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A large amount of research has been published over the last decade in response to the inadequacy of the
traditional Softening Point test and the more recent SHRP G⁄/sin d criteria to accurately characterise the
rutting behaviour of bitumens for use in road construction. This is particularly evident when considering
polymer modified bitumens with a high proportion of delayed elasticity. In this paper, the concept of Zero
Shear Viscosity (ZSV) is explored and a newly proposed test variant on ZSV referred to as the Low Shear
Viscosity (LSV) test has been examined in some detail. The LSV proposed test protocol, which essentially
consists of measuring complex viscosity using dynamic oscillatory loading at a pre-determined equi-vis-
cous temperature, was found to be suitable for characterising the creep performance of two penetration
grade bitumens, whereas for an SBS modified bitumen used in this investigation, the protocol was shown
to be entirely inadequate. An alternative method of data interpretation is proposed in this paper based on
measurement of the phase angle values at low shear rates. The phase angle, or damping factor, has been
shown to be a better candidate for characterising the three bitumens assessed in this investigation and is
worthy of further investigation.

� 2011 Elsevier Ltd. All rights reserved.
1. Zero-shear-viscosity

Zero-Shear-Viscosity (ZSV), a theoretical concept, is the viscosity
measured in shear deformation, when the shear rate is approaching
zero. In other words, it is a measure of the viscosity of a material,
when a shear stress is acting on it at a shear rate of almost zero.
At such low shear rates, the bitumens undergo deformation so
slowly, that it can adapt continuously to maintain equilibrium, de-
spite the total amount of shear being large. At these conditions and
at a given temperature, the viscosity of a viscoelastic liquid has a
limiting value, referred to as the ZSV and is denoted by g0. The
ZSV is said to be an indicator of two rutting related binder charac-
teristics, namely the stiffness of the binder, and the binder’s resis-
tance to permanent deformation under long term loading [1].

The most obvious method of determining ZSV consists of a
creep test where a constant stress (r0) is applied to a sample and
the resulting strain (c) is then measured as a function of loading
time. For sufficiently long times, the deformation rate is expected
to reach a constant value, corresponding to steady state flow and
ZSV can be determined as the inverse of the slope of the compli-
ance curve at long creep time [1].
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The time required to attain steady state flow depends on the type of
bitumen being analysed and goes from a few minutes for a conven-
tional bitumens to in excess of 12 h for some elastomer-rich phase
polymer modified bitumens exhibiting high delayed elasticity [2,3].
Testing time is thus a major barrier to the routine adoption of this
form of testing for bitumen characterisation. Researchers have at-
tempted to bypass this problem by seeking relationships between
steady state shear flow and dynamic rheology. The section below
describes one example selected from an immense body of literature
from the field of polymer science tackling this subject matter.
2. Relation between steady shear flow and dynamic rheology

Polymer fluids can be characterised in steady shear flow by;
g ¼ f1ð _cÞ and r11 � r22 ¼ f2ð _cÞ, and in dynamic measurements by;
|g⁄| = f3(x), where: g = viscosity in steady shear flow at shear rate
_c, (r11 � r22) = the first normal stress difference and |g⁄| = the
absolute value of the complex dynamic viscosity at frequency x
[1]. However it has long been known that similarities exist be-
tween steady-state, non-linear shear flow material functions and
linear viscoelastic properties as characterised by dynamic mea-
surements of polymer fluids; as reflected by the following relation-
ship; lim _c!0gð _cÞ ¼ limx!0g0ðxÞ where g0 represents the real
component of the dynamic viscosity [1,4].

These relations were predicted by molecular and phenomeno-
logical theories and have been found to be followed experimentally
for many polymer solutions and melts. Deviations from these
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equations are normally first observed at high shear rates (frequen-
cies) where it is found that g0 decreases more rapidly with x than g
does with _c. A useful empirical relationship in this region is the
‘‘Cox–Merz rule’’ [1,5]. This empiricism predicts that the magnitude
of the complex dynamic viscosity |g⁄| should be compared with the
shear viscosity g at equal values of frequency and shear rate:

jg�ðxÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g0ðxÞ2 þ g00ðxÞ2

q
¼ gð _cÞj _c¼x ð2Þ

The importance of the so called Cox–Merz-rule is that a relation be-
tween linear and non-linear viscoelastic properties exists, so that
one can get shear viscosity informations when only linear viscoelas-
tic data are available and the reverse. Fig. 1 shows an example of an
entire series of Poly-1-olefins in which g versus _c curves matched
|g⁄| versus x curves also at high _c and x, respectively [5].

3. Dynamic shear rheometer low frequency oscillation tests

Based on the Cox–Merz rule, an alternative to static creep test-
ing of bitumens when evaluating zero-shear viscosity would be to
utilize cyclic oscillatory analysis in the low-frequency domain. As
the value of d approaches 90� and a steady-state can be identified,
the ZSV can be evaluated as the ratio between the complex modu-
lus G⁄ and the radial frequency x as follows [1,6]:

x! 0 ) jG
�j

x
� jG

00j
x
! g0 ð3Þ

ZSV can be determined using either the real part of the complex vis-
cosity g0 (where g0 = G00/x), or by using the loss compliance J00

(where J00 = sin d/G⁄) measured at a low frequency (e.g. x = 1 �
10�3 rad/s) as the flow approaches the steady-state viscosity at a
specified steady state shear rate [1,4].

Pure bitumen curves reach a plateau at low frequencies rather
easily at for example a temperature of 60 �C, but this is not the case
for all polymer modified binders (PMBs). For highly modified bind-
ers (in particular cross-linked polymer binders and crumb rubber
modified binders with a high rubber content e.g. >16%), extrapola-
tion to zero frequency is not always readily achievable [6]. In these
cases, because of the shear-rate dependency, the steady-state New-
tonian flow region cannot always be defined in the range of the ser-
vice temperatures [3]. Furthermore, a time dependency exists and a
steady-state flow is not always within reach because of the exten-
sion in time of the delayed-elastic phenomena. When these prob-
lems occur, neither g0 from static creep nor (G⁄/x) measured at
low frequency can accurately represent the ZSV of the materials [6].

As a consequence, alternate methods have led to the definition
of the concept of Low-Shear Viscosity (LSV), considered as a viscos-
ity value measured for limit conditions of frequency or shear rate.
Fig. 1. Demonstration of the relation between complex dynamic viscosity |g⁄| and
shear viscosity g, (Cox–Merz rule) for a series of poly-1-olefins at different
temperatures [5].
It has thus been proposed by some researchers that LSV can be de-
fined as the complex viscosity at a very low frequency (e.g.
10�3 Hz) which is an approximation of the theoretical ZSV value
(g0) [2,6,7].

4. Attempts at using models to enhance the accuracy of ZSV
determinations

Attempts to calculate ZSV more accurately have been carried out
by fitting various equations to the frequency sweep curves allowing
extrapolation of the viscosity to a zero frequency. Two models have
been proposed: 1. The Cross model, and 2. The Carreau model. The
Cross model has traditionally used which describes the flow curves
of pseudoplastic fluids in the form of a 4-parameter model as
follows [8]:

ðg� g1Þ
ðg0 � g1Þ

¼ 1
1þ Kxm

ð4Þ

where g = complex viscosity, g0 = ZSV, g1 = limiting viscosity in the
second Newtonian region or viscosity at infinite frequency,
x = angular frequency (rad/s), K and m = constants.

In the low frequency domain, assuming that g⁄� g1, the model
can be simplified to [2]:

g ¼ g0

1þ Kxm
ð5Þ

The parameters ZSV, K and m can be calculated using a non-linear
regression of g⁄ as a function of x. One problem with the Cross
model is how to select the parameters K and m. Depending on
how the parameters are handled, g can vary significantly for mod-
ified binders in the fitting process. In one investigation [2], m was
set up to vary between 0 and 1 and for PMBs, the value of K was lim-
ited up to 60 or 70 to prevent the ZSV from reaching extremely high
values such as 50,000 Pa s.

In the case of the Carreau model (Eq. (6)), it has been found that
the curve fitting parameters ‘‘force’’ the formation of a plateau at
low frequencies, artificially bending the curves. They lead to a
more pronounced curvature than with the Cross equation, result-
ing in smaller ZSV (Fig. 2). Since the DSR performance limits do
not allow measurements at frequencies significantly lower than
0.1 rad/s, thus the validity of this curvature cannot be ascertained.
In comparison, the parameters vary less with the Carreau model
and so the results depend less on how the operator handles the
Eq. [2]:

g� g1 ¼ ðg0 � g1Þð1þ k2 _c2Þ�N ð6Þ

where k = relaxation time, N = a measure of the shear thinning char-
acteristics. Both k and N are considered to be adjustable parameters.

In conclusion, the frequency sweep test method cannot provide
a single value for the ZSV for PMBs since it is equation parameter
dependent. Neither the Cross nor the Carreau models can be ex-
pected to fit perfectly a curve of complex viscosity versus fre-
quency with a plateau at low frequencies, which is not readily
obtained with PMBs. Two solutions have thus been proposed; 1.
to increase test temperature in order for modified binders to reach
a Newtonian state at low frequencies, 2. the selection of an equi-
stiffness testing temperature [2]. From a practical perspective, cal-
culations of ZSV at temperatures higher than for example 60 �C
may not have any significance if the pavement is not exposed to
such temperatures in the field.

5. Correlation between asphalt mix viscosity and ZSV

Several investigations cited in the literature have shown good
correlations between asphalt mix rutting and ZSV of the binder.



η

Fig. 2. An extrapolation through modelling using Cross and Carreau models (5% SBS modified binder). Symbols = experimental data, Lines = models [2].
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In one investigation [3], the deformation resistance of dense as-
phalt concrete (AC) with an elastomeric PMB was assessed at 20,
40 and 60 �C by means of monotonic axial unconfined compression
tests at a stress level of 1.0 MPa. The results were assessed on the
basis of mixture viscosity, which was deduced from the linear part
of the time-deformation curve. The ZSV of the fresh PMB was char-
acterised using a DSR (Dynamic shear Rheometer) also at 20, 40
and 60 �C using both static creep and low frequency oscillation
tests. The stress level for the DSR creep test was 30 Pa. Steady-state
criterion was checked at regular intervals and ZSV was taken as the
average viscosity during the last 15 min of the test. The PMB was
found not to meet the steady-state criterion within the 8 h loading
period. For the oscillation test the strain amplitude was 0.014 and
the minimum and maximum test frequency were respectively 0.1
and 10 rad/s (0.0159–1.59 Hz). ZSV was defined as the viscosity at
0.001 Hz, which was calculated using linear regression. The rela-
tions obtained between mixture viscosity and ZSV are shown in
Fig. 3 [3]. Interestingly, the correlations were found to be good
for both test methods, despite the fact that they gave significantly
different values for ZSV.
Fig. 3. ZSV from 2 test methods against m
In another investigation [9], rut test results of a stone mastic as-
phalt (SMA) standard gradation involving 11 different unmodified
and PMBs were investigated. A Hamburg wheel tracker was used
(at 40 �C, 50 �C and 60 �C) and the results compared to ZSV of the
binder (following RTFOT) measured with a DSR in oscillation mode
at low shear rate and extrapolated to zero. The correlations are
shown in Fig. 4 [9].
6. Recommended test protocol for LSV determination

Following a survey of the available literature on ZSV determina-
tion methods and an examination of their pros and cons, the
following test protocol in line with prCEN/TS-15324:2006
guidelines was selected as offering the best balance between
practicality and accuracy. In this proposed test protocol, Low Shear
Viscosity (LSV) is defined as the dynamic viscosity at a shear stress
or shear rate close to zero. Instead of measuring LSV at a fixed tem-
perature, it has been proposed to measure the temperature at
which LSV attains a fixed value. A requirement of a minimum
ixture viscosity of dense AC 0/16 [3].



Fig. 4. Rut depth in (SMA) using the Hamburg wheel tracking test (at 40 �C, 50 �C
and 60 �C) versus ZSV of the binder (following RTFOT) [9].
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viscosity of 2 kPa s was derived for viscosity tests at very low shear
rates (approaching zero) to ensure a sufficient contribution of the
bitumen to rut resistance of the asphalt pavement under heavy
duty traffic at high in-service temperatures. This temperature,
called the equi-viscous temperature (EVT), can be interpreted as
an indication of the temperature range in which rutting becomes
critical, in other words, the higher EVT, the better resistance to rut-
ting. By comparison, the traditional Softening Point Ring&Ball tem-
perature corresponds to a viscosity of about 1 kPa s, at shear rates
varying with the increasing temperature from very low to very
high values [7,9].

6.1. Part 1: Temperature sweep

A temperature sweep is carried out in 1 �C increments at
0.01 Hz whilst remaining in the linear viscoelastic region (recom-
mended strain amplitude of c = 0.1) (equivalent to a shear rate
_c ¼ 0:0063s�1). The viscosity g _c is calculated according to the fol-
lowing equation for each cycle:

g _c ¼ jg�j ¼ jG
�j �x ð7Þ

Next, a plot of g _c versus temperature is produced (Fig. 5) and the
constants a and b determined

log g _c ¼ �a� Tð�CÞ þ b ð8Þ

The viscosity–temperature line as shown in Fig. 5 thus facilitates the
determination of an equi-viscous temperature EVT1 at a low shear
viscosity value LSV1 ¼ g _c1 ¼ 2kPas. Ideally the temperature sweep
should cover the viscosity range from about 3 kPa s to 1 kPa s.
Fig. 5. Example for a temperature sweep (at 0.01 Hz) to obtain a first approxima-
tion of the equiviscous temperature (EVT1) at a viscosity of 2 kPa s [9].
6.2. Part 2: Frequency sweep

Following the temperature sweep, and using the same sample, a
frequency sweep is carried out immediately (with no rest period,
to avoid steric hardening) at the same strain amplitude (e.g.
c 6 1 to remain in the linear viscoelastic region). The test temper-
ature is set at the equi-viscous temperature EVT1. A typical fre-
quency sweep is: 1 Hz, 0.3 Hz, 0.1 Hz, 0.03 Hz, 0.01 Hz, 0.003 Hz.
A plot of g versus the logarithm of the frequency is shown in
Fig. 6. Using the equation of the linear regression line, the viscosity
g _c2 at a frequency of 0.0001 Hz is calculated (at a shear strain
c = 0.1, the shear rate corresponds to _c ¼ 0:000063s�1, i.e. a shear
rate very close to zero). Finally DT, the difference between EVT1
and EVT2 is calculated as follows [9]:

DT ¼ D log g
�a

¼
log g _c1 � log g _c2

�a
ð9Þ

The increase in equi-viscous temperature DT (�C) has been de-
scribed a promising value to provide an additional fingerprint of
the type of binder. In one investigation [9] DT was found to vary
from about 0.7 for an unmodified binder to 6.1 �C for PMB. Finally,
the value EVT2, the performance related new ‘‘Softening Point LSV’’
is calculated as follows:

EVT2 ¼ EVT1þ DT ð10Þ

EVT2 is in fact an estimation of the temperature at which a LSV of
2 kPa s would be measured, if the temperature sweep in test part
1 had been done at the lower frequency f2 (a test that cannot be per-
formed in practice because of time limitations), see Fig. 7. EVT2 is
expected to be a better indicator of rutting than EVT1, since it is
based on the viscosity at lower frequency [7].

In the frequency sweep conducted in the second step, the vis-
cosity curve of a penetration grade bitumen has in the literature
been typically found to be practically flat in the low frequency
range, while the viscosity of a typical elastomer modified binder
continues to increase when the frequency goes down. Such behav-
iour is expected to correspond to a better resistance to permanent
deformation at low frequency. EVT2 is thus significantly higher
than EVT1 for the PMB, while EVT2 � EVT1 for a penetration grade
bitumen. The second step could therefore be omitted in the case of
a penetration grade bitumen [7].

In one investigation [10] analysis was applied to 10 binders (4
conventional bitumens with penetration values ranging from 15
to 42 dmm, 5 PMBs with penetration ranging from 44 to
86 dmm), both in the fresh state and following RTFOT. Values of
EVT2 versus EVT1 were plotted as shown in Fig. 8. As can be seen
Fig. 6. Frequency sweep at equi-viscous temperature EVT 1 with extrapolation to a
frequency of 0.0001 Hz leads to a closer approach to ZSV with the increase of
viscosity Dg [9].



Fig. 7. Dg corresponds to an increase in equi-viscous temperature DT related to a
target viscosity of 2.0 kPa s.

Fig. 8. Correlation between EVT1 and EVT2 [10].
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in the Figure, EVT2 is always slightly higher than EVT1 and a very
good correlation exists between the two values.
7. Experimental phase

In this investigation, three bitumen types were investigated, a
40/50 pen straight run bitumen, a 20/30 pen straight run bitumen
and a proprietary SBS modified bitumen. The standard penetration
test, Softening Point test and G⁄/sin d (at 1 kPa for virgin and
2.2 kPa for RTFOT aged bitumen) test results are shown in Table 1.

The rationale behind the original US Strategic Highway Research
Programme (SHRP) high temperature performance parameter (G⁄/
sin d at a frequency of 10 rad/s) was that rutting would be con-
trolled by the stiffness of the bitumen (all other conditions being
equal) and that any elasticity reducing the rutting would be con-
trolled, or accounted for, by the phase angle d, (that is the ratio of
G0 [elastic stiffness] � G⁄ [complex stiffness]). Hence, a bitumen
exhibiting elastic behaviour at high road temperatures, when rut-
ting dominates, would show less rutting than an equivalent bitu-
men of the same nominal stiffness having no elastic behaviour. In
reality, the factor sin d is very insensitive to phase angles greater
than about 60�. For the most heavily modified elastomeric bitu-
mens, high temperature phase angles (at the test frequency of
1.59 Hz) are rarely lower than 70�, which translates into a sin d
Table 1
Penetration, Softening Point and equi-viscous temperatures of all bitumen types investiga

40–50 pen 40–

Ring and Ball Softening Point (�C) range from multiple testing 49.2–50.8 53.0
SHRP (G⁄/sin d) criterion (�C)a 67 66
EVT1 (�C) from g⁄ versus temperature plot (Figure A) 49.22 53.5

a Interpolated temperatures at which G⁄/sin d = 1 kPa for virgin and 2.2 kPa for RTFOT
value of 0.94. This value is so close to unity that the modifying
parameter of sin d was found to be of little use in practice [11].

Moreover, experience in Europe and the USA has shown that
bitumen properties, such as Softening Point or the high tempera-
ture rutting parameter of the PG grading system, only show good
correlations with rutting tests on asphalt mixtures in case of
non-modified binders. In general, the rutting parameter G⁄/sin d
underestimates the rutting performance of bitumens with a high
delayed elasticity, e.g. many SBS modified binders.The challenge
is however to find a rutting indicator which works equally well
for all types of binders [7].

For this investigation it was decided to explore the LSV behav-
iour of the aforementioned bitumens in both the unaged and short
term oxidative aged conditions. It was strongly felt that restricting
bitumen characterisation to the unaged condition (as recom-
mended in the literature) may conceal important performance
variations which can occur as a result of oxidative ageing and that
the bitumen would not be representative of the condition follow-
ing asphalt mix production and laying operations. Short term sim-
ulative thermal ageing was carried out using conventional Rolling
Thin Film Oven Test (RTFOT) in accordance with ASTM D2872-04
test protocols at 163 �C for 85 min.

In comparison to conventional Softening Point Ring&Ball, the
newly proposed LSV test method runs at a well defined shear rate,
whilst during the R&B test, the shear rate varies with increasing
temperature from very low up to very high values.

Fig. 9 shows the temperature sweep complex viscosity data (g⁄)
obtained at a test frequency of 0.01 Hz. A different range of test
temperatures was applied to each bitumen sample in order to en-
sure that the target 2 kPa s is encapsulated within the data set. As
expected from viscoelastic (shear thinning) materials, the viscosity
reduces as the test temperature is increased. The target complex
viscosity g⁄ = 2 kPa s is shown as a horizontal red dashed line,
and the temperatures at which 2 kPa s is achieved for each bitu-
men type (referred to as equi-viscous temperature EVT1) is shown
in Table 1.

The trend lines shown in Fig. 9 confirm that at any target viscos-
ity value (e.g. 2 kPa s), thermal ageing the bitumen causes a hori-
zontal shift in the position of the lines towards higher
temperatures (caused by an increase in the stiffness or G⁄ of the
material). Interestingly the slopes (or temperature susceptibility)
of the 40/50 and 20/30 pen grade bitumens did not change signifi-
cantly following short term ageing. On the other hand, the initially
flatter (less temperature susceptible) slope of the SBS modified
bitumen became steeper following ageing. To investigate the differ-
ences between the straight run and polymer modified bitumen and
the effect of thermal ageing in more detail, a plot of complex mod-
ulus (G⁄) versus phase angle (d) for all bitumen types as shown in
Fig. 10. This type of plot is commonly referred to as a Black diagram,
and the data used to generate the plot were the same data obtained
from the temperature sweep tests as shown earlier in Fig. 9.

On the right hand side of Fig. 10, the 40/50 pen and 20/30 pen
bitumen trend lines are shown in one plot. The behaviour is typical
of viscoelastic materials with d approaching 90� as the test temper-
ature increases, and with d values decreasing as a consequence of
stiffening caused by thermal oxidation (oxidised curves shifting
ted.

50 pen RTFOT 20–30 pen 20–30 pen RTFOT SBS SBS RTFOT

–55.0 62.4–62.8 68.6–69.2 82.6–84.8 69.4–70.2
83 84 73 69

3 62.45 68.85 55.32 57.22

aged bitumen at 10 rad/s.



Fig. 9. Temperature sweeps at 0.01 Hz to obtain equiviscous temperature EVT1 at g⁄ = 2 kPa s. EVT1 results are shown in Table 1.

Fig. 10. Black diagram showing G⁄ versus phase angle d data obtained from temperature sweeps shown earlier in Fig. 9. Two sets of tests were combined to produce the SBS
virgin data and hence the discontinuity in data points.
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to the left of the figure towards lower d values). The SBS trend lines
are shown on the left hand side of Fig. 10.

There are several interesting rheological aspects to note when
comparing the SBS Black diagrams with the pen grade lines:

1. At a particular G⁄ value (e.g. 2 kPa), the phase angle values of the
SBS bitumen are at least 40� lower in magnitude than the pen
grade bitumens. This indicates that at the same stiffness level
(which is a function of time and temperature of loading), the
ratio of the storage G0 to loss G00 moduli of the SBS bitumen will
be dramatically higher than the penetration grade bitumens
which should be reflected in greater strain rebound/recovery.

2. Of great significance is the fact at a set rate of loading (in this
case 0.01 Hz), as G⁄ values reduce (due to increase in test tem-
perature), the phase angle values actually reduce as opposed to
the conventional behaviour as shown by the 40/50 and 20/30
pen bitumens. Within a polymer modified bitumen, the poly-
mer 3D elastic network (which is far less temperature sensitive
compared to the pure bitumen phase) gradually becomes more
prominent as the bitumen rapidly loses stiffness with increas-
ing temperature.
3. The range of d values covered by the SBS bitumen is signifi-
cantly wider than that of the penetration grade bitumens and
this is reflected by the flatter temperature susceptibility slopes
seen earlier in Fig. 9.

4. Oxidative ageing is expected to reduce phase angles with con-
ventional penetration grade bitumens and this is reflected by
the shift towards lower d values by the 40/50 and 20/30 pen bit-
umens. Interestingly, the SBS modified bitumen appears to lose
elasticity following ageing (shift towards higher d values) which
is likely to be due to degradation of the polymer network within
the modified bitumen. More work needs to be carried out to
investigate this phenomenon in greater detail as this significant
change in property will undoubtedly reflect in the resultant
asphalt mix performance.

Frequency sweeps were next conducted at the EVT1 tempera-
ture and the results of complex viscosity (g⁄) data are shown in
Fig. 11. The objective from this test is to be able to project the vis-
cosity lines towards very low frequency values (well beyond the
practical capability range of the DSR). This treatment would allow



Fig. 11. Complex viscosity (g⁄) data obtained from frequency sweeps at equi-viscous temperature EVT1. Note at 0.01 Hz all lines intersect roughly at 2000 Pa s point.
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a theoretical zero shear viscosity value (ZSV) to be generated for
each bitumen sample.

Examining Fig. 11 reveals that the profile of the g⁄ lines for the
40/50 pen and 20/30 pen bitumens (in both the virgin and aged
conditions) do support the concept of diminishing increase in vis-
cosity at progressively lower shear rates. Thus it is possible to
extrapolate the g⁄ data to infinitesimally small rates. Nonetheless,
the shape of the viscosity lines do not permit simple linear best fit
lines to be applied as was suggested in the literature (see Fig. 7).
Instead, more complex rheologic models will have to be employed.
The Cross and the Carreau models as described earlier in Eqs. (4)
and (6) were used for the purpose of curve fitting. The ZSV data ob-
tained from using both models are shown in Table 2.
Table 2
Extrapolation of complex viscosity lines in Fig. 11 to obtain Zero Shear Viscosity (ZSV) va

40–50 pen 4

ZSV using Cross model, with g⁄ as dependent variable (Pa s) 2005.7 1
ZSV using Carreau model, with g⁄ as dependent variable (Pa s) 1990.8 1

a = values make no sense rheologically.

Fig. 12. Real viscosity plots (g0) obtained by re-plotting the complex vis
On the other hand, examining the SBS viscosity lines in Fig. 11
show the absence of a plateau which implies that the concept of
ZSV is not applicable as viscosity continues to rise at lower shear
rates. Projecting the SBS modified bitumen g⁄ curves to very low
shear rates will thus generate unacceptably high values of ZSV.
In response to this obstacle it was decided to investigate the possi-
bility of using the Real component of complex viscosity (g0 = G00/x)
as a surrogate to g⁄. By definition; (g0 = G00/x), where G00 is the out-
of-phase component of the complex modulus G⁄, defined as
G00(x) = G⁄(x) � sin d. G00 is also commonly referred to as the loss
modulus. Fig. 12 shows temperature sweep data in terms of g0,
whilst Figs. 13–15 are plots of g0 versus frequency for all three bitu-
men types in the virgin and aged conditions. Comparing the virgin
lues using data fitting models.

0–50 pen RTFOT 20–30 pen 20–30 pen RTFOT SBS SBS RTFOT

951.2 2191.5 2229.8 a a
936.1 2114.4 2135.2 a a

cosity g⁄ data from the temperature sweeps shown earlier in Fig. 9.



Fig. 13. Figure showing g⁄ and g0 results (symbols) for 40/50 pen in both the short term aged and unaged conditions. The Carreau and Cross models (continuous and dashed
lines) were used to best fit the g0 data.

Fig. 14. Figure showing g⁄ and g0 results (symbols) for 20/30 pen in both the short term aged and unaged conditions. The Carreau and Cross models (continuous and dashed
lines) were used to best fit the g0 data.
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and aged SBS lines in Fig. 9 with those in Fig. 12, shows that by
using the g0 criteria, the slopes of the SBS virgin and aged lines be-
come more in agreement.

The data in Figs. 13 and 14 show that for the 40/50 pen and 20/
30 pen bitumens the g⁄ and g0 values sit almost on top of one an-
other. Applying either the Cross or Carreau models to enable
extrapolation of g0 to very low shear rates is readily applicable.
Whilst for the SBS modified bitumen, major deviations exist be-
tween g⁄ and g0 values, with g0 values consistently lower across en-
tire frequency range (see Fig. 15). Tables 3 and 4 show extrapolated
values of Real viscosities at very low shear rates using the Cross
and Carreau models respectively. As a reminder, the Cross model
describes the viscosity curve of a material with a zero shear viscos-
ity, a constant viscosity at high shear rate values and a shear thin-
ning region in between, whilst the Carreau equation describes the
viscosity curve of a material with Newtonian regions at low and at
high shear rates and a shear thinning region at medium shear rates.

Unfortunately by adopting the g0 criteria, the 2000 Pa s target
viscosity at 0.01 Hz becomes inadequate (too high) for both the
40/50 pen and the SBS modified bitumen. Using the equation
g0 = g⁄sin d allows the target 2000 Pa s complex viscosity to be
modified to become in line with the real component of viscosity.
Regrettably, at around 0.01 Hz, both pen grade bitumens have
phase angles higher than 88�, which implies that the new g0 target
viscosity criteria can only be reduced to a value of 1998 Pa s, whilst
on the other hand, for the SBS bitumen with a d of around 45�, the
new g0 target will be as low as 1414 Pa s.

When considering the huge discrepancy between the low shear
viscosity values of the penetration grade bitumens and the elasto-
mer modified bitumens assessed in this investigation, defining a



Fig. 15. Figure showing g⁄ and g0 results (symbols) for SBS modified bitumen in both the short term aged and unaged conditions. The Carreau and Cross models (continuous
and dashed lines) were used to best fit the g0 data.

Table 3
LSV projections with the aid of the Cross model, using real viscosity (g0) values at a range of extrapolated frequencies.

LSV using Cross model, with g0 as dependent variable at: 40–50 pen 40–50 pen RTFOT 20–30 pen 20–30 pen RTFOT SBS SBS RTFOT

0.00268 Hz (Pa s) 1999 1945 2143 2171 1997 2467
0.001 Hz (Pa s) 2002 1948 2159 2193 2888 3131
0.0001 Hz (Pa s) 2005 1950 2176 2217 15,167 5598
0.00001 Hz (Pa s) 2005 1951 2181 2224 a a

a = values unrealistically high.

Table 4
LSV projections with the aid of the Carreau model, using real viscosity (g0) values at a range of extrapolated frequencies.

LSV using Carreau model, with g0 as dependent variable at: 40–50 pen 40–50 pen RTFOT 20–30 pen 20–30 pen RTFOT SBS SBS RTFOT

0.00268 Hz (Pa s) 1991 1936 2113 2132 b b
0.001 Hz (Pa s) 1991 1936 2113 2133 b b
0.0001 Hz (Pa s) 1991 1936 2113 2133 b b
0.00001 Hz (Pa s) 1991 1936 2113 2133 b b

b = values make no sense rheologically.
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term DT, where DT ¼ ðlog 2000� log g2Þ=ð�aÞ, as described earlier
in Eq. (9) becomes unfeasible.
8. The potential for using bitumen phase angle as an
assessment criterion

Especially in the region of very low shear rates the phase angle d
has been proposed in one investigation to be another interesting
value providing more information on the rheological behaviour
of the bitumen [9]. Test results using the test method protocols de-
scribed earlier in this paper (that is applying low shear rates in the
range of 0.01–0.0026 Hz) reveal substantial differences between
unmodified and modified bitumens, which are more significant
in comparison to the generally applied DSR tests at the SHRP rec-
ommended 1.59 Hz.

As can be seen from Fig. 16 (right hand side), at equiviscous
temperatures corresponding to 2 kPa s and in the frequency range
below 0.01 Hz, the corresponding d values for the unmodified bit-
umens are less than 2� away from the maximum possible phase
angle of 90� (90� indicates pure viscous behaviour). On the other
hand, for the elastomer modified bitumen (left hand side of
Fig. 16), the recorded d values are all less than 70� (that is, in excess
of 30� difference from the maximum of 90�).

When a viscoelastic material is subjected to a sinusoidally vary-
ing stress, a steady state will eventually be reached in which the
resulting strain is also sinusoidal, having the same angular fre-
quency but retarded in phase by an angle d. The strain energy asso-
ciated with the in-phase stress and strain is reversible, i.e. that
energy which is stored in the material during a loading cycle can
be recovered without loss during unloading.

Conversely, energy supplied to the material by the out-of-phase
components is converted irreversibly to heat. It is possible to derive
[12] the net energy dissipation (Wdis) per cycle as a function of
stress (r0), strain (e0) and phase angle (d), and show the value to
be equal to:

Wdis ¼ pr000e0 ¼ pr0e0 sin d ð11Þ

The maximum energy stored (Wst) by the in-phase components can
also be shown to occur at the quarter-cycle point, and is equal to the
following function:



Fig. 16. Phase angle variation with frequency at equi-viscous temperature EVT1 corresponding to 2 kPa s for all bitumen types tested.
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Wst	1=4 ¼ �
1
2
r0e0 cos d ð12Þ

The relative dissipated to stored energy at the quarter-cycle
point is then related to the phase angle by the following
relationship:

Wdis	1=4

Wst	1=4
¼ 0:5p tan d ð13Þ

And finally [12]:

Energy dissipated per cycle
Maximum stored elastic energy

¼ 2p tan d ð14Þ

Henceforth, it is proposed that the ratio of dissipated to stored en-
ergy, as shown in Eq. (14) may thus be used as a criterion for assess-
ing a bitumen’s viscoelastic performance, a lower ratio indicating
greater elasticity and hence lower creep.

Simplifying Eq. (14) by discarding the constants leaves the term
tan d. Another way of describing tan d from an engineering per-
spective is the ratio (G00/G0) otherwise known as the damping fac-
tor. A plot of the damping factor trend lines as a function of
frequency at equiviscous temperature EVT1 is shown in Fig. 17.
With the aid of more than one rheological curve fitting equation
Fig. 17. Damping factor as a function of frequ
to facilitate frequency extrapolations, damping factors were calcu-
lated for a range of low frequencies as shown in Table 5.

Even a cursory examination of the damping lines shown in
Fig. 17 and damping values in Table 5, shows this technique as
being highly capable of differentiating between the three bitumen
types tested in this investigation even at frequencies as high as
0.01 Hz. A lower damping factor clearly indicates superior creep
performance. The advantage of being able to readily rank bitumen
performance at 0.01 Hz is that it eliminates the need to conduct a
frequency sweep and an accurate performance assessment can be
generated from the initial temperature sweep as in Fig. 9. Reducing
the testing duration by more than half has major advantages from
both practical and economic objectives.

It must be emphasised at this stage that the proposed technique
of assessing damping values using simple temperature sweeps at
low frequency is based on results obtained from only three bitumen
types (in the virgin and RTFOT aged states), only one of which was
polymer modified. Henceforth, the proposed methodology requires
extensive verification on a much wider range of straight run and
polymer modified binders before it can justifiably be classed as a
major improvement on the prCEN/TS-15324:2006 (determination
of equiviscous temperature based on low shear viscosity) norm.
ency at equi-viscous temperature EVT1.



Table 5
Measured and extrapolated damping factors for a range of pre-selected frequency values.

Bitumen type Model used 0.01 Hz 0.001 Hz 0.0001 Hz 0.00001 Hz R2

40/50 pen 1 246.96 1136.34 4939.44 20341.74 0.881
40/50 RTFOT 1 168.74 715.78 2880.23 11022.66 0.91
20/30 pen 1 39.22 116.61 334.41 926.41 0.935
20/30 RTFOT 1 32.29 97.02 281.09 786.31 0.878
SBS 1 0.985 0.536 0.295 0.164 0.883

2 0.970 0.424 0.182 0.078 0.98
SBS RTFOT 1 2.335 2.139 1.963 1.805 0.763

2 2.323 2.025 1.762 1.534 0.878
3 2.326 1.991 1.661 1.338 0.894

1. (y(1/p) = a + bx(1/p)), 2. (y = ax + bxp), 3. (y = a + bx + cxp).
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9. Conclusions

Low Shear Viscosity (LSV) characterisation was conducted in
accordance with prCEN/TS-15324:2006 guidelines on three bitu-
men types; a 40/50 pen and a 20/30 pen straight run bitumens
in addition to a proprietary SBS modified bitumen. The binders
were tested at their equi-viscous temperatures (2 kPa s) in the vir-
gin state and following short term oven ageing (RTFOT).

In both the virgin and thermally aged states, the results showed
that the profile of g⁄ versus frequency trend lines for the 40/50 pen
and 20/30 pen bitumens did support the concept of a g⁄ plateau at
very low shear rates. It was thus possible to extrapolate the g⁄ data
to infinitesimally small shear rates using the Cross and Carreau
rheologic fitting models.

On the other hand, in the case of the SBS modified bitumen, the
absence of a viscosity plateau implied that the concept of Zero
Shear Viscosity (ZSV) was not applicable, as measured viscosity
values continued to rise at progressively lower shear rates. Extrap-
olating the SBS modified bitumen g⁄ curves to very low shear rates
thus generated unacceptably high values of ZSV. Furthermore, the
work highlighted the importance of testing binder samples follow-
ing thermal ageing to allow detection of any polymer degradation
caused by thermal ageing.

The paper highlights the fact that the phase angle (d = G00/G0),
otherwise known as the damping factor, especially in the region
of very low shear rates, provides very useful information on the
rheological behaviour of bitumens. Based on results from two
straight run bitumens and a single SBS modified bitumen, this
study has shown that damping factors are highly capable of readily
differentiating between the three bitumen types even at frequen-
cies as high as 0.01 Hz. The use of damping factors as a bitumen
characterisation tool is very promising and warrants further inves-
tigation using a wider variety of bitumen types.
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