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ABSTRACT

Magneto-rheological fluids are materials that ekhébsignificant change in their rheological prapes in

the presence of a magnetic field. Because of sudield-dependent behavior, they can act as smart
materials in applications in which changeable penfinces are desired. In road pavement engineghag,
use of bitumen-based magneto-rheological fluids o@an innovative scenarios related to the constnuct

of smart pavement sections and to the investigaifodlamage mechanisms in binders and mixtures. The
research work presented in this study explored etagrheological properties of several field-respoms
bituminous binders obtained from two different bagemens combined with multi-wall carbon nanotubes
and powder iron. The experimental program includestillatory shear loading tests at different
temperatures, performed in the strain controlledienby means of a dynamic shear rheometer equipped
with a magneto-rheological device. The investigatieas carried out with the specific goal of ideyitify
critical issues which should be taken into accauntnaterials preparation, testing procedures artd da
analysis. Undesired overheating of specimens duesting was identified and taken into accountdor
correct interpretation of experimental data. Thakjle the field-sensitivity of carbon nanotubes was
found to be negligible as a result of the magnstielding action of bitumen, it was shown that pewd
iron can significantly affect the magneto-rheol@jiproperties of bituminous binders when employed i
sufficiently high amounts. Moreover, obtained résuhdicated that selection of base bitumen is & ke
factor in designing bituminous-based smart materi@tactical implications which derive from thedstu
are mainly relative to the fine-tuning of laborata@haracterization procedures which should necdgsar
overcome current limitations in temperature regataind magnetic field generation. Experimentabhdat
presented in this study also suggest that futukeldpment of pavement magnetic sensing techniques
should consider the combined effects of temperaurkfield intensity.

Keywords: Magneto-Rheology, Bituminous, Smart Materials, @arblanotubes, Powder Iron

1. INTRODUCTION Rheological properties which have been reporteoeto
sensitive to magnetic fields for this type of malenclude
Magneto-rheological fluids are materials that eithib yield stress, shear viscosity and complex modulus.
a significant change in their rheological properiiethe  Observed changes occur instantaneously, are typical
presence of a magnetic field. This is due to thepuliar ~ dependent upon magnitude of external magnetic &aldi
internal structure which consists in a stable disipa in are totally reversible (West al., 2008; Choi and Jhon,
a base fluid of field-responsive molecules or péat 2009; Fangt al., 2009; Kangt al., 2011).
that can be polarized and aligned with field di@tt As a result of the phenomena described above, an
(Phule, 2001; Kciuk and Turczyn, 2006; Kamila, 2013  increasing amount of research has been carrieid cetent
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years in the development of magneto-rheologicadigluo 2009). Results of such analyses, expressed in tefms
be used as smart materials in a wide range of coolahe percentages of saturates, aromatics, resins and
fields, such as automotive industry (Sakai, 19880n asphaltenes, are givenTable 1.
and Sproston, 2000; Klingenberg, 2001; Huasgal., Since no previous experimental work was found in
2002), polishing industry (Kordonski and Golini, 989 literature on the topic of bitumen magneto-rheology
Kim et al., 2004; Singlet al., 2004), medicine (Ellis, 2011) choice of additives to consider in the study waseldaon
and information technology (Ligt al., 2005). the analysis of research experiences documenteatter
The introduction of bitumen-based magneto- types of field-sensitive smart materials (Fahgl., 2009;
rheological fluids in road pavementsmight open new Kanget al., 2011; Piet al., 2006; Hwanggt al., 2011). As
scenarios related to the construction of smart peve a result of this preliminary evaluation, the inigation
sections. The main application that seems to hhee t focused on the use of two additives characterized b
potentiality to be implemented at full scale cotssis completely different physical and chemical propeesti
the development of innovative monitoring systems. Powder Iron (PF) and Carbon Nanotubes (CNTs). While
Pavement layers constituted by bitumen-based smarthe former additive is absolutely innovative for
materials may work as sensors, in replacement ofbituminous applications, in the case of CNTs qaifew
traditional devices installed in the pavement (>¢éual., research studiesin recent yearshave evaluatedtheir
2012). Other possible applications are related h® t capability of improvingperformance properties of
opportunity of investigating damage mechanisms of bitumen (Xiaoet al., 2011; Amirkhaniaret al., 2011a;
bituminous binders and mixtures by integrating 2011b; Santagatat al., 2012; 2013; Motlaghet al.,
traditional measurement techniques with the apiidina  2012; Boyer and Barrera, 2013).
of magnetic fields in controlled conditions. Employed PF, characterized by a purity level of enor
In the research work presented in this study, thethan 95%, was entirely passing the ASTM 0.180 mm
development of bitumen-based smart materials wassieve. CNTs were high carbon purity (>90%) multiwal
explored by investigating the magneto-rheological cylinders produced by means of the Catalyzed Chamic
properties of several laboratory-prepared blendaiobd ~ Vapour Deposition (CCVD) technique, with an average
from two different base bitumens combined with aspect ratio of 157.9. Main physical charactersstitthe
commercially available multi-wall carbon nanotutzesi ~ two additives are summarizedTrable 2. _
powder iron. The experimental program included Bitumen-additive blends were prepared in the
oscillatory shear loading tests at various tempeest |aboratory by adding PF and CNTs to theo two neat
carried out by means of a dynamic shear rheometePiNders, which were previously heated at 160°Cetch

equipped with a magneto-rheological device. a sufficiently fluid state. An acceptable dispersa the
Given the preliminary nature of the study, the particles in the bituminous matrix was thereafter

experimental work was carried out with the specific obtgi.?fed b)t/ thorougthly mixitr:g the. brlﬁndfs.b bit
goal of identifying critical issues which should be ifferent percentages (by weight of base bitumen)

taken into account in materials preparation, testin WET€ adopted for the two additives due to theifedént
procedures and data analysis. dens_lty and_ specific surface, which 5|gr_1|f|cantlyeat
On the basis of the obtained results, propertiesofthe interaction phenomena that may arise between th

bitumen-based smart materials were analyzed anc{wO phases. Ir:)the case .OfPF’ chosen_dosage$wea¢
discussed. 0 20 and 40%. Following the experience of previous

investigations (Santagatet al., 2012; 2013), CNTSs,
characterized by a higher unit volume, were empldye
2.MATERIALSAND METHODS percentages equal to 1 and 3%.
With the purpose of avoiding spurious effects that
may occur during aging treatments, all blends were
Neat bitumensemployed in the investigation were two tested only in their original state.
commercially available products, marked as “A” and .
“B”, classifigd as PG58-22 and PG70-22, respedtivel 2.2. Magneto-Rheol ogicaltests
according to the SUPERPAVE performance grading Magneto-Rheological Tests (MRTs)  were
system (AASHTO, 2010). Composition of the binders performed by making use of a dynamic shear
was assessed by referring to the classical colloidarheometer (Physica MCR301) equipped with a
dispersion model (Nellensteyn, 1928) by means ef th magneto-rheological device (Physica MRD 70/1T)
combined use of Thin Layer Chromatography and Flameand connected to an external refrigeration system
lonization Detection (Lesueur, 2009; Santageitaal., (Lauda Re207) for temperature regulation.

2.1. BituminousBinders
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Table 1. Composition of neat bitumens Table 3. MRT steps
Bitumen A Bitumen B Step Current [A] Magnetic field [T]
Saturates (%) 55 4.6 1 0.0 0.0
Aromatics (%) 38.1 62.0 2 25 0.4
Resins (%) 42.0 13.1 3 5.0 0.8
Asphaltenes (%) 14.4 20.3 4 25 0.4
5 0.0 0.0
Table 2. Characteristics of the additives ]
PE CNTs Table 4. Testing program
Density [g/cr] 7.86 0.0427 MRTs TRs
Specific surface [fiig] 0.2 250-300 , o i i .
Electric conductivity [S/m] 9.96xfo  10' Binder code 34°C 65°C 34°C 65°C
Thermal conductivity [W/(mK)] 80.2 3000 A X X x X
B X X X X
Adoption of a magneto-rheological device allows the 2—%zﬁgm¥ i 9 : «
rheological properties of a material to be evaldatethe B 3%CNT < <

X
X

presence of a magnetic field (B). Passage of actrele A 20%PF
current (I) in the inductive coils inside the devic A 40%PF x x x x
chamber generates a magnetic field that is perpeladi ~ B_40%PF X x
to the coil surface and proportional to electricrent. ) . ) L
Actual values of the induced magnetic field  With the aim of studying the effect of magnetidde
aremonitored by employing a gaussmeter, the prébe oOn the viscoelastic properties of bitumenscontgnin
which is directly located beneath the measuringesys f|(?’ld-sen5|t|ve add_ltlves, storage and loss mofiBliand
Tests on binders were carried out by making use of G") were determined at reference values of angular
20 mm parallel plate sensor system (PP20), witiman1 frequency qnd _tempere}ture, by varying the electric
gap between the plates. Since magnetic fluids aan p current passing in the coils of the magnetic dewc_e
affected by normal field instability phenomena whiead Angular frequency was set at 10 rad/s, which was
to the formation of spikes in free surfaces perpnar to assumed to be representative of normal trafficituadn
the field direction (Rinaldiet al., 2005), an upper plate road pavements (Bahlet_al., 2001). Ianuence_of test
with a specially-designed groove on its outer petan ~ L€MPperature was taken into account by considetieg t
was employed for testing. Thus, the presence of fre WO values (34 and 65°C) corresponding to the
surface in the region with a strong magnetic fields ~ nstrumental limits of the employed equipment.

limited and during testing possible pulling out thie Storage and loss moduli were monitored by applying

specimen from the measurement gapwas prevented. 1% oscillatory sinusoidal strain, which was comgdiis
Since the presence of a groove at the periphetiyeof within the linear viscoelastic region of all blends

plates does not permit trimming operations, thedsad Electric current was applied in discrete stepsouineé

protocol (Peterseret al., 1994) usually adopted for maximum value which can be controlled by the device
sample preparation was modified. Mass of the binder(équal to 5 A) and back down to zero, thus subjecti

necessary to fill the volume between the plates wagi€St Specimens to magnetic loops. Each step was

calculated by relying on density measurements precedgd t.)y 5 min_conditioning to achievg a staipn
performed with the capillary-stoppered pyknometer Magnetic field within the specimen. Testing steps a
method (EN, 2009). Subsequently, the exact requiredsummarlzed infable 3, which shows vaIu_es .Of imposed
mass of the binder was poured into a latex cylaadri electric current and of generated magnetic field.

mould and, after cooling to ambient temperature th 23 Temperature Ramps

resulting specimen was sandwiched between thesplate . ]

of the measuring system which were previously heimte Temperature Ramps (TRs) were carried out in the
order to prevent adhesion ruptures at the bindmtst absence of any magnetic field by making use oktree
interfaces. Prior to starting each test, samplesewe dynamic shear rheometer employed for MRTs. As
conditioned at test temperature for 30 minutesvinica ~ €xplained in detail in the discussion section &f study,
drawbacks related to the occurrence of temperaturghis was done to assess the existence of undesired
gradients within their volume. overheating effects during MRTSs.

////A Science Publications 507 AJAS



Ezio Santagata et al. / American Journal of AppSeiences 11 (3): 505-519, 2014

TRs were performed in steps of 0.1°C, covering avariations of additive dosage were evaluated aiC34°
narrow range (of approximately 1°C) around target by considering blends prepared with base binder A.
temperatures chosen for MRTs. For each step, &fter The role played by base bitumen was highlighted by

minutes conditioning, oscillatory shear loads were means of tests at 65°C on blends with the higher
applied to specimens with the same angular frequenc additive dosage.

(10 rad/s) and strain (1%) adopted in MRTs. Each TR

was composed of an increasing and a decreasing. ramp 3. RESULTS

Storage and loss moduli obtained in the two ramese

averaged and thereafter considered for analysis. Results of MRTs and TRs, expressed in terms of
2.4. Testing Program storage and loss moduli (G’ and G”), are respelgtive

] ) ~ _giveninTable5-8 and Fig. 1 and 2.
The .testln.g program covered by th_e |nvestlgat!0n IS supplementary data were gathered from MRTs by
Eynéhesmed inTable 4. dBased or& thilrhcomposgor;, considering temperature and magnetic field intgnsit
inaers were as“so’fn_ate o a code of the general 10\ .05 measured by the two probes located withén th
X_D%T, where “X” identifies base bitumen (A or B), . .
testing apparatus. In both cases, differences from

“‘D%” refers to additive dosage (20, 40, 1 or 3, o .
depending upon the case) and “T” indicates addl target values were recorded. This is showii able 9,

(PF or CNT) which contains, for each measuring step, actual

The two neat binders were subjected to MRTs andvariation ranges AT and AB) derived from tests
TRs at both temperatures. Effects associated tgcarried outon all the binders.

Table 5. Average G’ values (in kPa) obtained from MRTs perfed 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 parfed 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 1194
A_40%PF 162.2 180.3 116.9 144.3 149.8

Table 7. Average G’ values (in kPa) obtained from MRTs perfed 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

///// Science Publications 508 AJAS



Ezio Santagata et al. / American Journal of AppSeiences 11 (3): 505-519, 2014

Table 8. Average G” values (in kPa) obtained from MRTs perfed 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
— G{A_1%CNT) ——— G"(A_1%CNT) = = = G(A_3%CNT)
- = =G"(A _3%CNT) = = GY{A_20%PF) - - = G"(A_20%PF)
sseseses GI(A_40%PF) weeneees G'(A_40%PF)
1000
T Mmoo i s s o T e
G e e i At
=
100 -
EJ ..................................
10
33.8 34.0 342 34.4 34.6 348
T*C)
Fig. 1. Average G’ and G” values obtained from TRs
= G"(A_3%CNT) =——=G"(A_3%CNT ===G'(B_3%CNT)
== =G"(B _3%CNT ====-G(A_40%PF) ====- G”(A_40%PF
sesveeees G'(B_40%PF)  eeeeeeee G”(B_40%PF
100
| a a x x » a aw w a
£ 10
g .....................................................................................................
'EJ ...................................................
EJ 1 AR AL L L L L L T Y T s, s SeessseRRNRRRRRRRRRRR RS Sessssnneseny
0
64.8 65.0 65.2 65.4 65.6 65.8
T (°C)
Fig. 2. Average G’ and G” values obtained from TRs perfatrasund 65°C
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4. DISCUSSION

4.1. Biasing Temperature Variations

G”c) were not constant as a function of the applied
magnetic field and were clearly lower than expected
target values (G, G™y).

By analyzing results of MRTs carried out on neat 4.2. Unrecor dedtemper ature Deviations

binders, it was observed that the storage andntmshuli
seemed to be affected by variations in magnetid fi¢
both test temperaturefif. 3-6) which refer to bitumen
B. An increase or a decrease in electric currenegeed
a reduction or a growth, respectively, of modulatues.
Moreover,

intensity but at different steps of each test (4t&tp
versus 5th and 2nd step versus 4th).

In view of the fact that MRT measurements were

performed in the linear viscoelastic region and tieat

bitumen should not be affected by the presence of

magnetic field, the occurrence of specimen overhgat

phenomena was hypothesized to explain such results.
Maximum deviations {[I|) from target test

temperature were derived from data reportetahle 9.

As shown inFig. 7, peak deviation (equal to 0.75°C) was

recorded during step 3, which is associated to the
by G'ec =G +AG,

highestimposed electric  current.  Moreover,
comparing steps with the same electric currefistép
versus & and 2%tep versus') it was found that, as a
consequence of thermal inertia, undesired heaffiegts
were more significant in the second part of the MRT
(with decreasing values of imposed magnetic field).

non-negligible differences were recorded
between data obtained for the same electric curren

Unexpected results shown iRig. 8-11 can be
explained by considering the position of the terapae
probe in the test equipment. The small distancéhef
probe from the specimen and its proximity to the
refrigeration system may in fact justify the existe of

{Jnrecorded deviations from target temperature.

By neglecting thermal effects caused by the presenc
of additives, the above mentioned unrecorded
temperature deviation was assumed to be constace Si
the same protocol was adopted for all tests. Thus,
temperature variations which in neat bitumens would

3ead to the equality between corrected and target

modulus values were calculated. These temperature
variations were then employed for the evaluation of
corresponding modulus changeS3(ar y, AG”at u) Of

all blends. Consequently, storage and loss mo@ili(
G”cc) were expressed as indicated in Equation 3 and 4:

®3)
(4)

Examples of corrected moduli obtained with such a
procedureare shown ifrig. 12-15, where they are

Gl c =G "c+AG"; g

With the purpose of excluding these overheating compared with raw data (G G”w) and with those

effects from analysis, thus obtaining adjusted eslof
storage and loss moduli (&§'G"c), a simple correction
was made with the aid of data collected from
temperature rampsFi{g. 1 and 2). Hence, measured
values of storage and loss moduli (G'G”"y) were
corrected to take into account changes in modudiises
(AG'AT r AG"A7 R) caused Dby the variations in
temperature recorded throughout the steps of easth t
(Equation 1 and 2):

G'c=Gy+AG, ¢ 1)

G =G"y+AG"y ¢ (2)

Figure 8-11 provide examples of results obtained for

calculated consideringoverheatingeffects{(@&"¢).

It can be observed that differences between results
obtained at different steps but at the same current
intensity were substantially reduced for all coesatl
blends. This observation suggests that data cedect
according to Equation 3 and 4 are indeed charaetéri
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
true effects of different additives and dosagestlum
magneto-rheological behavior of bitumens.

It was observed that at 34°C the employed lower
additive dosages (1% CNTs and 20% PF) did not tead

binder Aby means of the above described correction.any appreciable variation of rheological properiiethe

Similar results were recorded for binder B.

presence of magnetic fields, thus highlighting the

It can be noticed that the effect of temperature magnetic shielding action provided by bituméig( 12-

variations recorded by the equipment was not gafiic
to explain the evolution of rheological propertiesind
during testing. In fact, corrected modulus valu€sc(
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15). When considering blends prepared with the higher
dosages (3% CNTs and 40% PF),different conclusions
were drawn for the two adopted additives.
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Table 9. Temperature (T) and magnetic field intensity (B)gesirecorded during MRTs

MRTs at 34°C MRTs at 65°C
Step AT [°C] AB [T] AT [°C] AB [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 -
300 T =34°C
200
= 1st ste;
% | P N 2nd step 3rd
o 100 E — ¢ step
Sth step o <
4th step
0
0 1 3 4 5

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

300 pgtst T =34°C
StSiep 2ndstep J

3rd
~ 200 step
& T
= 4thstep
@
100
0
0 1 2 3 4 5
I(A)

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

1
T =65°C
0.8
= 0,6
[a W)
= 1stste]
04 SHSEp 2ndstep 3rd
:: > N
0.2 |5thstep N —— <
4thstep
0
0 1 3 4 5

[(A)

Fig. 5. Storage modulus versus imposed electric curreriirndd for neat bitumens (binder B, 65°C)
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4 — o
ststep T=065°C
2ndstep
3 3rd
step
= -
&2 4th step
o
1
0
0 1 2 3 4 5
I(A)

Fig. 6. Loss modulus versus imposed electric current nbthfor neat bitumens (binder B, 65°C)

0.8
0.6
o)
o
~ 04
=~
[z}
0.2
o U 1 | |
1 2 3 4 5
Step [-]
Fig. 7. Maximum deviations from target test temperatures
O~ Gy -o- G'¢ -~ G';
100
o T=34°C
= -
gy
<=,
@)

1(A)

Fig. 8. Effect of overheating temperature correction orof\eat bitumens (binder A, 34°C)
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o=~ G - G'¢ —— G

T =34°C

I1(A)

Fig. 9. Effect of overheating temperature correction oroGiieat bitumens (binder A, 34°C)
O~ Gy -0 G - (G';

0.2 T'=85°C

1(A)

Fig. 10. Effect of overheating temperature correction orofieat bitumens (binder A, 65°C)

*' r\ 0 GHM + GFIC + G”T
T-=65°(
2
& % — < 5 ®
s
©
0.5
0
0 1 2 3 4 5

1(A)

Fig. 11. Effect of overheating temperature correction onfGiat bitumens (binder A,65°C)
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o- @ - @ - G
200 M C cc
T=34°C
;’—ﬁ\ 150
=
EJ 100
50 °
0
0 1 2 3 -4 5
I(A)

Fig. 12. Corrected G’ of bitumen-additive blends (base hiel% CNTs, 34°C)

0 GH _O_ GIF + (}N
200 M c cc
T =34°C
~ 150 ——— . ]
-~ 100
48] O
50
0
0 1 2 3 4 5
I(A)

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

o= 3 -o— -
200 M & ¢e

T=34°C

& (kPa)
=
=

i
L=]
De

0 1 2 3 4 5
[(A)

Fig. 14. Corrected G’ of bitumen-additive blends (base bir&le20% PF, 34°C)
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- o~ G, - @, - G
) T =34°C
- 150
i g:_ —— 4
% O\ék
= 100
F D
< s
S0
0
0 1 2 3 4 5
I(A)

Fig. 15. Corrected G” of bitumen-additive blends (base bir&le20% PF, 34°C)

- O-G'(A_3%CNT) —-G"(A_3%CNT)
;5‘ 400 T =34°C
= —-
= 300 ® ®
o) O 8 o)
5 200
100
0
0 1 p 3 1 5
I(A)

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

o O-G'(A_3%CNT) —8-G"(A_3%CNT)
T=65°C
80
o
Z 60
B 10 8
- .
S b,
0
0 I 2 3 4 5
I(A)

Fig. 17. Field sensitivity of bitumen-additive blends (bdseder A, 3% CNTs, 65°C)
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O-G'(A_40%PF) —-G"(A_40°PF)
250
200 T =34°C
g p———" -
= 150
5
. 100 & %
A
50 9
0
0 1 2 4 5
I(A)

Fig. 18. Field sensitivity of bitumen-additive blends (bé&seder A, 40% PF, 34°C)

s O~(H(A_40%FF) —8—Gi"(A_40%PF)
.
‘T =865°C
Z 10 o
r - - .
© f
00
0 1 2 3 4 5
1(A)

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

In the case of CNTs, even with the higher dosagemagneto-rheological device. Finally, part of the
their addition to bitumen did not lead to any sfipaint ineffectiveness of the CNTs can be attributed teirth
change in viscoelastic properties in the presente overy high level of carbon purity (greater than 90%btce
magnetic fields Kig. 16 and 17). Such an observation, recent studies carried out by Fasgal. (2009) have
which is in contrast with the results of severaldis in suggested that the magnetic properties of CNTs are
which the magnetic characteristics of CNTs haveqmdo mainly due to the residual iron catalyst resulfirggm the
be relevant (Fang al., 2009; 2012; L&t al., 2007), can be  synthesis process, dramatically reduced afteripatibn
explained by referring to the peculiar structure aature of  performed on commercially available products.
the bitumen-CNT blends. When 40% PF was added to base bitumens,

Particle reorientation may have been preventedby t rheological parameters seemed to be significarfiiycted
extremely high flocculation forces which can be by magnetic fields as proven by the substantial utusd
minimized only with a very stable dispersion of the increaseKig. 18 and 19). This is in good agreement with
additive within the bituminous matrix (Song and Yipu findings of other research projects (Faetgal., 2009;
2005; lvanowet al., 2011; Fangt al., 2012). Moreover, ~Kuzhiretal., 2011; Guet al., 2012).
in the presence of a highly viscous matrix, field- By comparing results obtained at 34 and 65°C
responsive phenomena may require very high magneti€Fig. 18 and 19), it can be observed that by means of
fields (Hwanget al., 2011) which, however, are not 40% PF addition superior magnetic properties were
compatible with the characteristics of the employed obtained at the higher test temperature.
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Table 10. Relative increments of storage and loss moduli for 5. CONCLUSION
blends containing 40% PF tested at 65°C
Binder A (%) Binder B (%) In the research presented in this study, the magnet
AG'55n 39.2 67.2 rheological properties of several laboratory-pregar
AG” 258 2.0 5.6 blends obtained from two different base bitumens
AG’sa 51.8 88.2 combined with powder iron and multi-wall carbon
AG” 5 25 6.1

nanotubes were evaluated.

Obtained results indicated that external magnetic
fields can affect the storage and loss componehts o
formation of robust chain-like structures aligneithvthe cemplex modulus to an extent which depends upoa bas
direction of magnetic fields bitumen and on additive type and dosage. However,

For these field-responsive blends, changes in the2nalysis of experimental data highlighted the mreseof
viscoelastic response were quantitatively assedsed biasing effects related to overheating phenomerdé an
introducing relative increments in storage and lossinstrument limitations (inaccuracy in temperatuned a
moduli (AG'ya, AG",s) calculated as indicated in magnetic field control).

This is probably the consequence of the lower &igo
of the carrier bituminous mediumwhich allows the

Equation 5 and 6: A simple procedure was developed to take into
account the abovementioned temperature-related

AG', =G /G, (5) effects. Consequent results suggested the occuwrenc
in the case of blends containing the higher doszEge

AG", =G", /G", (6) powder iron, of a structured chain-like arrangement

within test specimens when subjected to an external

where, G, and G). are the complex modulus magnetic field. Rather unexpectedly, such a
components at the generic x value of current (2&r &  Phenomenon was observed to be more pronounced
A) and Gpa and G are the components evaluated in when employing a stlffer base b|tumen. This indésat
the absence of any magnetic field. that magneto-rheologl_cal properties are stron_gly
Average values of relative incrementaG'ya dependent upon physical and _c_hem|cal interactions
and\G”,calculated at the highest test temperature arehich take place between additives and bituminous
given inTable 10, in which they are listed as a function Matrix. Results obtained on other blends also redea
of electric current intensity and base bitumen. the crucial role played by magnetic field intensity
For both values of imposed electric current, re@ti which was not sufficiently high to overcome the
increments of storage and loss moduli were foundeto  shielding actionof bitumen.
significantly higher in the case of blends prepanéth It can be concluded that future investigations loa t
base bitumen B (PG70-22), which was stiffer andenor magneto-rheological properties of bitumen-basedérin
viscous than neat binder A (PG58-22). Thus, it ban  cerainly require the fine-tuning of test procedureth

postulated that the sensitivity of the PF additiee improvements in temperature regulation and magnetic

external magnetic fields is affected not only by th _ ) . .
physical properties of the continuous bituminousrixa field generation. Experimental data presented iis th

but also by its compositioriT@ble 1), which certainly ~ Study also suggest that future development of pavem

has a direct effect on PF-bitumen interactions. magnetic sensing techniques should consider the
In agreement with other studies performed in the combined effects of temperature and field intensity

small strain domain (Fang al., 2009; 2012), in the case

of bituminous blends prepared with 40% PF, magnetic 6. ACKNOWLEDGEMENT
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