive study, including a number of bitumens with varying 
origins and compositions, should be conducted to confirm the observations made in this 
study and to investigate the dependence of the physical aging characteristics of bitumen 
on its chemical properties. These investigations should result in predictive equations 
that can be used to quickly and easily estimate the effect of physical aging on the 
rheological properties (cf. Ref. [38]). Finally, although being time-consuming, it would 
be of interest to study the low-temperature rheological properties of various bitumens 
after extended physical aging and how they relate with the chemical and thermal 
properties. It should be noted, however, that it might be more appropriate to use TB or 
BBR testing method instead of the 4-mm DSR technique in this type of investigation 
(see the discussion at the end of Section 7). 
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Appendix A. Derivation of the VFT form of the Kaelble-
WLF equation in the glassy region 

 

The Kaelble-WLF equation is as follows: 

 

log 𝑎𝑇 = −𝑐1 (
𝑇 − 𝑇𝑑

𝑐2 + |𝑇 − 𝑇𝑑|
−

𝑇𝑟 − 𝑇𝑑

𝑐2 + |𝑇𝑟 − 𝑇𝑑|
)                                                                (A1) 

 

Equation A1 can be rewritten in the following form: 

 

ln 𝑎𝑇 = −𝑐1 ln 10 (
𝑇 − 𝑇𝑑

𝑐2 + |𝑇 − 𝑇𝑑|
−

𝑇𝑟 − 𝑇𝑑

𝑐2 + |𝑇𝑟 − 𝑇𝑑|
)                                                       (A2) 

 

This derivation is limited to the situation where T ≤ Td, i.e. to the description of the 
temperature dependence of the shift factors in the glassy region. In addition, the 
reference temperature is selected to be sufficiently low so that Tr ≤ Td. In this case: 

 

ln 𝑎𝑇 = −𝑐1 ln 10 (
𝑇 − 𝑇𝑑

𝑐2 + 𝑇𝑑 − 𝑇
−

𝑇𝑟 − 𝑇𝑑

𝑐2 + 𝑇𝑑−𝑇𝑟
)                                                               (A3) 

 

Here the Vogel temperature Tv is defined as follows: 

 

𝑇𝑣 = 𝑐2 + 𝑇𝑑                                                                                                                               (A4) 

 

By substituting Equation A4 into Equation A3, the shift factor function can be rewritten 
in the following form: 

 

ln 𝑎𝑇 = −𝑐1 ln 10 (
𝑇 − 𝑇𝑑

𝑇𝑣 − 𝑇
−

𝑇𝑟 − 𝑇𝑑

𝑇𝑣−𝑇𝑟
)                                                                                (A5) 
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After simplification, Equation A5 can be expressed as: 

 

ln 𝑎𝑇 = ln10 𝑐1𝑐2

𝑇𝑟 − 𝑇

(𝑇𝑟 − 𝑇𝑣)(𝑇 − 𝑇𝑣)
                                                                                   (A6) 

 

By using the following notation: 

 

𝐵 = ln 10 𝑐1𝑐2                                                                                                                            (A7) 

 

Equation A6 can be written as follows: 

 

ln 𝑎𝑇 = 𝐵
𝑇𝑟 − 𝑇

(𝑇𝑟 − 𝑇𝑣)(𝑇 − 𝑇𝑣)
                                                                                                  (A8) 
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Appendix B. Specimen preparation and measurement 
protocol in the 4-mm DSR testing 

 

In this study, the 4-mm DSR experiments were conducted according to the latest version 
of the AASHTO standard draft “Standard Method of Test for Determining the Low 
Temperature Rheological Properties of Asphalt Binder Using a Dynamic Shear 
Rheometer (DSR)”. This standard draft is reprinted later in this appendix. However, in 
this study, some modifications/refinements were made to the standard procedure after 
preliminary test runs. These modifications/refinements are described in the following: 

 Paragraph 10.1.: Only the stiffest of the investigated bitumens were annealed in 
an oven in order to avoid the high-temperature aging of the test samples. Instead, 
a heated spoon was used to curve the test specimens out of the airtight metal 
cans in which the test samples were stored. In this way, the whole sample was 
not heated multiple times if replicate measurements were needed to be 
performed. However, the stiffest bitumens were annealed in an oven in order to 
prepare the test specimen into the rheometer without excessive heating of the 
spoon that was used to curve the test specimen from the bulk sample. The 
annealing temperatures and times varied depending on the stiffness of the 
bitumen sample. However, excessive annealing temperatures and prolonged 
annealing times were avoided to prevent the high-temperature aging of the test 
samples. 

 Paragraph 10.2.: The gap was zeroed at 0 °C. Because the thermal expansion of 
the measuring system was determined accurately (see Appendix D), this 
modification was not expected to have any influence on the test results. 

 Paragraph 10.3.: The preheating temperature was varied depending on the 
stiffness of the bitumen sample. In this way, a good adhesion between the test 
specimen and the plates was ensured in all cases without causing the specimen 
to flow out of the gap during the specimen preparation sequence due to low 
viscosity. For all the bitumens, the preheating temperature was adjusted to be 
slightly higher than the Ring-and-Ball softening point temperature in order to 
remove the effects of steric hardening. The preheating temperatures used in this 
study are listed in Table B1. 

 Paragraph 10.8.: The test specimen was cooled down to 30 °C at a rate of 2 
K/min. A controlled cooling rate was used to maximize test reproducibility. 

 Paragraph 10.9.: In this study, the conditioning time at 30 °C was 15 min. This 
modification was not expected to have any influence on the test results. 

 Paragraph 11.2.: In this study, the conditioning time at the test temperatures was 
15 min. It was confirmed by additional tests that thermal equilibrium is reached 
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within 15 minutes from the moment when the temperature reading of the 
rheometer attains its target value. Furthermore, as of writing, there is discussion 
going on about whether the thermal equilibrium time could be significantly 
reduced [B1]. 

 Paragraph 11.3.: Stress sweeps were not performed in this study. Instead, fixed 
strain amplitude levels were used in the frequency sweep testing. The 
temperature-dependent strain levels used in the 4-mm DSR experiments 
(adapted from the proposal of Farrar et al. [B1]) are listed in Table B2. 
Additional strain sweep testing was performed to confirm that the strain levels 
were well within the LVE range of the investigated bitumens. 

 Paragraph 11.4.: Frequency sweeps were performed in the range from 10 Hz to 
0.01 Hz with 3 measurement points per decade. The same frequency range and 
data point density were used in the intermediate- and high-temperature 
frequency sweep measurements.  

 Paragraph 11.5.: The test specimen was always cooled at a rate of 2 K/min in 
order to maximize test reproducibility. 
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Table B1. Preheating temperatures used in the specimen preparation. 

Sample Pen [dmm] TR&B [°C] Preheating temperature [°C] 

B-1 5 104.5 110 

B-2 5 74.2 90 

B-3 12 65 70 

B-4 15 64.2 70 

B-5 15 62.6 70 

B-6 20 62.2 70 

B-7 25 61.5 70 

B-8 27 55.5 70 

B-9 27 61.5 70 

B-10 38 54.3 60 

B-11 42 51.3 60 

B-12 51 49.1 60 

B-13 52 49 60 

B-14 52 49.8 60 

B-15 53 49.9 60 

B-16 61 47.7 60 

B-17 62 50 60 

B-18 64 47.7 60 

B-19 67 46.8 60 

B-20 70 46.1 60 

B-21 80 45.8 60 

B-22 81 45.5 60 

B-23 107 43.5 60 

B-24 187 38.5 50 

B-25 187 36.9 50 

B-26 190 39.2 50 

B-27 200 37.7 50 
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Table B2. Strain amplitude levels used in the 4-mm DSR experiments. 

Test temperature [°C] Strain amplitude [%] 

10 0.075 

0 0.075 

-10 0.02 

-20 0.01 

-30 0.01 

-40 0.01 
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Appendix C. Determination of the radial instrument 
compliance of the 4-mm parallel plate measurement 
system and its effect on the measured values of 
rheological parameters 

 

The radial instrument compliance of the 4-mm parallel plate measurement system − 
consisting both of the radial compliances of the 4-mm parallel plate fixture (upper and 
lower plate) and of the shaft of the rheometer motor − was determined according to the 
Appendix A2 of the AASHTO standard draft “Standard Method of Test for Determining 
the Low Temperature Rheological Properties of Asphalt Binder Using a Dynamic Shear 
Rheometer (DSR)”. Maximum Bond Krazy Glue® was used to adhere the upper and 
lower plate together, and it was allowed to cure at least 12 hours before stress sweeps 
were performed to determine the instrument compliance value. Instrument compliance 
measurement was repeated multiple times to ensure the accuracy of the measurement. In 
Figure C1 the results of four replicate measurements (performed on two different glue 
samples) are shown. The instrument compliance value was obtained as an average slope 
of these curves and equaled 0.00964 rad N-1 m-1. This value is comparable to the 
compliance values obtained elsewhere for exactly the same rheometer set-up (Malvern 
Kinexus rheometer equipped with the commercially available KNX0057/KNX0058 4-
mm parallel plate fixture) [C1]. 

It has been recently pointed out that the radial instrument compliance of single-head 
(stress-controlled) rheometers is frequency-dependent [C2]. However, the author wants 
to emphasize that the used Malvern Kinexus Pro rheometer is known to have relatively 
low motor inertia (13 µN m s2 [C3]) and that no oscillation frequencies higher than 10 
Hz were used in the rheological experiments of this study. For these reasons, the 
frequency dependence of the instrument compliance could be neglected in this study 
(see also Ref. [C2]). 
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Figure C1. The determination of the radial instrument compliance from the stress 
sweep test results performed on two different super glue samples. 

 

The instrument compliance effects have been traditionally considered to be significant 
when G* > 10 MPa [C4]. Here the dependence of the error in G* on the magnitude of 
G* is studied. It appears that the absolute error in G* value is quadratically dependent 
on the magnitude of G* as can be seen from Figure C2a. Further, it follows that the 
relative error in G* value is linearly dependent on the magnitude of G*, see Figure C2b. 

 

   

Figure C2. Dependence of (a) absolute and (b) relative error in G* on the magnitude of 
G*. 
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The influence of the instrument compliance correction on the rheological test results of 
bitumen B-18 at three selected temperatures (0 °C, -20 °C and -40 °C) is illustrated in 
Figure C3. It can be observed that the effect of compliance correction is most 
pronounced in the values of G’’; this is because the compliance correction increases the 
value of this parameter by increasing both G* and δ values (note that G’’ = G*sin δ). In 
addition, it is observed that the effects of the compliance correction are noticeable only 
when G* > 100 MPa. However, it should be remembered that this threshold value is a 
function of the compliance of the rheometer system (in this case Jinstrument = 0.00964 rad 
N-1 m-1) so that it is the lower, the higher is the instrument compliance. Therefore, 
instrument compliance effects may be observable even when 100 MPa > G* > 10 MPa 
if a more compliant rheometer system is used. Further, instrument compliance effects 
are evident in the vGP plot as can be seen from Figure C4. Importantly, the estimated 
value of Gg is significantly influenced by the instrument compliance: in this particular 
case Gg value changed from 1.07 GPa to 1.23 GPa when the measurement data were 
corrected for the instrument compliance. 
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Figure C3. The effect of instrument compliance correction on (a) G*, (b) G’, (c) G’’ 
and (d) tan δ at three selected temperatures. The open and solid symbols represent the 
data without and with compliance correction, respectively. Note that at 0 °C the 
uncorrected and corrected data completely overlap. 
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Figure C4. The effect of the instrument compliance correction on the data presented in 
the vGP plot. 

 

Based on the repeatability of the instrument compliance measurement in this study and 
on the consistency between the instrument compliance values measured in this study 
and elsewhere for the commercially available 4-mm parallel plate fixture of Malvern 
Kinexus rheometers, the error in the measured instrument compliance value is expected 
to be not more than ±3 %. To illustrate the effect of this uncertainty on the calculated 
rheological test results, the compliance-corrected values of different rheological 
parameters were calculated using instrument compliance values that were 3 % higher 
and lower than the measured value. The uncorrected and corrected values of G* 
measured at -40 °C are shown in Figure C5 with error bars corresponding to ±3 % error 
in the instrument compliance value. It can be seen that small errors in the measured 
instrument compliance value do not result in significant errors in the compliance-
corrected G* data; the relative errors in G* are less than 0.5 % for the data set shown in 
Figure C5. This error is much smaller than the experimental error due to variations in 
the specimen preparation (see Appendix E). 
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Figure C5. The uncorrected and corrected values of G* measured at -40 °C with error 
bars corresponding to ±3 % error in the instrument compliance value. 
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Appendix D. Determination of the thermal expansion 
of the 4-mm parallel plate fixture 

 

The thermal expansion of the 4-mm parallel plate fixture was determined according to 
the Appendix A3 of the AASHTO standard draft “Standard Method of Test for 
Determining the Low Temperature Rheological Properties of Asphalt Binder Using a 
Dynamic Shear Rheometer (DSR)”. In this study, however, the thermal expansion was 
determined over a wider temperature range of 30 K (from 40 °C to 10 °C) to provide 
more accurate estimation of the gap correction factor. The measurement was performed 
multiple times, and an average gap change of 19.7 μm was obtained. This yields a gap 
correction factor of 0.66 μm K-1 that is really close to the default value determined by 
the rheometer manufacturer (0.64 μm K-1).  
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Appendix E. Repeatability analysis of the 4-mm DSR 
testing technique 

 

Prior to starting the actual experiments on the research samples, the repeatability of the 
4-mm DSR test results was established. The main scope of this analysis was to ensure 
that consistent test results could be obtained by using the specimen preparation and 
measurement protocols described in Appendix B. A more extensive repeatability and 
reproducibility analysis for the 4-mm DSR measurement technique will be performed in 
the forthcoming round robin study organized by the Federal Highway Administration 
(FHWA) Asphalt Binder Expert Task Group (ETG). 

Figure E1 shows results from three replicate frequency sweep measurements on 
bitumen B-18 in the temperature range of 10 °C to -40 °C. Different colors are used to 
indicate different replicates. It can be concluded that the test repeatability is relatively 
good regarding the very small diameter of the test geometry. Based on this limited 
analysis, the relative standard deviation of the repeatability of G* values is expected to 
be not more than 5 %. This implies that the measured values of G* are expected to be 
within ±7 % of the true values at a confidence level of 95 %, i.e. d2s value is estimated 
to be 14 %. In the case of tan δ values, the repeatability appears to be even better than 
this. This may be due to the fact that G* values are influenced by errors in specimen 
dimensions (i.e. in specimen trimming in this case), while tan δ values are not affected 
by the dimensional errors [E1]. Finally, it should be noted that experimental errors 
appear to be largest at the highest measurement temperature of 10 °C. In general, 
however, the 4-mm parallel plate geometry is used only at temperatures at and below 0 
°C, whereas the 8-mm parallel plate fixture is typically used at 10 °C and above.  

 

        

Figure E1. Repeatability of (a) G* and (b) tan δ values measured with the 4-mm 
parallel plate geometry in the temperature range of 10 °C to -40 °C. Three replicate 
measurements are shown in different colors. 
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Appendix F. Consistency analysis of the 
interlaboratory rheological data measured with 4-mm 
and 8-mm parallel plate geometries 

 
 
Two different rheometers located at two different laboratories were used to measure 
rheological properties of the investigated bitumens at different temperature ranges: a 
Malvern Kinexus Pro rheometer equipped with 4-mm parallel plate geometry was used 
to characterize low-temperature rheological properties, while intermediate- and high-
temperature rheological data were obtained using a Paar Physica MCR 500 rheometer 
with 8-mm and 25-mm parallel plate geometries. In some of the analyses presented in 
this thesis the data measured with the two rheometers were combined to extend the 
experimental temperature range. For this reason, it was important to establish the 
consistency of the interlaboratory rheological data. Figure F1 shows a comparison 
between G* data obtained with 4-mm and 8-mm parallel plate geometries was made at 0 
°C and 1 Hz. This temperature-frequency combination was selected since the stiffness 
of all the investigated bitumens were expected to be in the measurable range of both 4-
mm and 8-mm parallel plate geometries at these measurement conditions. It is observed 
that G* values are systematically higher when measured with 4-mm parallel plates 
rather than with 8-mm parallel plates. However, the deviation is not great; in no case is 
the relative difference larger than 32 %. Considering the fact that the two data sets were 
collected by two different operators with two different rheometers at two different 
laboratories and using slightly different specimen preparation techniques, the 
consistency of the interlaboratory rheological data can be considered to be excellent. 
Consequently, the data measured with the two different rheometers can be combined 
and analyzed without any instrument corrections. 

 

 
Figure F1. Consistency of G* data measured at 0 °C and 1 Hz with 4-mm and 8-mm 
parallel plate geometries. 
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Appendix G. Processing of DSC data: Determination 
of Tg,onset, Tg,mid, Tg,end, ΔCp and melting enthalpy 

 

The glass transition related temperatures Tg,onset, Tg,mid and Tg,end were determined from 
the DSC heating scan using the so-called mid-point method (see the green box in Figure 
G1). First, baselines (tangents) of the heat flow curve above and below the glass 
transition region are drawn. Note that above Tg the baseline is taken above the melting 
range of bitumen wax, i.e. from the right side of the blue-shaded area in Figure G1. The 
shift in the baseline of the heat flow curve at the glass transition is determined. Further, 
when the shift in the heat flow baseline is normalized with respect to sample weight and 
heating rate, Equation G1, the heat capacity change ΔCp at Tg is obtained. 

 

∆𝐶𝑝 = 
shift in heat flow baseline

sample weight
 
d𝑡

d𝑇
                                                                                (G1) 

 

where dt/dT = the inverse of the heating rate [s/K] 

 

The temperature at which the heat capacity change is half the total heat capacity change 
ΔCp of the glass transition is the mid-point glass transition temperature Tg,mid. Finally, a 
tangent is drawn to the heat flow curve at Tg,mid. The onset temperature of the glass 
transition, Tg,onset, is defined as the temperature at which the baseline below the glass 
transition intersects the tangent drawn at Tg,mid. The endset temperature of the glass 
transition, Tg,end, is similarly defined using the tangent above the glass transition region. 
Note that in this study Tg,mid is used as the definition of the glass transition temperature 
Tg. 
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Figure G1. Total heat flow curves of bitumen B-12 illustrating the determination of the 
glass transition related parameters Tg,onset, Tg,mid, Tg,end and ΔCp (see the green box), and 
the melting enthalpy of the crystalline fraction of bitumen (see the yellow box). 
 
 
Also the melting enthalpy of the crystalline fraction of bitumen (bitumen wax) is 
determined from the DSC heating scan, see the yellow box in Figure G1. Put simply, 
the melt baseline is extrapolated to lower temperatures until it intersects the heat flow 
curve, and the melting enthalpy is then defined as the area between the heat flow curve 
and extrapolated melt baseline. 

Cold crystallization of bitumen waxes was observed in most of the investigated 
bitumens, see Table 4. The cold crystallization was detected as an exothermic event in 
the heating curve directly in or at the end of the glass transition. According to Masson et 
al. [G1], in this process the small and imperfect crystals that formed upon cooling melt 
and recrystallize to larger crystals with higher melting points. 
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Appendix H. Calibration of GPC with narrow 
polystyrene standards 

 

The GPC used in this study was calibrated with narrow polystyrene standards. The 
calibration curve is shown in Figure H1. 

 

 

Figure H1. GPC calibration curve using narrow polystyrene standards. 
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Appendix I. Processing of GPC data: Calculation of 
Mw, Mn, Mz, Mz+1 and Mw/Mn parameters, and division of 
GPC profiles into SMS, MMS and LMS fractions 

 

The molecular weight characteristics of polymeric materials are often expressed in 
terms of different molecular weight parameters. The definitions of these molecular 
weight averages are given in the following: 

Number-average molecular weight: 

 

𝑀𝑛 = 
∑𝑁𝑖𝑀𝑖

∑𝑁𝑖
                                                                                                                              (I1) 

 

Weight-average molecular weight: 

 

𝑀𝑤 = 
∑𝑁𝑖𝑀𝑖

2

∑𝑁𝑖𝑀𝑖
                                                                                                                            (I2) 

 

Z-average molecular weight: 

 

𝑀𝑧 = 
∑𝑁𝑖𝑀𝑖

3

∑𝑁𝑖𝑀𝑖
2                                                                                                                              (I3) 

 

Z+1-average molecular weight: 

 

𝑀𝑧+1 = 
∑𝑁𝑖𝑀𝑖

4

∑𝑁𝑖𝑀𝑖
3                                                                                                                          (I4) 

 

where Ni is the number of molecules whose weight is Mi. It is easy to see that Mn, Mw, 
Mz and Mz+1 are the first, second, third and fourth moments of average molar weight, 
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respectively. If the material is not perfectly monodisperse (that is typically the case), the 
following holds: Mn < Mw < Mz < Mz+1. Further, it is well known that Mn parameter is 
sensitive to low molecular weight molecules, while higher molecular weight 
components have a more pronounced effect on the values of Mw, and especially on those 
of Mz and Mz+1. The polydispersity, which is a measure of the breadth of the polymer 
molecular weight distribution, is defined as the ratio of the weight- and number-average 
molecular weights, Mw/Mn. 

Moreover, the molecular weight distributions of the investigated bitumens were 
characterized by calculating the relative amounts of the small molecular size (SMS), 
medium molecular size (MMS) and large molecular size (LMS) species in bitumen. The 
division into these fractions was made by dividing the area below the chromatogram 
into three sections as shown in Figure I1. Consequently, SMS fraction represents the 
portion of species that have an apparent molecular weight of less than 5410 g mol-1 
(elution time of more than 16.5 min), MMS fraction corresponds to apparent molecular 
weights between 5410 g mol-1 (elution time of 16.5 min) and 21200 g mol-1 (elution 
time of 14.5 min), and LMS fraction corresponds to apparent molecular weights greater 
than 21200 g mol-1 (elution time of less than 14.5 min). 

 

 

Figure I1. Illustration of the division of a GPC profile into SMS, MMS and LMS 
fractions. 
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Appendix J. Determination of the C=C peak area from 
the FT-IR data 

 

The main parameter used in this paper was the absorption at 1600 cm-1, which is related 
to the stretching vibration of C=C bonds. In bitumen, this region can be attributed to 
carbon-carbon stretching vibrations in the aromatic ring, since bitumen is known not to 
contain isolated double bonds [J1]. In this study, the area at 1600 cm-1 was integrated 
using a fixed wavenumber limit of 1637–1638 cm-1 up to the minimum after the signal. 
The fixed limit was used to reduce interference from C=O signals at 1700 cm-1, which 
may become large after aging. An example of this integration is illustrated in Figure J1. 
A repeatability check using 6 repeats resulted in a standard deviation for area at 1600 
cm-1 of 0.05. 
 
 

 
 
Figure J1. Example of the determination of the C=C peak area from the FT-IR 
spectrum [J2]. 
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Appendix K. Analytical solutions of m and Eg with 
respect to the Kaelble-WLF parameters 

 

The Kaelble-WLF equation is as follows: 

 

log 𝑎𝑇 = −𝑐1 (
𝑇 − 𝑇𝑑

𝑐2 + |𝑇 − 𝑇𝑑|
−

𝑇𝑟 − 𝑇𝑑

𝑐2 + |𝑇𝑟 − 𝑇𝑑|
)                                                                (K1) 

 

It is noted that the second term inside the parenthesis of Equation K1 does not contain T 
as a variable. Here it is also pointed out that the calculation of m is essentially a 
derivation of the shift factor function with respect to the function Tg/T. As Tg/T contains 
only T as a variable, the second term inside the parenthesis of Equation K1 equals zero 
when differentiated with respect to this function. Hence, this part of the Kaelble-WLF 
equation can be omitted when deriving the analytical solution of m with respect to the 
Kaelble-WLF parameters, and in this particular case Equation K1 reduces to:  

 

log 𝑎𝑇 =
−𝑐1(𝑇 − 𝑇𝑑)

𝑐2 + |𝑇 − 𝑇𝑑|
                                                                                                            (K2) 

 

When T ≤ Td, Equation K2 can be written in the following form: 

 

log 𝑎𝑇 =
−𝑐1(𝑇 − 𝑇𝑑)

𝑐2 − 𝑇 + 𝑇𝑑
=

−𝑐1𝑇𝑔 (
𝑇
𝑇𝑔

) + 𝑐1𝑇𝑑

𝑐2 − 𝑇𝑔 (
𝑇
𝑇𝑔

) + 𝑇𝑑

                                                                    (K3) 

 

By substituting 

 

𝑢 =
𝑇𝑔

𝑇
⇔ 𝑢−1 =

𝑇

𝑇𝑔
                                                                                                                  (K4) 

 

into Equation K3, Equation K5 is obtained: 
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log 𝑎𝑇 =
−𝑐1𝑇𝑔𝑢−1 + 𝑐1𝑇𝑑

𝑐2 − 𝑇𝑔𝑢−1 + 𝑇𝑑
                                                                                                    (K5) 

 

Now the definition of dynamic fragility 

 

𝑚 = [
𝑑 log 𝑥

𝑑 (
𝑇𝑔

𝑇 )

]

𝑇=𝑇𝑔

                                                                                                                    (K6) 

 
 
where x is selected to be horizontal shift factor aT, can be expressed in the following 
form: 
 

𝑚 = [
𝑑 log 𝑎𝑇

𝑑𝑢
]
𝑇=𝑇𝑔

=

[
 
 
 
 𝑑 (

−𝑐1𝑇𝑔𝑢−1 + 𝑐1𝑇𝑑

𝑐2 − 𝑇𝑔𝑢−1 + 𝑇𝑑
)

𝑑𝑢

]
 
 
 
 

𝑇=𝑇𝑔

= [
(𝑐1𝑇𝑔𝑢−2)(𝑐2 − 𝑇𝑔𝑢−1 + 𝑇𝑑) − (−𝑐1𝑇𝑔𝑢−1 + 𝑐1𝑇𝑑)(𝑇𝑔𝑢−2)

(𝑐2 − 𝑇𝑔𝑢−1 + 𝑇𝑑)
2 ]

𝑇=𝑇𝑔

                       (K7) 

 
 
Further, after simplification, the equation for dynamic fragility acquires the following 
form: 

 

𝑚 = [
𝑐1𝑐2𝑇𝑔𝑢−2

(𝑐2 − 𝑇𝑔𝑢−1 + 𝑇𝑑)
2]

𝑇=𝑇𝑔

                                                                                            (K8) 

 

After backsubstitution 

 

𝑢−1 =
𝑇

𝑇𝑔
                                                                                                                                     (K9) 
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is performed and the resulting equation simplified, dynamic fragility can be expressed 
as follows: 

 

𝑚 =

[
 
 
 𝑐1𝑐2

𝑇2

𝑇𝑔

(𝑐2 − 𝑇 + 𝑇𝑑)2

]
 
 
 

𝑇=𝑇𝑔

                                                                                                   (K10) 

 

When considering that the dynamic fragility is determined at T = Tg, the final solution is 
obtained: 

 

𝑚 =
𝑐1

𝑔
𝑐2

𝑔
𝑇𝑔

(𝑐2
𝑔

− 𝑇𝑔 + 𝑇𝑑)2
                                                                                                            (K11) 

 

In the above equation the superscript “g” denotes the fact that the equation is evaluated 
at T = Tg. It should be remembered that in the above solution Tg ≤ Td is assumed. 

Correspondingly, when T ≥ Td, Equation K2 can be written as follows: 

 

log 𝑎𝑇 =
−𝑐1(𝑇 − 𝑇𝑑)

𝑐2 + 𝑇 − 𝑇𝑑
                                                                                                           (K12) 

 

In this case the derivation of m follows the same steps outlined in Equations K3-K10, 
only some sign changes are required. Finally, an equation equivalent to Equation K11 is 
obtained: 

 

𝑚 =
𝑐1

𝑔
𝑐2

𝑔
𝑇𝑔

(𝑐2
𝑔

+ 𝑇𝑔 − 𝑇𝑑)2
                                                                                                            (K13) 

 

Finally, considering the boundary conditions of the above analyses, it is noticed that 
Equations K11 and K13 can be combined as follows: 
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𝑚 =
𝑐1

𝑔
𝑐2

𝑔
𝑇𝑔

(𝑐2
𝑔

+ |𝑇𝑑 − 𝑇𝑔|)
2                                                                                                          (K14) 

 

Consequently, Equation K14 is valid in all conditions, i.e. both when Tg ≤ Td and when 
Tg > Td. 

Also the apparent activation energy Eg at Tg could be solved analytically with respect to 
the Kaelble-WLF parameters by the derivation of shift factor equation. However, it is 
much more straightforward to derive the solution by making use of the well-known 
relationship between Eg and m: 

 

𝐸𝑔 = 𝑙𝑛 10𝑅𝑇𝑔𝑚                                                                                                                    (K15) 

 

By substituting Equation K14 into Equation K15, the analytical solution of the apparent 
activation energy at Tg with respect to the Kaelble-WLF parameters is obtained: 

 

𝐸𝑔 =
𝑙𝑛 (10)𝑐1

𝑔
𝑐2

𝑔
𝑅𝑇𝑔

2

(𝑐2
𝑔

+ |𝑇𝑑 − 𝑇𝑔|)
2                                                                                                         (K16) 
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Appendix L. Data of the 4-mm DSR measurements 

 

This appendix presents the frequency sweep data collected at low temperatures using 
the 4-mm parallel plate fixture. The data both with (bolded text) and without (unbolded 
text) radial instrument compliance correction (Jinstrument = 0.00964 rad N-1 m-1) is shown. 
The stiffest bitumen samples (Pen ≤ 15) were observed to slip on the rheometer plates 
during the frequency sweeps at the lowest measurement temperatures; this data is not 
shown. Note that bad data points have been cleaned from the compliance corrected data 
sets. 
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B-1
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 2.546E+08 17.69 10 10 2.635E+08 18.33
10 4.641 2.185E+08 18.77 10 4.641 2.250E+08 19.35
10 2.154 1.852E+08 19.99 10 2.154 1.897E+08 20.51
10 1 1.550E+08 21.13 10 1 1.582E+08 21.58
10 0.4641 1.295E+08 22.27 10 0.4641 1.316E+08 22.66
10 0.2154 1.066E+08 23.35 10 0.2154 1.080E+08 23.69
10 0.1 8.708E+07 24.50 10 0.1 8.805E+07 24.79
10 0.04641 7.071E+07 25.74 10 0.04641 7.134E+07 25.99
10 0.02154 5.650E+07 27.10 10 0.02154 5.690E+07 27.31
10 0.01 4.466E+07 28.37 10 0.01 4.491E+07 28.54
0 10 4.639E+08 11.67 0 10 4.950E+08 12.47
0 4.641 4.199E+08 12.79 0 4.641 4.451E+08 13.57
0 2.154 3.754E+08 14.04 0 2.154 3.953E+08 14.80
0 1 3.311E+08 15.24 0 1 3.464E+08 15.96
0 0.4641 2.901E+08 16.46 0 0.4641 3.017E+08 17.14
0 0.2154 2.510E+08 17.63 0 0.2154 2.596E+08 18.26
0 0.1 2.145E+08 18.87 0 0.1 2.207E+08 19.44
0 0.04641 1.830E+08 20.00 0 0.04641 1.875E+08 20.50
0 0.02154 1.534E+08 21.19 0 0.02154 1.565E+08 21.64
0 0.01 1.272E+08 22.64 0 0.01 1.293E+08 23.04

-10 10 7.287E+08 5.98 -10 10 8.099E+08 6.65
-10 4.641 6.915E+08 6.98 -10 4.641 7.641E+08 7.72
-10 2.154 6.493E+08 7.98 -10 2.154 7.127E+08 8.77
-10 1 5.998E+08 9.00 -10 1 6.533E+08 9.81
-10 0.4641 5.612E+08 10.09 -10 0.4641 6.076E+08 10.94
-10 0.2154 5.080E+08 11.35 -10 0.2154 5.456E+08 12.20
-10 0.1 4.594E+08 12.14 -10 0.1 4.898E+08 12.96
-10 0.04641 4.148E+08 13.49 -10 0.04641 4.393E+08 14.31
-10 0.02154 3.631E+08 16.20 -10 0.01 3.389E+08 16.96
-10 0.01 3.243E+08 16.21 -20 10 1.035E+09 3.53
-20 10 9.054E+08 3.09 -20 4.641 1.005E+09 4.21
-20 4.641 8.822E+08 3.70 -20 2.154 9.593E+08 4.85
-20 2.154 8.472E+08 4.28 -20 1 9.234E+08 5.67
-20 1 8.192E+08 5.03 -20 0.4641 8.804E+08 6.54
-20 0.4641 7.853E+08 5.83 -20 0.2155 8.330E+08 6.98
-20 0.2155 7.474E+08 6.26 -20 0.1 7.792E+08 8.29
-20 0.1 7.040E+08 7.48 -20 0.04642 7.171E+08 9.53
-20 0.04642 6.531E+08 8.67 -20 0.02154 6.762E+08 10.07
-20 0.02154 6.191E+08 9.21 -20 0.01 6.142E+08 11.87
-20 0.01 5.669E+08 10.94 -30 10 1.185E+09 1.75
-30 10 1.018E+09 1.51 -30 4.641 1.164E+09 2.36
-30 4.641 1.003E+09 2.03 -30 2.154 1.128E+09 2.82
-30 2.154 9.758E+08 2.44 -30 1 1.106E+09 3.33
-30 1 9.596E+08 2.88 -30 0.4641 1.080E+09 3.91
-30 0.4641 9.399E+08 3.40 -30 0.1 1.002E+09 5.20
-30 0.2155 9.012E+08 2.46 -30 0.02154 9.347E+08 7.10
-30 0.1 8.802E+08 4.57 -30 0.01 8.560E+08 7.74
-30 0.04642 8.482E+08 7.06
-30 0.02154 8.283E+08 6.29
-30 0.01 7.660E+08 6.92
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B-2
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 4.779E+08 10.37 10 10 5.111E+08 11.10
10 4.641 4.341E+08 11.81 10 4.641 4.612E+08 12.56
10 2.154 3.912E+08 13.50 10 2.154 4.129E+08 14.26
10 1 3.477E+08 15.29 10 1 3.646E+08 16.05
10 0.4641 3.035E+08 17.36 10 0.4641 3.162E+08 18.11
10 0.2154 2.608E+08 19.54 10 0.2154 2.700E+08 20.26
10 0.1 2.192E+08 22.10 10 0.1 2.255E+08 22.77
10 0.04641 1.816E+08 24.90 10 0.04641 1.858E+08 25.52
10 0.02154 1.465E+08 27.80 10 0.02154 1.492E+08 28.36
10 0.01 1.134E+08 31.43 10 0.01 1.149E+08 31.91
0 10 6.952E+08 4.71 0 10 7.690E+08 5.21
0 4.641 6.660E+08 5.61 0 4.641 7.332E+08 6.18
0 2.154 6.343E+08 6.54 0 2.154 6.949E+08 7.16
0 1 6.024E+08 7.52 0 1 6.566E+08 8.20
0 0.4641 5.616E+08 8.64 0 0.4641 6.083E+08 9.37
0 0.2154 5.223E+08 8.44 0 0.1 5.089E+08 12.02
0 0.1 4.760E+08 11.23 0 0.04641 4.579E+08 13.25
0 0.04641 4.313E+08 12.46 0 0.01 3.545E+08 17.94
0 0.02154 3.788E+08 16.00 -10 4.641 1.000E+09 2.73
0 0.01 3.387E+08 17.11 -10 2.154 9.566E+08 3.20

-10 10 8.922E+08 1.73 -10 1 9.310E+08 3.73
-10 4.641 8.785E+08 2.39 -10 0.4641 9.213E+08 4.32
-10 2.154 8.448E+08 2.83 -10 0.2154 8.796E+08 5.11
-10 1 8.249E+08 3.30 -10 0.1 8.380E+08 5.76
-10 0.4641 8.173E+08 3.83 -10 0.04641 8.063E+08 7.23
-10 0.2154 7.844E+08 4.56 -10 0.01 6.972E+08 8.93
-10 0.1 7.512E+08 5.16 -20 4.641 1.127E+09 1.50
-10 0.04641 7.259E+08 6.51 -20 2.154 1.105E+09 1.72
-10 0.02154 6.393E+08 11.77 -20 1 1.083E+09 2.03
-10 0.01 6.364E+08 8.14 -20 0.4641 1.077E+09 2.39
-20 10 9.802E+08 0.81 -20 0.2155 1.054E+09 3.06
-20 4.641 9.747E+08 1.30 -20 0.1 1.034E+09 3.48
-20 2.154 9.586E+08 1.49 -20 0.02154 9.859E+08 4.12
-20 1 9.420E+08 1.77 -20 0.01 9.335E+08 4.79
-20 0.4641 9.371E+08 2.08
-20 0.2155 9.199E+08 2.67
-20 0.1 9.044E+08 3.05
-20 0.04642 8.843E+08 4.19
-20 0.02154 8.677E+08 3.62
-20 0.01 8.270E+08 4.24
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B-3
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 2.662E+08 18.25 10 10 2.758E+08 18.93
10 4.641 2.264E+08 20.64 10 4.641 2.333E+08 21.29
10 2.154 1.889E+08 23.35 10 2.154 1.935E+08 23.95
10 1 1.538E+08 26.18 10 1 1.568E+08 26.73
10 0.4641 1.212E+08 29.33 10 0.4641 1.230E+08 29.80
10 0.2154 9.373E+07 32.62 10 0.2154 9.476E+07 33.03
10 0.1 7.047E+07 36.15 10 0.1 7.103E+07 36.48
10 0.04641 5.151E+07 39.96 10 0.04641 5.179E+07 40.22
10 0.02154 3.601E+07 44.17 10 0.02154 3.614E+07 44.37
10 0.01 2.433E+07 48.43 10 0.01 2.438E+07 48.58
0 10 4.877E+08 9.05 0 10 5.225E+08 9.70
0 4.641 4.500E+08 10.40 0 4.641 4.793E+08 11.09
0 2.154 4.114E+08 12.05 0 2.154 4.356E+08 12.77
0 1 3.704E+08 13.87 0 1 3.898E+08 14.61
0 0.4641 3.264E+08 15.80 0 0.4641 3.412E+08 16.53
0 0.2154 2.843E+08 17.85 0 0.2154 2.953E+08 18.57
0 0.1 2.425E+08 20.32 0 0.1 2.503E+08 21.01
0 0.04641 2.033E+08 23.01 0 0.04641 2.087E+08 23.66
0 0.02154 1.658E+08 25.54 0 0.02154 1.693E+08 26.12
0 0.01 1.316E+08 29.30 0 0.01 1.338E+08 29.82

-10 10 7.297E+08 3.77 -10 10 8.115E+08 4.19
-10 4.641 7.103E+08 4.27 -10 4.641 7.875E+08 4.73
-10 2.154 6.692E+08 5.11 -10 2.154 7.372E+08 5.63
-10 1 6.408E+08 6.23 -10 1 7.027E+08 6.83
-10 0.4641 6.173E+08 6.93 -10 0.4641 6.745E+08 7.57
-10 0.2154 5.824E+08 7.99 -10 0.2154 6.328E+08 8.69
-10 0.1 5.417E+08 9.51 -10 0.1 5.850E+08 10.27
-10 0.04641 4.996E+08 11.37 -10 0.04641 5.359E+08 12.21
-10 0.02154 4.553E+08 16.13 -10 0.01 4.320E+08 15.44
-10 0.01 4.084E+08 14.58 -20 10 9.672E+08 1.99
-20 10 8.530E+08 1.75 -20 4.641 9.524E+08 2.35
-20 4.641 8.416E+08 2.07 -20 2.154 9.233E+08 2.77
-20 2.154 8.188E+08 2.46 -20 1 9.036E+08 3.30
-20 1 8.033E+08 2.93 -20 0.4641 8.869E+08 3.78
-20 0.4641 7.901E+08 3.37 -20 0.2155 8.548E+08 4.61
-20 0.2155 7.646E+08 4.12 -20 0.1 8.266E+08 5.15
-20 0.1 7.420E+08 4.62 -20 0.04642 7.970E+08 6.03
-20 0.04642 7.181E+08 5.43 -20 0.01 7.014E+08 8.80
-20 0.02154 6.915E+08 5.87 -30 10 1.058E+09 1.06
-20 0.01 6.400E+08 8.02 -30 4.641 1.049E+09 1.34
-30 10 9.230E+08 0.93 -30 2.154 1.028E+09 1.59
-30 4.641 9.163E+08 1.17 -30 1 1.009E+09 1.91
-30 2.154 9.001E+08 1.39 -30 0.4641 1.005E+09 2.25
-30 1 8.856E+08 1.67 -30 0.2155 9.882E+08 2.77
-30 0.4641 8.825E+08 1.97 -30 0.02154 9.340E+08 4.27
-30 0.2155 8.694E+08 2.43 -30 0.01 8.844E+08 4.69
-30 0.1 8.495E+08 2.56
-30 0.04642 8.338E+08 2.31
-30 0.02154 8.273E+08 3.78
-30 0.01 7.882E+08 4.18
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B-4
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 1.541E+08 21.94 10 10 1.572E+08 22.41
10 4.641 1.273E+08 24.06 10 4.641 1.293E+08 24.48
10 2.154 1.035E+08 25.95 10 2.154 1.048E+08 26.32
10 1 8.291E+07 27.91 10 1 8.376E+07 28.22
10 0.4641 6.528E+07 30.02 10 0.4641 6.579E+07 30.28
10 0.2154 5.072E+07 32.27 10 0.2154 5.103E+07 32.48
10 0.1 3.894E+07 34.63 10 0.1 3.911E+07 34.81
10 0.04641 2.922E+07 37.16 10 0.04641 2.932E+07 37.30
10 0.02154 2.146E+07 40.01 10 0.02154 2.151E+07 40.12
10 0.01 1.549E+07 43.06 10 0.01 1.552E+07 43.15
0 10 3.423E+08 13.68 0 10 3.588E+08 14.35
0 4.641 3.040E+08 15.30 0 4.641 3.168E+08 15.96
0 2.154 2.662E+08 16.80 0 2.154 2.759E+08 17.44
0 1 2.301E+08 18.46 0 1 2.373E+08 19.06
0 0.4641 1.954E+08 19.96 0 0.4641 2.005E+08 20.50
0 0.2154 1.643E+08 21.67 0 0.2154 1.679E+08 22.16
0 0.1 1.365E+08 23.47 0 0.1 1.389E+08 23.91
0 0.04641 1.118E+08 25.32 0 0.04641 1.134E+08 25.70
0 0.02154 8.951E+07 27.82 0 0.02154 9.050E+07 28.15
0 0.01 7.093E+07 30.14 0 0.01 7.154E+07 30.43

-10 10 6.168E+08 7.28 -10 10 6.738E+08 7.96
-10 4.641 5.785E+08 8.42 -10 4.641 6.283E+08 9.15
-10 2.154 5.386E+08 9.51 -10 2.154 5.813E+08 10.27
-10 1 4.836E+08 10.58 -10 1 5.177E+08 11.34
-10 0.4641 4.478E+08 11.80 -10 0.4641 4.767E+08 12.58
-10 0.2154 3.979E+08 11.94 -10 0.1 3.776E+08 15.03
-10 0.1 3.594E+08 14.29 -10 0.02154 2.910E+08 18.66
-10 0.04641 3.140E+08 15.05 -10 0.01 2.468E+08 19.95
-10 0.02154 2.802E+08 17.95 -20 10 9.138E+08 4.40
-10 0.01 2.391E+08 19.31 -20 4.641 8.846E+08 5.14
-20 10 8.114E+08 3.90 -20 2.154 8.331E+08 5.95
-20 4.641 7.884E+08 4.58 -20 1 7.930E+08 6.98
-20 2.154 7.473E+08 5.34 -20 0.4641 7.535E+08 7.63
-20 1 7.150E+08 6.29 -20 0.2155 7.070E+08 8.58
-20 0.4641 6.829E+08 6.91 -20 0.1 6.556E+08 9.20
-20 0.2155 6.446E+08 7.82 -20 0.02154 5.637E+08 11.54
-20 0.1 6.016E+08 8.44 -20 0.01 5.059E+08 13.14
-20 0.04642 5.548E+08 8.42 -30 10 1.078E+09 2.42
-20 0.02154 5.236E+08 10.71 -30 4.641 1.062E+09 2.97
-20 0.01 4.736E+08 12.29 -30 2.154 1.033E+09 3.55
-30 10 9.382E+08 2.11 -30 1 9.861E+08 4.31
-30 4.641 9.257E+08 2.59 -30 0.4641 9.629E+08 4.61
-30 2.154 9.041E+08 3.11 -30 0.1 8.851E+08 5.86
-30 1 8.679E+08 3.80 -30 0.01 7.463E+08 8.58
-30 0.4641 8.499E+08 4.07
-30 0.2155 8.132E+08 4.00
-30 0.1 7.889E+08 5.22
-30 0.04642 7.589E+08 7.34
-30 0.02154 7.185E+08 6.04
-30 0.01 6.770E+08 7.78
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B-5
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 2.485E+08 19.24 10 10 2.568E+08 19.91
10 4.641 2.091E+08 22.05 10 4.641 2.148E+08 22.69
10 2.154 1.713E+08 24.78 10 2.154 1.750E+08 25.37
10 1 1.352E+08 27.60 10 1 1.375E+08 28.11
10 0.4641 1.077E+08 30.80 10 0.4641 1.091E+08 31.25
10 0.2154 8.218E+07 34.07 10 0.2154 8.296E+07 34.44
10 0.1 6.124E+07 37.66 10 0.1 6.165E+07 37.96
10 0.04641 4.420E+07 41.38 10 0.04641 4.441E+07 41.61
10 0.02154 3.061E+07 45.57 10 0.02154 3.070E+07 45.74
10 0.01 2.051E+07 49.90 10 0.01 2.055E+07 50.03
0 10 4.752E+08 9.63 0 10 5.081E+08 10.31
0 4.641 4.361E+08 11.49 0 4.641 4.635E+08 12.23
0 2.154 3.942E+08 13.19 0 2.154 4.163E+08 13.95
0 1 3.482E+08 15.08 0 1 3.652E+08 15.83
0 0.4641 3.072E+08 17.09 0 0.4641 3.201E+08 17.83
0 0.2154 2.641E+08 19.14 0 0.2154 2.735E+08 19.85
0 0.1 2.233E+08 21.73 0 0.1 2.299E+08 22.41
0 0.04641 1.833E+08 24.47 0 0.04641 1.876E+08 25.09
0 0.02154 1.483E+08 27.37 0 0.02154 1.510E+08 27.92
0 0.01 1.162E+08 30.78 0 0.01 1.178E+08 31.26

-10 10 6.626E+08 3.99 -10 10 7.293E+08 4.39
-10 4.641 6.403E+08 4.93 -10 4.641 7.023E+08 5.41
-10 2.154 6.246E+08 5.78 -10 2.154 6.833E+08 6.33
-10 1 5.894E+08 6.74 -10 1 6.413E+08 7.34
-10 0.4641 5.497E+08 7.82 -10 0.4641 5.945E+08 8.46
-10 0.2154 5.133E+08 8.22 -10 0.1 5.073E+08 11.52
-10 0.1 4.746E+08 10.77 -10 0.02154 4.007E+08 16.40
-10 0.04641 4.364E+08 11.04 -10 0.01 3.606E+08 16.60
-10 0.02154 3.804E+08 15.55 -20 10 8.720E+08 2.13
-10 0.01 3.441E+08 15.82 -20 4.641 8.613E+08 2.64
-20 10 7.781E+08 1.90 -20 2.154 8.423E+08 3.15
-20 4.641 7.697E+08 2.36 -20 1 8.310E+08 3.56
-20 2.154 7.544E+08 2.82 -20 0.4641 7.913E+08 4.21
-20 1 7.454E+08 3.19 -20 0.1 7.294E+08 5.87
-20 0.4641 7.134E+08 3.79 -20 0.02154 6.731E+08 7.53
-20 0.2155 6.856E+08 3.32 -20 0.01 6.247E+08 8.37
-20 0.1 6.628E+08 5.33 -30 10 9.666E+08 1.10
-20 0.04642 6.636E+08 7.07 -30 4.641 9.546E+08 1.51
-20 0.02154 6.161E+08 6.89 -30 2.154 9.466E+08 1.81
-20 0.01 5.754E+08 7.71 -30 1 9.309E+08 2.23
-30 10 8.525E+08 0.97 -30 0.4641 9.093E+08 2.51
-30 4.641 8.432E+08 1.33 -30 0.1 8.699E+08 3.32
-30 2.154 8.369E+08 1.60 -30 0.04642 8.458E+08 3.94
-30 1 8.247E+08 1.97 -30 0.01 7.657E+08 5.94
-30 0.4641 8.077E+08 2.23
-30 0.2155 7.864E+08 1.46
-30 0.1 7.765E+08 2.96
-30 0.04642 7.573E+08 3.53
-30 0.02154 7.358E+08 3.74
-30 0.01 6.926E+08 5.37
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B-6
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 2.038E+08 24.22 10 10 2.092E+08 24.90
10 4.641 1.643E+08 26.83 10 4.641 1.677E+08 27.43
10 2.154 1.297E+08 29.45 10 2.154 1.317E+08 29.97
10 1 9.990E+07 32.04 10 1 1.011E+08 32.47
10 0.4641 7.535E+07 34.82 10 0.4641 7.600E+07 35.17
10 0.2154 5.575E+07 37.60 10 0.2154 5.609E+07 37.87
10 0.1 4.024E+07 40.47 10 0.1 4.041E+07 40.68
10 0.04641 2.807E+07 43.50 10 0.04641 2.815E+07 43.65
10 0.02154 1.906E+07 46.70 10 0.02154 1.909E+07 46.81
10 0.01 1.272E+07 49.89 10 0.01 1.273E+07 49.96
0 10 4.501E+08 13.32 0 10 4.791E+08 14.20
0 4.641 3.996E+08 15.50 0 4.641 4.221E+08 16.40
0 2.154 3.498E+08 17.55 0 2.154 3.667E+08 18.43
0 1 2.949E+08 19.77 0 1 3.066E+08 20.59
0 0.4641 2.494E+08 21.92 0 0.4641 2.577E+08 22.68
0 0.2154 2.053E+08 24.13 0 0.2154 2.108E+08 24.81
0 0.1 1.660E+08 26.67 0 0.1 1.694E+08 27.27
0 0.04641 1.306E+08 29.41 0 0.04641 1.327E+08 29.93
0 0.02154 1.009E+08 32.46 0 0.02154 1.021E+08 32.89
0 0.01 7.600E+07 34.98 0 0.01 7.666E+07 35.33

-10 10 7.406E+08 5.67 -10 10 8.247E+08 6.32
-10 4.641 7.032E+08 6.93 -10 4.641 7.784E+08 7.67
-10 2.154 6.620E+08 8.14 -10 2.154 7.279E+08 8.96
-10 1 6.205E+08 9.51 -10 1 6.779E+08 10.40
-10 0.4641 5.661E+08 10.91 -10 0.4641 6.132E+08 11.83
-10 0.2154 5.190E+08 12.52 -10 0.2154 5.581E+08 13.48
-10 0.1 4.632E+08 14.43 -10 0.1 4.938E+08 15.40
-10 0.04641 4.058E+08 16.89 -10 0.04641 4.288E+08 17.88
-10 0.02154 3.512E+08 18.65 -10 0.02154 3.682E+08 19.58
-10 0.01 3.048E+08 20.63 -10 0.01 3.173E+08 21.52
-20 10 9.324E+08 2.67 -20 10 1.070E+09 3.07
-20 4.641 9.152E+08 3.19 -20 4.641 1.048E+09 3.65
-20 2.154 8.803E+08 3.72 -20 2.154 1.002E+09 4.24
-20 1 8.583E+08 4.52 -20 1 9.735E+08 5.13
-20 0.4641 8.236E+08 5.38 -20 0.4641 9.290E+08 6.07
-20 0.2155 7.847E+08 5.89 -20 0.2155 8.798E+08 6.61
-20 0.1 7.413E+08 7.43 -20 0.1 8.252E+08 8.27
-20 0.04642 7.105E+08 12.41 -20 0.02154 7.205E+08 10.33
-20 0.02154 6.560E+08 9.40 -20 0.01 6.427E+08 12.71
-20 0.01 5.912E+08 11.68 -30 10 1.199E+09 1.46
-30 10 1.028E+09 1.25 -30 4.641 1.196E+09 1.90
-30 4.641 1.026E+09 1.63 -30 2.154 1.161E+09 2.32
-30 2.154 1.001E+09 2.00 -30 1 1.133E+09 2.62
-30 1 9.799E+08 2.27 -30 0.4641 1.115E+09 3.26
-30 0.4641 9.658E+08 2.82 -30 0.1 1.049E+09 4.12
-30 0.2155 9.290E+08 2.35 -40 10 1.292E+09 0.81
-30 0.1 9.164E+08 3.60 -40 4.641 1.291E+09 1.12
-30 0.04642 8.959E+08 5.04 -40 2.154 1.272E+09 1.37
-30 0.02154 8.394E+08 6.91 -40 1 1.256E+09 1.48
-30 0.01 8.404E+08 5.81 -40 0.4641 1.241E+09 1.90
-40 10 1.096E+09 0.68 -40 0.2155 1.224E+09 2.17
-40 4.641 1.095E+09 0.95 -40 0.1 1.194E+09 2.62
-40 2.154 1.081E+09 1.17 -40 0.04642 1.173E+09 3.23
-40 1 1.070E+09 1.26 -40 0.02154 1.161E+09 3.70
-40 0.4641 1.059E+09 1.62 -40 0.01 1.119E+09 4.69
-40 0.2155 1.047E+09 1.86
-40 0.1 1.025E+09 2.25
-40 0.04642 1.009E+09 2.78
-40 0.02154 1.001E+09 3.18
-40 0.01 9.690E+08 4.06
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B-7
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 8.921E+07 31.64 10 10 9.016E+07 32.02
10 4.641 6.768E+07 33.67 10 4.641 6.821E+07 33.97
10 2.154 5.012E+07 35.83 10 2.154 5.040E+07 36.07
10 1 3.670E+07 37.98 10 1 3.685E+07 38.16
10 0.4641 2.629E+07 40.11 10 0.4641 2.637E+07 40.24
10 0.2154 1.848E+07 42.26 10 0.2154 1.852E+07 42.36
10 0.1 1.275E+07 44.43 10 0.1 1.277E+07 44.50
10 0.04641 8.629E+06 46.58 10 0.04641 8.636E+06 46.63
10 0.02154 5.731E+06 48.78 10 0.02154 5.734E+06 48.82
10 0.01 3.750E+06 50.89 10 0.01 3.752E+06 50.91
0 10 2.393E+08 21.49 0 10 2.469E+08 22.21
0 4.641 1.988E+08 23.52 0 4.641 2.039E+08 24.16
0 2.154 1.595E+08 25.49 0 2.154 1.628E+08 26.04
0 1 1.273E+08 27.64 0 1 1.294E+08 28.12
0 0.4641 1.006E+08 29.82 0 0.4641 1.018E+08 30.22
0 0.2154 7.734E+07 31.90 0 0.2154 7.805E+07 32.23
0 0.1 5.832E+07 34.01 0 0.1 5.871E+07 34.27
0 0.04641 4.333E+07 36.12 0 0.04641 4.354E+07 36.32
0 0.02154 3.163E+07 38.48 0 0.02154 3.174E+07 38.64
0 0.01 2.258E+07 40.76 0 0.01 2.263E+07 40.88

-10 10 4.769E+08 11.49 -10 10 5.098E+08 12.29
-10 4.641 4.316E+08 13.22 -10 4.641 4.583E+08 14.06
-10 2.154 3.925E+08 15.06 -10 2.154 4.142E+08 15.92
-10 1 3.380E+08 17.06 -10 1 3.538E+08 17.88
-10 0.4641 2.891E+08 18.85 -10 0.4641 3.005E+08 19.62
-10 0.2154 2.439E+08 20.60 -10 0.2154 2.518E+08 21.30
-10 0.1 2.032E+08 23.01 -10 0.1 2.086E+08 23.66
-10 0.04641 1.662E+08 24.51 -10 0.04641 1.697E+08 25.07
-10 0.02154 1.338E+08 27.17 -10 0.02154 1.360E+08 27.67
-10 0.01 1.057E+08 29.35 -10 0.01 1.071E+08 29.77
-20 10 6.884E+08 5.93 -20 10 7.604E+08 6.55
-20 4.641 6.552E+08 6.91 -20 4.641 7.199E+08 7.60
-20 2.154 6.166E+08 8.17 -20 2.154 6.734E+08 8.93
-20 1 5.757E+08 9.48 -20 1 6.247E+08 10.30
-20 0.4641 5.259E+08 10.98 -20 0.4641 5.664E+08 11.84
-20 0.2155 4.793E+08 10.96 -20 0.1 4.546E+08 15.20
-20 0.1 4.285E+08 14.31 -20 0.04642 3.990E+08 17.00
-20 0.04642 3.789E+08 16.12 -20 0.02154 3.459E+08 18.78
-20 0.02154 3.309E+08 17.94 -20 0.01 2.866E+08 20.75
-20 0.01 2.763E+08 19.97 -30 10 9.423E+08 3.28
-30 10 8.337E+08 2.90 -30 4.641 9.157E+08 4.04
-30 4.641 8.129E+08 3.59 -30 2.154 8.865E+08 4.85
-30 2.154 7.898E+08 4.32 -30 1 8.542E+08 5.77
-30 1 7.642E+08 5.16 -30 0.4641 8.044E+08 6.76
-30 0.4641 7.243E+08 6.08 -30 0.2155 7.538E+08 7.82
-30 0.2155 6.831E+08 7.09 -30 0.1 6.997E+08 9.14
-30 0.1 6.386E+08 8.34 -30 0.04642 6.517E+08 10.63
-30 0.04642 5.986E+08 9.75 -30 0.02154 5.909E+08 12.69
-30 0.02154 5.471E+08 11.74 -40 10 1.064E+09 1.61
-30 0.01 4.909E+08 12.69 -40 4.641 1.046E+09 2.17
-40 10 9.273E+08 1.41 -40 2.154 1.032E+09 2.62
-40 4.641 9.136E+08 1.90 -40 1 1.013E+09 3.22
-40 2.154 9.032E+08 2.30 -40 0.4641 9.741E+08 3.88
-40 1 8.882E+08 2.82 -40 0.1 9.015E+08 5.38
-40 0.4641 8.585E+08 3.42 -40 0.02154 8.428E+08 7.80
-40 0.2155 8.359E+08 3.46 -40 0.01 7.739E+08 8.37
-40 0.1 8.018E+08 4.78
-40 0.04642 7.613E+08 3.92
-40 0.02154 7.554E+08 6.99
-40 0.01 6.997E+08 7.56
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B-8
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 1.514E+08 25.87 10 10 1.543E+08 26.40
10 4.641 1.204E+08 29.21 10 4.641 1.222E+08 29.69
10 2.154 9.306E+07 32.35 10 2.154 9.408E+07 32.75
10 1 7.006E+07 35.65 10 1 7.062E+07 35.98
10 0.4641 5.112E+07 39.21 10 0.4641 5.140E+07 39.47
10 0.2154 3.637E+07 42.93 10 0.2154 3.650E+07 43.12
10 0.1 2.521E+07 46.77 10 0.1 2.527E+07 46.91
10 0.04641 1.692E+07 50.85 10 0.04641 1.694E+07 50.96
10 0.02154 1.084E+07 55.08 10 0.02154 1.085E+07 55.15
10 0.01 6.713E+06 59.35 10 0.01 6.716E+06 59.40
0 10 3.565E+08 14.11 0 10 3.744E+08 14.84
0 4.641 3.137E+08 16.38 0 4.641 3.274E+08 17.12
0 2.154 2.699E+08 18.25 0 2.154 2.798E+08 18.95
0 1 2.301E+08 20.68 0 1 2.372E+08 21.34
0 0.4641 1.916E+08 23.31 0 0.4641 1.964E+08 23.93
0 0.2154 1.561E+08 25.99 0 0.2154 1.592E+08 26.54
0 0.1 1.242E+08 28.87 0 0.1 1.261E+08 29.35
0 0.04641 9.661E+07 31.97 0 0.04641 9.772E+07 32.38
0 0.02154 7.237E+07 35.58 0 0.02154 7.297E+07 35.92
0 0.01 5.352E+07 39.41 0 0.01 5.383E+07 39.68

-10 10 6.323E+08 6.43 -10 10 6.925E+08 7.04
-10 4.641 5.976E+08 7.62 -10 4.641 6.509E+08 8.31
-10 2.154 5.585E+08 8.85 -10 2.154 6.046E+08 9.59
-10 1 5.156E+08 10.16 -10 1 5.545E+08 10.94
-10 0.4641 4.751E+08 11.65 -10 0.4641 5.077E+08 12.46
-10 0.2154 4.231E+08 12.18 -10 0.1 4.029E+08 16.04
-10 0.1 3.824E+08 15.21 -10 0.04641 3.532E+08 17.79
-10 0.04641 3.375E+08 16.97 -10 0.02154 2.987E+08 20.01
-10 0.02154 2.875E+08 19.23 -10 0.01 2.506E+08 22.71
-10 0.01 2.428E+08 21.97 -20 10 9.183E+08 3.60
-20 10 8.149E+08 3.20 -20 4.641 8.905E+08 4.22
-20 4.641 7.930E+08 3.76 -20 2.154 8.501E+08 4.95
-20 2.154 7.609E+08 4.43 -20 1 8.113E+08 5.79
-20 1 7.297E+08 5.21 -20 0.4641 7.812E+08 6.68
-20 0.4641 7.054E+08 6.03 -20 0.2155 7.299E+08 7.76
-20 0.2155 6.634E+08 7.05 -20 0.1 6.818E+08 8.83
-20 0.1 6.236E+08 8.07 -20 0.04642 6.409E+08 10.35
-20 0.04642 5.894E+08 9.51 -20 0.01 5.251E+08 13.13
-20 0.02154 5.443E+08 10.09 -30 10 1.039E+09 1.82
-20 0.01 4.904E+08 12.24 -30 4.641 1.028E+09 2.34
-30 10 9.087E+08 1.59 -30 2.154 9.942E+08 2.80
-30 4.641 9.003E+08 2.05 -30 1 9.722E+08 3.26
-30 2.154 8.740E+08 2.46 -30 0.4641 9.516E+08 3.78
-30 1 8.570E+08 2.88 -30 0.1 8.844E+08 4.95
-30 0.4641 8.410E+08 3.34 -30 0.04642 8.601E+08 5.73
-30 0.2155 8.012E+08 2.81 -30 0.01 7.535E+08 8.38
-30 0.1 7.882E+08 4.41 -40 10 1.131E+09 1.11
-30 0.04642 7.690E+08 5.12 -40 4.641 1.124E+09 1.43
-30 0.02154 7.368E+08 5.49 -40 2.154 1.107E+09 1.61
-30 0.01 6.830E+08 7.59 -40 1 1.085E+09 1.96
-40 10 9.776E+08 0.96 -40 0.4641 1.079E+09 2.35
-40 4.641 9.729E+08 1.24 -40 0.2155 1.049E+09 2.87
-40 2.154 9.599E+08 1.40 -40 0.02154 9.653E+08 4.51
-40 1 9.434E+08 1.70 -40 0.01 9.515E+08 4.87
-40 0.4641 9.386E+08 2.04
-40 0.2155 9.164E+08 2.51
-40 0.1 8.986E+08 2.54
-40 0.04642 8.866E+08 4.82
-40 0.02154 8.518E+08 3.98
-40 0.01 8.411E+08 4.31
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B-9
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 7.094E+07 29.03 10 10 7.155E+07 29.30
10 4.641 5.510E+07 30.78 10 4.641 5.547E+07 31.01
10 2.154 4.229E+07 32.45 10 2.154 4.250E+07 32.63
10 1 3.195E+07 34.14 10 1 3.206E+07 34.29
10 0.4641 2.376E+07 35.89 10 0.4641 2.382E+07 36.00
10 0.2154 1.747E+07 37.72 10 0.2154 1.751E+07 37.81
10 0.1 1.267E+07 39.65 10 0.1 1.269E+07 39.71
10 0.04641 9.119E+06 41.67 10 0.04641 9.128E+06 41.72
10 0.02154 6.451E+06 43.75 10 0.02154 6.455E+06 43.79
10 0.01 4.448E+06 46.04 10 0.01 4.450E+06 46.06
0 10 1.886E+08 20.72 0 10 1.933E+08 21.27
0 4.641 1.570E+08 22.48 0 4.641 1.602E+08 22.97
0 2.154 1.293E+08 23.99 0 2.154 1.314E+08 24.42
0 1 1.049E+08 25.58 0 1 1.063E+08 25.95
0 0.4641 8.405E+07 27.07 0 0.4641 8.493E+07 27.38
0 0.2154 6.634E+07 28.67 0 0.2154 6.687E+07 28.93
0 0.1 5.190E+07 30.22 0 0.1 5.223E+07 30.42
0 0.04641 3.997E+07 31.93 0 0.04641 4.016E+07 32.10
0 0.02154 3.043E+07 33.69 0 0.02154 3.054E+07 33.82
0 0.01 2.283E+07 35.63 0 0.01 2.289E+07 35.73

-10 10 4.153E+08 12.96 -10 10 4.399E+08 13.74
-10 4.641 3.703E+08 14.46 -10 4.641 3.896E+08 15.23
-10 2.154 3.265E+08 15.91 -10 2.154 3.413E+08 16.65
-10 1 2.777E+08 17.36 -10 1 2.883E+08 18.04
-10 0.4641 2.426E+08 18.82 -10 0.4641 2.505E+08 19.46
-10 0.2154 2.060E+08 20.28 -10 0.2154 2.116E+08 20.86
-10 0.1 1.728E+08 21.54 -10 0.1 1.767E+08 22.05
-10 0.04641 1.404E+08 23.45 -10 0.04641 1.429E+08 23.90
-10 0.02154 1.166E+08 25.08 -10 0.02154 1.183E+08 25.48
-10 0.01 9.407E+07 26.68 -10 0.01 9.517E+07 27.02
-20 10 6.157E+08 8.22 -20 10 6.724E+08 8.98
-20 4.641 5.709E+08 9.44 -20 4.641 6.192E+08 10.25
-20 2.154 5.251E+08 10.70 -20 2.154 5.655E+08 11.54
-20 1 4.740E+08 12.10 -20 1 5.065E+08 12.94
-20 0.4641 4.290E+08 13.23 -20 0.4641 4.553E+08 14.06
-20 0.2155 3.832E+08 14.66 -20 0.2155 4.039E+08 15.47
-20 0.1 3.373E+08 15.87 -20 0.1 3.531E+08 16.64
-20 0.04642 3.005E+08 18.02 -20 0.02154 2.645E+08 19.46
-20 0.02154 2.556E+08 18.78 -20 0.01 2.249E+08 20.94
-20 0.01 2.185E+08 20.32 -30 10 8.908E+08 5.31
-30 10 7.933E+08 4.73 -30 4.641 8.494E+08 6.39
-30 4.641 7.605E+08 5.72 -30 2.154 8.020E+08 7.39
-30 2.154 7.224E+08 6.65 -30 1 7.430E+08 8.42
-30 1 6.743E+08 7.64 -30 0.4641 6.949E+08 9.53
-30 0.4641 6.346E+08 8.70 -30 0.1 5.847E+08 11.99
-30 0.2155 5.806E+08 8.08 -30 0.02154 4.722E+08 14.82
-30 0.1 5.417E+08 11.10 -30 0.01 4.080E+08 17.04
-30 0.04642 4.910E+08 11.30 -40 10 1.064E+09 3.27
-30 0.02154 4.440E+08 13.92 -40 4.641 1.035E+09 3.84
-30 0.01 3.871E+08 16.14 -40 2.154 9.918E+08 4.46
-40 10 9.277E+08 2.85 -40 1 9.551E+08 5.24
-40 4.641 9.056E+08 3.36 -40 0.4641 9.205E+08 6.11
-40 2.154 8.723E+08 3.92 -40 0.2155 8.716E+08 7.08
-40 1 8.440E+08 4.63 -40 0.04642 7.778E+08 9.19
-40 0.4641 8.169E+08 5.42 -40 0.01 6.475E+08 11.40
-40 0.2155 7.783E+08 6.32
-40 0.1 7.367E+08 6.89
-40 0.04642 7.030E+08 8.30
-40 0.02154 6.543E+08 10.36
-40 0.01 5.951E+08 10.47
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B-10
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 7.713E+07 32.25 10 10 7.783E+07 32.57
10 4.641 5.848E+07 34.16 10 4.641 5.888E+07 34.43
10 2.154 4.347E+07 36.03 10 2.154 4.368E+07 36.24
10 1 3.189E+07 38.02 10 1 3.200E+07 38.18
10 0.4641 2.301E+07 40.15 10 0.4641 2.307E+07 40.27
10 0.2154 1.630E+07 42.39 10 0.2154 1.633E+07 42.48
10 0.1 1.136E+07 44.78 10 0.1 1.137E+07 44.84
10 0.04641 7.762E+06 47.22 10 0.04641 7.768E+06 47.26
10 0.02154 5.193E+06 49.76 10 0.02154 5.196E+06 49.79
10 0.01 3.429E+06 52.24 10 0.01 3.430E+06 52.26
0 10 2.093E+08 22.81 0 10 2.150E+08 23.47
0 4.641 1.721E+08 24.09 0 4.641 1.759E+08 24.66
0 2.154 1.400E+08 25.67 0 2.154 1.425E+08 26.16
0 1 1.108E+08 27.24 0 1 1.123E+08 27.65
0 0.4641 8.823E+07 29.11 0 0.4641 8.918E+07 29.45
0 0.2154 6.876E+07 31.06 0 0.2154 6.932E+07 31.34
0 0.1 5.268E+07 33.05 0 0.1 5.301E+07 33.28
0 0.04641 3.971E+07 35.45 0 0.04641 3.989E+07 35.63
0 0.02154 2.931E+07 37.72 0 0.02154 2.940E+07 37.87
0 0.01 2.132E+07 40.34 0 0.01 2.137E+07 40.45

-10 10 4.320E+08 13.93 -10 10 4.586E+08 14.81
-10 4.641 3.818E+08 15.31 -10 4.641 4.023E+08 16.15
-10 2.154 3.355E+08 16.57 -10 2.154 3.511E+08 17.36
-10 1 2.948E+08 17.76 -10 1 3.066E+08 18.50
-10 0.4641 2.476E+08 19.31 -10 0.4641 2.559E+08 19.98
-10 0.2154 2.092E+08 20.85 -10 0.2154 2.150E+08 21.45
-10 0.1 1.742E+08 22.15 -10 0.1 1.781E+08 22.68
-10 0.04641 1.432E+08 24.74 -10 0.04641 1.459E+08 25.22
-10 0.02154 1.158E+08 26.51 -10 0.02154 1.175E+08 26.93
-10 0.01 9.335E+07 28.42 -10 0.01 9.442E+07 28.78
-20 10 6.306E+08 9.15 -20 10 6.900E+08 10.02
-20 4.641 5.852E+08 9.93 -20 4.641 6.358E+08 10.80
-20 2.154 5.409E+08 10.85 -20 2.154 5.837E+08 11.72
-20 1 4.900E+08 11.89 -20 1 5.248E+08 12.75
-20 0.4641 4.405E+08 12.89 -20 0.4641 4.683E+08 13.72
-20 0.2155 3.920E+08 13.52 -20 0.1 3.658E+08 16.34
-20 0.1 3.488E+08 15.56 -20 0.02154 2.750E+08 19.42
-20 0.04642 3.019E+08 17.92 -20 0.01 2.379E+08 20.93
-20 0.02154 2.654E+08 18.72 -30 10 9.041E+08 6.36
-20 0.01 2.308E+08 20.28 -30 4.641 8.549E+08 7.15
-30 10 8.040E+08 5.65 -30 2.154 8.115E+08 7.74
-30 4.641 7.650E+08 6.39 -30 1 7.564E+08 8.42
-30 2.154 7.302E+08 6.96 -30 0.4641 7.033E+08 9.15
-30 1 6.854E+08 7.63 -30 0.2155 6.465E+08 10.13
-30 0.4641 6.416E+08 8.34 -30 0.1 5.941E+08 11.09
-30 0.2155 5.941E+08 9.30 -30 0.01 4.363E+08 14.74
-30 0.1 5.497E+08 10.25 -40 10 1.077E+09 4.44
-30 0.04642 5.408E+08 9.34 -40 4.641 1.040E+09 4.83
-30 0.02154 4.633E+08 11.81 -40 2.154 9.966E+08 5.16
-30 0.01 4.122E+08 13.91 -40 1 9.622E+08 5.42
-40 10 9.372E+08 3.87 -40 0.4641 9.038E+08 5.98
-40 4.641 9.094E+08 4.23 -40 0.04642 7.729E+08 7.84
-40 2.154 8.761E+08 4.53 -40 0.02154 7.356E+08 8.82
-40 1 8.495E+08 4.79
-40 0.4641 8.038E+08 5.31
-40 0.2155 7.686E+08 5.25
-40 0.1 7.339E+08 6.09
-40 0.04642 6.987E+08 7.08
-40 0.02154 6.683E+08 8.01
-40 0.01 5.965E+08 10.58
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B-11
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 8.441E+07 33.14 10 10 8.524E+07 33.51
10 4.641 6.292E+07 36.51 10 4.641 6.336E+07 36.81
10 2.154 4.571E+07 39.87 10 2.154 4.593E+07 40.10
10 1 3.228E+07 43.38 10 1 3.238E+07 43.56
10 0.4641 2.207E+07 46.98 10 0.4641 2.212E+07 47.11
10 0.2154 1.469E+07 50.63 10 0.2154 1.471E+07 50.72
10 0.1 9.554E+06 54.30 10 0.1 9.562E+06 54.36
10 0.04641 5.975E+06 57.95 10 0.04641 5.978E+06 57.99
10 0.02154 3.603E+06 61.46 10 0.02154 3.604E+06 61.49
10 0.01 2.133E+06 64.82 10 0.01 2.133E+06 64.84
0 10 2.421E+08 19.60 0 10 2.500E+08 20.26
0 4.641 2.030E+08 22.34 0 4.641 2.084E+08 22.97
0 2.154 1.664E+08 24.90 0 2.154 1.699E+08 25.47
0 1 1.318E+08 27.70 0 1 1.340E+08 28.20
0 0.4641 1.048E+08 30.45 0 0.4641 1.061E+08 30.88
0 0.2154 8.016E+07 33.43 0 0.2154 8.091E+07 33.78
0 0.1 5.989E+07 36.68 0 0.1 6.029E+07 36.97
0 0.04641 4.355E+07 40.06 0 0.04641 4.375E+07 40.29
0 0.02154 3.055E+07 43.89 0 0.02154 3.065E+07 44.05
0 0.01 2.095E+07 47.67 0 0.01 2.099E+07 47.79

-10 10 4.612E+08 9.67 -10 10 4.921E+08 10.33
-10 4.641 4.233E+08 11.45 -10 4.641 4.491E+08 12.16
-10 2.154 3.894E+08 13.12 -10 2.154 4.109E+08 13.86
-10 1 3.436E+08 14.91 -10 1 3.601E+08 15.64
-10 0.4641 2.973E+08 16.86 -10 0.4641 3.094E+08 17.57
-10 0.2154 2.557E+08 18.84 -10 0.2154 2.646E+08 19.52
-10 0.1 2.162E+08 21.37 -10 0.1 2.223E+08 22.01
-10 0.04641 1.816E+08 23.76 -10 0.04641 1.859E+08 24.35
-10 0.02154 1.463E+08 27.19 -10 0.02154 1.489E+08 27.73
-10 0.01 1.154E+08 29.54 -10 0.01 1.170E+08 30.00
-20 10 6.426E+08 4.74 -20 10 7.051E+08 5.20
-20 4.641 6.169E+08 5.79 -20 4.641 6.742E+08 6.33
-20 2.154 5.904E+08 6.79 -20 2.154 6.426E+08 7.40
-20 1 5.527E+08 7.92 -20 1 5.979E+08 8.57
-20 0.4641 5.148E+08 9.05 -20 0.4641 5.537E+08 9.74
-20 0.2155 4.749E+08 10.32 -20 0.2155 5.077E+08 11.04
-20 0.1 4.333E+08 11.80 -20 0.1 4.602E+08 12.55
-20 0.04642 3.975E+08 12.76 -20 0.02154 3.659E+08 15.85
-20 0.02154 3.488E+08 15.09 -20 0.01 3.218E+08 18.16
-20 0.01 3.087E+08 17.39 -30 10 8.557E+08 2.82
-30 10 7.651E+08 2.52 -30 4.641 8.320E+08 3.47
-30 4.641 7.462E+08 3.11 -30 2.154 8.116E+08 4.11
-30 2.154 7.298E+08 3.70 -30 1 7.919E+08 4.74
-30 1 7.139E+08 4.27 -30 0.4641 7.477E+08 5.56
-30 0.4641 6.778E+08 5.04 -30 0.2155 7.123E+08 6.65
-30 0.2155 6.487E+08 6.05 -30 0.1 6.733E+08 7.79
-30 0.1 6.164E+08 7.13 -30 0.01 5.344E+08 11.75
-30 0.04642 6.096E+08 5.89 -40 10 9.552E+08 1.39
-30 0.02154 5.503E+08 8.57 -40 4.641 9.492E+08 1.96
-30 0.01 4.983E+08 10.94 -40 2.154 9.321E+08 2.40
-40 10 8.437E+08 1.23 -40 1 9.251E+08 2.72
-40 4.641 8.390E+08 1.74 -40 0.4641 8.895E+08 3.27
-40 2.154 8.257E+08 2.13 -40 0.1 8.341E+08 4.38
-40 1 8.201E+08 2.41 -40 0.02154 7.925E+08 5.68
-40 0.4641 7.921E+08 2.91 -40 0.01 7.623E+08 6.85
-40 0.2155 7.658E+08 2.78
-40 0.1 7.480E+08 3.93
-40 0.04642 7.440E+08 5.52
-40 0.02154 7.145E+08 5.12
-40 0.01 6.899E+08 6.20
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B-12
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 8.065E+07 31.50 10 10 8.142E+07 31.84
10 4.641 6.157E+07 34.04 10 4.641 6.201E+07 34.32
10 2.154 4.586E+07 36.86 10 2.154 4.609E+07 37.08
10 1 3.334E+07 39.79 10 1 3.346E+07 39.96
10 0.4641 2.365E+07 42.91 10 0.4641 2.370E+07 43.04
10 0.2154 1.641E+07 46.19 10 0.2154 1.643E+07 46.28
10 0.1 1.114E+07 49.57 10 0.1 1.115E+07 49.63
10 0.04641 7.260E+06 53.15 10 0.04641 7.264E+06 53.19
10 0.02154 4.602E+06 56.80 10 0.02154 4.604E+06 56.83
10 0.01 2.862E+06 60.28 10 0.01 2.863E+06 60.30
0 10 2.300E+08 19.82 0 10 2.371E+08 20.46
0 4.641 1.937E+08 21.70 0 4.641 1.987E+08 22.28
0 2.154 1.599E+08 23.84 0 2.154 1.632E+08 24.36
0 1 1.300E+08 26.05 0 1 1.321E+08 26.51
0 0.4641 1.033E+08 28.46 0 0.4641 1.046E+08 28.85
0 0.2154 8.062E+07 30.89 0 0.2154 8.140E+07 31.22
0 0.1 6.181E+07 33.66 0 0.1 6.226E+07 33.93
0 0.04641 4.630E+07 36.43 0 0.04641 4.654E+07 36.65
0 0.02154 3.366E+07 39.81 0 0.02154 3.378E+07 39.98
0 0.01 2.409E+07 43.20 0 0.01 2.415E+07 43.33

-10 10 4.781E+08 10.76 -10 10 5.113E+08 11.51
-10 4.641 4.358E+08 12.15 -10 4.641 4.630E+08 12.92
-10 2.154 3.914E+08 13.67 -10 2.154 4.131E+08 14.44
-10 1 3.381E+08 15.37 -10 1 3.540E+08 16.11
-10 0.4641 3.031E+08 16.99 -10 0.4641 3.158E+08 17.72
-10 0.2154 2.612E+08 18.54 -10 0.2154 2.704E+08 19.22
-10 0.1 2.206E+08 20.44 -10 0.1 2.271E+08 21.07
-10 0.04641 1.879E+08 23.38 -10 0.04641 1.925E+08 23.98
-10 0.02154 1.515E+08 24.98 -10 0.02154 1.544E+08 25.50
-10 0.01 1.223E+08 27.75 -10 0.01 1.241E+08 28.21
-20 10 6.977E+08 5.57 -20 10 7.719E+08 6.17
-20 4.641 6.636E+08 6.70 -20 4.641 7.302E+08 7.38
-20 2.154 6.251E+08 7.72 -20 2.154 6.836E+08 8.45
-20 1 5.763E+08 8.82 -20 1 6.256E+08 9.58
-20 0.4641 5.370E+08 9.96 -20 0.4641 5.794E+08 10.75
-20 0.2155 4.932E+08 11.31 -20 0.2155 5.285E+08 12.14
-20 0.1 4.461E+08 12.65 -20 0.1 4.747E+08 13.48
-20 0.04642 4.075E+08 12.97 -20 0.02154 3.758E+08 16.81
-20 0.02154 3.579E+08 15.98 -20 0.01 3.311E+08 18.02
-20 0.01 3.173E+08 17.24 -30 10 9.543E+08 3.47
-30 10 8.431E+08 3.07 -30 4.641 9.277E+08 4.24
-30 4.641 8.224E+08 3.76 -30 2.154 8.911E+08 5.03
-30 2.154 7.935E+08 4.48 -30 1 8.458E+08 6.13
-30 1 7.576E+08 5.49 -30 0.4641 8.148E+08 6.50
-30 0.4641 7.326E+08 5.85 -30 0.2155 7.674E+08 7.86
-30 0.2155 6.942E+08 7.11 -30 0.1 7.176E+08 8.94
-30 0.1 6.534E+08 8.14 -30 0.01 5.472E+08 13.27
-30 0.04642 6.250E+08 8.13 -40 10 1.093E+09 2.02
-30 0.02154 5.712E+08 9.01 -40 4.641 1.074E+09 2.51
-30 0.01 5.096E+08 12.34 -40 2.154 1.048E+09 2.97
-40 10 9.495E+08 1.75 -40 1 1.011E+09 3.47
-40 4.641 9.353E+08 2.18 -40 0.4641 9.887E+08 4.06
-40 2.154 9.150E+08 2.60 -40 0.1 9.193E+08 5.65
-40 1 8.871E+08 3.05 -40 0.01 7.983E+08 8.89
-40 0.4641 8.699E+08 3.57
-40 0.2155 8.382E+08 2.44
-40 0.1 8.159E+08 5.01
-40 0.04642 7.849E+08 5.02
-40 0.02154 7.583E+08 5.41
-40 0.01 7.196E+08 8.01
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B-13
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 6.709E+07 33.08 10 10 6.762E+07 33.37
10 4.641 5.022E+07 35.89 10 4.641 5.050E+07 36.13
10 2.154 3.683E+07 38.58 10 2.154 3.698E+07 38.77
10 1 2.636E+07 41.39 10 1 2.644E+07 41.52
10 0.4641 1.845E+07 44.32 10 0.4641 1.848E+07 44.42
10 0.2154 1.264E+07 47.29 10 0.2154 1.266E+07 47.37
10 0.1 8.486E+06 50.37 10 0.1 8.493E+06 50.42
10 0.04641 5.489E+06 53.59 10 0.04641 5.492E+06 53.63
10 0.02154 3.482E+06 56.87 10 0.02154 3.483E+06 56.89
10 0.01 2.167E+06 60.04 10 0.01 2.167E+06 60.05
0 10 1.997E+08 21.73 0 10 2.049E+08 22.33
0 4.641 1.646E+08 24.08 0 4.641 1.681E+08 24.62
0 2.154 1.334E+08 26.26 0 2.154 1.356E+08 26.74
0 1 1.061E+08 28.46 0 1 1.074E+08 28.87
0 0.4641 8.243E+07 30.87 0 0.4641 8.324E+07 31.21
0 0.2154 6.299E+07 33.41 0 0.2154 6.345E+07 33.68
0 0.1 4.733E+07 35.97 0 0.1 4.759E+07 36.19
0 0.04641 3.471E+07 38.98 0 0.04641 3.484E+07 39.15
0 0.02154 2.496E+07 41.83 0 0.02154 2.503E+07 41.97
0 0.01 1.744E+07 44.95 0 0.01 1.747E+07 45.05

-10 10 4.465E+08 12.54 -10 10 4.751E+08 13.36
-10 4.641 3.995E+08 14.22 -10 4.641 4.221E+08 15.04
-10 2.154 3.522E+08 15.88 -10 2.154 3.695E+08 16.68
-10 1 3.029E+08 17.49 -10 1 3.155E+08 18.25
-10 0.4641 2.612E+08 19.38 -10 0.4641 2.704E+08 20.09
-10 0.2154 2.207E+08 21.20 -10 0.2154 2.272E+08 21.85
-10 0.1 1.839E+08 23.01 -10 0.1 1.883E+08 23.60
-10 0.04641 1.488E+08 24.22 -10 0.04641 1.516E+08 24.72
-10 0.02154 1.195E+08 27.98 -10 0.02154 1.212E+08 28.43
-10 0.01 9.513E+07 30.55 -10 0.01 9.622E+07 30.94
-20 10 6.855E+08 7.03 -20 10 7.567E+08 7.77
-20 4.641 6.458E+08 8.22 -20 4.641 7.085E+08 9.02
-20 2.154 6.007E+08 9.42 -20 2.154 6.543E+08 10.27
-20 1 5.485E+08 10.79 -20 1 5.926E+08 11.67
-20 0.4641 5.029E+08 11.96 -20 0.4641 5.396E+08 12.84
-20 0.2155 4.454E+08 12.84 -20 0.2155 4.739E+08 13.68
-20 0.1 4.021E+08 14.84 -20 0.1 4.249E+08 15.70
-20 0.04642 3.566E+08 15.28 -20 0.02154 3.257E+08 19.45
-20 0.02154 3.124E+08 18.63 -20 0.01 2.742E+08 21.87
-20 0.01 2.648E+08 21.09 -30 10 9.808E+08 4.46
-30 10 8.638E+08 3.93 -30 4.641 9.497E+08 5.32
-30 4.641 8.397E+08 4.70 -30 2.154 8.954E+08 6.20
-30 2.154 7.971E+08 5.51 -30 1 8.489E+08 7.17
-30 1 7.602E+08 6.42 -30 0.4641 8.076E+08 8.09
-30 0.4641 7.271E+08 7.27 -30 0.1 6.893E+08 10.50
-30 0.2155 6.626E+08 7.39 -30 0.04642 6.402E+08 11.44
-30 0.1 6.301E+08 9.59 -30 0.02154 5.895E+08 12.44
-30 0.04642 5.890E+08 10.52 -30 0.01 5.228E+08 14.71
-30 0.02154 5.459E+08 11.51 -40 10 1.149E+09 2.35
-30 0.01 4.885E+08 13.72 -40 4.641 1.126E+09 3.08
-40 10 9.911E+08 2.03 -40 2.154 1.087E+09 3.68
-40 4.641 9.745E+08 2.66 -40 1 1.061E+09 4.41
-40 2.154 9.450E+08 3.20 -40 0.4641 1.027E+09 4.96
-40 1 9.257E+08 3.84 -40 0.2155 9.511E+08 5.53
-40 0.4641 8.999E+08 4.34 -40 0.1 9.336E+08 6.31
-40 0.2155 8.409E+08 4.89 -40 0.04642 8.824E+08 7.56
-40 0.1 8.272E+08 5.59 -40 0.01 7.345E+08 10.64
-40 0.04642 7.870E+08 6.74
-40 0.02154 7.642E+08 7.21
-40 0.01 6.677E+08 9.67
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B-14
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 5.005E+07 35.07 10 10 5.033E+07 35.30
10 4.641 3.693E+07 37.45 10 4.641 3.708E+07 37.63
10 2.154 2.671E+07 39.84 10 2.154 2.679E+07 39.97
10 1 1.894E+07 42.30 10 1 1.898E+07 42.41
10 0.4641 1.318E+07 44.83 10 0.4641 1.319E+07 44.91
10 0.2154 8.997E+06 47.44 10 0.2154 9.004E+06 47.49
10 0.1 6.050E+06 50.08 10 0.1 6.054E+06 50.11
10 0.04641 3.941E+06 52.83 10 0.04641 3.942E+06 52.85
10 0.02154 2.509E+06 55.78 10 0.02154 2.510E+06 55.80
10 0.01 1.576E+06 58.61 10 0.01 1.576E+06 58.62
0 10 1.571E+08 24.13 0 10 1.603E+08 24.65
0 4.641 1.275E+08 26.36 0 4.641 1.295E+08 26.82
0 2.154 1.009E+08 28.43 0 2.154 1.022E+08 28.81
0 1 7.872E+07 30.52 0 1 7.946E+07 30.84
0 0.4641 6.042E+07 32.67 0 0.4641 6.085E+07 32.94
0 0.2154 4.553E+07 34.87 0 0.2154 4.577E+07 35.07
0 0.1 3.362E+07 37.17 0 0.1 3.374E+07 37.33
0 0.04641 2.446E+07 39.63 0 0.04641 2.452E+07 39.75
0 0.02154 1.740E+07 42.21 0 0.02154 1.743E+07 42.30
0 0.01 1.217E+07 45.08 0 0.01 1.218E+07 45.15

-10 10 3.967E+08 14.26 -10 10 4.190E+08 15.08
-10 4.641 3.498E+08 16.24 -10 4.641 3.668E+08 17.05
-10 2.154 3.016E+08 17.98 -10 2.154 3.141E+08 18.75
-10 1 2.525E+08 19.60 -10 1 2.611E+08 20.30
-10 0.4641 2.169E+08 21.59 -10 0.4641 2.231E+08 22.24
-10 0.2154 1.790E+08 23.55 -10 0.2154 1.832E+08 24.13
-10 0.1 1.464E+08 25.42 -10 0.1 1.491E+08 25.93
-10 0.04641 1.176E+08 26.90 -10 0.04641 1.194E+08 27.33
-10 0.02154 9.166E+07 29.78 -10 0.02154 9.268E+07 30.15
-10 0.01 7.129E+07 32.30 -10 0.01 7.189E+07 32.60
-20 10 6.395E+08 8.34 -20 10 7.008E+08 9.15
-20 4.641 5.944E+08 9.70 -20 4.641 6.468E+08 10.56
-20 2.154 5.459E+08 11.05 -20 2.154 5.896E+08 11.94
-20 1 4.937E+08 12.41 -20 1 5.290E+08 13.31
-20 0.4641 4.419E+08 13.90 -20 0.4641 4.698E+08 14.80
-20 0.2155 3.902E+08 14.94 -20 0.2155 4.116E+08 15.78
-20 0.1 3.415E+08 16.92 -20 0.1 3.576E+08 17.74
-20 0.04642 2.950E+08 18.86 -20 0.04642 3.069E+08 19.65
-20 0.02154 2.506E+08 21.07 -20 0.02154 2.589E+08 21.81
-20 0.01 2.098E+08 22.70 -20 0.01 2.155E+08 23.36
-30 10 8.295E+08 4.80 -30 10 9.366E+08 5.42
-30 4.641 7.984E+08 5.65 -30 4.641 8.970E+08 6.36
-30 2.154 7.595E+08 6.61 -30 2.154 8.481E+08 7.38
-30 1 7.058E+08 7.62 -30 1 7.814E+08 8.44
-30 0.4641 6.689E+08 8.71 -30 0.4641 7.362E+08 9.59
-30 0.2155 6.184E+08 9.89 -30 0.2155 6.753E+08 10.81
-30 0.1 5.638E+08 11.35 -30 0.1 6.105E+08 12.31
-30 0.04642 5.235E+08 9.68 -30 0.02154 4.945E+08 15.15
-30 0.02154 4.638E+08 14.19 -30 0.01 4.316E+08 16.72
-30 0.01 4.082E+08 15.79 -40 10 1.118E+09 2.93
-40 10 9.687E+08 2.54 -40 4.641 1.093E+09 3.74
-40 4.641 9.494E+08 3.25 -40 2.154 1.042E+09 4.38
-40 2.154 9.107E+08 3.83 -40 1 1.001E+09 5.17
-40 1 8.795E+08 4.54 -40 0.4641 9.699E+08 6.01
-40 0.4641 8.556E+08 5.30 -40 0.1 8.676E+08 7.88
-40 0.2155 8.058E+08 4.50 -40 0.04642 8.054E+08 8.42
-40 0.1 7.752E+08 7.04 -40 0.02154 7.651E+08 9.93
-40 0.04642 7.253E+08 7.58 -40 0.01 6.968E+08 12.11
-40 0.02154 6.927E+08 8.99
-40 0.01 6.366E+08 11.05
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B-15
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 7.278E+07 34.31 10 10 7.339E+07 34.63
10 4.641 5.388E+07 37.27 10 4.641 5.420E+07 37.53
10 2.154 3.892E+07 40.16 10 2.154 3.908E+07 40.36
10 1 2.745E+07 43.14 10 1 2.753E+07 43.29
10 0.4641 1.890E+07 46.20 10 0.4641 1.893E+07 46.31
10 0.2154 1.266E+07 49.36 10 0.2154 1.268E+07 49.44
10 0.1 8.269E+06 52.62 10 0.1 8.275E+06 52.67
10 0.04641 5.277E+06 55.88 10 0.04641 5.279E+06 55.92
10 0.02154 3.289E+06 59.12 10 0.02154 3.290E+06 59.15
10 0.01 1.996E+06 62.34 10 0.01 1.996E+06 62.35
0 10 2.220E+08 22.07 0 10 2.285E+08 22.75
0 4.641 1.822E+08 24.21 0 4.641 1.865E+08 24.82
0 2.154 1.469E+08 26.61 0 2.154 1.496E+08 27.14
0 1 1.171E+08 29.05 0 1 1.188E+08 29.51
0 0.4641 9.035E+07 31.63 0 0.4641 9.132E+07 32.01
0 0.2154 6.846E+07 34.30 0 0.2154 6.900E+07 34.61
0 0.1 5.089E+07 37.01 0 0.1 5.118E+07 37.25
0 0.04641 3.707E+07 40.01 0 0.04641 3.721E+07 40.20
0 0.02154 2.623E+07 43.08 0 0.02154 2.630E+07 43.23
0 0.01 1.817E+07 46.36 0 0.01 1.820E+07 46.46

-10 10 4.985E+08 11.39 -10 10 5.346E+08 12.22
-10 4.641 4.488E+08 13.22 -10 4.641 4.776E+08 14.08
-10 2.154 3.991E+08 14.96 -10 2.154 4.216E+08 15.82
-10 1 3.409E+08 16.83 -10 1 3.570E+08 17.65
-10 0.4641 3.017E+08 18.71 -10 0.4641 3.141E+08 19.51
-10 0.2154 2.556E+08 20.69 -10 0.2154 2.643E+08 21.43
-10 0.1 2.140E+08 23.27 -10 0.1 2.200E+08 23.96
-10 0.04641 1.731E+08 24.30 -10 0.04641 1.770E+08 24.88
-10 0.02154 1.391E+08 28.08 -10 0.02154 1.415E+08 28.61
-10 0.01 1.081E+08 30.72 -10 0.01 1.095E+08 31.16
-20 10 7.338E+08 6.18 -20 10 8.161E+08 6.88
-20 4.641 6.958E+08 7.16 -20 4.641 7.693E+08 7.92
-20 2.154 6.495E+08 8.29 -20 2.154 7.128E+08 9.10
-20 1 6.020E+08 9.54 -20 1 6.559E+08 10.40
-20 0.4641 5.566E+08 10.91 -20 0.4641 6.020E+08 11.81
-20 0.2155 4.965E+08 10.93 -20 0.1 4.820E+08 14.84
-20 0.1 4.527E+08 13.92 -20 0.04642 4.363E+08 16.23
-20 0.04642 4.123E+08 15.31 -20 0.02154 3.696E+08 18.74
-20 0.02154 3.525E+08 17.84 -20 0.01 3.131E+08 20.34
-20 0.01 3.009E+08 19.51 -30 10 1.022E+09 3.57
-30 10 8.957E+08 3.12 -30 4.641 9.935E+08 4.50
-30 4.641 8.737E+08 3.95 -30 2.154 9.391E+08 5.30
-30 2.154 8.314E+08 4.69 -30 1 9.027E+08 6.29
-30 1 8.029E+08 5.59 -30 0.4641 8.593E+08 7.09
-30 0.4641 7.685E+08 6.33 -30 0.2155 8.098E+08 8.38
-30 0.2155 7.289E+08 7.54 -30 0.1 7.525E+08 9.35
-30 0.1 6.822E+08 8.47 -30 0.02154 6.463E+08 12.01
-30 0.04642 6.676E+08 10.76 -30 0.01 5.725E+08 14.24
-30 0.02154 5.942E+08 11.03 -40 10 1.173E+09 2.17
-30 0.01 5.315E+08 13.20 -40 4.641 1.151E+09 2.60
-40 10 1.010E+09 1.87 -40 2.154 1.108E+09 3.08
-40 4.641 9.927E+08 2.24 -40 1 1.090E+09 3.62
-40 2.154 9.611E+08 2.67 -40 0.4641 1.062E+09 4.29
-40 1 9.469E+08 3.14 -40 0.1 9.784E+08 5.88
-40 0.4641 9.264E+08 3.74 -40 0.01 8.526E+08 9.40
-40 0.2155 8.914E+08 3.69
-40 0.1 8.621E+08 5.18
-40 0.04642 8.120E+08 5.49
-40 0.02154 7.874E+08 5.86
-40 0.01 7.635E+08 8.41
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B-16
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 7.321E+07 35.78 10 10 7.381E+07 36.12
10 4.641 5.359E+07 38.98 10 4.641 5.390E+07 39.25
10 2.154 3.806E+07 42.23 10 2.154 3.821E+07 42.43
10 1 2.631E+07 45.59 10 1 2.637E+07 45.73
10 0.4641 1.767E+07 49.02 10 0.4641 1.770E+07 49.12
10 0.2154 1.156E+07 52.52 10 0.2154 1.157E+07 52.60
10 0.1 7.358E+06 56.05 10 0.1 7.362E+06 56.10
10 0.04641 4.548E+06 59.58 10 0.04641 4.550E+06 59.61
10 0.02154 2.725E+06 62.96 10 0.02154 2.725E+06 62.97
10 0.01 1.589E+06 66.19 10 0.01 1.589E+06 66.20
0 10 2.295E+08 21.92 0 10 2.364E+08 22.62
0 4.641 1.885E+08 24.58 0 4.641 1.931E+08 25.22
0 2.154 1.518E+08 27.23 0 2.154 1.547E+08 27.79
0 1 1.192E+08 29.91 0 1 1.209E+08 30.39
0 0.4641 9.176E+07 32.77 0 0.4641 9.274E+07 33.17
0 0.2154 6.879E+07 35.76 0 0.2154 6.932E+07 36.08
0 0.1 5.046E+07 38.80 0 0.1 5.074E+07 39.05
0 0.04641 3.600E+07 42.22 0 0.04641 3.613E+07 42.41
0 0.02154 2.500E+07 45.57 0 0.02154 2.506E+07 45.71
0 0.01 1.689E+07 49.18 0 0.01 1.691E+07 49.28

-10 10 5.069E+08 10.93 -10 10 5.444E+08 11.75
-10 4.641 4.592E+08 12.87 -10 4.641 4.895E+08 13.74
-10 2.154 4.100E+08 14.69 -10 2.154 4.338E+08 15.57
-10 1 3.521E+08 16.71 -10 1 3.693E+08 17.55
-10 0.4641 3.107E+08 18.65 -10 0.4641 3.239E+08 19.47
-10 0.2154 2.607E+08 20.46 -10 0.2154 2.698E+08 21.20
-10 0.1 2.188E+08 23.38 -10 0.1 2.250E+08 24.08
-10 0.04641 1.755E+08 26.31 -10 0.04641 1.794E+08 26.94
-10 0.02154 1.411E+08 27.83 -10 0.02154 1.436E+08 28.36
-10 0.01 1.111E+08 31.45 -10 0.01 1.126E+08 31.92
-20 10 7.358E+08 5.63 -20 10 8.188E+08 6.27
-20 4.641 6.992E+08 6.76 -20 4.641 7.735E+08 7.49
-20 2.154 6.577E+08 7.92 -20 2.154 7.228E+08 8.71
-20 1 6.083E+08 9.21 -20 1 6.634E+08 10.05
-20 0.4641 5.658E+08 10.54 -20 0.4641 6.130E+08 11.43
-20 0.2155 5.104E+08 10.82 -20 0.1 4.955E+08 14.87
-20 0.1 4.647E+08 13.92 -20 0.04642 4.447E+08 16.82
-20 0.04642 4.199E+08 15.85 -20 0.02154 3.822E+08 18.43
-20 0.02154 3.639E+08 17.51 -20 0.01 3.277E+08 20.69
-20 0.01 3.143E+08 19.81 -30 10 1.015E+09 3.37
-30 10 8.902E+08 2.95 -30 4.641 9.827E+08 4.13
-30 4.641 8.652E+08 3.64 -30 2.154 9.502E+08 4.94
-30 2.154 8.400E+08 4.37 -30 1 8.969E+08 5.86
-30 1 7.982E+08 5.21 -30 0.4641 8.625E+08 6.70
-30 0.4641 7.710E+08 5.98 -30 0.2155 8.164E+08 7.77
-30 0.2155 7.342E+08 6.99 -30 0.1 7.602E+08 8.93
-30 0.1 6.885E+08 8.09 -30 0.02154 6.558E+08 11.67
-30 0.04642 6.263E+08 10.98 -30 0.01 5.777E+08 13.56
-30 0.02154 6.022E+08 10.70 -40 10 1.155E+09 1.96
-30 0.01 5.359E+08 12.57 -40 4.641 1.138E+09 2.36
-40 10 9.959E+08 1.69 -40 2.154 1.107E+09 2.88
-40 4.641 9.832E+08 2.04 -40 1 1.065E+09 3.54
-40 2.154 9.600E+08 2.49 -40 0.4641 1.052E+09 3.90
-40 1 9.282E+08 3.09 -40 0.1 9.703E+08 5.65
-40 0.4641 9.186E+08 3.40 -40 0.04642 9.342E+08 6.68
-40 0.2155 8.889E+08 3.72 -40 0.02154 8.838E+08 7.91
-40 0.1 8.558E+08 4.98
-40 0.04642 8.278E+08 5.92
-40 0.02154 7.882E+08 7.05
-40 0.01 7.787E+08 7.45
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B-17
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 4.105E+07 36.98 10 10 4.123E+07 37.18
10 4.641 2.969E+07 39.63 10 4.641 2.979E+07 39.78
10 2.154 2.101E+07 42.13 10 2.154 2.105E+07 42.24
10 1 1.455E+07 44.67 10 1 1.457E+07 44.75
10 0.4641 9.876E+06 47.27 10 0.4641 9.885E+06 47.32
10 0.2154 6.563E+06 49.90 10 0.2154 6.566E+06 49.94
10 0.1 4.295E+06 52.53 10 0.1 4.297E+06 52.56
10 0.04641 2.722E+06 55.14 10 0.04641 2.723E+06 55.16
10 0.02154 1.683E+06 57.66 10 0.02154 1.683E+06 57.67
10 0.01 1.027E+06 60.13 10 0.01 1.027E+06 60.13
0 10 1.343E+08 25.83 0 10 1.366E+08 26.30
0 4.641 1.071E+08 28.25 0 4.641 1.085E+08 28.66
0 2.154 8.351E+07 30.47 0 2.154 8.434E+07 30.81
0 1 6.392E+07 32.71 0 1 6.440E+07 32.99
0 0.4641 4.801E+07 35.02 0 0.4641 4.827E+07 35.24
0 0.2154 3.541E+07 37.38 0 0.2154 3.555E+07 37.55
0 0.1 2.567E+07 39.82 0 0.1 2.574E+07 39.95
0 0.04641 1.826E+07 42.29 0 0.04641 1.830E+07 42.39
0 0.02154 1.266E+07 45.23 0 0.02154 1.268E+07 45.30
0 0.01 8.611E+06 47.85 0 0.01 8.618E+06 47.90

-10 10 3.428E+08 15.72 -10 10 3.592E+08 16.49
-10 4.641 3.003E+08 17.66 -10 4.641 3.126E+08 18.41
-10 2.154 2.566E+08 19.55 -10 2.154 2.655E+08 20.26
-10 1 2.083E+08 21.36 -10 1 2.141E+08 21.98
-10 0.4641 1.771E+08 23.43 -10 0.4641 1.812E+08 24.00
-10 0.2154 1.438E+08 25.51 -10 0.2154 1.464E+08 26.01
-10 0.1 1.155E+08 27.75 -10 0.1 1.171E+08 28.18
-10 0.04641 9.205E+07 29.65 -10 0.04641 9.308E+07 30.02
-10 0.02154 6.973E+07 32.25 -10 0.02154 7.030E+07 32.55
-10 0.01 5.280E+07 34.68 -10 0.01 5.312E+07 34.92
-20 10 5.668E+08 9.09 -20 10 6.144E+08 9.86
-20 4.641 5.239E+08 10.55 -20 4.641 5.640E+08 11.37
-20 2.154 4.772E+08 12.01 -20 2.154 5.102E+08 12.85
-20 1 4.301E+08 13.50 -20 1 4.565E+08 14.35
-20 0.4641 3.791E+08 15.18 -20 0.4641 3.993E+08 16.01
-20 0.2155 3.316E+08 15.89 -20 0.1 2.990E+08 19.62
-20 0.1 2.877E+08 18.85 -20 0.04642 2.525E+08 21.36
-20 0.04642 2.445E+08 20.65 -20 0.02154 2.113E+08 23.05
-20 0.02154 2.057E+08 22.41 -20 0.01 1.707E+08 24.75
-20 0.01 1.671E+08 24.20 -30 10 8.318E+08 5.61
-30 10 7.463E+08 5.03 -30 4.641 7.922E+08 6.95
-30 4.641 7.144E+08 6.27 -30 2.154 7.415E+08 8.12
-30 2.154 6.730E+08 7.36 -30 1 6.823E+08 9.52
-30 1 6.241E+08 8.70 -30 0.4641 6.351E+08 10.53
-30 0.4641 5.845E+08 9.68 -30 0.2155 5.779E+08 11.95
-30 0.2155 5.359E+08 11.07 -30 0.1 5.206E+08 13.36
-30 0.1 4.865E+08 12.46 -30 0.02154 4.090E+08 16.44
-30 0.04642 4.425E+08 15.63 -30 0.01 3.550E+08 18.59
-30 0.02154 3.879E+08 15.57 -40 10 1.006E+09 3.31
-30 0.01 3.391E+08 17.74 -40 4.641 9.819E+08 4.10
-40 10 8.830E+08 2.91 -40 2.154 9.432E+08 4.87
-40 4.641 8.646E+08 3.61 -40 1 8.918E+08 5.70
-40 2.154 8.346E+08 4.31 -40 0.4641 8.617E+08 6.56
-40 1 7.942E+08 5.07 -40 0.2155 8.171E+08 7.54
-40 0.4641 7.703E+08 5.86 -40 0.1 7.632E+08 8.66
-40 0.2155 7.346E+08 6.77 -40 0.02154 6.736E+08 11.10
-40 0.1 6.909E+08 7.83 -40 0.01 5.906E+08 13.26
-40 0.04642 6.709E+08 7.41
-40 0.02154 6.171E+08 10.16
-40 0.01 5.470E+08 12.27
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B-18
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 5.938E+07 41.59 10 10 5.975E+07 41.91
10 4.641 4.124E+07 44.96 10 4.641 4.141E+07 45.19
10 2.154 2.772E+07 48.39 10 2.154 2.780E+07 48.56
10 1 1.809E+07 51.76 10 1 1.812E+07 51.87
10 0.4641 1.148E+07 55.01 10 0.4641 1.149E+07 55.09
10 0.2154 7.078E+06 58.13 10 0.2154 7.082E+06 58.18
10 0.1 4.253E+06 61.09 10 0.1 4.254E+06 61.12
10 0.04641 2.470E+06 63.81 10 0.04641 2.470E+06 63.83
10 0.02154 1.412E+06 66.32 10 0.02154 1.412E+06 66.33
10 0.01 7.939E+05 69.02 10 0.01 7.940E+05 69.02
0 10 2.125E+08 26.26 0 10 2.183E+08 27.03
0 4.641 1.675E+08 29.69 0 4.641 1.709E+08 30.36
0 2.154 1.288E+08 32.87 0 2.154 1.308E+08 33.44
0 1 9.573E+07 35.96 0 1 9.676E+07 36.42
0 0.4641 6.964E+07 39.39 0 0.4641 7.016E+07 39.74
0 0.2154 4.923E+07 42.72 0 0.2154 4.948E+07 42.99
0 0.1 3.366E+07 46.13 0 0.1 3.377E+07 46.32
0 0.04641 2.247E+07 49.55 0 0.04641 2.252E+07 49.68
0 0.02154 1.452E+07 52.69 0 0.02154 1.454E+07 52.78
0 0.01 9.100E+06 56.16 0 0.01 9.107E+06 56.22

-10 10 4.949E+08 12.83 -10 10 5.302E+08 13.77
-10 4.641 4.408E+08 15.31 -10 4.641 4.684E+08 16.29
-10 2.154 3.861E+08 17.72 -10 2.154 4.068E+08 18.70
-10 1 3.360E+08 20.12 -10 1 3.513E+08 21.08
-10 0.4641 2.726E+08 22.93 -10 0.4641 2.824E+08 23.80
-10 0.2154 2.217E+08 25.78 -10 0.2154 2.279E+08 26.57
-10 0.1 1.755E+08 29.00 -10 0.1 1.793E+08 29.68
-10 0.04641 1.377E+08 31.48 -10 0.04641 1.399E+08 32.06
-10 0.02154 1.029E+08 35.49 -10 0.02154 1.041E+08 35.97
-10 0.01 7.500E+07 38.44 -10 0.01 7.561E+07 38.82
-20 10 7.426E+08 6.03 -20 10 8.271E+08 6.72
-20 4.641 7.052E+08 7.21 -20 4.641 7.807E+08 7.99
-20 2.154 6.641E+08 8.62 -20 2.154 7.304E+08 9.49
-20 1 6.135E+08 10.21 -20 1 6.694E+08 11.15
-20 0.4641 5.591E+08 11.95 -20 0.4641 6.048E+08 12.95
-20 0.2155 5.023E+08 13.34 -20 0.2155 5.386E+08 14.33
-20 0.1 4.443E+08 15.95 -20 0.1 4.722E+08 16.98
-20 0.04642 4.048E+08 17.08 -20 0.02154 3.473E+08 21.56
-20 0.02154 3.324E+08 20.59 -20 0.01 2.867E+08 24.29
-20 0.01 2.766E+08 23.39 -30 10 1.030E+09 3.29
-30 10 9.015E+08 2.88 -30 4.641 1.005E+09 4.05
-30 4.641 8.823E+08 3.56 -30 2.154 9.705E+08 4.93
-30 2.154 8.559E+08 4.34 -30 1 9.310E+08 5.93
-30 1 8.252E+08 5.25 -30 0.4641 8.755E+08 7.10
-30 0.4641 7.815E+08 6.33 -30 0.1 7.676E+08 9.98
-30 0.2155 7.385E+08 6.79 -30 0.02154 6.364E+08 13.95
-30 0.1 6.948E+08 9.03 -30 0.01 5.526E+08 16.48
-30 0.04642 6.567E+08 9.73 -40 10 1.169E+09 1.58
-30 0.02154 5.861E+08 12.82 -40 4.641 1.159E+09 2.11
-30 0.01 5.147E+08 15.32 -40 2.154 1.142E+09 2.60
-40 10 1.006E+09 1.36 -40 1 1.110E+09 3.18
-40 4.641 9.987E+08 1.82 -40 0.4641 1.079E+09 3.80
-40 2.154 9.864E+08 2.24 -40 0.2155 1.040E+09 4.42
-40 1 9.625E+08 2.76 -40 0.1 9.906E+08 5.41
-40 0.4641 9.391E+08 3.30 -40 0.04642 9.417E+08 6.47
-40 0.2155 9.091E+08 3.86 -40 0.02154 9.129E+08 7.35
-40 0.1 8.715E+08 4.76 -40 0.01 8.790E+08 8.65
-40 0.04642 8.337E+08 5.72
-40 0.02154 8.112E+08 6.52
-40 0.01 7.845E+08 7.71
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B-19
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 4.698E+07 33.42 10 10 4.723E+07 33.62
10 4.641 3.511E+07 35.88 10 4.641 3.525E+07 36.04
10 2.154 2.580E+07 38.22 10 2.154 2.587E+07 38.34
10 1 1.855E+07 40.63 10 1 1.859E+07 40.72
10 0.4641 1.309E+07 43.18 10 0.4641 1.311E+07 43.25
10 0.2154 9.075E+06 45.82 10 0.2154 9.083E+06 45.87
10 0.1 6.150E+06 48.59 10 0.1 6.153E+06 48.62
10 0.04641 4.060E+06 51.47 10 0.04641 4.061E+06 51.50
10 0.02154 2.627E+06 54.48 10 0.02154 2.627E+06 54.50
10 0.01 1.674E+06 56.87 10 0.01 1.674E+06 56.88
0 10 1.443E+08 23.46 0 10 1.470E+08 23.93
0 4.641 1.175E+08 25.25 0 4.641 1.193E+08 25.65
0 2.154 9.415E+07 27.18 0 2.154 9.525E+07 27.53
0 1 7.442E+07 29.16 0 1 7.510E+07 29.45
0 0.4641 5.769E+07 31.23 0 0.4641 5.809E+07 31.47
0 0.2154 4.401E+07 33.39 0 0.2154 4.424E+07 33.58
0 0.1 3.313E+07 35.69 0 0.1 3.326E+07 35.84
0 0.04641 2.446E+07 38.01 0 0.04641 2.452E+07 38.13
0 0.02154 1.766E+07 40.68 0 0.02154 1.769E+07 40.77
0 0.01 1.247E+07 43.54 0 0.01 1.248E+07 43.61

-10 10 3.326E+08 14.63 -10 10 3.481E+08 15.33
-10 4.641 2.917E+08 16.11 -10 4.641 3.034E+08 16.78
-10 2.154 2.535E+08 17.70 -10 2.154 2.623E+08 18.33
-10 1 2.148E+08 19.32 -10 1 2.210E+08 19.90
-10 0.4641 1.824E+08 20.95 -10 0.4641 1.867E+08 21.48
-10 0.2154 1.521E+08 22.75 -10 0.2154 1.551E+08 23.22
-10 0.1 1.254E+08 24.58 -10 0.1 1.274E+08 25.00
-10 0.04641 1.000E+08 25.93 -10 0.04641 1.013E+08 26.29
-10 0.02154 8.118E+07 28.76 -10 0.02154 8.198E+07 29.08
-10 0.01 6.355E+07 30.99 -10 0.01 6.403E+07 31.25
-20 10 5.357E+08 8.95 -20 10 5.780E+08 9.67
-20 4.641 4.977E+08 10.06 -20 4.641 5.338E+08 10.80
-20 2.154 4.525E+08 11.33 -20 2.154 4.821E+08 12.08
-20 1 4.088E+08 12.63 -20 1 4.327E+08 13.39
-20 0.4641 3.672E+08 13.99 -20 0.4641 3.862E+08 14.73
-20 0.2155 3.246E+08 15.50 -20 0.2155 3.393E+08 16.22
-20 0.1 2.835E+08 16.74 -20 0.1 2.946E+08 17.41
-20 0.04642 2.505E+08 16.73 -20 0.02154 2.198E+08 20.92
-20 0.02154 2.137E+08 20.31 -20 0.01 1.835E+08 22.43
-20 0.01 1.793E+08 21.89 -30 10 7.856E+08 5.99
-30 10 7.089E+08 5.40 -30 4.641 7.511E+08 6.74
-30 4.641 6.808E+08 6.11 -30 2.154 6.993E+08 7.75
-30 2.154 6.381E+08 7.07 -30 1 6.508E+08 8.87
-30 1 5.975E+08 8.14 -30 0.4641 6.071E+08 9.88
-30 0.4641 5.606E+08 9.12 -30 0.2155 5.573E+08 11.06
-30 0.2155 5.180E+08 10.27 -30 0.1 5.090E+08 11.98
-30 0.1 4.762E+08 11.19 -30 0.02154 4.140E+08 14.51
-30 0.04642 4.280E+08 11.88 -30 0.01 3.603E+08 16.46
-30 0.02154 3.922E+08 13.73 -40 10 9.526E+08 3.24
-30 0.01 3.438E+08 15.69 -40 4.641 9.337E+08 4.04
-40 10 8.418E+08 2.86 -40 2.154 8.909E+08 4.70
-40 4.641 8.270E+08 3.58 -40 1 8.590E+08 5.48
-40 2.154 7.933E+08 4.19 -40 0.4641 8.155E+08 6.30
-40 1 7.680E+08 4.90 -40 0.2155 7.698E+08 7.26
-40 0.4641 7.332E+08 5.66 -40 0.1 7.273E+08 7.90
-40 0.2155 6.962E+08 6.56 -40 0.04642 6.863E+08 9.08
-40 0.1 6.613E+08 7.17 -40 0.01 5.840E+08 11.46
-40 0.04642 6.274E+08 8.30
-40 0.02154 5.798E+08 8.78
-40 0.01 5.410E+08 10.60
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B-20
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 5.835E+07 39.19 10 10 5.871E+07 39.49
10 4.641 4.167E+07 42.72 10 4.641 4.184E+07 42.95
10 2.154 2.867E+07 46.48 10 2.154 2.875E+07 46.65
10 1 1.920E+07 50.35 10 1 1.923E+07 50.46
10 0.4641 1.242E+07 54.27 10 0.4641 1.243E+07 54.35
10 0.2154 7.823E+06 58.21 10 0.2154 7.828E+06 58.27
10 0.1 4.773E+06 62.16 10 0.1 4.775E+06 62.20
10 0.04641 2.821E+06 65.76 10 0.04641 2.821E+06 65.78
10 0.02154 1.631E+06 69.40 10 0.02154 1.631E+06 69.41
10 0.01 9.419E+05 72.23 10 0.01 9.420E+05 72.24
0 10 2.036E+08 23.63 0 10 2.089E+08 24.29
0 4.641 1.659E+08 26.21 0 4.641 1.693E+08 26.81
0 2.154 1.317E+08 29.18 0 2.154 1.338E+08 29.69
0 1 1.013E+08 32.15 0 1 1.025E+08 32.58
0 0.4641 7.646E+07 35.47 0 0.4641 7.712E+07 35.83
0 0.2154 5.606E+07 38.86 0 0.2154 5.640E+07 39.14
0 0.1 3.995E+07 42.44 0 0.1 4.011E+07 42.66
0 0.04641 2.756E+07 46.44 0 0.04641 2.763E+07 46.60
0 0.02154 1.847E+07 50.25 0 0.02154 1.850E+07 50.36
0 0.01 1.198E+07 54.39 0 0.01 1.199E+07 54.46

-10 10 4.939E+08 11.79 -10 10 5.293E+08 12.65
-10 4.641 4.484E+08 13.44 -10 4.641 4.771E+08 14.32
-10 2.154 3.964E+08 15.40 -10 2.154 4.185E+08 16.29
-10 1 3.452E+08 17.43 -10 1 3.616E+08 18.29
-10 0.4641 2.953E+08 19.74 -10 0.4641 3.070E+08 20.56
-10 0.2154 2.481E+08 21.89 -10 0.2154 2.562E+08 22.65
-10 0.1 2.038E+08 24.56 -10 0.1 2.092E+08 25.25
-10 0.04641 1.645E+08 27.44 -10 0.04641 1.679E+08 28.05
-10 0.02154 1.276E+08 31.10 -10 0.02154 1.296E+08 31.63
-10 0.01 9.889E+07 34.08 -10 0.01 1.000E+08 34.52
-20 10 7.331E+08 5.62 -20 10 8.155E+08 6.26
-20 4.641 6.983E+08 6.81 -20 4.641 7.724E+08 7.54
-20 2.154 6.561E+08 8.00 -20 2.154 7.209E+08 8.79
-20 1 6.040E+08 9.29 -20 1 6.583E+08 10.13
-20 0.4641 5.639E+08 10.71 -20 0.4641 6.107E+08 11.61
-20 0.2155 5.125E+08 12.28 -20 0.2155 5.506E+08 13.21
-20 0.1 4.608E+08 14.09 -20 0.1 4.911E+08 15.04
-20 0.04642 4.084E+08 15.39 -20 0.02154 3.757E+08 19.00
-20 0.02154 3.581E+08 18.08 -20 0.01 3.204E+08 21.55
-20 0.01 3.077E+08 20.65 -30 10 1.014E+09 3.34
-30 10 8.897E+08 2.93 -30 4.641 9.838E+08 4.09
-30 4.641 8.661E+08 3.60 -30 2.154 9.396E+08 4.77
-30 2.154 8.318E+08 4.22 -30 1 9.061E+08 5.64
-30 1 8.055E+08 5.02 -30 0.4641 8.676E+08 6.64
-30 0.4641 7.750E+08 5.93 -30 0.1 7.679E+08 8.88
-30 0.2155 7.370E+08 6.39 -30 0.02154 6.540E+08 11.72
-30 0.1 6.948E+08 8.03 -30 0.01 5.941E+08 13.12
-30 0.04642 6.713E+08 8.56 -40 10 1.164E+09 1.84
-30 0.02154 6.007E+08 10.76 -40 4.641 1.145E+09 2.28
-30 0.01 5.500E+08 12.13 -40 2.154 1.101E+09 2.71
-40 10 1.002E+09 1.58 -40 1 1.089E+09 3.24
-40 4.641 9.881E+08 1.97 -40 0.4641 1.071E+09 3.81
-40 2.154 9.556E+08 2.35 -40 0.2155 1.027E+09 4.51
-40 1 9.465E+08 2.81 -40 0.1 9.857E+08 5.43
-40 0.4641 9.326E+08 3.32 -40 0.02154 9.495E+08 7.12
-40 0.2155 8.993E+08 3.95 -40 0.01 8.790E+08 8.02
-40 0.1 8.677E+08 4.78
-40 0.04642 8.357E+08 4.62
-40 0.02154 8.399E+08 6.30
-40 0.01 7.844E+08 7.15



  Appendix L. (22/28) 

 

 

B-21
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 3.190E+07 36.22 10 10 3.202E+07 36.37
10 4.641 2.331E+07 38.50 10 4.641 2.337E+07 38.62
10 2.154 1.675E+07 40.84 10 2.154 1.678E+07 40.92
10 1 1.173E+07 43.23 10 1 1.174E+07 43.29
10 0.4641 8.083E+06 45.67 10 0.4641 8.089E+06 45.72
10 0.2154 5.467E+06 48.17 10 0.2154 5.469E+06 48.20
10 0.1 3.618E+06 50.66 10 0.1 3.619E+06 50.69
10 0.04641 2.336E+06 53.18 10 0.04641 2.336E+06 53.19
10 0.02154 1.482E+06 55.66 10 0.02154 1.483E+06 55.67
10 0.01 9.311E+05 57.88 10 0.01 9.311E+05 57.89
0 10 1.054E+08 25.62 0 10 1.068E+08 25.99
0 4.641 8.408E+07 27.86 0 4.641 8.495E+07 28.18
0 2.154 6.641E+07 29.87 0 2.154 6.694E+07 30.13
0 1 5.104E+07 31.87 0 1 5.134E+07 32.09
0 0.4641 3.868E+07 34.00 0 0.4641 3.885E+07 34.17
0 0.2154 2.894E+07 36.20 0 0.2154 2.903E+07 36.34
0 0.1 2.123E+07 38.52 0 0.1 2.128E+07 38.62
0 0.04641 1.529E+07 40.89 0 0.04641 1.532E+07 40.97
0 0.02154 1.079E+07 43.56 0 0.02154 1.080E+07 43.62
0 0.01 7.475E+06 46.30 0 0.01 7.481E+06 46.34

-10 10 2.742E+08 16.52 -10 10 2.846E+08 17.16
-10 4.641 2.361E+08 18.43 -10 4.641 2.437E+08 19.04
-10 2.154 2.010E+08 20.07 -10 2.154 2.064E+08 20.63
-10 1 1.657E+08 21.80 -10 1 1.692E+08 22.30
-10 0.4641 1.392E+08 23.52 -10 0.4641 1.417E+08 23.97
-10 0.2154 1.137E+08 25.26 -10 0.2154 1.153E+08 25.65
-10 0.1 9.174E+07 27.12 -10 0.1 9.278E+07 27.46
-10 0.04641 7.261E+07 28.87 -10 0.04641 7.325E+07 29.15
-10 0.02154 5.569E+07 31.76 -10 0.02154 5.605E+07 31.99
-10 0.01 4.303E+07 34.01 -10 0.01 4.324E+07 34.20
-20 10 4.806E+08 10.22 -20 10 5.143E+08 10.95
-20 4.641 4.393E+08 11.71 -20 4.641 4.671E+08 12.47
-20 2.154 3.951E+08 13.08 -20 2.154 4.174E+08 13.83
-20 1 3.498E+08 14.63 -20 1 3.670E+08 15.37
-20 0.4641 3.102E+08 15.96 -20 0.4641 3.235E+08 16.67
-20 0.2155 2.692E+08 17.26 -20 0.2155 2.791E+08 17.92
-20 0.1 2.330E+08 19.02 -20 0.1 2.403E+08 19.65
-20 0.04642 2.011E+08 19.63 -20 0.02154 1.732E+08 22.88
-20 0.02154 1.694E+08 22.36 -20 0.01 1.401E+08 25.16
-20 0.01 1.377E+08 24.70 -30 10 7.322E+08 6.97
-30 10 6.653E+08 6.33 -30 4.641 6.898E+08 7.98
-30 4.641 6.302E+08 7.29 -30 2.154 6.426E+08 9.08
-30 2.154 5.906E+08 8.34 -30 1 5.872E+08 10.17
-30 1 5.436E+08 9.41 -30 0.4641 5.405E+08 11.41
-30 0.4641 5.035E+08 10.62 -30 0.1 4.403E+08 14.12
-30 0.2155 4.586E+08 10.87 -30 0.02154 3.475E+08 16.14
-30 0.1 4.157E+08 13.32 -30 0.01 3.020E+08 18.28
-30 0.04642 3.810E+08 13.31 -40 10 9.203E+08 3.91
-30 0.02154 3.321E+08 15.41 -40 4.641 8.924E+08 4.80
-30 0.01 2.904E+08 17.56 -40 2.154 8.509E+08 5.62
-40 10 8.165E+08 3.46 -40 1 8.031E+08 6.47
-40 4.641 7.945E+08 4.27 -40 0.4641 7.637E+08 7.39
-40 2.154 7.615E+08 5.03 -40 0.1 6.675E+08 9.15
-40 1 7.231E+08 5.82 -40 0.01 5.172E+08 12.89
-40 0.4641 6.912E+08 6.69
-40 0.2155 6.420E+08 6.30
-40 0.1 6.116E+08 8.37
-40 0.04642 5.786E+08 10.19
-40 0.02154 5.279E+08 11.85
-40 0.01 4.834E+08 12.04



  Appendix L. (23/28) 

 

 

B-22
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 3.942E+07 41.68 10 10 3.958E+07 41.89
10 4.641 2.726E+07 45.04 10 4.641 2.733E+07 45.20
10 2.154 1.834E+07 48.25 10 2.154 1.837E+07 48.36
10 1 1.199E+07 51.41 10 1 1.201E+07 51.49
10 0.4641 7.633E+06 54.56 10 0.4641 7.638E+06 54.61
10 0.2154 4.735E+06 57.62 10 0.2154 4.737E+06 57.65
10 0.1 2.862E+06 60.53 10 0.1 2.863E+06 60.55
10 0.04641 1.692E+06 63.35 10 0.04641 1.692E+06 63.36
10 0.02154 9.814E+05 65.81 10 0.02154 9.815E+05 65.81
10 0.01 5.631E+05 68.10 10 0.01 5.631E+05 68.11
0 10 1.443E+08 27.84 0 10 1.469E+08 28.38
0 4.641 1.125E+08 30.96 0 4.641 1.140E+08 31.42
0 2.154 8.560E+07 33.79 0 2.154 8.645E+07 34.17
0 1 6.356E+07 36.66 0 1 6.401E+07 36.96
0 0.4641 4.607E+07 39.61 0 0.4641 4.629E+07 39.84
0 0.2154 3.255E+07 42.65 0 0.2154 3.266E+07 42.82
0 0.1 2.242E+07 45.70 0 0.1 2.247E+07 45.83
0 0.04641 1.505E+07 48.94 0 0.04641 1.507E+07 49.03
0 0.02154 9.802E+06 52.38 0 0.02154 9.811E+06 52.44
0 0.01 6.232E+06 55.51 0 0.01 6.235E+06 55.55

-10 10 3.723E+08 15.43 -10 10 3.918E+08 16.26
-10 4.641 3.242E+08 17.80 -10 4.641 3.387E+08 18.62
-10 2.154 2.760E+08 20.09 -10 2.154 2.862E+08 20.87
-10 1 2.311E+08 22.37 -10 1 2.381E+08 23.09
-10 0.4641 1.885E+08 24.90 -10 0.4641 1.931E+08 25.55
-10 0.2154 1.510E+08 27.54 -10 0.2154 1.539E+08 28.10
-10 0.1 1.181E+08 29.92 -10 0.1 1.198E+08 30.39
-10 0.04641 9.087E+07 33.35 -10 0.04641 9.183E+07 33.75
-10 0.02154 6.761E+07 36.21 -10 0.02154 6.812E+07 36.53
-10 0.01 4.983E+07 39.02 -10 0.01 5.009E+07 39.27
-20 10 5.974E+08 8.32 -20 10 6.506E+08 9.07
-20 4.641 5.572E+08 9.85 -20 4.641 6.030E+08 10.66
-20 2.154 5.102E+08 11.45 -20 2.154 5.480E+08 12.32
-20 1 4.601E+08 13.12 -20 1 4.905E+08 14.00
-20 0.4641 4.088E+08 15.03 -20 0.4641 4.324E+08 15.92
-20 0.2155 3.568E+08 16.23 -20 0.1 3.215E+08 19.92
-20 0.1 3.086E+08 19.09 -20 0.04642 2.695E+08 22.23
-20 0.04642 2.604E+08 21.45 -20 0.02154 2.220E+08 24.76
-20 0.02154 2.159E+08 24.05 -20 0.01 1.806E+08 26.66
-20 0.01 1.766E+08 26.03 -30 10 8.673E+08 4.99
-30 10 7.746E+08 4.46 -30 4.641 8.304E+08 5.99
-30 4.641 7.452E+08 5.37 -30 2.154 7.858E+08 7.11
-30 2.154 7.091E+08 6.42 -30 1 7.312E+08 8.29
-30 1 6.645E+08 7.53 -30 0.4641 6.866E+08 9.65
-30 0.4641 6.277E+08 8.82 -30 0.2155 6.280E+08 11.17
-30 0.2155 5.786E+08 10.28 -30 0.1 5.686E+08 12.74
-30 0.1 5.280E+08 11.81 -30 0.02154 4.474E+08 16.52
-30 0.04642 4.567E+08 15.78 -30 0.01 3.801E+08 19.16
-30 0.02154 4.223E+08 15.56 -40 10 1.021E+09 2.54
-30 0.01 3.621E+08 18.22 -40 4.641 1.002E+09 3.29
-40 10 8.948E+08 2.23 -40 2.154 9.739E+08 4.00
-40 4.641 8.803E+08 2.89 -40 1 9.368E+08 4.75
-40 2.154 8.584E+08 3.52 -40 0.4641 9.025E+08 5.58
-40 1 8.295E+08 4.20 -40 0.2155 8.704E+08 6.13
-40 0.4641 8.026E+08 4.96 -40 0.1 8.203E+08 7.59
-40 0.2155 7.772E+08 5.48 -40 0.02154 7.233E+08 10.33
-40 0.1 7.372E+08 6.82
-40 0.04642 6.937E+08 9.39
-40 0.02154 6.583E+08 9.40
-40 0.01 5.898E+08 12.29



  Appendix L. (24/28) 

 

 

B-23
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 2.200E+07 42.97 10 10 2.205E+07 43.09
10 4.641 1.515E+07 45.91 10 4.641 1.517E+07 46.00
10 2.154 1.015E+07 48.65 10 2.154 1.016E+07 48.71
10 1 6.633E+06 51.37 10 1 6.637E+06 51.41
10 0.4641 4.249E+06 54.06 10 0.4641 4.250E+06 54.09
10 0.2154 2.663E+06 56.67 10 0.2154 2.663E+06 56.69
10 0.1 1.636E+06 59.14 10 0.1 1.636E+06 59.15
10 0.04641 9.867E+05 61.40 10 0.04641 9.868E+05 61.40
10 0.02154 5.903E+05 63.70 10 0.02154 5.903E+05 63.71
10 0.01 3.580E+05 65.56 10 0.01 3.580E+05 65.56
0 10 7.932E+07 31.61 0 10 8.006E+07 31.94
0 4.641 6.040E+07 33.86 0 4.641 6.082E+07 34.12
0 2.154 4.479E+07 36.27 0 2.154 4.502E+07 36.49
0 1 3.260E+07 38.79 0 1 3.271E+07 38.95
0 0.4641 2.325E+07 41.32 0 0.4641 2.330E+07 41.44
0 0.2154 1.625E+07 43.88 0 0.2154 1.627E+07 43.97
0 0.1 1.115E+07 46.51 0 0.1 1.116E+07 46.58
0 0.04641 7.489E+06 49.22 0 0.04641 7.494E+06 49.27
0 0.02154 4.905E+06 51.94 0 0.02154 4.907E+06 51.97
0 0.01 3.148E+06 54.62 0 0.01 3.149E+06 54.64

-10 10 2.414E+08 19.80 -10 10 2.492E+08 20.47
-10 4.641 2.024E+08 22.19 -10 4.641 2.078E+08 22.81
-10 2.154 1.665E+08 24.34 -10 2.154 1.701E+08 24.89
-10 1 1.324E+08 26.61 -10 1 1.346E+08 27.09
-10 0.4641 1.060E+08 28.69 -10 0.4641 1.074E+08 29.10
-10 0.2154 8.241E+07 30.92 -10 0.2154 8.322E+07 31.26
-10 0.1 6.314E+07 33.23 -10 0.1 6.360E+07 33.51
-10 0.04641 4.675E+07 35.20 -10 0.04641 4.700E+07 35.42
-10 0.02154 3.467E+07 38.61 -10 0.02154 3.480E+07 38.78
-10 0.01 2.487E+07 40.71 -10 0.01 2.493E+07 40.84
-20 10 4.467E+08 12.06 -20 10 4.754E+08 12.85
-20 4.641 4.010E+08 13.96 -20 4.641 4.238E+08 14.77
-20 2.154 3.544E+08 15.75 -20 2.154 3.719E+08 16.55
-20 1 3.022E+08 17.57 -20 1 3.147E+08 18.33
-20 0.4641 2.641E+08 19.42 -20 0.4641 2.735E+08 20.14
-20 0.2155 2.219E+08 21.38 -20 0.2155 2.284E+08 22.04
-20 0.1 1.845E+08 23.41 -20 0.1 1.889E+08 24.00
-20 0.04642 1.545E+08 25.53 -20 0.04642 1.575E+08 26.07
-20 0.02154 1.211E+08 28.03 -20 0.02154 1.229E+08 28.48
-20 0.01 9.520E+07 30.32 -20 0.01 9.629E+07 30.71
-30 10 6.329E+08 7.22 -30 10 6.931E+08 7.91
-30 4.641 5.927E+08 8.63 -30 4.641 6.450E+08 9.40
-30 2.154 5.509E+08 10.02 -30 2.154 5.956E+08 10.84
-30 1 4.995E+08 11.62 -30 1 5.358E+08 12.47
-30 0.4641 4.524E+08 13.11 -30 0.4641 4.817E+08 13.98
-30 0.2155 4.039E+08 14.82 -30 0.2155 4.270E+08 15.68
-30 0.1 3.555E+08 16.42 -30 0.1 3.731E+08 17.26
-30 0.04642 3.022E+08 21.81 -30 0.02154 2.746E+08 20.28
-30 0.02154 2.651E+08 19.56 -30 0.01 2.258E+08 23.50
-30 0.01 2.195E+08 22.81 -40 10 8.884E+08 4.81
-40 10 7.914E+08 4.28 -40 4.641 8.498E+08 5.68
-40 4.641 7.607E+08 5.08 -40 2.154 7.986E+08 6.69
-40 2.154 7.196E+08 6.02 -40 1 7.540E+08 7.85
-40 1 6.833E+08 7.11 -40 0.4641 7.112E+08 9.01
-40 0.4641 6.481E+08 8.20 -40 0.2155 6.577E+08 10.34
-40 0.2155 6.035E+08 9.48 -40 0.1 5.986E+08 11.56
-40 0.1 5.536E+08 10.68 -40 0.04642 5.486E+08 12.99
-40 0.04642 5.107E+08 12.08 -40 0.01 4.342E+08 16.73
-40 0.02154 4.603E+08 14.71
-40 0.01 4.105E+08 15.79



  Appendix L. (25/28) 

 

 

B-24
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 1.985E+07 47.04 10 10 1.989E+07 47.16
10 4.641 1.317E+07 50.15 10 4.641 1.318E+07 50.23
10 2.154 8.508E+06 53.41 10 2.154 8.514E+06 53.46
10 1 5.361E+06 56.64 10 1 5.363E+06 56.68
10 0.4641 3.294E+06 59.82 10 0.4641 3.295E+06 59.85
10 0.2154 1.975E+06 62.77 10 0.2154 1.975E+06 62.79
10 0.1 1.149E+06 65.52 10 0.1 1.149E+06 65.53
10 0.04641 6.590E+05 68.18 10 0.04641 6.591E+05 68.18
10 0.02154 3.769E+05 70.69 10 0.02154 3.769E+05 70.70
10 0.01 2.200E+05 73.14 10 0.01 2.200E+05 73.14
0 10 8.510E+07 32.92 0 10 8.595E+07 33.29
0 4.641 6.391E+07 35.52 0 4.641 6.437E+07 35.81
0 2.154 4.692E+07 38.36 0 2.154 4.716E+07 38.59
0 1 3.348E+07 41.25 0 1 3.359E+07 41.42
0 0.4641 2.334E+07 44.24 0 0.4641 2.339E+07 44.37
0 0.2154 1.590E+07 47.32 0 0.2154 1.593E+07 47.41
0 0.1 1.061E+07 50.48 0 0.1 1.062E+07 50.54
0 0.04641 6.896E+06 53.61 0 0.04641 6.900E+06 53.65
0 0.02154 4.348E+06 56.97 0 0.02154 4.349E+06 57.00
0 0.01 2.689E+06 60.04 0 0.01 2.690E+06 60.06

-10 10 2.649E+08 19.77 -10 10 2.744E+08 20.51
-10 4.641 2.215E+08 22.30 -10 4.641 2.279E+08 22.98
-10 2.154 1.820E+08 24.61 -10 2.154 1.863E+08 25.23
-10 1 1.447E+08 27.00 -10 1 1.473E+08 27.53
-10 0.4641 1.148E+08 29.44 -10 0.4641 1.164E+08 29.90
-10 0.2154 8.899E+07 32.04 -10 0.2154 8.993E+07 32.42
-10 0.1 6.747E+07 34.78 -10 0.1 6.800E+07 35.09
-10 0.04641 4.899E+07 37.65 -10 0.04641 4.926E+07 37.89
-10 0.02154 3.606E+07 40.86 -10 0.02154 3.619E+07 41.05
-10 0.01 2.537E+07 43.99 -10 0.01 2.543E+07 44.13
-20 10 4.896E+08 11.45 -20 10 5.244E+08 12.27
-20 4.641 4.429E+08 13.42 -20 4.641 4.709E+08 14.29
-20 2.154 3.925E+08 15.23 -20 2.154 4.142E+08 16.09
-20 1 3.409E+08 17.11 -20 1 3.570E+08 17.94
-20 0.4641 2.948E+08 19.10 -20 0.4641 3.066E+08 19.89
-20 0.2155 2.485E+08 21.27 -20 0.2155 2.567E+08 22.01
-20 0.1 2.060E+08 23.45 -20 0.1 2.115E+08 24.12
-20 0.04642 1.677E+08 25.86 -20 0.04642 1.713E+08 26.45
-20 0.02154 1.347E+08 28.33 -20 0.02154 1.370E+08 28.85
-20 0.01 1.044E+08 30.75 -20 0.01 1.058E+08 31.18
-30 10 6.896E+08 6.82 -30 10 7.617E+08 7.53
-30 4.641 6.487E+08 8.00 -30 4.641 7.120E+08 8.78
-30 2.154 6.027E+08 9.31 -30 2.154 6.567E+08 10.15
-30 1 5.535E+08 10.77 -30 1 5.985E+08 11.65
-30 0.4641 5.038E+08 12.32 -30 0.4641 5.406E+08 13.24
-30 0.2155 4.482E+08 12.54 -30 0.1 4.213E+08 16.46
-30 0.1 3.989E+08 15.56 -30 0.02154 3.147E+08 20.68
-30 0.04642 3.698E+08 14.22 -30 0.01 2.630E+08 22.29
-30 0.02154 3.023E+08 19.84 -40 10 9.570E+08 4.36
-30 0.01 2.544E+08 21.52 -40 4.641 9.252E+08 5.14
-40 10 8.453E+08 3.85 -40 2.154 8.857E+08 6.13
-40 4.641 8.205E+08 4.56 -40 1 8.303E+08 7.21
-40 2.154 7.894E+08 5.46 -40 0.4641 7.944E+08 8.26
-40 1 7.452E+08 6.47 -40 0.1 6.733E+08 10.99
-40 0.4641 7.163E+08 7.45 -40 0.01 4.947E+08 16.65
-40 0.2155 6.624E+08 7.71
-40 0.1 6.168E+08 10.06
-40 0.04642 5.674E+08 10.56
-40 0.02154 5.133E+08 11.85
-40 0.01 4.642E+08 15.60



  Appendix L. (26/28) 

 

 

B-25
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 1.489E+07 55.92 10 10 1.490E+07 56.02
10 4.641 9.052E+06 59.40 10 4.641 9.057E+06 59.46
10 2.154 5.353E+06 62.57 10 2.154 5.355E+06 62.61
10 1 3.084E+06 65.42 10 1 3.085E+06 65.44
10 0.4641 1.739E+06 67.97 10 0.4641 1.739E+06 67.98
10 0.2154 9.642E+05 70.21 10 0.2154 9.642E+05 70.21
10 0.1 5.290E+05 72.15 10 0.1 5.290E+05 72.16
10 0.04641 2.883E+05 73.63 10 0.04641 2.883E+05 73.63
10 0.02154 1.572E+05 75.26 10 0.02154 1.572E+05 75.26
10 0.01 9.050E+04 77.25 10 0.01 9.050E+04 77.25
0 10 7.931E+07 40.24 0 10 7.998E+07 40.65
0 4.641 5.532E+07 44.13 0 4.641 5.563E+07 44.44
0 2.154 3.749E+07 47.81 0 2.154 3.762E+07 48.03
0 1 2.457E+07 51.39 0 1 2.462E+07 51.55
0 0.4641 1.561E+07 54.88 0 0.4641 1.563E+07 54.99
0 0.2154 9.625E+06 58.19 0 0.2154 9.631E+06 58.26
0 0.1 5.782E+06 61.34 0 0.1 5.785E+06 61.38
0 0.04641 3.389E+06 64.24 0 0.04641 3.390E+06 64.26
0 0.02154 1.941E+06 66.79 0 0.02154 1.941E+06 66.81
0 0.01 1.090E+06 69.21 0 0.01 1.090E+06 69.22

-10 10 3.033E+08 23.37 -10 10 3.154E+08 24.36
-10 4.641 2.468E+08 26.47 -10 4.641 2.545E+08 27.37
-10 2.154 1.941E+08 29.88 -10 2.154 1.987E+08 30.67
-10 1 1.467E+08 33.30 -10 1 1.492E+08 33.95
-10 0.4641 1.088E+08 36.84 -10 0.4641 1.101E+08 37.36
-10 0.2154 7.832E+07 40.40 -10 0.2154 7.897E+07 40.80
-10 0.1 5.485E+07 43.94 -10 0.1 5.515E+07 44.24
-10 0.04641 3.696E+07 47.57 -10 0.04641 3.709E+07 47.78
-10 0.02154 2.432E+07 51.46 -10 0.02154 2.437E+07 51.61
-10 0.01 1.551E+07 54.82 -10 0.01 1.553E+07 54.92
-20 10 5.916E+08 11.63 -20 10 6.430E+08 12.66
-20 4.641 5.323E+08 14.11 -20 4.641 5.731E+08 15.22
-20 2.154 4.673E+08 16.59 -20 2.154 4.981E+08 17.71
-20 1 3.996E+08 19.61 -20 1 4.215E+08 20.73
-20 0.4641 3.419E+08 22.12 -20 0.4641 3.575E+08 23.18
-20 0.2155 2.798E+08 24.97 -20 0.2155 2.899E+08 25.94
-20 0.1 2.237E+08 28.34 -20 0.1 2.300E+08 29.21
-20 0.04642 1.747E+08 31.70 -20 0.04642 1.783E+08 32.45
-20 0.02154 1.317E+08 34.81 -20 0.02154 1.336E+08 35.41
-20 0.01 9.600E+07 38.96 -20 0.01 9.700E+07 39.44
-30 10 8.244E+08 5.93 -30 10 9.299E+08 6.69
-30 4.641 7.817E+08 7.41 -30 4.641 8.756E+08 8.30
-30 2.154 7.304E+08 9.03 -30 2.154 8.114E+08 10.04
-30 1 6.654E+08 11.29 -30 1 7.313E+08 12.43
-30 0.4641 6.124E+08 12.77 -30 0.4641 6.674E+08 13.95
-30 0.2155 5.357E+08 15.08 -30 0.2155 5.768E+08 16.28
-30 0.1 4.781E+08 17.69 -30 0.1 5.102E+08 18.92
-30 0.04642 4.129E+08 20.81 -30 0.04642 4.361E+08 22.04
-30 0.02154 3.424E+08 23.59 -30 0.02154 3.579E+08 24.72
-30 0.01 2.794E+08 26.60 -30 0.01 2.893E+08 27.63
-40 10 9.823E+08 3.01 -40 10 1.137E+09 3.48
-40 4.641 9.633E+08 3.81 -40 4.641 1.111E+09 4.39
-40 2.154 9.202E+08 4.68 -40 2.154 1.054E+09 5.36
-40 1 8.930E+08 5.76 -40 1 1.018E+09 6.57
-40 0.4641 8.453E+08 7.07 -40 0.4641 9.563E+08 8.00
-40 0.2155 7.973E+08 8.24 -40 0.2155 8.950E+08 9.26
-40 0.1 7.374E+08 10.03 -40 0.1 8.196E+08 11.16
-40 0.04642 6.712E+08 11.58 -40 0.04642 7.382E+08 12.75
-40 0.02154 6.035E+08 13.79 -40 0.02154 6.566E+08 15.03
-40 0.01 5.329E+08 17.08 -40 0.01 5.732E+08 18.41



  Appendix L. (27/28) 

 

 

B-26
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 1.072E+07 49.05 10 10 1.073E+07 49.12
10 4.641 7.018E+06 51.68 10 4.641 7.022E+06 51.72
10 2.154 4.469E+06 54.34 10 2.154 4.470E+06 54.37
10 1 2.789E+06 57.00 10 1 2.790E+06 57.02
10 0.4641 1.705E+06 59.57 10 0.4641 1.705E+06 59.58
10 0.2154 1.023E+06 61.95 10 0.2154 1.023E+06 61.96
10 0.1 5.986E+05 64.15 10 0.1 5.986E+05 64.15
10 0.04641 3.470E+05 66.13 10 0.04641 3.470E+05 66.13
10 0.02154 2.003E+05 67.69 10 0.02154 2.003E+05 67.69
10 0.01 1.181E+05 68.53 10 0.01 1.181E+05 68.53
0 10 4.907E+07 36.49 0 10 4.934E+07 36.72
0 4.641 3.576E+07 39.11 0 4.641 3.590E+07 39.29
0 2.154 2.543E+07 41.65 0 2.154 2.550E+07 41.79
0 1 1.770E+07 44.20 0 1 1.773E+07 44.30
0 0.4641 1.207E+07 46.81 0 0.4641 1.208E+07 46.88
0 0.2154 8.064E+06 49.47 0 0.2154 8.070E+06 49.51
0 0.1 5.295E+06 52.16 0 0.1 5.298E+06 52.20
0 0.04641 3.410E+06 54.90 0 0.04641 3.411E+06 54.92
0 0.02154 2.149E+06 57.99 0 0.02154 2.149E+06 58.00
0 0.01 1.317E+06 60.41 0 0.01 1.317E+06 60.41

-10 10 1.618E+08 24.80 -10 10 1.652E+08 25.35
-10 4.641 1.304E+08 27.19 -10 4.641 1.325E+08 27.67
-10 2.154 1.030E+08 29.38 -10 2.154 1.043E+08 29.79
-10 1 7.981E+07 31.62 -10 1 8.057E+07 31.96
-10 0.4641 6.043E+07 33.87 -10 0.4641 6.086E+07 34.14
-10 0.2154 4.513E+07 36.17 -10 0.2154 4.535E+07 36.38
-10 0.1 3.308E+07 38.41 -10 0.1 3.320E+07 38.57
-10 0.04641 2.377E+07 41.76 -10 0.04641 2.383E+07 41.89
-10 0.02154 1.681E+07 43.96 -10 0.02154 1.684E+07 44.06
-10 0.01 1.159E+07 46.86 -10 0.01 1.160E+07 46.93
-20 10 3.456E+08 16.43 -20 10 3.622E+08 17.24
-20 4.641 2.987E+08 18.47 -20 4.641 3.108E+08 19.25
-20 2.154 2.536E+08 20.39 -20 2.154 2.622E+08 21.12
-20 1 2.156E+08 22.20 -20 1 2.217E+08 22.86
-20 0.4641 1.738E+08 24.35 -20 0.4641 1.776E+08 24.93
-20 0.2155 1.406E+08 26.23 -20 0.2155 1.431E+08 26.73
-20 0.1 1.122E+08 28.42 -20 0.1 1.138E+08 28.85
-20 0.04642 8.745E+07 30.13 -20 0.04642 8.837E+07 30.49
-20 0.02154 6.887E+07 33.10 -20 0.02154 6.942E+07 33.40
-20 0.01 5.204E+07 35.47 -20 0.01 5.235E+07 35.71
-30 10 5.447E+08 10.68 -30 10 5.883E+08 11.55
-30 4.641 4.968E+08 12.35 -30 4.641 5.325E+08 13.26
-30 2.154 4.456E+08 14.03 -30 2.154 4.739E+08 14.94
-30 1 3.981E+08 15.64 -30 1 4.204E+08 16.53
-30 0.4641 3.404E+08 17.54 -30 0.4641 3.564E+08 18.39
-30 0.2155 2.920E+08 19.53 -30 0.2155 3.035E+08 20.33
-30 0.1 2.471E+08 21.21 -30 0.1 2.553E+08 21.94
-30 0.04642 2.016E+08 19.72 -30 0.02154 1.713E+08 26.50
-30 0.02154 1.678E+08 25.91 -30 0.01 1.375E+08 27.94
-30 0.01 1.352E+08 27.44 -40 10 8.199E+08 7.25
-40 10 7.369E+08 6.52 -40 4.641 7.651E+08 8.72
-40 4.641 6.926E+08 7.89 -40 2.154 7.105E+08 10.06
-40 2.154 6.477E+08 9.16 -40 1 6.515E+08 11.53
-40 1 5.985E+08 10.58 -40 0.4641 5.842E+08 13.01
-40 0.4641 5.414E+08 12.05 -40 0.2155 5.154E+08 15.10
-40 0.2155 4.821E+08 14.11 -40 0.1 4.547E+08 16.54
-40 0.1 4.287E+08 15.57 -40 0.04642 3.903E+08 18.56
-40 0.04642 3.712E+08 17.62 -40 0.02154 3.456E+08 19.65
-40 0.02154 3.307E+08 18.77 -40 0.01 2.903E+08 21.43
-40 0.01 2.798E+08 20.62



  Appendix L. (28/28) 

 

 

B-27
T f G* δ T f G* δ

[°C] [Hz] [Pa] [°] [°C] [Hz] [Pa] [°]
10 10 1.359E+07 52.57 10 10 1.360E+07 52.65
10 4.641 8.570E+06 56.26 10 4.641 8.576E+06 56.32
10 2.154 5.235E+06 59.63 10 2.154 5.237E+06 59.67
10 1 3.116E+06 62.79 10 1 3.117E+06 62.81
10 0.4641 1.812E+06 65.71 10 0.4641 1.813E+06 65.72
10 0.2154 1.026E+06 68.16 10 0.2154 1.026E+06 68.17
10 0.1 5.713E+05 70.30 10 0.1 5.714E+05 70.30
10 0.04641 3.178E+05 72.26 10 0.04641 3.178E+05 72.27
10 0.02154 1.791E+05 73.88 10 0.02154 1.791E+05 73.88
10 0.01 1.045E+05 74.73 10 0.01 1.045E+05 74.74
0 10 6.762E+07 37.02 0 10 6.813E+07 37.35
0 4.641 4.895E+07 40.27 0 4.641 4.920E+07 40.52
0 2.154 3.443E+07 43.61 0 2.154 3.455E+07 43.80
0 1 2.353E+07 47.03 0 1 2.359E+07 47.17
0 0.4641 1.561E+07 50.49 0 0.4641 1.563E+07 50.59
0 0.2154 1.007E+07 53.93 0 0.2154 1.008E+07 54.00
0 0.1 6.348E+06 57.29 0 0.1 6.351E+06 57.33
0 0.04641 3.906E+06 60.48 0 0.04641 3.907E+06 60.50
0 0.02154 2.333E+06 63.47 0 0.02154 2.333E+06 63.48
0 0.01 1.366E+06 66.33 0 0.01 1.366E+06 66.34

-10 10 2.282E+08 22.57 -10 10 2.350E+08 23.29
-10 4.641 1.877E+08 25.00 -10 4.641 1.922E+08 25.65
-10 2.154 1.500E+08 27.70 -10 2.154 1.528E+08 28.26
-10 1 1.180E+08 30.46 -10 1 1.197E+08 30.95
-10 0.4641 8.930E+07 33.37 -10 0.4641 9.023E+07 33.76
-10 0.2154 6.656E+07 36.37 -10 0.2154 6.705E+07 36.69
-10 0.1 4.859E+07 39.64 -10 0.1 4.885E+07 39.89
-10 0.04641 3.428E+07 43.70 -10 0.04641 3.439E+07 43.89
-10 0.02154 2.372E+07 46.32 -10 0.02154 2.377E+07 46.45
-10 0.01 1.586E+07 50.40 -10 0.01 1.588E+07 50.50
-20 10 4.466E+08 12.95 -20 10 4.751E+08 13.80
-20 4.641 3.976E+08 14.81 -20 4.641 4.199E+08 15.66
-20 2.154 3.486E+08 16.86 -20 2.154 3.654E+08 17.70
-20 1 3.020E+08 19.02 -20 1 3.144E+08 19.83
-20 0.4641 2.525E+08 21.35 -20 0.4641 2.610E+08 22.10
-20 0.2155 2.091E+08 23.63 -20 0.2155 2.148E+08 24.31
-20 0.1 1.708E+08 26.24 -20 0.1 1.745E+08 26.85
-20 0.04642 1.363E+08 29.86 -20 0.04642 1.386E+08 30.40
-20 0.02154 1.058E+08 31.80 -20 0.02154 1.072E+08 32.25
-20 0.01 8.039E+07 35.17 -20 0.01 8.113E+07 35.55
-30 10 6.425E+08 7.27 -30 10 7.046E+08 7.98
-30 4.641 6.031E+08 8.70 -30 4.641 6.573E+08 9.49
-30 2.154 5.610E+08 10.16 -30 2.154 6.074E+08 11.01
-30 1 5.122E+08 11.81 -30 1 5.504E+08 12.70
-30 0.4641 4.570E+08 13.54 -30 0.4641 4.869E+08 14.44
-30 0.2155 4.054E+08 14.14 -30 0.1 3.738E+08 18.35
-30 0.1 3.562E+08 17.46 -30 0.02154 2.643E+08 23.64
-30 0.04642 2.896E+08 17.11 -30 0.01 2.197E+08 25.09
-30 0.02154 2.557E+08 22.82 -40 10 9.035E+08 4.58
-30 0.01 2.138E+08 24.38 -40 4.641 8.690E+08 5.50
-40 10 8.033E+08 4.07 -40 2.154 8.358E+08 6.52
-40 4.641 7.760E+08 4.91 -40 1 7.856E+08 7.68
-40 2.154 7.496E+08 5.84 -40 0.4641 7.341E+08 8.89
-40 1 7.091E+08 6.93 -40 0.1 6.169E+08 12.11
-40 0.4641 6.670E+08 8.07 -40 0.04642 5.701E+08 13.46
-40 0.2155 6.167E+08 8.23 -40 0.02154 5.047E+08 15.69
-40 0.1 5.693E+08 11.16 -40 0.01 4.227E+08 19.04
-40 0.04642 5.294E+08 12.48
-40 0.02154 4.728E+08 14.68
-40 0.01 4.005E+08 18.01


