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The synergistic effect of combining supplementary cementitious materials (SCMs) as partial substitutes for clinker improves cement properties and reduces its clinker factor and, hence, its carbon footprint. Limestone-calcined clay cement (LC3)—a family of clinker, calcined clay, and limestone filler mixes—is studied worldwide for its properties equivalent to those of Portland cement. Although slag and fly ash are no longer sufficient to keep up with current commercial blended cements, in the long run, these SCMs can support the development of optimized formulations for the future. By relating the environmental and the mechanical performances, the GHG emission intensity offers a broader assessment and selection perspective. In this article, 13 blended cements were evaluated: ternary, quaternary, and multi-admixture (i.e., OPC plus 4 SCMs) blends with clinker factor between 40 and 50%, composed of—in addition to calcined clay and limestone filler—blast furnace slag and fly ash. Compressive strength was measured at 3, 7, 28, 91, and 365 days. The greenhouse gas (GHG) emissions were estimated through life cycle assessment and related to the blends’ compressive strength unit. Quaternary and multi-addition cements consistently outperformed after 3 days of age, demonstrating the benefits of the synergistic effect between SCMs jointly on GHG emissions and compressive strength. Such an effect enables reducing not only the clinker factor and carbon footprint but also the GHG emission intensity, which relates both. This study showed that the formulated cements, particularly those composed of multi-additions (Series D), are potential alternatives for reducing the GHG emissions, whilst preserving mechanical performance demanded by construction market practices. From a multidisciplinary analysis standpoint, durability assessments are necessary to complement the reported findings, as low clinker contents can affect the pH of the concrete’s pore solution and carbonation which ultimately lead to deterioration.
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1 INTRODUCTION
Given global climate change concerns, the cement industry has explored strategies to mitigate its environmental impacts and meet internationally agreed-upon goals, such as those of the Paris Agreement (UNFCC, 2021), and supply the growing demand for cement in the market.
The cement industry is responsible for approximately 7% of anthropic CO2 emissions (IEA et al., 2018). Such emissions arise mainly from the production of Portland clinker, which also requires high energy input (Schneider, 2019). Mitigation strategies include energy efficiency, use of alternative fuels, clinker substitution, and carbon capture and storage. From these results, the partial replacement of clinker by supplementary cementitious materials (SCMs) has great potential for the next 20 years (Scrivener K. et al., 2018).
The use of SCMs in cements is already practiced worldwide, standardized by, for example, prEN 197-1:2018 (E) in Europe, ABNT NBR 16697:2018 in Brazil, and ASTM C 595:2019 in the United States. However, the synergistic effect of combining supplementary cementitious materials (SCMs) as partial substitutes for clinker enables reducing the clinker factor and, hence, the carbon footprint, while maintaining the standardized requirements of cements. This motivates research on new cement formulations considering varied combinations of SCMs, such as calcined clay and limestone filler (Scrivener K. L. et al., 2018), calcined clay or natural pozzolan, limestone filler, and blast furnace slag (Makhloufi et al., 2015; Wang et al., 2021), and blast furnace slag, fly ash, and limestone filler (Schöler et al., 2015).
Limestone-calcined clay (LC3), a family of clinker, calcined clay, and limestone filler mixes, is being widely studied for achieving mechanical performance equivalent to ordinary Portland cement by using widely available constituents (Scrivener K. L. et al., 2018). Kaolinite content in the natural clay, calcination temperature, and calcined clay fineness directly interfere with the compressive strength development of cement (Avet and Scrivener, 2018; Ferreiro et al., 2018). For results comparable to those of ordinary Portland cement, it is recommended that clays have a minimum of 40% kaolinite content (Scrivener K. L. et al., 2018).
When calcined clay and limestone filler are combined, the pozzolanic reaction between the calcined clay and portlandite forms C-A-S-H, and the alumina in the calcined clay reacts with the carbonate supplied by the limestone filler. The hydrated carboaluminate precipitates and increases the hydrated phase volume and matrix density, with mechanical strength and durability benefits (Antoni et al., 2012; Puerta-Falla et al., 2015). The more compact microstructure improves the chloride penetration resistance and permeability relative to ordinary Portland cement (Dhandapani et al., 2018; Zolfagharnasab et al., 2021).
It is well-known from the literature that the low clinker content can affect the pH of the concrete’s pore solution, which directly relates to the stability of the passive film on the reinforcement–that controls the corrosive processes in the structure–and is responsible for the stability of the cement paste hydrates, contributing to the overall durability of the concrete (Taylor, 1997; Shah and Bishnoi, 2018; Cascudo et al., 2021). However, Cascudo et al. (2021) observed that carbonation and the use of mineral additions reduce the electrical conductivity of the concrete pore solution.
Other alumina-rich SCMs, such as blast furnace slag and fly ash, can also be combined with limestone filler to explore the beneficial synergistic effect on mechanical strength and durability (Parashar and Bishnoi, 2021). While the limestone filler favors hydration at early ages, blast furnace slag and fly ash hydrate more slowly (Menendez et al., 2003; Wang, 2018) and supply alumina to form carboaluminates (De Weerdt et al., 2011; Arora et al., 2016).
Although the available blast furnace slag and fly ash are not enough to keep up with the increased demand by the cement industry (Scrivener K. et al., 2018), their combination with calcined clay and limestone filler should be explored to maximize the synergistic potential (Wang et al., 2021).
Clay suitable for cement use is widely available. However, the pozzolanic properties are governed by its kaolinite content, to be converted into metakaolin through adequate calcination. Clays with higher kaolinite contents and calcined at higher temperatures potentially result in cement with higher mechanical strengths. Avet and Scrivener (2018) recommended clays with at least 40% kaolinite content for use in LC3. Temperatures between 600 and 800°C are needed to develop pozzolanic properties (Fernandez et al., 2011), and Ferreiro et al. (2018) indicate the 700-850°C temperature range for the greatest conversion of kaolinite into metakaolin. Hence, calcined clay’s contribution to reducing CO2 emissions is lower than that of blast furnace slag and fly ash, which are coproducts of steel production and power generation, respectively, in coal-fired thermoelectric plants (Saade et al., 2015).
High-grade metakaolin commonly used as SCM is of limited availability and applicable to other industries, hence costly (Juenger et al., 2019). So, the potential use of clays with kaolinite content below recommendations has been also investigated by, for example, Zolfagharnasab et al. (2021), who observed improvements in permeability and chloride penetration resistance for varied kaolinite contents, and Cardinaud et al. (2021), who concluded that calcined clays with low (21%) and high (68%) metakaolin contents are likely to result in similar long-term hydration degree and products.
Given the importance of the synergistic effect between SCMs to obtain cement with satisfactory mechanical performance and reduced environmental impact, this article studies the interaction of different SCMs in thirteen composite cements, divided into four series: Series A, formed by the combination of calcined clay and limestone filler; Series B, formed by the combination of blast furnace slag and limestone filer; Series C, formed by the combination of fly ash and limestone filler, and Series D, formed by quaternary and multi-addition cements composed of calcined clay, blast furnace slag, fly ash and limestone filler. For each cement, the compressive strength was determined at 3, 7, 28, 91, and 365 days. The GHG emissions (expressed in CO2eq) embodied in each blend were estimated through life cycle assessment and related to the blends’ compressive strength unit.
2 MATERIALS AND METHODS
2.1 Materials
The materials used were Portland cement of high initial strength (CP-V-ARI), equivalent to CEM I 42.5R, blast furnace slag, fly ash, calcined clay, and limestone filler, provided by different cement industries in Brazil. The cement used is composed of approximately 89% clinker, 6% limestone filler, and 5% gypsum. The calcined clay and the fly ash were milled in laboratory facilities. For the calcined clay, a ball mill was used for 5 h, with a 50 kg load and without dispersant. After this time no significant reduction in fineness was observed. For the fly ash, a ring mill was used for 4 min. The remaining constituents followed the granulometry practiced by the Brazilian cement industry, with Dv,50 close to 10 µm. Table 1 presents the chemical composition, determined by X-Ray Fluorescence (FRX) (NexGo–Rigaku) and the main physical characteristics of the materials used. Figure 1 shows the particle size distribution, determined by laser granulometry (CILAS–1090 LD). Figure 2A shows the minerals present in each SCM, identified from X-Ray Diffraction with molybdenum radiation (Ultima IV Ray diffractometer), while Figure 2B presents the particle morphologies observed by Scanning Electron Microscopy (SEM) (EVO MA 10–Zeiss).
[image: Figure 1]FIGURE 1 | Particle size distribution of cement and SCMs.
TABLE 1 | Chemical composition by FRX and physical characteristics of cement and SCMs.
[image: Table 1][image: Figure 2]FIGURE 2 | (A)XRD analyses and (B)Particle morphology.
According to the Brazilian cement manufacturer that supplied the calcined clay, its kaolinite content was around 32% and the calcination temperature ranged between 450-500°C, which is below the recommendations to maximize the conversion of kaolinite into metakaolin. This calcined clay is currently used to produce commercial pozzolanic cement, for its pozzolanic activity (601.54 mg Ca(OH)2/g) determined by the modified Chapelle method (ABNT NBR 15895:2010) complies with the required consumption of 436 mg Ca(OH)2/g to be considered a pozzolanic SCM (Raverdy et al., 1980).
The fly ash used presented the pozzolanic activity of 708.36 mg Ca(OH)2/g) according to the modified Chapelle method, and also complies with the requirement for pozzolanic mineral additions. The vitrification degree (98%), refraction index (1.65), and CaO/SiO2 ratio (>1) confirmed that the studied blast furnace slag’s reactivity was compatible with use in cement production (Silva et al., 2017).
2.2 Mix Design
Table 2 shows the composition, by mass, of the studied blended cements. Thirteen composite cements with at least two SCMs were proposed. The combinations were defined based on international standards, such as the European standard prEN 197-1: 2018; on the forecasts presented by the Technology Roadmap: Low-Carbon Transition in the Cement Industry (IEA et al., 2018) and by the Cement Technology Roadmap–Carbon Emissions Reduction Potential in Brazilian Cement Industry by 2050 (SNIC, 2019); and on the literature review on ternary and quaternary cements (Adu-Amankwah et al., 2017; Scrivener K. L. et al., 2018; Wang, 2018; Wang et al., 2021).
TABLE 2 | Proportions of constituents used in the blended cements (% by mass). All cements contain 5% gypsum.
[image: Table 2]The gypsum content can affect the hydration, phase assemblage, porosity, and strength in cementitious materials and varies according to clinker, SCM, and gypsum characteristics (Andrade Neto et al., 2021). All blended cements are composed of 5% of gypsum in a mass of cement. This is in line with the recommendation for the LC3 (Scrivener K. et al., 2018) and is also used in Brazilian cements. The cement CP-V-ARI, equivalent to CEM I 42.5R, was used as a clinker supplier in the formulations, so extra gypsum was added until the 5% content in mass was achieved by each blend. The clinker proportion is the complement to reach the total blend mass.
Considering the average 5% gypsum content, in mass, Brazilian commercial cements may have up to 75% of blast furnace slag and up to 50% of fly ash, i.e., clinker factors of about 20 and 45%, respectively. Clinker factors around 50% in cements with different SCMs help to minimize the reduction in mechanical properties compared to those without mineral additions (Bohác et al., 2014; Avet and Scrivener, 2018). Thus, a 50%-clinker factor was adopted in the formulation of three series of blended cements. A fourth group (Series D), with a clinker factor between 40 and 45%, was designed to explore the effect of combining blast furnace slag and fly ash, two SCMs traditionally used in cement production, but insufficient to meet the growing demand of the industry–with other SCMs (calcined clay and limestone filler). The Technology Roadmap: Low-Carbon Transition in the Cement Industry (IEA et al., 2018) foresees a global average cement with 18% limestone filler in 2050. The Brazilian equivalent study (SNIC, 2019) predicts an even higher limestone filler content (25%) in the average cement expected for that same year. Such expectations were accounted for in the studied cement formulations, which present limestone filler contents between 15 and 25%.
The blends were named using letters that represent the SCMs used (“B” for blast furnace slag, “F” for fly ash, “C” for calcined clay, and “L” for limestone filler), followed by their percentage in the cement composition.
In cements of Series A, cement C30/L15 replicates the same proportions of the best performing LC3 studied by Antoni et al. (2012) and is, therefore, a relevant analytic reference. Blends C25/L20 and C20/L25 seek to evaluate the influence of increased limestone filler content while reducing the calcined clay content. Calcined clay was replaced by blast furnace slag in Series B, and by fly ash in Series C, maintaining the composition percentages of Series A cements. The cements B30/L15, B25/L20, F30/L15, and F25/L20 are already standardized by the European standard prEN 197-1:2018 (E) through the cements CEM II/C-M (S-L) and CEM II/C-M (V-L).
As mentioned, Series D cements B10/C25/L15 and F10/C25/L15 were formulated to evaluate the interaction of calcined clay and limestone filler with blast furnace slag and fly ash, respectively. Cements B5/F5/C25/L15 and B10/F10/C20/L15 seek to evaluate the joint effect of all the SCMs studied.
2.3 Test Methods
2.3.1 Mechanical Performance Assessment
The compressive strength of the cements was determined in cylindrical mortar specimens with a diameter of 5 cm, height of 10 cm, water/binder ratio of 0.48, and sand: cement ratio of 3:1 (ABNT NBR 7215:2019). The specimens were kept submerged in saturated lime water and the determination of compressive strength was performed at the ages of 3, 7, 28, 91, and 365 days. The results were statistically treated by applying analysis of variance (ANOVA) with a 5% significance level to identify similar or different groups and then applying the Tukey test for comparison of means to identify groups with higher and lower compressive strengths. For each series, the interaction between SCM content and age was verified. Subsequently, all cements were evaluated by age to verify which ones present higher and lower compressive strengths and which ones are statistically similar. The statistical analyses were performed using Statistica v.10.0 software.
2.3.2 Environmental Performance Assessment
The eco-intensity of a product or service is an indicator for the “use of nature” (materials/energy/pollution generated) per unit of “value added or output” and it is the inverse of eco-efficiency. Eco-efficiency can be improved by reducing the environmental impact of the material’s production, improving its performance, or by doing both.
Eco-intensity herein refers to the GHG emissions for producing one tonne of cement per unit of compressive strength at each testing age (3, 7, 28, 91, and 365 days, expressed in CO2eq/MPa. This GHG emission intensity enables jointly analyzing environmental and mechanical performance and to identify optimal cement combinations (Damineli et al., 2010; Malacarne et al., 2021). For comparison sake, cement GHG emission intensity was normalized relative to the C30/L15 (LC3).
The life cycle GHG emissions cover a single environmental issue (global warming), and were modeled from “cradle to gate” using the Ecoinvent v. 2.2 databases, substituting the energy matrix for the Brazilian matrix in cases where local data were not available, and the life cycle impact assessment (LCIA) method CML baseline 2001. A clinker GHG emission factor (Efclínker) of 902.47 kgCO2eq per tonne produced was based on datasets in the Ecoinvent 2.2 database (Silva et al., 2017). The GHG emission factor of each cement constituent is presented in Table 3. Based on those values, the GHG emissions embodied in each blend were calculated according to the following equation:
[image: image]
where Efconst is the emission factor (in CO2eq) of each cement constituent, and Pc is its corresponding proportion (%) of the blended cement.
TABLE 3 | GHG emission factors of the cement constituents.
[image: Table 3]3 RESULTS AND DISCUSSION
3.1 Mechanical Performance
Figure 3 shows how the combinations of SCMs influence the mechanical strength of cements. In all combinations studied, the compressive strength increased with advancing age due to clinker hydration and reactions involving the SCMs, as identified by Yu et al. (2021).
[image: Figure 3]FIGURE 3 | Compressive strength of blended cement using (A) calcined clay and limestone filler, (B) blast furnace slag and limestone filler, (C) fly ash and limestone filler and (D) multiple additions at 3, 7, 28, 91 and 365 days.
Figure 3A shows the effect of the combinations of calcined clay and limestone filler on the development of the compressive strength of the Series A cements. The compressive strength is related to the proportion of calcined clay and limestone filler. As the limestone filler content increases (and that of calcined clay decreases), it causes a dilution effect that reduces the compressive strength (Wang et al., 2019). As the calcined clay content decreases, less alumina is available to react with calcium carbonate and form Hemi- and monocarboaluminate (Tang et al., 2019). In absolute terms, the best compressive strength results were obtained for the 2:1 ratio (calcined clay: limestone filler), a composition similar to LC3.
When evaluating the compressive strength evolution over time, the major compressive strength development occurred up to 28 days. From 3 to 28 days, the increase in strength was 43, 62, and 49% for the C30/L15, C25/L20, and C20/L25 cements, respectively. Between 28 and 365 days, the strength increased by only 8% for C30/L15, 12% for C25/L20, and 22% for C20/L15. Similar results were reported by Zolfagharnasab et al. (2021): the compressive strength of low-grade calcined clay and limestone filler blends mostly developed in the first 28 days, with an additional ∼ 20% increase between 28 and 360 days. The initial compressive strength gain is due to the rapid chemical reactions between the alumina from the calcined clay and the carbonate from the limestone filler, resulting in carboaluminate phases that densify the matrix (Antoni et al., 2012; Puerta-Falla et al., 2015; Scrivener K. L. et al., 2018).
Figure 3B shows the compressive strength of cements with blast furnace slag and limestone filler (Series B). The three combinations showed a similar trend. At 3 and 7 days, the results overlap and are statistically equal for each age. The difference begins to show at ages 28, 91, and 365 days, for which the B30/L15 cement outperforms.
Considering the mean compressive strength values, at ages 3 and 7 days, cements B25/L20 and B20/L25, which have more limestone filler, presented higher compressive strengths than B30/L15. This is reversed after 28 days, when B30/L15, with a higher content of blast furnace slag, shows higher compressive strength. This trend was also identified by Makhloufi et al. (2015) and demonstrates the positive influence of limestone filler on hydration at three and seven days and how the hydration of blast furnace slag outperforms the effect of limestone filler with advancing age. According to those authors, at three and seven days, the limestone filler particles act as nucleation points that favor the clinker’s hydration and, consequently, the mechanical strength development.
Compared with the interaction of calcined clay and limestone filler, the combination of blast furnace slag and limestone filler shows lower compressive strengths at 3 and 7 days, similar values at 28 days, and continuous growth at later ages (Parashar and Bishnoi, 2021). From 3 to 28 days, the increase in compressive strength was 180, 102, and 132% for the B30/L15, B25/L20, and B20/L25 cements, respectively. Between 28 and 365 days, the increment ranged from 25 to 30% for the three cements studied. The long-term compressive strength development could be associated with the hydration of blast furnace slag and hydrated product formation, as demonstrated by Parashar and Bishnoi (2021) and Wang et al. (2021). When studying the same combination of blast furnace slag and limestone filler, Parashar and Bishnoi (2021) observed that blast furnace slag hydration and conversion of Hemi- to mono-carboaluminate contribute to the long-term strength development. Wang et al. (2021) observed that the consumption of CH in cements with blast furnace slag and limestone filler occurred mainly between 28 and 91 days, which explains the long-term strength development.
The interaction of limestone filler with blast furnace slag also forms carboaluminates. However, this effect is not as intense as in the combination of limestone filler with calcined clay, because the alumina supplied by blast furnace slags is less reactive (Adu-Amankwah et at., 2017; Parashar and Bishnoi, 2021). Furthermore, Adu-Amankwah et al. (2017) identified the presence of belite in pastes of cements containing blast furnace slag and limestone filler up to 180 days of age, whose hydration can justify the strength gain registered at 365 days.
Figure 3C shows the compressive strength of the combinations of fly ash and limestone filler (Series C). As in the blends with blast furnace slag, the strengths at 3 and 7 days were lower than the strength achieved by the calcined clay combination, and strength development was observed up to 365 days, due to the slow pozzolanic reactions, in line with observations of Wang, 2018 and Yu et al., 2017. At 3, 7, and 28 days, the compressive strengths achieved for the three cements are statistically similar. However, at 91 and 365 days, the compressive strength of F30/L15 is statistically higher than the other two cements. Thus, it can be concluded that no significant changes in compressive strength were observed for the combinations with limestone filler contents ranging between 20 and 25%. Despite the small alterations, in relation to F30/L15, the compressive strength decreased with the increase in limestone filler content and reduction of fly ash content. The same behavior was identified by De Weerdt et al. (2011) and Jiang et al. (2020) in cements with high clinker factors.
Figure 3D shows the compressive strength of Series D blends, which contain more than four SCMs. The results show the synergistic effect between the SCMs used: even with a lower clinker factor than the cements of Series A, B, and C, the compressive strengths at 3 and 7 days overcame those of all other cements, except C30/L15. At 28 days, the strengths obtained for Series D cements were similar to those of C30/L15 and B30/L15. Compressive strength growth was still observed between 91 and 365 days. Thus, the progress of blast furnace slag and/or fly ash hydration can improve the compressive strength development at later ages and complement the early compressive strength benefits brought by calcined clay and limestone filler. The compressive strengths of the cements of Series D at each age showed no statistically significant difference.
Among the different cements composed of calcined clay, limestone filler and blast furnace slag studied by Wang et al. (2021), one follows SCMs proportions close to B10/C25/L15. Its compressive strengths at 28 ( ∼ 43 MPa) and 91 days ( ∼ 47 MPa) were similar to those of B10/C25/L15, despite the higher kaolinite content (49%) in the clay used by Wang et al. (2021) relative to that herein used (32%). According to those authors, the rapid reaction of the calcined clay, associated with the nucleation effect of the limestone filler, compensates for the slow hydration of the blast furnace slag, while the blast furnace slag continues to contribute to long-term strength development. Wang et al. (2021) also showed that the consumption of CH in cements with blast furnace slag and limestone filler occurred mainly between 28 and 91 days, whereas in calcined clay blends, the consumption of CH occurred between 3 and 91 days.
In Figure 4, the compressive strength of the studied cements was normalized relative to the compressive strength of cement LC3 C30/L15 at 3, 7, 28, 91, and 365 days. C30/L15 presented the highest compressive strength at 3 days (29.3 MPa). At 7 and 28 days, the Series D cements achieved approximately 90% of the strength of C30/L15, and B10/C25/L15 stood out. Slight changes in the fineness of SCMs (Ferreiro et al., 2017), as well as optimal sulfate content (Adu-Amankwah et al., 2018) could further improve Series D cements results. At 91 and 365 days, almost all Series B, C, and D blends outperformed C30/L15, demonstrating the influence of blast furnace slag hydration and fly ash pozzolanic reactions on long-term strength development.
[image: Figure 4]FIGURE 4 | Compressive strength of blended cements normalized relative to C30/L15(LC3) at 3, 7, 28, 91 and 365 days.
The analysis of variance by age showed that the p-value was less than 0.05 for all ages, indicating a significant interaction between the composition of cements and compressive strength, i.e., that cements are in distinct groups of compressive strength. At three days, C30/L15 and B5/F5/C25/L15 compose the cements subset with the highest compressive strength. In turn, cements with fly ash and limestone filler are in the lowest compressive strength subgroup. At 7 days, the cements C30/L15, C25/L20, B10/C25/L15, F10/C25/L15, and B5/F5/C25/L15 compose the subgroup of cement with compressive strength statistically superior to the other cements. At 28 days, C30/L15, B30/L15, B20/L15, B10/C25/L15, F10/C25/L15, and B10/F10/C20/L15 had statistically superior compressive strength, while the cements with fly ash and limestone filler pertained to the subgroup with the lowest values of compressive strength.
At 91 and 365 days, the cements B30/L15, B20/L25, F30/L15, B10/C25/L15, F10/C25/L15, and B5/F5/C25/L15 form the subgroup with the highest compressive strengths. This means that the fly ash and blast furnace slag hydration reactions continued to occur and increased the compressive strength over time. In contrast, the cements containing calcined clay and limestone filler, which were in the subgroups with the highest compressive strengths up to 28 days, shifted to the subgroups with the lowest compressive strengths at later ages.
3.2 Environmental Performance
Figure 5A shows the GHG emissions (in CO2eq) per tonne of each composite cement. The emissions of CEM I 42.5R cement are included for reference. In Figure 5B, the GHG emissions were normalized relative to blend LC3 C30/L15.
[image: Figure 5]FIGURE 5 | (A) cements'GHG emissons (in CO2eq); (B) GHG emissions normalized relative to GHG emissions of C30/L15 (LC3).
The cement CP-V-ARI, equivalent to CEM I 42,5R, has the highest clinker content of all Brazilian commercial cements and presents the highest GHG emissions of the cements herein studied: approximately 50% higher than that of LC3 C30/L15. From the cements with SCMs, Series A cements emit the most GHG due to clay calcination. Cements in Series B and C had similar GHG emissions, as the clinker factor was maintained, and the constituent proportions varied little. Replacing calcined clay with blast furnace slag and fly ash reduces GHG emissions by approximately 15%. Hence, cements in Series D had lower GHG emissions for its lower clinker factor (40-45%) relative to Series A to C and for using SCMs with lower GHG emissions to achieve it. Cement B10/F10/C20/L15 stood out for reducing GHG emissions by 21% when compared to C30/L15.
Figure 6 presents the GHG emissions intensity (in CO2eq/MPa) at 3, 7, 28, 91 and 365 days, normalized relative to LC3 C30/L15 (GHG emissions intensity = 1,0). Series D cements consistently demonstrated the benefits of the interaction of SCMs jointly on GHG emissions and compressive strength. Within that series, the multi-addition blend B5/F5/C20/L15 and B10/F10/C20/L15 stand out. After 7 days, B10/F10/C20/L15 outperforms all other formulations. At 3 days, all other cements performed worse than LC3 C30/L15. Hence, cements with low-GHG emission SCMs, like those with blast furnace slag (Series B) and fly ash (Series C), may not be the best options in terms of GHG emissions intensity if the strength development is slow.
[image: Figure 6]FIGURE 6 | GHG emissions per unit of compressive strength normalized relative to C30/L15 (LC3) at 3, 7, 28, 91 and 365 days.
Long-term GHG emission intensities are similar for Series A, B, and C. Series B and C reach similar strengths at 28 days and especially at later ages, but Series D offers an important practical advantage of starting from higher initial strengths and offering balanced mechanical and environmental performance at all ages.
4 CONCLUSION
The global cement industry is aware of the limited availability of SCMs with adequate quality, which is unlikely to increase in the upcoming years, and of the need to reduce the environmental impacts of cements. Exploring the viability of other SCMs and their combinations becomes critical. Optimal formulations of these additions can combine low GHG intensity with the mechanical performance demanded by the market practice.
The combination of calcined clay and limestone filler resulted in the highest compressive strength at 3 days, which developed pronouncedly between 3 and 28 days and subtly at later ages. This behavior differs from both blast furnace slag plus limestone filler blends and fly ash plus limestone filler formulations, in which the compressive strength was low at 3 days but showed observable growth up to 365 days.
Quaternary and multi-addition cements (Series D), in which the clinker factor was reduced and blast furnace slag and/or fly ash were added to the calcined clay and limestone filler, showed a combination of effects resulting from the characteristics of the SCMs. The four cements in Series D showed similar trends: 1) compressive strength at 3 days was higher than ternary blast furnace slag and limestone filler (Series B) or fly ash and limestone filler (Series C) cements, due to the insertion of calcined clay, which, in the presence of limestone filler, contributes to the rapid hydration reactions; and 2) compressive strength development continued until 365 days due to the slower hydration reactions of blast furnace slag and fly ash. The cement B10/C25/L15 stood out for equaling the strengths of LC3 C30/L15 at 7 and 28 days and surpassing them at 91 and 365 days, even with 5% less clinker. The lower clinker factor in multi-addition cements enabled a reduction of up to 21% (B10/F10/C20/L15) in GHG emissions compared to LC3 C30/L15. Due to the calcination process, cements with calcined clay and limestone filler had higher GHG emissions than those with other SCMs.
The GHG emission intensity relates to the environment and the mechanical performances of cements and offers a broader perspective for their selection. Series D cements consistently outperformed after 3 days of age, demonstrating the benefits of the synergistic effect between SCMs jointly on GHG emissions and compressive strength. Such an effect enables not only reduce the clinker factor and GHG emissions but also the GHG emission intensity, which relates to both. This study showed that the formulated cements, particularly those in Series D, are potential alternatives for reducing the GHG emissions, whilst preserving mechanical performance demanded by construction market practices.
From a multidisciplinary analysis standpoint, durability assessments are necessary to complement the reported findings, as low clinker contents can affect the pH of the concrete’s pore solution and carbonation which ultimately lead to deterioration.
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