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Abstract: This article presents a new methodology of analysis based on a fast-running experimental
procedure to characterise the mechanical response of asphalt mortars in terms of stiffness, ductility,
and fatigue resistance. This was achieved using the DMA (Dynamic Mechanical Analyser) three-
point bending configuration. The study was carried out by considering the employment of different
types of fillers such cement and CaCO3 and different types of binders such as conventional asphalt
binder (B35/50) or modifided polymer-modified bitumen (PMB 25/55–65). From the results of this
study, the filler was found to have a greater influence on the stiffness and ductility of the asphalt
material, while bitumen had a higher effect on the fatigue life of the asphalt mortar. Fatigue life was
observed to increase with the use of a polymer-modified binder, while a lower degree of permanent
deformation and higher bearing capacity achieved by the use of cement instead of calcium carbonate
as active fillers.

Keywords: fine aggregate matrix; filler; polymer-modified bitumen; asphalt mortar; asphalt mixture;
fatigue performance

1. Introduction

The continual increases in traffic levels, coupled with greater environmental burdens
such as more extreme climatic events due to climate change, have led to the need to design
asphalt mixtures with a higher performance level [1]. Moreover, current investments in road
networks in developed countries have been evolving toward the preservation of existing
infrastructures rather than the construction of new ones [2]. This has led to a need to
optimise existing resources in order to achieve solutions that can improve the performance
of roads and to guarantee their future durability. To achieve this, it is fundamental to
find new tools that can help to improve the design of asphalt mixtures. This should be
accomplished in a manner in which designs could be more agile, the use of new materials
could still be explored, and the limited resources available can be optimised.

An adequate selection of the materials and asphalt mixtures used in the construction of
road structures exerts a fundamental role in the performance, durability, and functionality of
the transport infrastructure. An optimal asphalt mixture design would guarantee sufficient
bearing capacity, enough flexibility to counteract the initiation of cracking at low stress
levels [3], a good interaction between the components [4], and the capacity of resist fatigue
associated with both traffic loads and thermal stresses [5]. Fatigue phenomena could give
way to the progressive cracking and breakage of the asphalt mixture layers of the pavement
structure, which is one of the main reasons behind structural failure in pavements [6].
There are several tests for evaluating the fatigue resistance at the asphalt mixture level;
however, alternative methods could be useful in order to explore the properties of material
via fewer testing steps. In turn, this would also provide a quicker understanding of the
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material needing lower investment costs without compromising the representativeness of
the mechanical behaviour described.

In this sense and in spite of its relative low percentage among the asphalt mixture, the
materials conforming the Fine Aggregates Matrix (FAM) (i.e., bitumen, the finest aggregate
fraction of asphalt mixture and filler) are responsible for providing appropriate granular
material cohesion [7]. FAM (or asphalt mortar) also conditions the viscoelastic response of
the entire mixture and, with it, its resistance to fatigue and cracking [8]. In addition, both the
filler and binder are, despite its low proportion, the more expensive constituent materials
in the mixture (especially if active fillers or polymer-modified bitumen are employed).
Therefore, it is important to know, as accurately as possible, the actual influence of the
employed asphalt binder (penetration or modified) and filler type (natural or active) on the
mechanical response of the mixtures [9].

Different studies have analysed the basic physical-chemical characteristics of the filler
or rheologic performance at asphalt binder level [10,11]. Nevertheless, this kind of analyses
lack the consideration of the interaction between asphalt, filler, and the finest part of
the aggregates as a fundamental factor conditioning the mechanical behaviour of asphalt
materials. For this reason, the analysis of an intermediate level such as FAM characterization
could be helpful in precisely determining the repercussions of using different kinds of
fillers and bitumens in phenomena such as fatigue cracking. This is possible by studying it
at the scale that most conditions the viscoelastic response of the material.

There are several studies [12–14] that have employed this kind of analysis as a method
of characterizing the fatigue resistance of asphalt mixtures. These methods extend the
principle used in the characterization of bitumen rheology and make use of samples that
are usually cylindrical, which are tested under torsion. Following this, different oscillatory
sweep tests (strain sweep, time sweep, relaxation, linear amplified sweep (LAS), creep,
and recovery, etc.) are carried out at different frequencies and temperatures to characterise
the viscoelastic properties of the material, its recovery capacity, and fatigue resistance [15].
According to their results, the analysis of asphalt mortars has been shown to be a viable
method since it deals with the problem of the heterogeneous composition of asphalt
mixtures through the characterization of a more homogeneous material (i.e., FAM) [16,17].
This makes it possible to examine the precise influence of different fillers or even polymer-
modified binders, since it enables the analysis of the maximum specific surface of asphalt
mixtures. At this scale, a higher concentration of binder is anticipated and a sensitivity
closer to the entire mixture can be achieved [18,19]. Nonetheless, despite this, there is still a
certain lack of a common methodology regarding fatigue characterization (with different
tests and failure criterion considered) that can provide confidence in this type of analysis.
In turn, this limits the spread of its use as a tool in the design for asphalt mixtures and the
evaluation of different materials related to their mastics.

Therefore, the aim of this study was to analyse the influence of the type of filler and
bitumen on the stiffness, ductility, and fatigue resistance. This was achieved through the
implementation of a methodology of analysis based on 3 point-bending DMA (Dynamic
Mechanical Analyser) fatigue characterization for asphalt mortars (FAM).

2. Materials and Methods
2.1. Materials

Four asphalt mortars were studied (Table 1) to establish the effect of the type of
filler and bitumen on their mechanical response. All of them were designed based on the
properties of the materials employed in BBTM mixtures (EN 13108-2) [20]. This mixture
type (commonly used at higher traffic levels) requires the use of active fillers and polymer-
modified bitumen being the mortar fraction, which is a key role on its mechanical response.
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Table 1. Composition of the asphalt mortars studied.

Components
Mortar with Cement

+ Penetration
Bitumen (M1)

Mortar with CaCO3
+ Penetration
Bitumen (M2)

Mortar with Cement
+ Modified

Bitumen (M3)

Mortar with CaCO3
+ Modified

Bitumen (M4)

Asphalt bitumen B35/50
(% over the total
mortar weigth)

8.0 8.0 - -

Asphalt bitumen PMB
25/55–65
(% over the total
morta weigth)

- - 8.0 8.0

Limestone Sand
(% over the total
mortar weigth)

64.4 64.4 64.4 64.4

Filler: Portlant Cement
(% over the total
mortar weigth)

27.6 - 27.6 -

Filler: Calcium carbonate
(CaCO3)
(% over the total
mortar weigth)

- 27.6 - 27.6

To establish the influence of the filler employed, two mortars were manufactured using
Portland cement as an active filler, and the other two were manufactured using calcium
carbonate (CaCO3). Similarly, two mortars were manufactured using a conventional
penetration bitumen (B35/50) and the other two mortars were manufactured using a
polymer-modified bitumen (PMB 25/55–65) to analyse the influence of this type of bitumen
(Figure 1).
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Figure 1. Components of the asphalt mortars studied.

Mortars were composed of 64.4% of limestone sand (washed to eliminate any filler
particles), 27.6% of filler, and 8.0% of bitumen over the total asphalt mortar weight. The
amount of binder corresponding to the mortar fraction was calculated according to the
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methodology employed in other studies [7,14,19]. The main characteristics of these materi-
als are summarised in Tables 2–4.

Table 2. Characteristics of the sand employed.

Property Sieve Size
(mm) Percentage of Aggregates Passing (%)

Granulometry
(EN 933-1) [21]

2 100
0.5 18

0.063 0

Sand Equivalent (EN 933-8) [22] 77.0
Density (kg/m3) (EN 1097-6) [23] 2770

Water Absorption (%) (EN 1097-6) [23] 0.88

Table 3. Characteristics of the fillers employed.

Property Sieve
(mm)

Percentage of Filler Passing (%)

Portland Cement Calcium Carbonate

Granulometry
(EN 933-1)

2 100 100
0.5 100 100

0.125 100 100
0.063 96.0 94.0

Density (kg/m3) (EN 1097-3, Annex A) [24] 2941 2770

Table 4. Properties of the binders evaluated in the study.

Property B 35/50 PMB 25/55–65

Binder Penetration (dmm)
(EN 1426) [25] 38 32

Softening point temperature
(◦C) (EN 1427) [26] 54 65

The mixing process between the different components was carried out at 165 ◦C of tem-
perature. After that, cylindrical specimens with a diameter size of 150 mm were compacted
using a gyratory compactor (EN 12697-31) [27] at a temperature 160 ◦C until reaching a
void content near to 0% (which gives way to specimen heights round 40 mm). By reducing
to the maximum the air voids present in the material, the adhesiveness between aggregates
and binder can be analysed more precisely [14]. Afterward, specimens were sawn using
a precision coordinate cutting saw to obtain 8.5 × 8.5 × 50 mm prismatic samples. These
would be used in the DMA (Dynamic Mechanical Analyser) characterization without the
need to be coupled to the device as in other FAM characterization torsion tests. Figure 2
shows the aspect of the specimens manufactured and Table 5 shows the density of the
different mortars manufactured.

Table 5. Density of the asphalt mortars tested.

Components M1 M2 M3 M4

Apparent Density (kg/m3)
(EN 12697-6) [28]

2453 2338 2423 2373
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Figure 2. Obtaining process of the mortar samples used in DMA tests.

2.2. Testing Plan

This investigation makes use of a new methodology of analysis that allow the as-
sessment of the influence of using different types of active filler and asphalt binder in the
mechanical performance of asphalt materials. By applying this, it is possible not only to
determine the basic characteristics (such as bearing capacity, flexibility, or fatigue resistance)
that condition the mechanical performance of asphalt mortars or mixtures, but we can also
establish the relation between them and the changes induced by changes in the asphalt
mortar’s composition. This will enhance the understanding of the influence of different
fillers and bitumen types in the mortars helping in the improvement of the design of
asphalt materials.

In order to achieve this, a three-point bending test (Figure 3) was performed with
DMA Discovery HR 30™ equipment from TA Instruments™ (New Castle, DE, USA) on
the prismatic specimens previously referred to. The use of this type of configuration
instead of the most commonly used torsional one [12,17,18] allows bringing the material
characterization closer to the methods commonly used in fatigue characterization at the
level of mixtures such as UGR-FACT [29], 3-point fatigue test [30], and 4 point-bending
test [31], among others. This new test allows the assessment of ductility, stiffness, and the
fatigue response of the mortar, enhancing the comprehension about the influence of the
finest fraction of aggregates and mastic components on the mechanical resistance of the
material [19].
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Based on these considerations, for each type of mortar, 9 specimens were tested
divided into 3 sub-groups of 3 samples. The test of each sub-group was performed until
reaching fatigue cracking failure at 3 different strain amplitudes: 40, 60, and 80 µm (DMA
in strain-controlled mode). The load (of sinusoidal character) was applied at a frequency
of 5 Hz and at a temperature of 35 ◦C. This temperature allows obtaining adequate test
durations without compromising the adequate characterization of the material. In addition,
the material is tested with demanding conditions in relation to fatigue response. The
different values obtained were then used to define fatigue laws that helps in understanding
the behaviour of the material against this phenomenon in different load conditions.

To establish the failure cycle, this methodology does not make use of a reduction in
modulus value (usually between 40 and 60%), the definition of failure from the maximum
phase angle value, or the establishment of different indices based on viscoelastic models
as used in other studies [13,16]. Instead, image control was employed during all tests by
making use of the live camera integrated in the equipment. The appearance of macro-cracks
in the specimens along with the control of the evolution of the maximum force registered
in each load cycle (a sharp drop in this force indicated the apparition of the macro-crack)
makes it possible to examine the failure cycle (Figure 4). Alternatively, a maximum number
of 250,000 cycles was established as failure criteria in cases where cracking did not fully
develop beforehand.

This test allows the assessment of ductility, bearing capacity, and fatigue response of
the material. These parameters are related to the performance of the FAM components
within the asphalt mixture and condition and its durability. In this fashion, the mechanical
behaviour of asphalt mortars can be studied by using the different parameters derived
from the analysis of the three point-bending test [14]:

• Stiffness (S). This first parameter evaluates the bearing capacity of the mortar, a key
element in ensuring that the mixture has adequate resistance to permanent deforma-
tions [32]. It is defined as the relation between the force applied and the deflection
induced in the mortar specimen after 1000 cycles. Stiffness uses the Young’s Modulus
obtained from Equation (1) [33], and it is a measurement of the visco-elastic behaviour
of the mortar (as it becomes higher, the mortar behaviour becomes more elastic). This
is possible because all tests share same temperature and load conditions (amplitude
and frequency):

S =
F·l3

4·d·b·h3 (1)
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where F is the maximum force applied in the load cycle 1000 (at this cycle, the sample
is considered undamaged and within the viscoelastic range); l is the distance between
the supporters; d is the deflection displacement measured in the cycle 1000; b is the
width of the sample; and h is the sample height.

• Maximum deflection (dmax). It is defined as the accumulated deflection in the spec-
imen before the macro-crack appearance (Figure 5). This parameter measures the
ductility (ability to deform before cracking) of the material analysed, a property re-
lated to fatigue resistance, which is particularly important at low temperatures [34].
As the maximum deflection becomes higher, mortar ductility also becomes higher.
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• Fatigue life (Nf). This parameter is defined by the total number of cycles applied in the
sample before the appearance of a macro-crack. The parameter is a direct measurement
of the fatigue resistance of the mortars (as this parameter increases, the resistance of
the material also increases).
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3. Results and Discussion

Based on the methodology previously described, the results presented enable the
characterization of the influence of both the type of filler and binder on the behaviour of
asphalt mortars.

3.1. Stiffness (S) and Ductility (dmax)

The following figures present the values of Stiffness and Maximum deflection (previ-
ously defined) obtained from the nine samples tested for each mortar at different levels of
load. The representation of these values allows obtaining a general idea of the mechanical
behaviour of the material and the differences that occur due to changes in its composition
in terms of bearing capacity and flexibility.

Figures 6 and 7 present the stiffness and deflection results for the Portland cement and
calcium carbonate active fillers, respectively. The two binders are also represented in these
figures (both the penetration or polymer-modified bitumen). The representation of these
two parameters makes it possible to differentiate the mechanical response of the asphalt
mortars manufactured with different active filler materials.

Materials 2022, 15, x FOR PEER REVIEW 8 of 15 
 

 

• Fatigue life (Nf). This parameter is defined by the total number of cycles applied in 
the sample before the appearance of a macro-crack. The parameter is a direct meas-
urement of the fatigue resistance of the mortars (as this parameter increases, the re-
sistance of the material also increases). 

3. Results and Discussion 
Based on the methodology previously described, the results presented enable the 

characterization of the influence of both the type of filler and binder on the behaviour of 
asphalt mortars. 

3.1. Stiffness (S) and Ductility (dmax) 
The following figures present the values of Stiffness and Maximum deflection (pre-

viously defined) obtained from the nine samples tested for each mortar at different levels 
of load. The representation of these values allows obtaining a general idea of the mechan-
ical behaviour of the material and the differences that occur due to changes in its compo-
sition in terms of bearing capacity and flexibility. 

Figures 6 and 7 present the stiffness and deflection results for the Portland cement 
and calcium carbonate active fillers, respectively. The two binders are also represented in 
these figures (both the penetration or polymer-modified bitumen). The representation of 
these two parameters makes it possible to differentiate the mechanical response of the 
asphalt mortars manufactured with different active filler materials. 

In terms of stiffness, mortars made with the cement filler (Figure 6) had values be-
tween 300 and 400 MPa, which were slightly higher in the case of the M3 mortar (made 
with the polymer-modified binder). In the case of calcium carbonate filler (Figure 7), a 
similar behaviour was observed for both types of binder. However, the bearing capacity 
was found to be lower with values between 150 and 250 MPa, which is always slightly 
higher for the mortar manufactured with modified bitumen (PMB 25/55–65). 

Regarding ductility, despite the type of bitumen employed, it becomes clear that the 
mortars manufactured with CaCO3 experienced a higher value of deflection. Therefore, it 
is more flexible than those that incorporate cement as an active filler. The use of polymer-
modified bitumen tends to slightly reduce the flexibility of the material following a similar 
trend to what was observed for stiffness. 

 
Figure 6. Results of stiffness and maximum deflection measured the mortars with cement active 
filler. M1 conventional binder M3 modified binder. 

0

200

400

600

800

1000

1200

1400

1600

0 50 100 150 200 250 300 350 400 450

M
ax

im
un

 d
ef

le
ct

io
n,

 d
m

ax
 (µ

m
)

Stiffness, S (MPa)
M1 M3

Figure 6. Results of stiffness and maximum deflection measured the mortars with cement active filler.
M1 conventional binder M3 modified binder.

In terms of stiffness, mortars made with the cement filler (Figure 6) had values between
300 and 400 MPa, which were slightly higher in the case of the M3 mortar (made with
the polymer-modified binder). In the case of calcium carbonate filler (Figure 7), a similar
behaviour was observed for both types of binder. However, the bearing capacity was found
to be lower with values between 150 and 250 MPa, which is always slightly higher for the
mortar manufactured with modified bitumen (PMB 25/55–65).

Regarding ductility, despite the type of bitumen employed, it becomes clear that the
mortars manufactured with CaCO3 experienced a higher value of deflection. Therefore, it
is more flexible than those that incorporate cement as an active filler. The use of polymer-
modified bitumen tends to slightly reduce the flexibility of the material following a similar
trend to what was observed for stiffness.

According to these results, both the stiffness and ductility proved to be sensitive to the
filler and bitumen typologies employed. It was also possible to demonstrate the utility of
this kind of analysis to evaluate their influence in the bearing capacity and the resistance of
the asphalt mortars to both cracking and permanent deformations. In summary, mortars
manufactured with cement filler (Mortars M1 and M3) were found to be more rigid and
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less ductile compared to mortar specimens made with CaCO3 filler (M2 and M4). The
specimens manufactured with conventional binder (B35/50, M1 and M2) were more flexible
and less rigid than the ones made using a polymer-modified binder (M3 and M4).
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Figure 7. Results of stiffness and maximum deflection measured the mortars with CaCO3 active filler.
M2 conventional binder M4 modified binder.

3.2. Fatigue Life (Nf)

In this section, the fatigue life (Nf) values obtained in the different mortars for each
loading condition were used to construct fatigue laws. For each specimen, the applied
load value (corresponding to the required deformation level) is plotted against the number
of cycles that was resisted until macro-crack appearance. A potential regression of these
values allows obtaining a law describing the fatigue behaviour of the material against
different levels of solicitation.

Figure 8 shows the fatigue laws of those asphalt mortars manufactured with the same
type of filler. In this manner, Figure 8a displays the results of mortars with cement as
active filler (M1 and M3), while Figure 8b presents those fabricated with CaCO3 (M2 and
M4). This makes it possible to compare the influence of the asphalt binder on the fatigue
response of these materials.

The differences found in fatigue resistance for the cement mortars (Figure 8a) show
that the mortar manufactured using a B 35/50 penetration bitumen (M1) has a significantly
lower (around a 500% less) fatigue life than the mortar that employed polymer-modified
bitumen (M3).

Comparing the mortars that used CaCO3 as a filler (Figure 8b), the differences between
the two asphalt binder typologies was slightly less significant but still visible. The mortar
that used the modified bitumen (M4) was found to have a higher fatigue resistance than
the one employing a conventional penetration binder (M2).

These results show that this kind of analysis is sensitive enough to distinguish the
effect of different kinds of asphalt binders when using a determined kind of filler in asphalt
mortar formulation. In both cases, it becomes clear that the use of polymer-modified
bitumen helps to extend the fatigue life of these mortars. This is in accordance with other
studies [19,35,36] and with the previous results regarding increased stiffness and lower
deflection (Figures 6 and 7). These are indicative of the increased cohesion between the
asphalt mortar components that contribute to enhancing fatigue resistance in mortars.
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Figure 8. Comparison between types of bitumen for mortars manufactured with Portland cement (a)
and CaCO3 (b).

Similarly, Figure 9 analyses the influence of the filler type on the fatigue response of
asphalt mortars, comparing the fatigue laws of the mortars manufactured with the same
kind of asphalt binder: B 35/50 (M1 and M2, Figure 9a) or PMB 25/55–65 (M3 and M4,
Figure 9b).

Considering that, as seen previously, the mortars using polymer-modified bitumen
in its formulation reached a higher fatigue life. Here, it can be observed that, regardless
the kind of bitumen used, the mortars manufactured with cement (M1 and M3) have
higher fatigue resistance than those that employed CaCO3 as active filler (M2 and M4).
The differences between the fatigue life of the mortars manufactured with different types
of filler becomes higher as the load amplitude tested is lower. This could indicate that
beyond a certain level of load, the influence of the typology of bitumen would be more
significant than the type of filler in relation with fatigue resistance. These results are again in
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accordance with those found in Figures 6 and 7. This is particularly true when considering
that a higher degree of stiffness (such as the one obtained through the use of cement) leads
to an extended fatigue life, as it was also pointed out by previous studies [14,37].
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Figure 9. Comparison between types of active filler for mortars manufactured with penetration
binder (a) and polymer-modified bitumen (b).

Finally, in order to better distinguish the influence of the of filler and bitumen typolo-
gies, Figure 10 presents the relative maximum deflection (dmax) or ductility, stiffness (S),
and fatigue life (Nf) together. For each one of these parameters, a ranking between the
different mortars was established by assigning a value on the scale 1 to 4 to each one (where
1 is the lowest value and 4 is the largest value). Then, the values were represented in the
graph. The ranking is settled according to the average value of each parameter defined at
the load of 10 N, as observed in Table 6.
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Figure 10. Relationship between maximum deflection, stiffness and fatigue life of the different
mortars studied.

Table 6. Average values obtained at a load level of 10 N employed in the construction of the
parametric ranking.

M1 M2 M3 M4

Nf Average (cycles) 21,500 8125 22,750 20,750
Nf Standard deviation (cycles) 1905.9 3473.1 1283.1 2986.1
Nf, Ranking 2 1 4 3

S Average (Mpa) 311.3 218.5 353.6 245.1
S Standard deviation (Mpa) 16.6 34.2 19.57 8.0
S, Ranking 3 1 4 2

dmax Average (µm) 1200 1850 755 1800
dmax Standard deviation
(µm) 264.6 768.1 77.2 571.5

dmax, Ranking 2 4 1 3

From this figure, it is possible to observe that the design component that most con-
tributes to a higher fatigue life (Nf) is the typology of bitumen employed since mortars
manufactured with polymer-modified bitumen (M3 and M4) are the ones with larger
fatigue resistance. Regarding the other two parameters, ductility (dmax) and stiffness
(S), these manifested an inverse result. Specifically, the higher the rigidity, the lower the
maximum deflection. Regardless of this, both parameters were found to be more affected
by the type of filler used in the design of the asphalt mixture. Mortars with cement as active
filler (M1 and M3) were more rigid than those manufactured using CaCO3 (M2 and M4).
Therefore, the former would have a higher bearing capacity and permanent deformation
resistance, whereas the latter would present a higher ductility and would be more flexible.

4. Conclusions

This study centers on the application of a new methodology of analysis of asphalt
mortars based on 3-point bending fatigue tests performed with DMA equipment. This
was used to establish the influence of different types of active filler and asphalt binder on
their mechanical performance. According to the results showed, some conclusions can
be reached:

• The methodology presented made it possible to identify the effect of the filler on the
stiffness and ductility of asphalt mortars, both being parameters that condition the
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mechanical performance of asphalt mixtures. In this case, it can be observed how
mortars manufactured with Portland cement are more rigid and have lower deflection
(dmax) in comparison with CaCO3 mortars.

• These two parameters are also affected by the bitumen type employed. It was possi-
ble to distinguish a slightly more rigid and less flexible behaviour for the polymer-
modified binder regardless of the filler type employed.

• The highest fatigue resistance was achieved through the employment of polymer-
modified binder regardless of the filler used. Nonetheless, when the same kind of
bitumen (either penetration or modified) was employed, the higher degree of stiffness
of cement mortars helps achieve larger fatigue lives than mortars manufactured
with CaCO3.

• It was possible to establish that the typology of bitumen used will affect, to a greater
extend, the fatigue life of asphalt materials. Meanwhile the stiffness, ductility, and the
properties that depend on them (bearing capacity, permanent deformation resistance,
flexibility, etc.) will be conditioned more by the kind of filler employed.

According to the results found, it can be concluded that using asphalts mortars and
the test protocol based on DMA 3-point bending configuration makes it possible to assess
the influence of different types of filler and bitumen on the mechanical performance of
these materials. This will help simplify its design and characterization in a manner that
requires fewer resources.

Author Contributions: Conceptualization, F.M.-N., A.E.H. and R.T.-M.; methodology, R.T.-M.,
F.M.-N. and A.E.H.; software, A.E.H. and F.M.-N.; validation, R.T.-M., F.M.-N. and M.d.C.R.-G.;
formal analysis, R.T.-M. and A.E.H.; investigation, R.T.-M., A.E.H. and G.G.-T.; resources, F.M.-N. and
M.d.C.R.-G.; data curation, R.T.-M., A.E.H. and F.M.-N.; writing—original draft preparation, R.T.-M.
and A.E.H.; writing—review and editing, R.T.-M., F.M.-N., G.G.-T. and M.d.C.R.-G.; visualization,
G.G.-T. and M.d.C.R.-G.; supervision, F.M.-N. and M.d.C.R.-G.; project administration, M.d.C.R.-G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The study did not report any data.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Nicodème, C.; Diamandouros, K.; Diez, J.; Durso, C.; Arampidou, K.; Nuri, A.K. Road Statistics Yearbook 2017; European Union

Road Federation: Brussels, Belgium, 2017.
2. Gould, E.; Parkman, C.; Buckland, T. The Economics of Road Maintenance; RAC Foundation: London, UK, 2013.
3. Loria, L.; Sebaaly, P.E.; Hajj, E.Y. Long-Term Performance of Reflective Cracking Mitigation Techniques in Nevada. Transp. Res.

Rec. J. Transp. Res. Board 2008, 2044, 86–95. [CrossRef]
4. Presti, D.L.; Carrión, A.J.D.B.; Airey, G.; Hajj, E. Towards 100% recycling of reclaimed asphalt in road surface courses: Binder

design methodology and case studies. J. Clean. Prod. 2016, 131, 43–51. [CrossRef]
5. Pérez-Jiménez, F.; Valdes, G.; Botella, R.; Miró, R.; Martinez, A. Evaluación del proceso de fatiga de mezclas asfálticas mediante

un nuevo procedimiento cíclico de barrido de deformaciones: EBADE. Rev. Constr. 2011, 10, 55–65. [CrossRef]
6. Moreno-Navarro, F.; Sol-Sánchez, M.; Rubio-Gámez, M.C. The effect of polymer modified binders on the long-term performance

of bituminous mixtures: The influence of temperature. Mater. Design 2015, 78, 5–11. [CrossRef]
7. De Sousa, P.C. Automated Protocol for the Analysis of Dynamic Mechanical Analyzer Date from Fine Aggregate Asphalt Mixes.

Ph.D. Thesis, Texas A & M University, College Station, TX, USA, 2010.
8. Moreno-Navarro, F.; Sol-Sánchez, M.; Del Barco, A.J.; Rubio-Gámez, M. Analysis of the influence of binder properties on the

mechanical response of bituminous mixtures. Int. J. Pavement Eng. 2015, 18, 73–82. [CrossRef]
9. Rahman, A.; Ashik, S.; Kumar, S.; Sazzad, Q. Effect of fillers on bituminous paving mixes: An experimental study. J. Eng. Sci.

2012, 3, 121–127.
10. Kim, Y.R. Mechanistic Fatigue Characterization and Damage Modeling of Asphalt Mixtures. Ph.D. Thesis, Texas A&M University,

College Station, TX, USA, 2003.
11. Underwood, B.; Kim, Y.R. Experimental investigation into the multiscale behaviour of asphalt concrete. Int. J. Pavement Eng. 2011,

12, 357–370. [CrossRef]

http://doi.org/10.3141/2044-10
http://doi.org/10.1016/j.jclepro.2016.05.093
http://doi.org/10.4067/S0718-915X2011000200006
http://doi.org/10.1016/j.matdes.2015.04.018
http://doi.org/10.1080/10298436.2015.1057138
http://doi.org/10.1080/10298436.2011.574136


Materials 2022, 15, 3307 14 of 14

12. Nabizadeh, H.; Haghshenas, H.F.; Kim, Y.-R.; Aragão, F.T.S. Effects of rejuvenators on high-RAP mixtures based on laboratory
tests of asphalt concrete (AC) mixtures and fine aggregate matrix (FAM) mixtures. Constr. Build. Mater. 2017, 152, 65–73.
[CrossRef]

13. Ding, J.; Jiang, J.; Ni, F.; Dong, Q.; Zhao, Z. Correlation investigation of fatigue indices of fine aggregate matrix (FAM) and asphalt
mixture containing reclaimed asphalt pavement materials. Constr. Build. Mater. 2020, 262, 120646. [CrossRef]

14. Hidalgo, A.; Moreno-Navarro, F.; Tauste, R.; Rubio-Gámez, M. The Influence of Reclaimed Asphalt Pavement on the Mechanical
Performance of Bituminous Mixtures. An Analysis at the Mortar Scale. Sustainability 2020, 12, 8343. [CrossRef]

15. Suresha, S.; Ningappa, A. Recent trends and laboratory performance studies on FAM mixtures: A state-of-the-art review. Constr.
Build. Mater. 2018, 174, 496–506. [CrossRef]

16. Masad, E.; Zollinger, C.; Bulut, R.; Little, D.; Lytton, R.; Khalid, H.; Davis, H.; Scarpas, T.; Fini, E.; Guarin, A. Characterization of
HMA moisture damage using surface energy and fracture properties. In Asphalt Paving Technology: Association of Asphalt
Paving Technologists-Proceedings of the Technical Sessions. Assoc. Asph. Paving Technol. 2006, 75, 713–754.

17. Sadeq, M.; Al-Khalid, H.; Masad, E.; Sirin, O. Comparative evaluation of fatigue resistance of warm fine aggregate asphalt
mixtures. Constr. Build. Mater. 2016, 109, 8–16. [CrossRef]

18. Im, S.; You, T.; Ban, H.; Kim, Y.-R. Multiscale testing-analysis of asphaltic materials considering viscoelastic and viscoplastic
deformation. Int. J. Pavement Eng. 2015, 18, 783–797. [CrossRef]

19. Tauste-Martínez, R.; Moreno-Navarro, F.; Sol-Sánchez, M.; Rubio-Gámez, M.C. Multiscale evaluation of the effect of recycled
polymers on the long-term performance of bituminous materials. Road Mater. Pavement Des. 2021, 22, S99–S116. [CrossRef]

20. EN 13108-2; Bituminous Mixtures-Material Specifications—Part 2: Asphalt Concrete for Very Thin Layers. AENOR, Asociación
Española De Normalización Y Certificación: Madrid, Spain, 2007.

21. EN 933-1; Tests for Geometrical Properties of Aggregates—Part 1: Determination of Particle Size Distribution-Sieving Method.
AENOR, Asociación Española De Normalización Y Certificación: Madrid, Spain, 2012.

22. EN 933-8; Tests for Geometrical Properties of Aggregates—Part 8: Assessment of Fines-Sand Equivalent Test. AENOR, Asociación
Española De Normalización Y Certificación: Madrid, Spain, 2012.

23. EN 1097-6; Tests for Mechanical and Physical Properties of Aggregates—Part 6: Determination of Particle Density and Water
Absorption. AENOR, Asociación Española De Normalización Y Certificación: Madrid, Spain, 2014.

24. EN 1097-3; Tests for Mechanical and Physical Properties of Aggregates—Part 3: Determination of Loose Bulk Density and Voids.
AENOR, Asociación Española De Normalización Y Certificación: Madrid, Spain, 1999.

25. EN 1426; Bitumen and Bituminous Binders-Determination of Needle Penetration. AENOR, Asociación Española De Normal-
ización Y Certificación: Madrid, Spain, 2015.

26. EN 1427; Bitumen and Bituminous Binders-Determination of the Softening Point—Ring and Ball Method. AENOR, Asociación
Española De Normalización Y Certificación: Madrid, Spain, 2015.

27. EN 12697-31; Bituminous Mixtures-Test Methods—Part 31: Specimen Preparation by Gyratory Compactor. AENOR, Asociación
Española De Normalización Y Certificación: Madrid, Spain, 2020.

28. EN 12697-6; Bituminous Mixtures-Test Methods for Hot Mix Asphalt—Part 6: Determination of Bulk Density of Bituminous
Specimens. AENOR, Asociación Española De Normalización Y Certificación: Madrid, Spain, 2012.

29. Moreno-Navarro, F.; Rubio-Gámez, M. UGR-FACT test for the study of fatigue cracking in bituminous mixes. Constr. Build. Mater.
2013, 43, 184–190. [CrossRef]

30. Artamendi, I.; Khalid, H.A. A comparison between beam and semi-circular bending fracture tests for asphalt. Road Mater.
Pavement Des. 2006, 7, 163–180. [CrossRef]

31. Cheng, H.; Liu, J.; Sun, L.; Liu, L.; Zhang, Y. Fatigue behaviours of asphalt mixture at different temperatures in four-point bending
and indirect tensile fatigue tests. Constr. Build. Mater. 2020, 273, 121675. [CrossRef]

32. Kalantar, Z.N.; Karim, M.R.; Mahrez, A. A review of using waste and virgin polymer in pavement. Constr. Build. Mater. 2012, 33,
55–62. [CrossRef]

33. Canet, J.M. Resistencia de Materiales y Estructuras; Centro Internacional de Métodos Numéricos en Ingeniería: Barcelona, Spain, 2012.
34. Lu, X.; Isacsson, U.; Ekblad, J. Influence of polymer modification on low temperature behaviour of bituminous binders and

mixtures. Mater. Struct. 2003, 36, 652–656. [CrossRef]
35. García-Travé, G.; Tauste, R.; Moreno-Navarro, F.; Sol-Sánchez, M.; Rubio-Gámez, M.C. Use of recycled geomembranes for

modification of mechanical performance of bituminous binders. J. Mater. Civil Eng. 2016, 28, 04016021. [CrossRef]
36. Bala, N.; Kamaruddin, I.; Napiah, M. The influence of polymer on rheological and thermo oxidative aging properties of modified

bitumen binders. J. Teknol. 2017, 79, 61–73. [CrossRef]
37. Das, A.K.; Singh, D. Investigation of rutting, fracture and thermal cracking behavior of asphalt mastic containing basalt and

hydrated lime fillers. Constr. Build. Mater. 2017, 141, 442–452. [CrossRef]

http://doi.org/10.1016/j.conbuildmat.2017.06.101
http://doi.org/10.1016/j.conbuildmat.2020.120646
http://doi.org/10.3390/su12208343
http://doi.org/10.1016/j.conbuildmat.2018.04.144
http://doi.org/10.1016/j.conbuildmat.2016.01.045
http://doi.org/10.1080/10298436.2015.1066002
http://doi.org/10.1080/14680629.2021.1906737
http://doi.org/10.1016/j.conbuildmat.2013.02.024
http://doi.org/10.1080/14680629.2006.9690063
http://doi.org/10.1016/j.conbuildmat.2020.121675
http://doi.org/10.1016/j.conbuildmat.2012.01.009
http://doi.org/10.1007/BF02479497
http://doi.org/10.1061/(ASCE)MT.1943-5533.0001507
http://doi.org/10.11113/jt.v79.10180
http://doi.org/10.1016/j.conbuildmat.2017.03.032

	Introduction 
	Materials and Methods 
	Materials 
	Testing Plan 

	Results and Discussion 
	Stiffness (S) and Ductility (dmax) 
	Fatigue Life (Nf) 

	Conclusions 
	References

