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Abstract

Reducing Portland cement consumption in concrete compositions, managing industrial waste, and conserving natural resources are
contemporary challenges to achieving sustainable development. One solution has been the utilization of these industrial wastes as
partial replacements for Portland cement or aggregates in concrete production. Due to the significant variability of these wastes,
further research on this topic is necessary. Therefore, this study aimed to evaluate the properties of concrete mixtures containing
porcelain polishing residue (PPR), scheelite residue (SR), and different types of Portland cement. The physical, chemical, and
mineralogical characteristics of the wastes were determined. The fresh and hardened properties of the concretes, as well as the
analysis of environmental impact, in terms of carbon dioxide emissions related to binder consumption, were investigated. The
results showed that the utilization of these wastes resulted in reductions in consistency, water absorption, porosity, and compressive
strength at 28 days by up to 33%, 16%, 13%, and 7%, respectively. Furthermore, improvements in microstructure, binder index,
and CO, index were observed. The wastes reduced the cement content and CO, emissions per cubic meter of concrete to achieve
1 MPa by up to 12%. These findings suggested that the utilization of these wastes may be a viable and sustainable alternative to
reduce Portland cement consumption and mitigate the environmental impact of the concrete industry. However, further research and
studies are needed to assess other aspects, such as long-term durability and economic feasibility before their widespread adoption

in the construction industry.
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INTRODUCTION

The recent data presented at COP26 (United Nations
Climate Conference), held in 2021 in Glasgow, Scotland,
showed that more than half of CO, emissions (52.7%)
occurred in the last 30 years [1]. As a result, according to
the global climate report [2], the year 2020 was the second-
hottest on record in the last 141 years, with an average global
temperature variation of 0.98 °C. The land and ocean surface
temperature in the Northern Hemisphere in 2020 was also
the highest, at 1.28 °C above average, while in the Southern
Hemisphere, it was the fifth-highest on record. The main
effect of global warming felt by the world population has
been climate change. In July 2021, deadly floods occurred
in Germany and Belgium, causing destruction or severe
damage to buildings and infrastructures such as bridges,
sewage systems, schools, and hospitals [3]. In the previous
month, the Pacific Northwestern region of the United States
and Canada, known for their cold climates, experienced
near-surface air temperature anomalies of 16-20 °C above
normal, with the highest temperature recorded in Lytton
with 49.6 °C for several days [4]. On the other hand, the
Southern Hemisphere suffered from freezing temperatures,
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such as in cities in Southern Brazil, which reached their
lowest temperatures in recent years [5]. It is natural to ask
where all these emissions come from. According to the
IPCC (Intergovernmental Panel on Climate Change) [6],
which shows data on the main sources of CO, emissions in
the world in megatons over the last 60 years, about 72% of
carbon dioxide emissions in 2020 came from the burning of
fossil fuels (oil and coal) to produce energy and materials,
and 4.7% was derived from the production of Portland
cement for construction.

The construction industry is a huge market that demands
a large consumption of raw materials and energy for the
manufacture of its materials, the main one being concrete.
According to Andrew [7], global production of cement is
the third-largest source of anthropogenic emissions of
carbon dioxide, after fossil fuels and land-use change.
Emissions that have intensified since 1990. Portland cement
is a major environmental villain due to the amount of
clinker used in its production. It is estimated that cement
production emits between 800 [8] and 1150 [9] kg CO,/t of
clinker. This variation is mainly associated with the clinker
content present in the cement in accordance with NBR
16697/2018 standard [10], which allows a minimum content
between 25% and 45%. To collaborate with environmental
sustainability, one of the several consolidated strategies to
reduce CO, emissions from clinker production is the use of
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supplementary cementitious materials (SCMs). Currently,
it has become common to use the following SCMs:
metakaolin, natural pozzolans, limestone filler, fly ash, blast
furnace slag, silica fume, rice husk ash, sugar cane bagasse
ash, etc., in association with Portland cement, by promoting
filler effect and/or reacting with the active constituents of
the binder [11-16]. The use of such materials in concrete
compositions, mixed with clinker during manufacture, or
added separately during mixtures of cementitious products,
results in a significant decrease in the amount of CO,
released into the atmosphere. This result was verified in a
study conducted in the United Kingdom, where the increase
in the amount of SCMs resulted in a decrease in CO, release,
including transportation of cement constituents [17].

Brazil has a vast availability of mineral resources and
therefore, it has many industries that exploit such resources,
generating significant amounts of waste at the end of
the exploration process. For example, the exploration of
scheelite in the Serid6 Region in Northeast Brazil generates
voluminous piles of waste in open-air banks, causing
environmental damage. Another example is the ceramic
industry for internal and external wall finishing, where
the polishing process of porcelain tiles also generates a
significant amount of waste [18, 19]. Carvalho et al. [20]
found that the scheelite residue (SR) presents chemical,
particle size, and mineralogical homogeneity, and therefore,
it can replace natural sand in concrete. Pelisser et al. [21]
and Breitenbach et al. [22] found that the porcelain polishing
residue (PPR) has a particle size distribution similar to
that of Portland cement and a chemical composition that
is susceptible to developing pozzolanic activity, making
it a potential replacement for Portland cement in concrete
manufacturing. Also, according to the authors [23, 24], the
filler effect provided by the fine grains of PPR improves
the packing of cement particles and reduces porosity and
permeability. Given the above, this paper aims to contribute

Table I - Physical characteristics of materials.

to the sustainable development of concrete production by
using residues from the polishing of porcelain tiles and
scheelite in concrete with different types of cement to
reduce the environmental impact related to CO, emissions,
maintaining the binder index and compressive strength.

MATERIALS AND METHODS

Materials: two types of Portland cements that comply
with NBR 16697/2018 standard [10], namely CP II Z-32-
RS and CP V ARI-RS, natural sand, granitic gravel (GG),
porcelain polishing residue (PPR), and scheelite residue
(SR) were utilized. Raw PPR samples were collected from
a ceramic factory (Elizabeth) located in the city of Conde
in the State of Paraiba, Brazil. The samples were then dried
at 70 °C for 24 h and ground in a ball mill for 40 min.
Subsequently, the PPR fraction with a particle size <75 um
was selected to obtain a material with a particle size similar
to that of cement. The SR was obtained from a tungsten
mining company (Tomaz Salustino) located in the Seridé
Region, State of Rio Grande do Norte, Brazil, and used
as received. The physical characteristics of the materials
are presented in Table I. The setting time of the cement
paste was determined according to the procedure of NBR
16607:2018 standard [25]. The particle size distributions of
GG, natural sand, and SR residue are shown in Fig. 1. The
physical characterization revealed that the key differences
between CP V and CP II cements were setting time, early-
age compressive strength, and surface area. These variations
arose from the fact that CP V is the finest among Brazilian
Portland cements. In comparison, PPR differed from the
cements in terms of surface area, which was 50% higher,
and specific gravity, which was 21% lower. Sand and SR
exhibited minimal differences between them.

Table II presents the chemical compositions in the form
of oxides of CP II, CP V, and PPR. The quantification of

Characteristic CpII CPV PPR Sand GG SR
Residue #0.075 mm (%) 2.40 1.20 - - - -
Initial set (min) 80 75 - - - -
Compressive strength, 3 and 1 days” (MPa) 1436 1626 - - - -
Compressive strength, 7 and 3 days” (MPa) 2242 24.17 - - - -
Compressive strength, 28 and 7 days” (MPa) 3281  34.19 - - - -
Specific surface area (cm?/g) 3806 4688 8741 - - -

Specific gravity (g/cm?) 2.99 3.06 2.39 2.59 267 294

Fineness modulus - - - 2.63 6.64 199

Maximum dimension (mm) - - - 2.36 19.00 2.36
Swelling coefficient - - - 1.16 - -
Absorption (%) - - - - 0.64 -

“: compressive strength ages for, respectively, cements CP II-Z-32-RS and CP V ARI-RS, according to [10].
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Figure 1: Particle size distribution curves of raw materials.
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Table II - Chemical compositions (wt%) of fine materials.

Oxide CPII CPV  PPR SR
Ca0 4877 5800 106  34.14
Sio, 2612 1906 6184  30.64
ALO, 1093 792 2204 1301
MgO 432 472 686 -
SO, 2.81 204 <0.10 -
Fe,0, 2.63 390 078 6.6
K,0 097 106 374 109
TiO, 0.30 023 015 049
MnO 0.20 018 013 064
WO, - - - 0.14

Others <0.10 <010 012 029
LOI 2.93 287 328 1296
Total 100 100 100 100

LOIL: loss on ignition.

chemical species was obtained by X-ray fluorescence
spectrometry using a spectrometer (EDX-7000, Shimadzu)
with a maximum acceleration voltage of 50 kV. The loss on
ignition followed the requirements of NBR NM 18:2012
standard [26]. Chemical analysis showed that the main
constituents of Portland cements were oxides of calcium,
silicon, aluminum, magnesium, and iron. However, CP
IT cement differed from CP V in terms of alumina content
and CaO/SiO, ratio due to the addition of pozzolanic
material. PPR can be considered a pozzolanic material, as
the ASTM C618:2022 standard [27] establishes that the
sum of SiO,+Al O,+Fe O, must be 270% and, in this case,
it was equal to 84.7%. It should be noted that this standard
classifies the material as pozzolanic based on the weight
of these oxides without considering their reactivity. In
SR the main constituents were oxides of calcium, silicon,
aluminum, and iron.

Fig. 2 shows the X-ray diffraction (XRD) patterns of the
RPP and RS samples, as well as the identified mineralogical
phases. A diffractometer (LAB X XRD 6000, Shimadzu)
was used for XRD analysis, operating with copper radiation

and 20 scanning at a rate of 2 °/min in the range of 10° to
80°. The main crystalline phases of SR were quartz, berlinite,
dolomite, calcite, and magnetite, and those of PPR were
quartz and mullite. The element K, present in the chemical
composition of PPR, was not detected as a compound in the
XRD pattern, leading to the conclusion that it was present
as a substitutional element in mullite, which is used in
glass production. Likewise, the elements Fe and Mg were
also not identified as compounds in the XRD patterns, most
likely because they were solved in a glassy phase, given the
presence of an amorphous halo in the diffractogram between
15° and 35° of 20. This amorphous halo indicated that PPR
can develop pozzolanic activity. The pozzolanic potential
of PPR was also monitored by three different methods:
i) NBR 5752:2014 [28]: the pozzolanic activity index
resulted in 103%; ii) NBR 15895:2010 - modified Chapelle
method [29]: fixed calcium content of 574 of mg Ca(OH),/g
material; and iii) electrical conductivity method proposed by
Luxén et al. [30]: the difference in electrical conductivity
between the initial measurement and at 120 s was 0.46 mS/
cm. According to these results, PPR can be considered a
moderate pozzolanic material.

Composition of concretes: Fig. 3 presents the mass of
each material necessary to produce 1 m? of concrete for the
mix design 1:1.65:2.2:0.4. The concretes named REF CP II
and REF CP V represented reference concretes produced
without any residues, differing solely in the type of cement
used. The concretes named C80/15 CP II and C80/15 CP V
corresponded to the concretes produced with SR and PPR.
The number 80 indicates that 80% of the mass of natural
sand was substituted with SR, and the number 15 indicates
that 15% of the mass of Portland cement was substituted
with PPR. To maintain the proportion of fine:water ratio
constant, a high-performance superplasticizer additive
with a density of 1.08 g/cm® was used. The composition of
concretes was based on a previous study [31], which utilized
an optimization process of materials’ granulometry and
properties in the hardened state to determine the optimal
levels of substitution as approximately 80 wt% of natural
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Figure 2: X-ray diffractograms of porcelain polishing residue
(PPR) and scheelite residue (SR).
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sand by SR and 15 wt% of Portland cement by PPR. The
addition of superplasticizer (0.5 wt% of fine materials -
Portland cement+PPR) and a fixed mortar content (o, Eq.
A) of 43% were maintained for all concretes. The mortar
content is a parameter that indirectly estimates the mobility
of particles and provides the desired workability in terms of
slump. In Eq. A, ‘a’ represents the amount of fine aggregate
in mass, while m represents the sum of coarse and fine
aggregate in mass:

a=lt2 (A)
1+m

Concrete mixture: the concretes were produced in a
120 L capacity mechanical mixer, following the procedure
shown in Fig. 4. For the mixture of concretes with residues,
PPR and SR were previously mixed with cement and sand.
Twelve cylindrical specimens, each with a diameter of 20
cm and a height of 10 cm, were produced for each concrete,
totaling 48 specimens. Metallic molds were used, which
were coated with lubricant on the surface, and manual
densification was performed every 1/3 of the volume’s
capacity. The specimens were kept in the molds for 24
h and were stored in a covered and closed place at room
temperature. They were then de-molded and identified, and
placed in a tank with a saturated calcium hydroxide solution

for curing until the required age for testing [32].

Fresh state properties: the evaluated fresh state
properties were the specific mass, according to ABNT NBR
9833:2008 [33], and the workability, which was assessed
through the slump cone test, in accordance with ABNT NBR
16889:2020 [34]. The slump test is the most used method
for evaluating the flow properties of fresh concrete, as it is
easy to perform and inexpensive. The slump test equipment
consists of a truncated cone and a measuring device, such
as a ruler. The slump is measured by taking the difference
between the height of the truncated cone at the beginning
of the test and after the flow has stopped. Although slump
is a qualitative evaluation of the workability of the mixture,
the test measurements can be related to the yield stress of
the material under low shear rates [35]. The yield stress is
a unique property of the material that best describes the
behavior of fresh concrete and is usually determined by
rotational or oscillatory rheometric tests. In these tests,
it is assumed that the fresh behavior of cementitious
suspensions, such as concrete, is fluid with yield stress and
can be approximated by the Herschell-Bulkley model [36].
This allows for the evaluation of the flow behavior of the
material simulating the different rheological situations, such
as mixing, transport, and application. A viable alternative for
determining the yield stress of concrete is to use the Roussel
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p.3
Cc80/15CPV | 3885 o em3 1005.6 1828
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Figure 3: Material consumptions (kg) for 1 m* of concrete.
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Figure 4: Schematic of concrete mixing procedure.
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model [37], which relates yield stress, slump, and specific
mass by:

s=25.5-17—‘;675 (B)

where S is the slump (cm), T is the yield stress (Pa), and Q is
the specific mass (kg/m?). This equation is valid for slumps
between 5 and 25 cm.

Hardened state properties: in the hardened state, the
absorption and porosity [38], capillary absorption [39],
axial compressive strength [40], ultrasound testing [41],
and scanning electron microscopy (SEM) were evaluated.
All hardened state tests were performed at 28 days of
curing. To measure the absorption and porosity, the dry
mass (m ) of the specimens was determined after drying in
an oven at 100 °C for 24 h, as well as the saturation mass
in water (m_ ) and the submerged mass in water (m,). Egs.
C and D were used to determine absorption and porosity,
respectively:

A(%) = % .100 ©

S

- M ™ 00 D
P(%) m, - m, ®
For capillary absorption, cylindrical concrete specimens
were placed in contact with a 51 mm layer of water.
The face of the concrete cylinder in contact with water
contained the matrix and visible aggregates to force water
in and rise by capillary action. The mass gain of the sample
was evaluated at 3, 6, 24, 48 and 72 h. The compressive
strength test was conducted using a press (PC 200C, Emic)
at a constant loading rate of 0.50 MPa/s. The ultrasound
test was performed by direct transmission, according to
NBR 8802:2019 and ACI 228.2R:2013 [41, 42], with a
longitudinal wave transducer at a frequency of 54 kHz. The
transducer and specimen interface were lubricated with
medical ultrasound gel. The dynamic modulus of elasticity
was calculated using Eq. E, with Poisson’s ratio (v) set to
0.2, as suggested by NBR 6118:2014 [43]:

_ [p(1+v) (1-2v)] V2

1) (E)

E

where E is dynamic modulus of elasticity (GPa), o is
density (kg/m®), and V is ultrasonic wave velocity (m/s).
Scanning electron microscopy (SEM) was conducted
using a microscope (Vega 3 LMU, Tescan). The samples
were subjected to a cryogenic process in a bath with liquid
nitrogen for 2 min, then cut into cubes of dimensions of
2x2x2 cm and subsequently dried in an oven at 105+5 °C
for 24 h. The cubes were gold-plated with a 6 nm layer to
increase the image contrast.

Estimation of environmental impact: it is known
that the use of mineral additions in concrete, including
industrial by-products, contributes to the reduction of CO,
associated with the production of clinker. This strategy,

combined with the efficient use of Portland cements, tends
to further enhance this advantage [44]. In this research,
the concrete efficiency was calculated according to the
method developed by Damineli et al. [45], which relates
the efficiency of concrete through the binder index (b,) and
CO, index (c,) calculated by:

()
(€)

where b is the total consumption of Portland cement
(kg/m?), ¢ is the total amount of CO, emitted during
concrete manufacturing, and p is the compressive strength
at 28 days (MPa). The b, and ¢, measure the total amount
of Portland cement and the amount of CO, emitted for
each 1 MPa of concrete strength, respectively. As such,
the lower the b and c values, the more eco-efficient is the
concrete mixture. Since the goal of this study is not to
make an extensive and detailed life-cycle analysis of the
cements used in this research, for simplification purposes,
it was considered that for 1 ton of clinker, 1 ton of CO, was
emitted [46-48]. It was also considered that, based on NBR
16697:2018 [10], CP II and CP V cements had 75% and
95% of clinker in their composition, respectively.

RESULTS AND DISCUSSION
Fresh state properties

Table III presents the results of the specific mass, slump,
and yield stress of the concretes in the fresh state. When
analyzing the specific mass of the concretes produced
with wastes, it was noticed that the values were similar in
comparison to the reference concretes, suggesting that the
effects of the wastes were insignificant. However, when
separately evaluating the specific mass of the materials
used, it was possible to notice the influence of wastes
in the process. The scheelite residue (SR), for example,
presented a specific mass 12% higher than that of sand,
while the porcelain polishing residue (PPR) presented a
specific mass, on average, 21% lower than that of Portland
cement. The combination of these residues resulted in an
equalization that kept the specific mass of the concrete
practically constant. Therefore, it can be concluded that
even if the effects of isolated residues were not significant,
they had an impact on the result when combined.

Table III - Properties of concrete in the fresh state.

Concrete 0 (g/em?®) S (mm) T (Pa)
REF CP1I 2.40 100 2114
C80/15 CP 11 2.44 75 2495
REF CPV 245 75 2506
C80/15CPV 247 50 2877

Q: specific mass; S: slump; t: yield stress.
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The result of the concrete slump test is influenced by
the physical characteristics of the materials, mortar content,
and the amount of water present in the mixture [49]. As
the last two parameters were kept constant, it was the
physical characteristics of the materials that influenced the
workability of the concretes. The C80/15 CP II and C80/15
CP V concretes showed a reduction of 25% and 44% in
slump compared to the REF CP II and REF CP V concretes,
respectively. This reduction was mainly caused by the PPR
since the sand and SR had similar particle sizes. The PPR had
a specific surface area that was 50% higher than that of the
cements, so more water was needed to surround the grains.
This reduction in the slump test was even more pronounced
in the REF CP V and C80/15 CP V concretes due to the CP
V cement, which also had a higher specific surface area than
the CP Il cement. In practical terms of workability, low, high,
or intermediate slumps correspond to consistent or ‘rough’
concrete, flowable concrete, and workable concrete [50].
This means that the smaller the slump, the greater the flow
resistance and the higher the yield stress, and conversely, the
greater the slump, the lower the flow resistance and the lower
the yield stress. Yield stress results confirmed this inverse
relationship between slump and yield stress. The REF CP II
concrete showed the highest slump and lower yield stress,
and therefore, it flowed more easily than the C80/15 CP V
concrete, which showed the lowest slump and highest yield
stress. A similar result was obtained by Murata [51].

Hardened state

Water absorption and porosity by Archimedes’ test:
concretes with a compact structure and lower void rates
have lower absorption, porosity, and permeability rates;
consequently, they are less susceptible to pathologies,
maintaining their service properties for a longer time.
Therefore, absorption and porosity are important properties
that directly influence the durability of concrete. Fig. 5 shows
the results of water absorption and porosity determined by
Archimedes’ test of the concretes. It was noted that the type
of Portland cement and the use of PPR and SR residues
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Figure 5: Water absorption and porosity by Archimedes’ test.

affected the absorption and porosity of the concretes. When
comparing the concrete mixtures without residues, it was
observed that REF CP V presented values of absorption and
porosity approximately 23% higher than REF CPII concrete.
This difference may have been caused using CP V cement,
which had a specific surface area 23% greater than CP II
cement. This can result in high rates of heat release during
hydration reactions, causing the evaporation of water from
the medium and an increase in the void ratio of the concrete.
Furthermore, unlike CP II cement, CP V cement does not
contain pozzolanic material in its composition, which may
have contributed to the higher values of absorption and
porosity observed.

When analyzing the concrete with residues, it was noted
that the absorption and porosity of the C80/15 CP II concrete
were lower by 12.5% and 11%, respectively, compared to
REF CP II concrete. Similarly, the C80/15 CP V concrete
showed a reduction of 16% and 13% in absorption and
porosity, respectively, compared to REF CP V concrete.
These reductions were caused by PPR, which had a filler
effect (filling voids by physical action) and pozzolanic
activity (filling pores by chemical action) [52]. Among all the
concretes, C80/15 CP II had the lowest values of absorption
and porosity, combining the effect of PPR and cement
CP II. According to the technical bulletin CEB 192:1989
of the Euro-International Committee on Concrete [53],
concrete can be qualitatively classified as good, medium,
or bad, depending on the level of absorption by immersion.
Fig. 6 shows the correlation between experimental data
on Archimedes water absorption and the CEB 192:1989
classification. It can be observed that all concretes had an
average quality based on the recorded absorption values.

GOOD

MEDIUM BAD

C80/15 CPV

C80/15 CPII

REF CPV

REF CPII

~
N

00 10 20 30 40 50 60 7.0
Absorption (%)

Figure 6: Water absorption by immersion and concrete quality
according to CEB 192:1989 [53].

Water absorption by capillarity: the capillary absorption
of concrete is an important characteristic that affects its
strength and durability. As per Hall [54], the capillary
absorption of porous materials, such as concrete, is directly
proportional to the square root of time, as indicated by:

AC= Svt (H)
where the term AC is the capillary absorption (mg/mm?),

S is the absorption coefficient (mg.mm2.min?®?), and t is
the time (min). Fig. 7 shows the levels of water absorption
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Figure 7: Water absorption by capillarity as a function of time'?.

by capillarity of the concretes as a function of the square
root of time, according to Eq. H. In general, all concretes
showed similar behavior, with a higher absorption rate
during the first hours, followed by deceleration, as indicated
by the slope of lines on the graph. This behavior is typical
of concrete, where there is rapid capillary water absorption
at the beginning of the test, followed by stabilization over
time since the pores closest to the surface become saturated
[55]. From Fig. 7, it is possible to observe that up to 6 h,
capillary absorption was similar for all types of concrete.
However, after 24 h, this characteristic began to exhibit
significant differences. After 72 h, the capillary absorption
of REF CP V concrete was 4.74 mg/mm?, while that of
C80/15 CP V was 3.22 mg/mm?, representing a reduction of
32%. This reduction may be associated with the decrease in
the average pore diameter due to the filling effect of the RPP
residue. On the other hand, REF CP II concrete presented a
capillary absorption of 3.76 mg/mm?, while C80/15 CP 1I
had an increase of 9%, with an absorption of 4.10 mg/mm?.
This increase may indicate that there was a greater amount
of connected pores in C80/15 CP II concrete.

Based on the results obtained in Fig. 7, it was possible
to determine the absorption coefficient (S) of the concretes.

Table IV - Classification of Browne and absorption
coefficient (S) of concretes.

Concrete S (mg.mm2.min?%)
REF CP1I 0.057
REFCPV 0.072

C80/15 CP 11 0.062
C80/15CPV 0.049

Browne’s classification for concrete quality: $S>0.2 (low), $=0.2-0.1
(medium), S<0.1 (high).

Table V - Mechanical properties of concrete at 28 days.

This parameter is related to the hydraulic diffusivity and
represents the water penetration rate during the initial stages.
The determination of the absorption coefficient is influenced
by factors such as surface characteristics and the pressure
difference between the free surface of the liquid and the
surface of the same liquid inside the capillary [56]. Several
authors use the absorption coefficient as an indicator of the
quality of the concrete, and in this work, the classification
proposed by Browne [57] was adopted. The values obtained
for the absorption coefficients of the evaluated concretes are
shown in Table I'V. According to Browne’s classification, the
concretes had high quality. The incorporation of residues
had no direct effects on the absorption coefficient, as this
parameter depends more on the surface quality (smooth
appearance and presence of pores). However, indirectly, it
was observed that the RPP residue may have contributed to
the reduction of the average pore diameter.

Mechanical properties: the results for specific mass in
the hardened state, ultrasound pulse propagation velocity,
modulus of elasticity, and compressive strength are
presented in Table V. A comparison of the results of C80/15
CP II and C80/15 CP V concretes with the REF CP II and
REF CP V concretes was made, analyzing their mechanical
and microstructural properties. For concretes C80/15 CP 11
and C80/15 CP V, an increase of 1.6% and 4.9% in specific
mass in relation to concretes REF CP II and REC CP V,
respectively, was recorded. It was observed that the addition
of residues contributed to the increase due to the filler effect
of the RPP and the higher density of the RS in relation to the
sand. This result also explained why concretes with residues
performed better in durability tests. Another consequence is
the probable reduction of voids, with a great influence on the
quality and mechanical properties of the concrete.

The C80/15 CP II and C80/15 CP V concretes showed
a 2% higher propagation speed of the ultrasonic pulse than
the concretes without residues, due to the reduction of
porosity. Therefore, it is presumable that these concretes
had better quality. However, the classification of IS 13133-
1:1992 standard [58] states that concretes with ultrasonic
pulse propagation velocity above 4500 m/s are considered
of excellent quality. This qualitative classification provides
little information about the influence of materials and places
all concretes at the same level of quality. To complement
the information, the ASTM C597:2016 standard [59] was
used, which considers the intrinsic characteristics of the
materials and the concrete production process. According to
this standard, higher ultrasonic pulse propagation velocities

Concrete o (kg/m?) V (m/s) E (GPa) CS (MPa)
REF CP II 231745 4648+5 45.04+0.04 40.6+0.7
C80/15 CP 11 2348+11 4751432 47.70+£0.82 36.7+0.9
REFCPV 2275+8 4573+13 42.82+0.25 48.8+0.5
C80/15CPV 2386+6 4682+44 47.08+0.79 473+1.1

0: specific mass; V: ultrasound pulse propagation velocity; E: modulus of elasticity; CS: compressive strength.
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are common in concrete with greater uniformity and better
relative quality, while lower velocities indicate concrete with
cracks or voids. Thus, it is possible to state that concrete with
waste had better quality and greater uniformity. The positive
effect on mechanical properties was that the dynamic modulus
of elasticity of concretes C80/15 REF II and C80/15 CP were
approximately 6% and 10% higher than concretes REF CP
IT and REF CP V, respectively. Sing and Siddique [60] state
that the increase in the modulus of elasticity promotes greater
stiffness in the material, allowing it to undergo greater stresses
with less deformation, contributing to a better performance of
structures.

Considering that the C80/15 CP II and C80/15 CP
V concretes showed better quality, lower porosity, and
higher modulus of elasticity, higher compressive strength
was also expected. However, the results showed that the
compressive strength of the REF CPV and C80/15 CP V
concretes were statistically equal and that of the REF CP II
concrete was 10.7% higher than the C80/15 CP II concrete.
To corroborate the results, Salvi et al. [61] concluded that
the use of porcelain polishing residue between 20% and
40% in concrete promoted the reduction of the compressive
strength in up to 28 days of curing, due to the replacement
of the hydraulic bonding material by other non-hydraulic
ones. In some cases, there was an increase when the curing
time was longer than 90 days, attributed to pozzolanic
activity. This result shows that predicting the compressive
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strength of concrete based on the porosity value is not
enough; it is necessary to consider the pore structure, pore
size, pore connectivity, and pore distribution. The pore
structure has a great influence on the compressive strength
[62].

In addition to the pore structure, other factors may
have influenced the strength of the concrete. Three of
the possible causes of this result are: first is the reduction
of the cement content using PPR residue, second is the
changes in the microstructure formed (Fig. 8), and third is
the length of the transition zone. The microstructure of the
concretes is shown in Fig. 8 at different magnifications. In
the images, it can be seen that the REF CP II concrete (Fig.
8a) had a shorter transition zone length and smaller amount
and size of pores, and the REF CP V concrete (Fig. 8b)
had a higher amount of hydrated calcium silicate (C-S-H).
Concrete C80/15 CPII (Fig. 8c) and C80/15 CP V (Fig. 8d)
showed crystalline structure of C-S-H with micropores.
These micropores had a smaller diameter and were better
distributed, which must have contributed to lower porosity,
water absorption by Archimedes, and capillarity. The use
of PPR and SR in concrete mixtures resulted in a more
compact and less porous microstructure. These changes
in microstructure can have a positive effect on the overall
performance of concrete since they are intrinsically related
to compressive strength and mass transport throughout the
microstructure [63].
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Figure 8: SEM micrographs of concretes: a,e) REF CP II; b,f) C80/15 CP II; ¢,g) REF CP V; and d,h) C80/15 CP V (P - pore; C-S-H -
hydrated calcium silicate; A - aggregate; TZ - transition zone; E - ettringite; CH - portlandite).
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Analysis of the environmental impact

Table VI shows the calculated binder index (b,) and
estimated CO, index (c) of the concretes, while Fig.
9 shows a plot of these coefficients by compressive
strength at 28 days. The use of CP 'V cement improved the
efficiency in terms of bi due to the high initial resistance,
however, the same efficiency in terms of ¢, was not
seen, because the amount of clinker in its composition
was higher. The use of CP II cement had an inverse
relationship, with greater efficiency in ¢, than in b,. The
incorporation of residues showed to be an advantageous
alternative to improve the efficiency of the C80/15 CP
IT and C80/15 CP V concretes; in comparison with the
reference concretes, an increase of 8.6% and 12.8% in
the efficiency in terms of b, and an increase of 8.0% and
12.4% in terms of ¢,, respectively, were observed.

By observing Fig. 9, the concretes REF CP II and
REF CP V had roughly the same binder consumption
per m?, and this consumption was higher than the
concretes C80/15 CP II and C80/15 CP V, as they were
closer to the consumption line of 500 kg/m?. Concrete
REF CP V exhibited the worst efficiency in terms of ¢,
and concrete C80/15 CP II had the lowest compressive
strength. Therefore, concrete C80/15 CP V demonstrated
the best environmental efficiency in terms of b,, ¢,

Table VI - Calculated binder index (b,) and estimated CO,
index (c,) of concretes.

Concrete b (kgm?*MPa') ¢ (kg.m” MPa")
REF CPII 11.60 8.70
C80/15 CPII 10.60 8.00
REF CP V 9.40 8.90
C80/15CPV 8.20 7.80
30 1 \ "
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and compressive strength. The Brazilian standard

NBR 12655:2022 [64] requires a minimum Portland
cement consumption for structural concrete of 260 kg/
m? for low environmental aggressiveness class and up
to 360 kg/m* for strong environmental aggressiveness
to ensure durability. However, according to the results
presented here and the research of Wassermann et al.
[65], the durability indicators are not affected when the
Portland cement content is reduced to within the limits
investigated. On the contrary, it was observed that by
increasing particle packing density by using alternative
materials, improvements in mechanical properties,
microstructure, and durability were obtained.

CONCLUSIONS

The results indicated that the use of scheelite residue
(SR) and porcelain polishing residue (PPR) in the
production of concrete caused a reduction in consistency
of up to 44%. However, they contributed to significant
improvements in physical properties, increasing specific
mass by up to 5%, and durability, reducing porosity and
water absorption by up to 13% and 16%, respectively. Part
of these improvements was a consequence of the better
packing of the particles with the SR and the combination
of the filler effect with the pozzolanic potential of the PPR.
Although there was a small reduction in the compressive
strength at 28 days, the concretes with residues presented
higher estimated stiffness and a more compact and less
porous microstructure. In addition, the use of SR and
PPR achieved the sustainability objective, as it improved
the environmental efficiency of concrete in terms of CO,
reduction related to binder index and compressive strength.
Overall, these findings support the incorporation of SR and

PPR in concrete production to improve performance and
sustainability.
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Figure 9: Binder index, b, (a), and CO, index, ¢, (b), versus compressive strength at 28 days. The dotted lines represent concretes with the

same amount of binder and total CO,.
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