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ABSTRACT: An adequate moisture resistance is a key element to guarantee the durability of asphalt materials. This paper
identifies the influence of filler typology and bitumen content on the mechanical response of asphalt mortars before and after water
action. Two fillers were evaluated: Portland cement and Calcium carbonate, along with different contents of a penetration bitumen
(B35/50). Stiffness, ductility, and fatigue were evaluated through a new protocol for asphalt mortar samples using a 3-point-
bending test on DMA (Dynamic Mechanical Analyzer). The use of Portland cement presents higher stiffness, lower ductility, and
improved fatigue and water resistance compared to Calcium carbonate. It is also possible to optimize bitumen content based on
fatigue results. Content beyond the optimal reduce variations after water action but compromise fatigue resistance. Lower content
leads to a poorer performance in both terms. This methodology enables asphalt mortar characterisation as a tool to optimise the
design of asphalt materials.
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RESUMEN: La influencia del tipo de polvo mineral y contenido de ligante bituminoso en la resistencia a la humedad y fatiga
de morteros bituminosos. La resistencia al agua es clave para garantizar la durabilidad de los materiales asfalticos. Este estudio
identifica la influencia del polvo mineral y contenido de betin en la respuesta mecanica de morteros bituminosos antes y después
de la humedad. Se evaluaron dos tipos de filler: cemento Portland y carbonato calcico (filler calizo), junto con distintos contenidos
de betan (B35/50). Rigidez, ductilidad y fatiga fueron evaluados mediante un nuevo ensayo de fatiga a tres puntos para morteros
empleando DMA (Dynamic Mechanical Analyzer). El cemento presenta mas rigidez, menos ductilidad y mayor resistencia al agua
y fatiga que el filler calizo. Los resultados de fatiga permiten ademas optimizar el contenido de betun. Contenidos por encima del
optimo reducen variaciones tras la humedad pero comprometen la resistencia a fatiga. Contenidos menores conllevan un peor
comportamiento en ambos términos. Esta metodologia permite usar la caracterizacion de morteros bituminosos para optimizar el
disefio de materiales asfalticos.

PALABRAS CLAVE: Matriz de aridos finos; Polvo mineral; Betin; Mortero bituminoso; Comportamiento a fatiga; Susceptibilidad
al agua.
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1. INTRODUCTION

The materials used in road construction and the
design of asphalt mixtures play a fundamental role
in the structural performance, durability, and func-
tionality of the transportation infrastructure. This
carries even greater importance nowadays since the
demands linked to higher levels of traffic (1) and
the effects derived from climate change are increas-
ing (2). This latter phenomenon gives rise to rain-
fall events of a more extreme nature (3) that lead to
the need for new design tools for asphalt materials
that provide agile and precise knowledge of their re-
sponse to the action of water.

Environmental factors, such as thermal gradients,
solar radiation, and water derived from precipita-
tions, can incur a profound effect on the durability
of asphalt mixtures (4). In mild climatic conditions,
the greatest contribution to the deterioration of roads
may be that of traffic loading, and the resultant dis-
tresses that manifest, such as fatigue cracking, rut-
ting (permanent deformation), and ravelling (5, 6).
However, when severe climate comes into play, as is
becoming more and more common due to the effects
of climate change, these distresses escalate as do
the effects linked to the action of water, since these
constitute key elements in the degradation of asphalt
pavements (7). The presence of moisture destroys
the chemical bonds between the asphalt binder and
the aggregates thereby reducing the adhesion be-
tween them significantly (8). Due to this premature
failure of adhesion, the cohesion of the asphalt mix-
ture is compromised, and it ceases to act as a coher-
ent structural unit (9). This affects its bearing capac-
ity and induces other pathologies, such as ravelling
and stripping (10). In addition, when combined with
other factors (traffic load, temperature gradients, ice
formation, ageing, etc.), it could lead to the medi-
um- or long-term failure of the road layer affected.
Hence, control of the moisture susceptibility of as-
phalt materials is essential for the prolongation of
the useful life of the pavement and for the enhance-
ment of its durability.

Many variables affect the amount of moisture
damage that occurs in asphalt mixtures. Some are
related to mixture design and construction (such as
air void content, binder film thickness, permeability,
and drainage), environmental factors (temperature,
pavement age, freeze—thaw cycles, and presence of
ions in the water), traffic conditions, bitumen type,
and properties of any additives employed (11). Be-
yond that, it is clear that the materials that condition
the resistance of the asphalt mixture to moisture to a
greater degree would be those responsible for bitu-
men/aggregate adhesion. In this respect, the physical
and chemical properties of aggregates (12), of the
bituminous binder (13), and of the filler typology
(14) employed exert a substantial effect on the per-
formance of asphalt mixtures.

The bituminous binder is not only responsible
for the visco-elastic behaviour of an asphalt mix-
ture but also for providing its cohesion and stability
and its resistance to tensile and shear stresses (15).
A proper choice of its dosage constitutes a funda-
mental factor in preserving the asphalt material
from moisture damage without compromising its
remaining mechanical properties (such as fatigue re-
sistance, bearing capacity, and permanent deforma-
tion performance) (16). This is especially important
in course layers, which commonly employ asphalt
mixtures with higher binder contents and are more
exposed to precipitation events. Furthermore, sever-
al studies have shown that the properties of mineral
fillers (particles passing through a 0.063 mm sieve)
exert a significant effect on the performance of as-
phalt materials (17, 18). It is common to improve
the moisture susceptibility of asphalt mixtures by
changing the filler fraction of aggregates, increasing
the binder content, or by introducing anti-stripping
modifiers (19-23).

Due to the importance of these elements, the avail-
ability of design tools focused on the performance
of these materials becomes a key factor in the mit-
igation of the potential moisture damage occurring
during the service life of the pavement (24). In par-
ticular, in recent years there has been an increase in
the study of Fine Matrix Asphalt (FAM), also known
as asphalt mortars. The analysis at this scale is fo-
cused on the interaction between asphalt binder, fill-
er, and the finest part of the aggregates (commonly
less than 2 mm in diameter) (25), which are, indeed,
the main components of asphalt mixtures that condi-
tion, among other phenomenon, moisture resistance.
Several authors have employed this type of analysis
to characterise the water susceptibility and fatigue
performance of asphalt materials (26-28). The study
of the mortar scale enables the influence of bitumen
on the adhesiveness of the asphalt materials to be
better characterised, not only in relation to the filler
(as in the case of mastic), but also to the finest aggre-
gate fraction, thereby testing the maximum specific
surface of asphalt mixtures (29, 30).

This study employs a test protocol based on a
3-point bending DMA (Dynamic Mechanical An-
alyzer) configuration to assess the influence of the
type of filler and the bitumen content on the mois-
ture susceptibility and fatigue life of asphalt mortars
(FAM).

2. MATERIALS AND METHODS

2.1 Materials

The materials employed in the manufacture of the
mortars were B 35/50 penetration bitumen, limestone
sand (with a maximum aggregate size of 2 mm and
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washed to remove filler particles contained thereon),
and two different typologies of active filler: Portland
cement and Calcium carbonate (Figure 1). The main
characteristics of these materials are summarised in
Tables 1 and 2.

Calcium Carbonate\

Grtland Cement Filler
& Influence

v; 35/50
/ Portland Cement

B 35/.ry
Bitumen Content \

Influence

-

FiGURE 1. Materials used for the manufacture of the mortars
studied.

Limestone Sand

TaBLE 1. Properties of the limestone sand employed in the

study.
. Percentage of material
Parameter Sieve (mm) passing (%)
2 100.0
Granulometry
(EN933-1) (31) 0.3 180
0.063 0.0
Sand equivalent (EN 933-8) (32) 77.0
Density (kg/m?) (EN 1097-6) (33) 2,770.0
Water absorption (%) (EN 1097- 0.9

6) (33)

In order to assess the influence of both the typolo-
gy of filler and the bitumen content on the moisture
resistance of asphalt mortars and their implication
with the mechanical performance of this kind of ma-
terial, four mortars were manufactured. Previously,
a bitumen content of reference was established by
following the methodology proposed in other stud-

TABLE 2. Properties of the fillers employed in the study.

Percentage of material

Sieve passing (%)
Parameter
(mm) Calcium Portland
Carbonate Cement
2 100.0 100.0
Granuylometry 0.5 100.0 100.0
(EN 933-1)
31 0.125 100.0 100.0
0.063 94.0 96.0

Density (kg/m?®) (EN 1097-
3, Annex A) (34)

2.770.0 2,941.0

ies (27, 30, 35). This consisted of manufacturing the
complete mixture intended for reproduction (in this
case, a BBTM 11 B mixture (UNE 13108-2) (36)
with a bitumen content of 5.3% over the total weight
of the mixture), which was then disaggregated after
it had cooled down (Figure 2). The material was then
sifted with the aid of metal balls, to separate it into
four groups:

- Group 1: Material retained in the 8 mm sieve.

- Group 2: Material that passes through the 8 mm

sieve and is retained in the 4 mm sieve.

- Group 3: Material that passes through the 4 mm

sieve and is retained in the 2 mm sieve.

- Group 4: Material that passes through the 2 mm

sieve.

Bitumen extraction was performed by employ-
ing an ignition oven to determine the binder content
in each group. The binder content to be used in the
manufacture of the mortar was set using that ob-
tained in Group 4, and was weighted with the values
obtained in Group 3. Subsequent to this process, the
binder content of reference to manufacture the mor-
tars was set at 8% on the total weight of the asphalt
mortar. This content was employed to establish the
differences derived from the use of various kinds of
filler.

Once the filler that led to the best performance
was determined, two new mortars were manufac-
tured to ascertain the influence of using a bitumen
content higher and lower than that of reference. The
composition and density of the various asphalt mor-
tars studied herein can be consulted in Table 3.

F1GURE 2. Disaggregation of asphalt mixture into groups to define the bitumen content employed in asphalt mortars.
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TasLE 3. Composition and density of the mortars evaluated during this study.

Mortar with CaCO, Mortar with Cement

Mortar with Mortar with Cement

Components + 8% bitumen + 8% bitumen Cement + 7% + 9% bitumen
(CC8) (CEMS) bitumen (CEM7) (CEMDY)
Asphalt binder B35/50
(% over the total weight of the mortar) 8.0 8.0 70 90
Limestone Sand
(% over the total weight of the mortar) 6d.4 6d.4 65.1 63.7
Filler: Portland Cement
(% over the total weight of the mortar) ) 27:6 279 273
Filler: Calcium carbonate (CaCO,) 276
(% over the total weight of the mortar) ’
3 3
Apparent  Density - (kg/m’) ~ (EN 2338.0 2453.0 2419.0 2383.0

12697-6) (37)

The materials that compose the asphalt mortars
(aggregates, filler, and bitumen) were heated up to
a temperature of 165°C prior to the mixing process.
During the mixing, the temperature was also moni-
tored by using a thermal imaging camera. Cylindrical
specimens with a size of 150 mm in diameter were
then compacted with the aid of a gyratory compactor
(EN 12697-31) (38) at a temperature of 155 °C.

In order to minimise the air void influence on the
study of the aggregate/binder adhesiveness and its
evolution subsequent to water action, the compac-
tion process targets a void content close to 0% as
pointed out in other studies (27, 39). Once com-
pacted, the specimens were cut in order to obtain
the prismatic specimens of 8.5 x 8.5 x 50 mm that
would subsequently be used in the DMA (Dynamic
Mechanical Analyzer) characterisation.

2.2. Testing plan

The study has the main objective of assessing the
influence of the type of filler and bitumen content

Gyratory compactor specimen

(key elements in the formulation of both mortars and
asphalt mixtures) on the behaviour of asphalt mor-
tars in relation to the action of water by analysing
their response to fatigue. To this end, a three-point
bending test was employed with the aid of DMA
equipment. This test enables bearing capacity, duc-
tility, and fatigue resistance of the material to be
characterised (30, 40), thereby providing useful in-
formation regarding the influence of the components
of the mortars on their mechanical performance and
the changes thereof induced by moisture action.

In order to assess the susceptibility to water of
bituminous mortars, this test procedure was car-
ried out on two groups of samples of each type of
mortar (following a methodology similar to that es-
tablished in the water sensitivity test of bituminous
mixtures (EN 12697-12)). Thus, the specimens
manufactured were separated into two groups: a
dry group of samples maintained at room tempera-
ture (20 £ 5 °C), and a wet group that was condi-
tioned for 72 hours in water at 40 °C after apply-
ing a vacuum at a pressure of 6.7 = 0.3 kPa for
30 + 5 minutes (Figure 3).

/ Dry Group: 72 hours at 25°C \
// ﬁ
/ Wet Group: 72 hours in water at 40°C \

. e

"

FIGURE 3. Preparation of the samples used in the study and separation into groups.
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FiGure 4. Example of the graph of maximum force vs. load cycles obtained for an specimen in the 3-point bending fatigue test.

For each group, nine specimens were consid-
ered, three for each level of strain studied (40, 60
and 80 pum, tested in strain-controlled mode). These
present levels of load sufficient to reach the range
of linear visco-elastic behaviour and to maintain it
sufficiently for the evaluation of changes in stiff-
ness and ductility before the fatigue failure occurs.
Each sample was tested at a temperature of 35 °C (a
demanding temperature to induce fatigue response,
which enables a suitable characterisation and test
durations to be attained) and 5 Hz until fatigue fail-
ure is reached (Figure 4).

The effect of moisture on the mortars was evalu-
ated by comparing, for both groups, the various pa-
rameters obtained from the test (27):

»  Stiffness (S). This parameter enables the bearing
capacity of the material to be assessed, and with
it, the resistance to permanent deformations. It is
a measure of the visco-elastic behaviour of the
material (as it becomes higher, the mortar be-
comes more elastic). It is calculated on Young’s
Modulus obtained from Equation [1] (41) as a
relationship between the force applied and the

1000
900
800

700

600

500

400 Maximum deflection

el

deflection produced in the mortar specimen after
1000 load cycles (Figure 4),

F-13
= Tavne (1]

where:

F: maximum force applied in the load cycle
1000 (when the specimen is considered undam-
aged (Figure 4))

I: length between supports

d: deflection displacement measured in the cy-
cle 1000

b: width of the specimen

h: height of the specimen

¢ Maximum deflection (d_ ). This parameter
makes it possible to evaluate the ductility of
the material tested: the more this parameter in-
creases, the higher the ductility. It is measured
as the accumulated deflection in the specimen
before the appearance of significant damage in
the form of macro-cracks (Figure 5).

*  Cycles to failure (N). This last parameter is that
employed when assessing the fatigue resistance

i
Y

Macro-crack
appearance

Deflection, d (um)

300
200

100

20000

40000

60000

80000 100000 120000

Load Cycles

FiGure 5. Deflection (d) evolution and specimen images registered during the 3-point bending fatigue tests on a DMA.
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of the mortars tested and, therefore, constitutes a
key element in the evaluation of their mechanical
performance. It is defined as the total number of
load cycles applied in the specimen until the ap-
pearance of a macro-crack. This is controlled by
making use of a real-time camera installed in the
DMA device (Figure 5) and comparing the imag-
es recorded with the maximum force measured by
the machine in each load cycle (a sharp drop in the
values is indicative of the macro-crack apparition,
Figure 4). Alternatively, if no macro-crack appears
after 250,000 load cycles, then this would be the
value established as the failure of the specimen.

3. RESULTS AND DISCUSSION

The aforementioned parameters were employed
to assess the influence of the type of filler and bitu-
men content on the fatigue performance and mois-
ture resistance of asphalt mortars.

3.1 Influence of the type of filler

As can be observed in Figure 6, the use of cement
(CEM 8) leads to a greater degree of rigidity and
less deflection than does the use of calcium carbon-
ate (CCR), regardless of whether the material has
been subjected to water action. This means greater
bearing capacity, and therefore higher resistance to
permanent deformations.

In relation to the mortar manufactured with calci-
um carbonate (CC8), once the material is subjected to
the action of the water, its stiffness does not vary sig-
nificantly. However, it does increase the degree of de-
flection accumulated before failure, thereby proving
this parameter to be more sensitive to moisture effect.

3000
. 2500
2000
1500

1000

Maximun deflection, dmax (um

500

100 150

200

As for Portland cement, its use presents smaller dif-
ferences not only in terms of stiffness (as was the case
with carbonate) but also in terms of ductility, thereby
indicating a higher resistance to moisture.

Figure 7a shows the fatigue laws of both mortars
before they are subjected to the effect of moisture.
In this way, it can be deduced that, in line with that
observed above in Figure 6, the higher rigidity and
lower degree of ductility of mortars made with Port-
land cement (CEMS) also lead to a greater fatigue
resistance than its counterpart made of Calcium car-
bonate (CC8) throughout the entire range of loads.
The lower the load applied, the more marked the
differences, which indicates a greater durability of
mortars that use Portland cement as active a filler
(since a higher level of load is required to obtain a
similar fatigue life in the two materials, otherwise
cement resistance is significantly higher).

Once mortars have been subjected to the action
of water (Figure 7b), it can be observed how the dif-
ference between the fatigue lives of the two mate-
rials becomes more marked across the entire range
of loads. This confirms the increased moisture resis-
tance of the mortars that use Portland cement as al-
ready pointed out by the results of stiffness and duc-
tility (Figure 6). It can therefore be said that the use
of cement as active filler shows better performance
than does calcium carbonate in terms of bearing ca-
pacity and resistance to both moisture and fatigue.
Portland cement was hence chosen as the reference
filler for the assessment of the influence of the bitu-
men content employed.

3.2 Influence of the binder content

Figure 8 shows the effect of the binder content
on the stiffness and ductility of the asphalt mor-

250 300 350 400 450

Stiffness,S (MPa)

® CEMS Dry © CEM8 Wet

(C8 Dry (C3 Wet

FiGure 6. Influence of the type of filler on stiffness and maximum deflection of asphalt mortars.
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FiGure 7. Influence of the type of filler on fatigue resistance of
asphalt mortars before (a) and after (b) the action of the water.
4000
3500
£ 3000
bl
£
£ 500
c
o
T 2000
L
3
£ 1500
-
E
X 1000
=
500
0
0 50 100 150 200 250 300 350 400 450
Stiffness, S (MPa)
CEMY7 Dry CEMY7 Wet ® CEMB Dry © CEM8 Wet + CEMS Dry CENMO Wet

FIGURE 8. Results of stiffness and maximum deflection for mortars with different binder content.
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F1GURE 9. Fatigue laws of the asphalt mortars manufactured with
different bitumen content.

tars for both dry and wet groups. Regarding stiff-
ness and by focusing on the mortars before water
conditioning, it can be observed how the most rigid
mortar is the reference mortar (with an intermediate
binder content (CEM 8)) with a stiffness that ranges
between 300-350 MPa. When the binder content is
decreased (CEM 7), the level of stiffness achieved
is similar, however, the deflection experienced is
lower. This points towards a lower flexibility of the
material when the binder content is reduced. On the
other hand, when the bitumen content is increased
(CEMY), the changes become more marked, with a
significant reduction of stiffness (in a range of 200-
250 MPa) and an increase of maximum deflection
(approximately 1500 pm compared to the lower
bitumen contents that stand at approximately 1000-
500 pum for 8 and 7%, respectively). In this way, a
higher percentage of asphalt binder in the mixture
leads to the mortar becoming more ductile.

As regarding the effect of water on the mechani-
cal behaviour of mortars, it can be observed that, re-
gardless of the bitumen content, similar mechanical
behaviour is reached. The maximum deflection of
the samples of the wet group decreases although the
stiffness of the material does not change significantly
subsequent to the water action. Despite this general
consideration, different degrees of deflection variations
can be observed between the different contents of bitu-
men. Intermediate content (CEM8) shows a lower rate
of change that is more marked when this percentage
is reduced (CEM 7) and it becomes even more pro-
nounced after increasing the bitumen content (CEM 9).
This points towards a higher degree of sensitivity of
this ductility parameter regarding moisture resistance.

Figure 9 shows fatigue life (Nf) in reference to
the load applied in the test. According to the results,
it can be observed how this methodology has re-

markable potential to establish an optimal bitumen
content for the binder tested, which considers both
fatigue and moisture resistance since the three per-
centages analysed present different degrees of fa-
tigue resistance and rate of change subsequent to
water conditioning. As can be observed, the mortar
manufactured with 8% of bitumen (CEMS8) pres-
ents the highest degree of durability with levels of
fatigue resistance superior to those achieved by the
other bitumen contents, regardless of whether they
have been subjected to the action of water.

In relation to moisture susceptibility, it can be ob-
served that the reduction of deflection experienced
after the water action (Figure 8) leads to even greater
fatigue lives of the wet group. Nonetheless, this phe-
nomenon changes for the other two contents. When
the bitumen content is below the optimum (CEM 7),
the fatigue life reached decreases despite the lower
degree of ductility of the material. This could be re-
lated to a poorer bitumen/aggregate adhesion which
is confirmed by the results obtained after the water
action. According to these results, the fatigue resis-
tance is reduced to a greater extent as the solicitation
load level is higher.

When the bitumen content exceeds the considered
optimum (CEMD), the differences between the levels
of durability achieved before and after water condi-
tioning are the lowest, which would confirm that a rise
in the bitumen content is positive to the performance
of asphalt materials against water (5). Nevertheless,
the fatigue resistance of this material is significantly
lower than the mortar manufactured with 8% of bitu-
men due to the reduction of stiffness and the increase
of ductility (Figure 8) experienced once the optimum
content of bitumen is exceeded. This proves the po-
tential of the methodology proposed since, for the
materials tested, it enables the effects of moisture on
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the asphalt mortars to be studied without limiting the
assumption of a better performance to the differences
found in a specific parameter before and after water
conditioning. Instead, the joint consideration of stiff-
ness, ductility, and fatigue evolution enables an opti-
mal bitumen content to be established that considers
the permanent deformation, fatigue, and moisture re-
sistance of the material.

4. CONCLUSIONS

This paper studies the influence of the filler ty-
pology and binder content on the water and fatigue
resistance of asphalt mortars. For this purpose, a
methodology based on the 3-point bending fatigue
test using the DMA has been applied. On the basis
of the results obtained for the materials tested, the
following conclusions can be drawn:

- The type of filler employed affects the perfor-
mance of the mortar. The use of Portland ce-
ment leads to a greater degree of rigidity and
less ductility. Both parameters change after
water action, whereby the variations are less
marked after the use of cement instead of Cal-
cium carbonate, which indicates a higher resis-
tance of Portland cement.

- The use of Portland cement leads to higher fa-
tigue resistance than does Calcium carbonate.
The differences become greater after the action
of water, thereby confirming its better perfor-
mance against moisture and higher durability
of the cement mortar.

- Regarding bitumen content, that below the op-
timum leads to lower values of deflection but
similar levels of stiffness. However, when the
content is higher, the variations are more pro-
nounced for both reduction of stiffness and in-
crease of ductility.

- Regardless of the binder content, the action of
water leads to changes in the maximum deflec-
tion experienced by mortars while the stiffness
remains of the same order. Maximum deflec-
tion is a more sensitive parameter than is stiff-
ness in the assessment of the changes induced
by moisture in asphalt mortars.

- An optimal bitumen dosage can be clearly
found based on the fatigue resistance of asphalt
mortars by using the methodology proposed.

- Bitumen contents below the optimal present
lower variations after the action of water but
the fatigue resistance is then compromised.
When the content is below the optimal, the wet
group displays a decreasingly lower fatigue life
than that of the dry group as the level of load
increases.

The methodology proposed enables the effects of
moisture on the asphalt mortars to be assessed without
limiting the assumption of a better performance to the

differences found in a specific parameter before and after
water conditioning. Instead, their implications in bearing
capacity, ductility, and fatigue are considered. Hence,
the mechanical performance of asphalt materials can be
established to confront the effects of climate change, as
a way to optimise the mixing design. Future work will
be carried out on the validation of the potential of the
methodology proposed in mortars manufactured with
bitumen of different penetration grades, polymer-mod-
ified binders, and aggregates of a diverse nature.
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