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Abstract: Obtained natural sands can present different particle size distributions (PSD), although they
have the same mineralogical origin. These differences directly influence the physical and mechanical
behavior of mortars and, therefore, the performance of mortar and ceramic renderings. Standardizing
the particle size of sands based on pre-established requirements in normative standards (NBR 7214
or ASTM C778) is one way to minimize these effects. However, these standards do not consider the
optimization of the granular skeleton through the analysis of bulk density and PSD, which may be
insufficient to obtain satisfactory results. Therefore, this paper analyzes the effects of using different
particle size ranges on the physical and mechanical behavior of cement and hydrated lime mortars.
The properties of consistency index, bulk density, air content, capillary water absorption, water
absorption by immersion, flexural strength, compressive strength, and dynamic modulus of elasticity
were evaluated. For this purpose, standardized sands of the same mineralogical origin were made
with different particle size ranges, being: (i) standardized sand constituted by 25% of coarse and fine
fractions (S25-control), (ii) standardized sand constituted by 30% of coarse fraction and 20% of fine
fraction (S30-20), and (iii) standardized sand composed by 40% of coarse fraction, and 10% of fine
fraction (S40-10), respectively. The results indicated that variations in the particle size composition
of the standardized sands are necessary to obtain mixtures with higher compactness and, therefore,
mortars with better physical and mechanical performance. Thus, the dosage of the particle size
fractions of standardized sand should consider the optimization of the granular skeleton, being the
unit mass and the granulometric composition as important parameters to meet this premise.

Keywords: cementitious materials; particle size; granular skeleton; fine aggregate

1. Introduction

The consumption of natural resources and energy worldwide has increased consid-
erably due to urban and economic growth. It is estimated that the construction industry
consumes 40% of these natural resources [1], and this demand is expected to double by
2050 [2]. As a result, this industry is considered one of the sectors that contributes the most
to changing the environment.

For example, Brazil is considered one of the countries that extract and consume the
most natural resources in an uncontrolled, non-optimized way. Aggregates, for example, are
materials with high consumption in the country. In 2019 only, about 2.5 tons of aggregates
were consumed per inhabitant [3], which corresponds to a consumption of approximately
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523 million tons. In particular, regarding the sand used in construction (natural and
artificial), data from the Departamento Nacional de Produgao Mineral-DNPM [4] pointed
out that in 2015 about 349 million tons of sand were consumed. These data highlight
the importance of the rational use of these natural resources for the preservation of the
environment. However, this is not an isolated problem in Brazil and happens in other
countries around the world. Li et al. [5] and Zhang et al. [6] highlight the great urgency
for alternative sources of aggregates in China, due to the high production of concrete. The
same is highlighted by other authors in other regions of the world, like the USA [7] and
Europe [8].

Among the various materials used in the construction industry, mortar is one of the
main materials used due to its mechanical properties, durability, cost-effectiveness, and
availability [9]. Cementitious mortar can be described as a combination of fine aggregates
(typically riverbed sand), hardened cement paste, and interfacial transition zones. The
physical-mechanical behavior of mortars is highly related to the properties of the aggregate
used due to its large volume fraction in the mixture [10].

Some of the properties of aggregates such as textural parameters of aggregate grains,
such as grain size (expressed in terms of grain size composition), shape, surface texture, and
mineralogical composition significantly affect the behavior of construction materials [11-16].
In addition, other aggregate factors related to the characteristics of the particle system, the
number of grains in each fraction, and how these particles are organized in their equilibrium
position should be considered [17].

Notwithstanding, currently one seeks to produce construction materials with less
cement and simultaneously present adequate mechanical and physical performance. In this
context, optimizing the properties of a mortar mixture considering the maximum packing
density of the constituent materials [18] is an important alternative in the production of
efficient materials.

The shape and particle size distribution of the aggregates are parameters that are
related to obtaining the maximum packing density. Such influence is of great interest since
the internal microstructure of cement-based mortar is a function of its porosity and pore
size distribution (the result of voids between sand grains and those intrinsically present
in cementitious products) [19]. Thus, a change in sand grain size (the main component
by weight and volume) should have a drastic effect on mortar microstructure and hence
on mechanical properties, porosity, hydration of materials, as well as other characteris-
tics [20-22].

In this perspective, the Brazilian (NBR 7214) and American (ASTM C778) standards
determine that natural or artificial sands should be standardized in terms of particle
size fraction before being used in tests for determining the strength class of cements or
evaluation of the pozzolanic activity of supplementary cementitious materials (SCM). For
example, Brazilian standards recommend that standardized sand should have four size
fractions: fraction #16 with particle size between 2.4 and 1.2 mm, fraction #30 with particle
size between 1.2 and 0.6 mm, fraction #50 with particle size between 0.6 and 0.3 mm, and
fraction #100 with particle size between 0.3 and 0.15 mm. However, these standards do
not take into account the effects of the particle size distribution (PSD) on mortar behavior,
which can be a determining factor for the acceptance or not of a particular cement or SCM.

Thus, the effects of using standardized natural sands (SS) with different size fractions
on the physical and mechanical properties of cement and lime mortars were investigated.
The results obtained show that the production of SS based on the maximum packing density
concept is extremely necessary for the rational use of natural aggregates and for obtaining
mortars with better physical and mechanical properties. This initiative can, in the long
run, contribute to mitigating environmental impacts and avoiding waste of one of the main
materials in the construction industry.

The main novelties of the research are related to the development of an experimental
program that looks for the effect of the granulometry of the sands in the main mortar
properties. Marvila et al. [23] carried out bibliographical research on aggregates in mor-
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tar, developing a bibliometric study highlighted in Figure 1. The results obtained were
extracted from the Scopus database based on articles published between 2013 and 2022,
using the keywords recycled; aggregate; concrete (or mortar); and construction. Note the
absence of words such as granulometry, packaging, and relative density, although the
term self-compacting concrete appears. This illustrates the need for research that evaluates
experimental results on the influence of standardized sand granulometry, especially in
mortars, since this is one of the main parameters of aggregates such as sand.
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Figure 1. Bibliometrics analysis from [23].

2. Experimental Program
2.1. Materials

Pozzolanic Portland cement (PC) (similar to ASTM C 595 Portland Pozzolanic) was
used, with a specific gravity of 2.93 g/ cm3, a specific surface BET of 4.362 m?/ g, Blaine
fineness of 4000 cm? /g, and compressive strength of 32.7 MPa at 28 days. The cement used
has approximately 20% of pozzolanic material and the rest of clinker and was chosen due
to its high use in the region where the research was carried out. As the complementary
binder, hydrated-lime (HL) type CH-I (similar to ASTM C207-6) with a specific gravity
of 2.30 g/cm3, bulk density of 0.56 g/cm? and CaO and MgO oxide contents higher than
95% were used. The use of HL is justified by its beneficial effect on mortar properties
(such as workability, water retention, and ability to absorb deformations) and by reducing
cement consumption [24-27], contributing to minimizing environmental impacts from
clinker production.

As fine aggregate was used, quartz sand obtained from the riverbed with a specific
gravity of 2.62 g/cm?3. After collection, this sand was dried in an oven (105 + 5) °C for 48 h
and then sieved to remove particles with size >4.75 mm. After this procedure, three types
of standardized natural sands (SS) with different particle size distributions (PSD) were
made, based on the Brazilian standardization NBR 7214 [28]. Table 1 shows the particle
size fractions and percentages used to produce the three types of SS studied.

Table 2 presents the physical properties of the studied sands. By increasing the
number of particles with larger particle size fractions, the fineness modulus increases and
the content of fines (<0.15 mm) decreases. In Brazil there are no specific standards for
aggregates used in mortars, however, the ASTM C144-3 [29] that specifies the aggregates
used in mortars, limits the content of fine particles that pass the 0.15 mm mesh to 15%.
Thus, all the sands studied meet the limit of fine particles established by the American
standard. On the other hand, the sand with 30% coarse particles (SS30-20) has a higher unit
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mass and higher uniformity coefficient, which is appreciable because higher unit masses
and uniformity coefficients favor the reduction of voids in the mixture and, consequently,
contribute to improving the performance of mortars in the fresh and hardened states.

Table 1. Particle size fractions and nomenclatures of standardized sands.

% “Coarse” Fraction % “Fine” Fraction
Standardized d Sieve #16 Sieve #30 Sieve #50 Sieve #100
andardized sands (5 412 mm) (1.2-0.6 mm) (0.6-0.3 mm) (0.3-0.15 mm)
SS-25 (REF) 25% 25% 25% 25%
SS30-20 30% 30% 20% 20%
S540-10 40% 40% 10% 10%

It should be noted that the S5-25 composition was chosen because it is the standard
used in different international standards, as previously highlighted. Therefore, it is neces-
sary to highlight the criteria for choosing SS30-20 and SS40-10 compositions: (i) set the fine
particle limit established by ASTM C144-3 [29]; and (ii) increase the uniformity coefficient
of the sands, favoring the reduction of voids. This analysis of the influence of the sand
uniformity coefficient on the mortar properties was studied by Azevedo et al. [30]. This
study was used as a basis for defining the SS30-20 and 5540-10 compositions.

Another important piece of information is to note that Table 2 shows similar properties
for S5-25, S530-20, and SS40-10 sands. This is fundamental because the objective of the
article is to evaluate the influence of the material’s granulometry on the properties of
the mortar. Therefore, the other properties established in Table 2 need to be similar,
except for the uniformity coefficient, which is impossible to standardize with a change in
granulometry:.

Table 2. Physical properties of sands.

Physical Properties Standardization S§S-25 $S30-20 §540-10
Maximum size (mm) NBR NM 248 [31] 2.36 2.36 2.36
Fineness modulus NBR NM 248 [31] 2.353 2.535 2.965
Fines content (%) ! - 2.99 2.77 1.84
Bulk density (kg/m?3) NBR NM 45 [32] 1.634 1.660 1.633

4.10 4.70 4.40

! Determined by the amount of material that passes the sieve with an aperture of 0.15 mm.

Uniformity coefficient

Figure 2 shows the particle size distribution of the studied sands, determined according
to the Brazilian standard NBR NM 248 [31]. Regarding the standard limits, SS25 and SS30-20
are close to the ranges recommended by ASTM C144-03 [29] and NBR 7211 [33].

S540-10 sand is outside the normative ranges established in American and Brazilian
standards and, therefore, does not meet the requirements for natural fine aggregates used in
mortars and concretes, respectively. These results show that the predominance of fractions
with larger sizes worsens the particle size distribution of the sands. However, a limit
of 30% of “coarse” particles and 20% of “fine” particles improves the granular skeleton,
justifying the higher uniformity coefficient and higher bulk density of composition SS30-20.
The relationship between the bulk density and the particle size distribution of the fine
aggregates in particle packing was also investigated in a previous study [34] and is shown
to be important to predict the mechanical behavior of mortars [35].
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Figure 2. Sieve size curve of the sands studied and the respective normative limits.

2.2. Methods

The following criteria were established to produce the mortars:

Maintain the mixing proportion of 1:1:6 by weight of Portland cement, hydrated lime,
and sand for all mixtures, respectively. The choice of this mixture proportion was due
to its wide use in civil construction works in the region and because it is a mixing ratio
used in previous research [25-27];

Mortars are mixed in a mortar, according to NBR 16541 [36]

The production of three types of mortar: MSS25 (reference), MSS30-20 and MSS40-10;
The consistency index of the mortars was kept constant at 260 mm in all mixtures
according to NBR 16541 [36];

The ideal amount of water for mortar mixture was determined experimentally to
ensure workability. The procedures adopted followed the specifications of NBR
13,276 [37]

Table 3 shows the amount of each material used in the mortar production. For labora-

tory mixing, using a planetary mechanical mixer with a capacity of five and the procedures
followed the specifications of NBR 16,541 [36].

Table 3. Mix design of the mortars.

Composition (g)

Mix Designation Binder Fine Aggregate
. . . 3 Water w/b
PC HL Sieve #16 Sieve #30 Sieve #50 Sieve #100
MSS25 375 375 562.5 562.5 562.5 562.5 576 0.77
MSS30-20 375 375 675 675 450 450 564 0.75
MSS40-10 375 375 900 900 225 225 585 0.78

The increase in the number of coarse particles increased the water consumption for

the mortars to reach the consistency of 260 mm (Table 2), which consequently increases the
water/binder ratio (w/b) of the mixtures produced with SS40-10. Although it seems to be
contradictory because the amount of fine particles decreases (i.e., the specific surface to be
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wetted also decreases), this behavior can be attributed to the packing effect of the granular
skeleton. In this sense, the standardized sands that have lower bulk density and worse PSD
(5525 and S540-10) have more voids and, therefore, require a greater amount of water to
meet the established flow requirements (260 mm). These results corroborate those obtained
in previous studies [13,22,34,38,39]

The tests performed for the characterization of the mortars in the fresh and hardened
states are listed in Table 4. For the characterization of mortars in the hardened state,
prismatic specimens with dimensions of 40 mm x 40 mm x 160 mm were used.

Table 4. Mix design of the mortars.

Properties Standardization No. of Samples Specimens
Bulk density NBR 13278 [40] ! 3 Fresh mortar
Air content NBR 13278 [40] 1 3 Fresh mortar
Capillary water absorption NBR 15259 [41] 2 3 Hardened mortar
Wate'r abSOl‘Pthl’l by NBR 9778 [42] 3 3 Hardened mortar
immersion
Weight change rate CSTB [43] 3 Hardened mortar
Flexural strength NBR 13279 [44] 4 3 Hardened mortar
Compressive strength NBR 13279 [44] 4 6 Hardened mortar
Dynamic modulus of elasticity NBR 15630 [45] ° 3 Hardened mortar

1 Equivalent to EN 1015-6 (1998); 2 Equivalent to EN 1015-18 (2002); 3 Equivalent to EN 1936 (2007) and ASTM
C642 (2013); 4 Equivalent to EN 1015-11 (1999) and ASTM C1314 (2016); 5 Equivalent to ASTM C597 (2009) and
EN 125044 (2004).

The molding and compaction of the specimens followed the recommendations of
NBR 13279 [46]. During the first 48 h, the surface of the specimens was protected with a
glass plate to avoid evaporation of the mixing water. After this period, demolding was
performed, keeping the specimens exposed to air and at room temperature (25 £ 5 °C) for
28 days for each test, as shown in Table 3.

The mortars” dynamic modulus of elasticity was evaluated using ultrasonic dynamic
technique and non-destructive tests. The dry density of the hardened mortar (as per NBR
13280 [47]-equivalent to EN 1015-10) and the ultrasonic speed of the specimens (as per
NBR 8802 [48]-equivalent to ASTM C 597-16) were determined for this purpose. For the
various types of mortars, the Poisson coefficient was constant and equal to 0.20.

The test of weight variation of the mortars over time was based on the weighing in
precision analytical balance of prismatic specimens (40 mm x 40 mm x 160 mm) during a
period of 28 days counted from the demolding, according to the specific Modalités D’essais
of the CSTB [43]. This test makes it possible to evaluate the behavior of mortars regarding
weight loss and gain during their hardening [19] and, consequently, allows the observation
of the evolution of mortar hardening resulting from cement hydration reactions, and the
carbonation reaction of calcium hydroxide by the action of carbon dioxide [39]. From the
weights obtained, the weight variation rate (dm/dt) was determined based on Equation (1).

—my,

dm/dy = 10—
my

@M

where, my is the initial weight of the specimen on the day of demolding (48 h after molding)
and m, and my, correspond to the weight of the specimen after (1, 2, 3...n) days and the
weight of the anhydrous binder in the mortar, respectively.

3. Results and Discussion
3.1. Properties of Fresh Mortar
3.1.1. Bulk Density

Figure 3 shows the results of the bulk density tests of the mortars in the fresh state. The
mortars presented similar bulk density due to the specific masses of their constituents being
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equal. However, a slight increase in bulk density was observed in the mortars produced
with 30% coarse particles (MSS30-20). This is due to the better particle size distribution of
the SS30-20 sand, which contributes to obtaining more compact mortars in the fresh state
and, therefore, with higher bulk density. These results also show that there is a limit to
the amount of coarse particles supported by the system for maximum mortar compaction,
being ideal for this property the use of standardized sands with up to 30% of “coarse”
fractions and 20% of “fine” fractions.

2500

2000

- -
o (&)

o o

o o

| | |

Bulk density (kg/m?3)

500

| | |
MSS25 MSS30-20 MSS40-10
Mix design

Figure 3. Bulk density of fresh mortars.

These results reveal that all mortars studied can be classified as normal [18], thus
not limiting their use in coatings. In practical terms, using mortars with adequate den-
sity reflects a better workability, since it is possible to reduce the effort employed in its
application and, consequently, increase productivity. Comparing the results with other
studies that used a similar composition, it is observed that Marvila et al. [49] obtained bulk
density values of 2030 kg/m?, while Ferreira et al. [27] obtained values of approximately
2040 kg/m?3. Therefore, the results obtained are coherent.

3.1.2. Air Content

Figure 4 shows that the modification of the particle size composition of the 5525
standardized sand contributes to the reduction of the incorporated air content of the
mortars when compared to the reference mortar (MSS25). This improvement was observed
mainly when using standardized sand with 30% “coarse” and 20% “fine” fraction (SS30-20).
The reason for the decrease in air content is the same as for the increase in fresh mass
density. Thus, the use of standardized sands with better particle size distribution the
reduction of voids, the number of macro-pores decreases, and, consequently, the volume
of incorporated air also decreases. However, the mortar with sands composed of a larger
amount of “coarse” particles (S540-10) showed lower content of incorporated air when
compared to the reference mortar, which contradicts the results of bulk density. In this case,
the higher water demand of MPS40-10 contributed to this difference, probably due to the
filling of voids by water.
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Figure 4. Air content of fresh mortars.

It is also observed that by increasing the continuity of the granular skeleton of the
sands, there is a decrease in the trapped air content of the mortars, confirming that there is
an improvement in the behavior in terms of air incorporated into the mixture when the
particle size distribution of the sands is optimized. These observations are consistent with
a previous study [27].

It is also important to note that, generally, a higher content of air incorporated into
fresh mortars can improve their workability [26], however, its excess is detrimental to
mechanical strength [44,50], permeability, and adherence to the mortar substrate [51].

3.2. Properties of Hardened Mortar
3.2.1. Capillary Water Absorption

Figure 5 shows capillary absorption curves as a function of time for the mortars
studied. The results are consistent with the observations made in the anhydrous and fresh
state. The mortars produced with SSS30-20 showed the best performance when compared
to the other mortars. This behavior is justified by the optimization effect of the granular
skeleton of the standardized sand with 30% coarse particles (5530-20) and corroborates with
the results obtained in the fresh state (i.e., higher bulk densities and lower incorporated
air content). The worst performance obtained by the mortars MSS25 and especially by
MSS40-10 can be attributed to the worst arrangement of the particles, reflecting the worst
granulometric behavior of the aggregates and the lower fresh mass densities of the mortars.
These results indicate that there is greater pore connectivity in the internal structure of the
mortars produced with standardized sands 5525 and S540-10.

Thus, in terms of capillary water absorption, the use of standardized sand with 30% of
the “coarse” fraction and 20% of the “fine” fraction (5530-20) results in mortars with reduced
permeability, which hinders the entry of aggressive agents inside [26]. This behavior is
important for the durability of coatings because, besides the ability to create compounds,
water has the ability to degrade natural and artificial materials, becoming an essential factor
behind most durability problems of cementitious matrices [16,52], especially in materials
that are exposed to external environments. Comparing the results with other studies that
used a similar composition, it is observed that the results are consistent with the research



Materials 2023, 16, 844

9of 16

by Marvila et al. [53], who simulated the effect of porosity on capillarity properties. The
results were around 3.5 g/cm?, similar to the present research.
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—— —0
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Figure 5. Capillary water absorption of hardened mortars.

3.2.2. Water Absorption and Porosity

Figure 6 shows the results of the immersion water absorption tests in terms of water
absorption and open porosity. No significant effects of using different particle size distribu-
tions of the standardized sand were observed on these properties. This behavior can be
justified by the carbonation effect of lime [11,36] whose result is the filling and clogging of
the surface pores and, consequently, a decrease in mortar porosity.

354

1Y Porosity

Percentage (%)

B \Vater absorption

MSS25

MSS30-20
Mix desing

MSS40-10

Figure 6. Water absorption and porosity of hardened mortars.
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Mortars produced with S525 and SPS 40-10 absorb a greater amount of water and are
therefore more porous. The lower water absorption and porosity of the MSS30-20 mortars
are due to the better particle size distribution of the SS30-20 sand and the higher mass
densities in the fresh state of these mixtures. Thus, these results show that better particle
packing favors the compaction of the mortar in the fresh state, thus reducing the porosity
in the hardened state. Comparing the results, the research by Aquino et al. [38] obtained
water absorption values ranging from 15-15.5%, like the present research. Therefore, the
results obtained are coherent.

3.2.3. Weight Change Rate

The rate of weight variation (dm/dt) evaluates the behavior of the mortars regarding
the loss and gain of weight during hardening. This behavior is related to the water retention
capacity that, the higher it is, the lower the mass variation rate will be. The weight variation
occurs due to a physical process in which the mixing water evaporates over time, being
more evident in the initial stages of curing [16], as shown in Figure 7.

Time (days)
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

IRV

-0.01

0.00

-0.02

-0.03

-0.04

-0.05

-0.06

-0.07

-0.08

dm/dt

—a— MSS25
MSS30-20
MSS40-10

-0.09

-0.10

Figure 7. Weight change rate of hardened mortars.

The behavior of the mortars studied is similar, especially those produced with sands
with better particle size composition (5525 and SS30-20), which is beneficial for the hard-
ening of the cement and contributes to preventing the appearance of cracks by drying
shrinkage. However, mortars with higher percentages of “coarse” particles (MSSP40-10)
showed higher dm/dt throughout the test period, i.e., they have a lower capacity to retain
water inside. The reason for this worse performance can be explained in two ways. First,
the higher amount of water in these mixtures was a determining factor. Second, the S540-10
sand has more voids between its particles (lower uniformity coefficient and bulk density)
and the mortars are less dense when compared to the others. These results corroborate
those of water absorption and porosity and confirm that these properties are related to the
weight variation rate of mortars.

3.2.4. Compressive Strength and Flexural Strength

The results of the compressive strength (f.) and flexural strength (f;) of the mortars
studied are shown in Figure 8. In terms of compressive strength classification established
by NBR 13281 [54], the mortars studied fall into classes P4 (4.0 to 6.5 MPa) and P5 (5.5 to
9.0 MPa). Compared to the European standard (EN 998-1 [55]) that specifies requirements
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for mortars for internal and external rendering, the mortars studied have wider applications,
since they belong to classes CS IIl and CS IV and, therefore, are suitable for most of the
applications established by the aforementioned standard.

10 =110
1EZZ) Compressive strength ]
91|RN Flexural strength 1°

7

Z Y

Compressive strength (MPa)
Flexural strength

MSS25 MSS30-20 MSS40-10
Mix design

Figure 8. Results of compressive and flexural strength tests.

The mortars produced with 5540-10 have lower mechanical strengths compared to
the other mortars. This shows that it is possible to increase the content of “coarse” and
“fine” fractions in the standardized sand up to the limit of 30% and 20%, respectively.
Higher levels, as is the case of mixture P540-10 results in a worse arrangement of the
granular skeleton and, consequently, contribute to obtaining mortars with higher water
consumption, lower compaction in the fresh state, and lower mechanical strengths.

The better mechanical performance of MSS30-20 is due to the better behavior of SS30-
20 sand in terms of particle size distribution, uniformity coefficient, and bulk density. All
these parameters contribute to obtaining an aggregate fraction with a lower amount of voids
and, therefore, mortars with lower water demand, with higher densities (more packed), less
porous and with higher mechanical strengths. For Santos et al. [35] when using aggregates
with better particle size distribution the best mechanical performance occurs through two
mechanisms: (i) filling of voids, where the voids between medium-sized grains are filled by
smaller grains and (ii) chemical reaction that improves the interfacial transition zone (ITZ).

Sugrafiez et al. [22] reveal that the compressive strength decreased with increasing
particle size, indicating that the microstructure was a consequence of a primitive arrange-
ment in the raw materials. As a result, the mortars were more compact and therefore
stronger. These authors also conclude that the smaller the average pore diameter, the
higher the compressive strength, which justifies the results obtained in the immersion
water absorption test.

It is noteworthy that the results obtained are like the research by Ferreira et al. [26,27],
where the results for compressive strength were 5-6.5 MPa and the results for tensile
strength in bending were 1.78-2.25 MPa, compatible with the results obtained in this
research.

3.2.5. Dynamic Modulus of Elasticity

The dynamic modulus of elasticity (Eq) of the mortars is shown in Figure 9. Note
that the results obtained are similar due to the use of aggregates of the same mineralogical
nature, which is directly related to the stiffness of the aggregates and, consequently, to
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the modulus of deformation of the mortars. However, the highest E5 was obtained by the
mortars produced with MSS30-20 due to the increased stiffness of the internal structure of
the mortar caused by the packing of the particles.

14

13

E, (MPa)

MSS25 MSS30-20 MSS40-10
Mix design

Figure 9. Results of mortar dynamic modulus of elasticity tests.

These results are consistent with the mechanical strength of mortars and demonstrate
that stronger mortars are more rigid. From the point of view of durability of mortar
coverings, this is not a desirable characteristic, because, as a rule, stiffer coverings have
less capacity to absorb deformations and, therefore, are more prone to cracking, besides
facilitating the access of water and aggressive agents. However, these mortars could be
used as structural repair material.

On the other hand, the parameter proposed by the Centre Scientifique et Technique du
Batiment (CSTB) can better characterize the behavior of mortars in terms of cracking. One
of the criteria proposed by CSTB is based on the ratio between the modulus of elasticity
and flexural strength (E/f¢). It is known that a low modulus of elasticity contributes to
better deformability, while a high flexural strength indicates better mechanical strength to
support the applied load, therefore, the mortar tends to present a higher susceptibility to
cracking when the ratio E/ft is high [56]. The results shown in Table 5 indicate that although
the MSS530-20 mortars can be considered stiff, the E/f; ratio is lower when compared to the
other mortars, which suggests a more ductile behavior and less susceptibility to cracking.
This shows that the higher flexural strength may be important to reduce the susceptibility
to cracking of mortars that have higher modulus of deformation.

Table 5. Susceptibility of mortars to cracking.

Properties ft (MPa) Eq4 (GPa) Elf¢

MSS25 2.19 11.593 5.304
MSS30-20 2.50 12.054 4.815
MSS40-10 2.07 11.401 5.503

3.2.6. Performance Analysis

In order to determine the mix proportion with the better performance of the stan-
dardized mortars, a comparative analysis of the studied hardened properties was initially
performed. For this analysis, the results of compressive strength (f.), flexural strength (fy),
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and dynamic elastic modulus (Ey) tests of the samples at 28 days were selected. Then, the
data obtained were normalized and presented by means of a ternary diagram, as shown
in Figure 10. For data normalization, the method proposed by [57] was used, in which
first the absolute sum of each value of the selected hardened properties is performed, and
then the value of the contribution share of each property to a total value universe (1) is
calculated. The normalization of the results is presented in Table 6.

' MSS40-10

0.00 0.25 0.50 0.75 1.00 0_2%0 0‘3’75 0‘5600'000
Compressive strength (%) Compressive strength (%)
Figure 10. Ternary diagram of the results in the hardened state.
Table 6. Normalized results of the hardened mortar properties for 28 days.
Mixes Proportions fc (MPa) ft (MPa) E4 (GPa) Absolute Sum
MSS25 0.3107 0.1096 0.5798 19.99
MSS30-20 0.3226 0.1163 0.5612 21.49
MSS40-10 0.3080 0.1063 0.5857 19.48

The results shown in Figure 10 reveal that the mortar MSS30-20 presents better per-
formance, i.e., it has higher values of ft and lower values of Ed, which is important to
obtain mortars with greater ability to absorb deformations and, therefore, less susceptible
to cracking. By the Absolute Sum analysis (Table 5) there was an improvement of 7.5%
and 10.3% in the mortar MP30-20 in relation to the mortars MSS25 (REF) and MSS40-10,
respectively.

These results confirm that the better packing of the SS30-20 sand particles contributes
to obtaining mortars with better performance.

4. Conclusions

This work analyzed the effects of using standard sand defined by NBR 7214 [58] with
different amounts of “coarse” and “fine” fractions on the physical and mechanical behavior
of mortars. From the experimental results and discussions above, the following conclusions
can be drawn:

e  The bulk density and the uniformity coefficient are important parameters for predict-
ing the physical packing of the sand particles and, consequently, the physical and
mechanical behavior of the mortars;

e  The variation in the particle size distribution of the standardized sands did not cause
major changes in the bulk density of the mortars. However, the 5530-20 standardized
sand (30% and 20% of “coarse” and “fine” fractions, respectively), obtained a better
content of incorporated air of approximately 0.5%;

e In the hardened state, the SS30-20 sand obtained better performance in all analyzed
properties. This behavior was due to the better particle size distribution of this sand
compared to the other sands;
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e  Although the mortars with S530-20 showed higher dynamic modulus of elasticity (Eq),
based on the E/f; ratio these mortars have higher deformation capacity and therefore
have lower susceptibility to cracking. The E/f ratio for the MSS30-20 composition was
4815, while for the MSS-25 composition, they were 5304, illustrating this information.

These results show that the physical and mechanical behavior of the mortars was
improved when using 30% and 20% fractions of “coarse” and “fine” particles in the compo-
sition of standardized sands, respectively. Nevertheless, the discussions and conclusions
obtained in this research reveal that the dosage of particle size fractions to obtain standard-
ized sands according to the criteria established by NBR 7214 [58] does not cover all the
available natural sand compositions.

Therefore, the dosage of the particle size fractions that constitute standardized sand
should consider the optimization of the granular skeleton (greater packing of the grains),
being the unit mass and the granulometric composition of the aggregates important param-
eters to guarantee this premise and to obtain economic mixtures and mortars with better
physical and mechanical performances.

Author Contributions: Conceptualization, R.L.S.F. and ].C.T.; methodology, M.M., ] E.S.P. and G.EFH.;
investigation, R.L.S.F. and G.FH.; resources, M.M., ] ES.P. and R.L.S.F,; writing—original draft
preparation, RL.S.E, ARG.d.A. and M. T.M,; writing—review and editing, A.R.G.d.A. and M.T.M.;
supervision, A.R.G.d.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the State University of the Northern Fluminense (UENF),
partially financed by CAPES (Coordenacao de Aperfeicoamento de Pessoal de Nivel Superior—Brazil)
and provided additional financial by CNPq (Coordenacao Nacional de Pesquisa) Code 309428 /2020-
3. The participation of A.R.G.A. was sponsored by FAPER] through the research fellowships proc.
no: E-26/210.150/2019, E-26/211.194/2021, E-26/211.293 /2021, E-26/201.310/2021 and by CNPq
through the research fellowship PQ2 307592 /2021-9.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1. Kulatunga, U.; Amaratunga, D.; Haigh, R.; Rameezdeen, R. Attitudes and Perceptions of Construction Workforce on Construction
Waste in Sri Lanka. Manag. Environ. Qual. Int. ]. 2006, 17, 57-72. [CrossRef]

2. Allwood, ].M.; Ashby, M.E,; Gutowski, T.G.; Worrell, E. Material Efficiency: A White Paper. Resour. Conserv. Recycl. 2011, 55,
362-381. [CrossRef]

3. ANEPAC. Revista Areia e Brita; ANEPAC: Porto Alegre, Brazil, 2020; pp. 23—44.

4. Brasil Sumario Mineral Brasileiro. Departamento Nacional de Produg¢do Mineral; AASDE: Brasilia, Brazil, 2016.

5. Li, Z.; Zhang, W.,; Jin, H.; Fan, X,; Liu, J.; Xing, F; Tang, L. Research on the Durability and Sustainability of an Artificial Lightweight
Aggregate Concrete Made from Municipal Solid Waste Incinerator Bottom Ash (MSWIBA). Constr. Build. Mater. 2023, 365, 129993.
[CrossRef]

6.  Zhang, H.; Wei, W.; Shao, Z.; Qiao, R. The Investigation of Concrete Damage and Recycled Aggregate Properties under Microwave
and Conventional Heating. Constr. Build. Mater. 2022, 341, 127859. [CrossRef]

7. Danish, A.; Mosaberpanah, M.A.; Ozbakkaloglu, T.; Salim, M.U.; Khurshid, K.; Bayram, M.; Amran, M.; Fediuk, R.; Qader, D.N.
A Compendious Review on the Influence of E-Waste Aggregates on the Properties of Concrete. Case Stud. Constr. Mater. 2023, 18,
€01740. [CrossRef]

8.  Katerusha, D. Investigation of the Optimal Price for Recycled Aggregate Concrete—An Experimental Approach. J. Clean. Prod.
2022, 365, 132857. [CrossRef]

9.  Jiang, S.; Shen, L.; Li, W. An Experimental Study of Aggregate Shape Effect on Dynamic Compressive Behaviours of Cementitious
Mortar. Constr. Build. Mater. 2021, 303, 124443. [CrossRef]

10. Kilig, A,; Atis, C.D.; Teymen, A.; Karahan, O,; Ozcan, F; Bilim, C.; Ozdemir, M. The Influence of Aggregate Type on the Strength
and Abrasion Resistance of High Strength Concrete. Cem. Concr. Compos. 2008, 30, 290-296. [CrossRef]

11.  Santos, A.R.; do Veiga, M.R.; Matias, L.; Santos Silva, A.; de Brito, J. Durability and Compatibility of Lime-Based Mortars: The

Effect of Aggregates. Infrastructures 2018, 3, 34. [CrossRef]


http://doi.org/10.1108/14777830610639440
http://doi.org/10.1016/j.resconrec.2010.11.002
http://doi.org/10.1016/j.conbuildmat.2022.129993
http://doi.org/10.1016/j.conbuildmat.2022.127859
http://doi.org/10.1016/j.cscm.2022.e01740
http://doi.org/10.1016/j.jclepro.2022.132857
http://doi.org/10.1016/j.conbuildmat.2021.124443
http://doi.org/10.1016/j.cemconcomp.2007.05.011
http://doi.org/10.3390/infrastructures3030034

Materials 2023, 16, 844 15 of 16

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Hafez, H.; Kurda, R.; Kurda, R.; Al-Hadad, B.; Mustafa, R.; Ali, B. A Critical Review on the Influence of Fine Recycled Aggregates
on Technical Performance, Environmental Impact and Cost of Concrete. Appl. Sci. 2020, 10, 1018. [CrossRef]

Amenta, M.,; Karatasios, I.; Maravelaki- Kalaitzaki, P,; Kilikoglou, V. The Role of Aggregate Characteristics on the Performance
Optimization of High Hydraulicity Restoration Mortars. Constr. Build. Mater. 2017, 153, 527-534. [CrossRef]

Al Shamaa, M.; Lavaud, S.; Divet, L.; Colliat, J.B.; Nahas, G.; Torrenti, J.M. Influence of Limestone Filler and of the Size of the
Aggregates on DEF. Cem. Concr. Compos. 2016, 71, 175-180. [CrossRef]

Sims, I; Lay, J.; Ferrari, J. Concrete Aggregates. In Lea’s Chemistry of Cement and Concrete; Elsevier: Amsterdam, The Netherlands,
2019; pp. 699-778.

Mehta, PK.; Monteiro, P.J.M. Concrete: Microstructure, Properties, and Materials; McGraw Hill: New York, NY, USA, 2014.

Kruger, P; Serbai, P.; Chinelatto, A.S.A.; Pereira, E. Influence of Particle Size Distribution of Conventional Fine Aggregate and
Construction Demolition Waste Aggregate in Portland Cement Mortar. Cerdmica 2021, 67, 269-276. [CrossRef]

Carasek, H.; Araujo, R.C.; Cascudo, O.; Angelim, R. Parametros Da Areia Que Influenciam a Consisténcia e a Densidade de
Massa Das Argamassas de Revestimento. Matéria 2016, 21, 714-732. [CrossRef]

Da Silva Ferreira, R.L.; da Silva Barros, I.M.; de Souza Costa, T.C.; Medeiros, M.; das Vitdrias Vieira Almeida de Sa, M.; Carneiro,
AM.P. Efeitos Do Uso de Areia de Praia Nas Propriedades de Argamassas Mistas: Andlise Da Variagao Granulométrica. Matéria
2019, 24. [CrossRef]

Yang, H.S.; Che, Y.J. Influence of Particle Size Distribution of Fine and Micro-Aggregate on the Microstructure of Cement Mortar
and Paste. Mater. Res. Innov. 2015, 19, S1-130-51-133. [CrossRef]

Cortes, D.D.; Kim, H.-K.; Palomino, A.M.; Santamarina, J.C. Rheological and Mechanical Properties of Mortars Prepared with
Natural and Manufactured Sands. Cem. Concr. Res. 2008, 38, 1142-1147. [CrossRef]

Sugrarfiez, R.; Alvarez, J.I; Cruz-Yusta, M.; Marmol, I.; Morales, J.; Sanchez, L. Controlling Microstructure in Cement Based
Mortars by Adjusting the Particle Size Distribution of the Raw Materials. Constr. Build. Mater. 2013, 41, 139-145. [CrossRef]
Marvila, M.; de Matos, P.; Rodriguez, E.; Monteiro, S.N.; de Azevedo, A.R.G. Recycled Aggregate: A Viable Solution for
Sustainable Concrete Production. Materials 2022, 15, 5276. [CrossRef]

Raeis Samiei, R.; Daniotti, B.; Pelosato, R.; Dotelli, G. Properties of Cement-Lime Mortars vs. Cement Mortars Containing
Recycled Concrete Aggregates. Constr. Build. Mater. 2015, 84, 84-94. [CrossRef]

Ferreira, R.L.S.; Anjos, M.A.S; Ledesma, E.E; Pereira, ].E.S.; Nobrega, A K.C. Evaluation of the Physical-Mechanical Properties of
Cement-Lime Based Masonry Mortars Produced with Mixed Recycled Aggregates. Mater. Constr. 2020, 70, 210. [CrossRef]
Ferreira, R.L.S.; Anjos, M.A.S.; Maia, C.; Pinto, L.; de Azevedo, A.R.G.; de Brito, ]. Long-Term Analysis of the Physical Properties
of the Mixed Recycled Aggregate and Their Effect on the Properties of Mortars. Constr. Build. Mater. 2021, 274, 121796. [CrossRef]
Ferreira, R.L.S.; Anjos, M.A.S.; Nobrega, A.K.C.; Pereira, ].E.S.; Ledesma, E.F. The Role of Powder Content of the Recycled
Aggregates of CDW in the Behaviour of Rendering Mortars. Constr. Build. Mater. 2019, 208, 601-612. [CrossRef]

ABNT NBR-7214; Associacao Brasileira de Normas Técnicas. Associagdo Brasileira de Normas Técnicas: Rio de Janeiro,
Brazil, 2015.

ASTM C144; Standard Specification for Aggregate for Masonry Mortar. ASTM International: West Conshohocken, PA, USA, 2004;
pp- 4-5.

Azevedo, A.R.G.; Cecchin, D.; Carmo, D.F;; Silva, E.C.; Campos, C.M.O.; Shtrucka, T.G.; Marvila, M.T.; Monteiro, S.N. Analysis of
the Compactness and Properties of the Hardened State of Mortars with Recycling of Construction and Demolition Waste (CDW).
J. Mater. Res. Technol. 2020, 9, 5942-5952. [CrossRef]

NBR NM 248; Agregados—Determinacao da Composigao Granulométrica. Associacdo Brasileira de Normas Técnicas: Rio de
Janeiro, Brazil, 2003.

NBR NM 45; Agregados—Determinagao da Massa Unitaria e do Volume de Vazios. Associagao Brasileira de Normas Técnicas:
Rio de Janeiro, Brazil, 2006.

NBR 7211:2009; Agregados Para Concreto—Especificacao. Associagao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2009.
De Schutter, G.; Poppe, A.-M. Quantification of the Water Demand of Sand in Mortar. Constr. Build. Mater. 2004, 18, 517-521.
[CrossRef]

Santos, A.R.; do Rosario Veiga, M.; Santos Silva, A.; de Brito, J.; Alvarez, ].I. Evolution of the Microstructure of Lime Based Mortars
and Influence on the Mechanical Behaviour: The Role of the Aggregates. Constr. Build. Mater. 2018, 187, 907-922. [CrossRef]
NBR 16541; Argamassa Para Assentamento e Revestimento de Paredes e Tetos—Preparo da Mistura Para a Realizagao de Ensaios.
Associagao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2016.

NBR 13276; Argamassa Para Assentamento e Revestimento de Paredes e Tetos—Determinagao do Indice de Consisténcia.
Associacao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2016.

De Aquino, L.A.S,; Silva, TR.C.; Teixeira Marvila, M.; de Azevedo, A.R.G. Agro-Industrial Waste from Corn Straw Fiber:
Perspectives of Application in Mortars for Coating and Laying Blocks Based on Ordinary Portland Cement and Hydrated Lime.
Constr. Build. Mater. 2022, 353, 129111. [CrossRef]

Stolz, C.M.; Masuero, A.B. Influence of Grains Distribution on the Rheological Behavior of Mortars. Constr. Build. Mater. 2018,
177,261-271. [CrossRef]

NBR 13278; Mortars Applied on Walls and Ceilings—Determination of the Specific Gravity and the Air Entrained Content in the
Fresh Stage. ABNT—Associacao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2005.


http://doi.org/10.3390/app10031018
http://doi.org/10.1016/j.conbuildmat.2017.07.134
http://doi.org/10.1016/j.cemconcomp.2016.05.007
http://doi.org/10.1590/0366-69132021673833035
http://doi.org/10.1590/S1517-707620160003.0068
http://doi.org/10.1590/s1517-707620190002.0681
http://doi.org/10.1179/1432891715Z.0000000001388
http://doi.org/10.1016/j.cemconres.2008.03.020
http://doi.org/10.1016/j.conbuildmat.2012.11.090
http://doi.org/10.3390/ma15155276
http://doi.org/10.1016/j.conbuildmat.2015.03.042
http://doi.org/10.3989/mc.2020.02819
http://doi.org/10.1016/j.conbuildmat.2020.121796
http://doi.org/10.1016/j.conbuildmat.2019.03.058
http://doi.org/10.1016/j.jmrt.2020.03.122
http://doi.org/10.1016/j.conbuildmat.2004.04.004
http://doi.org/10.1016/j.conbuildmat.2018.07.223
http://doi.org/10.1016/j.conbuildmat.2022.129111
http://doi.org/10.1016/j.conbuildmat.2018.05.131

Materials 2023, 16, 844 16 of 16

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.
56.

57.

58.

NBR 15259; Mortars Applied on Walls and Ceilings—Determination of Water Absorption Coefficient Due to Capilary Action.
ABNT—Associagao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2005.

ABNT NBR 9778; Hardened Mortar and Concrete—Determination of Absorption, Voids and Specific Gravity. ABNT—Associagao
Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2009; p. 67. [CrossRef]

Centre Scientifique et Technique du Batiment Certifications Des Enduits Monocouches d’imperméabilisation—Modalités d’essais.
Livrasion 341. cahier 2669-4, juillet-aofit 1993, 7. Available online: https:/ /ravalement-de-facade-var.com/images/pdf/CSTB_
enduits_monocouches.pdf (accessed on 4 January 2023).

NBR 13279; Mortars Applied on Walls and Ceilings—Determination of the Flexural and the Compressive Strength in the Hardened
Stage. ABNT—Associagao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2005; pp. 1-13.

NBR 15630; Mortars Applied on Walls and Ceilings—Determination of Elasticity Modulus by the Ultrasonic Wave Propagation.
ABNT—Associagao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2009.

ABNT NBR 13279; Argamassa Para Assentamento e Revestimento de Paredes e Tetos—Determinagao da Resisténcia a Tracao Na
Flexao e a Compressao. ABNT—Associagao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2005.

ABNT NBR 13280; Argamassa Para Assentamento e Revestimento de Paredes e Tetos—Determinacao da Densidade de Massa
Aparente No Estado Endurecido. ABNT—Associagao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2005.

ABNT NBR 8802; Concreto Endurecido—Determinacao da Velocidade de Propagacao de Onda Ultrassonica. ABNT—Associagao
Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2019.

Marvila, M.T.; Azevedo, A.R.G.; Monteiro, S.N. Verification of the Application Potential of the Mathematical Models of Lyse,
Abrams and Molinari in Mortars Based on Cement and Lime. ]. Mater. Res. Technol. 2020, 9, 7327-7334. [CrossRef]

De Azevedo, A.R.G.; Alexandre, J.; Xavier, G.d.C.; Pedroti, L.G. Recycling Paper Industry Effluent Sludge for Use in Mortars: A
Sustainability Perspective. J. Clean. Prod. 2018, 192, 335-346. [CrossRef]

Santiago, C.C. Argamassas Tradicionais de Cal; EDUFBA: Salvador, Brazil, 2007; ISBN 9788523208875.

Zhang, J.; Hong, S.; Dong, B.; Tang, L.; Lin, C.; Liu, Z.; Xing, F. Water Distribution Modelling of Capillary Absorption in
Cementitious Materials. Constr. Build. Mater. 2019, 216, 468-475. [CrossRef]

Marvila, M.T.; de Azevedo, A.R.G; Ferreira, R.L.S.; Vieira, C.M.E,; de Brito, J.; Adesina, A. Validation of Alternative Methodologies
by Using Capillarity in the Determination of Porosity Parameters of Cement-Lime Mortars. Mater. Struct. 2022, 55, 19. [CrossRef]
ABNT NBR 13281; Argamassa Para Assentamento e Revestimento de Paredes e Tetos—Requisitos. ABNT—Associagao Brasileira
de Normas Técnicas: Rio de Janeiro, Brazil, 2017.

EN 998-1; Specification for Mortar for Masonry—Part 1: Rendering and Plastering Mortar. EN: New York, NY, USA, 2017.

Maia Pederneiras, C.; Veiga, R.; de Brito, J. Physical and Mechanical Performance of Coir Fiber-Reinforced Rendering Mortars.
Materials 2021, 14, 823. [CrossRef] [PubMed]

Medeiros, A.G.; Gurgel, M.T.; da Silva, W.G.; de Oliveira, M.P.; Ferreira, R.L.S.; de Lima, EJ.N. Evaluation of the Mechanical and
Durability Properties of Eco-Efficient Concretes Produced with Porcelain Polishing and Scheelite Wastes. Constr. Build. Mater.
2021, 296, 123719. [CrossRef]

ABNT NBR 7214; Areia Normal Para Ensaio de Cimento—Especificagado, ABNT—Associagao Brasileira de Normas Técnicas.
ABNT—Associacao Brasileira de Normas Técnicas: Rio de Janeiro, Brazil, 2015; p. 8.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1590/S1516-18462008000300012
https://ravalement-de-facade-var.com/images/pdf/CSTB_enduits_monocouches.pdf
https://ravalement-de-facade-var.com/images/pdf/CSTB_enduits_monocouches.pdf
http://doi.org/10.1016/j.jmrt.2020.04.077
http://doi.org/10.1016/j.jclepro.2018.05.011
http://doi.org/10.1016/j.conbuildmat.2019.05.023
http://doi.org/10.1617/s11527-021-01877-6
http://doi.org/10.3390/ma14040823
http://www.ncbi.nlm.nih.gov/pubmed/33572182
http://doi.org/10.1016/j.conbuildmat.2021.123719

	Introduction 
	Experimental Program 
	Materials 
	Methods 

	Results and Discussion 
	Properties of Fresh Mortar 
	Bulk Density 
	Air Content 

	Properties of Hardened Mortar 
	Capillary Water Absorption 
	Water Absorption and Porosity 
	Weight Change Rate 
	Compressive Strength and Flexural Strength 
	Dynamic Modulus of Elasticity 
	Performance Analysis 


	Conclusions 
	References

