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ABSTRACT: Ternary systems, bitumen/ethylene-vinyl
acetate (EVA)/organoclay, were prepared by two mixing
methods (physical mixing and melt blending) and then
studied in small amplitude oscillations, start-up of shear
flow and repeated creep and recovery tests. The effect of
mixing method and the role of two organoclays on the
rheological properties of the studied systems were investi-
gated. Improved thermomechanical properties of bitu-
men/EVA/organoclay nanocomposites, prepared by melt
blending, were demonstrated by the low accumulated
strain/compliance in the repeated creep and recovery

tests. Structural differences between the studied systems
were reflected in the behavior of the dynamic phase angle,
specifically in the shape of the derivative of phase angle
w.r.t. the reduced frequency. Similarly, the structural dif-
ferences between the prepared nanocomposites were
reflected by the behavior of the stress growth function gþ

in the transient experiments. VC 2010 Wiley Periodicals, Inc.
J Appl Polym Sci 118: 557–565, 2010
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INTRODUCTION

Bitumens are chemically complex materials consist-
ing of many thousands of chemical species ranging
from nonpolar fully saturated alkenes to highly po-
lar hetero-hydrocarbons.1 The chemical composition
of bitumens cannot be defined exactly, and there-
fore, their components are usually grouped into
asphaltenes and maltenes. The maltenes can be sub-
divided into saturates, aromatics, and resins. No
sudden transition in molecular structure, has been
found between resins and asphaltenes.2,3 The size of
asphaltene and resin molecules is not very differ-
ent4,5 and whether a particular molecule behaves as
an asphaltene or resin depends on various external
and internal conditions, such as temperature, pres-
sure, surrounding molecules and so forth. From the
practical point of view, bitumens were historically,
and still, are used as water proofing and binding
materials. Today a huge amount of asphaltic bitu-
mens is used by the paving industry due to their
good adhesion to mineral aggregates and their visco-

elastic properties. Because of the increasing load as
well as the frequency of traffic, the distresses on bi-
tuminous binders are more severe and to improve
their performance they are frequently modified by
various polymers, see, for example, Ref. 6 and the
references used therein. The polymers used as modi-
fiers of bituminous binders are: thermoplastic elasto-
mers, plastomers, and reactive polymers.6 The best
performing bituminous binders were obtained by
blending conventional bitumens with styrene-butadi-
ene-styrene (SBS) block copolymer or ethylene-vinyl
acetate (EVA) copolymer.6,7 Recently, polymer-lay-
ered silicate nanocomposites attracted the attention
of material scientists and engineers as a new class of
materials. These new materials have vastly
improved physical properties even at very low con-
centration of silicate ‘‘fillers’’. Rheological properties
of asphaltic bitumen modified by EVA-layered sili-
cate nanocomposites are studied in this contribution.
Ternary systems of bitumen/polymer/clay, here

called polymer-modified asphalt nanocomposites
(PMAN) represent a new generation of modifiers for
paving bituminous binders. Such materials have to
be thoroughly investigated before their prospective
introduction into the paving industry.
The incorporation of layered silicates into polymer

matrices is not a new topic.8,9 The renewed interest
in polymer-layered silicate nanocomposites dates
back to 1985 when the Toyota research group
showed that a small amount of layered silicate
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loaded into Nylon-6 resulted in significant improve-
ment of thermomechanical properties.10 The next im-
portant step was the observation that it is possible to
melt-mix polymers with layered silicates without the
use of organic solvents.11 After sufficient mobility of
polymer chains is reached, the chains can diffuse
into the silicate clay galleries thus producing a new
polymer-silicate structure. To achieve the miscibility
of layered silicates with a large number of polymers
a normally hydrophilic silicate surface has to be con-
verted to an organophilic one. This can be achieved
by ion-exchange reactions with cationic surfac-
tants.12–14 Obviously one cannot obtain a nanocom-
posite by simple mixing of polymer and silicate (or
generally any inorganic material). In such systems,
the interaction of organic and inorganic components
is weak and thus reflected in poor mechanical prop-
erties. When particle agglomeration occurs these sys-
tems might have further reduced strength.15

Depending on the strength of interfacial interaction
between the polymer matrix and the layered silicate,
two types of nanocomposites can be obtained: (a)
intercalated structures where a single (or more)
polymer chain is inserted between silicate layers; (b)
exfoliated (delaminated) structures, where the clay
layers are separated and individually dispersed in
the continuum matrix.15–18 Intercalation results in
well ordered multilayer structures of alternating
polymeric and silicate layers with a separation dis-
tance less than 20–30 Å.15,16 In delaminated struc-
tures the polymer separates the silicate platelets by
80–100Å or more.15,16

The exfoliation maximizes the polymer-clay inter-
actions and thus should yield the most significant
changes in the physical properties of such systems.
It is difficult to achieve complete exfoliation of clays
and most of the polymer nanocomposites will have
intercalated or mixed (intercalated-exfoliated)
nanostructures.17

There are only a few studies of ternary systems bi-
tumen/polymer/clay, that is, bitumens modified by
polymer-layered silicate nanocomposites. SBS pre-
mixed with kaolinite and organobentonite, respec-
tively, were used as modifiers of conventional bitu-
men in Refs. 19 and 20. SBS premixed with kaolinite
was used as modifier of bitumen in Ref. 21. Prepara-
tion and properties of asphalt modified by montmo-
rillonite organoclay were studied in Ref. 22. Rheo-
logical properties of the bitumen/SBS/Cloisite20A
system were studied in Ref. 23. It was shown that
intercalation and the glass transition domain were
not affected by the mixing procedures. On the other
hand, important differences were observed in the
rheological behavior of these ternary systems. The
two systems, bitumen/Cloisite15A and bitumen/
nanofil15 were studied in Ref. 24. The authors
claimed that the bitumen used was able to interca-

late and partially exfoliate the organoclays. It was
also concluded that the elasticity (storage modulus
G0) of the modified bitumen was higher than in the
virgin bitumen, while the loss modulus (G00) was much
lower in the modified binder than in the virgin binder.

MATERIALS AND METHODS

EVA copolymer containing 28% (by weight) of vinyl
acetate and two types of clays were used to modify
a base (conventional) bitumen of 50/70 Pen grade.
Two different organoclays were used for the prepa-
ration of nanocomposites; Cloisite20A referred to as
CL, from Southern Products, USA and Dellite43B,
referred to as DL, from Laviosa Chimica Mineraria,
Italy. Both clays were derived from a naturally
occurring montmorillonite. CL was modified by
dimethyldihydrogenated-tallow ammonium chloride
and had the following particle size distribution: 2%
by weight were below 2 lm, 50% were below 6 lm,
and 90% were below 13 lm). DL was modified by
dimethyldihydrogenated-tallow ammonium chloride
and had an average particle size of 7–9 lm.
From the base bitumen, referred to as B, polymer

modified bitumens with 3% EVA (by weight) and
6% EVA (by weight) were prepared. These are
referred to as 3M and 6M. The EVA-clay nanocom-
posites, with weight ratio always set to 3/2, were
prepared by the two different blending methods. In
ternary systems B/EVA/clay the first method used
physical mixing (PM) in which the polymer and clay
were added separately to the base bitumen during
the modification procedure. The second method
used EVA/clay nanocomposites prepared by melt
blending (MB) in the modification process of the
base bitumen. The EVA/clay blends were prepared
by melt compounding in a Brabender Plasticorder
static mixer, preheated to 190�C (CL) and 120�C
(DL). The organoclay was added to the molten poly-
mer before increasing the rotor speed. After the
extraction from the mixer the samples were cooled
naturally in the atmosphere. The blends were then
pressed into sheets at temperature of 120�C. After
cooling for 3 h, the sheets were cut into uniform
chips. The details of the outlined methods are given
in Ref. 25. The complete list of the studied systems
is given in Table I.
All the materials were subjected to the following

rheological tests:

(a). Small amplitude oscillations in a TA-ARES
LS2-M rheometer (strain control mode);

(b). Stress growth after initiation of a constant
shear rate (start-up experiment);

(c). Repeated creep and recovery (sometimes
referred to as the dynamic creep) in a CVOR
200-Malvern rheometer (stress control mode).
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Tests (a) were performed in the parallel plate ge-
ometry (plates of diameter 10, 25, and 50 mm) and
in the torsion bar geometry, depending on the tem-
peratures used. Isothermal oscillations (frequency ex
ranging from 0.1 to 100 rad/s) at temperatures from
�20 to 70�C were performed and the master curves
of dynamic material functions (G0, G00, tand) were
constructed in the software platform IRIS.26,27 The
time temperature shifting was possible for all the
studied systems however, a vertical shifting factor
had to be applied. Tests (b) were done in cone and
plate geometry (diameter 25mm and cone angle 0.1
rad) at fixed temperature T ¼ 60�C and shear rates
varying from 0.5 to 5 s�1. The repeated creep and re-
covery tests were performed in plate-plate geometry
(25 mm diameter) and T ¼ 40�C. One hundred
cycles of 1 s creep and 9 s recovery were studied
with the applied shear stress of 100 Pa. Both tests (a)
and (c) were performed in the linear viscoelastic do-
main. The strains in test (b) were high enough to
reach the nonlinear behavior of some of the systems
studied.

The full characterization of the chemistry and
morphology of the prepared mixes is given in Ref.
25. Briefly, the morphological analysis showed that
at high polymer concentrations the presence of the
clay favored the dispersion of polymer in the asphalt
matrix. However, both the type of clay and the
method of clay addition affected the final properties.
In particular, CL had a significant compatibilizing
effect on the asphalt/polymer interactions. This was
explained by the X-ray diffraction, which showed
that: (1) CL, with respect to DL, had a higher affinity
with the polymer; (2) in PM the clays were mainly
intercalated by the asphalt molecules, while in MB
the preformed interactions between clay and poly-
mer survived the process of mixing with asphalt.
The two clays acted as compatibilizers that increased
the interactions between asphalt and polymer. The
higher the clay/polymer affinity, the stronger was
this effect. Therefore, the homogeneity in morphol-
ogy increased from asphalt/polymer to asphalt/

polymer/dellite, and then to asphalt/polymer/
cloisite.

RESULTS AND DISCUSSION

Dynamic material functions and structural
characteristics

The addition of clay did not reveal dramatic changes
in the behavior of the master curves of storage and
loss moduli of the studied modified bitumens. Based
on the linear viscoelastic behavior of G0 and G00 all
systems resembled amorphous polymeric systems of
low molecular weight.26,28 Generally, the values of
both dynamic moduli, in modified systems, were
higher than in the base bitumen. As the master
curves of the dynamic material functions (reference
temperature Tr ¼ 0�C) cover the temperature inter-
val �20/70�C, the ‘‘master’’ loss moduli displayed a
strong (absolute) maximum at high reduced frequen-
cies (x ¼ aTex).
On the other hand, none of the master storage

moduli, G0, showed the plateau modulus, G0
N. Only

an inflection point can be identified on master
curves of G0. To distinguish the studied systems one
has to use some more exotic linear viscoelastic plot.
In Ref. 23, the modified loss tangent function [tanc(d)
¼ (J00 � 1/xg0)/J

0), where g0 is the zero-shear vis-
cosity] was successfully used to achieve this goal.
Another possibility is to use the so called Van
Gurp–Palmen plot.29 A Van Gurp–Palmen (vGP-
plot) is the plot of the phase angle versus the magni-
tude of the complex modulus |G*| and it was origi-
nally proposed as a tool for the verification of the
time superposition principle.29 This plot is also
known under the name Black diagram.30 In Ref. 31,
the method of van Gurp and Palmen was used for
the identification of polydispersity and long chain

TABLE I
Composition and Preparation Method of the Mixtures

System EVA (wt %) CL (wt %) DL (wt %) Method

B 0 0 0 –
3M 3 0 0 –
6M 6 0 0 –
3M2DP 3 0 2 PM
3M2DB 3 0 2 MB
3M2CP 3 2 0 PM
3M2CB 3 2 0 MB
6M4DP 6 0 4 PM
6M4DB 6 0 4 MB
6M4CP 6 4 0 PM
6M4CB 6 4 0 MB

Figure 1 The Van Gurp–Palmen plots, Tr ¼ 0�C. l B, D
3M, ^ 6M.
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branching in polymer melts. Figure 1 is a vGP-plot
for systems B, 3M, and 6M. It is clear that the ab-
sence of the pronounced plateau modulus yields a
smooth vGP-plot for each of these systems and simi-
larly no characteristic minimum can be observed for
either of the studied systems.

Similar vGP-plots can be constructed for the rest
of the studied systems (base bitumen modified by
EVA organoclay nanocomposites). The main differ-
ence apparent from such plots is the clear split
between materials with 3 and 6% wt EVA. A better
chance to illuminate the differences in the composi-
tion or/and the method of preparation of the stud-
ied materials would have the derivative of the phase
angle w.r.t. the reduced frequency x. Figure 2 shows
dd/dx for the base bitumen (B) and its modifications
3M and 6M. The rates of change of the phase angle
were negative in all three systems, that is, the phase
angle is monotonically decreasing from p/2 to 0
with increasing x. The magnitude of the rate of
change of d is much smaller in B than in 3M and
6M. The characteristic peak in B is positioned
roughly between x � 0.01 and 1 rad/s. This peak
splits into a wave form in 3M and then changed into
a symmetric peak in the 6M system. A shoulder at x
< 100 rad/s is basically preserved in all three
systems.

The domain x < 0.01 rad/s is populated with sev-
eral changes in the systems 3M and 6M. A small
shoulder at x < 10�5 rad/s (visible only in ‘‘magnifi-
cation’’) in base bitumen B disappeared in 3M and
exists in much weaker form in 6M as a part of a
broad peak centered at x � 10�5 rad/s. The system
3M shows a principal maximum at the same fre-
quency. Left of this maximum the clear minima, in
both 3M and 6M, are seen. The minimum in 6M (at
x � 10�9 rad/s) is of much larger magnitude than
that in 3M (x � 10�7 rad/s). Systems containing the
clay DL and prepared by both methods (PM and

MB) are depicted in Figure 3. The first noticeable
effect is the split into systems containing two differ-
ent concentrations of EVA copolymer. Generally, the
rates of changes of the phase angle are ‘‘slower’’
over a large part of the portrayed x-domain, in the
systems with 6 wt % concentration of EVA.
The shapes of dd/dx for systems 3M2DP and

3M2DB are remarkably similar except the flat princi-
pal maximum peak in 3M2DB (positioned at x �
10�6 rad/s). The central ‘‘wavy’’ part of 3M is still
visible in 3M2DP and 3M2DB but with the mini-
mum peak at x � 1 rad/s, and of larger magnitude
than in 3M system. The minimum peak of 6M (at
x � 10�9 rad/s) is now reflected by the system
6M4DB however, with smaller magnitude. The sys-
tem 6M4DP shows a minimum peak coinciding with
the minimum peak of 3M2DB. The principal maxima
peaks of 6M4DP and 6M4DB are quite similar. Both
are slightly shifted to the right of the principal maxi-
mum peak of 3M and positioned at about the same
reduced frequency x � 10�5 rad/s as is the

Figure 2 Derivative of phase angle, Tr ¼ 0 C. l B (mag-
nitude multiplied by 8), D 3M, ^ 6M.

Figure 3 Derivative of phase angle, Tr ¼ 0�C. þ 3M2DP,
l 3M2DB, D 6M4DP, ^ 6M4DB.

Figure 4 Derivative of phase angle, Tr ¼ 0�C. þ 3M2CP,
l 3M2CB, D 6M4CP, ^ 6M4CB.
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maximum peak of 6M system. The methods of prep-
aration (systems with clay DL) had a greater impact
on the systems with 6% wt of EVA copolymer than
on systems with 3% wt EVA, as can be seen over a
large part of the x domain.

Figure 4 is similar to Figure 3, but shows the sys-
tems with clay CL. The split into two groups, deter-
mined by the concentration of EVA, is again appa-
rent. The previously mentioned ‘‘wavy’’ character of
the principal minimum peak is now preserved only
in the system 3M2CP.

Remarkable is the flat maximum peak of the sys-
tem 3M2CB centered at x �10�5 rad/s. This peak is
quite broad but not as flat as in the system 6M4CB.
The minimum peak at x � 10�9 rad/s now appears
in system 6M4CP and the minimum peak at x �
10�8 rad/s is almost identical in systems 3M2CB
and 6M4CP. The latter of these systems also has the
‘‘strongest’’ maximum of all the systems portrayed
in Figure 4. From both Figures 3 and 4, one can see
the impact of the method of preparation (of nano-
composites) on the modified bitumens.

It seems to be possible to conclude that the infor-
mation hidden in the phase angle and particularly in
its derivative w.r.t. the reduced frequency x is quite
rich and Figures 2–4 show the structural changes in
the studied modified systems.

Start-up of steady shear

One of the crucial tests of any theory of viscoelastic
behavior of materials is a simple stress growth
experiment.26,32–35 In this test, in polymeric systems,
the stresses can reach quite high values before set-
tling to their asymptotic values and the ubiquitous
stress-overshoot is observed. Multiple overshoots of

the shear stress were observed and discussed
in.32,35,36 Stress overshoots in organoclay nanocom-
posites were studied in Refs. 37–39 and related to
the structure of nanocomposites. We have studied
the above described systems in transient shear flows
(start-up of steady shear) with several shear rates at
constant temperature T ¼ 60�C. Similarly, as in
dynamic shear experiments, the materials with 3%
and 6 wt % EVA formed two distinct groups. This
can be seen in Figures 5 and 6. In these figures, the
shear stress (s) normalized by its asymptotic value
(sa) is plotted versus the strain (c) for the tests with
shear rate _c ¼ 4 s�1. Much smaller overshoots are
observed for the modified bitumens with 3% wt
EVA (data for 3M2DP and 3M are almost identical)
than for the ones modified by 6% wt EVA. Compar-
ing the magnitudes of s/sa(from the highest to the
smallest) the sequence of the tested materials is:
3M2CB, 3M2DB, 3M2CP, 3M2DP, 3M—for systems
with 3% wt EVA.
Similarly the sequence for 6% wt EVA materials

( _c ¼ 4 s�1) was: 6M4CB, 6M4CP, 6M4DB, 6M4DP,
6M. Because the 6% wt EVA systems are more
clearly distinguishable we are presenting their tran-
sient properties in the following figures: Figures 7
and 8 show the stress growth function gþ in systems
6M4CP and 6M4CB, respectively.
Both systems show typical primary maxima of gþ

and their positions move toward shorter times with
increasing applied shear rate. In system 6M4CB the
shear rate _c ¼ 5 s�1 produced unreliable results and
this shear rate is not included in Figure 8. Aside
from the principal maxima there are weak secondary
maxima of gþ, these are more visible at higher shear
rates in system 6M4CP. This system approaches the
asymptotic steady state value for lower shear rates
(0.5, 1, 2 s�1) after 1000s. The values of gþ are much

Figure 5 Normalized stress as a function of strain, T ¼
60�C, _c ¼ 4 s�1: l 3M2CB, D 3M2DB, ^ 3M2CP, h
3M2DP, þ 3M, (the last two samples are almost
indistinguishable).

Figure 6 Normalized stress as a function of strain, T ¼
60�C, _c ¼ 4 s�1: l 6M4CB, D 6M4DB, ^ 6M4CP, h
6M4DP, þ 6M.
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higher in system 6M4CB and the stress growth func-
tion, gþ, is still decreasing after 1000 s. The systems
with 6% wt EVA and clay DL are portrayed in Fig-
ures 9 and 10. The sample 6M4DP, Figure 9, is
reaching the steady state values of gþ after 1000 s
and is also showing weak secondary maxima for the
tests at higher values of the shear rate. The values of
gþ were smaller in this system when compared with
the system 6M4DB.

The latter system seems to approach the steady
state after 1000s for _c ¼ 0.5, 1, 2 s�1. The tests at
higher shear rates ( _c ¼ 4 and 5 s�1) show gþ still
decreasing at t ¼ 1000 s. When the transient data are
plotted as the shear stress versus the strain, the prin-
cipal maximum (overshoots of s) appeared roughly
at the same value of the strain c, see Figure 11
where the system 6M4CB is portrayed (cmax � 1.4).

The magnitude of the overshoot was increasing
with the increasing shear rate in all the systems
studied. Generally, the stresses generated in the
tested modified bitumens were much higher in sys-
tems containing the clay CL when the nanocompo-
sites were prepared by the MB method. The dis-
cussed transient shear flow was performed up to
very high strains, that is, the nonlinear region was
reached very quickly and as shown, at least for the
systems with 6% wt EVA, one can easily recognize
the materials with different clays and prepared by
the two discussed methods of preparation.

Repeated creep and recovery

Experiments employing the repetitive loading and
unloading are frequently used in the testing of engi-
neering materials.26,40,41 This type of testing is also
applied to samples of paving mix42 and recently also
to the bituminous binders of such mixes.43–45 All the
systems studied in this contribution were subjected

to one hundred cycles of shear creep (duration of
1 s) and recovery (9 s of duration).44,45 The applied
stress was 100 Pa, the testing temperature was 40�C
and the accumulated compliance Jacc(t) was moni-
tored during the experiment. The relatively low level
of stress was chosen in order to keep the strain small
(linear viscoelastic domain) at least during the first
10–20 cycles. Of course with the increasing number
of cycles the strain is increasing and the final accu-
mulated strain can reach high values (depending on
the temperature of the test). It is believed that such
accumulated strain, in bituminous binders, is re-
sponsible for rutting, a very common distress mode
in bituminous paving. At higher temperatures the
recovery (during the 9s of recovery in one cycle) is
usually very small and elastic properties of the
tested bitumen are strongly suppressed. At T ¼
40�C, the studied systems, with the exception of the
base bitumen B, displayed recovery (viscoelastic
behavior) in individual cycles. On the other hand, at
this temperature, one can expect the onset of rutting
in pavements with this bituminous binder.
The plots of accumulated compliances for the sys-

tems B, 3M, and 6M are shown in Figure 12. As
expected, the highest values of Jacc(t) were attained
in the base bitumen and the lowest ones were
obtained in 6M. The values of Jacc in 3M were
between those found in systems B and 6M. The plots
for other systems are similar in appearance to those
in Figure 12, thus, the individual systems can be
graded by the values of Jacc attained after 100 cycles
of creep and recovery. From high to low values of
Jacc, the sequence of the 3% wt EVA systems is:
3M2DP, 3M, 3M2CP, 3M2DB, and 3M2CB. The accu-
mulated strain is high in systems with both clays
prepared by the PM method. The systems modified
by melt blended nanocomposites (DL or CL clays)
had a smaller accumulated compliance (i.e., also the

Figure 8 Stress growth function, T ¼ 60�C, _c ¼ 0:5, 1, 2,
4 s�1 ;. Modified bitumen 6M4CB.

Figure 7 Stress growth function, T ¼ 60�C, _c ¼ 0:5, 1, 2,
4, 5 s�1 ;. Modified bitumen 6M4CP.

562 MARKANDAY ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



strain) compared to the base bitumen modified by
3% wt EVA only. The system 3M2CB was best ‘‘per-
forming’’ of all 3% wt EVA materials.

In 6% wt EVA systems the situation was similar.
The best ‘‘performing’’ systems were again the mate-
rials prepared by MB method with little difference
between the two used clays (DL or CL). In samples
prepared by PM the clay CL ‘‘performed’’ better
(smaller Jacc) than clay DL (Table II).

The accumulated compliance function Jacc(t) can
be described with the help of small number of Voigt
elements,26,44,45 that is, assuming that the shear com-
pliance function J(t) has the form

JðtÞ ¼ Jg þ
XN

i¼1
Jið1� e

� t
KiÞ þ t=g0 (1)

Where N is the number of modes, Jg is the glassy
compliance, {Ki,Jii} is the discrete retardation spec-
trum and g0 is the zero-shear viscosity.

The fit of Jacc(t) for 6M4CB is shown in Figure 13,
where N ¼ 3. One can see that after first five cycles
the compliance function (1) describes the accumu-
lated compliance Jacc(t) quite well even with a mini-
mum of retardation modes.
The base bitumen (B) represents the other ‘‘end’’

of the tested materials. This material (at T ¼ 40�C)
had almost no recovery in individual cycles and
thus the viscous approximation of (1) is satisfactory
for the description of the repeated creep and recov-
ery test, that is,

JðtÞ ¼ J0e þ t=g0 (2)

was suitable for the description of Jacc in the base
bitumen. Je

0, in (2) is the steady state compliance.
The fit of Jacc, for the base bitumen B is given in
Figure 14.
The repeated creep and recovery experiment also

seems to be able to recognize the individual systems

Figure 10 Stress growth function, T ¼ 60�C, _c ¼ 0:5, 1,
2, 4, 5 s�1 ;. Modified bitumen 6M4DB.

Figure 11 Stress as a function of strain, Tr ¼ 60�C, shear
rates 4, 2, 1, 0.5 s�1 ;. Modified bitumen 6M4CB.Figure 9 Stress growth function, T ¼ 60�C, _c ¼ 0:5, 1, 2,

4, 5 s�1 ;. Modified bitumen 6M4DP.

Figure 12 Accumulated creep, Tr ¼ 40 C. Systems B, 3M,
6M ;.
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studied in this contribution. Similarly to dd/dx and
gþ functions, the accumulated compliance Jacc
divides the materials into two groups according to
the concentration of EVA copolymer. Moreover,
thanks to the substantial increase of the accumulated
strain, this experiment seems to be sensitive to the
structural differences between the tested materials.

CONCLUSIONS

From the behavior of the phase angle in the linear
viscoelastic domain, it follows that the concentration
of EVA copolymer had a strong impact on the rheo-
logical properties of the ternary systems B/EVA/
clay. The physical method of mixing polymer and
clay and subsequent modification of the base bitu-
men by this mixture produced modified bitumen
with a structure that is not so different from the
structure of the bitumen modified just by the EVA
copolymer. On the other hand, the MB of polymer
and clay with subsequent modification of the base
bitumen by such nanocomposites produced modi-
fied bitumens with structures different from that of

B/EVA modified bitumen. The experiments in
which large strains were used were able to distin-
guish the individual modified bitumens very easily.
Different morphologies of modified bitumens could
be identified when the two methods of processing
were used (PM or MB). In Refs. 37 and 38, the stress
overshoots were attributed to a rupture of the net-
work structure and to particle orientation. In our ter-
nary systems (PMAN), the magnitudes of overshoots
and the times where they were observed were
strongly dependent on the applied shear rates. The
stresses and the overshoots were highest in bitu-
mens modified by clay CL and prepared by the MB
method. Similarly, the stresses and overshoots in ter-
nary systems with clay DL were higher when the
MB method was used however, with much smaller
magnitudes in comparison to the systems with clay
CL. Thus, one can assume that the network and
exfoliation were strongest in modified bitumen
6M4CB followed by the system 6M4CP. The analo-
gous sequence was followed by systems with clay
DL. Similar conclusions can be drawn from the com-
parison of accumulated creep compliances in the
repeated creep and recovery tests. Ternary systems
prepared by MB displayed the smallest Jacc. The PM
of EVA and clay CL produced modified bitumens
with much lower values of the accumulated compli-
ance than the same method using clay DL. These
conclusions are supported by the results of wide
angle X-ray diffraction discussed in Refs. 25 and 46,
where it was shown that in PM systems, B/EVA/
CL, the intercalated structure was not as coherent as
in MB systems. In systems with clay DL, the MB
again produced more homogeneous systems than
those prepared by PM, however, the surfactant effect
of clay DL was not as strong as that of clay CL
because DL has weaker affinity for EVA, and thus,
part of the polymer did not intercalate this clay.

TABLE II
Accumulated Compliance at t 5 1000 s, s 5 100 Pa

System Jacc(1000) [1/Pa]

B 0.0205
3M 0.0146
6M 0.00795
3M2DP 0.0188
3M2CP 0.0159
3M2DB 0.0139
3M2CB 0.00711
6M4DP 0.00725
6M4CP 0.00301
6M4DB 0.00205
6M4CB 0.00203

Figure 13 Accumulated compliance in 6M4CB, T ¼ 40�C.
Fit to eq. (1) (for clarity, the goodness of the fit is identi-
fied by the residuals of the fit).

Figure 14 Accumulated compliance in B, T ¼ 40�C. Fit to
eq. (2) (for clarity, the goodness of the fit is identified by
the residuals of the fit).
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