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Abstract: The technological performance and environmental advantages of replacing sand by or-
namental stone processing waste (OSPW) in the production of mortars for civil construction were
studied. Technological properties associated with the standard consistency index, squeeze flow and
bulk densities as well as the determination of water retention and calorimetry analysis were evaluated
in the mortars’ fresh state, whereas capillarity tests as well as mechanical resistance by flexural and
compression tests were determined in the hardened state for mortars incorporated with 10, 30 and
60 wt.% of OSPW substituting sand. Three different types of Portland Cements were considered in
the incorporated mortars production. For these mortars environmental analysis, their corresponding
life cycle assessment results were compared to that of conventional waste-free (0% OSPW) control
mortar. It was found that the OPSW incorporation acts as nucleation sites favoring a hydration
process, which culminates after 28 days of curing in the formation of more stable phases identified as
hydrated calcium silicates by X-ray diffraction (XRD) amorphous halo. It was also revealed that both
flexural and compression improved resistance for the incorporated mortars after 28 curing days. In
particular, the calorimetry and XRD results explained the better mechanical resistance (12 MPa) of
the 30 wt.% OSPW incorporated mortar, hardened with Portland Cement V, compared not only to the
control, but also to the other incorporated mortars. As for the environmental analysis, the replacement
of sand by OSPW contributed to the reduction in associated impacts in the categories of land use
(−5%); freshwater eutrophication (−9%); marine eutrophication (−6%) and global warming (−5%).

Keywords: life cycle assessment; squeeze flow; cement

1. Introduction

Brazil stands out for having large mineral deposits, such as ornamental stones, which
are transformed into products that can replace ceramic coverings and floors. In the Brazilian
national territory, the state of Espírito Santo is known as a major producer of ornamental
stones, such as marble and granite [1].

The ornamental stone industry is responsible for moving significant volumes in the
national and international markets [2,3]. The Brazilian exports of natural stone materials to-
taled USD 1.34 billion and 2.40 Mt in 2021, an improvement of 35.5% and 11.4%, respectively,
compared to 2020. Revenue and annual variation surpassed the historical records recorded
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in 2013 (USD 1.30 billion and 22.8%). The processed stone export activities were responsible
for USD 1.077 billion, about 80% of total revenue in 2021 [4]

The observed growth consumption of the ornamental stone industry, in the national
and international marketS, is directly linked to the amount of waste from the processing
stages of this material. It is estimated that of the total natural stones available for processing,
about 41% becomes tailing. Thus, in 2021, internal processing activities in Brazil generated
3.276 million tons of tailing [4]. The tailings obtained in the beneficiation phase form
a sludge.

When drying, this sludge turns into non-biodegradable solid ornamental stone process-
ing waste (OSPW) classified as class IIA waste—non-inert and non-hazardous [5]—which
often receives inadequate final disposal, having its impacts reflected on human health
and depletion of the environment [6]. The OSPW can be classified as non-biodegradable,
from the particle’s point of view. Due to the strong presence of quartz in its crystalline
phase, it resembles the waste glass previously studied [7], which corroborates that this
class of waste, produced in increasing volumes, owing to the lack of adequate landfills
for packaging, contributes to the intensification of pollution and ecosystem degradation,
impacting factors such as water and soil. It is noteworthy that the glass residue, in its
X-ray diffraction analysis, presents a quartz peak, and the remainder in the form of an
amorphous halo [7].

The expressive volume of OSPW has a great potential for reuse in civil construction,
being compatible with cement matrices, and can be applied as a filler in mortars and
concrete, positively influencing the stability of the material [8–11].

The processing of ornamental stone has the objective of transforming the blocks,
extracted in the mining phase, into final or semi-finished products. In the mining phase,
the blocks are extracted in large dimensions, while in the primary processing, the blocks
are prepared and sawn into sheets of variable thickness, usually two or three centimeters.
Thus, they are subjected to a surface finish, with or without resin, which can be a simple
grinding, polishing, brushing and flaming [1,12].

For the production of concrete and mortars incorporated with ornamental stone waste
obtained in the processing phase, it is relevant to study the waste chemical characterization,
since elements such as magnesium can generate expandability in the hardened state,
reflecting in fissures when used in coatings and paving. In addition, the fineness of the
residue and the SiO2 content associated with the production process might dislodge high
reactivity, resulting in the occurrence of alkali-aggregate reactions [13,14]. Aiming at better
technological performance of the mortar, in addition to prolonging its durability, some
researchers evaluated the addition of OSPW, obtained in the processing phase, which is
characterized as a non-plastic and non-biodegradable by-product. The study considered
particles with a grain size between 2 µm and 60 µm, with chemical characteristics similar
to the sand from the same region [15].

The OSPW, derived from granite and marble whose predominant minerals are calcite
and dolomite, can be used as raw material in the production of mortar, presenting itself
as an alternative that guarantees satisfactory technological performance, in addition to
contributing to the reduction in the environmental impact associated with this industrial
activity. Thus, investing this waste is mainly justified by the possibility of mitigating the
environmental impact associated with the proper disposal of this waste [16,17].

Several studies of mortars incorporated with residues directed their objectives towards
characterization and technological evaluation. However, issues from an environmental
perspective and their impacts are still incipient [18]. According to Sánchez et al. [19], one of
the main inputs for the production of mortar is cement, which, according to its composition
and production process, contributes between 5 and 8% to CO2 emissions in a global context.

The life cycle assessment (LCA) can be understood as a systematic methodology of
analysis capable of contributing to the quantification and identification of environmental
impacts and protection areas associated with productive activities. This applies to the
construction industry, allowing characteristic and comparative analyses of conventional
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and alternative products. The principle of LCA is to evaluate the basic flows of processes
and products, being able to consider such steps as extraction, production, transport, useful
life and disposal [20,21].

Many studies direct their efforts to study the incorporation of waste in the elaboration
of new materials, mainly evaluating their results based on technological tests in accordance
with current standards. However, in addition to the technological feasibility provided
by the standards, it is necessary to evaluate the environmental impacts obtained in the
elaboration of these new materials.

Additionally, it should be noted that compliance with the standards represents the
minimum parameter for the use of construction materials in the industry, which stimulates
the development of new materials. In addition to mitigating the environmental impacts
associated with their production, it also results in technological performance that is superior
to that expected by the norm. Thus, the present research represents a starting point for
studies related to the incorporation of OSPW in the production of mortar, aiming at
reducing environmental impacts and improving the technological performance of these
new materials, considering the chemical composition of this residue and its positive effects
on the formation of mortar.

This study aims to analyze the technological and environmental effects of replac-
ing sand with OSPW in the production process of mortars used in civil construction.
Three types of cement were considered for the production of mortar, namely Portland
Cement II (CPII), Portland Cement III (CP III), and Portland Cement V (CPV) according to
ABNT NBR 16697 [22].

2. Materials and Methods

Figure 1 presents the methodological flow established for the execution of tests and
analyses in this research.
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Figure 1. Schematic diagram of the methodological flow.

2.1. Selection and Characterization of Materials

To produce the mortar and carry out the technological tests, the selection stage con-
sisted of obtaining the raw materials sand and OSPW (Figure 2). The sand extraction region
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was the city of Campos dos Goytacazes, Brazil, with the selection of 50 kg of sand. The
OSPW, on the other hand, was obtained in the same amount, in Cachoeiro de Itapemirim,
Brazil, the main ornamental stone producing city in the state of Espirito Santo.
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Figure 2. The ornamental stone processing waste sample.

The aforementioned materials were taken to an oven at a temperature of ±105 ◦C
for a period of 24 h. After drying, the OSPW passed through a 30 min milling process,
using a ball mill just to ensure the homogenization of the sample particle size. To finish
the preparation of the materials the sand and the residue went through the sieving process
in a 20 mesh sieve. The analysis of the particle size of the ornamental stone waste was
determined following ABNT 7181 [23] by the sieving and sedimentation method.

2.2. Preparation of Samples

Together with the preparation of the materials, the composition of the samples accord-
ing to the raw materials was adopted in the proportion 1:6 cement/sand. For its dosage,
Portland cement types CP II, CP III and CP V (ABNT 16697) [22] were used, and the sand
was replaced by 10%, 30% and 60% of OSPW. To compare the results, the reference trace
was prepared with 0% substitution, as shown in Table 1.

Table 1. Samples composition.

OSPW (%) Cement (Kg) Sand (Kg) OSPW (%)

0 0.214 1.280 0
10 0.214 1.152 0.128
30 0.214 0.896 0.384
60 0.214 0.512 0.768

Material Cement (Kg) Sand (Kg) OSPW (%)

Density (Kg/m3) 3.14 2.65 2.56
Unit Weight (Kg/m3) 1.01 1.43 1.4

Cement/OSPW Cement Consumption (Kg/m3) Sand Consumption (Kg/m3) OSPW Consumption (Kg/m3)

CP II 0% 247 1035 0
CP II 10% 260 983 112
CP II 30% 259 762 333
CP II 60% 222 373 571
CP III 0% 250 1051 0

CP III 10% 260 983 112
CP III 30% 260 764 334
CP III 60% 254 427 654
CP V 0% 249 1043 0

CP V 10% 265 999 113
CP V 30% 255 748 327
CP V 60% 218 366 560
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2.3. Technological Analysis—Fresh State
2.3.1. Consistency Index

According to the fresh state of the mortar, the consistency index was defined according
to the ABNT NM 13276 [24]. Each mortar was produced following the methodology
prescribed by the standard, being mechanically mixed for 90 s (speed 1) in the mortar
(power of 0.3 CV at 62 rpm with a capacity of 5 L) and then placed in rest for 15 min
covered by a damp cloth. After resting, the mixture was manually homogenized for 30 s
with a spatula and placed in the mold on the flow table (MC—119), where it was subjected
to 30 strokes with a socket. After the last fall from the table, the average value of the
diameter measured in three different directions was calculated to verify the consistency of
each mixture produced, being established by the aforementioned standard that the margin
is 260 ± 5 mm. Measurements were performed in relation to the table plane, considering
the vertical, horizontal and inclined readings.

2.3.2. Squeeze Flow

The technological analysis using the squeeze flow methodology was carried out
according to ABNT NM 15839 [25], using a universal testing machine EMIC 26–30 with
a capacity of 30 kN. However, for the execution of this study, a maximum load of 1 kN
was used, as recommended. After preparation, the mortars were spread and poured into a
cylindrical metal mold with a diameter of 100 mm and a height of 10 mm on an inflexible
base made of stainless steel.

The squeeze flow test basically consists of the dynamic analysis of a material com-
pressed by two horizontally parallel plates, thus obtaining a radial expansion of the
compressed material.

The data obtained from the squeeze flow method can be interpreted according to
the 3 phases of behavior that the material can present. The first phase corresponds to the
linear elastic behavior (I), the second describes the plastic behavior, also defined as viscous
flow (II) and the third phase is known as hardening (III) [26]. The three aforementioned
phases, when analyzed according to the force versus displacement relationship, present
their behaviors described by exponential curves, as illustrated in Figure 3.

Sustainability 2022, 14, x FOR PEER REVIEW 6 of 26 
 

The squeeze flow test basically consists of the dynamic analysis of a material com-
pressed by two horizontally parallel plates, thus obtaining a radial expansion of the 
compressed material. 

The data obtained from the squeeze flow method can be interpreted according to the 
3 phases of behavior that the material can present. The first phase corresponds to the 
linear elastic behavior (I), the second describes the plastic behavior, also defined as vis-
cous flow (II) and the third phase is known as hardening (III) [26]. The three aforemen-
tioned phases, when analyzed according to the force versus displacement relationship, 
present their behaviors described by exponential curves, as illustrated in Figure 3. 

 
Figure 3. Observed phases according to the force versus displacement curve by the squeeze flow 
test [27]. 

2.3.3. Mass Density 
To define the density of the mass, the mortar was prepared according to the ABNT 

NM 13276 [24] standard. Then, an empty rigid and cylindrical container was used, with a 
mass of 0.891 kg and a volume of 400 cm3, continuing the test guided by the ABNT NM 
13278 [28] standard. 

2.3.4. Water Retention 
First, considering the plate in the funnel, the filter paper positioned at the bottom of 

the plate was moistened. With the aid of a vacuum pump, a suction of 51 mm of mercury 
was applied to the set, which was weighed, and its mass (mv) recorded. After this pro-
cedure, the set was filled with the mortar, thickened with 37 socket strokes, flattened, 
weighed, and its mass (ma) was recorded. 

Thus, with the set filled in the device, a suction of 51 mm of mercury was applied to 
the set, which was weighed, and its mass (ms) recorded. The entire continuation of the 
test was guided by the ABNT NM 13277 [29] standard. In addition to the three values 
(mv, ma, ms) recorded, the total mass of water (mw) and the mass of the anhydrous com-
ponents (m) were also recorded. 

2.3.5. Calorimetry 
According to the squeeze flow test, the samples with cement type CPV were priori-

tized. To evaluate the rate of hydration reactions of the mortars, the calorimetry tech-
nique (ASTM C1679-17) [30] was used, being tested in two dosages, only in the CPV, with 
the substitutions of 0% and 30%, subjected first to consistency and later to the calorime-
ter, in amounts of 111.9 g and 111.8 g, respectively. The cement type CPV was used be-
cause it does not contain added blast furnace slag and/or pozzolana in the composition, 
and it contains calcium sulfate and carbonate material in the limit of up to 10% ABNT 
16697 [22]. This makes it easier to identify the changes caused by the residue next to the 

Figure 3. Observed phases according to the force versus displacement curve by the squeeze
flow test [27].

2.3.3. Mass Density

To define the density of the mass, the mortar was prepared according to the ABNT
NM 13276 [24] standard. Then, an empty rigid and cylindrical container was used, with
a mass of 0.891 kg and a volume of 400 cm3, continuing the test guided by the ABNT
NM 13278 [28] standard.
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2.3.4. Water Retention

First, considering the plate in the funnel, the filter paper positioned at the bottom of the
plate was moistened. With the aid of a vacuum pump, a suction of 51 mm of mercury was
applied to the set, which was weighed, and its mass (mv) recorded. After this procedure,
the set was filled with the mortar, thickened with 37 socket strokes, flattened, weighed, and
its mass (ma) was recorded.

Thus, with the set filled in the device, a suction of 51 mm of mercury was applied to
the set, which was weighed, and its mass (ms) recorded. The entire continuation of the test
was guided by the ABNT NM 13277 [29] standard. In addition to the three values (mv, ma,
ms) recorded, the total mass of water (mw) and the mass of the anhydrous components (m)
were also recorded.

2.3.5. Calorimetry

According to the squeeze flow test, the samples with cement type CPV were prioritized.
To evaluate the rate of hydration reactions of the mortars, the calorimetry technique (ASTM
C1679-17) [30] was used, being tested in two dosages, only in the CPV, with the substitutions
of 0% and 30%, subjected first to consistency and later to the calorimeter, in amounts of
111.9 g and 111.8 g, respectively. The cement type CPV was used because it does not contain
added blast furnace slag and/or pozzolana in the composition, and it contains calcium
sulfate and carbonate material in the limit of up to 10% ABNT 16697 [22]. This makes it
easier to identify the changes caused by the residue next to the folder. In addition, it was
easily acquired in the local market. This cement is used for prefabricated parts when high
initial strength is required.

2.3.6. X-ray Diffractometry Analysis—XRD

For the XRD analysis, the residue and paste samples were sieved through a 200 mesh
(0.074 mm) opening sieve and taken to an oven at 110 ◦C for 24 h. The pastes were composed
of CP V cement and water (CH2O), CP V cement with 30% of OSPW (COSPW) and water,
and CP V cement with 30% sand and water (CS). For the XRD analysis, the CPV was used
due to its composition, which does not register the presence of blast furnace slag, which is
not in the CPII and CPIII types. The absence of blast furnace slag granulate contributes to
the observation of phase formations and the presence of the main components when the
sample is incorporated with OSPW [31].

The samples were mixed with isopropyl alcohol for 3 m in a 1:10 volumetric ratio
(cement and alcohol), in a glass container with a glass rod. It was filtered and left to dry
in a desiccator at 20 ◦C until it reached the consistency of the masses [30], and it was
analyzed at the age of 28 days. Qualitative crystalline phases were obtained by XRD, in
Proto Manufacturing equipment, XRD Powder Diffraction System: the generator of 30 kV
and 2 mA, Cu-Kα1 radiation, angular step of 0.0149◦, time interval of 0.5 s, sweep of 47 min
and 2θ ranging from 5◦ to 60◦. The crystalline phases in the residue were identified with
reference to COD.

2.4. Technological Analysis—Hardened State
2.4.1. Capillary Absorption

To carry out this test, it was necessary to make 3 prismatic parts for each sample, using
Portland cement types CP II, CP III and CP V, with cures of 7, 14 and 28 days. For this, it
was based on the ABNT NM 13279 [32] standard, which describes the necessary procedures
for the preparation of prismatic parts.

After finishing the curing days, the capillary absorption test was carried out, guided
by the ABNT NM 15259 [33] standard. It was necessary to use a tray with water and an
individual platform made of rubber material to lift the prismatic parts, allowing minimal
contact with the water.
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2.4.2. Analysis of Tensile Strength in Flexion and Compression

For this test, guided by the ABNT NM 13279 [32] standard, it was necessary to prepare
3 prismatic parts for each mix, using Portland cement types CP II, CP III and CP V, with
cures of 7, 14 and 28 days, in the different substitutions of sand by OSPW (10%, 30%
and 60%).

After completing the curing days, the prismatic parts were subjected to flexural and
compressive strength tests, using an EMIC 26–30 universal testing equipment with a
maximum force of 30 kN. First, the flexural tensile strength test was performed, where the
prismatic parts were positioned in the machine in order to avoid contact between the flat
surface and the supporting and loading components.

Then, to run the compressive strength test, the halves of each part of the flexural test
were used and also positioned in the machine in order to avoid contact between the flat
surface and the supporting and loading components.

2.5. Life Cycle Assessment

The LCA methodology was conducted considering the production process of mortar,
incorporated with OSPW, according to the international standards ISO 14040 [34] and ISO
14044 [35]. Indeed, the development of this study aims to assess the environmental perfor-
mance of mortar incorporated with OSPW, compared to conventional mortar. Both were
evaluated according to the LCIA methods ReCiPe 2016 at midpoint, considering the impact
categories, global warming (GW), stratospheric ozone depletion (SOD), ionizing radiation
(IR), ozone formation, human health (OFHH), fine particulate matter formation (FPMF),
ozone formation, terrestrial ecosystems (OFTE), terrestrial acidification (TA), freshwater
eutrophication (FE), marine eutrophication (ME), terrestrial ecotoxicity (TE), freshwater
ecotoxicity (FEC), marine ecotoxicity (MEC), human carcinogenic toxicity (HCT), human
non-carcinogenic toxicity (HNCT), land use (LU), mineral resource scarcity (MRS), fossil
resource scarcity (FRS), and water consumption (WC).

The functional unit considered in this study corresponds to the production of 1 kg
of mortar. To define the phases of the process to be studied, the limits of the system were
delimited, considering the productive activities from the extraction of raw material to the
final process (Figure 4).
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The life cycle inventory (LCI) report (Table 2) was prepared considering the production
process from the extraction and obtaining of raw material to the finished product phase
(cradle to gate). In this case, the life cycle inventory consists of detailed compilations of all
inputs considered in the study (materials and natural resources). For the ornamental stone
sludge, this research considered the natural drying to obtain the OSPW.

Table 2. Life cycle inventory data.

Description

CPV Cement, Portland {RoW}|production|APOS, U
Conveyor belt {GLO}|market for|APOS, U
Electricity, medium voltage {BR}|market for|APOS, U
Industrial machine, heavy, unspecified {GLO}|market for|APOS, U
Tap Water
Packing, cement {GLO}|market for|APOS, U
Silica sand {GLO}|market for|APOS, U
Ornamental Stone Processing Waste 1

1 Embedded in the 30% of OSPW mortar sample.

The data used for the model were extracted from the Ecoinvent 3.3 database, according
to database allocations, as shown in Table 2. The OSPW data were obtained in studies by
Rebello et al. [6]. The modeling, assessment of life cycle impacts (LCI) and interpretation of
results were aided by the SimaPro 9.0 software. For the LCI assessment, the method used
was ReCiPe 2016, at midpoint.

3. Results and Discussion
3.1. Technological Analysis—Fresh State
3.1.1. Consistency Index

According to the ABNT NM 13276 [24,36] standard, it is recommended to adopt the
amount of water required for a consistency index of 260 ± 5 mm. Table 3 shows the results
obtained by the related test.

Table 3. Consistency index test results.

Sample HA 1 (mm) VA2 (mm) TA3 (mm) Average (mm) Water (g) W/C 4

0% OSPW—CP II 262 254 252 256 315 1.47
10% OSPW—CP II 253 270 272 265 268 1.25
30% OSPW—CP II 250 262 260 257 276 1.29
60% OSPW—CP II 257 264 250 257 400 1.87
0% OSPW—CP III 258 255 264 259 301 1.41

10% OSPW—CP III 250 259 269 259 265 1.24
30% OSPW—CP III 258 267 269 265 278 1.30
60% OSPW—CP III 256 254 255 255 415 1.94
0% OSPW—CP V 260 257 269 262 308 1.44

10% OSPW—CP V 248 259 257 255 255 1.19
30% OSPW—CP V 251 255 258 256 282 1.32
60% OSPW—CP V 259 264 265 263 420 1.96

1 HA—horizontal average; 2 VA—vertical average; 3 TA—tilted average; 4 W/C—water/cement.

Thus, following the margin established by the aforementioned standard, the averages
of all replacements (0%, 10%, 30% and 60%) of sand by OSPW in the three different types
of cement (CP II, CP III and CP V) presented results within the acceptable limit.

Analyzing the water/cement ratio of the mortars produced, it was found that all the
percentages of 10%, in the three different types of cement, had the lowest ratio, with the
percentage of 10% in Portland cement type CP V being the lowest, with 1.19.

Taking into account that the lower the water/cement ratio, the greater the resistance,
the lower the permeability and the greater the durability [37], the mortars produced with
10% substitution in cement type CP V have an advantage over the others.
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3.1.2. Squeeze Flow

In view of the data obtained by the squeeze flow method, it is possible to elaborate the
curves of the behavior of the material, guided by ABNT NM 15839 [25], which characterizes
the workability level of the studied mortar. It is possible to analyze three workability
phases: (i) the high workability being represented by the occurrence of the extension of
the plastic deformation stage when the material is subjected to very low loads, registering
transition to the hardening stage only in larger displacements; (ii) the low workability is
characterized by the absence of the plastic deformation stage; and (iii) the medium worka-
bility is characterized by presenting variation of the load level as the plastic deformation
occurs. It is noteworthy that, in mortars with medium workability characteristics, the
material tends to flow and then interrupt the flow, being subjected to greater loads, and
when they return flow, the load tends to decrease [26].

According to the dynamic squeeze flow test, the studied mortars were placed in
an equipment composed of two parallel plates, where according to the variation of the
time and speed parameters, the equipment recorded the data referring to force versus
deformation, as shown in Figure 3.

Figures 5–7 shows the results of the squeeze flow test for the mortars obtained from
the diversifications regarding the type of cement (CP II, CPIII and CP V) and OSPW/sand
replacement fractions (10%, 30% and 60% of OSPW), also considering the speed param-
eters (0.1 mm/s and 3.0 mm/s) of material compression. Observing the curve described
by the results of Portland cement mortar types CP II, CP III and CP V, considering the
mixtures with 10% of OSPW tested at speeds of 0.1 mm/s and 3.0 mm/s, they obtained
similar results.

Thus, the squeeze flow test was performed in three different groups. The first one
considered the CPII type cement, the second one considered the CPIII type cement and the
third one considered the CP V type cement. The three groups were evaluated according
to the incorporation of 0%, 10%, 30% and 60% of OSPW, under the variation of speed
parameters (0.1 mm/s and 3 mm/s) and maximum force of 1 kN.

The definition of the groups occurred based on the parameters foreseen by the stan-
dard, in addition to the composition presented by each type of cement and also the effects
observed in the variation of the incorporation of residue in the materials studied.
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The materials composed of cement type CPII, with a variation of 10, 30 and 60%
OSPW/sand, subjected to the test with a velocity of 0.1 mm/s, presented different behaviors
in the phase transitions. In particular, the CPII cement mortar, incorporated with 10% OSPW
and 90% sand, registered a phase transition of 0.5 mm in the displacement axis.

This behavior may be associated with the increase in the presence of OSPW in the
samples, which contributed to the material having its plastic characteristics accentuated
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according to the increase in the incorporation of the waste. According to the variation of
the incorporation rate, from 30% to 60% of OSPW, the phase transition doubled.

It is noteworthy that the curves responded to a maximum load of 1 kN; therefore, the
behavior of the materials tested, considering the different ranges of OSPW incorporation,
was directly influenced by the displacement speed (0.1 mm/s), emphasizing sensitivity
to segregation.

Considering the materials formed by cement type CP III, with variations of 10, 30 and
60% of OSPW incorporation, subjected to a test speed of 0.1 mm/s, it can be seen that the
mortar with the incorporation at 10% of OSPW presented its plastic phase up to the mark of
0.80 mm of displacement. The mortar incorporated with 30% of OSPW behaved plastically
until the record of 1.80 mm of displacement. The mortar with 60% OSPW incorporation
presented the highest displacement value, registering 2.60 mm.

According to the change in the speed parameter to 3.0 mm/s, the behavior of the
curves was significantly sensitive, as seen in Figure 6. Thus, in a comparative analysis
between the curves obtained at 0.1 mm/s and 3.0 mm/s, it was observed that the materials
subjected to the lowest velocity parameter reached the maximum displacement in the
system with a load of 1 kN, varying between 1.0 and 4.50 mm. On the other hand, the
materials tested under a speed of 3.0 mm/s showed punctual behavior, being the loads to
reach the maximum displacement, conditioned to the composition of each mortar. Taking
into account the average load of 1 kN, the variation of the maximum displacement of the
samples varied between 1.80 and 9.0 mm.

The curve obtained from the squeeze flow test with mortar incorporated with cement
of the CPV type generated a different result from the others, showing only the viscous flow
phase. Comparing the curves of the CP II type mortars, with the CP III type and CP V, in
both the percentage of 60% reached maximum displacement, reaching the mark of 9.0 mm.

The tested materials formed by cement of the CPV type, with the incorporation of
OSPW in 10, 30 and 60%, subjected to the parameter of speed of 0.1 mm/s, and of maximum
force of 1 kN, presented phase changes punctually in displacements 1.0 mm, 2.90 mm and
4.30 mm respectively. The largest displacement recorded was 6.30 mm, presented by
the product with 60% OSPW incorporation. When the speed parameter was changed to
3.0 mm/s, the product with 10% OSPW incorporation presented a similar curve to the
same product subjected at a speed of 0.1 mm/s. Additionally, the CPV-type cement mortar
incorporated with 10% OSPW, subjected to a speed parameter of 3 mm/s, registered a
variation in the phase transition range.

Considering the speed of 3.0 mm/s, it was noticed that the products with 30 and
60% of OSPW incorporation described similar curves in the squeeze flow test, behaving
plastically up to a maximum displacement of 9.0 mm.

In general, it appears that the curves mainly present the stages of plastic deformation
and hardening stage. The materials subjected to the squeeze flow test started their curves in
stage 2, known as plastic deformation or viscous flow, subjected to small loads. According
to the increase in the load, the displacement responded with its gradual growth. In the
transition from stage 2 to stage 3, some mortars presented the transition phase in a short
displacement space. On the other hand, other mortars showed the transition phase in
the long displacement space. As observed in Table 3, as the amount of waste increases,
the amount of water and the w/c ratio increase, converging the results of the curves
in Figures 5–7.

From the point of view of viscosity, regardless of the type of cement, the curves are
similar, despite the different values. It is noteworthy that the CPII curves with 30% of OSPW
at 3 mm/s and 60% of OSPW and CPV with 60% of OSPW, both at 1 mm/s and at 3 mm/s,
differ mathematically from the other curves, having similarities between them. Through
linear regression, the equations presented in Tables 4–6 were obtained, which suggest that
the fluid mortar behaves like a grade 2 Herschel Bulkley fluid, unlike the grade 1 Bingham
fluid, according to [38], showing that the fluid was influenced by the addition of waste.



Sustainability 2022, 14, 5904 12 of 24

It is observed that the linear coefficient of all equations is different from zero, that is, the
initial yield stress occurred, differentiating these mortars from Newtonian fluids.

Table 4. Linear regression and coefficient of determination—mortar sample with CPII.

Equation R2 Trend Line

y = 742.61x2 − 487.13x + 86.24 0.99 10% OSWP—0.1 mm/s
y = 380.39x2 − 400.32x + 88.49 0.98 10% OSPW—3.0 mm/s
y = 106.02x2 − 164.94x + 59.18 0.97 30% OSPW—0.1 mm/s
y = 32.44x2 − 76.478x + 49.95 0.94 30% OSPW—3.0 mm/s
y = 12.95x2 − 20.44x + 61.47 0.91 60% OSPW—0.1 mm/s

y = 1.36x2 + 21.02x + 4.16 0.99 60% OSPW—3.0 mm/s

Table 5. Linear regression and coefficient of determination—mortar sample with CPIII.

Equation R2 Trend Line

y = 982.46x2 − 765.47x + 128.08 0.98 10% OSWP—0.1 mm/s
y = 550.26x2 − 569.95x + 122.42 0.96 10% OSPW—3.0 mm/s
y = 145.15x2 − 222.47x + 73.56 0.95 30% OSPW—0.1 mm/s

y = 60x2 − 81.77x + 46.55 0.97 30% OSPW—3.0 mm/s
y = 3.44x2 + 52.82x + 6.56 0.99 60% OSPW—0.1 mm/s

y = 12.42x2 − 29.94x + 77.30 0.86 60% OSPW—3.0 mm/s

Table 6. Linear regression and coefficient of determination—mortar sample with CPV.

Equation R2 Trend Line

y = 388.74x − 203.41 0.7996 10% OSWP—0.1 mm/s
y = 349.73x − 157 0.7795 10% OSPW—3.0 mm/s

y = 158.27x − 100.46 0.7941 30% OSPW—0.1 mm/s
y = 23.203x + 4.4478 0.9728 30% OSPW—3.0 mm/s
y = 105.6x − 84.594 0.7785 60% OSPW—0.1 mm/s

y = 24.778x − 4.0944 0.989 60% OSPW—3.0 mm/s

Another observed fact is that the yield stress decreases with the increase in the amount
of waste, regardless of the load speed and the type of cement, and the mortar tends to be
more fluid, that is, to have a greater workability. Ying et al., [39] studied the incorporation
of waste glass processing in the mortar, noting that its increased incorporation in the mortar
also contributed to a better workability.

Considering the value obtained in the linear regression analysis for R2, it is possible
to analyze the linear correlation of the variables force and displacement. For values
above 95%, it is possible to infer that the variables have a positive linear correlation, i.e.,
the data are accurate.

3.1.3. Mass Density

The density test was carried out in accordance with ABNT NM 13278 [28], and the
mass of the full container was recorded. Then, the mass density of each mixture was
calculated in the different substitutions (0%, 10%, 30% and 60%) in the three types of
Portland cement (CP II, CP III and CP V). Tables 7–9 show the values obtained, respectively,
by CP II, CP III and CP V cements.

Table 7. Mass density of Portland cement type CP II.

Incorporation of OSPW

0% 10% 30% 60%
Container mass (g) 1643.5 1654.2 1697.1 1654.4
Mass density (g/cm3) 1.88 1.91 2.02 1.91
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Table 8. Mass density of Portland cement type CP III.

Incorporation of OSPW

0% 10% 30% 60%
Container mass (g) 1666.4 1609.9 1540.6 1637.6
Mass density (g/cm3) 1.94 1.80 1.62 1.87

Table 9. Mass density of Portland cement type CP V.

Incorporation of OSPW (%)

0 10 30 60
Container mass (g) 1649.2 1673.4 1703.1 1654.5
Mass density (g/cm3) 1.90 1.96 2.03 1.91

Analyzing the mass density in Portland cement type CP II, it appears that the mortar
with the lowest density was the one with 0% replacement of sand by the residue with
1.88 g/cm3, while the mortar with the highest density was the one with 30% replacement
with 2.01 g/cm3. In the case of cement type CP III, the opposite occurs, where the mortar
produced with 30% replacement has the lowest density with 1.62 g/cm3 and the mortar
with 0% replacement has the highest density with 1.94 g/cm3.

In Portland cement type CP V, the same occurs as for CP II, the mortar with the lowest
density is the one with 0% replacement with 1.90 g/cm3, and the one with the highest
density is the one with 30% replacement with 2.03 g/cm3. Analyzing the densities in the
three types of cement, the one that presents the highest density is the Portland cement
type CP V, while the type CP III presents the lowest density.

Although the mortars tested in the three types of cements in percentages of different
replacements show variations in densities, most are around 2 g/cm3, and densities lower
than those mentioned are also obtained, bringing advantage to the mixture, as in the case
of Portland cement type CP III with 30% replacement [40].

3.1.4. Water Retention

According to the registration of the five values (mv, ma, ms, mw, and m) of the mass
of the set, the water/fresh mortar factor (AF) and the water retention (Ra) were then
calculated, considering each mixture in the different substitutions (0%, 10%, 30% and 60%)
in the three types of Portland cement (CP II, CP III and CP V), as shown in Tables 10–12.

Table 10. Water retention in mortar with Portland cement type CP II.

OSPW (%) mv (g) ma (g) ms (g) mw (g) m (g) AF Ra (%)

10 605.80 1698.70 1688.70 268.0 1494 0.22 95.81
30 601.80 1735.60 1733.10 276.0 1494 0.23 99.03
60 602.40 1597.20 1593.80 400.0 1494 0.37 99.07
0 622.98 1746.19 1735.06 315.2 1494 0.27 96.29

Table 11. Water retention in mortar with Portland cement type CP III.

OSPW (10%) mv (g) ma (g) ms (g) mw (g) m (g) AF Ra (%)

10 622.8 1799.2 1793.4 265 1494 0.22 97.71
30 621.1 1924.8 1920.1 278 1494 0.23 98.42
60 623.5 1684.9 1681.9 415 1494 0.38 99.27
0 623.3 1715.8 1712.3 301 1494 0.25 98.73
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Table 12. Water retention in mortar with Portland cement type CP V.

OSPW (%) mv (g) ma (g) ms (g) mw (g) m (g) AF Ra (%)

10 604.3 1664.4 1662.0 255 1494 0.21 98.90
30 605.5 1631.9 1628.2 282 1494 0.23 98.45
60 603.7 1589.5 1585.4 420 1494 0.39 98.94
0 622.0 1715.9 1711.9 308 1494 0.26 98.59

Analyzing the water retention in Portland cement type CP II, it appears that the mor-
tar with the lowest retention was the one with 10% of sand replacement by OSPW with
95.81%, while the mortar with the highest retention was the one with 60% of replacement
with 99.07%. The same characteristics are found in cement type CP III; the mortar pro-
duced with 10% replacement has the lowest retention with 97.71% and the mortar with
60% replacement has the highest retention with 99.27%.

Considering the Portland cement type CP V, there is a difference from the others. The
mortar with the lowest retention is the one with 30% replacement with 98.45% instead
of 10%, as in the CP II and CP III cements. The one with the highest retention is the
60% replacement with 98.94%, as in the other cements.

Examining the control mortar (0% OSPW), it is noted that the lowest value is found in
CP II cement with 96.29%, while the highest is found in CP III with 98.73% retention. At
10% replacement, the lowest value is also found in CP II cement with 95.81%, while the
highest is for CP V with 98.90% retention.

As for the analysis of the mortars with 30% replacement, it is noted that the lowest
value is found in the CP III cement with 98.42%, while the highest is found in the CP II
with 99.03% of retention. At 60% replacement, the lowest value is found in CP V cement
with 98.94%, while the highest is found in CP III with 99.27% retention.

3.1.5. Calorimetry

Regarding the calorimetry analysis the registration of the hydration reactions of the
mortars, through the software connected to the calorimeter device, it was then possible to
plot the heat and thermal energy curves per unit weight of cement. Figures 8 and 9 present
the values obtained.

Sustainability 2022, 14, x FOR PEER REVIEW 16 of 26 
 

 
Figure 8. Heat per unit weight of cement: Yellow curve with 30% and green curve with 0%. 

 
Figure 9. Thermal energy per unit weight of cement: Yellow curve with 30% and green curve with 
0%. 

By means of the thermal power curves, it was possible to observe in the sample with 
30% substitution an increase in the curve in the acceleration period from 1.5 h to 5 h ap-
proximately, due to the faster heat release. This is directly associated with a nucleation 
process and growth of hydration products faster, a behavior also shown in previous 
studies [13,41]. 

On the other hand, in the heat of hydration curves, it was possible to observe that the 
30% sample presented higher heat of hydration accumulated since the beginning of the 
test, as a consequence of a greater formation of hydration products, a similar result to that 
obtained by Topçu et al. [42]. 

Figure 8. Heat per unit weight of cement: Yellow curve with 30% and green curve with 0%.



Sustainability 2022, 14, 5904 15 of 24

Sustainability 2022, 14, x FOR PEER REVIEW 16 of 26 
 

 
Figure 8. Heat per unit weight of cement: Yellow curve with 30% and green curve with 0%. 

 
Figure 9. Thermal energy per unit weight of cement: Yellow curve with 30% and green curve with 
0%. 

By means of the thermal power curves, it was possible to observe in the sample with 
30% substitution an increase in the curve in the acceleration period from 1.5 h to 5 h ap-
proximately, due to the faster heat release. This is directly associated with a nucleation 
process and growth of hydration products faster, a behavior also shown in previous 
studies [13,41]. 

On the other hand, in the heat of hydration curves, it was possible to observe that the 
30% sample presented higher heat of hydration accumulated since the beginning of the 
test, as a consequence of a greater formation of hydration products, a similar result to that 
obtained by Topçu et al. [42]. 
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By means of the thermal power curves, it was possible to observe in the sample with
30% substitution an increase in the curve in the acceleration period from 1.5 h to 5 h approx-
imately, due to the faster heat release. This is directly associated with a nucleation process
and growth of hydration products faster, a behavior also shown in previous studies [13,41].

On the other hand, in the heat of hydration curves, it was possible to observe that the
30% sample presented higher heat of hydration accumulated since the beginning of the
test, as a consequence of a greater formation of hydration products, a similar result to that
obtained by Topçu et al. [42].

3.1.6. X-ray Diffractometry Analysis—XRD

Figure 10 shows that the particle size distribution of the OSPW particles dimensions
is 88% between 2 µm and 60 µm. This class is considered as a filler. It was observed 10%
of particles smaller than 2 µm, represented by D10 referring to fine quartz particles found
by XRD. The particle size of the sand fraction is 2%, which is the coarser particle of the
raw material. The residue is classified as non-plastic. These results are similar to those of
Xavier et al. [5].
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Figure 11a presents the XRD pattern of the OSPW. Note that it is basically formed
by quartz, identified by well-defined peaks. Figure 11b shows the presence of ettringite,
portlandite, quartz and calcium carbonate. There is also an amorphous halo of C–S–H
between 20◦ and 28◦ in the COSPW and CH2O samples. An amorphous halo of C–S–H
is found between 22◦ and 26◦ (X-ray angle of incidence) in the CS sample, which shows a
smaller amount of this stable and resistant phase. This shows that the waste contributes
to the formation of this more resistant phase, as observed in Figure 8 with the increase
in the heat of hydration being faster with the paste containing 30% of OSPW with the
nucleation of the smaller particles, these being in amounts of 10% of OSPW fraction of 2 µm
(Figure 10—OSPW particle size distribution). There is no difference between the COSPW
and CH2O paste when compared to each other.
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The above-mentioned difference is observed in Figure 7, from the squeeze flow, in
the fresh state, as it requires less load and has a greater possibility of displacement, which
means that the mortar with OSPW has more workability than the control mortar with only
sand. In addition, there is a difference in intensity in most portlandite peaks between the
COSPW and CH2O samples, with smaller peaks being observed in most of the COSPW
samples. This may indicate a portlandite reduction and formation of stable phases, as
discussed earlier.

3.2. Technological Analysis—Hardened State
3.2.1. Capillary Absorption

The capillary absorption test was carried out as per the ABNT NM 15259 [33] standard,
from which two parameters can be taken to determine the phenomenon of capillarity
in mortars: (i) the capillarity coefficient, and (ii) the water absorption by capillarity at
90 m [40].

Three prismatic parts were made for each mix, using Portland cement types CP II,
CP III and CP V, with cures of 7, 14 and 28 days, in the different replacement of sand by
OSPW (10%, 30% and 60%). Table 13 shows the average of each percentage of the capillarity
coefficients of the mortars produced.
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Table 13. Capillarity coefficients (g/dm2·min1/2).

Capillarity Coefficients

Cure (Days) OSPW (%) CP II CP III CP V

7 Days
10 0.85 0.44 0.35
30 0.60 0.36 0.27
60 1.07 0.85 0.25

14 Days

10 1.07 0.98 0.51
30 0.78 0.6 0.46
60 1.17 0.77 0.76
10 0.92 0.78 0.48

28 Days 30 0.71 0.61 0.44
60 1.30 1.06 0.70

Thus, analyzing the capillarity coefficient in the prismatic specimens, made with
Portland cement type CP II, it appears that the 60% replacement mortars, from sand to
OSPW, showed a higher capillarity coefficient regardless of the curing time. On the other
hand, the mortars produced with 30% replacement showed the lowest capillarity coefficient
also regardless of the curing time.

In the specimens made with Portland cement type CP III, the 30% replacement mortars,
at all curing times, showed the lowest capillarity coefficient. In mortars with curing times
of 7 and 28 days, the highest capillarity coefficient is at 60% replacement, while at 14 days
of curing, it is at 10% replacement.

In Portland cement type CP V, mortars with curing times of 14 and 28 days pre-
sented the highest coefficient at 60%, while at 7 days of curing, the highest coefficient is
at 10% replacement. As with mortars made with cement type CP II and CP III, the lowest
coefficient is found at 30%, when analyzed at 14 and 28 days, while at 7 days of curing, the
lowest value is at 60% of replacement.

3.2.2. Determination of Tensile Strength in Flexion and Compression

Table 14 presents the compressive strengths found in the mortars made with Portland
cement types CP II, CP III and CP V, with curing of 7, 14 and 28 days, in the different
replacement of sand by OSPW (10%, 30% and 60%).

Table 14. Flexural and compression strength test results.

CPII CPIII CPV

OSPW
(%)

Cure
(Days)

FS 1 ± SD 2

(MPa)
CS 3 ± SD 2

(MPa)
FS 1 ± SD 2

(MPa)
CS 3 ± SD 2

(MPa)
FS 1 ± SD 2

(MPa)
CS 3 ± SD 2

(MPa)

0
7 1.10 ± 0.20 4.07 ± 0.90 1.07 ± 0.21 3.87 ± 0.65 2.00 ± 0.45 5.03 ± 0.60

14 0.90 ± 0.19 3.55 ± 0.90 0.96 ± 0.21 3.09 ± 0.65 1.93 ± 0.45 6.00 ± 0.60
28 1.11 ± 0.20 4.05 ± 0.90 1.32 ± 0.21 3.89 ± 0.65 2.05 ± 0.45 6.11 ± 0.60

10
7 1.19 ± 0.23 4.74 ± 0.45 1.14 ± 0.23 3.93 ± 0.76 2.01 ± 0.41 6.44 ± 0.51

14 1.43 ± 0.23 3.83 ± 0.45 0.83 ± 0.23 2.78 ± 0.76 1.67 ± 0.41 7.08 ± 0.51
28 0.97 ± 0.23 4.21 ± 0.45 1.29 ± 0.23 4.23 ± 0.76 2.49 ± 0.41 7.46 ± 0.51

30
7 2.17 ± 0.25 9.82 ± 1.33 1.19 ± 0.35 6.40 ± 1.41 2.38 ± 0.40 10.33 ± 1.15

14 2.23 ± 0.25 7.34 ± 1.33 1.26 ± 0.35 6.34 ± 1.41 3.04 ± 0.40 10.95 ± 1.15
28 2.63 ± 0.25 9.44 ± 1.33 1.83 ± 0.35 8.82 ± 1.41 3.12 ± 0.40 12.56 ± 1.15

60
7 1.61 ± 0.28 7.12 ± 0.46 0.79 ± 0.21 5.61 ± 1.08 1.36 ± 0.54 5.17 ± 1.69

14 1.77 ± 0.28 6.66 ± 0.46 0.61 ± 0.21 4.26 ± 1.08 2.39 ± 0.54 6.47 ± 1.69
28 1.21 ± 0.28 7.59 ± 0.46 1.04 ± 0.21 6.40 ± 1.08 2.16 ± 0.54 8.53 ± 1.69

1 FS—flexural strength; 2 SD—standard deviation; 3 CS—compression strength.

Analyzing the compressive strength of mortars, it was found that in all three types of
cement, the highest strengths were found in the replacement of 30% of OSPW, and these
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values were identified in CP III and CP V cements, at 28 days of curing, and in cement
CP II, at 7 days of curing.

In Portland cement type CP II, the highest strength found was 9.82 MPa tested at 7 days
of curing, in the percentage of 30% replacement, while the lowest strength was 3.83 MPa
tested at 14 days of curing, in the 10% replacement percentage. Note that the strengths of
the mortars tested at 7 and 28 days of curing present similar values in all replacements.

In mortars made with CP III type cement, the highest strengths, in all percentages,
were at 28 days of curing, with the highest value being 8.82 MPa in 30% replacement. On
the other hand, the lowest resistances found, regardless of residue replacements, were at
14 days of curing.

In Portland cement type CP V, the highest strengths, as well as in CP III, were at
28 days of curing, regardless of percentages, with the highest value of 12.56 MPa in
30% replacement. While the lowest resistances were at 7 days of curing in all percentages.

Table 14 also shows the flexural tensile strengths found in mortars made with Portland
cement types CP II, CP III and CP V, with cures of 7, 14 and 28 days of curing, in the
different replacements of sand by OSPW (10%, 30% and 60%).

Analyzing the flexural tensile strengths of mortars, it was found that in all three types
of cement, the highest strengths were found in the replacement of 30% of OSPW, at 28 days
of curing, with the highest value being 3, 12 MPa, found in CP V cement. In Portland
cement type CP II, the mortars tested at 7 and 14 days of curing showed similar strengths,
while those tested at 28 days showed greater discrepancies.

The mortars made with cement type CP III tested at 28 days showed higher strengths in
all replacement percentages, when compared to the other curing times of the same cement.
In contrast, the lowest resistance found was with 60% replacement tested at 14 days of
curing. In Portland cement type CP V, the mortars tested at 28 days showed the highest
strengths with 10% and 30% replacement, however, with 60% the mortars that showed
higher values were those tested at 14 days of curing.

3.3. Life Cycle Assessment (LCA)

According to the results of the technological tests, LCA studies were directed on the
environmental impacts associated with obtaining the mortar incorporated with 30% of
OSPW and cement CPV type. For the analysis of the environmental impacts associated
with the mortar production process, OSPW was considered as an alternative raw material
to substitute the use of sand, which allows obtaining an avoided impact with the reduction
of the extraction of this input.

The LCA study was compiled considering the geographic limitation of the states of
Rio de Janeiro and Espírito Santo, in the Brazilian context, in addition to the chemical
composition and morphological characteristics of the sand and OSPW found in the studied
region. The study was conducted in a comparative way between the two products: the
mortar produced in a conventional way (0% OSPW), and the mortar incorporated with
30% OSPW. For this study, the use of CPV-type cement was also considered.

The mortar production process considered at the system boundary consisted of tradi-
tional operations and equipment. Thus, studies that direct efforts to analyze the effects of
new technologies are recommended. In addition, the present LCA study is dedicated only
to analyzing the environmental impacts caused by the products of interest, recommending
future analyses on economic and social impacts.

Figure 12 presents the environmental impact of the conventional mortar production
process, without the incorporation of OSPW (the characterized analysis can be seen in
Table S1 of the Supplementary Materials). Eighteen impact categories were analyzed at
midpoint. In a global analysis, it is possible to realize that the cement and sand inputs
significantly contribute to the impact associated with obtaining the mortar, as presented
by Sánchez et al. [19]. Cement has an intensive impact on the global warming categories,
accounting for about 75% of the CO2 emissions considered in this production process,
and also on the mineral resource scarcity category, corresponding to 91% of the impacts
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recorded in this category. Jiménez et al. [43] state that cement is the material with the
greatest influence in all categories of impacts considered in their studies, in addition to
being the main contributor to emissions to air.
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Figure 12. Impact life cycle assessment—mortar with 0% OSPW—CPV.

The sand has its largest impact contribution associated with the water consumption
category, with over 77%. In addition, the cement used, identified as packing in the study,
has considerable impacts on point categories, such as the land use category, reaching 76%
of the relative impact. This can be attributed to the area needed to obtain wood that will
supply the pulp industry for the manufacture of cement packages.

To highlight the main impacts associated with alternative mortar composed of ce-
ment type CPV, 30% of OSPW and sand, the LCA was analyzed (Figure 13). It was
possible to identify that the replacement of sand by OSPW contributed to the reduc-
tion in the associated impacts in most categories, such as in the categories of land use
−5%, freshwater eutrophication −9%, marine eutrophication −6% and global warming
−5%. The most significant record of impacts associated with the use of OSPW is in the
water consumption category, totaling 2.3% (the characterized analysis can be seen in
Table S2 of the Supplementary Materials).
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In a comparative way, the processes of obtaining the mortar with cement CPV, and the
mortar with cement CPV incorporated with 30% of OSPW were analyzed. The normalized
results show the reduction in global impacts when the mortar undergoes the replacement
of sand by OSPW. The normalized scale also allows the identification of the main categories
of impacts that are intensely affected by the industrial activity of obtaining the product
under study, namely marine ecotoxicity, freshwater ecotoxicity, human carcinogenic toxicity,
human non-carcinogenic toxicity and terrestrial ecotoxicity (Figure 14). These categories
are allocated into two main areas of protection, those being human health and ecosystem
quality, often assessed at the endpoint.
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and 30% OSPW mortar.

The categories that estimate human health impacts aim to characterize human ex-
posure to toxic substances, especially through ingestion and inhalation. Values referring
to acute and chronic toxicological effects provide estimates of the toxicological risk and
impacts associated with the mass (kilograms) of a substance emitted to the environment,
such as dichlorobenzene, for example.

The categories related to ecosystem are related to the harmful, sometimes irreversible,
action of substances toxic to the environment. This category can be defined for both water
and soil, using chemical emissions to air, water and soil. Its indicator corresponds to the
ecotoxicity potential of each emission in relation to the reference substance (for example,
triethylene glycol).

Figure 15 presents the comparison in a characteristic mode between the conventional
mortar and the mortar incorporation with OSPW. It is possible to notice the decrease in
environmental impacts associated with all categories when the mortar is incorporated with
OSPW. According to Rebello et al. [6], the incorporation of OSPW in the elaboration of civil
construction materials presented better environmental performance compared to the use
of sand.

This can be mainly related to the reuse of an inert residue, which implies the reduction
in sand extraction for the composition of this mortar, being an avoided impact. The main re-
ductions occurred in the water consumption and terrestrial ecotoxicity categories, recording
reductions of 22% and 20%, respectively. According to Santos et al. [44], the incorporation of
alternative aggregates in conventional mortars (with high environmental impact) requires
less energy for production and transport. This mainly applies to the replacement of natural
sand in mortars, which can also benefit the technological performance of the material.
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Figure 15. Impact life cycle assessment—characterized result of the comparison between conventional
and 30% OSPW mortar.

In LCA studies oriented to the production of construction materials with incorporation
of waste, the geographical distance to obtain the inputs stands out. Indeed, distance and
transport have a direct relationship, that is, great distances can be associated with the
increase in the environmental impacts considered [45].

The carbon footprints for both evaluated processes were obtained and are shown in
Table 15. Thus, it was possible to identify the contribution to the environmental impacts
of raw materials in the system, mainly associated with the global warming category.
Predominantly, CPV cement presents itself as the main contribution to the carbon footprint
in both scenarios, being responsible for 75.1% of the CO2 equivalent generated in obtaining
the mortar without incorporation of OSPW, and 79.7% of the CO2 equivalent in the mortar
with the incorporation of 30% of OSPW.

Table 15. Carbon footprint.

Inputs CPV 0 W (CO2 eq. %) CPV 30 W (CO2 eq. %)

CPV Cement 75.1 79.7
Sand 19.5 14.5

Packing, cement 5.28 5.61
OSPW 0 0.0885

Conveyor belt 0.0238 0.0252
Industrial machine 0.0088 0.00934

Electricity 0.000325 0.000345

4. Conclusions

• Considering the results found in the squeeze flow test, it can be concluded that the
greater the displacement achieved by the material, the better its workability level,
which was recorded in different mortar compositions incorporated by the ornamental
stones processing waste (OSPW).

• According to the tests in the fresh state, it is possible to conclude that the mortar
composed of cement of the CPV type, incorporated with 30% of OSPW, stands out in
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comparison to the others analyzed, presenting higher density, which implies a material
with lower porosity and good water retention index. The workability of this material
also stands out, as well as the rapid release of heat that occurs in this material, which
positively influences the nucleation process and rapid hydration.

• Through the calorimetry technique, it is possible to infer that the incorporation of the
waste is acting as nucleation sites for the hydration products, favoring the cement
hydration process, culminating at 28 days of curing, in the formation of more sta-
ble phases, according to the amorphous halo of the formation of C–S–H (hydrated
calcium silicate).

• According to the tests in the hardened state, the mortar composed of cement of the CPV
type, incorporated with 30% OSPW, stands out, which presents low capillarity and
better performance in the resistance to flexural and compression strength, considering
7 days of curing when compared to other types of cement. There is still a better
performance in the flexural and compression strength tests when the curing time
increases to 28 days.

• In view of the life cycle assessment (LCA) for environmental analysis, it is concluded
that the use of OSPW contributes to the reduction in the environmental impact asso-
ciated with the process of obtaining the mortar. Indeed, this waste can replace the
use of sand in the production mortar, which consequently reduces the sand extraction
process and its impacts. Considering the LCA impacts generated by the production of
mortars, the main areas of protection affected are human health and ecosystem quality.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14105904/s1, Table S1: Life Cycle Impact Assessment consid-
ering the mortar with 0% of OSPW and cement type CPV; Table S2: Life Cycle Impact Assessment
considering the mortar with 30% of OSPW and cement type CPV.
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