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This study focuses on the mechanical behaviour of asphalt mastic composed of filler particles bonded with an
asphalt bitumens. Asphalt mastics are viscoelastic composite materials widely used in the construction of
pavement layers. The mechanical properties and the influence of the fillers on the filler/bitumen (f/b) matrix is
one of the main areas of current research. In particular, the elastic determination of fillers for mechanical testing
in asphalt mastic is relevant to understand permanent deformation caused by temperature variations caused by
seasonal changes and vehicular traffic loads. In this sense, this research proposes a new methodology for
rheological characterization of the elastic properties of the filler £2 and elastic-viscous properties of the asphalt
bitumen, &; and 7, respectively, complementing the existing designs of asphalt mixture. The proposed method-
ology allows for identification of the influence of non-conventional fillers in the behavior of the asphalt mastic
for the different recovery cycles of the Multiple Stress Creep Recovery (MSCR) and determination of new
rheological parameters for the compression of the recovery phenomena and the elastic capacity of the type of
filler and weight of the base bitumen. The results obtained show a greater adjustment to the experimental curves
in determining the elastic modulus in each cycle for the hydrated lime and fly ash fillers with different filler/
bitumen ratios. In particular, the proposed model for bituminous mastics achieves a strong fit with the experi-
mental curves by empirically reducing the quadratic error (R?> = 0.99) and managing to differentiate the elastic
capacity &z of each filler and its effect with increasing concentration. For example, it establishes that the Hy-
drated lime filler (HL) acquires an average Young’s modulus of 0.005 MPa, being 99.31% more elastic than Fly
ash filler (FA) for a load of 3.2 kPa at a 1.25f/b ratio. In addition, the new model can be used to modify bitumen
properties to design optimized and stronger asphalt mixtures.

1. Introduction

The asphalt mixture a composite of aggregates (coarse and fine ag-
gregates), asphalt bitumen, air and possibly additive and modifying
components [1,2]. These materials form a system in which the aggregate
enveloped by a continuous film of asphalt bitumen [3]. The filler, whose
particle size is less than 0.063 mm (according to EN 13043), is trapped
by the asphalt bitumen, forming the asphalt mastic, which favours the
agglomeration of the larger aggregates and influencing the properties of
hot mix asphalt (HMA) [4].

In the last decades, the rheological study of the filler/bitumen (f/b)
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interaction has been relevant to know the properties that most influence
the asphalt pavement, allowing the study of failures such as rutting and
irregularities in the road surface, which cause premature deterioration
of the pavement and a reduction in traffic comfort and safety [5,6]. The
rheological analysis of the materials that compose the asphalt mixtures
allows demonstrating, through the f/b interface, that the mastic has a
high rutting resistance, even allowing improving the skid resistance,
reducing the rolling noise and increasing the life cycle of the pavement.

The filler plays a fundamental role in this regard, since, due to its
high specific surface area, it can withstand the stresses caused by in-
ternal friction or by contact between particles [7]. The characteristics of
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Table 1

Characteristics of the asphalt bitumen B50/70.
Properties Standard Results
Penetration at 25 °C (0,1 mm) EN 1426 57.00
Softening point (°C) EN 1427 51.60
Frass breaking point (°C) EN 12,593 —13.00
Density (g/cm3) EN 15,326 1.035

the filler, such as morphology, composition, friction between particles,
behaviour under humidity and temperature, generate physicochemical
properties that develop a high degree of interaction with the bitumen,
improving the mechanical behaviour of the mastic. The main fillers used
as the mineral skeleton of the mastic are limes [8], fly ash [9], hydrated
lime [10], slags [11], and others.

However, the most commonly used filler is limestone, due to the
positive impact it has on the durability of asphalt mixtures, reducing the
appearance of cracks caused by the effect of water and temperature
variations.

The limestone filler (denoted as “L”) increases the stiffness of the
asphalt mixture and reactivates the asphalt bitumen, improving the
adhesiveness between the aggregate-bitumen system [12]. Similarly, the
use of hydrated lime (referred to as “HL”) as a filler in asphalt mastics
increases the mechanical strength of the asphalt mixture, minimizing
the appearance of cracks [13], ageing and increasing the stiffness of the
mastic [14]. In addition, when the HL has a degree of compatibility with
the asphalt bitumen, a molecular layer is absorbed that positively affects
the rheology of the mastic at high temperatures and to a greater degree if
compared with inert fillers [15]. Likewise, HL filler improves the
adhesiveness between the bitumen and the aggregate surface in an
asphalt mixture, due to the water-insoluble salts generated by the pre-
cipitation of calcium ions, which prevents premature separation of the
aggregate-bitumen interface [16].

On the other hand, results obtained in previous research have shown
that the use of construction and demolition wastes (CDWs) and/or in-
dustrial and commercial by-products in asphalt mixtures is a good
alternative from a sustainable (social, economic and environmental)
point of view [17]. For example, fly ash (FA) is an industrial waste
widely used as an environmentally friendly filler in asphalt mixtures.
These fillers provide greater elasticity compared to limestone filler,
improving the flexibility of the asphalt pavement. In addition, they have
a significant impact on the viscosity and rheological properties of
asphalt mastics, thus affecting the final strengths of asphalt mixtures
[18].

According to the Marshall parameters for dense asphalt mixtures, the
addition (up to 4%) of FA as a replacement for HL results in a 7.5%
reduction in the optimum asphalt bitumen content, which minimizes the
production cost of large-scale asphalt mixtures [19].

In 2017, researchers Li et al. [20] evaluated the thickness of the
absorbing film between the filler and the asphalt bitumen, as it is an
indicator of the physicochemical interaction and rheological properties
of the asphalt mastic. The results showed that the FA filler has a thicker
absorbed film compared to that of the HL filler, with those generated by
L having a thinner film.

The asphalt bitumen has a rheology that determined by viscoelastic
behaviour, to which elastic and viscous deformations are assigned
[21,22]. Currently, the study of these deformations analyzes using its
capacity to transform elastic-viscous states, under static and dynamic
loads [23,24]. The mechanical characterization of the asphalt bitumen is
achieved from classical methodologies of linear viscoelasticity, or
techniques based on the damage resistance characterization. Classical
methodologies allow the determination of softening, penetration points,
brittleness, viscosity, among others, at a single temperature point [9].
However, current methods are based on the total deformation resistance
and its relationship between the elastic and viscous parts of the asphalt
bitumen [25].
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The SUPERPAVE methodology allows the analysis of the rheological
behaviour of asphalt bitumen and asphalt mixtures for a wide range of
temperatures and loading frequencies [26]. In particular, this method-
ology establishes the parameter “|G*||/sin(5)” for the study of perma-
nent deformations at elevated temperatures, determining a limit of the
vulnerability of the asphalt bitumen to rutting failures [27]. However,
several authors have stated that this parameter only considers linear
viscoelastic (LVE) rheology [28], which does not effectively represent
permanent deformation, since in asphalt mixtures this anomaly occurs
in a nonlinear viscoelastic range. Thus, to identify a plasticity index that
describes the rutting damage caused by the trajectory of the tire in the
asphalt mixture, the Federal Highway Administration (FHWA) proposed
to study the performance of asphalt bitumens for intermediate-high
temperatures using the multiple stress creep recovery test (MSCR) [29].

The MSCR test generates stresses from multiple creep and recovery
phenomena by evaluating the non-recoverable creep compliance (J,-)
[30] and the mean percentage recovery (R), which show the potential
rutting rate and elasticity of the asphalt bitumen, respectively [31].
Creep and recovery phenomena generate in static cycles with controlled
times [32]. Creep occurs in the process of specimen loading, which
generate recoverable and non-recoverable strain states for non-linear
viscoelastic deformations [1]. Subsequently, the recovery phenomenon
details the capacity of the asphalt bitumen to redeem the deformations
obtained in the creep process, determining the degree of plasticization in
each cycle [33]. In addition, these parameters can reflect the rutting
resistance of the asphalt mastic, where the load of 3.2 kPa is the one that
generates a more accurate correlation to the permanent deformations in
asphalt mixtures [34].

However, this methodology does not quantify the elastic capacity or
Young’s modulus of the type of filler used, nor does it allow evaluating a
degree of softening of the f/b, as a measure of viscoelastic transition for a
given temperature. Therefore, the application of a rheological model
proposes, which establishes a set of springs and fractional dampers,
representing a mineral aggregate particle (filler) with an agglomeration
of the asphalt bitumen, to understand the rheology exhibited by the
asphalt mastic, filler and bitumen jointly and/or independently. In this
sense, the use of the mathematical equations of the proposed model
allows detailing the viscoelastic transitions of the asphalt bitumen,
quantifying the elastic capacity of the filler used and its relationship
with the f/b dosage by means of the MSCR recovery phenomena [35].

The objective of this study is to establish the influence of fillers made
up of HL, FA and L on the viscoelastic behaviour of asphalt mastic based
on a rheological characterization of the filler/bitumen matrix by means
of different loading rate, temperature, and dosage conditions. The study
provides a new methodology to characterize the recovery phenomenon
for each cycle of the MSCR test, knowing that the proposed model de-
termines the degree of viscoelasticity and mechanical properties of the
materials [1,35]. The application of the model establishes the Young’s
modulus of HL, FA and L for different dosage percentages (f/b 0.50,
0.75, 1.00 and 1.25) with respect to the weight of the base asphalt
bitumen.

2. Materials and methods
2.1. Asphalt bitumen and mastic

In this study, the conventional asphalt bitumen B50/70 was used,
whose classic mechanical properties summarized in Table 1 with the
essential characteristics and specifications.

The fillers used for the manufacture of asphalt mastics are: HL, FA
and L (Fig. 1). The aggregates use mostly used in wearing courses due to
their mechanical properties, guaranteeing the necessary surface texture
for some time. In addition, it is known that HL and L fillers possess a high
content of calcium oxide (CaO) at 90.67% and 88.65%, respectively
[36,37]. Leaving other main components such as silicon dioxide (SiO3)
and magnesium oxide (MgO) in second place [36]. FA have high SiO,
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Fig. 1. The fillers used sifted through an N°200 (0.08 mm) sieve. a) HL; b) FA; c) L.

Table 2
Physical and geometric properties of the fillers.

Properties Hydrated lime (HL) Fly ash Limestone
(FA) @)
Density (g/cm®) 1.959 2.450 2.725
Rigden voids (%) 76 73 74
Granulometric analysis (%)
Sieve (mm) % Passed Through
0.063 mm 98.65 97.65 81.28
0.050 mm 76.90 72.77 39.81
0.040 mm 63.94 62.69 24.42
0.032 mm 46.21 37.65 7.86
0.020 mm 21.58 11.60 0.17

content between 43.53 and 60.31% depending on their nature [38], in
addition to other compounds such as CaO and Al,Oj3 to a lesser extent
[391.

The characterization of the basic properties (see Table 2) of the fillers
used based on the determination of particle density by the pycnometer
method according to EN 1097-7. In addition, the content of Rigden
voids (RV) was calculated based on the EN 1097-4 procedure from the
density obtained.

The manufacturing process of the asphalt mastics is carried out by
mixing the base bitumen type B50/70 with the fillers of HL, FA and L,
independently. Several samples are generated based on the filler/
bitumen (f/b) dosage for each of the fillers mentioned. The f/b ratios in a
mass of base bitumen are 0.50, 0.75, 1.00 and 1.25. Additionally, B50/
70 base bitumen samples prepared for the analysis of reference samples.

As for the fabrication of the samples, the B50/70 base bitumen was
heated in an oven at 153 °C for 2 h until medium aging was achieved in

Manufacturing process

homogeneous mix >
153=1°C Asphalt bitumen
B50/70
L
HL FA

filler/bitumen

0.50
0.75 Specimen
1.00 75 preparation
125 mm_

Soples . .

Speed
1500 rpm for
10-15 min

an asphalt mix (Fig. 2). In addition, the fillers used were heated at a
temperature of 170 °C for four hours to create mastic samples under the
same conditions as those obtained in an asphalt mix. The mastic samples
were not aged using the Rolling Thin Film Oven Test (RTFOT) as it is
indicated in the AASHTO M 332 since the objective is to simulate the
recovery curves of asphalt mastics for the classification of filler elasticity
and bitumen viscoelasticity, and that these mastics are equivalent to
those of asphalt mixtures manufactured in the laboratory.

Subsequently, a portion of the dosed mass of the asphalt bitumen was
deposited in a mixer homogenizer at 153-154 °C. The previously pre-
pared fillers of HL, FA and L are added individually to the base bitumen
for each dosage slowly for better homogenization. The speed and time of
manufacture vary in prior art studies depending on digestion and/or air
removal in homogenization (5-30 min and 500-4500 rpm). The HL
charge with the highest dosage (f/b = 1.25) was used as a reference in
digestion time and speed because it has the highest mass concentration.
Therefore, a manufacturing process at 1500 rpm in about 10-15 min was
defined, which is within the actual process. Finally, the homogeneous
mixture is deposited in the 8 and 25 mm molds standardized for testing
in the dynamic shear rheometer (DSR), obtaining 13 different types of
asphalt mastic samples.

2.2. Mechanical properties of linear viscoelasticity

The linear viscoelastic properties of asphalt bitumen and mastics are
determined by the DSR-test methodology, applying the master curve
fitting for the complex modulus |G*| and angle of phase § [40,41].

The values of the |G*| vector and angle 5 are obtained using two
parallel plates of known geometry. El The temperature sweep of the test
extends from 10 °C to 70 °C. A 25 mm parallel plate is used for the 30 to
70 °C temperature range, and an 8 mm parallel plate used for the 10 to

Schematic of the methodology

‘ DSR-test Dynamic Shear Rheometer
Temperature
10-70°C
Load
0.1-30Hz

@ MSCR-test
Temperature
50°C. 60°C and 70°C
Load
0.1 and 3.2 kPa

Permanent deformation
Specimen losses after MSCR test

Fig. 2. Schematic of the manufacture and methodology for determining the rheological properties of asphalt mastics.
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Fig. 3. Schematic diagram of the rheological models. a) Asphalt bitumen; b) Asphalt mastic.

30 °C range. The 30 °C temperature averaged for the two ranges with a
difference of less than 5%. The oscillating model of the test is performed
for 10 frequencies in a range from 0.1 to 30 Hz, with a sinusoidal
displacement of 0.1% strain.

The master curves used to understand the susceptibility between
temperature and load frequency variables in two dimensions. In the
present study, a master curve fit by time-temperature superposition
[42] is used for the values of |G*| and &, from the test frequencies and
temperatures (10 to 70 °C), converging to a single curve approximated
by the sigmoidal function (see Eq. (1)).

A

log(G)=at+— o
0g(G) a+1+e<"*7'10g(a},)

€y

Where, a is the lower asymptote, 1 is the difference between the
upper and lower asymptote values, ¢ is the inflexion point, y is the slope,
and w; is the reduced frequency.

An index (Ingstic) has been defined to provide an interpretation of the
results and quantify the variation of the mass increase on the fillers. The
variable Iqic (see Eq. (2)) is only a proposed indicator to obtain the
ranges of possible values of G* caused by the type of filler for @,. The
objective is only to calculate the maximum and minimum value of G*
when varying the concentration, with respect to its lower dosage. The
theoretical foundation is based solely on the time-temperature super-
position principle, defined by Eq. (1) for the extreme concentrations (f/b
0.50 and 1.25). The difference of the area under the curve is calculated
by means of an integral defined and calculated with MATLAB®© for each
curve, obtaining a stiffness domain by type of filler used.

o G (0rf/p125)

1 -
o8 G (wr.f/b:O.SO)

—logG" (wr.f/b:().S()) dw, (2)

Dvtasiic =

a

Where G* is the complex modulus, o, is the reduced frequency for
each dosage f/b between the integral limits of the sigmoidal curve.

2.3. Damage resistance characterization mechanical properties

2.3.1. MSCR test

In this study, the MSCR test performed for the base bitumen and
asphalt mastics at a test temperature of 50 °C, 60 °C and 70 °C by per-
forming 20 continuous loading and unloading cycles with 25 mm
diameter plate on the DSR (AASHTO T 350). The load is set for a torque
of 0.1 kPa to condition the specimens and then at 3.2 kPa to cause

damage to the specimen.

The creep phenomenon set with a time of 1 s and the recovery
extended 9 s. The two parameters of the MSCR test are non-recoverable
compliance (J,-) and percentage recovery (R) (AASHTO M 332). The
above parameters establish criteria for evaluating yield strain and re-
covery capability of samples using Egs. (3) and (4), respectively:.

o1 k) = STt @
04 o
1 &y, -7
RA%) =L i Y 4
o) 10 nzzl:yl’r — T

where yq represents the shear stress at the beginning of the cycle, y, is
the point of most significant deformation after 1 s of load, y, represents
the non-recoverable stress at the end of the first cycle, and 7 represents
the yield stress in each period. Thus, four parameters are obtained (R, 1,
Jnro.1, R3.2, and Jyr3.2) which indicate the standard mean of each phe-
nomenon for the two load quantities.

2.4. Rheological models for bitumen and asphalt mastic

The rheological simulation of the MSCR based on a mechanical
representation of the bitumen and mastic asphalt (Fig. 3), demonstrated
for the viscoelastic deformations of the filler/bitumen system. The
model defines the elastic property of the filler utilizing the variable &,
(kPa), representing Young’s modulus for each type of filler and its
relationship with the dosage f/b. In the case of the asphalt bitumen, the
variables &; (kPa) and 5 (kPa-s) established for the elastic and viscous
representation of the B50/70 base bitumen defined for each temperature
and test load.

The Riemann-Liouville integral and fractional derivative of a func-
tion are defined as follows f(t), in the Egs. (5) and (6) respectively, to
obtain the differential equation of the model [43]:.

t

D (1) = %a) / (1 — 0™ f(u)du, @ > 0, (5)

Dif(t) = D"D*"f (1) = du,a >0, 6)

L(n—a) di"
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Fig. 4. Master curve of the |G*| and 6 for asphalt mastics. a) HL; b) FA; ¢) L.

Where n is a positive number, n-1 < o < n, t is time and I'(.) is the
Gamma function. Particularly, when o = n, then Daf(t) = d"/Dt"f(1).

The differential equation governing the model for asphalt mastics is
obtained after applying the above definition, based on the use of frac-
tional calculus as it is shown in Eq. (7),. The mathematical development
achieved by adding the unit deformations of the mechanical elements.
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With this, the fractional derivatives o, p,y,y are established, which have
a range of possible values between 0 and 1, to satisfy the classical
equations of the Maxwell and Kelvin-Voigt models [44]. By substituting
and transforming the derivatives algebraically [1].

ptr

Dj’“’e(t)-l—%Df’E(t):%Dt a(t)+%Dfa()+nD 6()+tha() 1’;/210'(0
%)

Where ¢(t) is the strain, ¢(t) is the stress, M = £; + &,y DY, D/ and D/
are the fractional derivatives with respect to time t.

The recovery phenomenon begins when the initial 1 s MSCR-test
stress is released, giving rise to a function that depends on time and
material type. To describe this process, it is necessary to consider Eq. (7)
by eliminating the concept of initial stress o9 = O resulting in the
following definition [1]:.

m—1 m—1
€ |}Jx+/)‘ _ Z Pra—k=lgk (0) +"Esa _ Z Phl ek (0):| -0 (8)
k=0 n =0
Where a and f values between m-1 and m, m is the positive number
closest to the value of o and p. Having said this, and by means of the
Mittag-Leffler (Eg) [45] with the argument -ato, the following Laplace
transform is defined:.

= at®) - )k 5*
HEd[—ar]} = L{Zrka-l—l} {Z ka+l} s —a)”

0 k
>0
€)]

After applying the above definition, the recovery function of the
bitumen and asphalt mastic for the MSCR test is obtained in fractional
form in Egs. (10) and (11), respectively:.

()
) _ 0 > ! 0
RBltumcn(t) - EM(O) ; F(l +ﬂk) + € (0)7 (10)

k
. ()
+¢€% (0 11

2;) N Rl an

where Ryqsiic (O is the recovery strain for asphalt mastic, Rpigmen (¥
is the recovery strain for asphalt bitumen, I"(.) is the Gamma function,
eooo( 0) is the adjustment factor of the Maxwell’s model [46], and eMo(O)
is the adjustment factor of the parallel system and Mittag-Leffler infinite
series, which depends on the parameter and which describes the visco-
elastic transformation process M = £; + &£, which is the elastic capacity
of the bituminous mastic.

RMasm

3. Results and discussion
3.1. Analysis of the dynamic modulus |G*| and phase angle &

Fig. 4 shows the master curves |G*| and the variation of the offset
angle of the base bitumen and the asphalt mastics.

The results show that the mastics in their different f/b ratios generate
a band of use characteristic of the stiffness capacity of the filler type. In
particular, an increase in stiffness obtained for the three types of mastics
(HL, FA and L) with increasing f/b concentration. For low temperatures
or high reduced frequencies w,, no major differences between the filler
types observed, reaching an average stiffness of 109 Pa. On the contrary,
for high temperatures or low reduced frequencies w,, differences are
observed in the samples due to the thermal susceptibility and the
amount of mass per unit volume of the asphalt bitumen.

Samples with HL filler (Fig. 4a) have the highest stiffness compared
to FA and L mastics in all w, and f/b ratio domains. At 10 °C the HL filler
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Table 3
Parameters of a master curve for asphalt bitumen and mastics.
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Type Inastic f/b a 2 @ y a;-10* az as R?
B50/70 - - -7.32 16.86 -1.79 0.23 7.18 —0.15 0.0076 0.99
B50/70 + HL 40.59% 0.50 —8.89 18.70 -1.97 0.22 7.04 -0.15 0.0075 0.99
0.75 —6.02 15.54 -2.01 0.25 7.52 —0.15 0.0075 0.99
1.00 —5.80 15.47 —2.04 0.25 8.64 —0.16 0.0075 0.99
1.25 -1.49 11.07 -1.72 0.28 7.54 -0.15 0.0076 0.99
B50/70 + FA 91.52% 0.50 —10.57 20.50 -1.92 0.21 6.70 —2.14 0.0075 0.99
0.75 —10.40 20.50 —2.00 0.21 7.73 —0.15 0.0076 0.99
1.00 —7.68 17.58 —-1.99 0.23 7.92 -0.15 0.0075 0.99
1.25 —7.69 17.58 —2.04 0.23 7.78 -0.15 0.0075 0.99
B50/70 + L 36.92% 0.50 -11.72 21.85 —1.89 0.19 7.08 —0.14 0.0076 0.99
0.75 -11.70 21.91 -1.87 0.19 6.89 -0.14 0.0076 0.99
1.00 -10.41 20.32 -1.90 0.21 6.06 -0.13 0.0076 0.99
1.25 —9.54 19.60 -1.91 0.21 7.13 —0.14 0.0076 0.99
10 mm‘, - i 3 a) IR ot = :
B | l—— e ="
3 M B 50170 T 0.9
0.9 -/ lB50/70+HL N
105 & W B50/70 + FA

55

50
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Fig. 5. Results of the complex viscosity of the bitumen and asphalt mastics.

generates a stiffness of 49 MPa for the 1.25f/b ratio, which subsequently
drops to 21.41-10-6 MPa, for the f/b ratio equal to 0.50 at a frequency of
1.59 Hz.

On the contrary, the samples with FA generate a maximum of 46 MPa
for /b equal tol.25, and consecutively decreases by 31 MPa, for the
lowest dosage (f/b equal t00.50), generating a greater variation in the
values of |G*|, and causing a 16.54% difference compared to the HL
filler.

This variation of the complex modulus |G*| product of the increase of
the f/b ratio is produced due to the great stiffness capacity obtained by
the HL filler, generating an inflexion point for lower w,, due to the
greater amount of fine particles that this filler has, compared to the FA
filler (Table 2).

However, when comparing the rheological behaviour of FA with L
filler, an increase in the difference in the values of the full modulus (|
G*|) at a temperature of 10 °C is obtained. The fly ash mastics generate
66.69% higher stiffness compared to the L mastic. As the temperature
increases (70 °C), the values of |G*| increase without a large variation
between the fillers, generating a parallel growth to that produced by the
B50/70 type bitumen (Fig. 4b and 4c).

On the other hand, when fitting the curves by means of the sigmoidal
function and determining the I index (see Table 3), it is obtained
that mastics with HL have a higher stiffness |G*| per mass-volume
amount of the samples. The mastics with FA define a band of use with
a larger area than the other fillers with a growth of 91.52%, being more
susceptible to variations in temperature and loading frequencies. The
mastics with filler L generate a difference in the values of the complex
modulus |G*| of 36.92%, on the variation of the dosage f/b. Finally, the
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Fig. 6. MSCR-test at 50 °C. a) fractional exponent f; b) experimental strain for
3.2 kPa.

mastics with filler HL generate a band of use with a growth of 40.59%
over the dosage of F/B 0.50. This slight difference of HL is due only to
the rheological capacity it acquires at elevated temperatures, being the
only type of filler that reaches a stiffness of 108 Pa for r of the order of
10-10 rad/s.

Referring to the output data of Eq (1), a growth of 10 Pa is obtained
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Fig. 7. MSCR-test at 60 °C. a) fractional exponent f; b) experimental strain for
3.2 kPa.

as the arithmetic mean between the upper and lower asymptotes of all
samples. The inflexion point is shifted to the right for the r values by
adding FA filler, HL and L. The slope of the sigmoidal curve is directly
proportional to the amount of filler placed in the mixture, generating
higher values of |G*| at lower .

Fig. 5 shows the complex viscosity #* of bitumen type B50/70 and
asphalt mastics. The results show that the complex parameter decreases
as the experimental temperature decreases, which is caused by the
softening of the material and the reduction of its stiffness.

The addition of the different types of fillers shifts the bitumen stan-
dard curve to the right, allowing higher values * for any reference
temperature. In particular, mastics with Lfiller have the lowest changes
compared to HL filler and FA. The data show that for a reference vis-
cosity of the bitumen at a temperature of 50 °C, the same value is ob-
tained at 53.0 °C, 54.5 °C, 57.2 °C and 59.2 °C for f/b dosages equal to
0.50, 0.75, 1.00 and 1.25, respectively for the L filler.

The mastics with FA present (for the same reference) a shift to the
right up to temperatures of 56.3 °C, 60.0 °C, 62.4 °C and 66.9 °C for the
proposed f/b increment, generating growth of 62.90% for the possible
values of * about the L filler.

Finally, the mastics with HL filler are the ones that present the
greatest differences about the standard curve of the B50/70 type
bitumen. The results determined that for the f/b concentration equal to
0.5, a temperature of 59.9 °C is obtained about the #* value at 50 °C of
the B50/70 type bitumen. The f/b concentrations equal to 0.75, 1.00

Construction and Building Materials 329 (2022) 127102

0.9
0.9
0.8 95
0.7 0.7
0.6 - - S 0.
= 0.5~
0.5
0.4
0.3 0.4
02 M B 5070
W B 5070 + HL 0.3
0.1 . [ B 50/70 + FA
[ . _“‘\.850070 +L i
0-
0.5

N° of cycle
30000 T T
b)
- B50/70 — {/b=0.50
25000 - == B50/70+HL = = {/b=0.75
= B50/70+FA === f/b=1.00
B50/70+L v fib=1.25

20000 -

15000 -

Strain (%)

10000

Fig. 8. MSCR-test at 70 °C. a) fractional exponent f; b) experimental strain for
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Table 4
Elasticity parameter £, (kPa) for asphalt mastics.

Type f/b Temperature
50 °C 60 °C 70 °C
B50/70 + HL 1.25 4.70-10° 4.65-10 4.70-10°
1.00 6.00-10* 5.80-10* 6.00-10*
0.75 1.00-10° 1.00-10° 1.00-10°
0.50 2.00-101* 2.25.107 2.00-10*
B50/70 + FA 1.25 3.00-10° 3.19-10° 3.00-10°
1.00 1.00-10° 1.08.10° 1.00-10°
0.75 1.01-10°° 1.10-10°° 1.00-10°°
0.50 2.00-10* 3.16-107* 2.00-10*
B50/70 + L 1.25 2.16-107 2.15.107 2.16:107
1.00 5.00-1012 1.46-1012 1.40-1012
0.75 2.17-1012 2.16-1012 2.17-102
0.50 4.42.104 4.42.1014 4.40-1014

and 1.25 of HL filler reach temperatures of 60.0 °C, 62.40 °C and
70.0 °C, respectively. This increase in temperature determines an in-
crease of 70.97% compared to the values obtained with L filler for f/b
ratios 0.5-1.25.
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Table 5
Anova for &,

Source of Sum of Degrees Mean squares F-statistic P-
variability ~ squares of value
freedom
B50/70 + 0 2 3.66307-10°° 0 0.9993
HL
Error 0.00059 117 5.08114.10° - -
Total 0.00059 119 - - -
B50/70 + 1.39096-10 2 6.95479-10°12 0.04 0.9564
FA 11
Error 1.82610-100 117 1.56077-101° - -
8
Total 1.82749-100 119 - - -
8
B50/70 + 3.9103-10° 2 1955151017 8.81016-10° 0.9999
L 6
Error 2.59646-100 117 1.95551.10% - -
12
Total 2.59646-10 119 - - -
12
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Fig. 9. MSCR values of asphalt mastics with different f/b ratio. a) Ju3.2 V/s R
values; b) |G*|/sin (8) and Jy3.2 values.

3.2. Experimental analysis of the MSCR test

The deformations that appear when asphalt bitumen and mastic
specimens subjected to creep and multiple recovery phenomena allow
quantifying the contribution of the type of filler used and its relation
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with the bitumen mass. Therefore, it is possible to detail the rheological
properties of the asphalt mastic by applying the model proposed,
including the viscoelastic transition during the MSCR-test, which could
cause permanent deformations in asphalt mixtures (see Appendix A).

Fig. 6 shows the non-linear viscoelastic behaviour of the samples for
a temperature of 50 °C. The experimental data obtained show that
bitumen type B50/70 presents an accumulated deformation of 1333.1%.
However, when adding filler to this sample, it is determined that the L
filler presents the highest deformations reaching a range of
341.34-1019.90% of accumulated deformation for the variation of f/b
0.50-1.25. Regarding the samples with FA filler a domain of
88.58-577.73% is reached presenting a percentage difference of
43-74% of better mechanical performance, compared to the L filler for
the same variation. Finally, mastics with HL present the best perfor-
mance recovering a large part of the deformation. The values oscillate
between 31.45 and 322.63% of accumulated deformation defining an
improvement of 68-91% in reference to the L filler for the limits f/b
1.25-0.50, respectively.

To perform the mathematical adjustment of Egs. (10) and (11) a
computer code is developed. The results (see Fig. 6a) demonstrate the
elastic influence of the type of filler used and its relation to the f/b
dosage. First, the fit is established by Eq. (10) which indicates the
characterization of the viscoelastic deformations of the bitumen type
B50/70. The fractional exponent # demonstrates the viscoelastic tran-
sition of bitumen type B50/70 since when this value is 0, the material
under study is considered a completely elastic solid, while if it reaches
the maximum value (4 equal tol), the material is considered a Newto-
nian fluid.

In Fig. 6a, it is observed that the bitumen type B50/70 at a tem-
perature of 50 °C reaches f 0.52 for the first cycle of the MSCR at 3.2
kPa. Subsequently, for the last test cycle, this value increases to a
maximum fpsx of 0.75, demonstrating the multiple stress softening ca-
pacity of bitumen type B50/70.

Subsequently, when adjusting the rheological model Eq. (11) for
asphalt mastics, lower values f are reached due to the elastic capacity of
the filler, which delays the state of deformation mentioned. The samples
with the lowest values f are those with HL filler, reaching a maximum
value of 0.38, which drops sharply as the filler concentration increases
above the f/b dosage equal to 1.00 (see Fig. 6a). L and FA mastics have
higher g values than those of HL, with a linear decrease of the parameter
as the f/b ratio increases. The maximum values $ obtained for the filler
surfaces with FA and L are 0.53 and 0.65 for the maximum dosage,
respectively.

Increasing the temperature up to a temperature of 60 °C generates a
greater difference in the results between the bitumen and mastics
compared to those obtained at 50 °C. Fig. 7b shows that bitumen type
B50/70 reaches 8084.6% deformation, generating a considerable in-
crease in the viscoelastic transition with respect to the 50 °C tempera-
ture. For the viscoelastic simulation criteria, bitumen type B50/70 at
60 °C (see Fig. 7a), reaches a maximum value of # = 0.84 for the tenth
cycle of the test, reaching a growth of 12% compared to the previous
temperature.

Mastics with L filler show the highest deformations among the types
of filler studied. The range of deformations is 2149-4882%, generating a
softening product of multiple stress with value  of 0.48-0.76, increasing
by 16% the values for the variation of f/b equal to 0.5-1.25. In addition,
mastics with FA fillers present a range of 429-2974%, improving the
behaviour compared to samples with L by 43-80% for f/b dosages equal
to 1.25 to 0.50. The above shows that there are no differences in the
behaviour shown by the mastics at a temperature of 50 °C between FA
and L. Likewise, the mastics with FA increase the viscoelastic transition 4
by 11% in reference to the 50 °C temperature, demonstrating greater
elasticity than those made with L.

Finally, the samples with HL show the best behaviour under creep-
recovery phenomena with a domain of 68-1503% of accumulated
deformation. Similarly to the samples with FA, the mastics with HL
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maintain the percentage difference obtained at 50 °C, defining an
improvement of 69-91% in relation to the behaviour of the samples with
L.

The domain g for the samples with HL extends from 0.20 to 0.50,
generating a behaviour with a higher tendency to elasticity (8 = 0)
compared to FA and L. In contrast to the rheological simulation at 50 °C,
the samples with HL generated the greatest changes with 28% of the
increase /.

Fig. 8 shows the rheological behaviour of the bitumen and asphalt
mastics for a temperature of 70 °C in the MSCR test. Bitumen type B50/
70 is the sample with the highest deformation (26389% accumulated;
the rheological simulation (see Fig. 8a) shows that the rheological values
pB reach a minimum value of 0.96 for the first cycle, reaching the
maximum value of § = 1, demonstrating a Newtonian fluid behaviour.

The samples with L filler acquire a deformation range from 8164% to
19205%, with an increase f of varying between 0.72 and 0.96 for the
variation of f/b equal to 0.5-1.25. The mastics with FA present a
deformable range of 1261-6255%, which increases the range obtained
at a temperature of 60 °C, obtaining an improvement in the performance
of 40-84%, compared to the samples with L, for the range of f/b equal to
1.25 to 0.50. The transition of the parameter j for the samples with FA
ends in an interval 0.44-0.95, which shows a maximum growth of 36%
for the f/b ratio equal to 0.50.

The HL filler generates the best performance when mixed with
bitumen type B50/70 compared to the rest of the fillers. The results
indicate a domain of 140-5539% of accumulated deformation, being
71% more efficient than the L samples for f/b equal to 0.50, and
reaching 98% for the dosage of f/b equal to 1.25. With respect to the
normalization of the vector f, a final domain is obtained for HL. mastics
at 70 °C from 0.30 to 0.78, being the filler that generates the highest
elasticity.

In addition to the degree of viscoelasticity obtained with the frac-
tional derivative f, the proposed model for mastic asphalt (Fig. 3b) al-
lows detailing the elastic capacity &, of the different fillers, due to the
infinitesimal representation of the mineral aggregate enveloped by the
asphalt bitumen. The results (Table 4) determine that for the 10 cycles of
the MSCR at 3.2 kPa, the elastic property & increases as a higher con-
centration of filler is added to the sample.

In particular, when comparing the types of fillers, it is observed that a
higher Young’s modulus is quantified for the samples with HL in the four
dosages analyzed. This elastic difference is greater for the filler/bitumen
ratios with higher filler content, demonstrating that the mathematical
adjustment allows detailing the elasticity as a function of the nature of
the filler and its relation to the mass of the asphalt bitumen.

In this sense, the samples with HL filler present a greater elastic
difference of 4.67-10-3 kPa for the highest f/b concentration at 50 °C.
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Subsequently, this difference decreases with decreasing filler content,
reaching 5.9-10-4 kPa for f/b ratio equal to 1.00 and 9.00-10-6 kPa for
f/b ratio equal to 0.75. Otherwise, the model is not able to predict a
difference for the /b concentration equal to 0.50 between the HL and FA
fillers, characterizing the same Young’s modulus for 50 °C, which is due
to the similarity of the mechanical behaviour for low concentrations.

When analyzing the L filler, it is observed that the model shows even
lower values than those obtained with HL and FA. The greatest differ-
ence is observed for the dosage f/b equal to 1.25, where a percentage
difference of 99.99% is obtained in the values of £, when compared with
the HL filler. Likewise, the sample with FA presents a 99.28% higher
elasticity in contrast to the L filler.

Based on the lower dosage (f/b equal to 0.50), the model charac-
terizes Young’s modulus for the L filler with values different from those
shown for the HL and FA fillers, which is directly related to the fineness
of the filler used. In summary, the mathematical model is able to
differentiate an elasticity &, for the type of filler at low concentrations (f/
b equal to 0.50) only when there is a difference in the particle sizes as
presented in this study (see Table 2).

When increasing the test temperature to 60 and 70 °C, the output &,
values of the different mastics do not show large differences. Therefore,
an ANOVA statistical analysis of the 10-cycle MSCR setting at 3.2 kPa is
performed for all dosages and temperatures. Table 5 shows the values of
the variance of parameter 2. It is obtained that the filler with HL and L
presents a P-value of 99%, accepting the hypothesis that the elasticity &,
of the type of filler is not affected when the temperature increases from
50 °C to 70 °C. In the case of FA, the elasticity obtained generates a
greater dispersion of the data, obtaining a probability of success of
95.64%, which can be attributed to a possible chemical interaction be-
tween the filler/bitumen interface.

Fig. 9a shows the relationship between J,32 and Rs  for bitumen
type B50/70 and asphalt mastics. The results indicate that with
increasing temperature, higher J,, values are generated with lower re-
covery, due to the transformation from viscoelastic to the viscous state
of the samples.

In particular, for a temperature of 50 °C, the mastics with L have the
same Rj ; range as the bitumen type B50/70 for f/b concentrations equal
to 0.50-0.75. However, a mismatch is generated, obtaining lower creep
deformations Jpr32, so it is necessary to calculate the J,/R ratio to
establish a performance index and quantify the elasticity of the fillers.
Now, if the amount of J,,» due to R recovery is analyzed, it is observed
that mastics with L filler present an improvement of 21-80% of J/R in
comparison to bitumen type B50/70 for the variation f/b equal to
0.50-1.25f. In contrast, HL and FA fillers achieve an improvement be-
tween 78 and 99% and 59-95% respectively, determining better J,./R
ratios for the same f/b variation. Subsequently, as the temperature in-
creases, greater differences are generated between mastics and bitumen,
showing an increase in the J;,;/R index of 91-99.93% for HL, 76-98% for
FA and 60-89% for L filler in reference to bitumen type B50/70.

Fig. 9b shows a comparison between the results obtained in the LVE
range with the damage obtained in the MSCR cumulative damage test
for asphalt mastics. In relating these phenomena, it is necessary to
specify that the parameter |G*|/sin(é) is able to normalize an index for
rutting failures for bitumens, but not for mastics (|G*|/sin(5) > 1.00
kPa). In this case, when comparing samples with fillers, it is observed
that |G*||/sin(5) has a significant influence due to temperature. In
particular, the |G*||/sin(5) and the reciprocal of Jur32 have the same
units (kPa) and when correlating their results for angular velocity 10
rad/s and temperatures of 50, 60 and 70 °C (see Fig. 6b), a good Pearson
correlation of p = 0.82 is obtained, although not strong for p-value less
than 0.05. This trend is generated due to the fact that independent of the
test procedure, the samples decrease their stiffness as the test tempera-
ture increases, showing a higher value f or softening. In the particular
case for a test temperature, the samples increase their stiffness as the
dosage f/b increases, but they soften as a result of the repetitive loads
measured by f.
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4. Conclusions

In the present investigation, the viscoelastic behaviour of asphalt
mastics with three different types of fillers (HL, FA and L) at high and
low temperatures analyzed using a DSR. The results obtained in this
research demonstrate that the use of the rheological model proposed
allows detailing the elastic capacity of the fillers and viscoelastic ca-
pacity of the bitumen for the multiple stress of the MSCR. The main
conclusions of the study presented below:.

e The viscoelasticity model proposed in this paper represents a
detailed way to mechanically characterize asphalt mastics. Unlike
the classical viscoelastic models, the new proposed model allows
detailing the elastic &2 influence of the fillers, the viscoelasticity of
the asphalt bitumen and its relationship with the f/b dosage used for
an f/b range of 0.5 to 1.25.

e The use of fractional derivatives in the proposed model for the
bitumen and asphalt mastics results in new terms in the MSCR test
recovery modulus equation. The parameter  explains more precisely
the total energy release caused by the bitumen and mastic asphalt,
quantifying the viscoelastic transition of the filler/bitumen system
for the 10 cycles of 3.2 kPa, generating a study of the impact of the
filler type and its relationship with the filler/bitumen dosage.
The rheological analyses of the B50/70 type bitumen and the asphalt
mastics have made it possible to quantify the effect of the fillers on
the resulting mastics. The results obtained show that the samples
with HL generate higher stiffness values |G*| and lower accumulated
deformations R, compared to the FA filler, due to the greater fineness
of its particles. In addition, a large development of the elastic ca-
pacity &2 or Young’s modulus is demonstrated, being directly pro-
portional to the filler/bitumen ratio.
In the future, further work is planned to obtain a complete design of
asphalt mixtures, comparing the methodology of the present study
with the development of bitumens, mastics and asphalt mixtures for
fatigue and permanent deformation phenomena. This will help
determine the influence of bitumen modifying materials on the
behaviour of asphalt mastics.
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Appendix A

In this appendix some examples of the problem discussed in the main
text on the permanent deformations of bitumen B50/70 and the asphalt
mastics studied are illustrate.

First, Eq. (10) is used to adjust the recovery phenomenon in the
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bitumen at 50 °C in the 10 cycles independently (see Fig. 10). This
procedure is achieved by means of computer codes using MATLAB®O,
defining the domain of elastic-viscous rheological properties of B50/70,
€1 and P respectively. The fractional derivative f is obtained as an in-
dicator of the recoverable non-linear viscoelasticity, demonstrating the
change between the elastic and viscous state (see Figs. 6, 7 and 8).

Once the B50/70 parameters have been obtained, the adjustment is
defined by means of Eq. (11) (see Fig. 11) for the MSCR in asphalt
mastics. For this adjustment, the elastic capacity of each filler (£2) and its
relation with the bitumen mass (f/b) are defined. The same procedure
was used for all the combinations and temperatures studied.
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