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ABSTRACT
Moisture sorption can significantly influence hydrothermal ageing and
alter the chemical and rheological properties of bituminous mastics. Min-
eral filler particles are added to bituminous binders to form mastics with
increased stiffness. The additionof fillers can considerably change themois-
ture sorption and the physico-chemical properties of binders by surface
interactions and physical presence. This study aims to investigate the effect
of filler type on the moisture-induced changes of bituminous mastics after
wetting-drying cycles by means of sorption, rheological and infrared spec-
trometry tests. The results show that mineral fillers with higher diffusivity
increase the overall capacity of mastics to absorbmoisture, but at the same
time allow for moisture desorption during drying. Nevertheless, it has been
found that it is not thediffusivity properties but rather thebitumenand filler
interactions that control the hydrothermal ageing of the mastics.
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Introduction

The presence of moisture can affect the mechanical performance of asphalt mixtures and decrease
the overall loading capacity of pavement structures, having thus a critical effect on their durability and
long-term performance (Airey & Choi, 2002; Apeagyei et al., 2014). This, in turn, results to higher costs
for maintenance, repair and rehabilitation of road infrastructure systems (Varveri, Zhu et al., 2015).

Bitumen is used ubiquitously in paving materials and insulation industry because of its excellent
adhesive properties, viscoelastic nature (flexibility), and hydrophobicity. Although bitumen is in its
nature a waterproofing material, studies have demonstrated that it can uptake and retain moisture
under normal atmospheric conditions (Cheng et al., 2003; Nguyen et al., 1992; Pettersson & Elert, 2001;
Vasconcelos, 2010; Wei & Youtcheff, 2008). Moreover, the moisture sorption properties of bituminous
binders can be significantly altered by the addition of mineral fillers, such as limestone, granite, or
hydrated lime. Actually, fillers are intentionally added to bitumen in order to increase the stiffness
and improve the fatigue life against permanent deformation of asphalt mixtures (Kassem et al., 2011).
The presence of filler particles can alter the bitumen’smicrostructure, density, viscosity, and diffusivity
characteristics. Mineral fillers have higher diffusion coefficients, compared to those of bitumen (Aram-
bula et al., 2010; Cui et al., 2014; Kringos, 2007; Vasconcelos et al., 2010), and are expected to increase
themoisture transport rates in bituminousmastics. The overallmoisture sorption properties of bitumi-
nousmasticswill, ultimately, dependon the filler type andcontentwith increasing filler concentrations
resulting in an increase in the moisture uptake rates (Kringos, 2007; Varveri, 2017).
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Earlier studies have been performed to investigate the effects of moisture on bituminousmaterials
at various length scales. In asphalt mixtures, moisture was associated with reduced strength, stiff-
ness and short fatigue life (Birgisson et al., 2005; Cheng et al., 2003; Collop et al., 2007; Lu & Harvey,
2006; Poulikakos & Partl, 2009; Varveri et al., 2016). The key factors that control moisture sensitivity
are the air voids distribution and connectivity, the binder film thickness, aggregate type and min-
eral filler type (Arambula et al., 2007; Cheng et al., 2003; Kassem et al., 2011; Poulikakos & Partl, 2009;
Varveri, Avgerinopoulos et al., 2015; Varveri et al., 2016). At mastic scale, the presence of moisture is
also reported to result to strength degradation, fracture energy reduction and increased brittleness
(Apeagyei et al., 2014; Kringos et al., 2011; Varveri & Scarpas, 2018). Nevertheless, bituminous mastics
producedwith fillers that havehigher surface area and finer gradationwere reported tohave improved
moisture sensitivity (Airey et al., 2008; Chaturabong & Bahia, 2018; Ekblad et al., 2015).

In most studies, the effect of mineral fillers on moisture sensitivity was investigated through
mechanical tests by relating strength degradation with moisture conditioning time. This study aims
to evaluate the effect of filler properties on the changes in chemistry and rheology of bituminous
mastics due to hydrothermal ageing. A clear distinction between hydrothermal and oxidative age-
ing should bemade. Hydrothermal ageing is related to the physical and chemical changes induced by
water uptake in a bulk bituminous binder (or mastic). Ageing by water sorption in bituminous mate-
rials may then induce various effects: decrease in cohesive strength, plasticisation of the binders (or
mastics) (Apeagyei et al., 2014), damage of bitumen/aggregate interface with debonding phenom-
ena. On the other hand, oxidative ageing is caused by the interaction between the bitumen reactive
components and the oxygen in air, which results in bitumen embrittlement (Makowska et al., 2017)

In this paper, the objective is to evaluate the rheological and chemical properties of bituminous
mastics prepared with different filler types after hydrothermal ageing that involves wetting-drying
cycles. Because the viscoelastic properties ofmastics are controlled by the physico-chemical bitumen-
filler interactions, an understanding of these interactions under moist conditions should provide the
basis for understanding the durability of bituminous mastics and mixtures.

Materials andmethods

Figure 1 illustrates the experimental methodology followed in this study. Details on the tested
materials and the testing conditions can be found below.

Materials

Mineral fillers properties
The mineralogical compositions of mineral fillers are considered to have a profound influence on the
evolutionofdamagedue tohydrothermal ageing inbituminousmixtures (Kringos, 2007; Varveri, 2017)
. In this study, four different fillers were employed including both commercial and non-commercial
filler products.Wigro 60 K (WG60 K) is a commercial filler supplied by Sibelco and consists of 75%wt. of
limestone (calcium carbonate: CaCO3, category CC60), and 25%wt. of hydrated lime (calcium hydrox-
ide Ca(OH)2). This filler type is widely used in the Netherlands for the production of porous asphalt
mixtures, due to the improvedmoisture sensitivity of asphalt mixtures. The secondmaterial used was
a commercial quartz filler (QZ), the Silverbond M6 filler supplied by Sibelco, which is considered as a
filler type of ‘inert’ nature; hence, it is anticipated that there will be no chemical interactions between
the filler particles and the bitumenduring hydrothermal ageing.Moreover, a Scottish granite filler (GR)
to represent the acidic aggregates and a Norwegian sandstone (bestone) filler (BE) were adopted. The
fillers were characterised in a previous study (Mastoras et al., n.d.) and their physical properties are
summarised in Table 1.

The WG 60 K has the finest gradation (maximum particle size is 63 μm) followed by GR and BE,
which have similar gradation, whereas QZ is the coarser filler (with a maximum particle size of 125
μm). From Table 1, it can also be seen that WG 60 K has the highest voids in the dry compacted fillers,
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Figure 1. Experimental methodology.

Table 1. Physical properties of mineral fillers.

Filler

Property Method Units Wigro60K [WG 60 K] Quartz [QZ] Granite [GR] Bestone [BE]

Density NEN-EN 1097–7 g/cm3 2.54 2.64 2.64 2.70
Fineness modulus – – 2.32 4.67 3.44 3.55
Rigden voids NEN-EN 1097–4 % 47.20 33.07 31.93 35.97
Specific surface area Braunauer-Emmett-Teller

(BET) method
m2/g 8.51 0.80 3.03 2.01

Methylene blue NEN-EN 933–9 g/kg 4.40 0.00 2.40 3.40
Particle size BS ISO13320-1:1999 μm 1.0–63.0 1.0–125.0 1.0–90.0 1.0–90.0

or Rigden voids (RV) amongst all fillers, with BE, QZ, and GR fillers following in descending order of the
RV values. The obtained RV values and their relation to the filler particles’ size, distribution and surface
texture are discussed elsewhere (Mastoras et al., n.d.). The specific surface area (SSA) of the fillers was
determined using the Gemini VII 2390p surface area analyzer and the Braunauer–Emmett–Teller (BET)
method. The WG 60 K filler has the largest SSA (8.51 m2/g). The remainder fillers have quite smaller
values of SSA, with the QZ filler exhibiting the smallest SSA that wasmeasured equal to 0.80m2/g. The
MethyleneBlue testwas also performed todetermineharmful fines, such as clay andorganicmaterials,
in the mineral fillers. The presence of clay, such as montmorillonite, has been associated with water
sensitivity of asphalt mixtures (Kandhal et al., 1998) due to the swelling properties of clays (Karpiński
& Szkodo, 2015). WG 60 K shows the highest Methylene Blue value, which indicates the presence of
clay and is followed by the BE and the GR fillers. The QZ filler does not have any harmful fines. Table 2
presents the mineralogy of the studied fillers determined using X-Ray diffraction analysis. The results
show that all mineral fillers, apart fromQZ, contain clay, namelymica and illite, as also indicated by the
Methylene Blue test results.

Themainminerals present inWG 60 K are calcite and dolomite that confirms the high calcium con-
centration, as shown in Table 3, where the elemental composition of the fillers is presented. On the
other hand, QZ demonstrates a negligible calcium concentration, whereas the main element in this
filler is the SiO2. Based on their SiO2 content (or based on their CaO content) the mineral fillers can
be classified as acidic or basic (Nageswaran, 2016). The order of the studied fillers going from basic to
acidic is: WG 60 K, BE, GR and QZ.
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Table 2. Mineralogy of mineral fillers.

Concentration (%)

Mineral WG 60K QZ GR BE

Quartz 2.50 100.00 30.70 40.00
Plagioclase – – 40.20 17.80
K-Feldspar 2.50 – 21.00 7.20
Mica+ Illite 7.00 – 2.10 15.80
Calcite 41.70 – 1.20 12.40
Chlorite – – 2.70 6.80
Pyroxene – – 2.10 –
Dolomite 17.30 – – –
Hematite 0.50 – – –
Portlandite 28.50 – – –

Table 3. Elemental composition of mineral fillers.

Concentration (%)

Oxide Chemical formula WG 60K QZ GR BE

Iron Fe2O3 1.193 0.034 1.958 3.711
Aluminium Al2O3 2.933 0.150 14.485 11.533
Titanium TiO2 0.133 0.046 0.310 0.563
Potassium K2O 1.118 0.040 3.633 2.917
Calcium CaO 49.510 0.026 2.015 8.657
Magnesium MgO 3.950 0.008 0.720 2.266
Sodium Na2O 0.134 0.011 4.297 1.916
Silicon SiO2 9.960 99.571 70.719 60.716
Chromium Cr2O3 – 0.001 0.012 0.016
Barium BaO 0.009 0.004 0.127 0.087
Zirconium ZrO2 0.003 0.007 0.021 0.035
Strontium SrO 0.044 – 0.046 0.049
LOI (%) 31.67 0.10 1.34 7.24

Bitumen andmastics: sample preparation
Themineral fillers were blended with a neat 40/60 penetration grade bitumen to produce the bitumi-
nousmastics. The bitumenwas characterised bymeans of Penetration and Ring & Ball tests, according
to the standards EN 1426 (2015a) and EN 1427 (2015b), respectively. The bitumen had a penetration
value equal to 50.3 dmm, a softening temperature of 48.4°C and 1.03 g/cm3 density.

The bituminousmastics were prepared with a filler-to-bitumen (f/b) ratio equal to 1 by weight. The
sample preparation was performed according to the protocol developed by Mo (2010). The bitumen
was scooped from its original storage can using a pre-heated knife at 150°C, so as to avoid multiple
reheating cycles and avoid further ageing of thematerial. Both bitumen and filler were separately pre-
heated in a forced air convection oven at 130°C for 1 h. The heating temperature and duration were
selected following the standard EN 12594 (2014) with a final aim to guarantee a sufficient workabil-
ity of bitumen and the removal of moisture from the mineral fillers. After heating up the materials,
the filler was transferred into the bitumen can and the blend was manually stirred with a pre-heated
spoon for 5 min. The blending phase was performed on a heating plate at 130°C to maintain a good
workability of thebituminousmastic. To ensure that the filler particles fully interactwithbitumen, both
physically and chemically, the mastic samples were placed in the oven for 30 min. Because the filler
particles tend to settle at the bottom of the can, the mastic samples were stirred again to ensure a
good homogenisation before sampling. The bituminousmastics were poured intomoulds to produce
samples in a circular shape. Then, the filled moulds have been placed in the oven at 130°C for 10 min.
This step is crucial to reduce or remove the air bubbles incorporated during the stirring phase. Finally,
the samples were let to cool down at room temperature for 4 h and then to freeze at around −25°C
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Figure 2. Operation principle of the Dynamic Vapour Sorption (DVS) device. (The image is reproduced with the permission of
Surface Energy Measurement Systems, London, UK).

for 1.5 h. The same procedure was adopted for the preparation of the neat bitumen samples, without
the addition of the mineral filler, to ensure a consistent thermal history for both mastics and bitumen.

Testmethods

Hydrothermal ageing
The hydrothermal ageing protocol involved repeated wetting and drying cycles at a constant
temperature. Specifically, the wetting phase of the mastics samples was performed by immersion of
the samples in a water bath at a constant temperature of 30°C for 7 days; during the drying phase
the samples were stored at ambient temperature and relative humidity (ca. 25°C and 60% RH) for 7
days after being removed from the water bath. The wetting-drying cycle was repeated three times,
resulting in a total hydrothermal ageing time of 42 days. To avoid deformation, the samples were kept
separately into aluminium containers, therefore water could diffuse only through the top surface of
the samples. The chemical and rheological changes of the mastics were evaluated after each wetting
and drying phase.

Theprotocol aimed to simulate local climate conditions. In theNetherlands, the yearlymean surface
pavement temperature is 10°C, whereas the highest surface temperature in summer is about 30°C
(Giezen et al., 2015). Moreover, rainfall is common throughout the year, which means there is no dry
season per se but shorter wet and dry periods.

Moisture sorption tests
Hydrothermal ageing is strongly related to the moisture sorption properties of the mastics, namely
the rate and amount of water absorbed into the bituminousmatrix and the inorganicmineral fillers. In
this study, one neat bitumenwas blendedwith the filler phases using the same f/b ratio for all mastics.
Hence, it is anticipated that themoisture sorption behaviour of themastics will be primarily controlled
by the sorptionproperties of the filler phase and its physico-chemical interactionswith the bituminous
matrix.

Moisture sorption experiments were performed by means of an automated gravimetric Dynamic
Vapour Sorption (DVS) analyser. The operation principle of DVS is illustrated in Figure 2. The uptake of
water vapour was determined gravimetrically using a high precision balancewith amass resolution of
±0.1 μg. The relative humidity around the sample was controlled by mixing saturated and dry carrier
gas streams using mass flow controllers. Prior to being exposed to water vapour, the filler samples
were subjected to a drying stage (at 0% relative humidity) for a total of 4 h at 30°C to remove any
moisture present. Next, the samples were exposed to a relative humidity (RH) of 95% at 30°C (±0.1°C)
for 24 h (until they have reached moisture equilibrium) and the moisture uptake was measured.

Figure 3 shows typical gravimetric data for the samplemoisture uptake at 95%RHand30°C. Initially,
during the drying phase, there is a decrease in mass with time due to the desorption of moisture from
the sample. As indicated by the equilibriummass reached by t = 200min in Figure 3, the 240-minutes
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Figure 3. Kinetics of water sorption on the WG 60 K filler sample.

drying period was sufficient to completely dry the sample before exposing it to water vapour. As soon
asmoisture is introduced, a large increase in samplemass due to surface water adsorption is recorded
and ends after 315 min, at which surface adsorption reaches an equilibrium state. After this initial sur-
face adsorption, absorption into the bulk material phase occurs where the mass (Mt) increases in a
slower rate compared to surface adsorption. After long-time exposure to the moisture vapour, bulk
diffusion essentially ends and the sample is considered to have reached an equilibriummass (Minf).

The point (time, mass) at which the drying and the surface adsorption phases end (which is indi-
cated by a change in the slope of the mass curve as shown in Figure 3) is initialised (set to t = 0 and
m = 0) and assigned to be the starting point of moisture vapour diffusion (absorption) into the bulk.

Themoisture absorption part of the sorption curve is used to calculate the diffusion coefficient (D).
The moisture absorption data are fitted to the Fick’s second law of diffusion, which can be used to
describe non-steady mass transfer according to Equation (1).

∂C

∂t
= D

∂2C

∂x2
(1)

Assuming a spherical geometry of the filler particles and a constant diffusivity, and considering a con-
stant continuous source ofmoisture concentration, the following equation can be derived in spherical
coordinates:

∂C

∂r
= 1

r2
∂

∂r

(
Dr2

∂C

∂r

)
(2)

Solving the differential equation using the additional boundary condition of dC/dr = 0 at a radius of
r = 0 (Crank, 1975), Equation (3), in which rp is the filler particle radius, can be used to calculate the
diffusion coefficient (D) of the mineral filler samples

Mt

Minf
= 1 − 6

π2

∞∑
n=1

1
n2

exp

(
−n2π2Dt

r2p

)
(3)

Dynamic shear rheometer testing
The effects of hydrothermal ageing on the rheological properties of the neat bitumen were evaluated
by means of oscillatory tests.

The rheological behaviour of the mastics was investigated using an Anton Paar EC-Twist 502
rheometer, which is shown in Figure 4. At first, amplitude sweep tests were performed to determine
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Figure 4. Dynamic shear rheometer.

the linear viscoelastic (LVE) limits, within which the complex shear modulus is relatively independent
of the applied stress or strain. Consequently, the defined strains were used as the input testing param-
eters for the frequency sweep (FS) tests. The FS testswere performed in a stress-controlledmode using
a parallel plate configuration, by applying an oscillatory sinusoidal load with variable testing frequen-
cies from 0.2 to 20Hz at six temperatures, namely −10, 0, 10, 20, 30 and 40°C. For the neat bitumen,
an 8mm plate (PP8) was used at test temperatures up to 20°C and a 25mm plate (PP25) was used at
higher temperatures. Due to the greater stiffness of mastics, the materials were tested with the PP8
configuration independent of the testing temperature.

The CAMmodel was used to describe themaster curves for the complex shear modulus and phase
angle using Equations (1) and (2). The change in the parameters of CAMmodel can be used to evaluate
the influence of wetting-drying cycles on the rheological index IR of bitumen and mastics.

G∗(f ) = G∗
g[1 + (fp/f )

β ]α/β (4)

δ(f ) = 90α

1 + (f/fp)
β

(5)

R = log2
β

(6)

where G∗
g is the glassy modulus, fp is the position frequency at the cross point, α and β are the fitting

parameters. All othermodel parameters can be obtained byminimising themean relative error (MRE),
as defined in Equation (4).

MRE =
∑ |G∗

CAM−G∗
t |

G∗
t +

∑ |δCAM−δt |
δt (7)

where G∗
CAM is the calculated value and G∗

t is the test value of the complex shear modulus, δCAM is the
calculated value and δt is the test value of the phase angle.

Fourier transform infrared spectroscopy
Infrared spectroscopyprovides informationabout the chemical functional groupsofbituminousmate-
rials by means of the absorbed infrared radiation at a certain wavenumber range (Hofko et al., 2017).
The Perkin Elmer Spectrum 100 FTIR spectrometer shown in Figure 5 was used in Attenuated Total
Reflectance (ATR)mode, using adiamondcrystal that is used to analyse a vastmajority of sample types,
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Figure 5. (a) FTIR spectrometer and (b) mastic sample on the crystal area of the FTIR-ATR top-plate.

i.e. liquids, powders or hard minerals. The FTIR spectra were collected at wavenumbers between 600
and 4000 cm−1. Before testing, a background check was carried out automatically to define a relative
scale for the absorption intensity. Ten replicates were tested for each analysed material in order to
have a more reliable result. The samples underwent 20 scans with a scanning resolution of 4 cm−1

and the average value provide the final interferogram, which was then normalised on the basis of
the asymmetric stretching vibration of the aliphatic structures at wavenumber equal to 2923 cm−1.
For normalisation, the absorbance value of this band was set to 1 and the complete spectrum was
multiplied by a ratio factor.

The ageing indices and that one related to the presence ofwater (OHgroups)were calculated using
the integration of the area above the absolute baseline under specific wavenumber bandwidths over
maximum peak-based methods (Hofko et al., 2017). The following equations were employed for the
calculation of the carbonyl, sulfoxide and hydroxyl indices:

Carbonyl =
1746
∫

1666
anorm(x)dx (8)

Sulfoxide =
1066
∫
924

anorm(x)dx (9)

Hydroxyl =
3800
∫

3000
anorm(x)dx (10)

where anorm(x)is the normalised absorbance value at wavenumber x.

Results and discussion

The effects of hydrothermal ageing onmastics, prepared by blending a neat bitumen with four differ-
ent filler types to a constant f /b ratio, were evaluated from a rheological and chemical viewpoint. Also,
the results of the sorption tests for the mineral fillers are reported.
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Figure 6. Normalised moisture content with time.

Moisture sorption behaviour of fillers

The normalised moisture content mwas calculated using Equation (11), wherewt is the weight of the
sample at each time t andwo is the initial weight of the sample (actually theweight of the sample after
the drying phase).

m [%] = wt − wo

wo
∗100% (11)

The moisture content profiles are plotted against time in Figure 6 and reveal the differences in the
rate and amount of moisture sorption for the studied mineral fillers. The initial slope of the sorption
curves denotes the surface adsorption rate, whereas the slope of the second part of the curve denotes
the bulk absorption rate.

It can be observed that the surface adsorption rate of fillers is higher for the WG 60 K filler, with
the GR, BE and QZ fillers following in descending order. The observed adsorption behaviour can be
explainedby considering the specific surface area (SSA) values of the fillers. It can be hypothesised that
a larger surface area essentially implies a higher number of adsorption sites on the surface of the filler
particles for thewater groups tobind. As shown in Table 2,WG60 Khas thehighest SSAand thehighest
surface adsorption rate.On the contrary,QZhas the smallest SSAand shows the lowest absorption rate.
For bulk absorption, WG 60 K shows the highest rate and amount of moisture absorption; the other
three fillers exhibit similar absorption rates and moisture content. The rate and amount of moisture
in the bulk of the fillers can be related to the Rigden voids (RV), which denotes higher porosity in
the bulk filler material (as a percentage of the total volume of the filler) and could possibly lead to the
absorption of highermoisture amounts. Indeed, the RV of theWG60 K filler is equal to 47.20%,which is
significantly higher than those of theQZ, GR, and BE fillers that have similar RV values (33.07%, 31.93%,
and 35.97%, respectively). On the other hand, the high moisture content of WG 60 K might be due to
the mineralogy of its particles, namely, the presence of calcite.

Plots of Mt/Minf versus the square root of time for all filler types were produced for the bulk
absorption part of the curve and then used to back-calculate the diffusion coefficients (Table 4) using
Equation (3). The determination of the diffusion coefficient requires a narrow particle size range to



ROADMATERIALS AND PAVEMENT DESIGN S11

Table 4. Average particle radius and moisture diffusion coefficients of mineral fillers.

Average particle radius rp Diffusion coefficient of moisture D

Filler type μm mm2/s

WG 60K 2.05 6.72× 10−5

QZ 12.69 1.6× 10−12

GR 5.14 8.8× 10−10

BE 5.90 3.48× 10−10

ensure accurate and relevant results. Laser diffraction particle size analysis was performed for each
filler type and the average particle radius (Table 4) was determined for each filler type based on its
particle size distribution.

The values of the diffusion coefficients of the QZ, GR and BE fillers are found to be significantly
lower in comparison to the value of WG 60 K. As discussed earlier, this difference can be explained
by considering the physical fillers properties (SSA and RV) and the possible chemical interactions due
to the mineralogical filler composition. The calculated diffusion coefficients for GR and BE are slightly
lower than those of mineral aggregates reported in literature that range from 10−5–10−9 mm2/s (Cui
et al., 2014; Kringos, 2007). This canbeexplainedby thedifferences in the testingmethods, the selected
diffusion species and the testing conditions (such as temperature, humidity level) amongst the various
studies. Moreover, the GR and BE fillers had awide range of particle sizes and a coarse gradationwhich
can lead to less accurate values when using the analytical solution in Equation (3).

Rheological properties

Themaster curves of the bituminousmastics at dry state and after hydrothermal ageing are presented
in Figure 7. As a reference, the master curve of the neat bitumen is also added in the figure; the bitu-
men underwent the same thermal history as the bituminous mastics. In addition, Table 5 shows the
CAM parameters for bitumen andmastics at different hydrothermal conditions. Major differences can
be found between the complex modulus master curves of bitumen and mastics both at dry and con-
ditioned states. In fact, it is known that filler causes an increase in the stiffness of the resulting mastics
(Diab & Enieb, 2018), which is confirmed by the Gg values of bitumen and mastics in Table 5. Despite
this general trend, greater differences canbeobservedathigh frequencies and/or low temperatures. In
this condition, bitumen exhibits a complex shearmodulus of 108 Pamagnitude, while all othermastics
tend asymptotically to the glassy state with a magnitude of 109 Pa.

It is evident that the type of mineral filler type influences the values of shear complex modulus,
Figure 7(b). The use ofWG60 K filler leads tomasticswith the highest stiffness, followedby theGR filler.
On the other hand, the complex modulus of the QZ and BE mastics is similar to that of neat bitumen.
Similar trends are observed for the phase angle master curves. The stiffness effect can be correlated
with the physical properties of fillers (Aburkaba & Muniandy, 2016; EuLA, 2011).

The value of the rheological index R is associated with the relaxation spectrum. Higher values of
R indicate a broader relaxation spectrum and a lower rate of the relaxation-induced decrease of the
complex shear modulus. Table 5 shows that the addition of mineral fillers causes a reduction of the R
index, indicating that the relaxation spectra narrows for the mastics, which implies that the material
will have a faster stress relaxation. Analysis of the hydrothermal condition on differentmastic indicates
that hydrothermal ageing causes adecrease in the valueof fp, theposition frequency at the cross point.
The higher value of cross point of the viscous asymptote and glassmodulus presents the less elasticity
of the materials. Compared to their corresponding fresh (dry) state, the mastics become more elastic
after hydrothermal ageing. The morphological parameters α and β do not change a lot at different
hydrothermal conditions, which indicate that the master curves of mastics have similar shape and
slope.
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Figure 7. Master curves of bitumen and mastics at different hydrothermal conditions.

Furthermore, to evaluate the fourmasticswith respect to their sensitivity to hydrothermal ageing, a
sensitivity index is employed and calculated as the ratio of the crossover frequency at each condition-
ing state over the unconditioned state (original state before conditioning). The crossover frequency
(crossover temperature) is used to characterise the viscoelastic fluid to solid transitory behaviour. As a
result of ageing, the crossover frequency of bitumen normally decrease, which suggests that bitumen
has longer relaxation time and higher softening point. The complex shear modulus corresponding to
the crossover frequency is named crossover modulus. Moreover, the crossover modulus index was
evaluated as well. The result of crossover frequency and modulus indices are reported in Figure 8.

There was no clear trend with respect to the changes in crossover modulus and frequency for the
bitumen samples, as shown in Figure 8. On the other hand, it can be observed that all mastics have
marginally lower crossovermodulus and significantly lower crossover frequencies after the application
of wetting-drying cycles. A comparison among themastics suggests that WG 60 Kmastic has the least
changes in crossover modulus and frequency, which denotes lower hydrothermal ageing sensitivity.

To evaluate the effect of moisture diffusivity of fillers on the hydrothermal ageing behaviour of
the mastics, the moisture diffusion coefficient of the fillers was plotted against the ratio of crossover
frequency (modulus) after the three wetting-drying cycles in Figure 9. Considering that the mastics
were prepared using the same base bitumen and that the filler content (by weight) was kept con-
stant, it can be assumed that the apparent diffusivity of themastics will be controlled by the diffusivity
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Table 5. CAMmodel parameters of bitumen and mastics at different hydrothermal conditions.

Parameters

Bitumen and mastic type Condition α β Gg (GPa) fp (Hz) Rheological index R

Bitumen Fresh −1.39 0.14 1.14 0.25 2.14
1W −1.37 0.14 1.16 0.40 2.12
1D −1.38 0.14 1.38 0.32 2.17
2W −1.40 0.14 1.44 0.18 2.23
2D −1.37 0.14 1.45 0.46 2.18
3W −1.39 0.13 1.49 0.22 2.23
3D −1.40 0.13 1.37 0.16 2.24

WG 60K Fresh −1.35 0.16 2.23 0.30 1.90
1W −1.34 0.16 2.21 0.29 1.88
1D −1.35 0.16 2.22 0.26 1.88
2W −1.36 0.16 2.30 0.22 1.92
2D −1.36 0.15 2.44 0.18 1.94
3W −1.38 0.15 2.37 0.14 1.96
3D −1.36 0.16 2.24 0.17 1.92

QZ Fresh −1.36 0.15 3.46 0.73 2.08
1W −1.30 0.16 2.38 1.22 1.91
1D −1.32 0.16 2.41 0.93 1.90
2W −1.31 0.16 2.28 0.96 1.90
2D −1.31 0.16 2.19 0.75 1.91
3W −1.32 0.15 2.45 0.68 1.96
3D −1.32 0.15 2.43 0.66 1.94

GR Fresh −1.34 0.16 2.10 0.38 1.94
1W −1.35 0.15 2.19 0.34 1.97
1D −1.33 0.16 2.09 0.35 1.93
2W −1.34 0.15 2.09 0.27 1.96
2D −1.34 0.15 2.26 0.27 1.99
3W −1.36 0.15 2.30 0.20 2.01
3D −1.35 0.15 2.16 0.23 1.97

BE Fresh −1.31 0.16 2.26 1.26 1.86
1W −1.35 0.15 3.58 0.75 2.05
1D −1.32 0.16 2.24 0.92 1.88
2W −1.33 0.16 2.30 0.68 1.93
2D −1.33 0.16 2.26 0.58 1.92
3W −1.32 0.16 2.07 0.66 1.88
3D −1.34 0.16 2.31 0.48 1.92

of each filler type. It is hypothesised that hydrothermal ageing will influence in a more severe degree
themastics with higher diffusivity. Interestingly, the results reveal thatmastics prepared usingmineral
fillers with highermoisture diffusivity exhibit less changes in their crossovermodulus, thus suggesting
that they have better resistance to hydrothermal ageing. It can be suggested that there are two com-
peting damage-inducing mechanisms that occur simultaneously, namely hydrothermal ageing and
oxidative ageing. In mastics with high diffusivity moisture would quickly fill the voids and force the air
out during hydrothermal ageing. This could slow down the oxidative ageing of the mastic, and could
results in less changes in mastic stiffness within the specific conditioning time, as the hydrothermal
ageing rate is normally lower than the oxidation rate (Huang et al., 2008).

Another hypothesis to explain this unforeseen relationship between mastic crossover modu-
lus/frequency and filler diffusivitymight be related to thephysico-chemical bitumen-filler interactions.
Intuitively, one would expect that it is the amount and the rate of moisture uptake that controls
moisture sensitivity in bitumen-filler systems. Therefore, the physical presence of fillers with high
porosity (RV) and diffusivity (diffusion coefficient) would be detrimental to the mastic properties.
However, the results suggest that the mechanism related to the physical presence of the filler par-
ticles is not the dominant mechanism that affects hydrothermal ageing. The hydrothermal ageing
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Figure 8. Effect of wetting-drying cycles on crossover frequency and modulus indices.

Figure 9. Change in crossover modulus (G_cros, conditioned/G_cros, fresh) and crossover frequency (f_cros, conditioned/f_cros,
fresh) after three wetting-drying cycles versus the moisture diffusivity of fillers.
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Figure 10. Changes in crossover modulus and frequency after wetting-drying cycles and their relation to the physical properties
of mineral fillers.

indices for crossover modulus and frequency were plotted against the SSA and fineness modulus of
the corresponding fillers in Figure 10.

The results indicate thatmastics produced using fillerswith higher SSA and lower finenessmodulus
(hence with finer gradation) exhibit an improved hydrothermal ageing resistance. The WG 60 K filler
has thehighest SSAand lowest FMamong the studied fillers and shows the lowerhydrothermal ageing
sensitivity. The use of WG 60 K filler, which contains calcium hydroxide Ca(OH)2, is known for being an
active filler that improvesmoisture resistance (Lesueur et al., 2013). On the other hand, themastic with
the highest hydrothermal sensitivity was found to be the mastic prepared with QZ filler that has the
lowest SSA and the highest FM and is of inert nature. Therefore, it seems that mechanisms related to
the interactions between bitumen and filler govern the hydrothermal ageing ofmastics. However, the
actual mechanisms are not yet understood and need to be further investigated.

Chemical properties

The ATR-FTIR spectra were collected at wavelengths between 600 and 4000 cm−1 in order to investi-
gate the effects of hydrothermal ageing (wetting-drying cycles in the temperature range of 25–30°C)
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Table 6. Mean, SD and SE values of the normalised areas in water region evaluated at
different conditioning states.

Conditioning state Bituminous materials Mean value SD SE

Fresh Bitumen 36.62 3.72 1.32
WG 60K 46.21 4.41 1.56
QZ 27.75 5.84 2.07
GR 36.84 4.62 1.64
BE 39.27 5.61 1.98

1W Bitumen 37.76 2.88 1.02
WG 60K 55.04 4.37 1.54
QZ 32.68 4.46 1.57
GR 33.50 3.13 1.11
BE 40.11 4.68 1.65

1D Bitumen 37.72 6.00 2.12
WG 60K 39.66 1.92 0.68
QZ 26.01 4.42 1.56
GR 35.20 3.16 1.12
BE 35.02 2.99 1.06

2W Bitumen 39.59 5.49 1.94
WG 60K 48.05 7.59 2.68
QZ 27.33 4.05 1.43
GR 39.38 7.08 2.50
BE 46.65 3.22 1.14

2D Bitumen 40.81 9.75 3.45
WG 60K 43.17 2.28 0.80
QZ 22.46 2.29 0.81
GR 34.72 4.88 1.72
BE 46.80 7.76 2.74

3W Bitumen 42.47 6.41 2.27
WG 60K 51.81 4.94 1.75
QZ 34.45 5.53 1.96
GR 45.92 5.80 2.05
BE 48.12 6.11 2.16

3D Bitumen 44.16 5.91 2.09
WG 60K 45.40 3.95 1.40
QZ 33.66 6.62 2.34
GR 41.10 3.09 1.09
BE 46.54 2.61 0.92

on the chemical composition of mastics. The absorption bands of the OH molecular vibrations (both
symmetric and asymmetric stretch related to the presence of water) can be found at wavelength
region of 3000–3800 cm−1 (Vasconcelos et al., 2011). The normalised peak areas at the above-
mentioned wavelength region of water were evaluated at dry (fresh) state and after each wetting or
drying phase according to Equation (10). The mean of normalised areas at the different conditioning
states in the water absorption region (wavelengths of 3000–3800 cm−1) for all bituminous materials
are reported in Table 6, in addition the standard deviation (SD) and standard error (SE) values are listed.

Themeanvaluesof the integratedareasunder theFTIR spectra exhibit the sameorder ofmagnitude
regardless of the type of materials tested, i.e. bituminous binders or mastics. On the other hand, the
SD and SE parameters allow the evaluation of the data variability. The collected data exhibits a not
insignificant dispersion from themean values; however, similar SD values were also found in previous
spectroscopy analyses (Hofko et al., 2017), while the standard error values are lower than three (3), for
most of themeasurements with exception of those for standard bitumen after the drying phase of the
second cycle.

The mean values of the Pen 40/60 bitumen sample show a gradual increase of the moisture
area, albeit the increment was not constant per each phase of conditioning. This increasing trend
implies that moisture could not be desorbed from bitumen during the drying phase. It can be
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Figure 11. Calculated Am areas of FTIR spectra in the water absorption region of bitumen and bituminous mastics at dry (fresh)
state and after each wetting or drying phase.

therefore suggested that bitumen exhibits hysteretic effects with respect to the moisture absorp-
tion–desorption as the equilibriummoisture contentwas higher for the desorption (drying) cycle than
for absorption (wetting). This finding corroborates the results of a previous study (Vasconcelos et al.,
2011) inwhichexistenceof hysteresis ofmoisturediffusivity in three asphalt binderswasobserved. The
cause ofmoisture history dependence still needs to be investigated andpossibly linked to the changes
in the bitumen chemical composition andmicrostructure at hydrothermal conditions. Conversely, the
bituminous mastics show a clear absorption/desorption behaviour during the wetting-drying cycles.
In order to highlight this behaviour, the normalised peak area ratio for moisture Am was calculated
according to Equation (12).

Am = At
Ao

(12)

where A0and Atare the calculated areas for the water absorption region at dry conditions and after
each cycle (wetting or drying), respectively. The Am areas are plotted versus the conditioning state
and the results are reported in Figure 11. The error bars represent a 95% confidence interval (CI).

As expected, the values of the normalised moisture area increase after the immersion of the mate-
rials in the water bath, while it decreases for all mastics after each drying cycle. The results suggest
that the filler particles facilitate moisture transport, and at the same time, they also enable the release
of moisture when the conditions are appropriate. The QZ and GR mastics do not show a significant
moisture uptake during the first two wetting-drying cycles, as indicated by the growth of the mois-
ture area (Am). The presence of the QZ particles into the bitumen leads to a variable trend of the Am
ratio; it increasesduring the firstwettingperiodand thendecreases significantly, evenbecoming lower
than unit during the second phase of conditioning, which denotes that the amount of moisture was
less than in the dry case and it is not reasonable. After the third wetting phase moisture uptake (as
expressed through Am) increases significantly and the moisture area Am reaches the highest value
(> 1.3). TheGRmastic experiences a first reduction in thewater absorptionarea thathasbeendetected
by the instrument after the first wetting cycle. Then, the Am value increases and exhibits the absorp-
tion/desorption behaviour in the following conditioning cycles. The particular results of both mastics
during the first two wetting-drying cycles may be attributed to the variability of the FTIR test itself as
shown in Figure 11 by means of error bars. The BE mastic experiences a lower moisture uptake after
the first wetting phase compared to QZ and WG 60 K; while, it shows the highest Am area during the
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Figure 12. Average of normalised peak areas of the (a) C = O group and (b) S = O group of bitumen and bituminous mastics at
fresh and after each wetting-drying cycles.

entire period of the second wetting phase. Overall, after the three wetting-drying cycles, the mois-
ture uptake of the BE mastic is lower than that of the QZ mastic and neat Pen 40/60 bitumen; while
it is higher than the uptake of WG 60 K and GR fillers. The WG 60 K mastic shows a clear absorption-
desorptionbehaviour from the firstwetting-drying cycle. TheWG60 K filler particles facilitatemoisture
uptake but also they easily allow for water adsorption as a consequence of the highest diffusion coef-
ficient among all other mineral filler types. This behaviour can be related to the physical parameters
of the WG 60 K filler since it has the highest SSA and RV among all studied mineral fillers. The QZ, BE
and GRmastics have higher moisture uptake following in descending order at the end of the wetting-
drying cycles; they appear not to be able to release moisture during the drying phases, which reflect
their lower diffusivity than the WG 60 K filler.

The growth of the carbonyl (C = O) and sulfoxide (S = O) functional groups was analysed to esti-
mate the hydrothermal ageing induced by the wetting-drying cycles. In detail, the carbonyl index
was evaluated in the wavenumber band 1666–1746 cm−1, while the sulfoxide index at wavenum-
bers between 924 and 1066 cm−1 (Hofko et al., 2017). The average of the integrated areas of FTIR
spectra within the carbonyl and sulfoxide regions at dry and conditioned states is plotted against the
conditioning phase in Figure 12.

The carbonyl area of neat bitumen andbituminousmastics (Figure 12(a)) is characterised by a lower
variability after the first conditioning phases; then, the formation of C = O groups starts to be more
variable, while their presence increases considerable at the third conditioning cycle. The growth of
C = O functional groups is visible after the second wetting-drying cycle for BE and GR mastics espe-
cially;while it is still almost constant for theothermastics andbitumen.During the thirdwetting-drying
cycle, the presence of carbonyl functional groups of bituminousmaterials follows twodifferent trends.
Ononehand, thepresence of carbonyls in neat bitumen, andBE andWG60Kmastics increases regard-
less of the conditioning phase (wetting or drying). On the other hand, the evolution of the carbonyl
functional group of the QZ and GR mastics differentiates from the other mastics after the second
wetting-drying cycle; after this point, carbonyls increase after wetting and decrease after drying. Over-
all, the C = O groups show an increasing trend with wetting-drying cycles and the integrated areas
under the spectra of all bituminous materials have a similar magnitude on average. These results sug-
gest that bituminous materials experience oxidative ageing during the water conditioning even at
relatively low temperature.

The growth of the S = O functional group at the considered experimental conditions is found to
be less sensitive to hydrothermal ageing for the studied bituminous binder and mastics. Albeit, the
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Figure 13. Evolution of the normalised peak areas of (a) carbonyl and (b) sulfoxide versus moisture content as expressed by the
normalised peak area ratio Am.

wetting-drying cycles lead to the increase of the S = O groups of the neat bitumen, the average
areas under the FTIR sulfoxide peak showed a considerable lower magnitude than those of bitumi-
nous mastics. The evolution of the S = O bonds of bitumen has a similar behaviour as of the C = O
one as it increases after the second wetting-drying cycle without showing any relation to the absorp-
tion/desorption phases, which is the case for the first two wetting-drying cycles (the area of S = O
functional group increases with wetting and decreases with drying). On the other hand, the evolu-
tion of the S = O groups of the WG 60 K and QZ mastics follows the wetting-drying phases (thus the
absorption-desorption behaviour). The increase or decrease in the sulfoxide group is related to the
changes in the moisture content (as expressed through the Am values). On the contrary, the S = O
areas of the GR and BE mastics is relatively constant during the first two conditioning cycles and it
decreases after being subjected to the three wetting-drying cycles. The bituminous mastics exhibit
different absolute values of the sulfoxide functional groups. The presence of S = Ogroups is the high-
est in the GRmastics even at unconditioned state. While the introduction of WG 60 K filler leads to the
lowest formation of the sulfoxide groups among all bituminous mastics.

In order to better comprehend the effect of the hydrothermal ageing, the indices of carbonyl and
sulfoxide groups, which are usually used to evaluate oxidative ageing, are correlated with the Am

area ratios of moisture uptake. The evolution of the carbonyl and sulfoxide functional groups due to
the hydrothermal ageing at fresh condition and after the drying phase of each cycle is reported in
Figure 13.

The data indicate a direct tendency between the growth of carbonyl functional groups and mois-
ture content. All studied mastics show an increasing trend of the C = O functional group with
moisture.However, the trend linesof eachmastic havedifferent slope. TheWG60 Kmasticpresents the
highest slope suggesting that thismastic experiences the lowest hydrothermal ageing. This behaviour
corroborates the results of the rheological analysis as described earlier. Among all studied bitumen-
filler systems, theQZmastic has the lowest hydrothermal ageing resistance,which canbe explainedby
the lower surface area and the chemical inert nature of the quartz filler. From Figure 13(b), there is no
clear increasing tendency of the S = Ogroups andmoisture uptake of bituminousmaterials. The data
show higher variability for the various mastic types in terms of sulfoxide groups. The 40/60 bitumen
and, WG 60 K and QZmastics have a similar trend, where S = O bonds increase as the wetting-drying
conditioning cycles increase. The GR and BE fillers allow the reduction of sulfoxide functional group
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increasing the conditioning cycles. The use of WG 60 Kmastic limits the development of S = O bonds
due to the moisture uptake after wetting-drying cycles.

Summary and conclusions

The effect of four different types of mineral fillers on the hydrothermal ageing of bituminous mastics
was investigated. Bitumen and mastics samples were subjected to wetting-drying cycles and their
changes in rheology and chemistry were evaluated. Based on the experimental results the following
conclusions can be drawn:

• Mineral fillers with fine gradation and high specific surface area have higher moisture sorption and
uptake capacity.

• Mastics showa clear absorption-desorptionbehaviour during thewetting anddrying cycles; in con-
trast, bitumen has a limited desorption capacity (within the limitations of this work) and suggests
that there is a hysteresis between the moisture adsorption and desorption curves when subjected
to cyclic conditioning.

• The rheological and chemical tests suggest that hydrothermal ageing is not primarily controlled by
the diffusivity properties of the mineral fillers (and thus of the mastics), but the main mechanism
relates to the bitumen-filler interactions. The sensitivity of mastics to hydrothermal ageing is less
for mastics with fillers that have fine gradation, high specific surface area and are chemically active;
albeit the use of these filler types results to mastics with higher diffusivity.
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