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The dynamic fragility and apparent activation energy of bitumens 1 as expressed by a modified Kaelble equation 2 
Olli-Ville Laukkanen1,2 and H. Henning Winter1 3 
1 Department of Polymer Science and Engineering & Department of Chemical Engineering, 4 University of Massachusetts, Amherst, MA 01003, United States 5 
2 Department of Chemical and Metallurgical Engineering, School of Chemical Engineering, 6 Aalto University, P.O. Box 16100, 00076 Aalto, Finland 7  8 
Abstract The temperature dependence of the dynamics of glass-forming liquids can be 9 characterized by the dynamic fragility (m) and apparent activation energy (Ea) at the glass 10 transition temperature Tg. In this study, we derive analytical expressions that allow the 11 calculation of these parameters from a modified Kaelble equation which divides the 12 temperature dependence into two regimes above and below a characteristic temperature Td. 13 Special emphasis is given to the analysis of the Td parameter that can be considered as the 14 rheological glass transition temperature. Rheological characterization is performed on twenty-15 seven bitumens originating from various crude oil sources and refining processes. Their 16 dynamic fragilities and apparent activation energies are calculated at the calorimetric Tg and at 17 Td. Bitumen can be classified as a strong glass-forming liquid, dynamic fragilities varying in 18 the range of m(Tg) = 26 … 52 for the individual bitumen samples. The results indicate that 19 m(Tg) and Ea(Tg) are linearly correlated with Tg, and these Tg-dependences are unusually strong 20 in comparison to other classes of glass-forming liquids. However, dynamic fragilities and 21 apparent activation energies evaluated at Td are nearly independent of the type of bitumen and 22 show only a weak dependence on Td.  23 
Keywords Dynamic fragility, Apparent activation energy, Modified Kaelble equation, 24 Rheology, Bitumen 25 
 26 

1. Introduction 27 
Petroleum bitumen, a residue of crude oil distillation, is widely used as a binder in asphalt 28 pavements [1]. It is an extremely complex mixture of different molecular constituents that vary 29 in chemical composition and molecular weight [2,3]. Although mainly composed of low-30 molecular-weight hydrocarbons, bitumen also contains significant amounts of heteroatoms 31 such as sulfur, nitrogen and oxygen, as well as traces of metals like vanadium and nickel [4]. 32 The physical properties of bitumen are largely governed by complex molecular interactions 33 including dispersive, polar, hydrogen bonding and π-π interactions [5]. In particular, the 34 rheological properties of bitumen have been shown to be heavily influenced by aromatic 35 interactions [5–7] and by the content of carbonyl and sulfoxide functional groups [8]. 36 Moreover, the chemical composition and therefore the physical properties of bitumen depend 37 on the crude oil source and on the refining processes employed in its production [9]. 38 
Bitumen is known to be a complex glass-forming liquid [10–12] with a glass transition at 39 around -20 °C, the exact glass transition temperature being dependent mainly on the crude oil 40 
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it originates from [13–17]. Due to its extreme chemical and structural complexity, bitumen 1 exhibits unusual rheological characteristics as compared to most other glass-forming liquids. 2 Most importantly, a significant broadening of the viscoelastic glass transition is observed 3 [11,12]. However, although numerous studies have been performed to study the rheological 4 properties of bitumen at low temperatures, no one has yet specifically studied the temperature 5 dependence of these properties at the glass transition. 6 
The temperature dependence of the viscoelastic properties of glass-forming liquids is 7 commonly described by two coupled parameters: dynamic fragility, m, and apparent activation 8 energy, Ea, at Tg [18]. The dynamic fragility, also known as the steepness index [19], 9 

characterizes the rapidity with which a liquid’s dynamic properties change as the glass 10 transition temperature is approached and is quantified as [20]: 11 
𝑚(𝑇𝑔) = [

d log 𝑎𝑇

d(𝑇𝑔 𝑇⁄ )
]

𝑇=𝑇𝑔

                                                                                                                     (1) 12 
where aT is the time-temperature shift factor. This parameter measures the deviation from the 13 Arrhenius temperature dependence in the vicinity of Tg [21]. When m(Tg) is high, the material 14 exhibits highly non-Arrhenius temperature dependence and we refer to it as a fragile liquid. On 15 the contrary, when m(Tg) is low, the material shows (nearly) Arrhenius-type temperature 16 dependence and it is said to be a strong liquid. The apparent activation energy at Tg can be 17 readily calculated from the dynamic fragility: 18 
𝐸𝑎(𝑇𝑔) = ln(10)𝑅𝑇𝑔𝑚(𝑇𝑔)                                                                                                                (2) 19 
where R is the universal gas constant, 8.314 J mol-1 K-1. Consequently, the dynamic fragility 20 can be understood as a Tg-normalized activation energy.  21 

Traditionally, the temperature dependence of relaxation patterns in the vicinity of Tg is 22 modelled with the Vogel–Fulcher–Tammann (VFT) [22–24] or Williams–Landel–Ferry 23 (WLF) [25] equation. In this case, dynamic fragility and apparent activation energy can be 24 rewritten in terms of VFT and WLF parameters [18]. For the WLF equation: 25 
log 𝑎𝑇 =

−𝑐1(𝑇 − 𝑇𝑟𝑒𝑓)

𝑐2 + 𝑇 − 𝑇𝑟𝑒𝑓
                                                                                                                      (3) 26 

𝑚(𝑇𝑔) =
𝑐1

𝑔
𝑇𝑔

𝑐2
𝑔                                                                                                                                         (4) 27 

𝐸𝑎(𝑇𝑔) = ln(10)𝑅
𝑐1

𝑔
𝑇𝑔

2

𝑐2
𝑔                                                                                                                      (5) 28 

where c1 and c2 are the WLF parameters at an arbitrary reference temperature Tref, and c1g and 29 c2g represent the values of c1 and c2 when Tref = Tg. 30 
However, as reviewed by McKenna and Zhao [26], recent theoretical [27–34] and 31 experimental [35–43] studies suggest that time scales actually do not diverge at temperatures 32 above zero Kelvin, i.e. the temperature dependence of viscoelastic properties deviate from the 33 VFT/WLF behavior below Tg. In fact, deviations from the VFT/WLF behavior are often 34 
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observed even slightly above Tg (typically around Tg+10 K), see e.g. Refs. [11,44–46]. 1 Consequently, m(Tg) and Ea(Tg) values calculated from the VFT/WLF fits (Eqs. 4 and 5) cannot 2 always be considered reliable. Several modifications have been proposed to the traditional 3 WLF equation to describe the temperature dependence of relaxation processes both above and 4 below Tg by a single relation [47–54]. Most notably, Rowe and Sharrock [55] have proposed 5 the following equation that is commonly known as the modified Kaelble equation: 6 
log 𝑎𝑇 =

−𝑐1(𝑇 − 𝑇𝑑)

𝑐2 + |𝑇 − 𝑇𝑑|
                                                                                                                         (6) 7 

where Td defines the temperature at which the curvature of the S-shaped log aT versus T curve 8 changes from positive to negative. It should be noted that this equation is a modification of the 9 shift factor model initially proposed by Kaelble [54]. The general shape of the modified Kaelble 10 equation is illustrated in Fig. 1. Above Td, Eqs. (3) and (6) are identical when Tref = Td. Below 11 Tg, Eq. (3) predicts too rapid a rise in log aT culminating in a predicted infinite positive value 12 when T = Tref-c2. Conversely, Eq. (6) predicts non-diverging time scales below Tg in a fashion 13 consistent with experimental data. However, it is not straightforward to fit Eq. (6) to data since 14 the form of this equation inherently assumes that the defining temperature and the reference 15 temperature are the same, Tref = Td. This difficulty can be overcome by the addition of a constant 16 term that separates Td from Tref [55]: 17 
log 𝑎𝑇 = −𝑐1 (

𝑇 − 𝑇𝑑

𝑐2 + |𝑇 − 𝑇𝑑|
−

𝑇𝑟𝑒𝑓 − 𝑇𝑑

𝑐2 + |𝑇𝑟𝑒𝑓 − 𝑇𝑑|
)                                                                        (7) 18 

It can be easily shown that Eqs. (6) and (7) are mathematically identical. 19 

 20 
Fig. 1 Schematic representation of the modified Kaelble equation. A curve corresponding to 21 the traditional WLF/VFT equation is shown for comparison purposes. 22 

It has been shown that the modified Kaelble equation accurately captures the temperature 23 dependence of various viscoelastic materials both above and below Tg. These materials include 24 different types of asphalt binders and mixtures [11,55–58], as well as various polymers (e.g. 25 polymethylmethacrylate [54], polystyrene [54,55], polyisoprene [59] and polyurethane [59]) 26 and commercial damping materials (e.g. EAR C-1002 [59] and Hunston [59]). Moreover, we 27 
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expect that the modified Kaelble equation can accurately describe the temperature dependence 1 of many other viscoelastic materials too, although this needs to be confirmed by further studies. 2 
 In this paper, we analytically derive equations that allow the calculation of m and Ea from 3 the fits of the modified Kaelble equation. These equations are used to calculate the m and Ea 4 values of a wide variety of bitumens at Tg and Td. Furthermore, the Tg-dependences of these 5 parameters are examined and compared with other types of glass-forming liquids. 6 

 7 
2. Theory 8 2.1.  Analytical derivation of m(Tg) and Ea(Tg) from the modified Kaelble 9 equation 10 
In this section, we derive analytical equations for calculating m(Tg) and Ea(Tg) using 11 parameter values obtained from the fit of the modified Kaelble equation, Eq. (7). Upon 12 differentiation with respect to Tg/T, the second term of Eq. (7) becomes zero (derivative of a 13 constant). Thus, we can start the derivation of the dynamic fragility from the modified Kaelble 14 equation by considering the form of Eq. (6). When T ≤ Td, this equation can be written as 15 follows: 16 

log 𝑎𝑇 =
−𝑐1(𝑇 − 𝑇𝑑)

𝑐2 − 𝑇 + 𝑇𝑑
=

−𝑐1𝑇𝑔 (
𝑇
𝑇𝑔

) + 𝑐1𝑇𝑑

𝑐2 − 𝑇𝑔 (
𝑇
𝑇𝑔

) + 𝑇𝑑

                                                                                 (8) 17 

By substituting 18 
𝑢 =

𝑇𝑔

𝑇
⇔ 𝑢−1 =

𝑇

𝑇𝑔
                                                                                                                              (9) 19 

into Eq. (8), the following equation is obtained: 20 
log 𝑎𝑇 =

−𝑐1𝑇𝑔𝑢−1 + 𝑐1𝑇𝑑

𝑐2 − 𝑇𝑔𝑢−1 + 𝑇𝑑
                                                                                                               (10) 21 

As described by Eq. (1), the dynamic fragility is defined as the derivative of the time-22 temperature shift factor with respect to Tg-normalized inverse temperature. Considering the 23 substitution of Eq. (9) and the expression of Eq. (10), Eq. (1) can be rewritten as: 24 

𝑚(𝑇𝑔) = [
d log 𝑎𝑇

d (
𝑇𝑔

𝑇 )

]

𝑇=𝑇𝑔

= [
d log 𝑎𝑇

d𝑢
]
𝑇=𝑇𝑔

=

[
 
 
 
 d (

−𝑐1𝑇𝑔𝑢−1 + 𝑐1𝑇𝑑

𝑐2 − 𝑇𝑔𝑢−1 + 𝑇𝑑
)

d𝑢

]
 
 
 
 

𝑇=𝑇𝑔

                         (11) 25 

Further, after simplification, the following expression is found for the dynamic fragility: 26 
𝑚(𝑇𝑔) = [

𝑐1𝑐2𝑇𝑔𝑢−2

(𝑐2 − 𝑇𝑔𝑢−1 + 𝑇𝑑)
2]

𝑇=𝑇𝑔

                                                                                              (12) 27 
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After the back-substitution of Eq. (9) into Eq. (12) and simplification, the following expression 1 is obtained for the dynamic fragility: 2 

𝑚(𝑇𝑔) =

[
 
 
 𝑐1𝑐2

𝑇2

𝑇𝑔

(𝑐2 − 𝑇 + 𝑇𝑑)2

]
 
 
 

𝑇=𝑇𝑔

                                                                                                       (13) 3 

Finally, the dynamic fragility is determined at T = Tg: 4 
𝑚(𝑇𝑔) =

𝑐1
𝑔
𝑐2

𝑔
𝑇𝑔

(𝑐2
𝑔

− 𝑇𝑔 + 𝑇𝑑)2
                                                                                                              (14) 5 

Correspondingly, when T ≥ Td, Eq. (1) can be written as follows: 6 
log 𝑎𝑇 =

−𝑐1(𝑇 − 𝑇𝑑)

𝑐2 + 𝑇 − 𝑇𝑑
                                                                                                                      (15) 7 

In this case the derivation of m(Tg) follows the same steps outlined in Eqs. (8)-(14), only some 8 sign changes are required. Finally, an equation equivalent to Eq. (14) is obtained: 9 

𝑚(𝑇𝑔) =

[
 
 
 𝑐1𝑐2

𝑇2

𝑇𝑔

(𝑐2 + 𝑇 − 𝑇𝑑)2

]
 
 
 

𝑇=𝑇𝑔

=
𝑐1

𝑔
𝑐2

𝑔
𝑇𝑔

(𝑐2
𝑔

+ 𝑇𝑔 − 𝑇𝑑)2
                                                                   (16) 10 

Finally, it is noted that Eqs. (14) and (16) can be combined into a single equation that is valid 11 at all temperatures, i.e. both when Tg ≤ Td and when Tg > Td: 12 
𝑚(𝑇𝑔) =

𝑐1
𝑔
𝑐2

𝑔
𝑇𝑔

(𝑐2
𝑔

+ |𝑇𝑑 − 𝑇𝑔|)
2                                                                                                              (17) 13 

Correspondingly, an analytical solution for the apparent activation energy at Tg is obtained by 14 substituting Eq. (17) into Eq. (2): 15 
𝐸𝑎(𝑇𝑔) = ln(10)𝑅𝑇𝑔𝑚(𝑇𝑔) =

ln(10) 𝑐1
𝑔
𝑐2

𝑔
𝑅𝑇𝑔

2

(𝑐2
𝑔

+ |𝑇𝑑 − 𝑇𝑔|)
2                                                                      (18) 16 

 17 
2.2.  Dynamic fragility and apparent activation energy at Td 18 
As noted earlier, the Td parameter of the modified Kaelble equation defines the temperature 19 at which an inflection point appears in the log aT versus T curve (Fig. 1). Similarly, there is an 20 inflection point at Td when shift factors are plotted against inverse temperature (Fig. 2). This 21 means that in both of these plotting methods, the slope of the shift factor curve is at its largest 22 at Td. To highlight this characteristic, the derivative of the modified Kaelble equation with 23 respect to inverse temperature is plotted in Fig. 2. The analytical form of this derivative has 24 been solved above (Eqs. (13) and (16)) and can be written as follows using the parameters of 25 the modified Kaelble equation: 26 
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d log 𝑎𝑇

d (
𝑇𝑔

𝑇 )

=
𝑐1

𝑔
𝑐2

𝑔
𝑇2

(𝑐2
𝑔

+ |𝑇𝑑 − 𝑇|)
2
𝑇𝑔

 ,   where log 𝑎𝑇 =
−𝑐1(𝑇 − 𝑇𝑑)

𝑐2 + |𝑇 − 𝑇𝑑|
                                         (19) 1 

Obviously, this derivative attains its highest value at the inflection point T = Td. In practical 2 terms, Td corresponds to the temperature at which the temperature dependence of viscoelastic 3 properties is largest. Consequently, this temperature can be considered as the rheological glass 4 transition temperature [60,61]. It is worth noting that, as far as the authors know, Td provides 5 the only unambiguous definition of the rheological glass transition temperature. By this we 6 mean that Td is completely independent of experimental parameters such as measurement 7 frequency and heating/cooling rate. However, the theoretical basis of Td is still unclear and 8 beyond the scope of this paper. Following Eq. (19), the dynamic fragility and apparent 9 activation energy at Td can be defined as follows using the modified Kaelble parameters: 10 

𝑚(𝑇𝑑) = [
d log 𝑎𝑇

d (
𝑇𝑔

𝑇 )

]

𝑇=𝑇𝑑

=
𝑐1

𝑔
𝑇𝑑

2

𝑐2
𝑔
𝑇𝑔

  ,   where log 𝑎𝑇 =
−𝑐1(𝑇 − 𝑇𝑑)

𝑐2 + |𝑇 − 𝑇𝑑|
                                   (20) 11 

𝐸𝑎(𝑇𝑑) = ln(10) 𝑅𝑇𝑔𝑚(𝑇𝑑) = ln(10) 𝑅
𝑐1

𝑔
𝑇𝑑

2

𝑐2
𝑔                                                                           (21) 12 

 13 

 14 
Fig. 2 Schematic representation of the modified Kaelble equation and its derivative (Eq. (19)) 15 in the Angell plot. In this example, Tg / Td = 0.9. 16 
 17 

3. Materials and methods 18 
In this study, we investigated twenty-seven bitumen samples originating from various 19 crude oil sources and refining processes. Details of these samples are given in our previous 20 publications [6,62] and are not repeated here for brevity. It is worth emphasizing that this 21 
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sample set covers exceptionally wide variation in physical and chemical properties, some of 1 these bitumens not even being suitable for industrial use in asphalt paving applications. 2 
Rheological properties of the bitumen samples were measured on stress-controlled 3 Malvern Kinexus Pro and Paar Physica MCR 500 rheometers. Both of these rheometers were 4 equipped with a Peltier plate and active hood to provide a mostly accurate and gradient-free 5 

control of the specimen temperature. Frequency sweep experiments ( = 0.0628 – 62.8 rad/s) 6 were performed in the linear viscoelastic regime at temperatures ranging from -40 to 90 °C in 7 10 K intervals. Parallel plate geometries with 4-, 8- and 25-mm diameters were used at different 8 temperature ranges in order to minimize instrument compliance errors [63], and the data 9 measured at the lowest temperatures using the 4-mm parallel plate geometry were corrected 10 for minor compliance effects as described previously [64,65]. It needs to be emphasized that 11 the frequency sweep data were measured in, or at least very close to, the metastable equilibrium 12 state of the bitumen samples. To confirm this, cyclic frequency sweep (CFS) experiments were 13 performed to evaluate the time dependence of rheological properties at various temperatures in 14 the vicinity of Tg. The experimental details and partial results have been reported in our 15 previous publication [11] and will be discussed further in our forthcoming paper [66]. As an 16 example, Fig. 3 plots aging time shift factors ate – obtained by means of time-aging time 17 superposition – as a function of aging time te for bitumen sample B-18. Note that only 18 horizontal shifts are necessary to obtain good superposition in this case (see Ref. [66] for 19 details). The aging time shift factors are observed to be relatively small at all the temperatures 20 studied, demonstrating that only minor physical aging takes place in this sample. It can 21 therefore be concluded that physical aging has a negligible effect on the time-temperature shift 22 factors aT analyzed in the following section of this paper. Further details of the specimen 23 preparation and measurement protocols can be found elsewhere [6,62]. 24 

 25 
Fig. 3 The aging time shift factors of bitumen sample B-18 (Tg = -20 ℃) plotted as a function 26 of aging time at various aging temperatures. The aging time shift factors were obtained by 27 means of the time-aging time superposition of cyclic frequency sweep (CFS) data (see Ref. 28 [66] for more details). 29 
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Glass transition temperatures were measured by differential scanning calorimetry (DSC), 1 using a Mettler Toledo DSC1 differential scanning calorimeter. The samples were subjected to 2 a cooling scan from 140 to -60 °C at 10 K/min, followed by a heating scan in the same 3 temperature range and at the same scan rate. Tg was taken as the midpoint of the glass transition 4 region upon heating.  5 
 6 

4. Results and discussion 7 
An example of the determination of time-temperature shift factors aT is given in Figs. 4(a)-8 (c). Frequency sweep curves measured at different temperatures are shifted horizontally to 9 construct master curves at a selected reference temperature. The validity of the time-10 temperature superposition (TTS) principle is confirmed by the smooth shapes of the loss 11 tangent master curve (Fig. 4(b)) and of the Booij-Palmen plot (Fig. 4(d)) [67]. However, it 12 should be noted that thermorheological simplicity is not a universal property of glass-forming 13 substances. Especially in the case of glassy polymers, the breakdown of the time-temperature 14 superposition principle is often observed as reported by Ngai and Plazek [68], among others. 15 In these cases, obviously, time-temperature shift factors aT cannot be used to determine the 16 dynamic fragility and apparent activation energy. Fig. 4(c) shows the excellent fit of the 17 modified Kaelble model, Eq. (7), to the empirical shift factors. Similar fits were obtained for 18 all the bitumen samples; the fitted model parameters are summarized in Table 1. This table also 19 includes the dynamic fragility and apparent activation energy values calculated at the 20 calorimetric Tg (Eqs. (17) and (18)) and at Td (Eqs. (20) and (21)). As noted in Section 2.2., the 21 maximum values for m and Ea are obtained at Td (corresponding to the steepest slope in the 22 shift factor curve when plotted as a function of T or Tg/T).  23 
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 1 
Fig. 4 Example of the determination of time-temperature shift factors aT from the frequency 2 sweep data measured at different temperatures. (a) Data from the frequency sweep 3 experiments. (b) Master curves constructed by horizontally shifting the frequency sweep data 4 according to the TTS principle. (c) Shift factors obtained from the construction of master curves 5 and the fit of the modified Kaelble equation to this data. (d) The thermorheological simplicity 6 of the investigated material is confirmed by the good superposition of the frequency sweep data 7 in the Booij-Palmen plot. 8 

In Table 1, m(Tg) values are observed to vary quite significantly between different bitumen 9 samples. The range of these parameter values is m(Tg) = 26 … 52, the average value being 10 m(Tg) ≈ 37. These values are relatively small compared to many other glass-forming liquids, 11 indicating that bitumen can be considered as a strong glass-forming liquid. In other words, only 12 small deviations from the Arrhenius-type temperature dependence are observed in the vicinity 13 of the glass transition. Correspondingly, the Ea(Tg) values vary in the range of 115 to 271 14 kJ/mol, the average value being Ea(Tg) ≈ 181 kJ/mol. 15 
 16 
Table 1 Parameter values obtained from the fits of the modified Kaelble equation to the 17 experimental shift factor data. The quality of the fit is expressed by the normalized root-mean-18 square error (NRMSE). In addition, the table shows dynamic fragility and apparent activation 19 energy values evaluated at Tg and at Td. Standard deviations (SD) were estimated from three 20 independent replicate measurements (note that repeatability data was not available for Tg). The 21 sample codes (B-1 to B-27) are the same as used in our previous publications [6,62]. 22 
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Sample c1g [-] c2g [K] Tref = Tg [K] Td [K] NRMSE [%] 
m(Tg) [-] Eq. (17) 

Ea(Tg) [kJ/mol] Eq. (18) 
m(Td) [-] Eq. (20) 

Ea(Td) [kJ/mol] Eq. (21) 
SD 0.36 3.9 N/A 0.35 - 0.42 2.0 1.5 7.4 

B-1 27.0 139.0 263 270.1 0.66 46 231 54 271 
B-2 19.8 92.9 275 281.3 0.61 51 267 61 323 
B-3 19.3 91.2 269 273.0 0.83 52 271 59 302 
B-4 26.3 130.3 259 268.6 0.61 45 223 56 279 
B-5 18.5 87.8 263 274.5 0.59 44 221 60 304 
B-6 18.3 86.8 264 273.5 0.60 45 225 60 302 
B-7 19.2 99.8 251 270.5 0.35 34 162 56 269 
B-8 17.4 79.5 259 272.3 0.56 42 207 63 311 
B-9 20.1 102.3 250 271.1 0.25 34 162 58 276 
B-10 22.6 122.0 246 270.9 0.94 31 147 55 260 
B-11 18.4 92.8 255 269.9 0.43 38 184 57 277 
B-12 19.2 90.0 252 271.4 0.50 36 176 62 301 
B-13 23.5 117.9 248 267.9 0.62 36 171 58 274 
B-14 19.6 95.9 250 268.9 0.81 36 170 59 283 
B-15 17.2 78.7 251 270.9 0.74 35 167 64 307 
B-16 18.5 89.0 251 270.1 0.47 36 171 60 290 
B-17 20.7 109.0 246 268.2 0.40 32 153 55 262 
B-18 17.2 86.2 253 268.8 0.29 36 176 57 276 
B-19 21.4 105.2 247 270.3 0.72 34 159 60 285 
B-20 17.8 83.4 253 268.7 0.61 38 185 61 295 
B-21 31.9 173.6 249 266.0 0.48 38 181 52 249 
B-22 18.3 94.3 249 267.7 0.30 34 161 56 266 
B-23 20.4 111.9 249 267.0 0.63 33 159 52 249 
B-24 17.9 91.2 246 267.3 0.73 32 148 57 268 
B-25 16.5 88.6 247 265.4 0.34 32 150 53 251 
B-26 21.9 130.0 236 267.5 0.59 26 115 51 231 
B-27 17.8 95.6 242 265.9 0.53 29 133 54 252 

 1 
Variations in the temperature dependences of different bitumen samples are further 2 illustrated in Fig. 5 where the shift factor data is plotted against Tg/T. This type of plot is 3 commonly referred as the Angell plot [69], although the Tg-normalization of the temperature 4 axis was first introduced in the works of Oldekop [70] and Laughlin and Uhlmann [71]. Quite 5 surprisingly, only minor differences in the shapes of the curves are apparent. In the close 6 vicinity of the glass transition (Tg/T ≈ 1), however, larger variations in the slopes of the curves 7 become visible. This observation is consistent with the relatively large variation of m(Tg) values 8 reported in Table 1. At this point, it is not completely clear why significant differences in the 9 temperature dependences appear only very close to the glass transition. 10 
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 1 
Fig. 5 Angell plot of the investigated bitumen samples. The inset shows a magnification of the 2 plot in the vicinity of Tg (i.e. Tg/T ≈ 1). The solid line corresponds to the Arrhenius temperature 3 dependence (m = 17) of a strong glass-forming liquid. 4 

Qin and McKenna [18] have suggested that different categories of glass-forming liquids 5 exhibit different behaviors in terms of the Tg-dependence of m(Tg) and Ea(Tg). Fig. 6 shows an 6 evaluation of these dependences in the case of our bitumen samples. Strong positive linear 7 correlations are found both between m(Tg) and Tg, as well as between Ea(Tg) and Tg. However, 8 it must be noted that the investigated bitumen samples exhibited only a narrow range of glass 9 transition temperatures. Since the dynamic fragility is effectively a Tg-normalized activation 10 energy (Eq. (2)), the almost identical Tg-dependences of m(Tg) and Ea(Tg) are expected in this 11 case. 12 

 13 
Fig. 6 Tg-dependences of (a) dynamic fragility m(Tg) and (b) apparent activation energy Ea(Tg) 14 in the investigated bitumen samples. 15 
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Master plots comparing the Tg-dependences of m(Tg) and Ea(Tg) in different classes of 1 glass-forming liquids are presented in Figs. 7(a) and 7(b), respectively. In addition to the 2 bitumen data of Figs. 6(a) and 6(b), these plots include data for various polymers, small-3 molecule organics, hydrogen-bonding organics, inorganics, ionic and metallic glass formers, 4 as well as for ionic liquids and ambers. The strengths of the Tg-dependences in the different 5 types of glass-forming liquids are estimated by calculating the slopes of linear regression lines. 6 As suggested by Qin and McKenna [18] and as can be seen from Table 2, different glass 7 formers show largely different Tg-dependences of m(Tg) and Ea(Tg). Most notably, the Tg-8 dependences of both of these parameters are observed to be stronger in bitumen (m(Tg) ∼ 9 
0.74Tg and Ea(Tg) ∼ 4.35Tg) than in any other type of glass-forming liquids. It is not clear at 10 this time, however, what is the chemical or structural origin of these exceptionally large Tg-11 dependences. In particular, more complete understanding of bitumen chemistry would be 12 required to make such judgments. 13 

  14 
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 1 

 2 
Fig. 7 Tg-dependences of (a) dynamic fragility m(Tg) and (b) apparent activation energy Ea(Tg) 3 in various classes of glass-forming liquids. The solid lines represent linear fits to each 4 individual category of glass-forming liquids. The data has been retrieved from the works of 5 Qin and McKenna [18], Tao et al. [72] and Zhao and McKenna [73]. References to the original 6 data are summarized in the following (see Refs. [18,72,73] for the full details): small-molecule 7 organics [21,74–84], hydrogen-bonding organics [21,74,77,78,81,85], inorganic network glass 8 formers [21,78,81,86–89], ionic glass formers [21,81,90,91], metallic glass formers [92–106], 9 polymeric glass formers [19,21,68,81,107–115], aromatic polymer glasses [108,116–124], 10 ionic liquids [72,125–149] and ambers [73]. 11 
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Table 2 Slopes of the linear regression lines of Figs. 7(a) and 7(b). characterizing the strength 1 of the Tg-dependences of m(Tg) and Ea(Tg) in different classes of glass-forming liquids. 2 Standard errors are given in parenthesis. 3 
 Tg-dependence of m(Tg) (m(Tg) ∼ a × Tg) Tg-dependence of Ea(Tg) (Ea(Tg) ∼ b × Tg) Bitumens 0.74(±0.04) 4.35(±0.19) Small-molecule organics 0.08(±0.07) 1.67(±0.22) Hydrogen-bonding organics 0.25(±0.06) 2.01(±0.25) Inorganic network glasses -0.01(±0.006) 0.47(±0.09) Ionic glasses -0.01(±0.09) 1.22(±0.43) Metallic glasses 0.17(±0.02) 3.43(±0.31) Polymeric glasses 0.28(±0.07) 3.72(±0.43) Aromatic polymer glasses 0.17(±0.11) 2.08(±0.60) Ionic liquids 0.40(±0.18) 3.50(±0.73) Ambers 0.19(±0.28) 3.26(±2.21) 

A comparison of the Td values obtained from the fits of the modified Kaelble equation 4 with the Tg values measured by DSC is presented in Fig. 8. As described in Section 2.2., Td can 5 be considered as the rheological glass transition temperature. For the investigated bitumen 6 samples, however, Td values are observed to be systematically higher than calorimetric Tg 7 values. This observation re-emphasizes the fact that the temperature dependence of viscoelastic 8 properties deviates from the WLF/VFT behavior already significantly above Tg, and therefore 9 Eqs. (4) and (5) do not yield reliable values for m(Tg) and Ea(Tg). The difference between the 10 two temperatures is up to 30 K, being largest in the samples that have lowest Tg. Furthermore, 11 the dispersion of Td values is observed to be smaller than that of Tg values. It therefore appears 12 that Td itself is not a sensitive parameter to differentiate different types of bitumens in terms of 13 their glass transition properties. 14 

 15 
Fig. 8 Comparison of the Td temperatures obtained from the fits of the modified Kaelble 16 equation and glass transition temperatures (Tg) measured by DSC. The dashed line represents 17 the line of equality (Tg = Td). The inset shows the temperature difference Td-Tg as a function of 18 Tg. 19 
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Because of the difference between Td and Tg, the dynamic fragility and activation energy 1 values evaluated at these two characteristic temperatures are also significantly different (see 2 Table 1). Somewhat surprisingly, m and Ea values evaluated at Td (corresponding to the 3 maximum values of these parameters as explained in Section 2.2.) are almost independent of 4 the type of bitumen, m(Td) = 57±7 and Ea(Td) = 278±46 kJ/mol. The nearly constant values of 5 m(Td) mean that the viscoelastic properties of the different bitumen samples exhibit almost 6 identical temperature dependence in the vicinity of Td. This is demonstrated in the modified 7 Angell plot of Fig. 9 where log aT is plotted against Td/T. However, although m(Td) and Ea(Td) 8 values show only little variation among the investigated bitumen samples, weak positive 9 dependences on Td can be observed in Fig. 10 (although these dependences are not nearly as 10 strong as the Tg-dependences of m(Tg) and Ea(Tg) reported in Fig. 6). 11 

 12 
Fig. 9 Modified Angell plot of the investigated bitumen samples. In contrast to the conventional 13 Angell plot, temperatures on the x-axis are normalized with respect to Td instead of Tg. The 14 inset shows a magnification of the plot in the vicinity of Td (i.e. Td/T ≈ 1). The solid line 15 corresponds to the Arrhenius temperature dependence (m = 17) of a strong glass-forming 16 liquid. 17 
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 1 
Fig. 10 Td-dependences of (a) dynamic fragility and (b) apparent activation energy values 2 evaluated at Td.  3 

It is also of interest to examine the values of the c1g and c2g parameters of the modified 4 Kaelble equation. It can be seen from Table 1 that the c1g values vary in the range of 16.5 to 5 31.9 (the average value being 20.2), while the csg values vary from 78.7 to 173.6 K (with the 6 average of 102.4 K). Interestingly, a strong positive linear correlation (R2 = 0.92) is found 7 between these two parameters as shown in Fig. 11. To the best of our knowledge, there are no 8 previous reports of this type of correlation. There is no fundamental reason either why c1g and 9 c2g should be interrelated. Consequently, the physical meaning of this correlation remains 10 unclear for the time being. 11 
  12 
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 1 
Fig. 11 Correlation between the c1g and c2g parameters obtained from the fits of the modified 2 Kaelble equation. 3 
 4 

5. Conclusions 5 
In this paper, we have derived analytical expressions that allow the calculation of the 6 dynamic fragility and apparent activation energy from the fits of the modified Kaelble equation. 7 As opposed to the WLF and VFT equations, the modified Kaelble equation predicts non-8 diverging time scales below Tg that are consistent with experimental data. Moreover, the 9 modified Kaelble equation defines the temperature Td at which an inflection point occurs in the 10 log aT versus T and log aT versus Tg/T curves, corresponding to the maximum value of the 11 dynamic fragility and apparent activation energy. The derived analytical solutions are applied 12 to calculate dynamic fragilities and apparent activation energies in twenty-seven bitumens 13 originating from various crude oil sources and refining processes. Bitumen can be considered 14 as a strong glass-forming liquid, dynamic fragility values varying in the range of m(Tg) = 26 15 

… 52 for the investigated bitumen samples. Interestingly, different bitumen samples exhibit 16 significant differences in the temperature dependence of their viscoelastic properties only in 17 the close vicinity of Tg. Based on an extensive analysis of literature data, the Tg-dependences 18 of m(Tg) and Ea(Tg) are stronger in bitumen than in any other class of glass-forming liquids. 19 However, the dynamic fragility and apparent activation energy values show much smaller 20 variation among different bitumen samples when evaluated at Td. Finally, we report an 21 empirical linear correlation between the c1g and c2g parameters of the modified Kaelble 22 equation. The extension of the present analysis to other types of glass-forming liquids remains 23 as a topic for future research. 24 
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