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ABSTRACT
Magneto-rheological fluids are materials that exhibit a significant change in their rheological properties in
the presence of a magnetic field. Because of such a field-dependent behavior, they can act as smart
materials in applications in which changeable performances are desired. In road pavement engineering, the
use of bitumen-based magneto-rheological fluids may open innovative scenarios related to the construction
of smart pavement sections and to the investigation of damage mechanisms in binders and mixtures. The
research work presented in this study explored magneto-rheological properties of several field-responsive
bituminous binders obtained from two different base bitumens combined with multi-wall carbon nanotubes
and powder iron. The experimental program included oscillatory shear loading tests at different
temperatures, performed in the strain controlled mode by means of a dynamic shear rheometer equipped
with a magneto-rheological device. The investigation was carried out with the specific goal of identifying
critical issues which should be taken into account in materials preparation, testing procedures and data
analysis. Undesired overheating of specimens during testing was identified and taken into account for a
correct interpretation of experimental data. Thus, while the field-sensitivity of carbon nanotubes was
found to be negligible as a result of the magnetic shielding action of bitumen, it was shown that powder
iron can significantly affect the magneto-rheological properties of bituminous binders when employed in
sufficiently high amounts. Moreover, obtained results indicated that selection of base bitumen is a key
factor in designing bituminous-based smart materials. Practical implications which derive from the study
are mainly relative to the fine-tuning of laboratory characterization procedures which should necessarily
overcome current limitations in temperature regulation and magnetic field generation. Experimental data
presented in this study also suggest that future development of pavement magnetic sensing techniques
should consider the combined effects of temperature and field intensity.
Keywords: Magneto-Rheology, Bituminous, Smart Materials, Carbon Nanotubes, Powder Iron
Rheological properties which have been reported to be
sensitive to magnetic fields for this type of material include
yield stress, shear viscosity and complex modulus.
Observed changes occur instantaneously, are typically
dependent upon magnitude of external magnetic field and
are totally reversible (Wen et al., 2008; Choi and Jhon,
2009; Fang et al., 2009; Kang et al., 2011).
As a result of the phenomena described above, an
increasing amount of research has been carried out in recent

1. INTRODUCTION
Magneto-rheological fluids are materials that exhibit
a significant change in their rheological properties in the
presence of a magnetic field. This is due to their peculiar
internal structure which consists in a stable dispersion in
a base fluid of field-responsive molecules or particles
that can be polarized and aligned with field direction
(Phule, 2001; Kciuk and Turczyn, 2006; Kamila, 2013).
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years in the development of magneto-rheological fluids to
be used as smart materials in a wide range of commercial
fields, such as automotive industry (Sakai, 1988; Carlson
and Sproston, 2000; Klingenberg, 2001; Huang et al.,
2002), polishing industry (Kordonski and Golini, 1999;
Kim et al., 2004; Singh et al., 2004), medicine (Ellis, 2011)
and information technology (Liu et al., 2005).
The introduction of bitumen-based magnetorheological fluids in road pavementsmight open new
scenarios related to the construction of smart pavement
sections. The main application that seems to have the
potentiality to be implemented at full scale consists in
the development of innovative monitoring systems.
Pavement layers constituted by bitumen-based smart
materials may work as sensors, in replacement of
traditional devices installed in the pavement (Xue et al.,
2012). Other possible applications are related to the
opportunity of investigating damage mechanisms of
bituminous binders and mixtures by integrating
traditional measurement techniques with the application
of magnetic fields in controlled conditions.
In the research work presented in this study, the
development of bitumen-based smart materials was
explored by investigating the magneto-rheological
properties of several laboratory-prepared blends obtained
from two different base bitumens combined with
commercially available multi-wall carbon nanotubes and
powder iron. The experimental program included
oscillatory shear loading tests at various temperatures
carried out by means of a dynamic shear rheometer
equipped with a magneto-rheological device.
Given the preliminary nature of the study, the
experimental work was carried out with the specific
goal of identifying critical issues which should be
taken into account in materials preparation, testing
procedures and data analysis.
On the basis of the obtained results, propertiesof
bitumen-based smart materials were analyzed and
discussed.

2009). Results of such analyses, expressed in terms of
percentages of saturates, aromatics, resins and
asphaltenes, are given in Table 1.
Since no previous experimental work was found in
literature on the topic of bitumen magneto-rheology,
choice of additives to consider in the study was based on
the analysis of research experiences documented for other
types of field-sensitive smart materials (Fang et al., 2009;
Kang et al., 2011; Pu et al., 2006; Hwang et al., 2011). As
a result of this preliminary evaluation, the investigation
focused on the use of two additives characterized by
completely different physical and chemical properties:
Powder Iron (PF) and Carbon Nanotubes (CNTs). While
the former additive is absolutely innovative for
bituminous applications, in the case of CNTs quite a few
research studiesin recent yearshave evaluatedtheir
capability of improvingperformance properties of
bitumen (Xiao et al., 2011; Amirkhanian et al., 2011a;
2011b; Santagata et al., 2012; 2013; Motlagh et al.,
2012; Boyer and Barrera, 2013).
Employed PF, characterized by a purity level of more
than 95%, was entirely passing the ASTM 0.180 mm
sieve. CNTs were high carbon purity (>90%) multiwall
cylinders produced by means of the Catalyzed Chemical
Vapour Deposition (CCVD) technique, with an average
aspect ratio of 157.9. Main physical characteristics of the
two additives are summarized in Table 2.
Bitumen-additive blends were prepared in the
laboratory by adding PF and CNTs to the two neat
binders, which were previously heated at 160°C to reach
a sufficiently fluid state. An acceptable dispersion of the
particles in the bituminous matrix was thereafter
obtained by thoroughly mixing the blends.
Different percentages (by weight of base bitumen)
were adopted for the two additives due to their different
density and specific surface, which significantly affect
the interaction phenomena that may arise between the
two phases. In the case of PF, chosen dosages were equal
to 20 and 40%. Following the experience of previous
investigations (Santagata et al., 2012; 2013), CNTs,
characterized by a higher unit volume, were employed in
percentages equal to 1 and 3%.
With the purpose of avoiding spurious effects that
may occur during aging treatments, all blends were
tested only in their original state.

2. MATERIALS AND METHODS
2.1. Bituminous Binders
Neat bitumensemployed in the investigation were two
commercially available products, marked as “A” and
“B”, classified as PG58-22 and PG70-22, respectively,
according to the SUPERPAVE performance grading
system (AASHTO, 2010). Composition of the binders
was assessed by referring to the classical colloidal
dispersion model (Nellensteyn, 1928) by means of the
combined use of Thin Layer Chromatography and Flame
Ionization Detection (Lesueur, 2009; Santagata et al.,
Science Publications

2.2. Magneto-Rheologicaltests
Magneto-Rheological
Tests
(MRTs)
were
performed by making use of a dynamic shear
rheometer (Physica MCR301) equipped with a
magneto-rheological device (Physica MRD 70/1T)
and connected to an external refrigeration system
(Lauda Re207) for temperature regulation.
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Table 1. Composition of neat bitumens
Bitumen A
Saturates (%)
5.5
Aromatics (%)
38.1
Resins (%)
42.0
Asphaltenes (%)
14.4
Table 2. Characteristics of the additives
PF
Density [g/cm3]
7.86
Specific surface [m2/g]
0.2
Electric conductivity [S/m]
9.96×106
Thermal conductivity [W/(mK)]
80.2

Bitumen B
4.6
62.0
13.1
20.3

CNTs
0.0427
250-300
104
3000

Adoption of a magneto-rheological device allows the
rheological properties of a material to be evaluated in the
presence of a magnetic field (B). Passage of an electric
current (I) in the inductive coils inside the device
chamber generates a magnetic field that is perpendicular
to the coil surface and proportional to electric current.
Actual values of the induced magnetic field
aremonitored by employing a gaussmeter, the probe of
which is directly located beneath the measuring system.
Tests on binders were carried out by making use of a
20 mm parallel plate sensor system (PP20), with a 1mm
gap between the plates. Since magnetic fluids can be
affected by normal field instability phenomena which lead
to the formation of spikes in free surfaces perpendicular to
the field direction (Rinaldi et al., 2005), an upper plate
with a specially-designed groove on its outer perimeter
was employed for testing. Thus, the presence of free
surface in the region with a strong magnetic field was
limited and during testing possible pulling out of the
specimen from the measurement gapwas prevented.
Since the presence of a groove at the periphery of the
plates does not permit trimming operations, the standard
protocol (Petersen et al., 1994) usually adopted for
sample preparation was modified. Mass of the binder
necessary to fill the volume between the plates was
calculated by relying on density measurements
performed with the capillary-stoppered pyknometer
method (EN, 2009). Subsequently, the exact required
mass of the binder was poured into a latex cylindrical
mould and, after cooling to ambient temperature, the
resulting specimen was sandwiched between the plates
of the measuring system which were previously heated in
order to prevent adhesion ruptures at the binder-steel
interfaces. Prior to starting each test, samples were
conditioned at test temperature for 30 minutes to avoid
drawbacks related to the occurrence of temperature
gradients within their volume.
Science Publications

Table 3. MRT steps
Step
Current [A]
1
0.0
2
2.5
3
5.0
4
2.5
5
0.0

Magnetic field [T]
0.0
0.4
0.8
0.4
0.0

Table 4. Testing program
MRTs
--------------------Binder code
34°C
65°C
A
×
×
B
×
×
A_1%CNT
×
A_3%CNT
×
×
B_3%CNT
×
A_20%PF
×
A_40%PF
×
×
B_40%PF
×

TRs
--------------------34°C
65°C
×
×
×
×
×
×
×
×
×
×
×
×

With the aim of studying the effect of magnetic fields
on the viscoelastic properties of bitumenscontaining
field-sensitive additives, storage and loss moduli (G’ and
G”) were determined at reference values of angular
frequency and temperature, by varying the electric
current passing in the coils of the magnetic device.
Angular frequency was set at 10 rad/s, which was
assumed to be representative of normal traffic loading in
road pavements (Bahia et al., 2001). Influence of test
temperature was taken into account by considering the
two values (34 and 65°C) corresponding to the
instrumental limits of the employed equipment.
Storage and loss moduli were monitored by applying
1% oscillatory sinusoidal strain, which was comprised
within the linear viscoelastic region of all blends.
Electric current was applied in discrete steps up to the
maximum value which can be controlled by the device
(equal to 5 A) and back down to zero, thus subjecting
test specimens to magnetic loops. Each step was
preceded by 5 min conditioning to achieve a stationary
magnetic field within the specimen. Testing steps are
summarized in Table 3, which shows values of imposed
electric current and of generated magnetic field.

2.3. Temperature Ramps
Temperature Ramps (TRs) were carried out in the
absence of any magnetic field by making use of the same
dynamic shear rheometer employed for MRTs. As
explained in detail in the discussion section of the study,
this was done to assess the existence of undesired
overheating effects during MRTs.
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TRs were performed in steps of 0.1°C, covering a
narrow range (of approximately 1°C) around target
temperatures chosen for MRTs. For each step, after 5
minutes conditioning, oscillatory shear loads were
applied to specimens with the same angular frequency
(10 rad/s) and strain (1%) adopted in MRTs. Each TR
was composed of an increasing and a decreasing ramp.
Storage and loss moduli obtained in the two ramps, were
averaged and thereafter considered for analysis.

variations of additive dosage were evaluated at 34°C
by considering blends prepared with base binder A.
The role played by base bitumen was highlighted by
means of tests at 65°C on blends with the higher
additive dosage.

3. RESULTS
Results of MRTs and TRs, expressed in terms of
storage and loss moduli (G’ and G”), are respectively
given in Table 5-8 and Fig. 1 and 2.
Supplementary data were gathered from MRTs by
considering temperature and magnetic field intensity
values measured by the two probes located within the
testing apparatus. In both cases, differences from
target values were recorded. This is shown in Table 9,
which contains, for each measuring step, actual
variation ranges (∆T and ∆B) derived from tests
carried out on all the binders.

2.4. Testing Program
The testing program covered by the investigation is
synthesized in Table 4. Based on their composition,
binders were associated to a code of the general form
X_D%T, where “X” identifies base bitumen (A or B),
“D%” refers to additive dosage (20, 40, 1 or 3,
depending upon the case) and “T” indicates additive type
(PF or CNT).
The two neat binders were subjected to MRTs and
TRs at both temperatures. Effects associated to

Table 5. Average G’ values (in kPa) obtained from MRTs performed at 34°C
Test step
------------------------------------------------------------------------------------------------------------------------------Binder code
1st
2nd
3rd
4th
5th
A
37.4
32.6
16.7
22.3
29.60
B
134.0
119.8
69.8
84.6
108.40
A_1%CNT
50.5
44.2
24.0
31.4
40.70
A_3%CNT
261.7
238.7
160.4
189.7
229.50
A_20%PF
41.4
38.0
20.8
25.9
33.93
A_40%PF
58.7
82.4
59.1
69.8
51.90
Table 6. Average G” values (in kPa) obtained from MRTs performed at 34°C
Test step
--------------------------------------------------------------------------------------------------------------------------------Binder code
1st
2nd
3rd
4th
5th
A
132.8
120.6
73.4
90.8
111.8
B
267.4
247.0
166.7
192.4
229.8
A_1%CNT
152.1
138.0
86.9
106.5
129.4
A_3%CNT
331.1
308.7
218.9
253.7
298.2
A_20%PF
137.5
127.0
78.0
94.1
119.4
A_40%PF
162.2
180.3
116.9
144.3
149.8
Table 7. Average G’ values (in kPa) obtained from MRTs performed at 65°C
Test step
--------------------------------------------------------------------------------------------------------------------------------Binder code
1st
2nd
3rd
4th
5th
A
0.09
0.08
0.04
0.05
0.07
B
0.36
0.32
0.20
0.21
0.29
A_3%CNT
39.27
36.94
31.55
33.66
34.47
B_3%CNT
39.57
36.37
32.12
32.01
32.95
A_40%PF
0.19
7.41
9.68
7.67
0.20
B_40%PF
0.38
25.66
33.34
25.96
0.55
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Table 8. Average G” values (in kPa) obtained from MRTs performed at 65°C
Test step
---------------------------------------------------------------------------------------------------------------------------------Binder code
1st
2nd
3rd
4th
5th
A
1.69
1.56
1.05
1.23
1.48
B
3.43
3.14
2.27
2.38
2.91
A_3%CNT
29.02
27.68
22.23
23.79
26.33
B_3%CNT
24.33
24.78
20.21
20.14
21.71
A_40%PF
2.47
4.73
4.62
4.16
2.35
B_40%PF
3.44
18.83
19.49
15.03
3.82

Fig. 1. Average G’ and G” values obtained from TRs

Fig. 2. Average G’ and G” values obtained from TRs performed around 65°C
Science Publications
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G”C) were not constant as a function of the applied
magnetic field and were clearly lower than expected
target values (G’T, G”T).

4. DISCUSSION
4.1. Biasing Temperature Variations

4.2. Unrecordedtemperature Deviations

By analyzing results of MRTs carried out on neat
binders, it was observed that the storage and loss moduli
seemed to be affected by variations in magnetic field at
both test temperatures (Fig. 3-6) which refer to bitumen
B. An increase or a decrease in electric current generated
a reduction or a growth, respectively, of modulus values.
Moreover, non-negligible differences were recorded
between data obtained for the same electric current
intensity but at different steps of each test (1st step
versus 5th and 2nd step versus 4th).
In view of the fact that MRT measurements were
performed in the linear viscoelastic region and that neat
bitumen should not be affected by the presence of a
magnetic field, the occurrence of specimen overheating
phenomena was hypothesized to explain such results.
Maximum deviations (|δT|) from target test
temperature were derived from data reported in Table 9.
As shown in Fig. 7, peak deviation (equal to 0.75°C) was
recorded during step 3, which is associated to the
highestimposed electric current. Moreover, by
comparing steps with the same electric current (1ststep
versus 5th and 2ndstep versus 4th) it was found that, as a
consequence of thermal inertia, undesired heating effects
were more significant in the second part of the MRTs
(with decreasing values of imposed magnetic field).
With the purpose of excluding these overheating
effects from analysis, thus obtaining adjusted values of
storage and loss moduli (G’C, G”C), a simple correction
was made with the aid of data collected from
temperature ramps (Fig. 1 and 2). Hence, measured
values of storage and loss moduli (G’M, G”M) were
corrected to take into account changes in modulus values
(∆G’∆T_R, ∆G”∆T_R) caused by the variations in
temperature recorded throughout the steps of each test
(Equation 1 and 2):
G 'C = G 'M + ∆G '∆T _ R

(1)

G"C = G"M + ∆G"∆T _ R

(2)

Unexpected results shown in Fig. 8-11 can be
explained by considering the position of the temperature
probe in the test equipment. The small distance of the
probe from the specimen and its proximity to the
refrigeration system may in fact justify the existence of
unrecorded deviations from target temperature.
By neglecting thermal effects caused by the presence
of additives, the above mentioned unrecorded
temperature deviation was assumed to be constant since
the same protocol was adopted for all tests. Thus,
temperature variations which in neat bitumens would
lead to the equality between corrected and target
modulus values were calculated. These temperature
variations were then employed for the evaluation of
corresponding modulus changes (∆G’∆T_U, ∆G”∆T_U) of
all blends. Consequently, storage and loss moduli (G’CC,
G”CC) were expressed as indicated in Equation 3 and 4:
(3)

G"CC = G"C + ∆G"∆T _ U

(4)

Examples of corrected moduli obtained with such a
procedureare shown in Fig. 12-15, where they are
compared with raw data (G’M, G”M) and with those
calculated consideringoverheatingeffects (G’C, G”C).
It can be observed that differences between results
obtained at different steps but at the same current
intensity were substantially reduced for all considered
blends. This observation suggests that data corrected
according to Equation 3 and 4 are indeed characterized
by an improved reliability.

4.3. Additive and Dosage Effects
By focusing on data corrected as indicated in
paragraphs 4.1 and 4.2 it was possible to highlight the
true effects of different additives and dosages on the
magneto-rheological behavior of bitumens.
It was observed that at 34°C the employed lower
additive dosages (1% CNTs and 20% PF) did not lead to
any appreciable variation of rheological properties in the
presence of magnetic fields, thus highlighting the
magnetic shielding action provided by bitumen (Fig. 1215). When considering blends prepared with the higher
dosages (3% CNTs and 40% PF),different conclusions
were drawn for the two adopted additives.

Figure 8-11 provide examples of results obtained for
binder Aby means of the above described correction.
Similar results were recorded for binder B.
It can be noticed that the effect of temperature
variations recorded by the equipment was not sufficient
to explain the evolution of rheological properties found
during testing. In fact, corrected modulus values (G’C,
Science Publications
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Table 9. Temperature (T) and magnetic field intensity (B) ranges recorded during MRTs
MRTs at 34°C
MRTs at 65°C
----------------------------------------------------------------------------------------------------------Step
∆T [°C]
∆B [T]
∆T [°C]
∆B [T]
1
33.96-34.04
64.98-65.04
2
33.92-34.17
0.40-0.44
64.95-65.15
0.40-0.44
3
34.48-34.75
0.75-0.78
65.07-65.34
0.72-0.78
4
33.89-34.15
0.43-0.46
64.79-64.99
0.41-0.46
5
33.90-34.10
64.65-64.95
-

Fig. 3. Storage modulus versus imposed electric current obtained for neat bitumens (binder B, 34°C)

Fig. 4. Loss modulus versus imposed electric current obtained for neat bitumens (binder B, 34°C)

Fig. 5. Storage modulus versus imposed electric current obtained for neat bitumens (binder B, 65°C)
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Fig. 6. Loss modulus versus imposed electric current obtained for neat bitumens (binder B, 65°C)

Fig. 7. Maximum deviations from target test temperatures

Fig. 8. Effect of overheating temperature correction on G’ of neat bitumens (binder A, 34°C)
Science Publications
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Fig. 9. Effect of overheating temperature correction on G” of neat bitumens (binder A, 34°C)

Fig. 10. Effect of overheating temperature correction on G’ of neat bitumens (binder A, 65°C)

Fig. 11. Effect of overheating temperature correction on G”of neat bitumens (binder A,65°C)
Science Publications
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Fig. 12. Corrected G’ of bitumen-additive blends (base binder A, 1% CNTs, 34°C)

Fig. 13. Corrected G” of bitumen-additive blends (base binder A, 1% CNTs, 34°C)

Fig. 14. Corrected G’ of bitumen-additive blends (base binder A, 20% PF, 34°C)
Science Publications
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Fig. 15. Corrected G” of bitumen-additive blends (base binder A, 20% PF, 34°C)

Fig. 16. Field sensitivity of bitumen-additive blends (base binder A, 3% CNTs, 34°C)

Fig. 17. Field sensitivity of bitumen-additive blends (base binder A, 3% CNTs, 65°C)
Science Publications
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Fig. 18. Field sensitivity of bitumen-additive blends (base binder A, 40% PF, 34°C)

Fig. 19. Field sensitivity of bitumen-additive blends (base binder A, 40% PF, 65°C)

In the case of CNTs, even with the higher dosage
their addition to bitumen did not lead to any significant
change in viscoelastic properties in the presence of
magnetic fields (Fig. 16 and 17). Such an observation,
which is in contrast with the results of several studies in
which the magnetic characteristics of CNTs have proven to
be relevant (Fang et al., 2009; 2012; Li et al., 2007), can be
explained by referring to the peculiar structure and nature of
the bitumen-CNT blends.
Particle reorientation may have been prevented by the
extremely high flocculation forces which can be
minimized only with a very stable dispersion of the
additive within the bituminous matrix (Song and Youn,
2005; Ivanov et al., 2011; Fang et al., 2012). Moreover,
in the presence of a highly viscous matrix, fieldresponsive phenomena may require very high magnetic
fields (Hwang et al., 2011) which, however, are not
compatible with the characteristics of the employed
Science Publications

magneto-rheological device. Finally, part of the
ineffectiveness of the CNTs can be attributed to their
very high level of carbon purity (greater than 90%), since
recent studies carried out by Fang et al. (2009) have
suggested that the magnetic properties of CNTs are
mainly due to the residual iron catalyst resulting from the
synthesis process, dramatically reduced after purification
performed on commercially available products.
When 40% PF was added to base bitumens,
rheological parameters seemed to be significantly affected
by magnetic fields as proven by the substantial modulus
increase (Fig. 18 and 19). This is in good agreement with
findings of other research projects (Fang et al., 2009;
Kuzhir et al., 2011; Guo et al., 2012).
By comparing results obtained at 34 and 65°C
(Fig. 18 and 19), it can be observed that by means of
40% PF addition superior magnetic properties were
obtained at the higher test temperature.
516

AJAS

Ezio Santagata et al. / American Journal of Applied Sciences 11 (3): 505-519, 2014
Table 10. Relative increments of storage and loss moduli for
blends containing 40% PF tested at 65°C
Binder A (%)
Binder B (%)
∆G’2.5A
39.2
67.2
∆G’’2.5A
2.0
5.6
51.8
88.2
∆G’5A
∆G’’5A
2.5
6.1

5. CONCLUSION
In the research presented in this study, the magnetorheological properties of several laboratory-prepared
blends obtained from two different base bitumens
combined with powder iron and multi-wall carbon
nanotubes were evaluated.
Obtained results indicated that external magnetic
fields can affect the storage and loss components of
complex modulus to an extent which depends upon base
bitumen and on additive type and dosage. However,
analysis of experimental data highlighted the presence of
biasing effects related to overheating phenomena and
instrument limitations (inaccuracy in temperature and
magnetic field control).
A simple procedure was developed to take into
account the abovementioned temperature-related
effects. Consequent results suggested the occurrence,
in the case of blends containing the higher dosage of
powder iron, of a structured chain-like arrangement
within test specimens when subjected to an external
magnetic field. Rather unexpectedly, such a
phenomenon was observed to be more pronounced
when employing a stiffer base bitumen. This indicates
that magneto-rheological properties are strongly
dependent upon physical and chemical interactions
which take place between additives and bituminous
matrix. Results obtained on other blends also revealed
the crucial role played by magnetic field intensity,
which was not sufficiently high to overcome the
shielding actionof bitumen.
It can be concluded that future investigations on the
magneto-rheological properties of bitumen-based binders
certainly require the fine-tuning of test procedures with
improvements in temperature regulation and magnetic
field generation. Experimental data presented in this
study also suggest that future development of pavement
magnetic sensing techniques should consider the
combined effects of temperature and field intensity.

This is probably the consequence of the lower viscosity
of the carrier bituminous mediumwhich allows the
formation of robust chain-like structures aligned with the
direction of magnetic fields.
For these field-responsive blends, changes in the
viscoelastic response were quantitatively assessed by
introducing relative increments in storage and loss
moduli (∆G’xA, ∆G”xA) calculated as indicated in
Equation 5 and 6:
∆G 'xA = G 'xA G '0A

(5)

∆G"xA = G"xA G"0A

(6)

where, G’xA and G”xA are the complex modulus
components at the generic x value of current (2.5 A or 5
A) and G’0A and G”0A are the components evaluated in
the absence of any magnetic field.
Average values of relative increments ∆G’xA
and∆G”xAcalculated at the highest test temperature are
given in Table 10, in which they are listed as a function
of electric current intensity and base bitumen.
For both values of imposed electric current, relative
increments of storage and loss moduli were found to be
significantly higher in the case of blends prepared with
base bitumen B (PG70-22), which was stiffer and more
viscous than neat binder A (PG58-22). Thus, it can be
postulated that the sensitivity of the PF additive to
external magnetic fields is affected not only by the
physical properties of the continuous bituminous matrix,
but also by its composition (Table 1), which certainly
has a direct effect on PF-bitumen interactions.
In agreement with other studies performed in the
small strain domain (Fang et al., 2009; 2012), in the case
of bituminous blends prepared with 40% PF, magnetic
fields caused an enhancement of both storage and loss
moduli. Increase in storage modulus, which was
significantly higher than that in loss modulus, can be related
to the effect of percolating aggregates which extend along
the entire gap of the test specimen with a motion that
follows that of the measuring system. On the contrary,
increase in loss modulus can be associated to the out-ofphase movement of non-percolating aggregates and free
branches (Kuzhir et al., 2011).
Science Publications
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