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ABSTRACT
The wet beneficiation process of ornamental stone generates waste in the form of sludge that, after drying, 
becomes a non-biodegradable fine powder. Its improper disposal can lead to various negative environmental 
impacts. Therefore, new destinations for waste should be evaluated in search of innovation and sustainability. 
In Brazil, this issue is of particular interest since the country stands out globally as one of the largest producers 
of ornamental stone, generating significant quantities of waste annually. Thus, mortars with replacement per-
centages (5, 10, 15, and 20 wt.%) of Portland cement (PC) by ornamental stone waste (OSW) were analyzed as 
supplementary cementitious material (SCM). The analysis included compressive strength tests, ultrasonic pulse 
velocity (UPV) at 7- and 28-day curing, X-ray diffraction, and a simplified carbon dioxide (CO2) emissions 
analysis. The results indicated that the partial replacement of PC by OSW up to 20% resulted in compressive 
strengths at 28 days statistically equal to the control sample, which can be attributed to the formation of AFm 
phases. When analyzing the CO2 emissions of the samples, higher substitution percentages were associated 
with lower reported emissions, reaching a reduction of 61.4% when comparing the 20% replacement with the 
reference.
Keywords: Portland cement; Ornamental stone waste; XRD; CO2 emissions.

1. INTRODUCTION
Recently, research has extensively focused on environmental preservation [1], proper waste disposal [2, 3], and 
sustainable development [4]. As a result, the feasibility of integrating industrial solid waste into civil construc-
tion materials is increasingly being explored [5, 6]. One example of a material studied for this purpose is orna-
mental stone waste (OSW), a byproduct of the wet cutting of these stones [7, 8]. After complete dehydration, 
this waste forms a fine, non-biodegradable powder that, when incorporated into cementitious matrices, acts as a 
filler, filling the pores of the composite [9–11].

The Brazilian Association of the Ornamental Stone Industry [12] indicated that Brazil ranks among the 
top five producers and exporters in the ornamental stone sector, with production exceeding 10.5 million tons per 
year. This generates thousands of tons of waste annually in the form of sludge, considering that approximately 
25% to 40% of waste is generated relative to the stone produced [13–16]. In many cases, this waste is inade-
quately disposed of in the ecosystem, affecting natural landscapes and causing environmental problems, such 
as disposal in rivers, leading to siltation, which consequently alters water volume and runoff area during rainy 
periods, intensifying floods and causing damage to fauna and flora [17].

To mitigate this improper disposal, several scientific studies have already evaluated the potential of inte-
grating OSW as a partial replacement [11, 18] or addition [10, 19] to cement and as a combined replacement 
for fine aggregate and cement [20] in the production of cementitious composites, showing promising results for 
these applications.

 NAYAK et al. [8] reviewed several scientific studies on the use of OSW in cementitious matrices and 
concluded that the waste was often considered suitable for use, achieving the best mechanical strength results at 
10% replacement of PC with OSW, highlighting that its use was advantageous for the environment and human 
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health due to the reduction in PC consumption. TEIXEIRA et al. [11] investigated the mechanical properties and 
durability against chloride attack of concretes produced with partial replacement of PC with OSW in proportions 
between 5% and 10%, reporting that all analyzed samples achieved compressive strength results comparable 
to the reference, while chloride penetration results were similar to the reference up to 7.5% replacement, after 
which the mixtures showed greater chloride ion penetration. MIRANDA DE SOUZA et al. [7] evaluated the 
influence of incorporating large volumes of OSW as filler in self-compacting micro concretes, reporting that the 
waste had a good packing function, filling voids left by the cement substitution and decreasing viscosity while 
increasing workability. They also demonstrated that the mechanical strength of these concretes reached the 
minimum value to be classified as structural concrete, showing that micro concretes with high substitution of 
PC by OSW can be viable and more sustainable. Therefore, incorporating this waste as Supplementary Cemen-
titious Material (SCM) in the production of cementitious composites emerges as a viable solution to mitigate the 
improper disposal of OSW and reduce the demand for PC.

 Alternative Supplementary Cementitious Materials to Portland cement are of particular interest due to 
their potential to help diminish the environmental impact of the cement industry, which accounted for approxi-
mately 8% of global carbon dioxide (CO2) emissions in 2014 [21]. It is estimated that the production of 1 ton of 
Portland clinker releases about 0.815 tons of CO2 into the atmosphere [22]. According to the National Cement 
Industry Syndicate, cement production in Brazil reached approximately 60 million tons in 2020 [23].

Considering the aforementioned aspects, examining the feasibility of using OSW as SCM in mortar pro-
duction becomes evident. This provides the ornamental stone industry with a means of adequately disposing of 
its waste, thereby reducing environmental impacts. Simultaneously, the cement industry can reduce consump-
tion associated with substantial CO2 emissions during production.

The potential of OSW as SCM is clear, and although there is extensive literature [8, 24, 25] related to the 
use and characterization of waste from the ornamental stone industry, the variability in the physical and chem-
ical properties of this material continues to depend on the origin and type of stone, as well as the beneficiation 
process employed [13], validating research that evaluates the use of locally generated waste. In addition to char-
acterizing the type of OSW used, this study also evaluated the mechanical properties of mortars produced with 
partial replacement of cement by the waste and made a significant contribution by calculating the CO2 emis-
sions of the produced mortars, addressing an essential environmental aspect. Therefore, this study investigated 
the compressive strength and mineralogy of Portland cement mortars incorporating OSW from a beneficiation 
industry in Guarapuava - PR. The replacement contents evaluated were 0%, 5%, 10%, 15%, and 20% by weight 
of OSW relative to the cement weight. Additionally, a simplified analysis of CO2 emissions was conducted to 
estimate the environmental feasibility of integrating OSW into mortar production.

2. MATERIALS AND EXPERIMENTAL PROGRAM

2.1. Materials
A high early-strength Portland cement (PC) was used in the research due to its lower percentage of SCM com-
pared to other types of commercially available cement. The collection of OSW was carried out in the city of 
Guarapuava – PR. Approximately 60 kg of sludge were collected, generated from the cutting of marble and 
granite by a machine with a metal blade cutter, and collected before transportation to the sedimentation pond, 
with a moisture content of approximately 30% [19, 26]. After collection, the material was dried in an oven at 
100 ± 5°C for 24 hours, and subsequently, it was sieved through a 53 µm mesh sieve.

The cement and OSW were characterized through X-ray fluorescence (XRF) tests for chemical compo-
sition determination on an EDX-700 spectrometer (Schimadzu). The determination of the loss on ignition of the 
materials was carried out according to NBR 18 [27], and the specific gravity according to the procedure of NBR 
16605 [28]. Table 1 presents the chemical composition, loss on ignition, and specific gravity of PC and OSW. 
OSW presented a loss on ignition of approximately 43,0% and is predominantly composed of SiO2, Al2O3, CaO, 
and Fe2O3. This composition corroborates the values reported by NAYAK et al. [8], which encompasses the 
chemical composition of granite waste from various works published in the literature. However, it is important 
to highlight that the chemical composition of OSW is highly variable, as it is associated with the type of stone 
beneficiated. NBR 12653 [29] establishes that Class E pozzolanic materials must present a sum of oxides SiO2 
+ Al2O3 + Fe2O3 ≥ 50% and loss on ignition ≤ 6,0%. Therefore, although the analyzed waste does not meet these 
requirements regarding pozzolanicity, it is emphasized that it may present a synergistic effect with the limestone 
filler present in commercial PC, as will be discussed later in Section 3.3.

The X-ray diffraction (XRD) analysis of the OSW was performed on a Miniflex diffractometer (Rigaku), 
operating at 30 kV/15 mA, CuKα radiation, with an analysis range of 3–700 2θ and a step size of 0.050 2θ.  
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The sample’s crystalline phases were identified using the HighScore Plus software with the ICDD (International 
Centre for Diffraction Data) database. The diffractogram of the OSW is presented in Figure 1, where the identi-
fication of crystalline peaks indicated the presence of quartz, calcite, and hematite. The waste appears predom-
inantly crystalline, with a small amorphous halo. The presence of quartz and hematite can also be confirmed 
through Table 1, which presents the same elements in the chemical composition of the OSW.

The particle size distribution of the PC and OSW was conducted using the S3500 equipment (Microtrac), 
which operates via dry dispersion and has a detection range between 0.1 and 3500 µm. The OSW exhibits a 
distribution curve similar to PC, with similar values of D10, D50, D90, and mean diameters (Figure 2). Thus, 
the reactivity of the waste is directly related to its particle size, with finer particles exhibiting higher reactivity. 
However, it is important to note that obtaining SCM particles with a small diameter typically requires a grinding 
process, which can entail energy consumption and, consequently, CO2 emissions associated with waste benefici-
ation. Therefore, this beneficiation step may counter the objective of producing mortars with a reduced environ-
mental impact. Notably, the waste evaluated in this study was collected finely, presenting a particle size similar 
to PC, even without grinding, leading to the choice of using the waste without any beneficiation, reducing costs 
with energy and CO2 emissions.

As a fine aggregate, natural sand was used, characterized through tests of (i) density and water absorp-
tion, following the procedures of NBR 16916 [30], (ii) particle size distribution, following the procedures of 

Table 1: Chemical composition and specific gravity of PC and OSW.

PROPERTIES PC OSW
CHEMICAL COMPOSITION (%)

SiO2 31.88 37.40
Al2O3 6.27 8.84
Fe2O3 4.23 2.59
CaO 47.25 5.36
SO3 2.92 0.08
K2O 1.91 2.29
TiO2 0.63 0.74
MnO 0.11 0.04

Loss on ignition 4.80 42.47
Specific gravity (g/cm3) 3.09 2.99

Figure 1: XRD pattern of OSW.
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NBR 17054 [31], and (iii) specific gravity following NBR 9776 [32]. The particle size distribution curve of the 
fine aggregate is within the limits of NBR 17054 [31], as shown in Figure 3, and mostly falls within the usable 
zone according to the standard. 

A water-reducing admixture polycarboxylate-based superplasticizer (MC PowerFlow 4000) was used. 
The quantity of admixture used was defined experimentally to achieve a consistency index set at 260 ± 10 mm 
in the Flow Table test, conducted following the procedures described in NBR 13276 [33].

2.2. Evaluated compositions
Following the recommendations of NBR 7215 [34], mortars with a binder-to-fine aggregate ratio of 1:3 and a 
water-to-cement ratio (w/c) of 0.48 were produced. The evaluated mortar compositions are presented in Table 2. 
The substitution replacements of OSW evaluated were 5, 10, 15, and 20 wt.%, with a reference mortar as the 
comparative parameter. The admixture content was experimentally defined so that all mortars, at all substitution 
levels, achieved a consistency index set at 260 ± 10 mm. The admixture content presented in Table 2 refers to 
the binder weight (PC + OWS).

After weighing and separating the materials, cylindrical specimens (50 × 100 mm) were prepared, and 
the mortars were mixed using a mechanical mixer. The mortars were transferred to the specimens, totalling 5 
unities for each substitution content, and then kept at room temperature for an initial curing period of 24 hours. 
Subsequently, the specimens were demolded, after which they were submerged in lime-saturated water until the 
date of rupture when they were removed from the water and rectified. 

Figure 2: Particle size distribution of PC and OSW.

Figure 3: Particle size distribution of fine aggregate.
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Similarly, pastes were prepared manually using the same proportions as the mortars but without incorpo-
rating admixture or fine aggregate (Table 3) for subsequent XRD analysis.

2.3. Test methods

2.3.1. Compressive strength
The mortars’ compressive strength test was conducted at 7 and 28 days of hydration. The already rectified 
specimens were subjected to a universal testing machine, EMIC DL30000 model, where a load rate of 0.45 
MPa/s was applied until their rupture was recorded. The obtained results were statistically evaluated using Ori-
gin software, where the statistical methodology of analysis of variance (ANOVA) was employed, aiming for a 
comprehensive analysis of the interaction among the evaluated parameters. The significance level adopted for 
the analysis was 5.0%, implying a confidence interval of 95.0%. Subsequently, a comparison between the means 
was performed using Tukey’s test for the statistical analysis.

2.3.2. Ultrasonic pulse velocity
An indicative of the porosity of a material is measured through the ultrasonic pulse velocity (UPV) test. This 
test was conducted on the mortars at 7 and 28 days, following NBR 15630 [35], and carried out using equip-
ment from the brand ZBL, model U5100. For the test procedure, transducers were coupled to the bases of the 
specimens. Then, the device transmitted an ultrasonic wave, where the propagation velocity is determined in 
Km/s depending on the material’s porosity. The results of UPV were also statistically analyzed, as previously 
described in section 2.3.1.

2.3.3. X-ray diffraction
The mineralogical composition of equivalent cement pastes (Table 3) was evaluated at the age of 28 days 
through the X-ray diffraction (XRD) test, using a Miniflex diffractometer (Rigaku), operating at 30 kV/15 mA, 
CuKα radiation, with an analysis range of 3–700 2θ and a step size of 0.050 2θ. Initially, the pastes underwent a 
manual grinding process using mortar and pestle and were then sieved through a 53 µm mesh sieve. Following 
grinding, the hydration reactions of the cement were stopped using the solvent exchange technique with isopro-
pyl alcohol. The samples were immersed in alcohol for approximately 30 minutes, then filtered and dried in an 
oven at 40°C for 24 hours before being subjected to XRD analysis. The crystalline phases of the pastes were 
identified using the HighScore Plus software with the ICDD database.

Table 2: Composition of the produced mortars.

SAMPLE 
DENOMINATION

OSW 
CONTENT (%)

WEIGHT (g)
PC OSW SAND WATER ADMIXTURE 

(%)
A0 0.0 624.00 0.00

1872.00 300.00

0.40
A5 5.0 592.80 31.20 0.38
A10 10.0 561.60 62.40 0.30
A15 15.0 530.40 93.60 0.25
A20 20.0 499.20 124.80 0.29

Table 3: Composition of cement pastes produced.

SAMPLE PC (g) OSW (g) WATER (g)

A0 100.0 0.0 48.0

A5 95.0 5.0 48.0

A10 90.0 10.0 48.0

A15 85.0 15.0 48.0

A20 80.0 20.0 48.0
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2.3.4. Simplified CO2 emissions analysis
The simplified environmental analysis examined the carbon dioxide (CO2) emissions from the mortars that were 
produced. Initially, an estimation of material consumption per m3 of mortar produced was obtained using their 
respective specific gravity, as presented in the results in Table 4.

The CO2 emissions for each material used in the mixtures were determined. The emission value adopted 
for PC, based on the Environmental Product Declaration of PC V ARI [36], was 0.892 Kg·CO2/Kg. For the fine 
aggregate, an emission value of 0.0046 Kg·CO2/Kg was adopted [37, 38]. As the emission from water is very 
low, it was disregarded in the CO2 emissions [39, 40]. An equivalence of 0.123 Kg·CO2/Kg of waste was used 
for OSW. This value corresponds to the drying process in the oven, where 1 kWh is associated with the emission 
of 0.135 Kg of CO2 [41]. The quantity of 0.9143 kWh/Kg of material was obtained by multiplying the power in 
the oven (1.2 kW) by the time per cycle of the oven (24 hours). Then, this value was divided by the quantity of 
waste in the oven (subtracting the initial moisture of 30.0%).

3. RESULTS AND DISCUSSION

3.1. Compressive strength
Figure 4 presents the mortar’s compressive strength results after 7 and 28 days. The mortar used as a reference 
(A0) maintained its strength over both analysis periods, reaching 31.86 MPa at 28 days, while the samples 
with substitution (A5, A10, A15, and A20) experienced a gain in strength over time. Additionally, at 7 days of 
hydration, samples with OSW exhibited a loss of up to 25.71% (A20) in strength compared to A0. In contrast, at 
28 days, mortars with substitution of up to 20% of PC by OSW showed compressive strength values statistically 
equal to the reference, as will be further presented in the statistical analysis results.

As previously mentioned, at 28 days, the samples with OSW incorporation showed no significant gains 
or losses in compressive strength compared to the control mixture (A0). This trend is consistent with the findings 
of GONÇALVES [42], who observed that substitutions of up to 20% of OSW as SCM in mortars do not change 
compressive strength values, as they do not significantly improve particle packing. ALMADA et al. [13] utilized 
OSW from various companies, finding differences in the chemical compositions of the samples, and their results 

Table 4: Material consumption per m3 of mortar.

SAMPLE PC (kg) OWS (kg) SAND (kg) WATER (kg)

A0 531.43 0.00 1594.29 255.09

A5 504.86 25.63 1594.29 255.09

A10 454.37 51.26 1594.29 255.09

A15 386.22 76.89 1594.29 255.09

A20 308.97 102.51 1594.29 255.09

Figure 4: Compressive strength of the mortars at 7 and 28 days of hydration.



Torres, A.T.B.; Silva, L.G.; Bosse, R., et al., revista Matéria, v.29, n.3, 2024

indicated that compressive strength tended to decrease with the substitution of cement by OSW, suggesting that 
the waste’s composition influences the compressive strength of the mortar.

The values presented in Table 5 indicate the results of the analysis of variance (ANOVA) for compres-
sive strength results. The variables OSW content and age of testing were significant in the strength results, but 
their interaction was not significant. The obtained results are consistent with those of ULIANA et al. [26] and 
RODRIGUES [43], who obtained similar results when performing variance analysis using the same control 
parameters.

When comparing the mean compressive strength results of the mortars using the Tukey test (Figure 5), it 
is possible to observe that in the analysis at 7 days (Figure 5a), the mortars with OSW incorporation exhibited 
statistically lower compressive strength results when compared to A0. However, at 28 days (Figure 5b), all eval-
uated mixtures showed statistically equal compressive strength results. These findings suggest that substitution 
levels of PC by OSW up to 20% achieved strengths equivalent to A0.

3.2. Ultrasonic pulse velocity
The ultrasonic pulse velocity (UPV) was also determined as an indirect measure of the porosity of the mortars 
evaluated in this study. The UPV values of the mortars at 7 and 28 days of hydration are presented in Figure 6. 
A0 and A5 maintained UPV over both analysis periods, while A10, A15, and A20 showed an increase in velocity 
over time, consistent with the compressive strength observed between 7 and 28 days for these compositions. 
This behavior may be attributed to the synergistic effect between OSW and the limestone filler present in the 
cement, as will be discussed in section 3.3.

Table 5: Analysis of variance (ANOVA) of the compressive strength results.

VARIABLE SUM OF 
SQUARES

DEGREES OF 
FREEDOM

MEAN 
SQUARE

P-VALUE SIGNIFICANCE

OSW content 101.32628 4 25.33157 0.01274 Significant
Age 163.66654 1 163.66654 2.33E-05 Significant

Interaction 71.51564 4 17.87891 0.05086 Not significant
Error 223.00951 33 6.75786 – –
Total 559.51797 42 – – –

Figure 5: Tukey test of the compressive strength results of the mortars after (a) 7 days and (b) 28 days of hydration.
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The ANOVA analysis of the UPV results is presented in Table 6. Both the controllable variables and their 
interaction had a p-value < 0,05. This implies that the independent variables and their interaction significantly 
influence the UPV.

The Tukey test, depicted in Figure 7, compares the means of the UPV results. It can be observed that at 7 
days (Figure 7a), there was a statistical difference between almost all samples. However, at 28 days (Figure 7b), 
overall, the comparisons made did not show significant statistical differences. Although the comparisons A20-
A0 and A5-A0 exhibited statistical differences, they were not as pronounced considering the standard deviation 
of the compositions.

The results show a clear trend: the higher the propagation velocity, the greater the compressive strength. 
Therefore, Figure 8 shows a good correlation between compressive strength and UPV, which aligns with the 
studies by VICENTINI and FERRARI [44] and EVANGELISTA [45], who conducted similar comparisons with 
consistent outcomes. This lends credibility to the results, as compressive strength and UPV values are coherent.

3.3. XRD
Figure 9 presents the XRD pattern of the PC pastes with different OSW contents at 28 days of hydration. The 
main crystalline phases identified in all evaluated samples are ettringite, AFm phases (hemicarboaluminate + 
monocarboaluminate), portlandite, alite, and quartz. The presence of quartz can be attributed to the composition 
of OSW (Figure 1). Overall, there is a tendency for higher intensity peaks of quartz (for example, ~26.0° 2θ) 
in samples with higher waste content (A15 and A20). Additionally, a reduction in the intensity of portlandite 
peaks (~ 18.1° and 34.0° 2θ) and alite (~ 29.0° 2θ) is observed in samples with OSW. This is expected and can 
be attributed to the partial substitution of PC by OSW. However, it is noted that these reductions in portlandite 
peaks are not significant, suggesting that the evaluated waste possibly does not have pozzolanic activity. This 
trend is consistent with the material characterization results presented in section 2.1.

Figure 10 provides a zoom between 5° and 10° 2θ of XRD patterns. The characteristic peak of ettringite 
is observed near 9.0° 2θ and the AFm phases around 11.6° 2θ. Initially, similar intensity peaks of ettringite are 

Figure 6: Ultrasonic pulse velocity of the evaluated mortars.

Table 6: Analysis of variance (ANOVA) of the results of ultrasonic pulse velocity of the mortars.

VARIABLE SUM OF SQUARES DEGREES 
OF 

FREEDOM

MEAN SQUARE P-VALUE SIGNIFICANCE

OSW content 0.16936 4 0.0423 2.87E-09 Significant
Age 0.12151 1 0.12151 1.67E-09 Significant

Interaction 0.07592 4 0.01898 0.0000117 Significant
Error 0.05621 32 0.00176 – –
Total 0.423 41 – – –
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observed for all pastes, despite the progressive reduction in cement content in samples A5, A10, A15, and A20. 
Additionally, it is noteworthy that limestone filler in commercially available Portland cement in Brazil favours 
the formation of AFm phases over monosulfate [46, 47]. There is a trend of increasing peak intensity associ-
ated with AFm phases with increasing OSW incorporation content. Thus, the composition of the previously 
presented waste, may result in a synergistic effect between the waste and the limestone filler present in PC, 
favoring the formation of AFm phases [46]. These phases have a filling effect, contributing to the strength of the 
matrix. Furthermore, the formation of AFm phases is intensified between 7 and 28 days [48]. Therefore, it was 
found that although at 7 days the OSW-containing mortars exhibited lower resistances compared to the control 
sample (A0), at 28 days, partial substitution levels of PC with waste up to 20% showed compressive strengths 
statistically equivalent to the control mixture, which could possibly be associated with the previously mentioned 
synergistic effect resulting in the formation of AFm phases and this filling effect.

Figure 7: Tukey test of the ultrasonic pulse velocity results of the mortars after (a) 7 days and (b) 28 days of hydration.

Figure 8: Relationship between compressive strength and ultrasonic pulse velocity results.
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3.4. Simplified environmental analysis
Table 7 presents the CO2 emission equivalence to produce 1 m3 of each studied mortar and the emissions related 
to their constituents. It can be observed that the substitution of PC by OSW led to a continuous decrease in CO2 
emissions between A0 and A20, from 481.39 to 295.59 Kg·CO2/m

3, respectively, representing a reduction of 
61.4%. This behavior is attributed to the lower emissions of OSW (0.1234 kg CO2/kg of material) compared to 
PC (0.892 kg CO2/kg of material).

Figure 9: XRD patterns of PC pastes with different OSW contents at 28 days of hydration (E-Ettringite, Afm phases, P – 
Portlandite, Q – Quartz, A – Alite).

Figure 10: XRD patterns of cement pastes at 28 days of hydration in the range of 2θ between 5 and 15° (E – Ettringite and 
Afm phases).
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Figure 11 displays the ratio between CO2 emission per m3 of mortar and its respective compressive 
strength at 7 and 28 days. This value indicates the efficiency of the mortar mix used, as it yields the CO2 emis-
sion value for 1 MPa of the sample under analysis [49]. Comparing the 7-day curing period results, it is evident 
that since the compressive strength of OSW-containing samples remained below A0, there was no significant 
reduction in the amount of CO2 emitted per MPa. However, comparing the results for the 28-day period, where 
all samples achieved statistically equal strengths, a progressive reduction in CO2 emission values per MPa of 
the samples was observed. Comparing A0 and A20, representing the two extremes of this study, at 28 days, the 
substitution of 20% of PC by OSW resulted in a 37.63% reduction in the amount of CO2 emitted per MPa of 
mortar, which is an expressive value.

3.5. Radar charts
Figure 12 compares the results of compressive strength, ultrasonic pulse velocity (UPV), and a factor that con-
siders the inverse of equivalent CO2 emissions (only to enhance the data visualization) of the mortars evaluated 
in this study at 28 days of hydration. All evaluated mixtures showed similar values of compressive strength and 
UPV. However, when the inverse of equivalent CO2 emissions is analyzed, it is evident that the composition 
with 20% OSW exhibits superior environmental performance, reinforcing this optimal content regarding both 
mechanical properties and environmental factors.

4. CONCLUSIONS
OSW characterization results revealed a predominantly crystalline nature with a minor amorphous component. 
Nevertheless, OSW demonstrated a suitable particle size distribution as a supplementary cementitious material 
(SCM) without requiring additional grinding processes.

Substituting up to 20% of PC with OSW did not reduce compressive strength values after 28 days of mor-
tar curing. Additionally, UPV testing indicated a velocity gain over time for samples A10, A15, and A20, with 
a notable correlation between compressive strength and UPV results, suggesting the reliability of the findings. 
Mineralogical analysis (XRD) revealed that OSW may not possess pozzolanic activity. However, its chemical 
composition potentially facilitated a synergistic reaction with the limestone filler in Portland cement, resulting 
in increased AFm phase contents.

Figure 11: Relationship between compressive strength and the amount of CO2/m
3 of evaluated mortars.

Table 7: Amount of Kg·CO2/m
3 of mortar.

SAMPLE PC OSW SAND TOTAL (Kg·CO2/m
3)

A0 474.04 0.00 7.33 481.39
A5 450.33 3.16 7.33 460.83
A10 405.3 6.33 7.33 419.96
A15 344.5 9.49 7.33 361.33
A20 275.6 12.65 7.33 295.59
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The environmental analysis demonstrated promising outcomes. Higher substitutions of PC with OSW 
led to reduced CO2 emissions/m3 of produced mortar, marking a significant 61.4% reduction compared to A0.

This study underscores the feasibility of utilizing OSW as an SCM, with up to 20% substitution per-
centages showing no detrimental effects on compressive strength at 28 days. Additionally, OSW’s utilization as 
an SCM contributes to CO2 emission reduction, highlighting its technical and environmental viability. Future 
research may focus on thermal and grinding treatments of OSW to enhance its reactivity.
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