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a b s t r a c t

Zero shear and Low shear viscosity test protocols were shown to be perfectly adequate for characterising
high temperature creep behaviour of selected penetration grade bitumens but the tests were less satis-
factory with respect to a proprietary SBS-modified bitumen tested in this investigation. Furthermore,
Multiple Stress Creep Recovery (MSCR) tests conducted at a pre-determined temperature were argued
to provide more satisfactory comparisons across a number of bitumen types compared to MSCR runs
at a pre-determined target viscosity.

Results show that varying the grade of unmodified bitumen did not result in a dramatic effect on the
MSCR shear stress levels at failure when all testing were conducted at 70 !C. Increasing the bitumen vis-
cosity by blending in a micro-sized calcium carbonate filler or a nano-sized organo-clay filler were shown
to affect the stress sensitivity but not the actual magnitude of failure stress which remained in line with
the base bitumen. On the other hand, the SBS-modified bitumen had completely altered shear stress fail-
ure criterion. When considering non-polymer-modified bitumens, simple high temperature strain
sweeps have also been shown to be a potentially rapid and very useful creep performance ranking tool.

" 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The resistance of asphalt mixtures to permanent deformation is
related to the stiffness of bitumen, mix volumetrics, and the bond-
ing interaction between bitumen and aggregate. Over most of the
range of interest in paving applications, the rate of change of com-
plex modulus (G⁄) with respect to temperature ranges from 15 to
25%/!C [16]. To help alleviate the magnitude of temperature sus-
ceptibility of conventional bitumens and the consequences on as-
phalt mix propensity to high temperature rutting, mineral filler
is routinely added into asphaltic mixes to stiffen bitumen and im-
prove asphalt mix density and stiffness. These fillers are typically
fine powders with particle sizes up to 100 lm, which can be bag-
house fines, manufactured fillers, or industry wastes.

The stiffening effect of inert fillers on asphalt mastic is primarily
a function of concentration and physical properties (particle size
distribution, density, shape, etc.) of the filler. As an example, the re-
sults of a recent investigation involving 16 types of fillers collected
from various sources within the United States concluded that the
stiffening effect of filler on mastic was significantly related to the
Rigden voids in the filler and somewhat related to the CaO content
and fineness modulus [25].

Other methods of improving the high temperature performance
of bitumens that are universally applicable across all asphalt mix
types and gradations include; selecting a stiffer grade of bitumen,
polymer modification, the use of additives such as hydrated lime
or sulphur, and the more recently proposed technique of blending
bitumen with ultra-fine fillers. The following investigation starts
by assessing and contrasting creep performance of straight run
20/30 pen, a 40/50 pen and a proprietary SBS modified bitumen.
The experimental techniques utilised included Low Shear Viscosity
(LSV) and Multiple Stress Creep Recovery (MSCR) tests at pre-
determined viscosities.

The MSCR mode of loading at a pre-determined test tempera-
ture was subsequently adopted as the preferred test method. In
addition to the aforementioned bitumens, a number of storage
stable fine filler-bitumen blends (based on a calcium carbonate
micro-filler and an organic modified clay nano-filler) were formu-
lated and examined using frequency sweeps and Black diagrams.
The best performing micro and nano-filler-bitumen formulations
were finally MSCR tested and the results compared directly to
the performance of the straight run and SBS modified bitumens.

2. Characteristics of bitumens used in Part A of this
investigation

Three bitumens were selected in this part of the investigation; a
straight run 40/50 pen, a straight run 20/30 pen and a proprietary
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styrene–butadiene–styrene (SBS) block copolymer modified binder
(classified as PG 64). Fig. 1 presents the data obtained from small
strain DSR frequency sweeps (0.05–500 rad/s) conducted at 20,
40, 55 and 70 !C on all three binder types combined into a single
log–log plot. The complex modulus (G⁄) versus phase angle (d) plot
(shown in Fig. 1) is commonly referred to as a ‘‘Black diagram’’ and
has the advantage that the rheological characteristics measured at
various temperatures are illustrated by means of a single curve,
independent of the temperature and frequencies. The minor dis-
continuities/mismatches in the Black space diagrams of the
straight run bitumen curves has been attributed in earlier research
to the differing test plate geometries used (8 mm versus 20 mm
diameter) resulting in strain variations from one test to another
(experimental errors) [2]. Black diagrams are often used as a ‘‘fin-
gerprint’’ of the bitumen for quality control purposes, e.g. when
monitoring the consistency of delivered bitumen [26].

At high temperatures (or low frequencies), d values approach
90!, and the slope of the log–log plot of G⁄ versus frequency ap-
proaches 1:1, which signifies Newtonian viscous flow. At low tem-
peratures (or high frequencies) the G⁄ values tend towards a glassy
modulus in shear (!1 GPa). Simple ‘‘sol’’ type bitumens yield such
curves. This implies that the time–temperature superposition prin-
ciple (TTSP) holds and that the two straight run bitumens shown in
Fig. 1 are thermo-rheologically simple. The validity of TTSP for rhe-
ologically simple materials facilitates the production of mastercur-
ves at a single reference temperature by translating frequency
sweeps measured at different temperatures along the frequency
axis until they form a continuous curve [3,24].

During DSR testing, the applied shear stresses alter the colloidal
equilibrium, thus orienting and/or disrupting asphaltenic micelles
or the micelles aggregates. The strong decrease of bitumen modu-
lus or viscosity in the Newtonian region when the temperature in-
creases is due to the maltenic compounds. The viscosity of the
maltenic phase has a significant effect on the stress acting on mi-
celles and, therefore, on the critical value at which the shear thin-
ning begins [17].

The shape of the SBS modified bitumen plots in Fig. 1 is com-
pletely different from the two other straight run bitumens. As
the test temperature is increased to 70 !C, d values decrease as
the polymer phase maintains integrity and gains dominance over
the almost pure Newtonian response of the base bitumen phase
(as demonstrated by the 40/50 and 20/30 pen bitumens as
d ? 90!). The existence of more than one G⁄ value for any particu-
lar d value reinforces the argument that TTSP and master curve
production is not readily applicable to this type of bitumen.

With a good compatible polymer modified bitumen, the hori-
zontal ‘‘space-use’’ of the Black curve becomes rather broad (i.e.
broader in the horizontal dimension) which suggests a good poly-
mer matrix, able to express its elastic properties. The smaller this
‘‘space-use’’ for a given polymer content, the lower the bitumen-
polymer compatibility. When examining Black diagrams, the max-
imum phase angle can be considered as a general assessment
parameter to estimate the degree of modification imparted by
the polymer onto the bitumen, increasing the polymer content re-
duces the maximum phase angle [26].

3. Quantifying high temperature creep using LSV and MSCR
tests at pre-set target viscosities

For bitumens where it is possible to experimentally define
zero-shear viscosity (ZSV) (i.e. limiting value of shear rate-depen-
dent viscosity g0 at an ‘‘infinitely low’’ shear rate) [13,22], good
correlations between asphalt mix rutting and g0 of the bitumen
have been shown to exist [10]. Unfortunately, the time required
to attain steady state flow during static creep tests depends on
the type of bitumen being analysed and spans from a few minutes
for a conventional penetration grade bitumen to in excess of 12 h
for elastomer-rich phase polymer modified bitumen exhibiting de-
layed elasticity [5,22].

This was the driver for the introduction of the low shear viscos-
ity (LSV) concept, 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. Furthermore, a requirement of a
minimum viscosity of 2 kPa s has been recommended for viscosity
tests at very low shear rates (approaching zero) to ensure a suffi-
cient contribution of the bitumen to rut resistance in an asphalt
pavement under heavy duty traffic at high in-service temperatures
[9,23].

In this part of the investigation, the same three bitumen types
described earlier in Fig. 1 (i.e. 20/30 pen, 40/50 pen and SBS mod-
ified bitumen) were all tested in the unaged state using the LSV
concept in accordance with prCEN/TS-15324:2006 guidelines.
The LSV test protocol adopted involves a temperature sweep
(whilst maintaining strain within the Linear Viscoelastic - LVE
range) carried out in 1 !C increments at 0.01 Hz. A plot of log com-
plex viscosity versus temperature as shown in Fig. 2 is next used to
determine the temperature (referred to as an equiviscous temper-
ature EVT) at which the viscosity value of each bitumen type be-
comes equal to 2 kPa s. Once EVT is identified for a particular
bitumen sample, a frequency sweep is subsequently conducted at
the EVT temperature at progressively lower shear rates (e.g. cover-
ing the range from 1 Hz down to 0.003 Hz), as shown in Fig. 3.

Fig. 1. Black diagrams comparing 40/50 pen, 20/30 pen and an SBS modified
bitumen all in the unaged states. Data obtained from frequency sweeps at 20, 40,
55, and 70 !C.

Fig. 2. Temperature sweeps at 0.01 Hz to obtain equiviscous temperature values at
g⁄ = 2 kPa s.
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In theory, using a plot as in Fig. 3 would allow curve fitting to be
used to project viscosity values to shear rates approaching zero
(e.g. 0.0001 Hz). Fig. 3 shows clearly that it is feasible to apply rhe-
ologic fitting functions such as the Cross or Carreau models for
straight run bitumens (in this example a regular 40/50 pen is con-
trasted with a harder 20/30 pen grade). On the other hand, for an
elastomer (SBS) modified bitumen, the concepts of zero or low
shear viscosity are not readily applicable as no viscosity plateau
can be observed at very low shear rates. The viscosity profile of
the SBS bitumen is in line with what is expected from testing a
cross linked polymer [29].

In response to the difficulties faced when applying ZSV and LSV
concepts to the SBS modified binder tested in this investigation it
was decided to explore another more recent high temperature
bitumen test characterisation tool, namely the Multiple Stress
Creep Recovery test (MSCR) [7,21].

The most commonly accepted MSCR test procedure [21] uses a
1 s creep loading with 9 s recovery over the multiple stress levels
of 25, 50, 100, 200, 400, 800, 1600, 3200, 6400, 12,800 and
25,600 Pa, applying 10 cycles at each stress level. The average
non-recovered strain for the 10 creep and recovery cycles is then
divided by the applied stress for those cycles, yielding the non-
recoverable compliance Jnr.

In this investigation, two test temperatures were selected for
each bitumen type as shown in Table 1. The first temperature
was selected to be in line with the traditional (G⁄/sind = 1 kPa) cri-
terion for unaged bitumens [16]. The second temperature was se-
lected to be equal to the EVT value (at g⁄ = 2 kPa s, as described
earlier in Fig. 2).

Fig. 4 compares the strain response during 10 load-unload
pulses of an MSCR test for all three bitumen types at an arbitrarily
selected stress level of 800 Pa. In this example all the bitumens
were tested at their (G⁄/sind = 1 kPa) criterion. The figure high-
lights the large magnitudes of strain recoveries (delayed elastic re-
sponse) displayed by the SBS modified bitumen (saw tooth shape
response) in comparison to the non-modified samples (very little
recovery, staircase response). It is equally interesting to note the
comparatively low cumulative strain values of the SBS modified
bitumen in relation to the two straight run samples.

Fig. 5 shows a plot of the percentage non-recoverable compli-
ance (Jnr) versus applied stress for all three bitumen samples at
all the test temperatures described earlier in Table 1. The lower 3
lines in Fig. 5 show that at the EVT test temperatures, all the bitu-
men types performed very well with consistent compliance. On the
other hand, when the test temperatures were raised to match the
G⁄/sind criterion, marked differences between the three bitumen
types were observed. In this case, as the stress level increased in
the MSCR test, the sensitivity to stress became apparent and differ-
ences in bitumen response (inflection point) were evident.

Despite the fact that the SBS modified bitumen had the lowest
Jnr values, at stress levels in excess of approximately 3000 Pa, the
sample changed from being the most resistant to deformation to
the worst. Normally, pen grade bitumens exhibit shear thinning,
the extent of which varies based on the base bitumen and the mod-
ification type. It is possible that the stress dependency of polymer
modified bitumens may be due to, at least in part, the non-linear
response of polymers to high strain.

The G⁄/sind and the EVT criterion already creates a level of com-
plexity as bitumens have to be characterised at different test tem-
peratures. Analysing stress sensitivity has introduced further
complications to the already difficult task of predicting bitumens’
performance. This is especially so since the actual stress profile
of the bitumen phase in an insitu asphalt composite under traffic
loading cannot be obtained by simple means. One possible way
forward to simplify the bitumen comparison exercise would be
to conduct all MSCR tests at the actual expected maximum pave-
ment temperature. In the following section further MSCR tests
were thus conducted on an expanded range of bitumen types at
a fixed high test temperature value in order to facilitate better
analysis of stress sensitivity.

4. MSCR testing at pre-set temperatures

One of the key outcomes of Part A of this investigation was that
MSCR testing at pre-determined viscosity targets, (i.e. G⁄/

Fig. 3. Complex viscosity (g⁄) data obtained from frequency sweeps at equi-viscous
temperature EVT.

Table 1
MSCR test temperatures adopted in this investigation.

40/50 pen 20/30 pen SBS

SHRP (G⁄/sind) test temperature
(!C), tested at 10 rad/s

67 83 73

EVT test temperature (!C), tested at
0.01 Hz

49.2 62.4 55.3

Fig. 4. An example of MSCR test loading results at a stress level of 800 Pa.

Fig. 5. Comparison of Jnr values for the three bitumens investigated.
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sind > 1 kPa or the 2 kPa s targets), resulted in markedly different
test temperatures for the various bitumen types and grades. It
was thus decided to focus Part B of the investigation on MSCR test-
ing and comparison of binder performance at a pre-determined
temperature value. To this end, the same three binders as used in
Part A were redeployed, but additionally a number of filler-bitu-
men systems were manufactured and introduced as part of this
investigation as described below.

4.1. Additional binders introduced for Part B testing

In addition to the 20/30 pen, 40/50 pen and the SBS modified
bitumen used in Parts A of this investigation, a straight run 60/
70 pen was introduced having a SHRP PG grading (G⁄/sind P 1 kPa)
measured at 64 !C. Fig. 6 compares the complex viscosity versus
frequency sweep curves of the 60/70 pen bitumen to the afore-
mentioned bitumens.

A growing number of recent publications have highlighted
advantages of intimately blending micro-fine (e.g. polymer-coated
precipitated calcium carbonate [12]), or nano-fine organo-clay, fill-
ers with bitumen. For example, the exfoliated structure of organo-
montmorillonite (OMMT) nano-composites blended with bitumen
was shown to improve both thermo-oxidative and UV ageing prop-
erties in comparison to the virgin bitumen [27]. Similar conclu-
sions were also obtained with an SBS polymer modified bitumen
[8,28]. The reduction in oxidation in both cases was attributed to
the high aspect ratio of the OMMT silicate layers effectively reduc-
ing oxygen permeability (increased path length) and possibly
obstructing the loss of volatile components from the bitumen at
high temperature. In another investigation, organophilic clay (pro-
duced by ion exchange of hydrophilic clay with an organic cation,
i.e. quaternary ammonium salt with alkyl chains) was pre-blended
with a styrene–ethylene–butadiene–styrene block copolymer
(SEBS) prior to bitumen modification, resulting in a reduction in
phase angle, an increase in resistance to oxidative ageing, and
interestingly an increase in high-temperature storage stability
(attributed to the decrease in density difference between the SEBS
and the dominant bitumen phases) [11,14].

With a focus on high temperature bitumen performance, this
investigation was an ideal opportunity to put one or two ultra-fine
filler/bitumen blends to the test. The 60/70 pen introduced in Fig. 6
was thus used as the base bitumen for all filler-bitumen blends. As
a rough target, the aim was to produce at least one filler modified
60/70 pen bitumen that had a viscosity profile that was at least
comparable to the next grade up, i.e. a 40/50 pen. The filler modi-
fied bitumen could thus be compared performance wise directly to
the 40/50 pen using the MSCR test regime.

The first type of filler tested was calcium carbonate based, man-
ufactured from high purity white marble, sourced from (Idwala
Carbonates, Port Shepstone, South Africa). Samples were obtained

from a portfolio of calcium carbonate fillers (product line brand
name: KuluCote) routinely used as filler/pigment in the plastics
and paint industry. A number of KuluCote filler samples were tri-
alled having mean particle sizes ranging from 45 lm down to
0.8 lm. Furthermore, some of the selected filler samples had been
pre-treated with a fatty acid (stearic acid) coating for enhanced
dispersion.

The second filler type used was an organically modified benton-
ite clay (trade name: Falgel ED, manufactured by Falcon Technolo-
gies Inc., South Africa). The material is a nano-fine off white
powder, with a specific gravity 1.6–1.8 g/cm3. The powder is nor-
mally activated (e.g. using Methanol/Water ratio of 95/5) prior to
incorporation in final product. Typical applications include paints
and inks. No other product information was made available. In this
investigation, the Falgel following oven drying, was high shear
blended directly with the bitumen without activating.

4.2. Preparation, testing and selection of optimised filler-bitumen
blends

Blending the filler into the 60/70 pen bitumen was carried out
on a hot plate using a high shear mixer (5000 rpm at 130 !C). Typ-
ically 0.5 kg of bitumen was used per blend and blending times
were around 40 min with filler being gradually introduced. The
amount of filler required was calculated on volume basis, hence
20% filler implies 20% filler addition by volume of bitumen.

The first task conducted following blending was to assess the
storage stability in bitumen of the filler samples obtained. This
was to ensure that any subsequent rheological measurements of
the filler-bitumen blends were conducted on homogenous samples
and the risk of filler settlement during testing was negligible.

The bitumen-filler blends (for all samples, 20% filler by volume
of bitumen was selected) were poured into glass test tubes 30 cm
in length and these were then placed in an oven set at 160 !C for
8 h. At the conclusion of the 8 h storage period, the test tubes were
transferred to a freezer and subsequently the upper and lower
quarters of the frozen sample were sliced off and the binder re-
moved for further testing. A simple technique of dissolving the
upper and lower bitumen/filler slices in toluene and passing the
cold solution through a (Millipore – Fluoropore™ Membrane Fil-
ters, 0.2 lm) was used to determine the mass of filler in each bin-
der slice. Based on this simple test, only three of the calcium
carbonate filler grades (belonging to the KuluCote family) investi-
gated were classified as non-settling, and all remaining filler
grades were discarded.

The largest high temperature storage stable mean KuluCote fil-
ler size was found to be 2.3 lm (stearic acid coated). Interestingly
the 2.3 lm ‘‘uncoated’’ filler did settle during the test. The two
remaining non-settling fillers both had mean particle sizes of
0.8 lm (one of which had stearic acid surface treatment, whilst
the other had none).

Basic rheological analysis using DSR frequency sweeps were
next conducted on the storage stable filler-bitumen blends. The
following section describes the effect of varying the filler content
and shear rate on complex viscosity. To maintain brevity, only
the results from one KuluCote filler (0.8 lm stearic acid coated cal-
cium carbonate) are presented.

4.3. Investigating the effect of filler content on blend viscosity

The viscosity of a suspension is known to increase sharply with
flocculation, in part due to the relative immobilisation of a fraction
of the suspended particles trapped in the agglomerates. Also at
high concentrations of the solid phase, the existence of a velocity
gradient results in rotation of the particles, followed by an increase
in the viscosity of the suspension. This increase in viscosity isFig. 6. DSR complex viscosity versus frequency trend lines for unfilled-bitumens.
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clearly demonstrated in Fig. 7, which is plot of relative viscosity
(relative to 60/70 pen) at 55 !C as a function of filler fraction at var-
ious KuluCote (0.8 lm size, stearic acid coated) volume fractions.

Examining a typical viscosity versus shear rate curve for the un-
filled 60/70 pen bitumen at 55 !C as shown in Fig. 8, it can be seen
that at exceedingly small shear rates, the material is essentially
Newtonian in flow behaviour with a constant apparent viscosity,
i.e. zero-shear viscosity (g0). In the medium shear rate range, the
apparent viscosity g begins to decrease, depicting typical shear
thinning characteristic until is stabilizes to constant value (g1) at
a considerably high shear rate in the upper Newtonian region (be-
yond the range of DSR used in this investigation).

Concentrated suspensions are known to exhibit non-Newtonian
behaviour (as shown in Fig. 8) and hence viscosity would change as
the shear rate (velocity gradient) changes. It is generally assumed
that the viscosity dependence on shear rate is due to some struc-
tural changes in the suspensions such as the breaking up of
agglomerates during shear. A suspension deflocculated by shear
does not recover its structure immediately after the removal of
shear since the thermal energy of the particles is insufficient to
overcome the energy barrier for the flocculation [19].

As KuluCote filler content increases, Fig. 8 shows how the
behaviour changes from Newtonian flow to pseudo-plastic flow
with a yield stress ry. At low volume fractions, the yield value is
negligible, however at moderately high volume fractions (30% in
this investigation), the yield value is higher. The flow of Kulu-bitu-
men blends can be theoretically described by a Herschel-Bulkley
type relationship [15] as follows:

r " ry # k _cn $1%

A commonly used semi-empirical formula to interpret the rela-
tive viscosity of suspensions incorporating hard-sphere systems is
the Krieger–Dougherty relation, which has the following form [1]:

gs

g " 1&
/'v

/max

! "&2:5/max

$2%

where gs is the dynamic viscosity of a suspension, g the dynamic
viscosity of suspending fluid, /'v the effective hydrodynamic volume
of particles (which is larger than volume of particles in the dry
state), /max is the maximum packing fraction of particles, estimates
for monodisperse suspensions /max ! 0.64 (random close packing
of identical spheres) whilst for polydisperse suspensions character-
ised by a broad size distribution /max ! 0.76.

More recent work has developed the following expression for
the case of hard-spheres with /c = 0.637 [18]:

gs

g " 1& /
0:637

! "&2

(1& 0:64/# 0:415/2) $3%

where / = volume fraction, /c = critical concentration at which the
suspension loses its fluidity, which is generally greater than the
purely geometrical percolation threshold of the particles but less
than or equal to the maximum packing fraction /max.

Deviations from Eqs. (2) and (3) in Fig. 7 have also been attrib-
uted to electrostatic interactions connected with the presence of
fixed charges at particle surfaces causing the maximum packing
of particles to become smaller than the hard sphere value /max.
In the presence of shearing flows the electrostatic effects increase
the energy dissipation in particle suspensions that results in in-
creased viscosity. It is expected that the repulsive electrostatic
interactions among particles will play an even more pronounced
role for the higher concentration range of the suspension [1].

4.4. Selection of best performing filler-bitumen blends

In order to narrow down the selection process to the best per-
forming carbonate filler, filler-bitumen blends were next manufac-
tured from each of the (KuluCote range) calcium carbonate fillers
at 10%, 20% and 30% by volume of bitumen. Rheological character-
isations were carried out using a DSR by initially conducting strain
sweeps to determine the linear viscoelastic (LVE) strain regions.
The test temperatures selected were 20, 40, 55 and 70 !C. At each
temperature a maximum allowable dynamic strain value was
established which allowed frequency sweeps to be conducted
within the LVE range at each test temperature. The results from
frequency sweeps were subsequently combined into Black dia-
grams (e.g. Figs. 9 and 10). Selection of the best performing calcium
carbonate filler was carried out by examination of the Black dia-
gram plots and identifying the filler type resulting in the least
amount of deviation from the thermo-rheologically simple 60/
70 pen curves. The best performing calcium carbonate filler was
thus found to be KuluCote95T (henceforth referred to simply as
KuluCote), the main properties of which are shown in Table 2.

Figs. 9 and 10 focus on the performance of KuluCote filler-bitu-
men blends (10%, 20% and 30% by volume) in comparison to the 60/
70 pen base bitumen. It would be expected that following blending
with filler, the stiffening/reinforcing action would cause the phase
angle values (d) of the KuluCote blends to shift towards lower val-
ues compared to the original 60/70 pen at all temperatures.

Examining the frequency sweeps at 20 !C in Fig. 9 show clear
reductions in phase angles as the KuluCote content is increased
and this reduction is magnified as the rate of loading is reduced
(as one moves down a particular curve). At 40 !C and 55 !C, the
10% and 20% blends were more in line with the 60/70 pen perfor-
mance with a progressive reduction in d values, whilst at 30% filler
content, a major deviation is observed.

As this study is focused on assessing high temperature
performance, the behaviour at 70 !C was of most interest. It was

Fig. 7. Relative viscosity (relative to 60/70 pen) as a function of shear rate for
various filler volume fractions.

Fig. 8. DSR complex viscosity versus shear rate for various filler-bitumen
proportions.
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particularly evident in Fig. 10 that at 30% filler and 70 !C test tem-
perature, the behaviour was far more erratic. All the viscoelastic,
rheologically simple behaviour anticipated from a pen grade bitu-
men was lost across the entire frequency spectrum. It must be reit-
erated at this point that the other (larger particle sized) KuluCote-
type fillers Black diagrams (not shown in this paper) were even
more erratic and unpredictable compared to the current sample
and as discussed earlier, this was a primary method of selecting
the best performing KuluCote filler.

Focusing on the 70 !C performance, a plot of complex viscosity
g⁄ versus frequency is shown in Fig. 11. A KuluCote addition of 20%
by volume, modifies the bitumen performance by approximately
one grade (e.g. from 60/70 pen to 40/50 pen). Taking an overview
of all the results, an upper working limit, that guarantees homoge-
neity and no structuring, for KuluCote-bitumen blends can be set at
a maximum of 20% (by volume). Beyond 20% the risk of agglomer-
ations and structuring, dramatically reduce the possibility of
a consistent homogeneous mastic that can be rheologically charac-
terised with any degree of confidence.

Clay (Falgel) filler-bitumen blends were also characterised at
2%, 3%, 4%, and 5% filler content (by volume of bitumen). Figs. 12
and 13 show Black diagrams of the Falgel-bitumen blends at 2%,
3% and 4%. The 5% blend produced completely unpredictable Black
diagrams, with test results that were not repeatable, and was
hence discarded. Fig. 14 shows a viscosity-frequency plot for the
Falgel-bitumen blends compared to the base bitumen and the
40/50 pen.

Taking an overview of Figs. 9–14 interestingly shows that only
3% Falgel blended into a 60/70 pen grade bitumen will produce a
binder that is slightly stiffer than (considering d and complex vis-
cosity) the 20% KuluCote blend.

5. Comparison of MSCR testing of all bitumens at 70 !C

Fig. 15 shows a plot of the % non-recoverable compliance (Jnr)
versus applied shear stress obtained from MSCR tests at 70 !C for
selected bitumen samples as described in earlier sections. The
most striking evidence from the figure is the seemingly superior
performance of the SBS modified binder at 70 !C in comparison
to all other straight run and filler-bitumen blends.

At the same time, the SBS binder happens to be the most stress
sensitive, with the binder completely breaking down beyond
around 3200 Pa. It is also remarkable to note that the straight
run 20/30 pen is substantially more stress resilient than the SBS
binder at the same test temperature, and that the 40/50 pen,
though having completely inferior Jnr ranking, has a very similar
stress sensitivity threshold to the 20/30 pen.

The performance of the filler-bitumen blends was in agreement
with their complex viscosity or phase angle rankings, with higher
filler contents resulting in reduced Jnr. It is also clear that despite
having very different Jnr versus shear stress profiles, all the filler-
bitumen blends retained the same failure stress level (around
12,800 Pa) in line with the two other pen grade bitumens. Compar-
ing the two filler types, it is clear that the Falgel blends were far
more sensitive to increasing stress compared to the KuluCote
blends.

It was discussed earlier using viscosity-frequency profiles at
70 !C (Figs. 11 and 14) that modifying a 60/70 pen with either
20% KuluCote or 3% Falgel would result in a binder with perfor-
mance close to a 40/50 pen, it was therefore of great interest to
compare these three ‘‘viscosity-comparable’’ binders. The 20% Kul-
uCote blend was superior in all aspects to its viscosity-comparable
Falgel blend. Nonetheless, it is fascinating how much rheological
modification can be imparted on a bitumen with only 3–4%
nano-fine filler. The completely different stress sensitivity profile
of the 4% Falgel blend (a repeat test is shown in Fig. 15 to indicate
that such a steep profile is not a result of experimental error)

Fig. 9. Black diagram of best performing calcium carbonate (KuluCote) filler at
20 !C and 40 !C.

Fig. 10. Black diagram of best performing calcium carbonate (KuluCote) filler at
55 !C and 70 !C.

Table 2
Composition of best performing KuluCote calcium carbonate filler.

CaCO3 = 96.5% Residue on 45 lm sieve = 0.008%
MgCO3 = 2.8% Top cut (d98%) = 5 lm
Fe2O3 = 0.03% Mean particle size (d50%) = 0.8 lm
Acid insoluble content = 0.5% Particle < 2 lm = 86%
Fatty acid treatment = 1.2% Relative density = 2.7 g/ml

Fig. 11. Viscosity versus frequency trend lines of calcium carbonate (KuluCote)
filler-bitumen blends.
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emphasises that before one can dismiss the performance of such an
ultra-fine filler, a better understanding of what stress levels are
realistically expected from bitumen films in an asphalt composite
under vehicular traffic loading at high temperatures.

One can crudely conclude at this stage that varying the pen
grade of unmodified bitumens does not result in a dramatic effect
on the MSCR failure stress levels. Artificially increasing the binder
viscosity or stiffness by blending in micro or nano-sized fillers af-
fects the stress sensitivity but not the actual value of ultimate fail-
ure stress, which remains in line with the base bitumen. On the
other hand, elastomer modification completely alters the failure
stress criteria. The following section examines the performance
of the SBS bitumen in more detail.

5.1. Exploring the SBS bitumen response in more detail

As a reminder, Fig. 15 shows the conventional method of pre-
senting MSCR results. The irrecoverable compliance (Jnr) at the
end of each load/unload cycle is calculated and the average Jnr

for each group of 10 pulses representing one stress level is pre-
sented as a single data point in the figure. Table 3 presents the
coefficient of variation (CoV) of MSCR results (for bitumens in
Fig. 15) at each stress level. CoV (%) = 100 * (r/l) where: r = stan-
dard deviation, and l = mean value.

As expected, Jnr consistency is completely lost near failure stress
levels (last two columns of Table 3). Another striking aspect to note
in Table 3 is the significant variation in Jnr results within the 10
load/unload pulses at all stress level for the SBS modified bitumen.
This is completely obscured when one simply examines the SBS-
binder average Jnr results in Fig. 15.

A cursory look at the values across Table 3 reveals (with the
exception of the SBS-bitumen) generally low of CoV values which
prompts the question of whether the current 10 load/unload cycles
are necessary or can the test be satisfactorily conducted with a re-
duced number of pulses.

Assuming viscoelastic bitumen response of the SBS bitumen, if
sufficient time is given for creep recovery, then one can deduce
that all elastic strain will be recovered leaving an unrecovered vis-
cous strain component. It is often believed that the delayed elastic
portion of the strain leaves remnants of the elastic strain, which
then adds to the viscous strain if sufficient time for recovery has
not elapsed. If the elastic recovery is not complete, then every sub-
sequent cycle would have its peak value decreasing (slowly but
surely) and its unrecoverable strain value decreasing (again slowly
but surely), thereby showing nonlinear behaviour [20].

Tables 4 and 5 present the individual %Jnr results obtained from
MSCR tests on the SBS bitumen and the 40/50 pen respectively.
Examining the values as they vary down individual columns in Ta-
ble 4 it is clear that up to 1600 Pa there is a clear reduction in Jnr

values with every additional pulse which supports the argument
that the SBS recovery time is insufficient. This is clearly not the
case for the 40/50 pen bitumen in Table 5 which shows no delayed
elasticity.

Searching the literature for further clarification of the afore-
mentioned behaviour of SBS, two very interesting investigations

Fig. 12. Black diagram of bentonite clay (Falgel) filler at 20 !C and 40 !C.

Fig. 13. Black diagram of bentonite clay (Falgel) filler at 55 !C and 70 !C.

Fig. 14. Viscosity versus frequency trend lines of bentonite (clay) filler-bitumen
blends.

Fig. 15. Non-recoverable creep compliance (%Jnr) obtained from MSCR tests at
70 !C.
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are noteworthy. The first paper [4] investigates the deformation
behaviour of SBS triblock copolymers having different morpholo-
gies. Of particular interest are the tests conducted on a commercial
SBS block copolymer with the trade name ‘‘Kraton’’.

The morphology of Kraton was described to be similar to the in-
sert shown in the upper left corner of Fig. 16. The symmetrical
molecular architecture being composed of polystyrene (PS) outer
hard blocks, but instead of a simple polybutadiene (PB) middle
block, a styrene–butadiene random copolymer (SB) exists. The
polymer has a morphology in which PS cylindrical-like hard do-
mains are irregularly dispersed within the SB soft phase.

In the atomic force microscopy (AFM) phase images shown in
Fig. 16, the dark areas represent the soft phase and the bright areas
shows the hard phase. Mechanical behaviour is demonstrated by a
stress–strain diagram as well as an orientation-strain diagram,
which allows a characterisation of average molecular deformation
in both the PS and PB phases.

The deformation behaviour upon stretching is different for re-
gions having different arrangement and orientation of structural
units (PS or PB domains) with respect to the stretching direction
as illustrated in Fig. 17. The macroscopic mechanical response as
well as the average molecular orientation is a result of the combi-
nation of contributions from all regions.

The yielding process involves breakdown or fragmentation of
long PS cylinders, giving rise to short glassy domains (position 2
in Fig. 17), which are accompanied by a slight increase in the ori-
entation of the PS phase because of its limited extensibility. Unlike
lamellae, the fragmentation of PS domains ‘‘does not’’ lead to a
strain softening of the polymer because of their discontinuous role.

After the fragmentation of glassy cylinders, PS domains acting
as physical crosslinks or reinforcing fillers may restrict the exten-
sibility of the rubber chains in a denser network and as a conse-
quence the PB chains show a weaker increase of orientation at
high deformation.

This helps explain why the SBS behaves akin to a physically
crosslinked elastomer with strain hardening response at high
strains.

The second paper [17] details work on stress relaxation modu-
lus G(t,c) of SBS modified bitumen, an example of a family of G(t, c)
curves is shown in Fig. 18. The curves show an initial fast relaxa-
tion, followed by a sudden reduction in the first derivative with re-
spect to time, which delimits a second phase of slow relaxation
where the modulus seems to tend to an asymptotic value reflecting
the cross-linked nature of the material. The shape of the relaxation
curves and the cross over point were explained as follows:

Under high strain, some PS blocks can ‘‘jump’’ from one domain
to another, thus causing a rearrangement of the physical network.
During relaxation, the flexible PB segments tend to go back to their
equilibrium conformation, but the jumped PS segments are forced
to remain in their new position. The network cannot recover the
initial conformation, and this is an additional impediment to the
complete relaxation of the material. The higher the applied strain,

the more pronounced is this effect and, therefore, the higher is the
residual stress and the value of the final asymptote G(t =1, c).

In conclusion, there is enough evidence to show that SBS be-
haves as a crosslinked elastomer with strain induced hardening
properties at high strain values, and that when testing SBS modi-
fied bitumen in a dynamic creep manner, stress relaxation proper-
ties must be taken into account to ensure full delayed elastic
recovery.

6. Can MSCR trends be deduced from conventional DSR
frequency or temperature sweeps?

Fig. 19 shows a log–log plot of complex compliance (J⁄ = 1/G⁄)
versus shear stress data obtained from DSR frequency sweeps (con-
ducted at 20 !C, 40 !C, 55 !C and 70 !C) on the 40/50 pen and SBS
modified bitumen. The J⁄ response at any one temperature appears
as a straight line relationship with shear stress.

It must be noted that frequency sweeps are oscillatory tests per-
formed at variable frequencies whilst maintaining the amplitude
and test temperature constant. In the test results shown in
Fig. 19, the strains were capped to remain within the LVE range
and as one would expect, maximum shear stresses increase as test
temperature reduces.

But critically, the plot was unable to rank the bitumens in the
correct order. For example at 70 !C, the figure shows that the SBS
bitumen (highest line) has higher J⁄ values when compared to
the 40/50 pen., which contradicts typical MSCR compliance rank-
ings as shown in the example of Fig. 20.

Fig. 21 shows another attempt at plotting a Log-Lin plot of J⁄

versus shear stress. In this plot the data was obtained from temper-
ature sweeps (range 40–58 !C) at a constant 0.01 Hz and a strain
target of 1%. The very low shear stress values are a consequence
of the high test temperatures and very low shear rates. Once again,
since at any one temperature the strain was capped and applied
frequency fixed, this resulted in a single indistinguishable curve
for both bitumen types.

If one attempts to replace J⁄ with G⁄ in either of Figs. 19 or 21,
the data points simply become mirror images of what is currently
shown (i.e. reflection on the x axis), and no further insight is
gained.

In essence, MSCR tests are used in the first instance to rank
bitumens’ strain response with respect to repeated creep loading
response and secondly to assess the shear stress levels beyond
which a bitumen sample will no longer retain rheological integ-
rity. Since the precise stress conditions in the mastic component
of an asphalt mix in situ are highly variable, complex and not
readily accessible, the failure stress values obtained from MSCR
tests can only be realistically used as a bitumen ranking tool.
For an in situ asphalt mastic to approach failure conditions, one
may logically infer that the applied stress must be accompanied
by a strain response (otherwise failure cannot materialise) and

Table 3
Coefficient of variation (% CoV) of MSCR results (%Jnr) of bitumens shown in Fig. 15. First raw of data shown in bold font are the MSCR applied stress levels in Pa.

Bitumen type 25 50 100 200 400 800 1600 3200 6400 12,800 25,600

20/30 pen 1.27 0.66 0.63 1.08 0.72 0.39 1.40 0.61 0.96 14.41 143.70
40/50 pen 1.57 0.80 0.84 1.66 0.97 0.47 1.63 0.86 0.47 1.87 46.19
SBS 69.48 75.95 77.69 80.64 89.93 88.47 68.34 19.46 26.10 15.72 10.40
10% KuluCote 1.49 1.06 0.39 1.26 0.89 1.12 1.79 0.98 0.61 1.82 73.96
15% KuluCote 1.68 1.08 0.52 1.62 0.86 0.42 1.03 1.15 0.70 2.13 204.61
20% KuluCote 2.02 1.87 0.60 2.52 1.45 0.54 1.74 1.30 0.96 2.15 90.67
2% Falgel 1.04 0.82 0.51 1.55 0.95 1.18 1.38 1.00 0.77 1.71 107.05
3% Falgel 1.72 0.87 1.38 1.44 0.88 0.66 0.33 0.85 0.72 1.74 210.75
4% Falgel 2.27 1.60 0.54 1.80 1.20 0.74 1.13 0.20 1.11 2.10 135.20
4% Falgel repeat 2.24 1.25 0.86 1.02 1.24 0.48 3.22 2.28 0.97 3.10 128.41
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hence MSCR results may be better visualised in terms of applied
strain or compliance. Excellent recent research on characterising
fatigue damage of bitumes has resulted in the introduction of a
Linear Amplitude Strain (LAS) test [6]. The LAS test is run at
10 Hz in a strain-controlled mode where oscillatory shear loading
is applied at increased strain amplitudes (ranging from 0.1% to
20%). The following section describes a preliminary attempt at
relating MSCR compliance results to conventional strain sweep
measurements.

6.1. Relating MSCR compliance results to strain sweep data

After establishing a common test temperature (70 !C for this
investigation) for all bitumens, two hurdles had to be overcome be-
fore it was possible to attempt relating MSCR data directly to strain
sweep data. The first was to enable comparisons to be made based
on a common time scale. To establish the first common platform,

an approximation was made so that dynamic loading frequency
(f) may be replaced by an effective loading time of (t = 1/2pf),
and hence 10 rad/s (or 1.59 Hz) is roughly equivalent to 0.1 s creep
loading time [20].

Secondly, when considering strain sweeps, no accumulation of
irrecoverable strain is expected since the loading regime is sinusoi-
dal. On the other hand, with respect to MSCR, at each stress level, if
we examine in detail the strain response of the loading phase from
only one loading pulse (load duration = 0.1 s) and ignoring the
recovery component, we are able to bypass the problem of cumu-
lative irrecoverable deformations. The two aforementioned
assumptions allow a direct comparison of compliance from two
completely different loading regimes.

Henceforth, the second pulse (out of 10 pulses) from each MSCR
test at each stress level was isolated. The strain/time profile of the
loading part was examined and the complex compliance (J⁄) value
at 0.1 s loading time identified.

Table 4
Details of non-recoverable compliance (%Jnr) results obtained from MSCR tests on SBS modified bitumen at 70 !C. First row indicates stress level (Pa) and first column indicates
pulse number.

Pulse 25 50 100 200 400 800 1600 3200 6400 12,800 25,600

1 0.0848 0.0766 0.0720 0.0720 0.0780 0.0651 0.0601 0.0684 0.1472 0.4602 1.0586
2 0.0456 0.0406 0.0380 0.0370 0.0373 0.0288 0.0274 0.0438 0.1903 0.6258 1.1758
3 0.0336 0.0284 0.0270 0.0255 0.0248 0.0193 0.0206 0.0413 0.2328 0.6641 1.2383
4 0.0272 0.0226 0.0200 0.0200 0.0190 0.0156 0.0169 0.0419 0.2672 0.7031 1.2930
5 0.0232 0.0192 0.0180 0.0165 0.0158 0.0125 0.0156 0.0447 0.2938 0.7266 1.3281
6 0.0204 0.0166 0.0150 0.0150 0.0138 0.0125 0.0150 0.0478 0.3125 0.7578 1.3672
7 0.0192 0.0160 0.0140 0.0135 0.0125 0.0113 0.0144 0.0528 0.3375 0.7813 1.3672
8 0.0184 0.0140 0.0140 0.0120 0.0113 0.0100 0.0138 0.0563 0.3438 0.7969 1.4453
9 0.0168 0.0140 0.0120 0.0115 0.0108 0.0100 0.0131 0.0625 0.3438 0.8203 1.4844

10 0.0156 0.0120 0.0110 0.0110 0.0100 0.0088 0.0138 0.0656 0.3750 0.8359 1.4844
Average 0.0305 0.0260 0.0241 0.0234 0.0233 0.0194 0.0211 0.0525 0.2844 0.7172 1.3242

Table 5
Details of non-recoverable compliance (%Jnr) results obtained from MSCR tests on 40/50 pen bitumen at 70 !C. First row indicates stress level (Pa) and first column indicates pulse
number.

Pulse 25 50 100 200 400 800 1600 3200 6400 12,800 25,600

1 1.0880 1.1040 1.1200 1.1250 1.1300 1.1325 1.1438 1.1563 1.1813 1.2656 1.7969
2 1.0960 1.1160 1.1200 1.1250 1.1275 1.1300 1.1438 1.1594 1.1781 1.2813 1.8906
3 1.1000 1.1000 1.1300 1.1300 1.1175 1.1375 1.1438 1.1531 1.1875 1.2813 1.9766
4 1.1160 1.1200 1.1200 1.1300 1.1500 1.1375 1.1438 1.1563 1.1875 1.2891 2.3828
5 1.0800 1.1200 1.1300 1.1400 1.1250 1.1375 1.1438 1.1563 1.1875 1.2891 2.1094
6 1.0800 1.1000 1.1200 1.1000 1.1250 1.1250 1.1563 1.1563 1.1875 1.2891 2.7734
7 1.1200 1.1200 1.1300 1.1500 1.1250 1.1375 1.1250 1.1875 1.1719 1.2891 3.1641
8 1.0800 1.1200 1.1200 1.1000 1.1250 1.1375 1.1250 1.1563 1.1875 1.3281 3.4766
9 1.1200 1.1200 1.1100 1.1500 1.1250 1.1375 1.1875 1.1563 1.1875 1.2500 4.1016

10 1.0800 1.1200 1.1000 1.1500 1.1500 1.1250 1.1250 1.1563 1.1875 1.3281 6.2891
Average 1.0960 1.1140 1.1200 1.1300 1.1300 1.1338 1.1438 1.1594 1.1844 1.2891 2.9961
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Fig. 16. AFM phase image showing (on the left) the microphase separated morphology, and (on the right) the deformation behaviour in macroscopic (insert) and molecular
level of SBS described in the text [4].
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Next, J⁄ results from strain sweeps were examined, and individ-
ual J⁄ data points were picked from strain sweep results at stress

Fig. 17. Deformation mechanism of block copolymers with PS domains in PB matrix
during uniaxial strain [4].

Fig. 18. Qualitative shape of relaxation modulus of an SBS [17].

Fig. 19. Complex compliance (J⁄) versus shear stress, data obtained from frequency
sweeps.

Fig. 20. An example of creep compliance (J⁄) versus loading time profiles of various
bitumens during MSCR tests at 70 !C at an arbitrarily selected shear stress value of
800 Pa. The profiles of only two load pulses are shown.

Fig. 21. Complex Compliance (J⁄) versus shear stress, data obtained from temper-
ature sweeps.

Fig. 22. Comparison between stress sensitivity of strain sweep data (filled symbols)
at 10 rad/s, 70 !C, with MSCR complex compliance (J⁄) data points (blank symbols)
at 0.1 s creep loading time.
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levels identical to those used in the MSCR test (i.e. at 25, 50, 100,
200, 400, 800, 1600, 3200, 6400, 12,800 and 25,600 Pa). Unfortu-
nately, DSR strain sweeps in this set of tests were capped at
1000%, and hence it was not always possible to identify data points
representing the highest stress levels.

MSCR J⁄ at 0.1 s values were next compared to J⁄ values ob-
tained from strain sweeps at the same applied stress levels. An
example of the results of four bitumen types is shown in Fig. 22.

From Fig. 22, when one considers the pen grade bitumens
(including the Kulu-filler blend), one can observe some similarities
between J⁄ results in Fig. 22 and MSCR Jnr results shown earlier in
Fig. 15. The characteristic turning points at high stress levels are
retained in both figures. Strain sweep J⁄ data is also able to rank
the pen. grade mixes in the correct order, and it is interesting to
note that strain sweeps are also able to pick up quite accurately
the greater (steeper slope) stress sensitivity of the Kulu-filler bitu-
men blend.

Considering the J⁄ results of the 20/30, 40/50 pen and filler-bitu-
men blend shown in Fig. 22, there is reasonable agreement be-
tween the data obtained from MSCR and those obtained from
strain sweeps. But since only the loading part of the MSCR pulses
were considered, the results are unable to capture strain recovery
and hence the reason why the SBS bitumen is not ranked correctly
in comparison to the Jnr results as shown in Fig. 15.

It is very interesting to note the shape of the SBS bitumen J⁄ pro-
files in Fig. 22, in particular towards the higher end of applied
stress. Data from strain sweeps are readily able to pick up the fact
that the SBS-bitumen has a completely different stress sensitivity
behaviour compared to all other samples. The curve pointing
downwards at the highest stress level of the SBS strain sweep
curve is also indicative of strain induced hardening thus highlight-
ing the crosslinked nature of the SBS-bitumen.

Table 6 shows that the coefficient of variation (CoV) of MSCR J⁄

results at 0.1 s loading time were all greater than the CoV of the
recovery phase Jnr as shown earlier in Table 3. It is possible that
the rate of data acquisition (resolution) during the loading part
of each MSCR pulse (i.e. from 0 to 0.1 s) needs to be increased to
be able to capture a more accurate J⁄ value at precisely 0.1 s load-
ing time. Nonetheless, for all the pen grade bitumens tested in this
investigation (including the filler-bitumen blends), performance
ranking based on the MSCR stress sensitivity concept was poten-
tially achievable with a reasonable degree of accuracy using simple
strain sweep tests carried out well beyond the LVE limits.

7. Conclusions

In this investigation, low shear viscosity testing was shown to
adequately characterise two straight run bitumens (a 20/30 pen
and a 40/50 pen) but was inadequate for a proprietary SBS modi-
fied bitumen as no viscosity plateau could be observed at low shear
rates.

Multiple Stress Creep Recovery (MSCR) testing at pre-deter-
mined target viscosities (i.e. G⁄/sind = 1 kPa and g⁄ = 2 kPa s) re-
sulted in markedly different test temperatures for the various
bitumen samples investigated. MSCR testing at a pre-determined
temperature (70 !C in this investigation) was found to be a more

satisfactory comparison and performance tool. 70 !C MSCR tests
were subsequently conducted on a 20/30 pen, a 40/50 pen, an
SBS modified bitumen, and two types of fine filler-bitumen blends;
namely a micro-fine calcium carbonate filled 60/70 pen (at 10, 15
and 20% filler/bitumen ratio by volume), and an organo clay-filled
60/70 pen (at 2, 3, 4% filler/bitumen ratio by volume).

The 70 !C MSCR results did not reveal any dramatic differences
in the failure stress levels between the unmodified pen grade and
the ultra-fine filler modified bitumens. On the other hand, the SBS
bitumen though performing best by displaying the lowest Jnr, had
incidentally the lowest MSCR failure stress level. The ranking of
all binders (with the exception of SBS-bitumen) was in agreement
with their complex viscosity or phase angle rankings, with higher
filler content resulting in reduced non-recoverable compliance
(Jnr).

Correct ranking of all binders (with the exception of the SBS-
bitumen) can be achieved by simply conducting strain sweeps well
beyond the LVE range to capture the shear stress range adopted in
the MSCR test protocol.

An organo-clay addition of only 4% to a 60/70 pen had a stiffen-
ing effect on the bitumen roughly equivalent to the addition of 20%
micro-fine calcium carbonate, though with greatly increased stress
sensitivity.

Evidence from the literature confirms that SBS behaves as a
crosslinked elastomer with strain induced hardening properties
at high strain values. Therefore when testing SBS modified bitumen
in a dynamic manner, stress relaxation properties must be taken
into account to ensure full delayed elastic recovery which may
not be the case with the currently adopted protocol of 1 s loading
followed by 9 s recovery.
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