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Featured Application: The evaluation procedure developed in this study can be generalized for
characterizing the non-Newtonian behaviors of most modified bituminous binders.

Abstract: Crumb rubber-modified bitumen (CRMB) has been utilized in the asphalt paving industry
for decades due to its various benefits. The complex interaction between bitumen and crumb
rubber as well as the addition of warm-mix additives makes the typical laws of Newtonian fluids
insufficient to describe the behaviors of highly modified bituminous binders. To systematically
explore the non-Newtonian behaviors of CRMB, a dynamic shear rheometer was utilized to apply
shear loading on the samples at various temperatures and shear rates. Results show that the viscosity
of different binders are highly temperature- and shear rate-dependent, while highly modified binders
exhibit more obvious shear-thinning behaviors at certain temperatures. With the help of zero shear
viscosity and yield stress, the shear-thinning behaviors of non-Newtonian binders can be sufficiently
characterized. The Arrhenius equation is invalid to describe viscosity-temperature characteristics
of bitumen in the non-Newtonian region. A second-order polynomial function was proposed to
characterize the viscosity-temperature dependence with a high correlation degree.

Keywords: non-Newtonian behavior; viscosity; bitumen; crumb rubber modifier (CRM); warm
mix asphalt

1. Introduction

Bitumen is a complex mix of various hydrocarbons that is produced from the natural deposits or
the residue of the crude oil distillation process [1,2]. The complex chemical composition of bitumen
determines its various physical and mechanical properties. Bitumen is usually categorized as a
viscoelastic material, which means its mechanical behavior is time of loading and temperature
dependent. The primary application of bituminous binders is in road construction and other uses
include roofing products, sealing and insulating materials. Viscosity, defined as a measure of resistance
to deformation or flow, is one of the most important properties of bituminous binders used as paving
materials. Profound knowledge of the viscosity of these binders at manufacturing and construction
temperatures (generally above 135 ◦C) provides vital information about their pumpability, mixability
and workability [3,4]. Workability can be defined as a property that describes the ease with which
hot mix asphalt can be placed, worked by hand, and compacted. The viscosity of bitumen should be
controlled within a certain range to facilitate its application in production and construction as well as
to guarantee the bitumen grade [5].
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Generally, bituminous binders can exhibit Newtonian or non-Newtonian behaviors under
different conditions. The dominant characteristic of a Newtonian behavior in simple shear experiments
conducted at constant temperature and pressure is the exerted shear stress that is constantly
proportional to the applied shear rate. In contrast, any deviation from the Newtonian behavior (i.e.,
viscosity is dependent on applied shear rate and shear stress) is called non-Newtonian. Non-Newtonian
fluids have two main categories: shear-thinning (pseudoplastic) fluids and shear-thickening (dilatant)
fluids. Shear thinning is the behavior of fluids whose viscosity decreases with the rate of shear strain
while the viscosity increases with the rate of shear strain for shear-thickening fluids. Apart from the
applied shear rate, shearing time and temperature also have effects on the non-Newtonian behaviors [6].
Different mathematical equations were developed to describe the flow curves (viscosity measured over
a range of shear rates or shear stresses under isothermal conditions) of various products, among them
the Cross model, the Carreau model and the Sisko mode which are the modified versions of the Cross
model [7]. The temperature dependence of viscosity can be characterized by the William–Landel–Ferry
(WLF) function and the Arrhenius-type equation or some empirical equations [8]. However, these
equations developed based on different theories have different applicable conditions. Misuse of these
equations may result in biased predictions and explanations [9]. This issue will be addressed in the
results section.

Practically, two measures of viscosity in asphalt paving industry have been used: absolute
viscosity and apparent viscosity [10]. Performing absolute viscosity assumes the material as a
Newtonian fluid whose properties are independent of applied shear rate or stress level. Unmodified
bituminous binders usually exhibit Newtonian behavior at relatively elevated temperatures (generally
above the softening point) or at very low shear rates. However, considering the large service
temperature range of these binders or short loading times, their viscosity is not always an absolute
value at intermediate and low temperatures. Rather, it varies with the applied shear rate and shear
stress. That is why it is an apparent value which needs a well-defined temperature, shear rate and shear
stress. For the majority of highly modified bituminous binders, they exhibit obvious non-Newtonian
behaviors due to the interaction between the bitumen and the modifier [11]. Apart from the difference
among the viscometers and rheometers, the non-Newtonian behavior of some binders (e.g., polymer
modified bitumen) is a main reason for the observed measurement difficulties and this subsequently
leads to issues in the interpretation and comparison of interlaboratory test results [12]. Therefore, it is
necessary to investigate the non-Newtonian behaviors of highly modified bituminous binders and
propose universal parameters (e.g., zero shear viscosity) [13] that are independent of applied shear
loading instead of merely comparing the apparent viscosity values.

Crumb rubber modified bitumen (CRMB) has been utilized in the asphalt paving industry
for decades due to its various benefits. It not only provides an environmental friendly disposal
solution to scrap tires, but also improves the overall pavement performance, e.g., higher resistance
to rutting, ageing, fatigue and thermal cracking [14]. The increasing use of crumb rubber modifiers
(CRMs) in bituminous pavements requires a better understanding of their effects on the chemical,
physical and rheological properties of CRM binders so that their processing at the plant can be
optimized, their production at the site can be controlled, and their performance in the field can be
more accurately predicted [15,16]. It was shown that the interactions of bitumen and rubber and
their effects on the final properties of CRMB depend on the raw material parameters (e.g., bitumen
composition, CRM type, morphology, particle size and dosage) and interaction conditions (e.g., mixing
temperature, time and rate, energy type of the mechanical mixing exerted) [17,18]. Many studies
have demonstrated that CRMs improve the rheological properties of base bitumen with evident
non-Newtonian behaviors [19,20]. The addition of CRMs into base bitumen dramatically increases the
viscosity of the binder, which on the one hand improves the rutting resistance, but on the other hand
creates workability issues through pumping, mixing and compaction [21]. The technology of warm
mix additives offers promising solutions to the above drawback which can significantly lower the
viscosity of binders at mixing and construction temperatures [14,22]. As mentioned before, the neat
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bitumen’s viscosity can be measured at 60 ◦C or higher in the Newtonian region. This statement is
of no validity for the CRMB binders. The addition of warm-mix additives further complicates the
non-Newtonian behaviors of CRMB.

Based on the above considerations, this study aims to investigate the fundamental non-Newtonian
behaviors of CRMB with/without warm-mix additives from the prime parameter in rheology-viscosity.
The shear rate dependency of viscosity and temperature effects were investigated with different
rheological models.

2. Materials and Methods

2.1. Materials

Base bitumen of 70/100 penetration grade commonly used in the Netherlands was provided by
Nynas (Stockholm, Sweden). The specification of the base bitumen is shown in Table 1 according to EN
12591. The SARA (saturated hydrocarbons, aromatic hydrocarbons, resins, asphaltenes) analysis of base
bitumen was done by Iatroscan TLC-FID (Bechenheim, Germany). The four-component proportions are
7% for saturates, 51% for aromatics, 22% for resins, and 20% for asphaltenes, respectively. The ambient
grinding CRM from waste truck tires has particle sizes ranging from 0 to 0.5 mm. The gradation
of CRM particles is shown in Table 2. The basic properties and composition of CRM are shown in
Table 3. The morphology of CRM and base bitumen was obtained through environment scanning
electron microscopy (ESEM) in Figure 1. The ESEM images confirmed that rubber particles from
ambient grinding have an irregular shape and porous appearance. The surface of bitumen is very
smooth and homogenous except for some impurities. This study included two types of non-foaming
warm mix additives, the wax-based product W and the chemical-based product C. Additive W is a
synthetic microcrystalline wax that is free of sulfur and other impurities. Additive C is a liquid blend
of chemicals, such as surfactants and polymers.

Table 1. Specifications of Nynas 70/100.

Test Description Unit Value

Consistency at intermediate service temperature Penetration at 25 ◦C mm/10 80

Consistency at elevated service temperature Softening Point ◦C 46

Resistance to hardening at 163◦C
Change in mass % 0.72

Retained penetration % 52
Softening point after hardening ◦C 51

Technical characteristic
Density at 25 ◦C g/cm3 1.027

Kinematic viscosity at 135 ◦C mm2/s 265
Solubility % >99.0

Table 2. Particle size distribution of crumb rubber modifier (CRM).

Sieves (mm) Passing (%)

0.710 100
0.500 93
0.355 63
0.180 21
0.125 9
0.063 2
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Table 3. Basic properties of CRM.

Properties Description or Value

Source Scrap truck tyres
Colour Black

Morphology Porous
Specific gravity (kg/L) 1.15

Decomposition temperature (◦C) ~200
Total rubber (natural and synthetic) 55

Carbon Black (%) 30
Zinc oxide (%) 1.5

Sulphur (%) 1
Benzene extraction (%) 5.5

Ash content (%) 7
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Figure 1. Environment scanning electron microscopy (ESEM) images of (a) CRM and (b) base bitumen.

2.2. Binder Preparation

The CRMB was produced in the laboratory by blending 18% CRMs by the weight of the total
blend based on the previous studies [23] and trial mixing. Adding more than 18% CRMs will cause
mixing problems and undesired binder properties (e.g., extremely high viscosity). Manual stirring
for 5 min was applied to pre-distribute CRMs into the base bitumen, then the blend was mixed
using a Silverson high shear mixer with a square hole screen (Figure 2) at 180 ◦C with the shearing
speed of 6000 rpm for 30 min. This mixing condition was optimized based on the criteria to obtain
better mechanical properties of CRMB. During the bitumen–rubber interaction, there are generally
two processes happens: rubber swelling and chemical degradation [24]. Mixing at relatively low
temperatures causes inefficient swelling of rubber, while mixing at relatively high temperatures results
in severe degradation of rubber particles. Both scenarios are detrimental to the property development
of CRMB. During the laboratory mixing process, the mixing head was immersed into the hot bitumen to
avoid vortex which may involve the potential oxygen. Each warm mix additive was incorporated into
both base bitumen and CRMB with the same dosage at 140 ◦C. The percentages of additives W and C
were 2.0% and 0.6% based on manufacturers’ recommended dosage and preliminary tests. Therefore, a
total of six types bituminous binders were prepared in this study, namely 70/100, 70/100-W, 70/100-C,
CRMB, CRMB-W, and CRMB-C. To solely investigate the influence of warm mix additives on the
rheological properties of binders, all binder samples were tested in fresh states without artificial ageing.
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2.3. Testing Methods

A dynamic shear rheometer (Anton Paar) was utilized to obtain the rheological parameters
(complex shear modulus, phase angle and complex viscosity) of different binders following the
standard test method. Frequency sweep tests were carried out from 0.01 to 100 rad/s over a temperature
range of 10 ◦C~50 ◦C with an increment of 10 ◦C. Before the frequency sweep tests, strain amplitude
sweep tests were conducted to identify the linear viscoelastic (LVE) range of different binders and
thus to ensure the frequency sweep tests were undertaken within the binder’s LVE region of response.
The LVE limit was defined as the point where complex modulus has decreased to 95% of its initial
value [25]. Based on the LVE limits, all the measurements were carried out at a strain level of 0.1%
under strain-controlled mode. Complex viscosity is defined as complex modulus divided by angular
frequency under dynamic conditions. It can be plotted as a function of angular frequency which can
be further correlated to shear viscosity as a function of shear rate under steady-state conditions based
on the Cox–Merz rule [26].

3. Results and Discussion

3.1. Influence of Temperature and Shear Rate on Complex Viscosity

Figure 3 plotted the complex viscosity of different bituminous binders as a function of shear
rate (angular frequency) at 10 ◦C and 50 ◦C respectively. Viscosities at other temperatures showed
similar trends between these two cases therefore omitted here. In Figure 3a, the behaviour of binders
is non-Newtonian and dependent on frequency and temperature. Figure 3b shows that at 50 ◦C,
base bitumen 70/100 and chemical additive modified bitumen 70/100-C both behave like Newtonian
fluids, whose viscosities are almost independent of shear rates. In contrast, 70/100-W and all CRMB
based binders exhibit non-Newtonian behaviors as the viscosities increase significantly with the shear
rate decreases, which is categorized as the shear-thinning behavior. However, the above statements
are of no validity when the testing temperature shifted to 10 ◦C while all binders exhibit obvious
non-Newtonian behaviors as shown in Figure 3a. In addition, it is notable from Figure 3a that although
the viscosity of CRMB is higher than that of base bitumen at lower shear rates, it becomes lower when
the shear rate reaches 100 rad/s. This is due to the more evident shear-thinning behavior of CRMB,
whose mechanism will be explored in the following subsections.
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In terms of the warm additives, the addition of chemical additive slightly increases the viscosity
of both base and CRMB binders at a certain shear rate. However, organic additive dramatically
increases the viscosities of base and CRMB binders, which seems contradictory to the reported
viscosity-reduction effect of wax-based additive at high construction temperatures [27]. It should
be noted that additive W is a synthetic wax with high molecular hydrocarbon chains (C40~C120),
and its melting point is around 100 ◦C [28]. Therefore, when tested at 50 ◦C, additive W exists in
bituminous binders as the form of microcrystalline and hence make the binders stiffer. Beyond its
melting point, the wax liquefies and can be fully miscible in the binder, which significantly reduces the
binder viscosity [29]. Rheological tests at temperatures around 100 ◦C are recommended to be carried
out in the future to verify this conclusion.

3.2. Shear-Thinning Behaviors

The previous subsection has shown the shear-thinning behaviors of different bituminous binders
at certain temperatures. The occurrence of shear-thinning in non-Newtonian fluids can be attributed to
the changes in particle/molecular orientations and/or alignment in the direction of flow. Specifically,
there are three types of mechanisms as shown in Figure 4 can explain the complex shear-thinning
behaviors of the unmodified and modified binders [6]. For polymer solutions or melts, polymer
entanglements or coils are formed in the polymer network at rest. When the polymer solution/melts are
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subjected to shear loading, the entanglements or coils will unfold and align with the applied shear force,
which in turn makes the polymer network easy to deform as shown in Figure 4a. For suspensions, solid
particles in the liquid are prone to agglomerate at rest. With the applied shear loading, agglomerates
tend to break up and disseminate into the matrix as shown in Figure 4b. For colloidal dispersions, when
particles are introduced into a liquid at rest, they are randomly oriented to reach a thermodynamic
equilibrium state (disordered state). With the applied shear force, particles will try to align themselves
to the shear direction as shown in Figure 4c. In all cases, materials in a disordered state at rest will shift
to an orientational ordered state with applied shear, which corresponds to a shift from high viscosity to
low viscosity. This means shear-thinning behavior is an entropy-decreasing process [30,31]. Bitumen is
commonly recognized as a multi-disperse colloidal system, where high molecular weight asphaltene
micelles are peptized by resins in low molecular weight maltenes. For base bitumen, the asphaltene
can be regarded as particles which are randomly oriented in the maltenes and have the tendency
to aggregate at rest. When the bitumen is subjected to shear loading at certain temperatures, the
asphaltenes which contribute mainly to the viscosity will tend to an orientational ordered state in
the maltenes. Therefore, shear-thinning happens. A similar explanation which regards wax as solid
particles can be applied for the shear-thinning behavior of wax-modified bitumen. In terms of rubber
modified bitumen, the potential polymer entangled network formed in the bitumen microstructure
due to the rubber–bitumen interaction will unfold and stretch itself to adjust with the applied shear
forces. The other two types of shear-thinning mechanism may also exist in CRMB. For the rest
bituminous binders, a combination of these three types of mechanism will be capable to explain the
shear-thinning behavior.
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3.3. Zero Shear Viscosity

Since bitumen viscosity at relatively low temperatures is highly shear rate dependent, directly
comparing the viscosity value at a certain shear rate seems quite tedious. A parameter describing
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the viscosity that independent of shear rate is plausible. At very low shear rates, Brownian motion
dominates and causes all molecules or particles to be oriented randomly despite the initial effects of
any applied shear stress. Under this circumstance, structured liquids behave similarly to Newtonian
liquids, with a defined viscosity independent of shear rate or angular frequency. This viscosity,
measured in the shear deformation when the shear rate approaches zero, is called zero shear viscosity
(ZSV). ZSV is reported to be a good indicator of rutting resistance of bituminous binders [32]. Various
methods were proposed to estimate the theoretical ZSV value [13]. In this study, data obtained from
the frequency sweep tests were applied to the Cross model to determine the ZSV. The Cross model
defined in the form of a four-parameter equation (Equation (1)) was able to fit the flow behavior of
binders over a wide range of shear rates.

|η∗| = η0 − η∞

1 + (Kω)m + η∞ (1)

in which η∗ is the complex viscosity; η0 is ZSV or the first Newtonian region viscosity; η∞ is infinite
shear viscosity in the second Newtonian region; ω is angular frequency (rad/s); K is a material
parameter with the dimension of time; and m is a dimensionless material parameter. In the frequency
range tested in this study, it is reasonable to assume that η∗ � η∞. Therefore, the Cross model reduces
to a three-parameter equation as shown in Equation (2).

|η∗| = η0

1 + (Kω)m (2)

Non-linear regression analysis was used to estimate ZSV at 50 ◦C with the available data.
The measured viscosity and the model predicted results are plotted in Figure 5. The complex viscosities
of two binders containing wax additives did not approach a plateau when the shear rate approaches
zero. This was observed through the model fitting results that the solver to the solution of binder
70/100-W and CRMB-W cannot converge with defined constraints and convergence. Therefore, there
are no practical ZSV values for these two binders. ZSV values and corresponding model parameters for
the other four binders are summarized in Table 4. ZSV of CRMB is much higher than the base bitumen
70/100, which indicates superior high-temperature rutting resistance. Besides, ZSV also reveals the
molecular weight of binders [6]. CRMB with higher ZSV possesses higher molecular weight than base
bitumen due to the rubber–bitumen interaction. Both natural rubber and synthetic rubber in CRMs are
macromolecules with much higher molecular weight than bitumen [33]. The formed polymer network
within the bitumen matrix after rubber–bitumen interaction increases the viscosity and molecular
weight of binder [34]. The addition of chemical additives increases the ZSV of both binders. From the
definition of the Cross model, it can be noted that parameter m is related to shear susceptibility. Based
on the data in Table 4, it is inferred that the rheological behavior of a binder with smaller m is closer to
Newtonian behavior. Furthermore, the level of non-Newtonian behavior is reflected in parameter K.
The higher value K is, the higher level of non-Newtonian behavior the binder has.

Table 4. Zero shear viscosity (ZSV) fitting results using the Cross model.

Binder Type 70/100 70/100-C CRMB CRMB-C

η0 (Pa·s) 1377 1848 1.2 × 105 3.55 × 105

K (s) 4.31 3.10 1191.18 2144.81
m 0.0644 0.0639 0.3951 0.3924
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3.4. Yield Stress

As observed in previous subsection, bituminous binders modified by wax additives do not show
a practical or show an infinite viscosity approaching zero shear rate. The reason for this special
non-Newtonian behavior can be attributed to the yield stress characteristic which is a property
associated with numerous types of complex fluids. For example, paint can only flow with the help
of brush, but remains fixed on a vertical wall despite the force of its own gravity. The yield stress is
defined as a critical stress that must be applied to the material before flow or continuous deformation
is observed [7]. Below the yield stress, the solid-like bituminous binder will deform elastically which
results from elastic elements being stretched in the shear field. Above the yield stress, such elastic
elements begin to break down causing shear-thinning behaviors and consequent flow. Although
many researchers have doubt about whether the true yield stress exists [35], the concept of yield
stress, if defined properly, is very useful in a whole range of applications, such as stirring, mixing
and pumping.

To determinate the yield stress of the wax-modified bituminous binders, the Herschel–Bulkley
model was applied to fit the measured data (shear stress versus shear rate) and extrapolate to a
zero-shear rate. The Herschel–Bulkley model [7] describes non-Newtonian behavior after yielding and
is basically composed of a power low model with a yield stress term as shown in Equation (3):

σ = σy + Kωn (3)

In Equation (3) above σ is the shear stress; σy is the yield stress; K is the consistency; and n is the
flow behavior index. The parameter n describes the material as shear thinning when n < 1, or shear
thickening when n > 1, or Newtonian when n = 1.

The yield stress determined through the Herschel–Bulkley model was shown in Figure 6.
As analyzed before, for bituminous binders having practical ZSV do not have a yield stress. This is
also verified in Figure 6a as the fitted equations do not have the yield stress term. The yield stresses
of wax modified binder 70/100-W and CRMB-W are clearly plotted in Figure 6b with the values of
190.60 Pa and 4.22 Pa, respectively. The significant difference between the yield stresses shows additive
W has different extents of effect on the base bitumen and CRMB. This is possibly due to the different
microstructures of these two binders which stem from the potentially complex interaction between
bitumen, rubber and warm mix additives. Generally, larger yield stress indicates more stable internal
structure of the material [35]. The yield stress brings both positive and negative effects to the material
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depending on the application conditions. For instance, higher yield stress can be a hindrance if the
binder is being pumped or mixed while it will benefit the binder making it more stable during the
service stage on the pavement. One also should note that the predicted yield stress is highly dependent
on the instrument resolution, measuring conditions and analysis method.
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3.5. Complex Viscosity as a Function of Temperature

The viscosity of bituminous binders is highly temperature-dependent. Generally, there are
two common equations to evaluate the viscosity-temperature characteristics of binders, namely the
William–Landel–Ferry (WLF) function based on the free volume theory and the Arrhenius-type
equation based on the absolute theory of reaction rate [36]. These two equations correspond to two
temperature regions. At temperatures well above the glass transition temperature Tg, i.e., Tg + 100 ◦C
or ~1.3Tg, the viscosity follows the Arrhenius equation:

η∗ = Ae
Ea
RT (4)

where A is a pre-exponential parameter; R is the universal gas constant (8.314 J/(mol·K)); and Ea is
the flow activation energy (J/mol). T is temperature (K). At lower temperatures ranging from Tg to
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Tg + 100 ◦C, the WLF function should be used instead. A strictly equivalent form to the WLF function
is described by the Vogel-Fulcher-Tammann (VFT) expression:

η∗ = A0e
E0

R(T−T0) (5)

where A0, E0, and T0 are material constants. Apart from these two common equations, a number of
empirical expressions have been proposed to represent the viscosity-temperature dependence based
on available experimental data. The proposed equations of viscosity-temperature characteristics have
the following general form [8,37]:

lnη∗ = A +
B

T + C
+ alnT + bT + cT2 +

D
T2 (6)

where A, B, C, D, a, b, c are fitting constants. It is possible to add more power-law terms of T into the
above empirical equation.

Figure 7 presents the plot of logarithmic viscosity as a function of the reciprocal of temperature
ranging from 283.15 K to 323.15 K at two extreme shear rates. At a low shear rate of 0.01 rad/s,
the viscosity-temperature curve can be fitted by a linear line, which is an Arrhenius-type equation.
The reason that Arrhenius equation requires elevated-temperature condition is to guarantee the
material is in the Newtonian state. Based on the time-temperature superposition principle as well as
the test results in this study, bituminous binders can be regarded as Newtonian-like fluids at a low
shear rate of 0.01 rad/s, so that Arrhenius equation is applicable. However, this observation is invalid
at a high shear rate of 100 rad/s, under which bituminous binders exhibit apparent non-Newtonian
behaviors. The viscosity-temperature curve at the higher shear rate of 100 rad/s can be fitted by a
second-order polynomial equation with enough high correlation degree instead of a linear one. Based
on the above findings, it is not reasonable to fit the viscosity-temperature curve with only an Arrhenius
equation over a wide range of temperatures or shear rates.
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4. Conclusions

Non-Newtonian behaviors of highly modified bituminous binders challenge the traditional
interpretation of viscosity measurements of blends. Crumb rubber modified bitumen and binders with
wax additives show apparent shear-thinning behaviors at certain temperatures. The shear-thinning
mechanisms of different binders can be attributed to three types: polymer solutions/melts, suspensions
and dispersions. Zero shear viscosity of different binders calculated using the Cross model and yield
stresses derived based on the Herschel–Bulkley model are two important parameters to characterize
the non-Newtonian behaviors of bitumen. It is emphasized that characteristics of zero shear viscosity
and yield stress are highly temperature-dependent. The Arrhenius equation is only valid to model the
temperature dependence of viscosity in the Newtonian region. The viscosity-temperature dependence
of bitumen should be described with distinct equations in different temperature regions, namely
Newtonian and non-Newtonian regions.

The testing temperature range in this study covers the average pavement temperature and
high pavement temperature. For further research, viscosities of different bituminous binders tested
at a wider temperature range (including mixing temperatures around 135 ◦C) and using different
measuring systems (e.g., concentric cylinder, cone-plate) in DSR (Dynamic Shear Rheometer) are
needed to examine the repeatability and accuracy of the model predictions. Systematic approaches to
measure the yield stress of bituminous binders can be developed to compare with that predicted by
the model.
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