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Abstract

:

Concrete is one of the most used building materials globally, leading to a large amount of greenhouse gas (GHG) emissions. Using supplementary cementitious materials (SCM) as replacements for cement in concrete provides an effective way to reduce GHG emissions. However, quantifying the construction performance of using SCM concrete is hard because of complex interactions between concrete’s mechanical properties and construction characteristics, like local energy supply, surrounding temperature and construction plans, which leads to only the fragmental performance of using SCM concrete being explored in previous studies. There still lacks an effective way to quantify the comprehensive performance and provide decision support for contractors about how to use SCM concrete. To deal with the gap, this research proposes a Collection–Simulation–Calculation–Decision (CSCD) method to analyze the complex interactions between concrete and construction, and to quantify the performance of the supply chain–construction when using SCM. A case study is also conducted to demonstrate the effectiveness of the proposed method. The results show that the proposed method is effective in quantifying the performance of using SCM concrete in construction and providing decision support for construction decision makers. A scenario analysis is also conducted to demonstrate the effectiveness of the proposed method in different project characteristics, including the global warming potential (GWP) factors for different construction sites, seasonal temperature changes and different construction plans. The proposed method is an effective tool to quantify the construction performance of using SCM concrete considering complex interactions between concrete mechanical properties and construction characteristics. The results of the research can assist construction decision makers to make decisions about using SCM concrete by comprehensively understanding the impacts shifting along the concrete supply chain and construction.
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1. Introduction


Urbanization and growth of the urban population over the past 70 years all over the world have increased the consumption of concrete rapidly [1,2]. Large amounts of concrete consumption have also led to an enormous quantity of greenhouse gas (GHG) emissions [3,4]. Among the materials of concrete, Portland cement is the one creating the most environmental burden, which accounts for 5~7% of the CO2 emissions all over the world [5,6]. According to Bianco et al. [7], about 4.1 billion tons of Portland cement are produced annually worldwide. Using supplementary cementitious materials (SCM) to replace Portland cement in concrete has proven to be an effective way to reduce GHG emissions connected to concrete. Many studies have analyzed and proved the environmental protection effect of using SCM concrete in the concrete supply chain. For example, Yang et al. conducted a life cycle assessment (LCA) on multiple types of SCM concrete in terms of CO2 emissions from cradle to preconstruction [8]. Göswein et al. analyzed the environmental impact of SCM concrete at the transportation stage [9].



However, although many studies have analyzed the impact of the concrete supply chain, very few studies have focused on the shifting impact along the concrete supply chain and throughout construction. A review conducted by Samad and Shah [10] revealed that many studies have analyzed the environmental impact of concrete production and transportation, but they have missed the environmental impact of construction. The construction performance of using SCM concrete is hard to quantify because of complex interactions between concrete mechanical properties and construction characteristics. Generally, the concrete with SCM like fly ash or ground granulated blast furnace slag has slower strength development than the ordinary Portland cement concrete [11,12], which leads to a longer time curing concrete, and therefore affects construction activity arrangements and construction performance like duration and cost. In addition, the strength development is affected by not only concrete itself but also construction plans (like when to pour and cure concrete, and what curing measures are used), and local conditions of construction sites (like local energy supply and surrounding temperature). Only fragmental performance of using SCM concrete has been explored in previous studies, and there still lacks an effective way to quantify the comprehensive performance of, and how to provide decision support for contractors about how to use, SCM concrete. For contractors, the construction and supply chain performances are both important. Considering only fragments of the supply chain or construction performances will lead to an inferior selection of concrete. In summary, there still lacks an effective way to quantify the comprehensive performance and provide decision support for contractors about how to use SCM concrete.



This study aims to provide an effective way to quantify the construction performance of using SCM concrete, considering complex interactions between concrete mechanical properties and construction characteristics, and analyzes the impacts shifting along the concrete supply chain and construction when using SCM concrete. A Collection–Simulation–Calculation–Decision (CSCD) method is proposed to analyze the interactions between supply chain and construction of concrete with SCM, and to provide decision support for contractors about the most suitable concrete types for projects considering the benefits and loss of concrete with SCM in both supply chain and construction phases. The CSCD method combines the maturity data and temperature histories of concrete with SCM and the project-based construction simulation to predict the effect of concrete with SCM on the curing concrete process in construction. Then, the effect on the curing process is combined with the cradle-to-gate performance of concrete with SCM to calculate the total construction objectives and select the best concrete types. A case study is conducted to demonstrate such interactions between supply chain and construction. This paper also conducts a sensitivity analysis under different weather conditions and locations to discuss the decisions of concrete types in different projects.




2. Background


Ordinary Portland cement (OPC) accounts for the majority of the GHG emissions caused by concrete production [13,14,15]. According to data from Our World in Data [16], ten countries and regions with high annual GHG emissions from cement for 2022 exist (as shown in Figure 1). All these ten countries and regions have produced over 20 million tons annually of GHG emissions. Among them, China, India, Europe, and Africa produce obviously larger amounts of annual GHG emissions from cement (more than 50 million tons), especially China, which produces over 750 million tons annually of GHG emissions from cement.



To reduce the environmental burden during concrete production, replacing cement with SCM has proven to be an effective way, especially when SCM are industrial by-products, like fly ash (FA, a by-product from coal combustion) or ground granulated blast furnace slag (GGBS, a by-product from steel refining) [17,18]. From the perspective of circular economy, recycling and reusing these industrial by-product SCM in the concrete supply chain has significant improvement on environmental performance because it can not only use SCM to replace the ordinary Portland cement (OPC) with high GHG emissions during production, but also save energy and effort to deal with the industrial by-products [4,19,20]. These benefits of using SCM in the concrete supply chain have been explored by many studies. For example, Juenger and Siddique summarized the benefit of SCM concrete, and pointed out that a lower production cost can be achieved by implementing SCM concrete [21]. Miller compared different levels of replacement of cement with SCM and revealed that appropriate SCM replacement can significantly lower the CO2 emissions of concrete production [17]. Chen et al. tested mass and economic allocation on SCM and found that the environmental performance of concrete production was improved under either allocation method [22]. The above studies proved that there were some environmental benefits to the concrete supply chain by using SCM concrete.



Despite many studies pointing out the significant benefit of SCM concrete to GHG emissions from concrete production, several case studies revealed that SCM concrete may negatively affect construction performance. For example, Soutsos et al. compared the strength development of traditional concrete and concrete with FA and GGBS, and the results showed a significant deceleration in early strength of SCM concrete [23]. In this way, the SCM concrete needed to be cured for a longer time, leading to more curing costs and longer construction duration. Ballim and Graham pointed out that concrete with GGBS had a lower hydration heat rate, which means more heat and GHG emissions would be required when the concrete is cured in cold conditions [24]. However, these kinds of disadvantages in construction using SCM concrete have not been further transferred into the effect on construction objectives.



One gap hindering previous studies from calculating the construction objectives is the complexity of the concrete construction system. Although the mechanical properties of SCM concrete have been analyzed by some studies, like the studies listed above, these mechanical properties can only be used to analyze the effect on the curing concrete process. In the concrete construction system, construction activities, including curing concrete and other construction activities, have complex interactions with each other [25]. Analysis of curing activities alone is not enough to calculate the effect of SCM concrete on construction performances, and the complex interactions between construction activities make the calculation very hard to conduct manually.



Discrete event simulation (DES) provides an effective way to deal with the complexity of the concrete construction system [26]. DES is a computer-based technique with the ability to analyze systems whose status is changed by events that occur at a particular time instant [27]. For a DES model analyzing the concrete construction system, the triggering event is usually the end of construction activities. As the event happens, the status for the construction system, such as construction duration and resource consumption, are changed. The DES has been widely implemented in construction-related studies [28]. For example, Zhang and Li used DES and heuristic algorithm-based optimization to analyze the interactions between construction activities under resource constraints and to minimize construction duration [29]. Similarly, Li et al. combined DES and genetic algorithm optimization to compare different labor allocation plans and optimize the CO2 emissions of a construction project [30]. Feng et al. used an approach integrating DES and a particle swarm optimization algorithm to improve the construction projects’ performances in terms of environmental impact, cost, and construction duration [31]. Even though DES has the ability to analyze the complexity, DES cannot be used directly for quantifying the construction performance of SCM concrete due to its lacking the ability to predict SCM concrete strength development at construction sites. There still lacks an effective way to quantify the comprehensive performance and provide decision support for contractors about how to use SCM concrete.




3. Method


To solve the above problems, this paper proposes a Collection–Simulation–Calculation–Decision (CSCD) method to provide decision support for contractors about the selection of concrete with SCM at the planning stage of construction. CSCD combines the mechanical properties of SCM concrete and DES to quantify the supply chain and construction performances affected by using SCM concrete, and to provide decision support for contractors about how to select the type of SCM concrete. The framework of the proposed method is shown in Figure 2. There are four modules in the CSCD method: (1) The first module is the Collection module, in which the maturity data and temperature histories of concrete with SCM are collected from lab experiments or open source data as input data of analysis in the following modules; (2) In the Simulation module, the discrete event simulation technique is integrated with the collected concrete data to simulate the construction activities in the computer environment and predict the effect of concrete with SCM on the curing concrete process and other construction activities; (3) In the Calculation module, life cycle assessment (LCA) is used to quantify the effect of using SCM concrete on construction performance and, therefore, the total supply chain–construction objectives; (4) Finally, in the Decision module, all the alternative concrete types are compared to select the best of them according to the calculated total supply chain–construction objectives.



3.1. Collection


The first step of the proposed method is to collect and fit the temperature histories and maturity data of all the alternative concrete mix proportions for the project. The alternative concrete types should all fit the design requirements of the projects.



(1) Collecting temperature histories of concrete



In construction practice, the curing concrete process is affected by ambient temperature and curing measures at the construction site. To predict the temperature of concrete during the curing process at the construction site, the temperature histories of concrete needed to be collected from open source data or lab experiments using specimens with the same concrete mix proportions under similar (or the same, if possible) curing conditions. Since this analysis was conducted in the planning stage, the specific data of ambient environment (like temperature for everyday or every hour) could not be collected accurately. Therefore, the historical average local temperature for every month was used to predict the ambient temperature. There are many types of curing conditions. In this method, the concrete at the construction site was assumed to be cured under an adiabatic condition. The adiabatic condition means no heat loss from concrete to the ambient environment, which represents a situation where contractors use good insulation, and strong heaters provide enough protection for concrete. In this way, the heat loss from concrete to the ambient environment is replenished by the heat generated by heaters. For the lab experiment, temperature sensors were used to record the temperature histories of concrete under the adiabatic curing condition. The specific details of how to collect temperature histories are given in the studies of Ballim and Graham [24] and Soutsos et al. [23].



(2) Collecting strength-maturity data of concrete



Concrete strength development for a specific concrete type is determined by both time and temperature [32]. To predict the concrete strength development at construction sites, the maturity-strength data of the concrete collected from the literature or lab experiments were used [33]. According to the Standard Practice for Estimating Concrete Strength by the Maturity Method [34], the time–temperature history of concrete can be estimated according to a variable called the maturity index, as shown in Equation (1).


  M ( t ) =  ∑  ( T −  T 0  ) Δ t    



(1)







Here: M(t) (°C-hours) is the maturity index at time t; T is the average concrete temperature during time interval   Δ t  ; and T0 is the datum temperature (the minimum temperature at which cement can hydrate).



The maturity is connected to the concrete strength, and together they provide a prediction for concrete strength development at construction sites [35]. For each concrete mix proportion, the relation between strength and time–temperature history should be established in advance, as should the strength-maturity database compiled from tests of specimens in laboratory environments and construction sites [34]. The actual time–temperature history of cast-in-situ concrete should then be estimated, considering both the curing measures and weather conditions at the project site. The actual time–temperature history of concrete can then be used together with the established strength-maturity database to predict the concrete’s strength.



If the lab experiment is used to collect the strength-maturity data, the concrete specimens should be cured under a controlled temperature, normally 20 °C, to collect the temperature histories of concrete. The details of curing concrete with a controlled temperature are described in Vollpracht et al. [36]. The maturity of concrete is then calculated by using Equation (1). The compressive strengths of concrete specimens at different curing ages are tested. Regression analysis is then conducted to build the strength-maturity curves of the chosen concrete.




3.2. Simulation


In the CSCD method, a DES model is used to simulate construction activities and calculate effect of SCM concrete on the curing process. The connections among Collection, Simulation, and Calculation modules are shown in Figure 3. Data collected from the Collection module provide input for the DES model, including construction activities information, environment information at construction site, concrete temperature data, and concrete maturity-compressive strength data. The DES model is built based on the CARS model proposed by Fischer et al. [37]. The CARS model explains the necessary information that needs to be collected to build a construction simulation model, including the building components (C), the construction activities to build the components (A), the resources required for the construction activities (R), and the logical sequence interactions between construction activities (S). The construction activities in the CARS model is the key to connecting other information. A DES platform, SIMIO in this study, is used to build the simulation model. In the CSCD method, construction activities without curing concrete can be directly simulated, but the curing concrete activities need to be simulated based on collected concrete knowledge.



For curing concrete activities, the DES needs to use the maturity data of concrete to calculate the curing duration. In this method, the curing duration calculation is realized through connecting the DES platform SIMIO and MATLAB, as shown in Figure 4. The connections between SIMIO and MATLAB are built according to the CallMatlab connector proposed by Dehghanimohammadabadi and Keyser [38]. SIMIO will output the curing conditions (the ambient temperature for the curing concrete) and the requirement for the compressive strength of the curing concrete, and call MATLAB to calculate the curing duration. With the maturity-compressive strength curves of concrete and the required output strength, MATLAB can calculate the required maturity. Then, by using Equation (1), MATLAB can calculate the necessary curing duration for the required maturity based on the curing temperature.




3.3. Calculation


Implementing SCM concrete in construction has an effect on the total construction objectives, including on direct construction performance and supply chain performance in terms of time, cost, and GHG emissions.



For direct construction performance, since using SCM concrete mainly affects the curing activities during construction, in this method the construction time of the main structure, the curing cost, and the GHG emissions caused by curing activities are selected as indicators to describe the effect of SCM concrete on direct construction performance, which is calculated in DES.



For supply chain performance, the duration of concrete production and transportation is seldom considered by the contractors, and therefore not included as indicators in the CSCD method. The supply chain performance includes the buying price of concrete and GHG emissions caused by SCM concrete in A1~A4.



(1) Quantification of construction time



Construction time can be automatically recorded by the simulation platform. Construction duration for construction activities other than concrete curing is calculated according to Equation (2).


  T i m e =  Q  N × P    



(2)




where Time is the duration of the construction activity; Q is the quantity of work of a construction activity; N is the number of resources, e.g., workers or equipment, assigned to the construction activity; P is the productivity of the resources.



(2) Quantification of GHG emissions



In this study, the calculated GHG emissions consider the phases from cradle to construction, including exploitation of raw materials (A1), transportation of raw materials (A2), concrete production (A3), concrete transportation from concrete plant to construction site (A4), and concrete curing during construction (A5), as shown in Figure 5. The functional unit is one square meter.



GHG emissions in A1~A4 are calculated according to the global warming potential (GWP) factors in each phase, multiplied by the energy consumption, as shown in Equation (3).


   G  A 1 ~ A 4   =   ∑  n = 1  4   G W  P n  ×  Q n     



(3)




where GA1~A4 (kg CO2-eq) is the GHG emissions in A1~A4; n is the number of the phase, e.g., n = 1 means phase A1; GWPn is the global warming potential factors in phase An; Qn means the energy consumption in phase An.



GHG emissions in A5 are caused by electricity or oil consumption of curing heaters. According to Refaa et al. [39], the heat flux provided by the heaters can be calculated by Equation (4), and the convective heat flux from concrete to ambient temperature on one surface of concrete can be calculated by Equation (5).


   q H  =  e  H e a t e r   ×  q  H e a t e r    



(4)




where qH (W/m2) is the heat flux absorbed by the concrete; qHeater (W/m2) refers to the heat flux generated by the heaters; eHeater (0 < eHeater < 1) is the efficiency of the heaters.


   q L  =  c H  (  T  c o n c r e t e   −  T  o u t s i d e   )  



(5)




where cH (W/(m2°C)) is the heat transfer coefficient of the framework; Tconcrete (°C) is the temperature of the concrete; Toutside (°C) is the ambient temperature; qL (W/m2) is the heat loss flux from concrete to ambient temperature.



Then the heat absorbed by the concrete from the heaters can be calculated by Equation (6), and the heat loss from the concrete to the ambient environment can be calculated by Equation (7).


   E H  =   ∫   q H  K Δ t    =   ∫   e  H e a t e r   ×  q  H e a t e r   K Δ t    =  e  H e a t e r   ×  E  h e a t e r    



(6)




where EH (J) is the heat absorbed by concrete from heaters; EHeater (J) refers to the electricity consumption of heaters used in curing concrete; K (m2) is area size of heating surface.


   E L  =   ∫    ∑ 1 n    q L  S   Δ t    =   ∫    ∑ 1 n    c H  (  T  c o n c r e t e   −  T  o u t s i d e   ) S   Δ t     



(7)




where EL (J) is the heat loss of the curing concrete to ambient temperature; n is the number of surfaces from which concrete loses heat into the ambient environment; S (m2) is the area size of the surface.



Since the analysis is conducted at the construction planning stage, the detailed ambient temperature and the heat transfer processes among heaters, concrete, and ambient environment cannot be predicted accurately. In this method, the actual curing concrete process at the construction site is simplified to curing concrete under the adiabatic conditions, where the concrete absorbs enough heat from heaters to cover the heat loss from concrete to ambient temperature, which means:


   E L  =  E H   











Therefore, the GHG emissions caused by electricity consumption of curing heaters are calculated according to Equation (8).


   G H  = g ×  E  H e a t e r   = g ×    E H     e  H e a t e r     = g ×    E L     e  H e a t e r     = g ×     ∫    ∑ 1 n    c H  (  T  c o n c r e t e   −  T  o u t s i d e   )   S Δ t       e  H e a t e r      



(8)




where g (kg CO2-eq/kWh) is the GWP factor of electricity.



After using the simulation to calculate all construction performance, a comprehensive analysis of A1~A5 can be conducted. The total GHG emissions from using the SCM concrete in construction are calculated by Equation (9).


  G =  G  1 ~ 4   +  G 5   



(9)




where G (kg CO2-eq) is the total GHG emissions from using the concrete; G1~4 refers to the GHG emissions of the concrete materials during activities of A1~A4, including exploiting and transporting the raw materials, producing concrete, and transporting concrete to the construction site; G5 is the curing caused GHG emissions; G1~4 uses data from previous LCA research; and G5 uses data calculated by project-based simulation.



(3) Quantification of cost



In this study, the effect of using the SCM concrete on the economic objective of the construction project can be calculated according to Equation (10).


  C =  C M  +  C C   



(10)




where C (Yuan) is the total cost of using the concrete; CM refers to the buying price of the concrete, including the transportation fees, taxes, and the cost of concrete; and CC is the curing cost.



The curing cost includes the rent and operational cost of heaters used in the curing activities, as shown in Equation (11).


   C C  =   c ×  E  H e a t e r    U  =   c   ∫    ∑ 1 n    c H  (  T  c o n c r e t e   −  T  o u t s i d e   )   S Δ t      U ×  e  H e a t e r      



(11)




where CC (Yuan) refers to the curing cost; c (Yuan/days) means the daily cost of a heater, including rent of heaters and operational cost; U (kW) is the power of a heater.




3.4. Decision


After calculating the total construction objectives of all the alternative concrete types, a comparison is conducted to select the best concrete types. The selection of SCM concrete is based on the preference and requirements of the contractors. The concrete types with objectives beyond the requirements are excluded first. Then, the contractor’s preference for one or all three of the construction objectives will be considered in the selection of the SCM concrete.





4. Case Study


4.1. Case Background


The proposed method was applied to a typical concrete building project in Beijing, China, to test the effectiveness of the proposed method. The project was a concrete building with six standard floors. Data of building components, the construction activities, and resources for activities were collected from construction documents and interviews with site managers. The casting and curing of concrete were conducted under a 24-h working schedule, and other construction activities were conducted under only an 8-h working schedule (from 9:00 a.m. to 5:00 p.m.).



The construction sequence of a standard floor in the building structure is shown in Figure 6. The designed concrete used for the walls and slabs of the case building was 341.55 m3 and 384.888 m3, respectively. In a standard floor (317.797 m2), the walls are divided into five parts, and most walls rely on adjacent walls as formwork. Thus, the construction of each part of the walls cannot start before the construction activities of the last part of the walls are finished. Construction of the slab only starts when all five parts of the walls have been finished. According to the site managers, the construction activities after curing concrete, e.g., formwork removal, only have to wait for the concrete to reach a required strength instead of the 28-day strength. The required strength for walls and slabs is 5 MPa (the minimum strength to keep the concrete from damage caused by pressure and cold temperature) and 21 MPa (70% of the designed strength, 30 MPa), respectively.



The GWP factors for concrete in A1~A5 were collected from previous studies, as shown in Table 1. Data of heating equipment and insulation were gathered from an interview with the contractor. Heating cables (heat efficiency: 0.8) were used for walls. Radioactive heaters (heat efficiency: 0.5) were used for slabs. Plywood formwork of 12 mm with insulation was used for walls to reduce the heat loss from concrete to ambient environment, and insulated tarps were used as slab coverage. Considering the wind was slight (wind speed <2 m/s) at the construction site, the heat transfer coefficients for slabs and walls were 2.7 W/(m2 K) and 1.8 W/(m2 K), respectively.




4.2. Temperature during Construction


The main structure of the case project was constructed during October to April. The average monthly temperature data of Beijing were collected from the National Meteorological Centre (NMC) of China [42] and shown in Figure 7. These temperature data were used as the predicted temperature data at the construction site. Since construction of the case project had been finished when the study began, the actual temperature data were used as predicted data. To use the proposed method in an actual project during construction, the historical temperature data, e.g., the temperature records of the last ten years, could be used as the predicted data. For further scenario analysis, the lowest and highest temperatures of Beijing were also collected and shown in Figure 7.




4.3. Concrete Data


To test the effectiveness of the proposed method and demonstrate how to analyze and select different SCM concrete, a scenario analysis was conducted. Five types of concrete were analyzed, including PC30 (Ordinary Portland Cement with no SCM, which is the original concrete type used in the case project), PFA30 (concrete with fly ash and the designed strength), GGBS30 (concrete with ground granulated blast furnace slag and the designed strength), PFA50 (concrete with fly ash and the higher grade strength), and GGBS50 (concrete with ground granulated blast furnace slag and the higher grade strength). Fly ash and ground granulated blast furnace slag are the two main types of SCM used in cement. Due to the slower early strength development of PFA and GGBS, sometimes contractors will choose a higher grade strength of concrete when using PFA and GGBS. Therefore, in this case, GGBS 50 and PFA50 were also considered as alternatives. The used concrete data of this case were collected from the previous research of Soutsos et al. [23] and Vollpracht et al. [36], including the concrete mix proportions, temperature histories, and maturity data of concrete. If contractors want to use the proposed method to analyze some types of concrete whose data cannot be found in the literature, the contractors can first test the samples of the concrete in a lab and then collect the data based on the tested samples. The collected concrete mix proportions are shown in Table 2. To control the variables, the temperature in all scenarios is the temperature in Beijing shown in Figure 7. In this case, it is assumed that all the types of concrete are provided by the same concrete production plant.



The GHG emissions of concrete for A1~A4, including raw material exploitation, raw material transportation, concrete production, and concrete transportation were calculated according to Equation (3) using the data of GWP factors in Table 1 and the concrete mix proportions in Table 2. An example of calculation results, the GHG emissions of PC30 concrete for A1~A4, is given in Table 3 to show the calculation process. The transportation distance data were obtained from Baidu Map. The transportation distance of cement was calculated according to the path from the cement production plant to the concrete production plant. The transportation distance of sand and gravel was the distance between the exploitation field and the concrete plant. The transportation distance of concrete was the distance from the concrete plant to the construction site. The calculation results are shown in Table 4. And the material cost (buying price) for different types of concrete was collected from interviews with contractors, and shown in Table 5.



In this case, concrete with a 28-day strength of 30 MPa met the strength requirements. Adding SCM to the concrete reduces the cost and GHG emissions, but prolongs the curing time. The alternative concrete types with higher strength class, like PFA50 and GGBS50, are designed to reduce the curing time with additional cost and GHG emissions. The adiabatic temperature histories and maturity-compressive strength data of six types of concrete were collected from Soutsos et al. [23] and Vollpracht et al. [36]. As recommended by Vollpracht et al. [36], the regression function of exponential curves was used: f(x) = a × exp(b × x) + c × exp(d × x). Through regression analysis using the MATLAB curve fitting tool, the concrete temperature curves were calculated, as shown in Figure 8 and Table 6. The R2 was used to test the goodness of curve fit. As the value of R2 drew closer to one, the goodness of curve fit became better. All the regression functions had R2 bigger than 0.98, which demonstrates that the goodness of the fitted curves was acceptable.



Then, the maturity-strength was fitted through regression analysis, like the concrete temperature curve. The S-shape function recommended by Carino [35] is used to describe the interactions between maturity and compressive strength of the collected concrete: f(x) = (a × x + b)/(c × x + d). The regression of the results of maturity-compressive strength are shown in Figure 9 and Table 7. The curves are also generated by the curve fitting toolbox in MATLAB. All the R2 values of the maturity-strength curves were higher than 0.97, which demonstrates that the goodness of the fitted curves was acceptable.





5. Results


The effect of using the five types of concrete on the total construction objectives are shown below.



5.1. GHG Emissions


Figure 10 shows the supply chain (A1~A4), construction (A5), and total supply chain–construction (A1~A5) GHG emissions caused by using the five types of concrete in Table 2. The total GHG emissions include two parts: GHG emissions in A5 were under the combined effect of the material properties, the temperature at the construction site and curing conditions; the GHG emissions in A1~A4 were based on the unit material GHG emissions shown in Table 4. To test the accuracy of the calculation, the results were compared with the quantification results in the Circular Ecology database (https://www.circularecology.com/, access on 17 June 2024) using the same concrete mix proportions as input. The results comparison is shown in Table 8. The difference ratio is below and around 10%, which demonstrates an accepted accuracy of the calculation results since considering some detailed factors in calculation may be different, including the transportation distance and GWP factors.



As shown in Figure 10, using SCM concrete does not always achieve lower GHG emissions than concrete with ordinary Portland cement due to impact shifting along supply chain and construction when using SCM concrete. Under the same strength grade, concrete with SCM replacing ordinary Portland cement usually achieves lower GHG emissions in the supply chain, but it might cause higher GHG emissions in construction at the same time. For example, as shown in Figure 10, GGBS30 has much lower GHG emissions in A1~A4 than PFA30. If only the supply chain (A1~A4) phases are considered, GGBS30 will be a better choice than PFA30 for the contractors from an environmental perspective. However, when considering a more comprehensive analysis from A1 to A5, the GHG emissions of GGBS30 are higher than PFA30 because slower early strength development of GGBS30 requires longer thermal protection during curing.



Since higher GHG emissions in construction phases may be caused by slower strength development of SCM concrete, some contractors and labs use SCM concrete with a higher strength grade, which also leads to impact shifting of lower GHG emissions in construction but higher GHG emissions in the supply chain. As shown in Figure 10, using higher grade SCM concrete sometimes causes lower GHG emissions. For example, although GGBS50 had higher material GHG emissions than GGBS30, the total GHG emissions in A1~A5 of GGBS50 were lower. This is because higher grade concrete has faster early strength development and reduces the duration for curing and heating, which reduces the GHG emissions caused by fuel consumption during heating. Considering only GHG emissions, GGBS50 is the best choice among five types of concrete for the contractor.




5.2. Cost


Figure 11 shows the cost objectives of using SCM concrete. To test the calculated results, the PC30’s total cost is compared to the total cost of the original construction plan (315 Yuan/m3). The difference ratio is 100% − 299/315 × 100% = 5%, which demonstrates an accepted accuracy of the calculation. As shown in Figure 11, a trade-off exists between the material cost and curing cost, both of which should be considered when choosing SCM concrete. In the studied case, GGBS30 had the least material cost due to the high volume of SCM used. However, due to a very high curing cost, GGBS30 had the highest total cost. PFA50, which had the least curing cost, had the third highest total cost. In contrast, PFA30, which had neither the least material cost nor the least curing cost, was the best choice for the contractor in the studied case in terms of cost, closely followed by GGBS50. This also indicates the importance of conducting a more comprehensive analysis of the effect on project objectives of using SCM concrete. Analyzing only fragments of the effect on objectives will lead to wrong results.




5.3. Time


Figure 12 shows the time objectives of using SCM concrete. To test the calculated results, the PC30’s construction time was compared to the construction time of the original construction plan (82 days). The difference ratio was 100% − 82/85 × 100% = 3.5%, which demonstrates an accepted accuracy of the calculation. In the studied case, using the same strength grade SCM concrete prolonged the construction duration due to slower early strength development. As shown in Figure 12, PC30 had a shorter construction time than PFA30 and GGBS30. To reduce the negative effect on construction duration, SCM concrete can be used with higher strength grade concrete, which proved effective in accelerating the construction process in the studied case. PFA50 and GGBS50 significantly reduced the construction time compared to PFA30 and GGBS30, respectively.



In the studied case, PFA50 had the shortest construction duration, which makes it the most suitable choice if the contractor values construction time the most in the studied case. This is because PFA50 had fastest early strength development. In addition, GGBS30 had the longest construction time, which is why GGBS30 had the highest curing cost and the most GHG emissions in A5.




5.4. Selection of Concrete Type


Selection of concrete type was conducted based on the contractors’ requirements around their objectives. Usually, the contractors want to reach the best performance in one of the three objectives or comprehensively consider all three objectives.



Table 9 shows the selection of SCM concrete considering one objective. The objectives of the basic scenario, using PC30, are also given as a comparison baseline to show the improvement and side-effects on the objectives by using the SCM concrete. As shown in Table 9, using PFA50, GGBS50, and PFA30 can achieve the best construction time, cost, and GHG emissions, respectively. An option that achieved all three objectives better than the basic PC30 was also found, which was GGBS50. Based on the quantification results and decision support provided by the CSCD method, contractors can further choose the best options according to their preferences concerning objectives. For example, for construction projects with urgent requirements around construction duration, using PFA50 on every floor is the best choice.



In this study, the best options considering all three objectives were selected using the Pareto criterion, a frequently used method for finding the optimal solutions to the multiple-objectives problem. The Pareto criterion selects Pareto solutions, which are solutions that are not worse than any other solution in terms of all objectives (here minimization of project duration, costs, and GHG emissions) simultaneously [43]. The Pareto solutions are also given in Table 9, including PFA30, PFA50, and GGBS50. After selecting the Pareto solutions, the contractors can subsequently decide the most suitable option based on their detailed goals and requirements. For example, if the contractors want construction times not to be worse than in the basic scenario, only PFA50 and PC30 would be acceptable.



It is noticeable that GGBS30 is not one of the best options for one of the three objectives or Pareto solutions. Although GGBS30 has the lowest GHG emissions in A1~A4 and the least material cost (as shown in Table 4 and Table 5), it is an inferior choice considering its impact on the total project objectives. In other words, deciding the types of SCM concrete simply based on their performance in A1~A4, or their material performance, will lead to an inferior choice. This indicates the significance of the proposed method, which provides a way to comprehensively analyze the impact of using SCM concrete on project objectives.





6. Discussion


To further discuss the effectiveness of the proposed method and the impact of shifting along supply chain and construction, the method and result comparison, and scenario analysis (including changed GWP factors, changed surrounding temperature, and changed construction plans), were conducted.



6.1. Method and Result Comparison


Environmental impact assessment and simulation-based environmental impact assessment are two approaches to quantify the environmental impact of using concrete in supply chain and construction [44,45]. In research using environmental impact assessment for concrete, like that of Hong et al. [46] and Sánchez et al. [47], process-based life cycle assessment is the mostly used method, and the quantification is based on life cycle inventory analysis and quantification equations in which the quantities are multiplied by GWP factors. However, these studies cannot capture the complex details of the construction system, like the logical sequences of construction activities and the interactions of activities, components, and resources. Therefore, the calculated results of using environmental impact assessment are only obtained at an average level with compromised accuracy when analyzing a specific construction case. In research using simulation and environmental impact assessment for concrete, like that of Feng et al. [44] and Georgiades et al. [48], construction details are simulated based on the simulation platform and provide data input for environmental impact assessment. This kind of method is suitable for traditional concrete construction because concrete data can be easily found and set as built-in parameters in the simulation model. However, simulation combined with environmental impact assessment lacks the SCM concrete data, which cannot analyze the SCM concrete characteristics and their impact on construction performance. The proposed CSCD method combines concrete knowledge, simulation, and environmental impact assessment, and has the ability to analyze construction details and to consider SCM concrete characteristics, which is more suitable for contractors who want to use SCM concrete in construction.



As for the calculation results, previous studies analyzing SCM concrete’s environmental impact have provided similar results in the supply chain. However, the construction phase is seldom analyzed, and impact shifting along the supply chain and construction has often been neglected in previous studies. For example, Yang et al. [8] and Tokareva et al. [49] quantified the supply chain GHG emissions of using SCM concrete without considering the construction phase. According to the quantified results in Figure 10, Figure 11 and Figure 12, not considering the impact of shifting along the supply chain and construction may cause undesirable environmental and economic consequences. In summary, to reach low GHG emissions by using SCM concrete, it is important to consider the impact of shifting along the supply chain and construction, and comprehensively quantifying the supply chain construction performance. This demonstrates the importance of this research, which provides a more comprehensive view for contractors of the impact caused by using SCM concrete, and can support better decision-making around the selection of SCM concrete types.




6.2. Scenario Analysis


Since the proposed method is project-based, the analysis results can vary as the project changes. A scenario analysis was conducted to show that the choice of concrete type can be affected by the changes in GWP factors, the surrounding temperature, and the construction plans.



6.2.1. Scenarios with Changed GWP Factors


GWP factors reflect the supply of local energy resources. Lower GWP factors mean cleaner local energy production. To explore the impact of changed GWP factors on the application of SCM concrete, this research conducted a scenario analysis. The GWP factors in different locations, including Sweden, Australia, China, the USA, and Canada were collected, as shown in Table 10. The basic case uses the GWP factor of North China, where Beijing is located.



Since only the GWP factors affected by construction site location changes were considered, and the temperature, working efficiency, and cost stayed the same, the choice of SCM concrete in this study was only affected by the change in GHG emissions. Figure 13 shows the GHG emissions in A5 and in A1~A5 at different locations. As shown in Figure 13a, for different concrete, the GHG emissions in A5 changed to a different degree as the GWP factor changed. GHG emissions of GGBS30 increased the most as the GWP factor rose.



As shown in Figure 13b, even for the same project and the same production process, the change in GWP factor at the construction stage made the total supply chain–construction GHG emissions vary a lot, leading to the different selection of SCM concrete. For example, in Sweden, south China, California, and Prince Edward Island, where the GWP factor was low, GGBS30 was the best option to reduce GHG emissions for contractors. However, in other regions where the GWP factor was relatively high (like in northeast China), GGBS50 became the optimal option to reach the lowest GHG emissions.




6.2.2. Scenarios with Changed Surrounding Temperature


A scenario analysis was conducted to explore the impact of surrounding temperature on the performance of using SCM concrete. In this scenario analysis, the monthly average, lowest, and highest temperature of Beijing were used (shown in Figure 7). Since this study used the near-adiabatic model, the changed surrounding temperature did not change the concrete temperature or affect the duration, but would affect the cost of, and GHG emissions from, using SCM concrete. The cost of, and GHG emissions from, using SCM concrete under different temperatures are shown in Figure 14.



As shown in Figure 14, a lower surrounding temperature will increase the cost and GHG emissions, while a higher temperature will reduce the cost and GHG emissions. In addition, the influences of surrounding temperature on the performances of using different SCM concrete are different. In this case, from the lowest temperature to the highest, the cost and GHG emissions of GGBS30 increase the most. In the original case, GGBS30 is an inferior choice, but if it is a warmer year, the GGBS30 might be a good choice for the contractor. Other SCM concrete, like PC30 and PFA50, also change to different degrees.




6.2.3. Scenarios with Changed Construction Plans


A scenario analysis was conducted to explore the impact of construction plans on the performance of using SCM concrete. Some alternative construction plans are shown in Table 11, including changes of carpenters, concrete workers, and wall heaters’ heat transfer coefficient. In Table 11, A0 is the basic plan, which was used in the original case.



All the alternative plans are analyzed using the CSCD method, and the cost, time, and GHG emissions from using SCM concrete under different construction plans are shown in Figure 15, Figure 16 and Figure 17. As shown in Figure 15, Figure 16 and Figure 17, the construction plans affect the performance of using different SCM concrete to different degrees. Under the basic construction plan, GGBS30 has a medium level of GHG emissions among all five types of concrete. However, some of the construction plans, like A14, A15, A17, and A18, will make the GGBS30’s GHG emissions increase and cause it to become the worst choice.



As a summary, the selection of concrete varies with the project characteristics, like the GWP factors for different construction sites, seasonal temperature changes, and different construction plans. To optimize the construction objectives, contractors should carefully consider project characteristics and select the optimal types of SCM concrete. This indicates the importance of the proposed method, which has the ability to analyze the interactions between project characteristics and concrete mechanical properties, and provide decision support about selecting SCM concrete.






7. Conclusions


Concrete has caused a great amount of environmental and economic burden worldwide. To reduce GHG emissions and the cost of the concrete supply chain, using supplementary cementitious materials (SCM) in concrete has proven to be an effective and easy way. However, the construction performance of using SCM concrete is hard to quantify because of complex interactions between concrete mechanical properties and construction characteristics, like local energy supply, surrounding temperature, and construction plans, which leads to only the partial performance of SCM concrete being explored in previous studies. There still lacks an effective way to quantify the comprehensive performance and provide decision support for contractors about how to use SCM concrete. To deal with the gap, this research proposed a Collection–Simulation–Calculation–Decision (CSCD) method to analyze the complex interactions between concrete and construction, and to quantify the supply chain–construction performance of using SCM.



To fill the gaps, this paper proposed a method to comprehensively analyze the impact of using SCM concrete on project objectives, including GHG emissions in A1~A5, materials, curing cost, and construction time. The proposed method could provide decision support for contractors selecting the types of SCM concrete according to the project characteristics. A case study was conducted to demonstrate the effectiveness of the proposed method. Five types of concrete, including PC30, PFA30, GGBS30, PFA50, and GGBS50 were compared and selected according to the Pareto criterion and contractors’ preferences around objectives.



A scenario analysis was also conducted to analyze the effect of the change of project characteristics on the selection of SCM concrete, including the GWP factors for different construction sites, seasonal temperature changes, and different construction plans. The results showed that the selection of concrete varied with different project characteristics. This indicates the importance of the proposed CSCD method, which has the ability to analyze the combined effect of temperature, GWP factors in different locations, construction plans, and mechanical properties of SCM concrete on project objectives. The proposed method provided an effective tool for contractors to quantify the construction performance of using SCM concrete, considering complex interactions between concrete mechanical properties and construction characteristics. The result of the research can assist construction decision makers to make decisions about using SCM concrete and comprehensively understand the impacts of shifting along the concrete supply chain and construction.



This paper also had some limitations. To estimate the concrete strength development, the proposed method used an adiabatic model, which assumed that the concrete was well protected with insulation and heaters. The assumption is reasonable for concrete cured in a cold climate. However, the analysis results may have deviate from the actual construction performance if the contractors decide not to use protection measures during curing. In addition, the proposed method was designed to provide decision support at the early planning stage of construction. There will usually be a lot of construction plans and it takes a long time to simulate all of them, which is not suitable for construction with time limits at the early planning stage. These limitations provide the problem to be solved. In future studies, different concrete strength development models and more concrete mix proportion data will be tested, and the efficiency of the proposed method will be improved, e.g., by being combined with an optimization algorithm.
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Abbreviations




	CSCD method
	Collection–Simulation–Calculation–Decision method



	DES
	Discrete event simulation



	FA
	Fly ash



	GGBS
	Ground granulated blast furnace slag



	GGBS30
	Concrete using ground granulated blast furnace slag with compressive strength of 30 MPa



	GGBS50
	Concrete using ground granulated blast furnace slag with compressive strength of 50 MPa



	GHG
	Greenhouse gas



	GWP
	Global warming potential



	LCA
	Life cycle assessment



	PC30
	Ordinary Portland cement concrete with compressive strength of 30 MPa



	PFA30
	Concrete using fly ash with compressive strength of 30 MPa



	PFA50
	Concrete using fly ash with compressive strength of 50 MPa



	SCM
	Supplementary cementitious materials
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Figure 1. Ten countries and regions with high annual GHG emissions of cement for 2022. 






Figure 1. Ten countries and regions with high annual GHG emissions of cement for 2022.



[image: Buildings 14 02186 g001]







[image: Buildings 14 02186 g002] 





Figure 2. Framework of the CSCD method. 
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Figure 3. Connections among Collection, Simulation, and Calculation modules. 
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Figure 4. Connections between SIMIO and MATLAB. 
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Figure 5. The affected GHG emissions of implementing SCM concrete in construction. 
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Figure 6. Sequences of construction activities. 






Figure 6. Sequences of construction activities.



[image: Buildings 14 02186 g006]







[image: Buildings 14 02186 g007] 





Figure 7. Average monthly temperatures during construction (℃). 
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Figure 8. Regression results of concrete temperature. 
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Figure 9. Regression results of maturity-compressive strength. 
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Figure 10. GHG emissions caused by using different SCM concrete. 
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Figure 11. Cost caused by using different SCM concrete. 
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Figure 12. Construction time caused by using different SCM concrete. 
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Figure 13. GHG emissions from using SCM concrete in different locations. 
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Figure 14. Cost of, and GHG emissions from, using SCM concrete under different temperatures. 
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Figure 15. Cost of using SCM concrete under different construction plans. 
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Figure 16. GHG emissions from using SCM concrete under different construction plans. 
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Figure 17. Time of using SCM concrete under different construction plans. 
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Table 1. GWP factors.






Table 1. GWP factors.





	
Phase

	
GWP Factor

	
Reference






	
Raw materials exploitation (A1)

	
Cement

	
0.931 kg CO2-eq/kg

	
[8]




	
Ground granulated blast furnace slag

	
0.0265 kg CO2-eq/kg




	
Fly ash

	
0.0196 kg CO2-eq/kg




	
Sand

	
0.0026 kg CO2-eq/kg




	
Gravel

	
0.0075 kg CO2-eq/kg




	
Water

	
0.0000321 kg CO2-eq/kg

	
[40]




	
Raw material transportation (A2)

	
Cement

	
0.0000518 kg CO2-eq/(kg km)

	
[8]




	
Ground granulated blast furnace slag

	
0.0000518 kg CO2-eq/(kg km)




	
Fly ash

	
0.0000518 kg CO2-eq/(kg km)




	
Sand

	
0.000063 kg CO2-eq/(kg km)




	
Gravel

	
0.000063 kg CO2-eq/(kg km)




	
Concrete production (A3)

	
Fresh concrete production

	
0.00768 kg CO2-eq/kg

	
[8]




	
Concrete transportation (A4)

	
Concrete transportation

	
0.674 kg CO2-eq/(m3 km)

	
[8]




	
Construction (A5)

	
Electricity

	
0.945 kg CO2-eq/kWh

	
[41]











 





Table 2. Concrete mix proportions.






Table 2. Concrete mix proportions.





	Concrete Type
	28-Day Compressive Strength (MPa)
	Cement (kg/m3)
	Water (kg/m3)
	Gravel (kg/m3)
	Sand (kg/m3)
	SCM (kg/m3)
	Density (kg/m3)





	PC30
	30
	240
	158
	1102
	799
	0
	2299



	PFA30
	30
	193
	144
	1319
	560
	82 (30%)
	2298



	GGBS30
	30
	115
	150
	1187
	721
	115 (50%)
	2288



	PFA50
	50
	270
	135
	1250
	533
	115 (30%)
	2303



	GGBS50
	50
	165
	165
	1151
	683
	165 (50%)
	2329










 





Table 3. GHG emissions of 1 m3 PC30 concrete for A1~A4.






Table 3. GHG emissions of 1 m3 PC30 concrete for A1~A4.





	
Process

	
Activity

	
Quantity

(Q)

	
GWP Factors

(GWP)

	
GHG Emissions (kg CO2-eq)

Q × GWP






	
A1

	
Production of cement

	
240 kg

	
0.931 kg CO2-eq/kg

	
223.440




	
Production of sand

	
799 kg

	
0.0026 kg CO2-eq/kg

	
2.077




	
Production of gravel

	
1102 kg

	
0.0075 kg CO2-eq/kg

	
8.265




	
Production of water

	
158 kg

	
0.0000321 kg CO2-eq/kg

	
0.005




	
A2

	
Transportation of cement

	
194 km

	
0.0000518 kg CO2-eq/(kg km)

	
2.412




	
Transportation of sand

	
40 km

	
0.000063 kg CO2-eq/(kg km)

	
2.013




	
Transportation of gravel

	
35 km

	
0.000063 kg CO2-eq/(kg km)

	
2.430




	
A3

	
Production of fresh concrete

	
2299 kg

	
0.00768 kg CO2-eq/kg

	
17.656




	
A4

	
Transportation of concrete

	
43 km

	
0.674 kg CO2-eq/(m3 km)

	
28.982




	
A1~A4 Total

	
287.281











 





Table 4. GHG emissions of concrete (kg CO2-eq/m3).






Table 4. GHG emissions of concrete (kg CO2-eq/m3).





	Concrete Type
	PC30
	PFA30
	GGBS30
	PFA50
	GGBS50





	Calculation results of this study
	287.281
	246.468
	174.510
	319.181
	223.298










 





Table 5. Material cost of concrete.






Table 5. Material cost of concrete.





	Concrete Type
	PC30
	PFA30
	GGBS30
	PFA50
	GGBS50





	Buying price (Yuan/m3)
	550
	435
	320
	640
	450










 





Table 6. Regression data of concrete temperature.






Table 6. Regression data of concrete temperature.





	Concrete Type
	a
	b
	c
	d
	R2





	PC30
	57.57
	−0.00111
	−38.31
	−0.04302
	0.9893



	PFA30
	52.68
	0.0001855
	−32.83
	−0.05393
	0.9992



	GGBS30
	60
	−0.001804
	−41
	−0.01902
	0.9973



	PFA50
	63.88
	−0.0004385
	−44.07
	−0.053
	0.9993



	GGBS50
	78.08
	−0.001857
	−58.36
	−0.02758
	0.9990










 





Table 7. Regression data of maturity-compressive strength.






Table 7. Regression data of maturity-compressive strength.





	Concrete Type
	a
	b
	c
	d
	R2





	PC30
	73.55
	370.1
	2.18
	230.5
	0.9821



	PFA30
	47.02
	−14.95
	1.023
	218.7
	0.9978



	GGBS30
	17.55
	−108.5
	0.4758
	179.2
	0.9968



	PFA50
	40.37
	79.08
	0.6412
	81.28
	0.9971



	GGBS50
	47.71
	189.6
	0.8597
	307
	0.9971










 





Table 8. Comparison of GHG emissions.






Table 8. Comparison of GHG emissions.





	Concrete Type
	Quantified Supply Chain GHG Emissions (kg CO2-eq/m2)
	Quantified Supply Chain GHG Emissions (kg CO2-eq/m3)
	Supply Chain GHG Emissions in Circular Ecology (kg CO2-eq/m3)
	Difference Ratio (%)





	PC30
	102.9
	270.1
	257
	−4.8



	PFA30
	88.3
	231.8
	214
	−7.7



	GGBS30
	62.5
	164.1
	147
	−10.4



	PFA50
	114.3
	300.1
	284
	−5.4



	GGBS50
	80.0
	210.0
	195
	−7.1










 





Table 9. Three objectives of five concrete types.
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	Concrete Type
	GHG Emissions (kg CO2-eq/m2)
	Cost (Yuan/m2)
	Time (days)
	Selection





	PC30
	299.0
	120.3
	85
	Basic scenario, Not Pareto solution



	PFA30
	260.7

(−12.8%)
	107.0

(−11.1%)
	85

(±0%)
	Lowest GHG emissions, Pareto solution



	GGBS30
	339.3

(+13.5%)
	119.0

(−1.1%)
	211

(+148.2%)
	Not Pareto solution



	PFA50
	297.0

(−0.7%)
	121.3

(+0.8%)
	82

(−3.5%)
	Shortest duration, Pareto solution



	GGBS50
	264.7

(−11.4%)
	98.3

(−18.3%)
	84

(−1.2%)
	Smallest cost, Pareto solution










 





Table 10. GWP factors in different locations.
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Countries and Locations

	
GWP Factors (kg CO2-eq/kWh)

	
Reference






	
Sweden

	
0.056

	
[50]




	
China

	
South China

	
0.398

	
[41]




	
Central China

	
0.573




	
East China

	
0.749




	
North China (including Beijing)

	
0.945




	
Northwest China

	
0.995




	
Northeast China

	
1.197




	
Australia

	
Victoria

	
1.070

	
[51]




	
Queensland

	
0.800




	
South Australia

	
0.510




	
USA

	
California

	
0.428

	
[52]




	
Canada

	
Alberta

	
0.950

	
[53]




	
Northwest Territories

	
0.500




	
Prince Edward Island

	
0.280











 





Table 11. Alternative construction plans.
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	No.
	Carpenters
	Concrete Workers
	Wall Heaters’ Heat Transfer Coefficient (W/(m2 K))
	No.
	Carpenters
	Concrete Workers
	Wall Heaters’ Heat Transfer Coefficient (W/(m2 K))





	A0
	10
	10
	1.8
	A14
	15
	15
	1.8



	A1
	5
	10
	0.9
	A15
	15
	15
	2.7



	A2
	5
	10
	1.8
	A16
	15
	20
	0.9



	A3
	5
	10
	2.7
	A17
	15
	20
	1.8



	A4
	5
	15
	0.9
	A18
	15
	20
	2.7



	A5
	5
	15
	1.8
	A19
	25
	10
	0.9



	A6
	5
	15
	2.7
	A20
	25
	10
	1.8



	A7
	5
	20
	0.9
	A21
	25
	10
	2.7



	A8
	5
	20
	1.8
	A22
	25
	15
	0.9



	A9
	5
	20
	2.7
	A23
	25
	15
	1.8



	A10
	15
	10
	0.9
	A24
	25
	15
	2.7



	A11
	15
	10
	1.8
	A25
	25
	20
	0.9



	A12
	15
	10
	2.7
	A26
	25
	20
	1.8



	A13
	15
	15
	0.9
	A27
	25
	20
	2.7
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file26.jpg
GHG emissions in A1~AS (kg CO, /m?)

1400

1300

1200

100

1000

90.0

Bejing (Lowest)  Bedjing (Average)

s PC30 GHG in AI-AS
— GGBS30 GHG in A1~AS
= GGBSS0 GHG in A1~AS
—e—PFA30 Total cost
—e—PFAS0 Total cost

Beijing (highest)
s PFA30 GHG in A1-AS
—PFAS0 GHG in A1-AS
——PC30 Total cost
—e—GGBS30 Total cost

——Gi

50 Total cost

400.0

3500

3000

(ueng) 1503

2500

2000





media/file8.jpg
o i) (R BTN o ) (7 S N Conction
) (e ) (i) (o

e ety o consumed by cuning hesers
i | [T | [ e | [T |
el [ | | P

GHG smissonsof el
comsumed by vehicles

GHG emissons o el
consumed by vehices





media/file27.png
GHG emissions in A1~AS (kg CO,_,/m?)

140.0
130.0
120.0
110.0
100.0

90.0

Beijing (Lowest)
s PC30 GHG in A1~A5S

Beijing (Average)

mmmm GGBS30 GHG in AT1~AS

mmmm GGBS50 GHG in AT1~AS

«===PFA30 Total cost
e=@==PFA50 Total cost

400.0
350.0
300.0
250.0
200.0

Beijing (highest)

mmmw PFA30 GHG in A1~AS
mmmm PFAS0 GHG in A1~AS

«=@==P(C3( Total cost

=== GGBS30 Total cost
e=@==GGBS50 Total cost

(zw/uen &) 150D





media/file13.png
Temperature (°C)

50

40

30

20

10

-10

-20

Oct

No De a Fet Mar Apr May

M Beijing (highest) M Beijing (average) M Beijing (lowest)

Jun

Month





media/file31.png
S O o o o O
) W ) W ) ')
N @\ @\ — — -
p— p— p— p— p— p—
(;w/ba-z0D

100.0

95.0

LTV
9V
eV
1444
v
a4
IV
0CV
61V
IV
LIV
91V
CIV
viv
eIV
v
1V
01V
6V
3V
LV
oV
VvV
144
¢V
44
v
ov

38Y) SV~ V Ul suoissiwe HHOD

Construction

s PC3() e PFA3() e GGBS3() o PFAS() s GGBSS50

plan





media/file12.jpg
Temperature (°C)

 Bejing (highest) B Beijing (average) M Beijing (lowest)





media/file18.jpg
140
120
100
80
60
40

GHG emissions (kg CO2-eq/m2)

20

0
Concrete type PC30. PFA30 GGBS30 PFASO GGBSS0

=GHG emissions in A1~AS = GHG emissions in A1~A4 8 GHG emissions in AS





media/file9.png
Ordinary
Portland

Cement

Water

Gravel

Raw material Concrete
transportation

(A4)

Raw material
production (Al)

Concrete
production (A3)

Construction

transportation
(A2)

(AS5)

Sand

SCM

.

GHG emissions of electricity GHG emissions of .
.. GHG emissions of
and fuel consumed by electricity and fuel ..
. : : electricity and fuel
exploitation and production consumed by production :
: : consumed by curing heaters
machines machines
o Transportation Transportation
Expl f C t : :
xP 01tatlop © —» toconcrete — oncrg © » to construction » Construction
raw material ) production :
production plant site
GHG emissions of fuel GHG emissions of fuel
consumed by vehicles consumed by vehicles





media/file14.jpg
P Concrete Temperature in Adiabatic Conditions.

cssso
) PR
Pras
55 il
——— T
52 = =
g a3
) aaBsi
Sas
Fa0 %
peasn
2 5 Goasso
*hew
2 5 pease
< Gossio
15
o 2 © w ® 100 120

Age (h)





media/file20.jpg
oW
3288
883

Cost (Yuan/m?)
8

w
g

mm

PC30 PFA30 GGBS30 PFAS0 GGBS50
Concrete type  m Total cost = Material cost = Curing cost

°






media/file23.png
[\
N
-

()
-
-

[
N
-

N
-

Construction Time (days)
>
- -

PC30 PFA30 GGBS30 PFAS5S0 GGBS50
Concrete type






media/file5.png
Data collected from Data simulated for

Collection module Simulation model Calculation module
Simulated CARS model Simulated
Construction _ construction | construction data for
o . > .. : »  Components . .
activities information activities (without | environmental impact
curing concrete) assessment
Environment at
construction site ﬂ Resources Simulation Simulated
—»  platform in — construction data for
Concrete temperature \ computer cost quantification
data Sequences
Concrete maturity- : : & Construction time
Simulated curing

compressive strength Activities

data

_ S e Simulation model running and data
generating

|

concrete activities






media/file15.png
Temperature (C)
(5] o (4]

w
=]

Concrete Temperature in Adiabatic Conditions

GGBS50

&
PFAS0
PFA30

= b o

PC30

GGBS30

+ PFA50
O GGBS50 -
* PC30
0 PFA30
* GGBS30

20 40 60 80 100 120
Age (h)

204






media/file19.png
140
120
100
80
60
40

GHG emissions (kg CO2-eq/m2)

20

0
Concrete type PC30 PFA30 GGBS30 PFAS0 GGBS50

® GHG emissions in A1~A5 ®GHG emissions in A1~A4 m GHG emissions in A5






media/file28.jpg
3600
3400
200

yuen ) 150

B%

Construction 2 = &

PFA30

PC30

plan





media/file2.jpg





media/file32.jpg
GGBSS0

z
PFASO

w g

210
190
140

W0

(sAup) auw wopnsuo)

Construction
plan





nav.xhtml


  buildings-14-02186


  
    		
      buildings-14-02186
    


  




  





media/file11.png
Wall
Part.1

Wall
Part.2

Wall
Part.3

Wall
Part.4

Wall
Part.5

Slab

Wall formwork and

rebar installation

Electricity
installation

Wall formwork
completion

Casting wall
concrete

Casting and curing

wall concrete

Formwork removal
and transportation

Wall formwork and
rebar installation

Electricity
installation

Wall formwork
completion

Casting wall
concrete

Casting and curing

wall concrete

Formwork removal
and transportation

Wall formwork and
rebar installation

Electricity
installation

Wall formwork
completion

Casting wall
concrete

Casting and curing

wall concrete

Formwork removal
and transportation

Wall formwork and
rebar installation

Electricity
installation

Wall formwork
completion

Casting wall
concrete

Casting and curing

wall concrete

Formwork removal
and transportation

Wall formwork and
rebar installation

Electricity
installation

Wall formwork
completion

Casting wall
concrete

Casting and curing

wall concrete

Formwork removal
and transportation

e T T P s I

Formwork table
installation

Prefabricated building
components installation

Slab rebar installation

Slab formwork
completion

Casting slab
concrete

Casting and curing
wall concrete






media/file6.jpg
DES platform SIMIO

simulation runs to curing
conerete activity

!

Simulation pauses

!

Output data of the
curing concrete

|

Using the curing
duration to simulate
curing concrete activity

!

Simulation continues

database

MATLAB

Build maturity-
compressive strength

Required strength
! G curves of concrete

of conerete, curing
pvoete l
Caleulate the maturity
CallMatiab for required strength
connector &
MySQL !

Calculate the curing
druation for required

Curing maturity
duration l
Output data back to

SIMIO





media/file24.jpg
16
14
12

08

06

04

02

e, ", GG emissions n AS (kg CO2-eqm®)

m— GHG in AS-PC30  mmmm GHG in AS-PFA30 s GHG in AS-GGBS30
s GHG in AS-PFAS0 s GHG in AS-GGBSS0 ==—=GWP factor

(2) GHG emissions in A5,

_ 140 12
E 130

7120 4
o

S 100 it
§ 90 0.6
25

I o4
= 60 02
z %

2 w0 0
g ¢ & r & ® & >

R E i Pl g

%] Py TSP LSS

I S ESE S Ty Il

G TS T

& AF &f &

& &

PC30  mm total GHG-PFA30 s total G

G-PFAS) s total Gi

1G-GGBSS0 mmm GWP factor

(b) GHG emissions in A1~A5.

(4M/ba-zOD BY) 4018} dMD.

UMY 700 Fy) J018) gMD





media/file29.png
360.0

340.0

<
S
S
Q@)

(zw/uen A ) 3500

<
S
0
o

320.0

=
< <

Construction

e PC3() e PEA3()

plan





media/file1.png
Russia
Japan
South Korea
Brazil

Saudi Arabi
USA

Africa
Europe
India

China

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

Annual GHG emissions from cement in 2022 (million tons)





media/file10.jpg




