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Abstract: The problems generated by the ornamental stone extraction and processing industry
caused by the inadequate disposal of this waste can negatively affect rivers, lakes, streams, and even
natural water reservoirs. This study discusses and evaluates the potentiality and challenges of
dimension stone waste (DSW) recycling generated from a Brazilian dimension stone processing
industry in Portland cement formulations. Cement pastes with different amounts of DSW (10-30
wt.%), quartz (10 wt.%), and calcium carbonate (10 wt.%) were prepared and characterized in the
fresh and hardened states. The results showed that DSW can be used in cement formulations, and
its reactivity is governed by the size of the particles. With up to 10% DSW in place of cement, the
samples had greater workability and compressive strength at 28 days compared with the reference
mix. However, the strength was lower at early ages (3 and 7 days). When DSW is milled, the strength
of the samples containing the waste matched the reference values at all ages, and the recommended
replacement limit rose to 20%. On the other hand, the particle size reduction significantly decreased
the workability. The use of DSW in cement-based formulations is encouraged due to the strong
presence of stone processing and cement companies in Brazil and worldwide.

Keywords: dimension stone waste; chemical reactivity; cementitious matrices

1. Introduction

The dimension stone production process comprises five main stages: prospecting,
quarrying, transportation, cutting, and finishing [1]. This last stage of the production
chain of the stone sector is the activity carried out by marble dealers, which produce
polished pieces with pre-defined sizes and thicknesses for use in construction projects or
building renovation. Its operations are centered on cutting, gluing, and finishing surfaces
and edges of parts. In all the processing stages, water is used to prevent the cutting and
polishing discs from overheating and thus reduce dust generation, resulting in a large
volume of effluent in sludge form. Tanks and filter presses are sometimes used to remove
excess water/moisture and reduce the sludge amount. It is common for factories to hold
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the sludge generated in open or closed basins for weeks to allow the water to evaporate
and increase the density [2-5].

The problems generated by the ornamental rock extraction and processing industry
caused by the improper disposal of these wastes can affect river basins, lakes, and natural
water reservoirs, especially when discarded without any previous treatment. DSW has
been considered inert. However, some potentially hazardous compounds can be leached
with very fine particles [6]. In this sense, ceramics and cement materials are better
solutions for encapsulating contaminants from wastes in their structure [6,7].

It is estimated that 70% of the stones get wasted in the mining and processing
procedures. In the processing stage, the tailings are fine, coming from sawing blocks and
plates and polishing, comprising about 30% of the weight of the stones [8]. It is estimated
that in Brazil, more than 5 million tons of coarse waste are generated in quarries, and more
than 3 million tons of fines are in the beneficiation process per year [9]. The volume of
waste depends on many factors, such as the type of process, size, materials of the cutting
and polishing discs, and mineralogy of the stones. Generally, the processing of
ornamental rocks generates about 0.1 m? of waste per ton of processed stone, with 0.08
md/t in the sawing process and 0.02 m?/t in the cutting and polishing steps. Both processes
produce fine powders with different chemical compositions, depending on the type of
stone manufactured [2,6].

In this context, this study evaluated the recycling of dimension stone waste (DSW) in
cement matrices. For this, a detailed waste characterization was made, including chemical
and physical analyses, and, later, the physicochemical interaction of the waste, as received
and comminuted/milled, with the hydrated cement was evaluated. The waste used in this
study came from a company located in the city of Itabuna, Bahia, Brazil [6]. This company
and others in the region generate large volumes of waste that are often taken to industrial
landfills or, in some cases, improperly disposed of. The use of DSW in cementitious
materials is encouraged by the massive presence of concrete plants in the study region
and throughout Brazil, which could be recipients of these materials.

2. Literature on Dimension Stone Waste Use on Cement Matrices

Although the feasibility of recycling DSW in cement-based matrices has been widely
discussed, there are disagreements regarding the optimal content, its influence on the
rheological properties of cement mixtures, and the physicochemical interactions between
DSW and cement. Detailed in the sequence, the literature survey showed that the ideal
SW content relies on its specific surface area, particle size distribution, and chemical
composition. The cement-based matrices were also different as some authors replaced
DSW with cement and others added it into mortars and concretes. Therefore, this section
gathered literature about the effect of DSW in mortars, concretes, and cement pastes.

2.1. DSW Replacing the Fine Aggregates

By using 5 to 15 wt.% DSW with a specific surface area of 11,400 cm?/g as an additive
for concretes, Omar et al. [10] observed an increase of ~20% in the compressive strength
of concrete after 28 days. As a comparison, typical OPC surface areas usually range from
1500 to 5000 cm?/g [11-15].

Khyaliya et al. [16] replaced part of the sand with DSW in mortar. The authors found
that the incorporation of 25 to 50% DSW improved the workability and, consequently, the
mechanical performance due to the reduction of the demanded water content (a lower w/c
ratio). On the contrary, Sahan Arel et al. [17] noticed reduced workability in replacing
DSW with a fine aggregate. Gesoglu et al. [18] replaced up to 20% of the DSW with a
concrete binder. The authors observed the need for the addition of superplasticizer to
correct the lower workability and slump loss of the concrete, in proportion to the residue
content, corroborating the tests conducted by Binici and Yilmaz [19], Hebhoub et al. [20],
and Rodrigues et al. [21].
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Corinaldesi et al. [22] achieved maximum mechanical strength (~52 MPa) with 10%
DSW instead of sand in cement mortar (w/c of 0.5), especially due to the filler effect. For
Vardhan et al. [23], the substitution level for the maximum strength and lowest
permeability in concrete mixtures with DSW replacing the fine aggregates was 40%.

2.2. DSW Replacing the Cement

Mashaly et al. [24] observed an increase in the mechanical properties of concrete with
up to 20% DSW in place of cement while Rana et al. [25] and Vardhan et al. [26] used 10
wt.% Portland cement with DSW. No significant changes were observed in the mechanical
performance of the concrete. Vardhan et al. also observed an improvement in workability.
Although the authors did not explain why the workability increased, it is reasonable to
assume that the reason was the larger particle size of the DSW, the specific surface area of
which was significantly smaller (0.32 m?/g) than the residue used by Rana et al. (0.73 m?%/g)
[25].

Singh et al. [27] demonstrated that DSW can effectively replace up to 15% of the
cement, maintaining mechanical properties and improving chloride penetration
resistance. Omar et al. [11] examined the filler effect and the chemical interactions’
possible contribution to mechanical performance. The authors stated that secondary
hydrated calcium silicate can be formed from the reaction of SiO: present in DSW with
Portlandite in cement. However, this hypothesis has not been confirmed by
experimentation. This phenomenon, however, is unlikely, since the SiO2 of the DSW is
mostly crystalline and not very reactive, also evidenced by Musil et al. [28].

Khodabakhshian et al. [29] noted improvements in the mechanical properties of
concretes with up to 5 wt.% DSW replacing the cement. These improvements are probably
related to the filler effect since the fineness of DSW is considerably higher than that of the
aggregates. The authors additionally stated that the formation of carboaluminates can
occur due to the reaction between CaCOs (present in DSW) and the cement paste.
However, little evidence was provided to substantiate these claims.

The filler effect observed by the addition of finer material, such as DSW, in place of
fine aggregates is a reasonable consensus in the literature, improving the mechanical
strength at the expense of reducing workability (for replacements above ~20%). The
reactivity of DSW with cement, however, is still controversial. The insights of this study
bring clarity to this point.

3. Materials and Methods
3.1. Raw Materials Characterization

The raw materials used were a high early strength Portland cement (PC) marketed
as CP V-ARI (supplied by Supremo Cimento, BR), quartz (purity >98%, density of ~2.7
g/cm?, Colorminas Colorificio e Mineracao Ltd., Igara, Brazil), and calcium carbonate
(purity >99%, density of ~2.7 g/cm?, Lafan Quimica Fina Ltd., Varzea Paulista, Brazil). The
DSW was supplied by a local marble factory in the city of Itabuna, Bahia, Brazil. The
quartz and calcium carbonate were also tested in cement pastes to compare with the
reactivity of DSW.

The DSW was collected after the ornamental stone cutting stage (see Figure 1). Figure
la displays the cutting step, where waste generation occurs. Figure 1b shows the channel
designed to drain the waste to the storage tanks after cutting (Figure 1c), where the sample
was collected (Figure 1d).

The collected sample was dried at 110 °C for 24 h and de-agglomerated (named DSW-
d) with a planetary mill (Servitech model CT-242/1) without balls for 5 min. The material
was then characterized for its particle size distribution using a laser diffraction analyzer
(Matersizer 3000, Malvern Panalytical Ltd., Worcestershire, UK). We also characterized its
density with a helium gas pycnometer (Ultrapycnometer1200 P/N, Quantachrome
Instruments, Boynton Beach, FL, USA), its surface area (BET, Quantachrome Instruments,
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NOVA 1200), and X-ray fluorescence spectroscopy (Philips PW 2400, NL) and X-ray dif-
fraction (PANalytical X'Pert PRO, Brighton, UK) were performed with CuKa radiation,
ranging from 10-70° 20 and with a step of 0.5° 20/s. Table 1 shows the chemical and
mineralogical composition, and the physical characteristics of DSW compared with other
ones in the literature.

The waste was also evaluated after milling (named DSW-m) to identify the particle
size’s influence on the reactivity of cement mixtures. The milling lasted 15 min in an alu-
mina-based planetary ball mill. The target was the comminution to particle sizes of less
than 45 pum. Subsequently, sieving was performed (mesh #325). The milled waste was
again characterized for particle size distribution.

The quartz and calcium carbonate were also characterized in terms of particle size
distribution. The Portland cement was characterized with helium gas pycnometry (den-
sity), X-ray fluorescence spectroscopy (specific surface area), and X-ray diffraction, com-
plemented by a Rietveld analysis for the quantification of mineralogical phases.

Table 1. Chemical and mineralogical composition of DSW compared with wastes reported in the
literature. Adapted with permission from [6]. Lol: loss on ignition; SSA: specific surface area; o:
density; Q: quartz; M: muscovite (mica); A: anorthoclase (feldspar); Lime: calcite; Dol: dolomite;
Mimicry; Al: albite (feldspar); Bi: biotite (mica); An: anorthite (plagioclase); Or: orthoclase (feldspar);
M: microcline (feldspar); K: kaolinite; Pla: plagioclase; Fel: feldspar; I: illite.

Chemical and Mineralogical Composition Physical Features
Mean Parti-

Main o] SSA

Ref. i Al K:0 F Lol le Si
eferences S5iO: CaO 203 MgO Na:O 20 Fe20s3 ol linerals (g/em?) (m?g) cle Size
(um)
This work Q; Mu;
7 134 . 1 24 . 47 . 2. 27 212
oswy) P 3 89 3 35 96 Xbol 28
Slma[cé’]“ Al 2 7041.9-50.6 0.6-32 1.0-103 0.1-08 02-0.6 0.4-17352-442 Cal;Dol 26 2.5 6.3
Ca:f‘?:(‘ﬁ ® <06 532549 <03 0405 <01 <01 <01 451438 Cal 27-28 1824 3450
Eml;gi]et a4, ss1 0 05 02 <1 01 01 47  Cal 27 03
Q; Bi; AL
ACC}E;;]etal' 379 199 136 35 36 43 36 124 An;Or
Cal; Dol
Monteiro et Mi; Q;
641 36 132 16 26 44 82 16
al. [33] M; Pla
Viera et al. Fel; Mi;
4] 671 19 149 07 29 52 44 05 0
Torres et al Q Kao;
Orresetal g1 40 128 08 33 43 106 07 MiALL
[35]
Cal
Segadaes et M
CBACACSE 479 126 126 49 23 23 30 131 AlCal
al. [36]
Dol
Vardhanet . 500 02 223 01 <01 05 437 Cal;Dol
al. [37]
Khyaliyaet 5o 331 Trace 179 01 451 Cal; Dol
al. [16]
Raupp et al.

[38] 0.6 54.5 0.1 0.3 0.1 0.1 0.2 43.0 Cal
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Figure 1. Photographs showing: (a) step of cutting the ornamental rocks, (b) channel designed to
drain the generated sludge, (c) storage tanks where the (d) sample was collected.

3.2. Cement Pastes: Production and Characterization

Cement pastes with different amounts of DSW-d and DSW-m (10-30 wt.%), quartz
(10 wt.%), and calcium carbonate (10 wt.%) were prepared and characterized in the fresh
and hardened states (see Table 2). The tests are detailed in the following sections.

Table 2. Formulations tested; w/b = water/binder ratio.

Samples Cement w/b DSW-d DSW-m Quartz Calcium Carbonate

1 95 0.4 5

2 95 0.4 5

3 90 0.4 10

4 90 0.4 10

5 90 0.4 10

6 90 0.4 10
7 80 0.4 20

8 80 0.4 20

9 70 0.4 30

10 70 0.4 30

The influence of the waste (also compared to quartz and calcium carbonate) on the
evolution of the yield stress of the cementitious pastes was evaluated utilizing stationary
rotational rheometric tests using a HAAKE iQ viscometer with parallel plate geometry
(gap of 1 mm). Data were recorded using HAAKETM RheoWin Job Manager software.
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The test consisted of applying a very low shear rate (in this case, 0.02 s' —the lowest shear
rate allowed by the equipment), while the shear stress was recorded for 180 s [42—46]. The
pastes were previously stirred for 3 min at 500 rpm before being cast in the viscosimeter.
The test was initiated by applying a pre-shear of 100 s for 1 min to equalize the pastes,
followed by 1 min of rest. Five measurements were recorded at 5 min intervals for each
paste over a limited period of 60 min of analysis.

An isothermal calorimetry test was carried out to investigate the influence of the
DSW-d, DSW-m, quartz, and calcium carbonate on the hydration evolution of cement
pastes. The samples were mixed at 300 rpm on a mechanical stirrer for 2 min and placed
in glass ampoules. These were sequentially sealed and placed in the equipment (TAM Air
Isothermal Calorimeter) right after mixing and monitored for 72 h. The heat flow was
normalized based on the total mass of the paste.

X-ray diffraction analyses were performed using a MiniFlex II (Rigaku) diffractome-
ter with CuKa radiation, with a range of 5-55° 20 and a step of 0.5° 20/s to characterize
the microstructural changes during the hydration process at different hydration times (3,
7, and 28 days). The hydration of the samples was previously interrupted using alcohol
for solvent exchange, followed by drying (at room temperature) and defragmentation in
an agate mortar until obtaining particles with sizes smaller than 75 pm.

The mechanical performance was evaluated by compressive strength tests following
the ABNT NBR 5739 Brazilian standard. Five samples of each composition (10 and 20 wt.%
DSW-d and DSW-m, respectively, 10 wt.% quartz, and 10 wt.% CaCOs) were produced.
The samples were cast in cylindrical molds (50 mm high x 20 mm in diameter), sealed,
and left in a controlled environment (23 + 3 °C and 60 + 5%) until analysis. Between 2-3 h
before the compressive strength tests of the samples cured for 3, 7, and 28 days, the sam-
ples were removed from the molds and rectified using a precision cutting machine. The
compressive strength was carried out in a compression testing machine (Model PC 200CS,
manufacturer EMIC) with a load application speed of 5 mm/min. The results were calcu-
lated from the average values of five samples for each composition.

4. Results
4.1. Physicochemical Characteristics of the Raw Materials

Figure 2 shows the DSW (a) before and (b) after the drying process and c) after the
de-agglomeration process. As seen, the DSW, as received, showed up in the form of pellets
with about 20% moisture. For the material to be used as a raw material in cementitious
mixtures, a previous drying and de-agglomeration process is necessary, so the mixing
procedure was feasible. The waste was also milled to analyze the influence of the particle
size on the reactivity of the material (DSW-m).

(c)

Figure 2. Photographs of DSW (a) as-received, (b) dried, and (c) after being de-agglomerated (DSW-
d).

Table 3 presents the chemical and physical characterizations of the cement and di-
mension stone waste (DSW). In the case of the DSW, the compounds SiOz and Al2:Os were
predominant, followed by CaO and MgO.
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The low CaO content and small loss on ignition indicated that calcium carbonate was
secondary. This was also evidenced by XRD (Figure 3). The main minerals observed were
quartz, muscovite (KALSisAlOw(OH)2), albite (NaAlSisOs), and anorthoclase
(Nao.71Ko29A1Si30s). The carbonate phase was dolomite (CaMg(COs)2).

Table 3. Chemical and physical characterizations of Portland cement (PC) and DSW. Lol = loss on
ignition at 950 °C; o = real density; SSA = specific surface area.

Chemical Composition (wt.%)

CaO SiO2 AlL203 MgO Fe20s SOs K20 Na:0 TiO2 Lol
PC 66.1 15.6 4.0 1.6 3.8 3.7 0.6 0.1 3.9
DSW 8.9 53.7 13.4 3.0 4.7 3.5 24 0.9 9.6
Mineralogical and physical characteristics
0 SSA Du Dw Dw CS CS GA GAF gg’f;ﬁ; Caldite 1+ 12ce (%)
(g/cm’) (m?/g) (um) (um) (um) (%) (%) (%) (%) %) (%)

PC 3.1 5.7 583 115 2.8 10.0 34 8.2 5.0
DSW-d 2.8 2.7 25 212 821
DSW-m 28 4.5 1.3 6.0 30.3

4.0
3.5 Q
3.0
§ 251
»
(e | '
= 151 3\ D
O ]
1.0
| %M
0.5 1 A M D
J AMUMW Q D Q9°q Q
0.0

5 10 15 20 25 30 35 40 45 50 55 60 65
26 (degree)

Figure 3. X-ray pattern of DSW. Minerals (cards): Q = quartz (00-046-1045); M = muscovite (00-007-
0025); A = anorthoclase (00-010-0361); A’ = albite (01-074-0603); D = dolomite (01-071-1662).

Figure 4 shows the particle size distribution and cumulative frequency of the mate-
rials used, with Figure 4a comparing de-agglomerated (DSW-d) and milled (DSW-m)
waste, Figure 4b comparing DSW-d with quartz, and Figure 4c comparing DSW-m with
calcium carbonate. The percentiles Dio, Dso, and Ds were also indicated. While DSW-d
was close to quartz, DSW-m was close to calcium carbonate. Quartz, as an inert material
and with a particle size similar to DSW-d, allows determining if DSW-d is reactive (with
the “as received” particle size). On the other hand, calcium carbonate tends to be reactive
with cement (for very small particle sizes), which can be compared to DSW-m. Thus,
DSW-m was processed to match the fineness of calcium carbonate.
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Figure 4. Particle size distribution (PSD) of (a) dry de-agglomerated (DSW-d) and milled (DSW-m)
mud, (b) quartz sand, and (c) calcium carbonate.

4.2. Characterization of Cement Pastes

Figure 5 shows the rheological results obtained by rotational rheometry. The replace-
ment of cement with DSW-d at both levels (10 and 20 wt.%) as well as quartz (at 10 wt.%)
reduced the yield stress of the pastes for a given testing time compared with the reference
sample. This might be associated with the relatively coarser PSD of these materials (Dso of
21-25 um). It is known that the reduction of the particle decreases the interparticle dis-
tance, increasing the probability of collision and interparticle friction, consequently in-
creasing the yield stress of the system [47,48]. In contrast, the incorporation of DSW-m
and CC increased the yield stress of the pastes, which is explained by the reduced PSD of
these particles (Dso of around 5-6 um). Furthermore, it was observed that the structuring
rate over time of cement pastes with 10% and 20% DSW-d, as well as for quartz, was
slower than that of the Ref, while for 10% DSW-m, the structuration rate was faster, espe-
cially from 30 min onward, and was even more intense for calcium carbonate. The struc-
turation rate increase could be associated with the faster formation of hydration products
in the samples containing the fine additions (DSW-d and CC)—discussed next based on
the calorimetry results —which led to faster water consumption and the quicker formation
of a stiff network. On the contrary, the incorporation of coarser particles (DSW-m and CC)
in cement replacement resulted in slower water consumption and precipitation rates of
hydrated products, reducing the rigidification rate of the material. Finally, it is worth men-
tioning that the densities of the solid materials were very close, resulting in a negligible
difference in the volume of water between the mixtures.
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Figure 5. Yield stress (10) obtained with rotational rheometry for cement pastes without and with
DSW-d, DSW-m, quartz, and calcium carbonate (CC).

Figure 6 shows the results of isothermal calorimetry results. In Figure 6a, DSW-d is
compared to quartz. The heat flow of DSW-d and quartz were less intense than the Ref,
especially in the acceleration period, suggesting that both were similarly non-reactive
within the first 72 h of hydration. Furthermore, the heat flow was reduced with increasing
waste contents (from 10% to 20% DSW-d). In turn, when DSW-m was used (Figure 6b),
the heat flow of the sample containing the waste matched the reference sample’s value,
suggesting that the particle size reduction may favor the interaction (either physical or
chemical) between waste and hydrated cement, as discussed next. For CC, the heat flow
was even more intense when compared to the Ref.

Calcium carbonate can therefore act as a (non-reactive) filler when coarse or as a re-
active addition when fine, accelerating the cement hydration process, widely reported as
a nucleating agent [48,49]. Although DSW-m and calcium carbonate have similar particle
sizes, the significantly stronger heat flow for calcium carbonate suggests that chemical
composition also plays a role. In this sense, it is assumed that DSW from marble pro-
cessing (with a higher CaCOs content) is also capable of accelerating the hydration process
if it is fine enough.
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Figure 6. Heat flow (full lines) and cumulative heat (dashed lines) as a function of hydration time
of cement pastes with (a) 10% and 20% DSW-d compared with quartz (Q), and (b) DSW-m com-
pared with calcium carbonate (CC).

Some authors have reported a carboaluminate formation [49-52] from the reaction of
CaCOs with CsA and carbosilicate hydrates [53,54] from CaCOs and CsA interactions. In
fact, CaCO:s can accelerate the hydration of CsS at early ages, and it also acts by producing
nucleation sites for the precipitation of calcium silicate hydrates. Ramachandran [50]
showed that CaCOs accelerated the setting time and strength in CsS and CsA + gypsum
systems. Ramachandran and Zhang [55] also showed that the acceleration effect in the
hydration rate of CsS was driven by the content and fineness of CaCOs.

Moreover, CaCOs can interact with C3A to produce carboaluminates [56-58]. Feld-
man et al. [59] stated that the addition of CaCO:s led to the formation of hydrated calcium
carboaluminates on the surface of CsA. Husson et al. [60] observed the presence of calcium
silicocarbonates in high levels of CaCOs. Vuk et al. [61] observed a reduced setting time
with the addition of 5% limestone. Although the compressive strength improved at 2 and
7 days, it worsened at 28 days of hydration.

The presence of carboaluminates can be verified in the X-ray patterns of samples 10%
DSW-d, 10% DSW-m, 10% quartz (Q), and 10% CC at 3, 7, and 28 days of hydration (Figure
7). Corroborating the literature [62-64], ettringite remained stable (monosulfate was not
detected) at all ages for all samples due to the presence of calcite, including the Ref whose
calcite content was estimated at 8.2% (Table 3). The discrete presence of hemicarbonates
was also observed. An amplification of the XRD patterns was necessary to be able to detect
it since it is a low crystallinity phase and is present at lower levels [65]. The presence of
monocarboaluminate was not observed, probably due to the lower availability of alumina.



Sustainability 2022, 14, 16925 11 of 16

Excess calcium carbonate is not reactive with aluminate (CsA) since the formation of
carboaluminates is limited by the availability of alumina. As the content of hemicar-
bonates did not alter with additional calcium carbonate, it is suggested that the amount
of filler in commercial cement is enough to fully react with aluminate. The peak location
of calcium carbonate matched with alite at 29.3°. The presence of unreacted calcium car-
bonate could be verified by observing the 10% CC sample, the peak of which at 29.3° was
more intense.
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Figure 7. X-ray patterns of samples 10% DSW-d, 10% DSW-m, 10% Q, and 10% CC after (a) 3, (b) 7,
and (c) 28 days of hydration. E = ettringite (00-041-1451); P = Portlandite (01-087-0673); A = alite (01-
070-8632); B = belite (01-077-0388); M = periclase (00-071-1176); Q = quartz (00-046-1045); C = calcite
(00-033-1161); Hc = hemicarboaluminte (41-0221).



Sustainability 2022, 14, 16925

12 of 16

Figure 8a shows the compressive strength results of samples with 10% DSW-d, 10%
DSW-m, 10% quartz (Q), and 10% calcium carbonate (CC). With 10% DSW-d and 10% Q,
the mechanical strength was significantly reduced, especially at 3 and 7 days. In turn, the
28-day strength values were equivalent. With 10% DSW-m, the strength reduction was
less significant, falling within the standard deviations compared to the Ref. The reduction
in the waste’s particle size, therefore, compensated for the reduction in the cement con-
tent, making it more reactive at early ages. The same was observed for CC, except for at 7
days of hydration.

Figure 8b shows the compressive strength at 28 days of hydration of samples with
higher levels of DSW-d and DSW-m (up to 30 wt%). It is noted that adding up to 20%
DSW-m did not significantly change the strength, neither did it for up to 10% DSW-d.
These were, therefore, the maximum levels indicated for cement replacement.

65
604 (a)
551
50-
45
40
351

30

251 N\ Z20 0 N | NN

20 ‘ \
15
101

Ref. 10% DSW-d 10% DSW-m 10% Q 10% CC
Formulations

NW3d HEE7q [EE28d

Compressive strength (MPa)

Compressive strength (MPa)

Dimension stone waste content (wt.%)

Figure 8. Compressive strength results of samples with (a) 10% DSW-d, 10% DSW-m, 10% Q, and
10% CC after 3, 7, and 28 days of hydration, and with (b) 5% to 30% of DSW-d and DSW-m with 28
days of hydration. The red frame represents the compressive strength of the Ref (mean + standard
deviation).
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5. Conclusions

Despite the literature showing that there is a consensus on the feasibility of recycling
DSW for these purposes, there are still many controversies about the ideal content, the
effect on the rheological properties of mortars and concretes, and the chemical reactions
between DSW and cement.

Through this study, using different characterization techniques, it was possible to
identify the physicochemical characteristics of the DSW in the form received and after
milling and to evaluate its potential reactivity with the hydrated cement. The results
showed that DSW can be used in cementitious matrices, with its reactivity increasing pro-
portionally to the particle size reduction. Using 10 wt.% DSW-m in cement replacement
indicated a heat flow evolution similar to the reference sample (containing only Portland
cement), also equivalent when comparing the compressive strength. Therefore, the reac-
tivity of stone waste depended on its particle size. In received form, it was practically
inert. When milled, its reactivity was higher; however, as there were no apparent micro-
structural changes in the cementitious paste, it is suggested that DSW acted mainly by
increasing the surface area of the solid fraction and acting as a nucleating agent, where
the products of hydration precipitate and grow. This is favorable for the reduction of ce-
ment consumption and, consequently, for the reduction of cost and environmental im-
pacts; however, the workability of cement-based materials tends to decrease with the in-
crease of substitution.

The introduction of DSW exerted little impact on the content of carboaluminates, the
formation of which relied on the aluminate availability. The filler present in commercial
cement already did the job. The formation of additional carboaluminates with a DSW ad-
dition might be observed, however, in cements with low filler contents (or with more C3A,
although not recommended as a rule).

The insights of this study also bring clarity to the contradictions in the literature re-
lated to compressive strength and workability with the use of DSW. The finer the waste,
the greater the contribution to strength gain at the expense of reduced workability. When
the particle size is small enough, the chemical composition of the DSW becomes an influ-
encing factor. In this case, DSWs with higher contents of carbonaceous phases tended to
develop higher strengths at early ages. At 28 days, however, the influence of chemical
composition on strength was negligible.

Overall, we can conclude that DSW can be successfully incorporated into cementi-
tious matrices; incorporation levels of up to 20 wt.% of the milled waste or 10 wt.% of the
as-received waste did not adversely affect the mechanical performance of the material,
leading to similar microstructural characteristics.

Lastly, these findings need to be validated in concrete mixtures, since the presence of
aggregates can interfere with the rheological and mechanical properties.
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