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Abstract

:

This study examines the impact of mix design parameters on the environmental effects of producing concrete and reinforced concrete buildings by conducting a life cycle assessment (LCA) and carbon footprint analysis (CFA). The study is limited to the cradle-to-gate phase, including the extraction and production of raw materials for concrete production, as well as concrete and rebar production, material transportation, and delivery to the construction site for reinforced concrete structures. Three concrete mix designs based on the American Concrete Institute (ACI) 211-09 standard, with compressive strengths of 20, 30, and 40 MPa, were analyzed. The results indicate that cement was the primary contributor to environmental impacts, accounting for approximately 90% of the carbon footprint. Sand, gravel, and admixtures followed cement in their impact on LCA results. Water usage in concrete production had a negligible effect on LCA indicators. Moreover, to determine how mix design parameters impact the carbon footprint of reinforced concrete buildings, three four-story structures were designed. The results show that in reinforced concrete buildings, concrete was a significant contributor to environmental impacts, accounting for over 50% of all indicators in the IMPACT 2002+ and CML baseline 2000 methods, except for resources and acidification. The study underscores the importance of considering mix design parameters in reducing the carbon footprint of reinforced concrete buildings and provides valuable insights into their environmental impacts. The findings indicate that cement is the main driver of environmental impacts in both assessment methods, accounting for around 90% of the carbon footprint. Additionally, concrete plays a substantial role in environmental effects, contributing to over 50% of all indicators measured in the methods used for evaluating environmental impacts.
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1. Introduction


In contemporary times, the phenomenon of global warming, characterized by the sustained escalation of the Earth’s mean surface temperature attributed to the accumulation of greenhouse gases (GHGs) within the atmosphere, presents a significant predicament for humankind [1,2]. GHGs can retain solar heat that would otherwise be released back into space, causing a gradual increase in temperature. The repercussions of global warming are diverse and encompassing, exerting a perceptible influence on a global scale. Some of the most significant impacts are extreme weather events, health impacts, rising sea levels, loss of biodiversity, and economic impacts [3,4].



The building sector generates a considerable proportion of greenhouse gas (GHG) emissions, particularly carbon dioxide (CO2), which is discharged during the production of construction materials, transportation of these materials to the building site, and the energy consumption during the construction and operational phases [5,6,7,8,9]. According to the Global Alliance for Buildings and Construction, buildings account for 39% of global energy-related carbon dioxide emissions [10]. In addition, the construction sector yields a notable quantity of refuse, encompassing construction and demolition residuals. Upon their deposition in landfills, these residuals emit methane, a highly potent GHG.



One of the most commonly utilized construction materials in the building industry is concrete [11,12,13], owing to its strength, durability, and versatility. It is used in the construction of foundations, walls, floors, bridges, and many other structures. Its importance in the construction industry cannot be overstated, as it forms the backbone of modern infrastructure. However, the production of concrete has significant environmental impacts [4,14]. The manufacturing procedure includes obtaining and treating natural resources such as limestone and clay, which generates large amounts of GHG emissions. Additionally, the production process consumes significant amounts of energy, and the transportation of the raw materials and the finished product can further contribute to carbon emissions. Furthermore, the use of concrete in construction can also have negative environmental impacts, such as resource depletion, energy consumption, the destruction of natural habitats during quarrying, and the generation of construction waste when structures are demolished.



Mix design and strength of concrete are critical factors in the design of reinforced concrete buildings [15,16]. The mix design of concrete refers to the process of determining the proportions of various ingredients such as cement, aggregates, and water to achieve the desired properties of the concrete, such as workability, strength, and durability. A well-designed concrete mix can help ensure that the concrete achieves its desired strength and durability, which are crucial in the construction of reinforced concrete buildings.



Numerous scholars have employed life cycle assessment (LCA) to explore the ecological repercussions of various concrete mix design configurations. This approach facilitates the identification of possible environmental problem areas and offers valuable perspectives on how to mitigate such impacts. LCA presents a comprehensive analysis of the environmental impacts of a product or process by taking into account a wide range of factors, including water use, energy consumption, land use, GHG emissions, and other environmental indicators.



In 2009, Huntzinger and Eatmon [17] utilized SimaPro 6 software to examine the environmental effects of four types of cement production, including traditional Portland cement, Portland cement produced with cement kiln dust, blended cement (natural pozzolan), and cement using 100% recycled waste cement kiln dust (CKD). Their findings revealed that CKD decreased cement’s environmental impact by 5%. Meanwhile, Van den Heede and De Belie [18] investigated the environmental impacts of green concrete and those of traditional concrete in 2012. They determined that green concrete made from furnace slag causes less contamination than Portland cement-based concrete. In their 2012 study, Habert et al. [19] employed ISO14040-based LCA methodology to compare the environmental impact of high-performance concrete (HPC) and traditional concrete in bridge construction. They found that HPC had a 10% lower environmental impact compared to traditional concrete by employing the SimaPro software and Ecoinvent database. Moreover, the use of HPC in bridge construction materials led to a reduction of GHG emissions by up to 50%. Consequently, the authors concluded that the application of HPC is more environmentally friendly than traditional concrete.



Liu et al. [20] found that reactive powder concrete (RFC) had significantly lower GHG emissions and energy consumption than traditional concrete, with reductions of 64% and 55%, respectively. Faleschini et al. (2014) [21] also found that recycled concrete containing electric furnace arc slag had 35% fewer emissions than concrete made with natural aggregate. According to the study conducted by Celik et al. [22], incorporating fly ash and limestone powder instead of some cement led to the creation of effective concrete that can withstand chloride penetration and also contribute to a reduction in global warming.



Tait and Cheung (2016) [23] used simulation software to assess the environmental impacts of concrete containing different percentages of cement, fly ash, and slag and found that certain mixtures resulted in a 62% and 32% reduction in CO2 emissions compared to traditional concrete. These studies highlight the potential of sustainable concrete production techniques to reduce the environmental impact of construction projects.



Roh et al. [24] conducted a comparative study of the potential environmental impact of producing recycled and by-product aggregates and to evaluate their cost and environmental impact when used in concrete. The study involved an LCA to compare six types of aggregates, namely natural sand, natural gravel, recycled aggregate, slag aggregate, bottom ash aggregate, and waste glass aggregate, with respect to six potential environmental impacts. They found that concrete incorporating slag aggregate as fine aggregates or bottom ash aggregate as coarse aggregates had lower environmental impacts compared to concrete incorporating natural aggregate, while bottom ash aggregates as fine aggregates resulted in relatively high environmental impacts. Based on these environmental impacts, the environmental cost ranged from 5.88 to 8.79 USD/m3.



Asadollahfardi et al. [25] investigated the environmental impact of five various types of concrete, namely Geopolymer, microsilica, nanosilica, micro-nano bubble, and ordinary Portland cement. Their results indicated that Geopolymer concrete has a much lower global warming indicator than the other concrete types, with a reduction of nearly 26% compared to OPC concrete. Conversely, microsilica, micro-nano bubble, and nanosilica concrete had increased global warming indicators by approximately 56%, 38%, and 17%, respectively, compared to ordinary Portland cement concrete.



Xing et al. [26] employed the LCA method to assess the ecological impact of 57 concrete products. Furthermore, they compared the environmental performance of virgin aggregate concrete, recycled aggregate concrete, and CO2 concrete, all of which used the same mix design. Their results demonstrate that the environmental effect of concrete mix design differs significantly, with the global warming potential of unit volume concrete varying from almost 278 to 524 kg CO2 eq. The study concludes that cement has the greatest environmental impact, while the effects of aggregate content and type, chemical additives, and carbon-conditioning treatment of recycled aggregate on the outcomes are minimal.



Multi-criteria life cycle assessment (MCLCA) is an evaluation framework that goes beyond traditional life cycle assessment (LCA) by considering multiple environmental, social, and economic criteria simultaneously [27]. It provides a comprehensive and holistic approach to assess the sustainability of products, processes, or systems throughout their life cycle. In MCLCA, various impact categories are considered, such as greenhouse gas emissions, energy consumption, water usage, human health impacts, and social equity. By incorporating multiple criteria, MCLCA allows decision-makers to gain a more complete understanding of the trade-offs and synergies between different sustainability dimensions [28]. This approach facilitates the identification of possible environmental and social problem areas, as well as offers valuable perspectives on how to mitigate such impacts. MCLCA provides a robust framework for decision-making, aiding stakeholders in making informed choices towards more sustainable alternatives and promoting a balanced consideration of environmental, social, and economic factors.



Shmlls et al. [29] carried out an extensive assessment of the life cycle and multi-criteria analysis to evaluate the closed-loop recycling of concrete. A comprehensive framework was developed, considering six key performance indicators across technical (e.g., compressive strength at different ages), environmental (e.g., human health, ecosystem quality, climate change, resources), and economic (e.g., costs) aspects. The framework was then analyzed using three multi-criteria decision-making methods: TOPSIS, VIKOR, and EDAS. The findings of this study highlight the simplicity and efficiency of these decision-making techniques, as they required minimal time and effort while providing valuable insights to select the most suitable concrete mixtures.



In order to enhance the precision and reliability of life cycle sustainability assessments, it is recommended that future research endeavors focus on acquiring more detailed and precise data. Recognizing the inherent uncertainty associated with data collection, efforts should be made to gather comprehensive and reliable information. Additionally, to achieve a more comprehensive analysis, it would be advantageous to incorporate additional components of the buildings into the assessment. This would involve considering the entire life cycle of the building, including its construction, operation, maintenance, and end-of-life phases. By expanding the scope of analysis to include a broader range of components, such as building materials, energy systems, water management, and waste management, a more accurate and comprehensive understanding of the sustainability performance of buildings can be achieved. This would enable decision-makers to make more informed choices and implement effective strategies for sustainable building practices [30,31].



Previous studies in the literature have evaluated the significance of mix design parameters; however, they have not provided a clear understanding of which mix design parameters affect the environmental impacts of reinforced concrete structures, nor how they affect them. Thus, the novelty of this research is to comprehensively review the mix design parameters that influence the life-cycle environmental impacts of reinforced concrete structures. The objective of this study is to gain a deeper understanding of how mix design factors affect a building’s ecological performance and to enhance design factors that promote environmentally conscious design solutions. In order to achieve this goal, the article is organized as follows: Section 2 explains the methodology for analyzing the environmental effects of a product or service, Section 3 suggests a model description, and Section 4 provides information on the design factors that impact a building’s carbon emissions. The article concludes in Section 5.




2. Methodology


2.1. LCA Method


LCA is a technique that evaluates the ecological consequences of a commodity or amenity throughout its entire life, from the collection of raw materials to its disposal at the end of its life span, as stated in references [32,33,34,35]. LCA examines every phase of a product’s life cycle, including the procurement of raw materials, the manufacturing process, transportation, utilization, and the methods used to dispose of it when it reaches the end of its life. The aim of LCA is to identify potential environmental impacts and provide a holistic understanding of the environmental footprint of a product or service. LCA can be used to support decision-making in various areas, such as product design, material selection, and waste management [36].



The LCA methodology consists of four stages: goal and scope definition, inventory analysis, impact assessment, and interpretation [37]. In the first stage, the goal and scope of the study are defined, including the system boundaries, functional units, and data requirements. In the inventory analysis stage, data are collected on the inputs and outputs of each stage of the product life cycle. The impact assessment stage evaluates the potential environmental impacts of the product or service based on the data collected in the previous stage. Finally, in the interpretation stage, the results of the study are analyzed, and conclusions are drawn. LCA provides a useful method for assessing the environmental sustainability of services and products and identifying opportunities for improvement.



There are three main types of LCA: the cradle-to-grave LCA, the cradle-to-gate LCA, and the gate-to-gate LCA. The cradle-to-grave LCA looks at the entire life cycle of a product, from the extraction of raw materials to its disposal, and evaluates its environmental impact at every stage. The cradle-to-gate LCA, on the other hand, only considers the environmental impact of a product up until it leaves the factory gate. This type of LCA is useful for assessing the environmental impact of manufacturing processes. Finally, the gate-to-gate LCA only evaluates the environmental impact of a single stage in the life cycle of a product, such as transportation or energy production.



Data quality and uncertainty play a crucial role in conducting a reliable and accurate LCA. Ensuring high-quality data is essential to obtain trustworthy results and make informed decisions. In LCA, data quality refers to the reliability, representativeness, completeness, and precision of the collected data. It involves carefully selecting data sources, ensuring their relevance to the assessed system, and verifying their accuracy. Additionally, data should be representative of the specific geographic location, time period, and technology considered in the assessment. Uncertainty is an inherent aspect of LCA due to various factors, including data limitations, assumptions made during the analysis, and inherent variability in environmental impacts.




2.2. Carbon Footprint Analysis (CFA)


CFA is a process of quantifying the amount of GHGs emitted by an individual, organization, or activity over a specified period [38]. It is a useful method for understanding and managing the environmental impact of a particular product or service. The CFA takes into account every step of the product’s existence, which encompasses the gathering of raw materials, production, transportation, utilization, and elimination [39]. The carbon footprint is measured in CO2 equivalents, which represents the amount of carbon dioxide released into the atmosphere that would have the same warming effect as other GHGs, such as nitrous oxide and methane.



CFA is essential in the context of climate change, as it allows individuals and organizations to identify areas of high emissions and prioritize efforts to reduce them. For instance, a business may identify transportation as the biggest source of emissions and work to promote carpooling or switch to more fuel-efficient vehicles. A product manufacturer may prioritize using renewable energy in their manufacturing process or sourcing materials from sustainable sources. By reducing the carbon footprint, individuals and organizations can mitigate their impact on the environment, contribute to the global effort to combat climate change, and potentially save money through increased efficiency and reduced energy consumption [40,41].



Therefore, CFA is a useful method for measuring and managing the environmental impact of products, services, and activities. It provides insight into areas of high emissions, enabling individuals and organizations to prioritize efforts to reduce their carbon footprint, mitigate their impact on the environment, and contribute to global efforts to combat climate change.





3. Model Description


Three four-story reinforced concrete frames that are similar in geometry were designed to analyze how mix design parameters affect the carbon footprint of such structures. All of these frames have a floor height of 3.2 m and use an ordinary moment frame for lateral force resistance. Figure 1 illustrates a 3D view of the structure containing the dimensions of the spans and the levels of the floors.



Three 28-day compressive strength levels of concrete, namely 20, 30, and 40 MPa, were taken into account for the design of the structures. Additionally, the longitudinal rebars specified for reinforcing the concrete elements have a tensile strength of 400 MPa at the yield level. The yield stress of transverse reinforcements was also considered to be 340 MPa. The concrete mixture formulations employed are grounded on the ACI 211-09 standard [42], with the corresponding variables being presented in Table 1.



To incorporate the dead load of the floors, specifically accounting for the joist beam and block roof, a load of 6.70 kN/m2 was considered for the roof and a load of 5.35 kN/m2 for the other stories. Additionally, a partition load of 1.00 kN/m2 was uniformly distributed on the floors, excluding the roof. The linear dead load of the walls, which ranged from 5.35 kN/m to 7.00 kN/m, was also factored in, depending on their respective position with respect to the floors [43]. Moreover, to account for the live load, values of 1.50 kN/m2 and 2.00 kN/m2 were taken into consideration for the roof and other floors, respectively. These structures located in seismic site class II within the city of Tehran were subjected to seismic excitation as the most effective lateral load by means of a static load equivalent to an earthquake coefficient of 0.207 in conformity with Iranian Standard 2800 [44].



The structures have been optimally designed using ETABS software compatible with the Iranian regulations for the design of reinforced concrete structures [45]. According to the designed concrete frames with three different compressive strengths of 20, 30, and 40 MPa, the corresponding amounts of concrete and rebar required for each of them were accurately determined and presented in Table 2. Furthermore, the mass of the concrete blocks comprising the floors was taken into account for LCA and CFA processes as the components of the structural system.



As depicted in Figure 2, the system boundaries of this study for concrete production and structure production are limited to the cradle-to-gate and gate-to-gate phases, respectively. Concrete production includes extraction and production of raw materials, while the life cycle stages for the production of reinforced concrete structures are the production of the concrete and rebar, in addition to the on-site transportation, which is mentioned in Table 2. It should be noted that only building frames are taken into consideration, while the impacts of masonry and architectural components such as walls, partitions, façade, and floor ceramic are not considered, as they are similar for all three structures.




4. Results and Discussion


In this section, the environmental impacts of concrete with three different mixing designs are examined. Subsequently, the impact of these mixing designs on the LCA of the structures is evaluated. All of the assessments were carried out utilizing SimaPro 9.0.0.48 software developed by PRé Consultants and relied on the Ecoinvent v. 3.5 databases for Life Cycle Inventory (LCI). In this regard, two distinct methodologies were employed, namely IMPACT 2002+ and CML baseline 2000.



4.1. The Environmental Impacts of the Concrete Mix Design Parameters


Table 3 presents the results of the LCA conducted on 1 m3 of concrete with compressive strengths of 20, 30, and 40 MPa, using two different methods: IMPACT 2002+ and CML baseline 2000. The results reveal that cement consumption has a significant influence on all environmental indicators of concrete. For instance, an increase in cement usage in C40 concrete compared to C20 concrete is associated with respective increases of 43.73%, 56.37%, and 41.31% in human health, climate change, and human toxicity indicators. Similarly, the corresponding increased values for C30 concrete compared to C20 concrete are 19.00%, 24.47%, and 17.99%, respectively. Additionally, the results indicate good compatibility between the carbon footprint calculated using two criteria, IMPACT 2002+ (climate change) and CML baseline 2000 (global warming), with a difference not exceeding 1.18% for concrete with different mixing designs.



The term “strength per unit impact” for concrete refers to the measure of compressive strength achieved by the concrete relative to its environmental impact. It quantifies the strength performance of the concrete in relation to the resources consumed, energy expended, and emissions generated during its life cycle. Table 4 presents the strength per unit impacts of different mix designs.



Figure 3 illustrates the share of concrete constituents in different mixing designs based on two methods, IMPACT 2002+ and CML baseline 2000. Cement is found to be the primary contributor to the environmental impacts in all indicators of these two methods, constituting approximately 90% of the carbon footprint. Following cement, sand, gravel, and admixtures have the greatest impact on the LCA results. For instance, in terms of the human health category, the share of cement, sand, gravel, and admixtures in C20 concrete is 69.98%, 19.91%, 9.01%, and 1.04%, respectively. It is noteworthy that water usage in concrete has a negligible effect on LCA indicators. Moreover, although the amount of sand used remained constant in the presented mixing design, an increase in cement content led to a decrease in the contribution of sand to the environmental effects.




4.2. The Environmental Impacts of Structures for Different Concrete Mix Designs


Increasing the compressive strength of concrete enables a reduction in cross-sectional areas, leading to lighter structures. However, this reduction in raw material usage is accompanied by an increase in the proportion of energy-intensive constituents. In this section, the environmental effects of three buildings designed using the mixing design described in the previous section are examined. The LCA results for a one-square meter structure with three compressive strengths of 20, 30, and 40 MPa are presented in Table 5. Two methods, namely IMPACT 2002+ and CML baseline 2000, are used to conduct the assessment. The results indicate that the compressive strength of concrete has a significant impact on all environmental indicators. As the compressive strength of concrete increases from 20 to 40 MPa, the associated environmental indicators for human health, climate change, and human toxicity increase by 12.58%, 19.49%, and 20.38%, respectively. For example, the building constructed with C30 concrete exhibited increases of 3.54%, 6.60%, and 8.14% for human health, climate change, and human toxicity indicators compared to the building constructed with C20 concrete.



The analysis also reveals good compatibility between the amount of carbon footprint calculated based on two criteria: IMPACT 2002+ (climate change) and CML baseline 2000 (global warming). The difference between these two methods for concrete with different mixing plans is less than 2.01%.



Figure 4 presents the share of building structure components under different mix designs, evaluated by the IMPACT 2002+ and CML baseline 2000 methods.



Concrete is a significant contributor to environmental effects, constituting over 50% of all indicators in these two methods, except for resources and acidification. Notably, the carbon footprint index reveals that the 20 MPa concrete building has a share of approximately 51%, while the building with 40 MPa concrete has a share of about 64%. Meanwhile, the environmental impact of the used rebars outweighs that of other building structure components in the resources and acidification indices. However, the significance of this impact decreases as the compressive strength of concrete in the building increases, reducing the need for rebar. Furthermore, transportation plays an insignificant role in all indicators, except for ecosystem quality, where it has a share of approximately 11% among environmental factors.





5. Concluding Remarks


This study investigates the impact of mix design parameters on the environmental impacts of reinforced concrete buildings. The scope of this study is restricted to the cradle-to-gate phase. This encompasses the extraction and manufacture of raw materials used in concrete production, as well as the manufacturing of concrete and rebar and the transportation of these materials to the construction site for reinforced concrete structures. The study uses two methods, IMPACT 2002+ and CML baseline 2000, to conduct LCA analyses. For this purpose, three compressive strengths of concrete ranging from 20 to 40 MPa in increments of 10 MPa are considered. The mix designs used are based on ACI 211-09. The results show that cement is the primary contributor to the environmental impacts in all indicators of these two methods, constituting approximately 90% of the carbon footprint. Following cement, sand, gravel, and admixtures have the greatest impact on the LCA results. The results indicate that an increase in cement usage is associated with an increase in human health and human toxicity indicators. The study also found good compatibility between the carbon footprint calculated using two criteria, IMPACT 2002+ (climate change) and CML baseline 2000 (global warming), with a difference not exceeding 1.18% for concrete with different mixing designs.



To analyze how mix design parameters affect the carbon footprint of such structures, three four-story reinforced concrete buildings were designed. These buildings have a floor height of 3.2 m and use an ordinary moment frame for lateral force resistance. While increasing the compressive strength of concrete can lead to lighter structures, it also results in an increase in energy-intensive materials, which can have negative environmental effects. The study examined the environmental impact of three buildings constructed using different strengths of concrete. The results show that the compressive strength of concrete had a significant impact on environmental indicators, including human health, climate change, and human toxicity. As the compressive strength increased, so did the associated environmental impacts.



Concrete is a significant contributor to environmental effects, comprising over 50% of all indicators in the methods used to assess environmental impacts. The carbon footprint of a building constructed with 20 MPa concrete had a share of approximately 51%, while the building with 40 MPa concrete had a share of about 64%. The impact of steel used in building structures outweighed that of other components in the resources and acidification indices, although its significance decreased with the increasing compressive strength of concrete, which reduced the need for rebar.



Transportation played a minor role in all indicators, except for ecosystem quality, where it had a share of approximately 11% among environmental factors. The analysis also revealed good compatibility between the amount of carbon footprint calculated based on two methods: IMPACT 2002+ (climate change) and CML baseline 2000 (global warming). Overall, the study highlights the importance of considering the environmental impact of building materials, particularly concrete, in construction projects.



While it is true that concrete with higher compressive strength typically results in increased environmental impacts due to the higher cement content needed, it is crucial to consider the broader context. Buildings constructed with higher compressive strength often require smaller amounts of concrete, which can help mitigate some environmental concerns. However, it is worth noting that the energy-intensive processes involved in achieving higher compressive strength contribute to elevated carbon emissions. As a result, buildings with higher compressive strength can indeed have greater overall environmental impacts when compared to those with lower compressive strength.







Author Contributions


Conceptualization, H.M. and N.F.C.; methodology, H.M.; software, H.M., N.F.C. and M.A.R.; validation, H.M., M.A.R. and B.B.; formal analysis, H.M.; investigation, H.M.; resources, B.B. and P.L.; data curation, B.B. and P.L.; writing—original draft preparation, H.M. and N.F.C.; writing—review and editing, B.B. and P.L.; visualization, H.M., N.F.C. and M.A.R.; supervision, B.B. and P.L.; project administration, P.L.; funding acquisition, P.L. All authors have read and agreed to the published version of the manuscript.




Funding


The research was sponsored by personal funds.




Data Availability Statement


Not applicable.




Acknowledgments


The authors express their gratitude for the financial assistance provided by the VŠB-Technical University of Ostrava, which was made possible through the Czech Ministry of Education, Youth, and Sports. This support was provided as institutional aid to facilitate the conceptual development of science, research, and innovation in 2023.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Goglio, P.; Williams, A.G.; Balta-Ozkan, N.; Harris, N.R.P.; Williamson, P.; Huisingh, D.; Zhang, Z.; Tavoni, M. Advances and challenges of life cycle assessment (LCA) of greenhouse gas removal technologies to fight climate changes. J. Clean. Prod. 2020, 244, 118896. [Google Scholar] [CrossRef]

	



Sandanayake, M.; Lokuge, W.; Zhang, G.; Setunge, S.; Thushar, Q. Greenhouse gas emissions during timber and concrete building construction—A scenario based comparative case study. Sustain. Cities Soc. 2018, 38, 91–97. [Google Scholar] [CrossRef]

	



Colangelo, F.; Navarro, T.G.; Farina, I.; Petrillo, A. Comparative LCA of concrete with recycled aggregates: A circular economy mindset in Europe. Int. J. Life Cycle Assess. 2020, 25, 1790–1804. [Google Scholar] [CrossRef]

	



Manjunatha, M.; Preethi, S.; Mounika, H.G.; Niveditha, K.N. Life cycle assessment (LCA) of concrete prepared with sustainable cement-based materials. Mater. Today Proc. 2021, 47, 3637–3644. [Google Scholar] [CrossRef]

	



Gan, V.J.L.; Deng, M.; Tse, K.T.; Chan, C.M.; Lo, I.M.C.; Cheng, J.C.P. Holistic BIM framework for sustainable low carbon design of high-rise buildings. J. Clean. Prod. 2018, 195, 1091–1104. [Google Scholar] [CrossRef]

	



Cavalliere, C.; Habert, G.; Dell’Osso, G.R.; Hollberg, A. Continuous BIM-based assessment of embodied environmental impacts throughout the design process. J. Clean. Prod. 2019, 211, 941–952. [Google Scholar] [CrossRef]

	



Heydari, P.; Mostofinejad, D.; Mostafaei, H.; Ahmadi, H. Strengthening of deep RC coupling beams with FRP composites: A numerical study. Structures 2023, 51, 435–454. [Google Scholar] [CrossRef]

	



Mostafaei, H.; Mousavi, H.; Barmchi, M.A. Finite Element Analysis of Structures by ABAQUS: For Civil Engineers; Simay-e-Danesh Publication: Tehran, Iran, 2023. [Google Scholar]

	



Mostafaei, H.; Mostofinejad, D.; Ghamami, M.; Wu, C. A new approach of ensemble learning in fully automated identification of structural modal parameters of concrete gravity dams: A case study of the Koyna dam. Structures 2023, 50, 255–271. [Google Scholar] [CrossRef]

	



GlobalAbc—Global Alliance for Buildings and Construction; International Energy Agency and United Nations Environment Programme. In 2019 Global Status Report for Buildings and Construction: Towards a Zero-Emissions, Efficient and Resilient Buildings and Construction Sector; UN Environment Programme: Nairobi, Kenya, 2019.

	



Taffese, W.Z.; Abegaz, K.A. Embodied Energy and CO2 Emissions of Widely Used Building Materials: The Ethiopian Context. Buildings 2019, 9, 136. [Google Scholar] [CrossRef]

	



Mostafaei, H.; Behnamfar, F.; Kelishadi, M.; Aghababaie, M. The effects of friction coefficient on the nonlinear behavior of an arch dam with jointed foundation. Numer. Methods Civ. Eng. 2021, 5, 36–45. [Google Scholar] [CrossRef]

	



Mostafaei, H.; Behnamfar, F. Wedge Movement Effects on the Nonlinear Behavior of an Arch Dam Subjected to Seismic Loading. Int. J. Geomech. 2022, 22, 04021289. [Google Scholar] [CrossRef]

	



Colangelo, F.; Forcina, A.; Farina, I.; Petrillo, A. Life cycle assessment (LCA) of Different Kinds of Concrete Containing Waste for Sustainable Construction. Buildings 2018, 8, 70. [Google Scholar] [CrossRef]

	



Hossein, A.H.; AzariJafari, H.; Khoshnazar, R. The role of performance metrics in comparative LCA of concrete mixtures incorporating solid wastes: A critical review and guideline proposal. Waste Manag. 2022, 140, 40–54. [Google Scholar] [CrossRef]

	



Pushkar, S. Life-Cycle Assessment of the Substitution of Sand with Coal Bottom Ash in Concrete: Two Concrete Design Methods. Appl. Sci. 2019, 9, 3620. [Google Scholar] [CrossRef]

	



Huntzinger, D.N.; Eatmon, T.D. A life-cycle assessment of Portland cement manufacturing: Comparing the traditional process with alternative technologies. J. Clean. Prod. 2009, 17, 668–675. [Google Scholar] [CrossRef]

	



Van den Heede, P.; De Belie, N. Environmental impact and life cycle assessment (LCA) of traditional and ‘green’concretes: Literature review and theoretical calculations. Cem. Concr. Compos. 2012, 34, 431–442. [Google Scholar] [CrossRef]

	



Habert, G.; Arribe, D.; Dehove, T.; Espinasse, L.; Le Roy, R. Reducing environmental impact by increasing the strength of concrete: Quantification of the improvement to concrete bridges. J. Clean. Prod. 2012, 35, 250–262. [Google Scholar] [CrossRef]

	



Liu, C.; Ahn, C.R.; An, X.; Lee, S. Life-cycle assessment of concrete dam construction: Comparison of environmental impact of rock-filled and conventional concrete. J. Constr. Eng. Manag. 2013, 139, A4013009. [Google Scholar] [CrossRef]

	



Faleschini, F.; De Marzi, P.; Pellegrino, C. Recycled concrete containing EAF slag: Environmental assessment through LCA. Eur. J. Environ. Civ. Eng. 2014, 18, 1009–1024. [Google Scholar] [CrossRef]

	



Celik, K.; Meral, C.; Gursel, A.P.; Mehta, P.K.; Horvath, A.; Monteiro, P.J.M. Mechanical properties, durability, and life-cycle assessment of self-consolidating concrete mixtures made with blended portland cements containing fly ash and limestone powder. Cem. Concr. Compos. 2015, 56, 59–72. [Google Scholar] [CrossRef]

	



Tait, M.W.; Cheung, W.M. A comparative cradle-to-gate life cycle assessment of three concrete mix designs. Int. J. Life Cycle Assess. 2016, 21, 847–860. [Google Scholar] [CrossRef]

	



Roh, S.; Kim, R.; Park, W.-J.; Ban, H. Environmental Evaluation of Concrete Containing Recycled and By-Product Aggregates Based on Life Cycle Assessment. Appl. Sci. 2020, 10, 7503. [Google Scholar] [CrossRef]

	



Asadollahfardi, G.; Katebi, A.; Taherian, P.; Panahandeh, A. Environmental life cycle assessment of concrete with different mixed designs. Int. J. Constr. Manag. 2021, 21, 665–676. [Google Scholar] [CrossRef]

	



Xing, W.; Tam, V.W.Y.; Le, K.N.; Butera, A.; Hao, J.L.; Wang, J. Effects of mix design and functional unit on life cycle assessment of recycled aggregate concrete: Evidence from CO2 concrete. Constr. Build. Mater. 2022, 348, 128712. [Google Scholar] [CrossRef]

	



Raugei, M.; Bargigli, S.; Ulgiati, S. A multi-criteria life cycle assessment of molten carbonate fuel cells (MCFC)—A comparison to natural gas turbines. Int. J. Hydrogen Energy 2005, 30, 123–130. [Google Scholar] [CrossRef]

	



Pérez-López, P.; Gschwind, B.; Blanc, P.; Frischknecht, R.; Stolz, P.; Durand, Y.; Heath, G.; Ménard, L.; Blanc, I. ENVI-PV: An interactive Web Client for multi-criteria life cycle assessment of photovoltaic systems worldwide. Prog. Photovolt. Res. Appl. 2017, 25, 484–498. [Google Scholar] [CrossRef]

	



Shmlls, M.; Abed, M.; Fořt, J.; Horvath, T.; Bozsaky, D. Towards closed-loop concrete recycling: Life cycle assessment and multi-criteria analysis. J. Clean. Prod. 2023, 410, 137179. [Google Scholar] [CrossRef]

	



Mostafaei, H.; Behnamfar, F.; Alembagheri, M. Reliability and sensitivity analysis of wedge stability in the abutments of an arch dam using artificial neural network. Earthq. Eng. Eng. Vib. 2022, 21, 1019–1033. [Google Scholar] [CrossRef]

	



Mostafaei, H.; Keshavarz, Z.; Rostampour, M.A.; Mostofinejad, D.; Wu, C. Sustainability Evaluation of a Concrete Gravity Dam: Life Cycle Assessment, Carbon Footprint Analysis, and Life Cycle Costing. Structures 2023, 53, 279–295. [Google Scholar] [CrossRef]

	



Delnavaz, M.; Sahraei, A.; Delnavaz, A.; Farokhzad, R.; Amiri, S.; Bozorgmehrnia, S. Production of concrete using reclaimed water from a ready-mix concrete batching plant: Life cycle assessment (LCA), mechanical and durability properties. J. Build. Eng. 2022, 45, 103560. [Google Scholar] [CrossRef]

	



Raposo, C.; Rodrigues, F.; Rodrigues, H. BIM-based LCA assessment of seismic strengthening solutions for reinforced concrete precast industrial buildings. Innov. Infrastruct. Solut. 2019, 4, 51. [Google Scholar] [CrossRef]

	



Václavík, V.; Ondová, M.; Dvorský, T.; Eštoková, A.; Fabiánová, M.; Gola, L. Sustainability Potential Evaluation of Concrete with Steel Slag Aggregates by the LCA Method. Sustainability 2020, 12, 9873. [Google Scholar] [CrossRef]

	



Monteiro, N.B.R.; Neto, J.M.M.; da Silva, E.A. Environmental assessment in concrete industries. J. Clean. Prod. 2021, 327, 129516. [Google Scholar] [CrossRef]

	



Angelo, A.C.M.; Saraiva, A.B.; Clímaco, J.C.N.; Infante, C.E.; Valle, R. Life Cycle Assessment and Multi-criteria Decision Analysis: Selection of a strategy for domestic food waste management in Rio de Janeiro. J. Clean. Prod. 2017, 143, 744–756. [Google Scholar] [CrossRef]

	



Cheng, B.; Li, J.; Tam, V.W.Y.; Yang, M.; Chen, D. A BIM-LCA Approach for Estimating the Greenhouse Gas Emissions of Large-scale Public Buildings: A Case Study. Sustainability 2020, 12, 685. [Google Scholar] [CrossRef]

	



Li, X.-J.; Zheng, Y.-d. Using LCA to research carbon footprint for precast concrete piles during the building construction stage: A China study. J. Clean. Prod. 2020, 245, 118754. [Google Scholar] [CrossRef]

	



Trovato, M.R.; Nocera, F.; Giuffrida, S. Life-Cycle Assessment and Monetary Measurements for the Carbon Footprint Reduction of Public Buildings. Sustainability 2020, 12, 3460. [Google Scholar] [CrossRef]

	



Schwartz, Y.; Raslan, R.; Mumovic, D. The life cycle carbon footprint of refurbished and new buildings—A systematic review of case studies. Renew. Sustain. Energy Rev. 2018, 81, 231–241. [Google Scholar] [CrossRef]

	



Huang, W.; Li, F.; Cui, S.-h.; Huang, L.; Lin, J.-y. Carbon footprint and carbon emission reduction of urban buildings: A case in Xiamen City, China. Procedia Eng. 2017, 198, 1007–1017. [Google Scholar] [CrossRef]

	



ACI 211.1-91; Standard Practice for Selecting Proportions for Normal, Heavyweight, and Mass Concrete (Reapproved 2009). American Concrete Institute: Farming Hills, MI, USA, 2009.

	



Rostampour, M.A. Calculations of the Building Dead Loads based on the Various Construction Details; Simaye Danesh Publication: Tehran, Iran, 2023. [Google Scholar]

	



The Iranian Standard No. 2800; Iranian Code of Practice for Seismic Resistance Design of Buildings. Iran National Standards Organization (INSO): Industrial City, Iran, 2015.

	



Ministry of Roads and Urban Development. Design of Reinforced Concrete Structures; Ministry of Roads and Urban Development: Tehran, Iran, 2020; Chapter 9.








[image: Buildings 13 01313 g001 550] 





Figure 1. A 3D schematic view of the structures (dimensions are in meters). 
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Figure 2. The considered system boundaries for the conducted LCA of (a) concrete production (1 m3), (b) structure production. 
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Figure 3. LCA results for different concrete mix design parameters based on the (a) IMPACT 2002+, (b) CML baseline 2000. 
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Figure 4. LCA results for different structures according to the (a) IMPACT 2002+, (b) CML baseline 2000. 
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Table 1. The concrete mix designs based on the ACI 211-09 standard.
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	Concrete ID
	28-Day Compressive Strength (MPa)
	Cement (kg/m3)
	Sand (kg/m3)
	Gravel (kg/m3)
	W/C Ratio
	Superplasticizer (kg/m3)





	C20
	20
	259
	799
	1146
	0.69
	1.4



	C30
	30
	331
	739
	1146
	0.54
	1.7



	C40
	40
	425
	660
	1146
	0.42
	2.0
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Table 2. The components and procedures employed in each structure’s construction.
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	Concrete ID
	Concrete (m3)
	Concrete Block (ton)
	Rebars (ton)
	Transportation (ton.km)





	C20
	320
	67
	38.72
	31,796



	C30
	311
	67
	35.08
	30,111



	C40
	304
	67
	33.95
	29,348
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Table 3. Total environmental damage impacts for different concrete mix designs.
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Method

	

	
Unit of Measurement

	
C20

	
C30

	
C40






	
IMPACT 2002+

	
Human health

	
DALY

	
0.000133

	
0.000158

	
0.000191




	
Ecosystem quality

	
PDF.m2.yr

	
42.129

	
49.750

	
59.662




	
Climate change

	
kg CO2 eq.

	
267.193

	
332.572

	
417.819




	
Resources

	
MJ primary

	
1524.054

	
1810.962

	
2183.168




	
CML baseline 2000

	
Acidification

	
kg SO2 eq.

	
0.66281

	
0.79334

	
0.96335




	
Eutrophication

	
kg PO4 eq.

	
0.17710

	
0.21087

	
0.25482




	
Global warming

	
kg CO2 eq.

	
270.366

	
336.409

	
422.518




	
Human toxicity

	
kg 1,4 DB eq.

	
68.473

	
80.793

	
96.761
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Table 4. Strength per unit impact for different concrete mix designs.
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Method

	

	
C20

	
C30

	
C40






	
IMPACT 2002+

	
Human health

	
150,375.9

	
189,873.4

	
209,424.1




	
Ecosystem quality

	
0.475

	
0.603

	
0.670




	
Climate change

	
0.075

	
0.090

	
0.096




	
Resources

	
0.013

	
0.017

	
0.018




	
CML baseline 2000

	
Acidification

	
30.2

	
37.8

	
41.5




	
Eutrophication

	
112.9

	
142.3

	
157.0




	
Global warming

	
0.074

	
0.089

	
0.095




	
Human toxicity

	
0.292

	
0.371

	
0.413
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Table 5. Total environmental damage impacts for one square meter of the different buildings designed by concrete mix designs.
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Method

	

	
Unit of Measurement

	
C20

	
C30

	
C40






	
IMPACT 2002+

	
Human health

	
DALY

	
0.000063

	
0.000066

	
0.000071




	
Ecosystem quality

	
PDF.m2.yr

	
16.194

	
17.287

	
19.128




	
Climate change

	
kg CO2 eq.

	
123.190

	
131.326

	
147.194




	
Resources

	
MJ primary

	
1085.988

	
1078.720

	
1133.345




	
CML baseline 2000

	
Acidification

	
kg SO2 eq.

	
0.41500

	
0.41793

	
0.44504




	
Eutrophication

	
kg PO4 eq.

	
0.06412

	
0.06925

	
0.07759




	
Global warming

	
kg CO2 eq.

	
125.672

	
133.784

	
149.778




	
Human toxicity

	
kg 1,4 DB eq.

	
25.032

	
27.070

	
30.132
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