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Abstract 
The dynamic viscoelastic properties of asphalt AC-20 and its composites with 
Organic-Montmorillonite clay (OMMt) and SBS were modeled using the em-
pirical Havriliak-Negami (HN) model, based on linear viscoelastic theory 
(LVE). The HN parameters, α, β, eG , gG  and τHN were determined by 

solving the HN equation across various temperatures and frequencies. The 
HN model successfully predicted the rheological behavior of the asphalt and 
its blends within the temperature range of 25˚C - 40˚C. However, deviations 
occurred between 40˚C - 75˚C, where the glass transition temperature Tg of 
the asphalt components and the SBS polymer are located, rendering the HN 
model ineffective for predicting the dynamic viscoelastic properties of com-
posites containing OMMt under these conditions. Yet, the prediction error of 
the HN model dropped to 2.28% - 2.81% for asphalt and its mixtures at 
100˚C, a temperature exceeding the Tg values of both polymer and asphalt, 
where the mixtures exhibited a liquid-like behavior. The exponent α and the 
relaxation time increased with temperature across all systems. Incorporating 
OMMt clay into the asphalt blends significantly enhanced the relaxation dy-
namics of the resulting composites. 
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1. Introduction 

One of the main research tasks in the construction industry is to develop new 
asphalt blends with an optimal composition of raw materials that function under 
acceptable conditions and exhibit enhanced properties, such as heat and aging 
resistance [1]. Asphalt pavement undergoes severe service conditions, including 
repeated vehicle loading and complex environmental changes, leading to crack-
ing, rutting, and other structural damage [2]. Therefore, the evaluation and de-
sign of asphalt mixtures are influenced by the local environmental temperature 
and traffic loading [3]. Mathematical modeling optimizes and predicts the qual-
ity and performance of asphalt, a task made challenging by the blends’ high non-
linearity and anomalous property changes. Several models, including those from 
Maxwell, Kelvin-Voigt, generalized Maxwell, Huet, and standard linear (SLM), 
describe the rheological behavior of asphalt materials using various approaches 
[1] [4]. The Havriliak-Negami (HN) model integrates a distribution of the single 
relaxation time, the broadness of the Cole-Cole model, and the asymmetry of the 
Davidson-Cole model [4]. It is highly valuable for predicting the viscoelastic 
properties of rubber-like materials, such as polymers, in engineering applica-
tions due to its simplicity and minimal parameter requirements [4] [5]. Studies 
on the HN model’s parameters for neat asphalt and asphalt mixtures with mate-
rials such as ceramics, clay, silica, rutile, alumina nanoparticles, and fiber rein-
forcements are scarce [6] [7]. The addition of fillers or clays to polymers and 
asphalt matrices affects the relaxation of the macromolecular chains due to 
strong interfacial interactions. The interaction between polymers and particles is 
crucial to control because nanoparticles delay the dynamics of macromolecular 
chains. In this context, the HN model may not align well with experimental data 
when describing the dynamic viscoelastic properties of asphalt binders and 
could be limited in accurately representing the dynamic viscoelastic properties of 
viscoelastic materials. Conversely, asphalt performance can be determined 
through rheological characterization and the time-temperature superposition 
principle (TTSP). TTSP is used to construct master curves of various response 
functions ( G′ , G′′ , *G , etc.) of asphalt and its blends under experimental 
conditions of linear viscoelastic behavior (LVE) [5]. In the case of thermorheo-
logically simple materials, the time-temperature shift factor ( aτ ) is utilized to 
superpose all viscoelastic functions. 

The goal of this study is to assess the suitability of the HN model for complex 
materials like asphalt and its mixtures with polymer styrene-butadiene-styrene 
(SBS) and Organic-Montmorillonite (OMMt) clay at various temperatures (25˚C, 
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40˚C, 60˚C, 75˚C, and 100˚C) across a broad frequency range. To this end, rhe-
ological tests in the linear viscoelastic region were performed on asphalt and its 
blends. Master curves of test data were constructed for four different asphalt 
binders. Parameters ( eG , gG , τ, α and β) were determined by fitting the exper-
imental data to the HN model, and the potential interactions between clay parti-
cles, polymer, and asphalt in the blends were analyzed. 

2. Theory Section 
2.1. Havriliak-Negami Model 

Storage modulus, viscous modulus, and phase angle, obtained from experi-
mental tests, characterize the LVE behavior of asphalt concrete [8]. The complex 
shear modulus is: 

G* = G' +iG′′                           (1) 

The measure of damping efficiency, also known as the loss factor, is: 

Loss factor tan /G Gδ ′′ ′=                      (2) 

where δ is the phase angle in the complex plane.  
Havriliak-Negami model is given in the following equation [9]: 
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where eG  represents the equilibrium modulus, gG  represents the glassy mod-
ulus, τ is the single relaxation time that controls the horizontal position of each 
component of the complex modulus along the frequency axis; α controls the 
amplitude of the relaxation spectrum of the loss peak, and β governs the asym-
metry of the loss peak [7]. The parameters α and β can take values between 0 and 
1 [10]. The glassy modulus has a high-frequency limit value, gG  or unrelaxed 
modulus, and a low-frequency limit value eG , or relaxed modulus. A transition 
occurs between these two limit values in a range of frequencies centered at ω0, 
showing a peak. The process is relaxed; therefore, it is convenient to define a re-
laxation time (τ), associated with the central frequency [11]: 
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The three independent parameters ( gG , eG , and τ) define a relaxation pro-
cess. According to De Moivre’s theorem, the storage modulus and loss modulus 
can be analytically solved from the HN model, as shown below [9]: 
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The storage modulus and loss modulus in Equations (5) and (6), respectively, 
share identical model parameters because they derive from the same complex 
modulus. The loss factor is given by: 
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The relaxation time is the only temperature-dependent parameter in the Hav-
riliak-Negami (HN) model. For multiple relaxations, more than one HN-equation 
is required [12]. To solve the HN model, the four temperature-independent pa-
rameters ( gG , eG , α, β) are fitted in the complex plane of *G , and the temper-
ature-dependent relaxation time τ (T) is directly calculated from the HN equa-
tion [13]. For the complex modulus determined at various temperatures and 
frequencies, the loss factor modulus points evaluated under these conditions 
could lie on a unique curve. 

2.2. Master Curves 

Asphalt is considered a thermorheologically simple material in the Linear Visco-
elastic (LVE) range, and the Time-Temperature Superposition Principle (TTSP) is 
applied to plot the master curves of various viscoelastic functions. The master 
curve is constructed as a function of the reduced frequency at an arbitrary ref-
erence temperature, as defined in the equation (9) [9]: 

    r aτω ω=                            (9) 

where ωr is the reduced angular frequency, respectively; aτ  is the time-temperature 
shift factor and changes with the temperature. The shift factor is obtained by the 
Williams-Landel-Ferry (WLF) equation, as follows:  
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where c1 and c2 are positive coefficients; T and T0 are test temperature and ref-
erence temperature, respectively. 

The five HN model parameters ( gG , eG , α, β and τ0) and two parameters (c1 
and c2) of the WLF equation are determined by applying a nonlinear minimiza-
tion algorithm with the error function F estimated according to the Equation 
(11) [7]: 
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where N is the number of the test data points for a single complex modulus 
component; j

cG′  and j
cG′′  are the storage and loss modulus derived from 
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Equations (5) and (6), respectively; j
mG′  and j

mG′′  are the experimental storage 
and loss modulus, respectively. The error function was minimized through mul-
tiple iterations using the Solver function in Microsoft Excel [7] [14]. 

3. Experimental 
3.1. Materials 

Asphalt AC-20 and styrene-butadiene-styrene (SBS) polymer were supplied by 
PEMEX (Salamanca, México) and Chemcentral, respectively. Nanoclay, sur-
face-modified with 25 wt.% - 30 wt.% trimethyl stearyl ammonium, was supplied 
by Sigma-Aldrich, Mexico. The properties of neat asphalt and SBS polymer are 
shown in Table 1. 

 
Table 1. Properties of asphalt AC-20; modifier polymer and Organic-Montmorillonite 
(OMMt) clay. 

Material Properties 

Asphalt 

Penetration at 25˚C; 67 dmm (ASTM D5) Softening point; 
49˚C (ASTM D36) 

80% Maltenes and 20% asphaltenes (solubility in n-heptane 
(ASTM standard D2042) 

Polymer 

SBS Kraton D1102 
30% wt.% of styrene 

Linear 
Mw: 71300 g/mol (GPC). 

Organic-Montmorillonite clay 
(OMMt) 

Surface modified-contain 25 - 30 wt.% trimethyl stearyl 
ammonium; density (Bulk density) 200 - 500 kg/m3 

Average particle size ≤ 20 μm 
 

3.2. Preparation of Modified Asphalt Binder 

For the preparation of neat asphalt and asphalt blends (Asphalt/OMMt, As-
phalt/SBS, and Asphalt/SBS/OMMt), a steel container was used at 180˚C, stir-
ring at 800 rpm under an inert atmosphere (N2). The mixing process continued 
for four hours to achieve uniform dispersion of clay. The concentration of SBS 
in asphalt was fitting at 4 wt.% for the samples asphalt/SBS (A/SBS), with 2.5 
wt% of the Organic-Montmorillonite clay (OMMt) added to SBS and asphalt to 
produce A/OMMt, A/SBS, and A/SBS/OMMt blends. The samples were stabi-
lized and stored in a freezer before further rheological testing. 

3.3. Conventional Test 

The stiffness and high-temperature stability of the binders correlate with their 
penetration and softening point, respectively. The penetration test, conducted at 
25˚C with a 100 g load for 5 seconds, follows ASTM D5 guidelines. The soften-
ing point of asphalt was determined using the ring and ball test (ASTM-D36). 

3.4. Rheological Analysis 

The AR-1000-N rheometer was utilized for rheological testing in a controlled 
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stress mode, employing a parallel plate of 25 mm diameter and a 1.0 mm gap. The 
frequency range spanned from 0.1 to 100 rad/s, maintained at a constant tem-
perature and strain. Tests were conducted at temperatures of 25, 40, 60, 75, and 
100˚C, ensuring the strain remained within the linear viscoelastic range [15].  

4. Results and Discussion 

Figure 1 shows the penetration of asphalt blends decreases with the addition of 
SBS and clay, improving its consistency. The softening point rises with the addi-
tion of SBS or clay modifiers, thereby enhancing the asphalt binders rutting re-
sistance. 

 

 
Figure 1. Penetration (dmm) at 25˚C and softening point 
(˚C) of asphalt and blends. 

 
Figures 2(a)-(d) display the curves of the dynamic mechanical moduli G′  

and G′′  of asphalt and its blends or composites, measured across various con-
stant temperatures as a function of frequency, along with the corresponding 
master curves. In Figure 2(a), the moduli curves of G′  and G′′  of asphalt at a 
constant temperature show a gradual increase with the rising applied frequency. 
Similarly, the G′  curves approach their corresponding G′′ temperature-specific 
curves more closely, and their values rise as the measurement temperature de-
creases, leading to a crossover of G′  and G′′  at ∼102 rad/s in the empirical-
curves obtained at 25˚C. 

The master curve G′  resembles an upward concave parabola at 100˚C and 
quickly converges with the master curve G′′  as the test temperature decreases 
until crossover. Concerning the rheological properties of asphalt, it is important 
to note that these properties are determined by the percentage of its compo-
nents, typically classified into four categories based on their polarity: saturates, 
aromatics, resins, and asphaltenes. Resins and asphaltenes contribute to asphalt 
stiffness [16], while saturates and aromatics constitute the liquid phase. Thus, 
the crossover observed at ∼25˚C can be attributed to the Tg of resins, and the de-
viation in the moduli curves at 75˚C may correspond to the cessation of Brown-
ian motion in asphaltenes [17]. In turn, in Figure 2(b) (A/OMMt blend), curves 
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of G′  and G′′  are similar in shape to those in Figure 2(a), but show an in-
crease across the analyzed frequency range and exhibit a crossover at a frequency 
lower than 102 at 25˚C. However, the onsets of G′  and G′′  are shifted to 
slightly higher values, possibly due to the interaction of asphalt with the OMMt 
particles, similar to what is observed in polymer composites containing OMMt 
particles [18]. This effect is attributed to interactions between components due 
to the quaternary ammonium salts in the OMMt clay, which likely facilitate the 
intercalation of asphalt molecules into the organo-clay layers. This process re-
stricts the movement of asphalt molecule chains (possibly asphaltenes), as re-
ported [19]. However, the interaction between asphalt and filler is complex, in-
volving adsorption, diffusion, and infiltration of asphalt on the filler surface 
(asphalt-filler interface) [20]. The curves of A/OMMt, A/SBS, and A/SBS/OMMt 
blends, Figures 2(b)-(d), respectively, show the same trend of the Figure 2(a) 
but the crossover at 25˚C shifted to low frequency in the order A/SBS/OMMt < 
A/SBS < A/OMMMt < A (Table 2). These results demonstrate how asphalt’s in-
teraction with OMMt and SBS, both separately and together, enhances its elastic 
properties, thereby increasing the glass transition temperature of maltenes and 
asphaltenes. This aligns with the reported compatibility of OMMt particles with 
both SBS and asphalt. The compatibility can be attributed to the hydrophobic 
nature of the Organic-Montmorillonite surface and the increased inter-layer 
distance, which facilitates the insertion of polymer chains and their intercalation 
into the clay layers, promoting the dispersion of clay within the polymer matrix 
[21]. 

 

 
Figure 2. Storage modulus and loss modulus master curves from HN model and experi-
mental data: (a) Asphalt, (b) Asphalt/OMMt, (c) A/SBS, (d) A/SBS/OMMt. 
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The corresponding time-temperature shift factors ( aτ ), measured at various 
temperatures at reference temperature (T0 = 25˚C), are presented in Figure 3. 
The WLF constants, c1 and c2, were approximately 4 and 312.5, respectively, sim-
ilar to those reported elsewhere [14]. 

 

 
Figure 3. Time-temperature shift factors ( aτ ) for asphalt and blends. 

Havriliak-Negami Model 

The master curves of dynamical moduli G′  and G′′  are used to assess struc-
tural changes through molecular mobility of the material. However, the correla-
tion between the parameters of the HN model and molecular motions, polymer 
chain structure, and their interactions with asphalt and clay remains limited. 
The master curves of storage modulus and loss modulus (Figure 2) were deter-
mined using Equations (5) and (6) across various temperatures and frequencies 
for asphalt and blends. The optimized parameters for the HN model and WLF 
equation, along with the corresponding functional error values for all samples at 
a reference temperature of 25˚C, were derived from Equations 9 - 11 and are 
displayed in Table 2. Model parameters for the samples at other temperatures 
were omitted due to space constraints. As mentioned above, G′  and G′′  in-
crease with the addition of SBS and OMMt to the asphalt (Figure 2). The fit be-
tween the master curves from the experimental data and the HN model at 25 
and 40˚C is acceptable (error < 6 %). However, deviations were observed in the 
temperature range of 60˚C - 75˚C for the asphalt and blends, with errors ranging 
from 4.85% - 8.91%. This effect might be due to the contribution of the Tg of the 
asphaltenes, SBS and the deviation from the linear viscoelastic (LVE) region of 
the material [7]. Depending on the type of asphalt, it may present three main 
glass transition temperatures: one around −20˚C, related to the maltene fraction,  
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Table 2. Crossover, HN parameters at T0 = 25˚C, and error, F. 

Sample ωc (rad/s) 
Gg 

(Pa) 
Ge 

(Pa) 
α β τHN 

F 
(%) 

Asphalt 79.43 3.67 × 107 1.46 × 10−2 0.7017 0.1 1.22 × 10−2 2.03 

A/OMMt 63.09 4.58 × 107 1.46 × 10−2 0.6788 0.1 1.15 × 10−2 1.83 

A/SBS 3.4 6.84 × 107 1.46 × 10−2 0.5396 0.1 1.36 × 10−2 1.04 

A/SBS/OMMt 1.3 × 10−2 and 5.32 × 10−4 8.76 × 107 1.09 × 10−9 0.5707 0.1 3.35 × 10−3 4.17 

 
followed by two endotherms at approximately 20˚C and 50˚C, corresponding to 
the melting of saturates. The other two Tg’s are 20˚C for the resins and 53 to 
70˚C for asphaltenes [22]. Asphalt is generally a homogeneous mixture at 
temperatures above 70˚C [23]. Therefore, the TTS principle may not apply 
across all temperature ranges due to changes in asphalt morphology. Furthermore, 
the yield stress fluid effect in neat asphalt (Figure 2) is temperature-dependent 
below 50˚C and becomes somewhat independent at higher temperatures. This 
explains why the TTS cannot be strictly applied across all temperature ranges in 
asphalt, especially between 40˚C - 75˚C, where deviations from the master 
curves were observed in the HN model. Furthermore, the addition of clay 
increases the glass transition temperature of the base asphalt, Tg, asphaltenes ≈ 50˚C 
[24]. This effect is likely reflected in the increased error in the A/OMMt 
mixture within this temperature range (8.56% - 8.83 % error) (Figure 2(b)). 

On the other hand, it has been reported that SBS exhibits two distinct glass 
transitions around −85˚C and 95˚C, attributed to the polybutadiene (PB) and 
polystyrene (PS) blocks, respectively [25]. The triblock polymer prevents the 
dissolution of asphaltenes into maltenes, thereby favoring its preferential mixing 
with saturates and aromatic fractions, but not with asphaltenes. Consequently, 
the glass transition temperature (Tg) of asphaltenes is influenced by SBS, shifting 
towards lower temperatures. This shift is particularly noticeable below 68˚C, for 
example, with the transition at 40˚C [26]. Regarding these facts, the mixing of 
asphalt primarily occurs with the PB midblock of SBS, altering its Tg, while the 
PS end blocks of the triblock polymer have a negligible effect on the asphalt’s Tg 
[27]. This could explain the high error in the temperature range of 40˚C - 75˚C 
for A/SBS and A/SBS/OMMt samples. Furthermore, each experiment was repeated 
three times, with the mean error in the data observed to be within ±3.5%, and 
the asphalt samples were in the LVE region. 

The slopes of G′′  at low and high frequencies are given by the α-parameter 
and αβ, respectively, according to Equation (12) [27]: 

     G αω′′ ∝  and G αβω′′ ∝                   (12) 

Table 3 shows the slopes for all blends; the values of slope at low frequencies 
are in the range of 0.8416 - 0.9933, while at high frequencies the slope is lower 
(0.0842 - 0.09983). 
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Table 3. Effect of the α-β parameters in low and high frequencies. 

Sample 
Slope G′′ ≈ ωα, 
low frequency 

Slope G′′ ≈ ωαβ, 
high frequency 

Asphalt 0.9933 0.09983 
A/OMMt 0.9923 0.09923 

A/SBS 0.9459 0.09459 
A/SBS/OMMt 0.8416 0.08416 

 

 
Figure 4. α-parameter calculated with the HN model as a function 
of temperature for asphalt and its blends.  

 
In addition, the prediction of G′  and G′′  are related to the rubbery regime 

at low-frequency eG  and the glassy regime modulus at high-frequency gG . It 
depends on the properties of the volumetric fraction of components and the type 
of materials [7] For all samples, eG  values tend to be zero, indicating a trend 
toward a viscoelastic liquid at low-frequency and/or high-temperature condi-
tions, while gG  is associated with physical hardening, with values higher at 
temperatures of 25˚C. 

On the other hand, it has been stated that the numerical values of the α and β 
parameters determine the relaxation mechanisms controlling the width and 
skewness of the loss peak, respectively [7]. These parameters are influenced by 
the similarities and differences in the types of inter- and intramolecular interac-
tions present in the asphalt blends. Indeed, the parameter α can be correlated to 
the intermolecular dynamics, while the product αβ corresponds to the local in-
tramolecular dynamics of the polymer [28]. Despite the complexity of the as-
phalt blends analyzed in this study, it is possible to correlate experimental data 
with the dependence plot of α and β parameters based on their regularities. Fig-
ure 4 illustrates that the α-parameter rises with temperature and falls with the 
inclusion of SBS and OMMt in the blends. The α-values in the blends vary, sug-
gesting they may be linked to the intermolecular interactions between the clay, 
polymer, and asphalt. Notably, the α-parameter of the A/OMMt blend is mar-
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ginally lower than that of pure asphalt across the examined temperature range. 
Furthermore, as reported in other studies [29], Organic-Montmorillonite can 

enhance the intercalation/exfoliation process, resulting in well-distributed clay 
particles within a hydrophobic asphalt. In the context of the A/SBS blend, the 
polymer may be absorbed by the maltenes, leading to polymer swelling and the 
formation of a polymeric network [30], but the low polarity of SBS results in 
weak interactions with asphalt. In the case of the A/SBS/OMMt blend, asphalt 
can swell the polymer and delaminate the clay, allowing polymer intercalation. 
However, moving the polymer within the clay interlayers is more challenging. 
The addition of clay enhances the physical and mechanical properties of the as-
phalt mixes, suggesting an increase in the rearrangement of the internal struc-
ture and in asphalt/polymer compatibility [29]. Thus, the addition of the SBS 
polymer, which is hydrophobic, and OMMt clay leads to physical interaction 
between the two components. This interaction improves the mechanical proper-
ties of the blends. Consequently, the α-parameter of the A/SBS blend is slightly 
higher than that of the A/SBS/OMMt blend, and the α-parameter of both blends 
is lower than that of the neat asphalt, as observed in Figure 4. All analyzed sam-
ples showed a constant value of β ≈ 0.1 (Table 2). According to the literature, 
different values of the β-parameter were found for asphalt; β = 1.504 − 1.733 in 
the HN model for three hot-mix asphalt mixtures (HMA) [14]. For two asphalt 
concrete mixtures at a reference temperature of 20˚C, it was found that β = 0.327 
− 0.368 [7], while for three asphalt mixtures, β = 0.13 − 5.44 [5]. The HN model 
for asphalt concrete showed that β = 0.3163 at a reference temperature of 0˚C 
[30]. In addition, for six waste oils (WO) that modified asphalt at low tempera-
ture, it was found β = 14.935 − 16.499 [6]. Nevertheless, α and β parameters are 
taken as 0 < α < 1. When experiments conform to the HN model, they can ex-
hibit typical (β ≤ 1) or atypical relaxation behavior (β >1). If β > 1, it may indi-
cate the superdiffusion movement of carriers and an inverse fractal dimension of 
the carrier paths [31]. 

The two relaxation processes depend differently on τ in the temperature 
range analyzed. Thus, the relaxation process behavior of the asphalt corre-
sponds to a distribution of relaxation times. These variations can be related to 
the motion or relaxation of asphalt, polymer, or clay particles, which are af-
fected by temperature. For example, τHN decreases, and hence, the molecular 
mobility increases. Thus, relaxation spectra can aid in the physical interpreta-
tion of the structural and mechanical properties of asphalt mixtures [7]. The 
relaxation time (τHN) for all samples is shown in Figure 5. The τHN increases in 
the blends and decreases in the asphalt (Table 2). However, the potential error 
in the calculated relaxation time values within the temperature range of 60˚C - 
75˚C must be taken into account. As previously mentioned, SBS and OMMT 
likely exhibit distinct intra- and inter-molecular interactions with asphalt. Yet, 
a precise physical interpretation of relaxation time in asphalt blends remains 
uncertain, as discussed earlier. 
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The master curves of complex modulus ( *G ) versus reduced frequency (ω*
aτ ) for asphalt and blends are depicted in Figure 6. As anticipated, the *G  
values are higher in the blends than in the neat asphalt. However, the loss factor 
(tan δ) exhibited deviations in the superposition of the experimental data 
(Figures 7(a)-(b)), particularly at low frequencies, with the lowest values corre-
sponding to the A/SBS and A/SBS/OMMt blends. 

 

 
Figure 5. Relaxation time (τHN) with the temperature 
for the different samples estimated with HN model. 

 

 
Figure 6. Master curves of the complex moduli ( *G ) 
for all blends. 

 

 
Figure 7. The loss factor (tan δ) at different temperatures for (a) Asphalt and A/OMMt; b) A/SBS, 
and A/SBS/OMMt. 

https://doi.org/10.4236/msce.2024.127003


M. Á. Vargas-Hernández et al. 
 

 

DOI: 10.4236/msce.2024.127003 35 Journal of Materials Science and Chemical Engineering 
 

These plots revealed that OMMt significantly increases asphalt stiffness at low 
frequencies (or high temperatures). However, at high frequencies, the master 
curves for different blends are similar, indicating that clay’s impact on asphalt 
stiffness is negligible. 

Finally, the Black diagram, shown in Figure 8, demonstrates that none of 
the three asphalt blends adhere to the time-temperature superposition princi-
ple, resulting in non-unique curves. For such complex materials, the funda-
mental assumption of time-temperature equivalence leads to prediction errors. 
The binders start to deviate from thermorheological simplicity as the phase 
angle nears 90˚C at high temperatures, where some experimental points do not 
align with the rest. These materials exhibit only partial thermorheological sim-
plicity. 

The high viscosity of asphalt binders, as shown in Figure 9, results from 
adding solid particles to the asphalt matrix, affecting the Newtonian plateau at 
low frequencies in the case of A/SBS/OMMt. Following the Newtonian plateau, 
a transition zone with decreased viscosity at intermediate and high frequencies 
is observed. The viscosity enhancement in asphalt blends depends on the in-
teractions among blend components. For example, A/SBS and A/SBS/OMMt 
form a polymer network, while the clay changes the effective volume fraction, 
interfacial tension, and increases the tendency to attract surrounding chemical 
species. The filler effect is attributed to reduced polymer chain mobility and 
increased flow resistance in the asphalt blend. This suggests that clay particles 
could serve as a compatibility activator by facilitating the transfer of maltenes 
and highly polar fractions from the asphaltene-rich phase to the polymer-rich 
phase [19]. 

 

 
Figure 8. Black diagram for neat asphalt and blends. 
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Figure 9. Master curve of complex viscosity of neat asphalt and blends. 

5. Conclusion 

The master curves of the viscoelastic function were obtained using the shift fac-
tor calculated for each temperature. The experimental data for asphalt and its 
blends were simultaneously adjusted to the HN model, which accurately predicts 
the G′ , G′′  and the complex modulus for asphalt and composites at low tem-
peratures (25˚C - 40˚C). Whereas in the range of temperatures of 40˚C - 75˚C, 
the prediction of G′  and G′′  modulus exhibited high errors (approx. 5% - 
9%) because this range includes the Tg of asphalt and the polymer SBS, render-
ing the HN model ineffective for the systems studied under these conditions. 
However, at 100˚C, the prediction error of the HN model was reduced to 2.3% - 
2.8% for asphalt and its mixtures, demonstrating a viscous rubber-like behavior. 
The α-parameter of the HN model increases with temperature and decreases 
with the addition of OMMt and SBS, while the β-parameter remains practically 
constant. Relaxation time (τHN) increases with both temperature and the addi-
tion of asphalt modifiers, leading to reduced molecular mobility. This study 
concludes that asphalt and its blends are thermorheologically complex, and the 
applicability of the viscoelastic HN model is limited due to interactions among 
asphalt components and modifiers. These interactions, potentially influenced by 
the glass transition temperatures of SBS and asphalt, significantly alter the rheo-
logical properties of asphalt and its blends. Predicting the dynamic viscoelastic 
properties of asphalt binders at different frequencies (temperatures) using the 
HN model is insufficient if the temperature range includes the Tg of one or more 
components. As a result, the correlation between the structure and mechanical 
properties of asphalt blends and the parameters of the HN model is not suffi-
ciently strong. 
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