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 9 
Abstract While extensive research efforts have been devoted to understand the dynamics of 10 chemically and structurally simple glass-forming liquids (SGFLs), the viscoelasticity of 11 chemically and structurally complex glass-forming liquids (CGFLs) has received only little 12 attention. This study explores the rheological properties of CGFLs in the vicinity of the glass 13 transition. Bitumen is selected as the model material for CGFLs due to its extremely complex 14 chemical composition and microstructure, fast physical aging and thermorheological 15 simplicity, and abundant availability. A comprehensive rheological analysis reveals a 16 significant broadening of the glass transition dynamics in bitumen as compared to SGFLs. In 17 particular, the relaxation time spectrum of bitumen is characterized by a broad distribution of 18 long relaxation modes. This observation leads to the development of a new constitutive 19 equation, named the broadened power-law spectrum model. In this model, the wide distribution 20 of long relaxation times is described by a power-law with positive exponent and a stretched 21 exponential cut-off, with parameter β serving as a measure of the broadness of the distribution. 22 This characteristic shape of the bitumen spectrum is attributed to the heterogeneous freezing 23 of different molecular components of bitumen, i.e. to the coexistence of liquid and glassy 24 micro-phases. Furthermore, as this type of heterogeneous glass transition behavior can be 25 considered as a general feature of complex glass-forming systems, the broadened power-law 26 spectrum model is expected to be valid for all types of CGFLs. Examples of the applicability 27 of this model in various complex glass-forming systems are given.  28 
Keywords: Glass transition; Glass-forming liquids; Linear viscoelasticity; Relaxation time 29 spectrum; Bitumen 30 
 31 
Introduction 32 

Dynamics of molecular glass-forming liquids (GFLs) have been a subject of intense 33 research over the past five decades or so (Angell et al. 2000; Bengtzelius et al. 1984; Böhmer 34 et al. 1993; Donth 2001; Dyre 2006; Götze and Sjögren 1992; Götze 1999; Hansen et al. 1997; 35 Hansen et al. 1998; Richert and Angell 1998; Stickel et al. 1995; Stickel et al. 1996). The most 36 important experimental techniques in this field are rheology (Le Bourhis 2008) and dielectric 37 spectroscopy (Lunkenheimer et al. 2000). However, despite extensive research efforts, the 38 
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theory of glass dynamics remains somewhat elusive (Hecksher et al. 2008; McKenna 2008). 1 This is partly due to the fact that the fundamentals of the glass transition itself are still far from 2 being understood (Langer 2007). Furthermore, dynamic mechanical measurements in the 3 glassy state are demanding due to physical aging effects (McKenna 2012), significantly 4 reducing the amount of experimental data available for developing a quantitative understanding 5 of the equilibrium dynamics of glass-forming systems. Physical aging is caused by trapped 6 non-equilibrium structured states which slowly recover. This impacts the mechanical material 7 response, persisting up to thousands or even millions of years in various types of glassy 8 materials (Struik 1977). 9 
Since the linear viscoelastic behavior of any material can be fully described by its 10 relaxation modulus G(t) or relaxation time spectrum H(τ), it is desirable to develop constitutive 11 equations that describe one of these functions. Perhaps the most popular model for describing 12 the linear dynamics of GFLs is the Kohlrausch-Williams-Watts (KWW) function – originating 13 from the work of Kohlrausch (1854) and Williams and Watts (1970) – that assumes a stretched 14 exponential form for the relaxation modulus (Berry and Plazek 1997; Ngai et al. 1997): 15 

𝐺(𝑡) = 𝐺𝑔𝑒−(𝑡 𝜏𝐾𝑊𝑊⁄ )𝛽𝐾𝑊𝑊                                                                                                                   (1) 16 
where Gg is the glassy modulus, τKWW is the characteristic relaxation time, and βKWW is a 17 stretching parameter related to the breadth of the relaxation time spectrum. The KWW function 18 has been generally found to provide a reasonable description of the relaxation response of many 19 polymeric and small-molecule glass formers. More recently, Winter and coworkers (2009; 20 2013) discovered that the relaxation in many molecular and colloidal glasses can be closely 21 expressed with a power-law relaxation time spectrum: 22 
𝐻(𝜏, 𝜀) = 𝑛𝛼𝐺𝑐 (

𝜏

𝜏𝛼(𝜀)
)

𝑛𝛼

,   for 𝜏 < 𝜏𝛼(𝜀) and 𝑛𝛼 ≥ 0                                                               (2) 23 
where ε is the distance from the glass, nα is a positive-valued exponent that originates from the 24 mode coupling theory (MCT), Gc is the plateau modulus of the G′ data, and τα is the longest 25 relaxation time. It is worth noting that Winter’s power-law spectrum model is identical to the 26 Baumgaertel-Schausberger-Winter (BSW) model (1990) without contributions from the β-27 relaxation. 28 

The possible shortcoming of the KWW and power-law spectrum models, however, is 29 that their validity has been tested adequately only for simple glass-forming liquids (SGFLs). 30 Here we define SGFLs to be materials that are both molecularly and excitationally simple, 31 following the definitions established by Angell et al. (1999). This is different for complex 32 glass-forming liquids (CGFL), which are composed of a broad range of molecules with diverse 33 intramolecular and intermolecular interactions. The viscoelasticity of CGFLs has received little 34 attention. This is rather surprising as CGFLs can be found in Nature and are widely used in 35 industrial applications. 36 
In order to narrow this knowledge gap, we perform an experimental rheological study 37 using bitumen as a model CGFL. The advantages of bitumen as model material are: 38 



3  

• Bitumen is known to be both compositionally and structurally complex material. It 1 is an extremely broad mixture of substantially different molecules, namely 2 oligomeric hydrocarbons with small amounts of sulfur, nitrogen and oxygen and 3 traces of metals like vanadium and nickel (Lesueur 2009; Redelius and Soenen 4 2015). These interact in many different ways locally and long range. Molecular 5 interactions include dispersive, polar, hydrogen bonding and π-π interactions 6 (Redelius and Soenen 2015). Notably, it has been shown that the rheological 7 properties of bitumen are largely determined by aromatic interactions (Redelius 8 and Soenen 2015; Soenen and Redelius 2014; Soenen et al. 2016) and by the 9 content of carbonyl and sulfoxide functional groups (Qin et al. 2014). 10 
• The glass transition temperature of bitumen (typically Tg ≈ -20 °C) is relatively 11 high when comparing to many other low-molecular-weight GFLs. This makes the 12 glassy state of bitumen very accessible, even for commercial rheometers with 13 standard temperature control systems. 14 
• Physical aging is relatively fast in non-waxy bitumen, even well below Tg, making 15 it possible to perform rheological experiments in the “equilibrium” glassy state 16 within a practical timeframe. This will be experimentally demonstrated in Section 17 

“Physical aging in bitumen”. 18 
• Bitumen is readily available and widely used in various industrial applications such 19 as in asphalt paving. 20 
Consequently, bitumen can be considered as a CGFL that is ideal for the purposes of 21 this study. It should be pointed out, however, that the chemical composition and rheological 22 properties of bitumen are highly dependent on its crude oil source and refining methods. In this 23 way, bitumen cannot be considered as a well-defined model material in the usual meaning of 24 this term. Nevertheless, as our analysis focuses on rheological properties that are believed to 25 be characteristic for CGFLs in general, this is not a major drawback in terms of the scope of 26 this study. 27 
In this research, we first determine linear viscoelastic properties of bitumen during 28 physical aging and in the aged state, near and below the glass transition temperature. Then, the 29 rheological response of bitumen is compared to that of SGFLs in the vicinity of the glass 30 transition and distinct differences are demonstrated. These observations lead to the 31 development of a new constitutive model for CGFLs based on the relaxation time spectrum of 32 bitumen. We attempt a physical interpretation of CGFL phenomena and explore a wider 33 applicability of the proposed constitutive model. In addition, a comparison is performed with 34 the existing models for glassy relaxation.  35 

 36 
Experimental 37 

The bitumen sample used in this investigation is a vacuum residue obtained from the 38 distillation of Venezuelan crude oil. Basic properties of the bitumen sample are given in Table 39 1. The heat flow curve of the bitumen and its temperature derivative, as measured by a Mettler 40 Toledo DSC1 differential scanning calorimeter, are presented in Fig. 1. These DSC data 41 
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demonstrate the very broad glass transition of the bitumen, spanning over a temperature range 1 of several tens of Kelvin. The absence of endothermic peaks indicates that the bitumen sample 2 does not contain any crystallizable fractions (paraffinic waxes), i.e. it can be considered to be 3 completely amorphous. The nominal glass transition temperature, Tg, of the bitumen was 4 determined as -20 °C. 5 
Table 1 Basic properties of the investigated bitumen sample. 6 
Property Standard/method Measured value 
Needle penetration at 25 °C [dmm] EN 1426 64 
Ring-and-Ball softening point [°C] EN 1427 47.7 
Performance grade AASHTO M320 PG 64-22 
SARA fractions Iatroscan TLC/FID a  
   Saturates [wt%]  6 
   Aromatics [wt%]  51 
   Resins [wt%]  23 
   Asphaltenes [wt%]  20 
Molecular weight properties  Gel permeation chromatography b     Mn [g/mol]  1053 
   Mw [g/mol]  2320    Mw/Mn [-]  2.20 

a The TLC-FID method used in this study is similar to the one described in the IP-469 standard.  7 
b Gel permeation chromatography was performed on 0.8 % tetrahydrofuran solutions of 8 bitumen using an Alliance 2690 Separator with a differential refractometer (RI) detector and a 9 Waters 996 photo diode array (PDA) detector calibrated with narrow polystyrene standards.  10 However, as emphasized by Soenen and Redelius (2014), molecular weights determined for 11 bitumen by GPC are only directional, and therefore the values reported in this table should be 12 considered as mere approximates. 13 

 14 
Fig. 1 The heat flow curve of the investigated bitumen and its temperature derivative measured 15 at a heating rate of 10 K/min.  16 
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Rheological experiments were performed using a stress-controlled Malvern Kinexus 1 Pro rheometer. A Peltier plate and active hood provide an accurate and gradient-free 2 temperature control, in conjunction with a Julabo CF41 refrigerated circulator, which served 3 as a heat exchanger to remove heat formed in the Peltier temperature control system. All 4 rheological experiments were performed in an N2 environment to avoid moisture uptake and 5 ice formation in the test specimen. Small-diameter parallel plate (SDPP) rheometry (4-mm 6 plate diameter and 1.75-mm gap) was employed to minimize torsional instrument compliance 7 effects caused by high sample stiffness. Details of the SDPP rheometry have been described 8 by Laukkanen (2017), demonstrating the practicality and excellent repeatability of this 9 measurement technique. All measured rheological data were corrected for instrument 10 compliance, Ji, according to Eqs. (3)-(5) (Laukkanen 2017; Marin 1988): 11 

𝐺𝑠
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where G’s, G”s, and tan δs denote the true (compliance corrected) values of the storage 15 modulus, loss modulus and loss tangent of the sample, respectively, G’m and G’’m are the 16 measured values, and kg is the geometry conversion factor (for the parallel plate geometry, kg 17 = 2h / πR4, where h is the gap between the plates of radius R). The torsional compliance of the 18 rheometer setup in this study, Ji = 0.00964 rad/Nm, was determined experimentally as outlined 19 in Fig. S1 of the Supplementary Material. 20 
Isothermal frequency sweep measurements (f = 10 … 0.01 Hz) were performed at 21 various temperatures ranging from 10 to -40 °C in 10 K intervals. Strain amplitudes were kept 22 small (γ0 = 0.075 … 0.01 % depending on the measurement temperature, see Table S1 of the 23 Supplementary Material for details) in order to remain in the linear viscoelastic regime. Normal 24 force control was used to automatically adjust the measurement gap near and below the 25 nominal glass transition temperature in order to avoid the build-up of normal forces in the test 26 specimen while maintaining good adhesion between the plates and the specimen. 27 
The physical aging properties of bitumen were characterized by means of time-resolved 28 rheometry experiments (Mours and Winter 1994). Isothermal cyclic frequency sweep (ICFS) 29 measurements were performed to monitor the time evolution in the linear viscoelastic 30 properties quasi-simultaneously at various angular frequencies (f = 10 … 0.1 Hz). ICFS 31 experiments were performed at various temperatures between 10 °C (Tg+30 K) and -40 °C (Tg-32 20 K). Prior to each measurement, the bitumen specimen was quenched at approximately 10 33 K/min from 30 °C (well above the Tg) to the respective measurement temperature. The strain 34 
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amplitude was kept low (γ0 = 0.03 … 0.01 % depending on the measurement temperature, see 1 Table S1 of the Supplementary Material for details) in order to not disturb the physical aging 2 process, and the normal force control was employed in the same way as described above. ICFS 3 data were collected for at least 20 hours at each measurement temperature. 4 
 5 Rheological data of SGFLs retrieved from the literature 6 

For comparison purposes, rheological data of selected SGFLs were retrieved from the 7 literature and analyzed. Information of these data sets is summarized in Table 2.  8 
Table 2 Rheological data sets of SGFLs analyzed in this study. 9 

Source of data Material Tg [°C] Measurement method Reference 
McKenna group (Texas Tech) 

sucrose benzoate 62 8-mm diameter parallel plates with instrument compliance corrections (Schröter et al. 2006) 
(Hutcheson and McKenna 2008) m-toluidine -87 

glycerol -82 
Schröter & Donth (Univ. Halle) glycerol -82 

Hyperbolically shaped sample between 8-mm diameter parallel plates (Plazek and Magill 1966) 
(Schröter and Donth 2000) 

Glass & Time group (Roskilde Univ.) 

tetraphenyl-tetramethyl-trisiloxane (DC704) -63 Self-built piezoelectric shear-modulus gauge (PSG) (Christensen and Olsen 1995) + self-built cryostat and temperature control system (Igarashi et al. 2008) 

(Hecksher et al. 2013) 
1,2-propanediol -109 (Maggi et al. 2008) pentaphenyl-trimethyl-trisiloxane (DC705) 

-49 
Mills (Inst. für Silicatforschung, Würzburg) 

soda-silica glass (Na2O:2SiO2) 455 Rod-shaped sample measured with a torsion tester (Mills 1974) 
 10  11 
Results 12 
Physical aging in bitumen 13 

Since rheological experiments on glassy materials are meaningful only if the material 14 has been physically aged into equilibrium after sufficiently long times, ICFS experiments were 15 performed to quantify the extent of physical aging in the investigated bitumen sample. Figure 16 2 shows data obtained from ICFS experiments at selected temperatures. Part (a) of this figure 17 shows ICFS data measured at the nominal Tg of the bitumen (-20 °C); this is the temperature 18 at which the rate of physical aging is typically at its highest in bitumen (Tabatabaee et al. 2012). 19 It can be observed that, due to physical aging, the storage modulus (G’) increases and the loss 20 modulus (G’’) decreases slightly at short aging times. However, already after a few hours 21 physical aging practically ceases and G’ and G’’ (and also all other rheological parameters not 22 plotted here) become almost time-independent. 23 
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It is also necessary to study physical aging well below Tg, as it is well known that 1 physical aging persists the longer the further below Tg the material is aged (McKenna 2012). 2 Part (b) of Fig. 2 presents ICFS data measured 20 K below the nominal Tg of the bitumen, i.e. 3 at -40 °C. Similar observations can be made as above: physical aging has only moderate impact 4 on the linear viscoelastic properties and it practically completes in less than ten hours. 5 Therefore, we can conclude that bitumen practically reaches its equilibrium state within the 6 timeframe of our rheological experiments. This means that the rheological data reported in the 7 following sections are only insignificantly, if at all, affected by physical aging. 8 

 9 
Fig. 2 ICFS data measured during the physical aging of the bitumen (a) at the nominal Tg and 10 (b) 20 K below the nominal Tg. The figures near the curves denote the measurement frequency 11 in Hz. For clarity, lines are used to present discrete data. 12 
 13 
Linear viscoelasticity of bitumen near and below the glass transition 14 

Before proceeding to the development of a new constitutive equation for bitumen and 15 other CGFLs, it is necessary to investigate the applicability of the time-temperature 16 
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superposition principle (TTSP) near and below Tg. Fig. 3 shows frequency sweep data for 1 bitumen at various temperatures in the plot of loss angle versus log|G*|. This diagram is 2 commonly known as the van Gurp-Palmen plot (van Gurp and Palmen 1998) or the Booij-3 Palmen plot (Booij and Palmen 1992), and it is particularly suitable for detecting 4 thermorheological complexity, i.e. a failure of TTSP (Dealy and Plazek 2009; Stadler et al. 5 2015). In the case of bitumen, the frequency sweep data measured at different temperatures 6 appear to superimpose, indicating thermorheological simplicity.  7 

 8 
Fig. 3 Booij-Palmen plot of the bitumen. 9 

However, when this same data set is depicted in the Cole-Cole plot, i.e. in the plot of 10 G" versus G' (Friedrich and Braun 1992), the isothermal frequency sweep curves do not 11 perfectly superimpose (Fig. 4a). This is due to the linearly scaled axes of the Cole-Cole plot, 12 as this representation magnifies the high-modulus part of the data. Consequently, even slight 13 discrepancies in the overlap of the low-temperature frequency sweep curves become visible. 14 The same type of approach has been used by Hecksher et al. (2013) to detect thermorheological 15 complexity in some other GFLs. Nevertheless, even though the frequency sweep curves in Fig. 16 4a show discrepancy, bitumen can be considered as thermorheologically simple material. This 17 is because these curves can be merged with the use of modulus shifts bT, also known as vertical 18 shifts (Fig. 4b). The magnitude of these modulus shifts is discussed more in detail later in this 19 section. 20 
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   1 
Fig. 4 Cole-Cole plots of the bitumen (a) without and (b) with modulus shifts applied. 2 

It is well known that different types of bitumen often exhibit thermorheologically 3 complex behavior due to the presence of a temperature-dependent structure for the asphaltene 4 particles and melting/crystallization of the crystalline waxes naturally present in some bitumens 5 (Lesueur et al. 1996; Lesueur 1999). However, in some special cases, thermorheologically 6 simple behavior may be observed in non-waxy, low-asphaltene-content bitumens. The 7 thermorheological simplicity of the investigated bitumen sample is confirmed by the overlap 8 of frequency sweep data in the Booij-Palmen plot, see Fig. S2 of the Supplementary Material. 9 Owing to the thermorheological simplicity, master curves of linear dynamic viscoelastic 10 properties can be generated for this material. Fig. 5 shows master curves of G’, G’’ and tan δ 11 that were constructed by using both time (horizontal) shifts aT and modulus (vertical) shifts bT. 12 The master curves reflect typical rheological characteristics of a low-molecular-weight 13 viscoelastic liquid; there is a direct transition from the terminal flow region into the glassy 14 region without intermediate entanglement plateau. In the glassy regime, G’ attains values close 15 to 1 GPa, similarly to many other GFLs (Donth 2001). 16 

 17 
Fig. 5 Linear viscoelastic master curves for the bitumen. Note that high-temperature dynamic 18 rheological data measured for this sample by Soenen and Redelius (2014) is used to extend the 19 
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master curves to lower frequencies where G’() and G’’() display the terminal slopes of 2 1 and 1, respectively. The lines correspond to the fit of the generalized Maxwell model. 2 
The temperature shift factors aT and bT used to construct the master curves of Fig. 5 are 3 plotted in Fig. 6. It is observed that the temperature dependence of aT includes an inversion 4 point as can be described by the modified Kaelble equation (Rowe and Sharrock 2011): 5 

log 𝑎𝑇 = −𝑐1 (
𝑇 − 𝑇𝑑

𝑐2 + |𝑇 − 𝑇𝑑|
−

𝑇𝑟𝑒𝑓 − 𝑇𝑑

𝑐2 + |𝑇𝑟𝑒𝑓 − 𝑇𝑑|
)                                                                        (6) 6 

where c1 and c2 are fitting parameters, Td is the defining temperature at which the curvature of 7 the shift factor curve changes, and Tref is the reference temperature. As opposed to the classical 8 Williams-Landel-Ferry (WLF) equation, this shift factor function suggests non-diverging time 9 scales at a finite temperature below Tg. This prediction of non-diverging time scales is in 10 agreement with several recent theoretical and experimental studies (Elmatad et al. 2009; 11 Elmatad et al. 2010; Mauro et al. 2009; McKenna 2008; McKenna 2009; McKenna and Zhao 12 2015; Pazmiño Betancourt et al. 2014; Zhao et al. 2013). In comparison to time shift factors 13 aT, modulus shift factors bT are close to unity. For macromolecular materials modulus shifts 14 result from temperature-induced density changes (Ferry 1980): 15 
𝑏𝑇 =

𝑇𝑟𝑒𝑓𝜌(𝑇𝑟𝑒𝑓)

𝑇𝜌(𝑇)
                                                                                                                                  (7) 16 

where ρ(Tref) is the density of the material at Tref and ρ(T) is the density at T. Bitumen is of low 17 molecular weight and Eq. (7) might not apply. In spite of that, the experimentally determined 18 bT values are of the same order of magnitude as the bT values predicted by Eq. (7). 19 
 20 

 21 
Fig. 6 Time (horizontal) shift factors aT and modulus (vertical) shift factors bT used to construct 22 the master curves of Fig. 5. Note that modulus shifts are not necessary at temperatures well 23 above Tg and that the scales are different for aT and bT. The solid black line corresponds to the 24 fit of the modified Kaelble equation, Eq. (6), to the experimental aT data, the dashed black line 25 
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corresponds to the extrapolation of the WLF equation to temperatures near and below Tg, and 1 the dashed blue line corresponds to the bT values predicted by Eq. (7). The parameter values 2 for the modified Kaelble fit are c1 = 17.2, c2 = 86.2 K, Td = 268.8 K. The prediction of Eq. (7) 3 assumes the volumetric thermal expansion coefficient of bitumen to be 0.00061 K-1 (Eschrich 4 1980). 5 
 6 
Comparison of the linear viscoelastic behavior of bitumen and SGFLs 7 

According to the scope of this article, rheological characteristics of bitumen are 8 compared with those of SGFLs in the vicinity of the glass transition. A simple comparison can 9 be performed, for example, by plotting the linear viscoelastic dynamic data of these materials 10 in the reduced Booij-Palmen plot (Fig. 7). In this plot, the bitumen curve is observed to have a 11 much broader shape than the curves of the SGFLs, demonstrating an unusually gradual 12 transition from the liquid state (where δ approaches 90°) into the glassy state (where δ 13 approaches 0°) in bitumen. As will be described more fully below, this type of broadening of 14 the glass transition dynamics is not expected to be unique to bitumen, but is believed to be a 15 general feature of CGFLs. 16 

 17 
Fig. 7 Comparison of the linear viscoelastic properties of bitumen and selected SGFLs in the 18 reduced Booij-Palmen plot. Modulus shifts bT are used to generate smooth curves, and the 19 modulus data are normalized with respect to the glassy modulus Gg to allow easier comparison 20 of the shapes of the curves. The bT and Gg values of the different materials are listed in Table 21 S2 of the Supplementary Material. 22 

Similarly, the shapes of the master curves reflect the broadening of the glass transition 23 dynamics in bitumen. This is demonstrated in Fig. 8 where the shapes of the master curves of 24 bitumen and selected SGFLs are compared. In particular, it is observed that the KWW function, 25 Eq. (1), fits well to the master curves of all investigated SGFLs (Fig. S3 of the Supplementary 26 Material), but not to the broad master curves of bitumen (Fig. 9). This observation provides 27 evidence that the KWW function is not valid for CGFLs. Some evidence of the inability of the 28 
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KWW function to describe the rheological properties of bitumen has also been provided by 1 Zanzotto and Stastna (1997). 2 

 3 
Fig. 8 Reduced storage modulus (left panel) and loss modulus (right panel) master curves of 4 bitumen and selected SGFLs. The frequency axis is normalized with respect to the angular 5 frequency corresponding to the maximum in G’’. The G’ values are normalized with respect to 6 the glassy modulus Gg and the G’’ values are normalized with respect to the maximum in G’’ 7 to allow easier comparison of the shapes of the curves. 8 

 9 
Fig. 9 Unsuccessful attempts to fit the KWW function to the dynamic moduli data of bitumen 10 in the vicinity of the glass transition. The parameter values for the low-frequency fit are Gg = 11 1.45×1010 Pa, τKWW = 7.94×10-4 s, βKWW = 0.09, and for the high-frequency fit Gg = 1.35×109 12 Pa, τKWW = 3.98×102 s, βKWW = 0.24. 13 

Relaxation time spectra of the investigated SGFLs and bitumen were calculated from 14 their respective dynamic moduli master curves using the method of Baumgaertel and Winter 15 (1989; 1992). As proposed by Winter (2013), all SGFLs are found to exhibit a power-law 16 
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spectrum with a positive power-law exponent and a sharp cut-off at the longest relaxation time, 1 Eq. (2) (Fig. 10). On the contrary, the bitumen spectrum is characterized by a broad distribution 2 of relaxation times at long times, which can be attributed again to the characteristic broadening 3 of the glass transition dynamics. It is therefore obvious that the power-law spectrum model of 4 Eq. (2) cannot be used to characterize the dynamics of CGFLs, thus justifying the need for the 5 development of a new constitutive model. 6 

 7 
Fig. 10 Comparison of the relaxation time spectra of bitumen and SGFLs. The relaxation times 8 are normalized with respect to the maximum relaxation time to allow easier comparison of the 9 shapes of the curves. 10 
 11 
New constitutive model for CGFLs 12 

It is clear from Fig. 10 that the short time part of the bitumen spectrum can, similarly 13 to the spectra of SGFLs, be described by a power-law equation with a positive exponent. 14 However, as pointed out above, the power-law spectrum model of Eq. (2) is not able to describe 15 the long relaxation time modes of bitumen. We suggest that the broad distribution of long 16 relaxation times can be conveniently described by terminating the power-law spectrum with a 17 stretched exponential function. Therefore, the relaxation time spectrum of bitumen may be 18 expressed by the following equation: 19 
𝐻(𝜏) = 𝑛𝛼𝐺𝑐 (

𝜏

𝜏𝛼
)

𝑛𝛼

exp [− (
𝜏

𝜏𝛼
)

𝛽

] ,   for 𝛽 < 1 and 0 < 𝑛𝛼 ≤ 1                                          (8) 20 
where β is a stretching parameter that describes the broadening of the relaxation time spectrum 21 at long relaxation times. Note that Eq. (8) is identical to Eq. (2) with the addition of the 22 stretched exponential term. We shall call Eq. (8) the broadened power-law spectrum model. 23 An excellent fit of this model to the relaxation time spectrum of bitumen is shown in Fig. 11a. 24 In addition, Fig. 11b depicts the corresponding model fits to the dynamic moduli data of 25 bitumen. It is evident that these fits are superior to the KWW fits presented in Fig. 9, providing 26 further proof of the successful applicability of this new model. Note that the G’ and G’’ fits of 27 
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Fig. 11b were calculated using the numerical discretization scheme of Winter and Mours 1 (2006) since these material functions cannot be analytically derived from the broadened power-2 law spectrum model, Eq. (8). 3 

 4 
Fig. 11 Fits of the broadened power-law spectrum model, Eq. (8), to the (a) relaxation time 5 spectrum and (b) dynamic moduli data of bitumen in the vicinity of the glass transition. 6 

Furthermore, we suggest that the broadened power-law spectrum model can be used as 7 a general model for describing the glassy dynamics of CGFLs, not just those of bitumen. Based 8 on the data analyzed in this study, it appears that the power-law spectrum with a positive 9 exponent universally describes the short-time relaxation dynamics of both SGFLs and CGFLs, 10 and the stretched exponential part of the equation models the broadening of the glass transition 11 dynamics in CGFLs. In particular, the stretching parameter β provides a measure of the extent 12 of this broadening. Fig. 12 illustrates the effect of varying the value of β on various rheological 13 material functions. As can be observed from this figure, lower values of β correspond to broader 14 glass transition dynamics, i.e. to more complex GFLs, and vice versa. At β values greater than 15 one, the broadened power-law spectrum model, Eq. (8), reduces to the power-law spectrum 16 with a sharp cut-off, Eq. (2), as the stretched exponential exp[-(τ/τα)^β] tends quickly (1) to 17 unity when τ < τα and (2) to zero when τ > τα. Some phenomenological evidence of the general 18 applicability of the broadened power-law spectrum model to describe the dynamics of CGFLs 19 is presented in the Discussion section. 20 
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  1 

 2 
Fig. 12 Evolution in rheological material functions with varying β value as expressed by the 3 (a) Booij-Palmen plot, (b) dynamic moduli master curves and (c) relaxation time spectrum. β 4 = infinity corresponds to the power-law spectrum with a sharp cut-off, Eq. (2). 5 
 6 
Discussion 7 

The results of this study demonstrate an unusually broad glass transition in bitumen, as 8 evidenced both by rheological and DSC measurements. Specifically, the broad glass transition 9 dynamics manifest themselves as the wide distribution of slow relaxation modes. These 10 observations may be attributed to the extremely complex chemical composition and structure 11 of bitumen. In particular, different chemical components of bitumen have different Tgs. For 12 example, Masson et al. (2005) observed four distinct glass transitions in bitumen by 13 temperature-modulated differential scanning calorimetry, corresponding to different molecular 14 components of bitumen. The main glass transition of bitumen, observed in Fig. 1 around -20 15 °C, is associated with the glass transition of alkylated cyclopentanes and cyclohexanes. In 16 addition, observations obtained by cryogenic atomic force microscopy and phase detection 17 microscopy have confirmed that a gradual freezing-in takes place in bitumen over a very wide 18 temperature range upon cooling (Masson et al. 2007). It is therefore this heterogeneous freezing 19 
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of different chemical components, i.e. the effective coexistence of liquid and glassy micro-1 phases, that is presumed to underlie the broadened glass transition dynamics of bitumen. 2 Alternatively, analogously to the interpretation of Rossiter et al. (see Figure 2 in Rossiter et al. 3 2012), it can be said that the broad glass transition of bitumen results from the superposition of 4 the narrow glass transitions of different molecular components of bitumen. 5 
Most surprising is the applicability of TTSP to temperatures much below the nominal 6 glass transition temperature of Tg = -20 °C. The shape of the dynamic moduli curves does not 7 change for temperatures between 70 and -40 °C. This is a most astounding property of bitumen. 8 The only difference is the type of shift factor function which changes character and shows an 9 inflection point as noticed by Kaelble (1985). 10 
We expect that broad glass transition dynamics are a general feature of CGFLs, and the 11 broadened power-law spectrum model, Eq. (8), is universally valid for them. Empirical 12 evidence supporting this generalization can be found from the literature; for example, the 13 rheological properties of DGEBA/SiO2 suspensions reported by Dannert et al. (2014) can be 14 fairly well described by the broadened power-law spectrum model near the glass transition 15 temperature of the DGEBA matrix. Similarly, the broadened power-law spectrum model fits 16 well to the linear viscoelastic data reported by Liang et al. (2016) for hectorite clay suspensions 17 during various stages of aging. Further experimental data demonstrating the general 18 applicability of this model to various CGFLs will be presented in our forthcoming publication. 19 
It is also important to compare the broadened power-law spectrum model with the 20 existing models for glassy relaxation. The shape of the stretched exponential relaxation 21 modulus of the KWW function, Eq. (1), and therefore also the shape of the corresponding 22 relaxation time spectrum, is fully determined by a single parameter – the KWW exponent βKWW. 23 This is demonstrated in Fig. 13 where the relaxation time spectra corresponding to the KWW 24 dynamic moduli fits of Fig. 9 have been calculated from the series expansion derived by 25 Lindsey and Patterson (1980): 26 

𝐻(𝜏) = −
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       (9) 27 

Although the general shape of the KWW spectrum is similar to the broadened power-law 28 spectrum at appropriate values of the βKWW parameter, i.e. power-law behavior at short 29 relaxation times and a broad decay at long relaxation times, it is obvious that the whole bitumen 30 spectrum cannot be described with a single KWW fit (cf. Fig. 9). The advantage of the 31 broadened power-law spectrum model as compared to the KWW function is that the shape of 32 the spectrum is described by different parameters at short and long relaxation times; nα equals 33 the slope at short times while the breadth of the long-time decay is determined by the β 34 parameter. This extra flexibility of the broadened power-law spectrum model is crucial in 35 accurately describing the relaxation dynamics of CGFLs, as visualized in Fig. 13. 36 
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 1 
Fig. 13 Comparison of the KWW and the broadened power-law relaxation time spectra. The 2 KWW relaxation time spectra correspond to the dynamic moduli fits of Fig. 9 and the 3 broadened power-law spectrum fit is the same as shown in Fig. 11(a). The parameters nα and β 4 describe the shape of the broadened power-law spectrum at short and long relaxation times, 5 respectively. 6 

In addition, the Havriliak-Negami (H-N) model (1966; 1967) and its special cases the 7 Cole-Cole (C-C) model (1941) and the Cole-Davidson (C-D) model (1951; 1950) are 8 frequently used to describe the dynamics of GFLs. The relaxation time spectra corresponding 9 to these models have been derived by the respective authors, with a modification to the H-N 10 spectrum proposed by Zorn (1999): 11 
𝐻(𝜏) =
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Characteristic shapes of these spectral functions are depicted in Fig. 14. It is easy to see that 3 only the relaxation time spectrum corresponding to the general H-N model appears at least 4 qualitatively similar in shape to the broadened power-law spectrum of bitumen. However, it 5 should be noted that the transition from the short-time power-law behavior to the long-time 6 decay of relaxation modes is not very well described by the H-N spectrum. It can therefore be 7 concluded that none of the classical models described above bears a significant resemblance to 8 the bitumen spectrum, highlighting the uniqueness of the broadened power-law spectrum 9 model to describe the glassy dynamics of CGFLs. 10 

 11 
Fig. 14 Comparison of the broadened power-law spectrum with the relaxation time spectra 12 corresponding to the Havriliak-Negami (H-N), Cole-Cole (C-C) and Cole-Davidson (C-D) 13 models.  14 

Although bitumen can be considered as a convenient model material for the purposes 15 of this study, it does not allow conclusions to be drawn about the exact relationships between 16 its chemical and microstructural properties and the broadening of the glass transition dynamics. 17 This is because bitumen exhibits various forms of complexity as a glass-forming material. In 18 addition to its complexity in terms of the chemical composition, bitumen has been found to 19 micro-phase separate upon cooling through the glass transition regime. This phase separation 20 is presumably induced by the differences in the Tgs of different molecular components of 21 bitumen as proposed by Masson et al. (2007). The results of this study, however, are not 22 extensive enough to determine the effect of the micro-phase separation on the broadening of 23 the glassy dynamics, but further studies on more well-defined material systems are necessary 24 to accomplish this. 25 



19  

Finally, it is noted that broad glass transition is not an unusual material property. Many 1 material systems, such as gradient copolymers (Kim et al. 2006; Mok et al. 2008; Mok et al. 2 2009; Wong et al. 2007), proteins (Johari and Sartor 1998; Katayama et al. 2008; Khodadadi 3 et al. 2010; Rouilly et al. 2001), interpenetrating polymer networks (Akay and Rollins 1993; 4 Sperling et al. 1973; Sperling and Fay 1991), thin polymer films (Efremov et al. 2003; Forrest 5 and Dalnoki-Veress 2001; Fukao and Miyamoto 2000; Fukao and Miyamoto 2001), shape-6 memory polymers (Miaudet et al. 2007; Xie 2010) and polymer blends (Lodge and McLeish 7 2000; Miwa et al. 2005; Sauer and Hsiao 1993; Shi et al. 2013), have been reported to exhibit 8 this characteristic. It would be therefore interesting to test whether the broadened power-law 9 spectrum model is applicable to all these types of materials in the vicinity of the glass transition. 10 However, this is beyond the scope of this paper and remains an open question for future 11 research.  12 
 13 
Conclusion 14 

We investigated rheological characteristics of CGFLs using bitumen as a model 15 material. Compared to the rheological response of SGFLs, a distinct broadening of glass 16 transition dynamics is observed in bitumen. This is manifested as a wide distribution of 17 relaxation times which can be described by the broadened power-law spectrum model proposed 18 in this paper. In this constitutive equation, the distribution of long relaxation modes is modeled 19 by a stretched exponential cut-off, with parameter β serving as a measure of the broadness of 20 the distribution. This characteristic shape of the relaxation time spectrum of bitumen is 21 attributed to the heterogeneous glass transition behavior of this material, i.e. to the wide 22 dispersion of glass transition temperatures among different molecular components of bitumen. 23 As this type of heterogeneity with respect to glass transition properties is a generic feature of 24 CGFLs, it is expected that the broadened power-law spectrum model is universally applicable 25 to describe their glass transition dynamics. Experimental evidence supporting this 26 generalization can be found from the literature and will be presented in our forthcoming 27 publication. Future studies are recommended to determine the applicability of the broadened 28 power-law spectrum model in a wide variety of material systems exhibiting broad glass 29 transition. 30 
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