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Abstract: Metakaolin is a highly reactive pozzolanic material that is widely utilized for enhancing the performance of concrete. This study offers a framework for the mixture design of sustainable metakaolin-modified concrete with low CO2 emissions and low costs. Different design strengths after 28 days are first formulated, with values such as 30, 40, 50, and 60 MPa. A genetic algorithm is then used to determine the optimal mixtures. Minimized CO2 and cost are set as the aims of the genetic algorithm. The strength of the concrete, its workability (slump), and carbonation service life with climate change are set as constraints of the genetic algorithm. Five design cases are considered: 1) low-CO2 concrete with no carbonation, 2) low-CO2 concrete with carbonation, 3) low-material cost concrete with carbonation, 4) low-total cost concrete with carbonation, and 5) low-total cost concrete with climate change. Based on the analysis, the following results are found: 1) When the design’s strength is 30 MPa, to satisfy the requirement of carbonation durability, the concrete real strength should exceed 30 MPa. Moreover, after considering climate change, the concrete real strength should be further improved. 2) When the design strength is 40, 50, or 60 MPa for low-total-cost concrete, climate change has no impact on the optimal design because the concrete has sufficient carbonation resistance. 3) Low-material-cost concrete has the same mixture as low-total-cost concrete because compared with the material cost, the CO2 emission cost is much lower. Moreover, for low-material-cost or low-total-cost concrete, the metakaolin content is at the lower limit because the price of metakaolin is much higher than that of cement. Summarily, the proposed model covered different aspects of sustainable concrete, such as cost and CO2 emissions, clarified various decisive factors of mix design, such as strength and carbon durability, and considered different conditions of climate change, such as no climate change and Representative Concentration Pathways (RCP)8.5. The proposed method is valuable for designing sustainable metakaolin-modified concrete with low CO2 emissions and costs.
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1  Introduction

Metakaolin is an artificial pozzolanic material that can react with calcium hydroxide to form secondary calcium silicate hydrate. Metakaolin-modified concrete shows many benefits, such as low CO2 emissions, low chloride permeability, high strength, and good workability [1–4]. Due to these benefits, metakaolin is widely utilized in concrete manufacture.

Many experimental tests have been carried out on the strength, durability, and workability of metakaolin-modified concrete. Ding et al. [5] found that metakaolin-composite concrete presented a comparable strength to silica-fume-composite concrete. Dinakar et al. [6] found that as the metakaolin percentage increased, the resistance to chloride permeability, absorption, and water penetration was improved. Li et al. [7] found that metakaolin can decrease the shrinkage of cement paste. Chen et al. [8] proposed that metakaolin can improve the cohesiveness and compressive strength of concrete. Meddah et al. [9] and Bucher et al. [10] found that metakaolin-modified concrete has a higher carbonation depth than plain concrete. Liu et al. [11] reported carbonation curing of cement-based materials could densify the microstructure and enhance the mechanical and durability properties.

In addition to various experimental tests, some models have been proposed for evaluating the performance of metakaolin-modified concrete. Bai et al. [12] used neural networks to evaluate the workability performance of metakaolin-and fly-ash-composite concrete. Papadakis et al. [13–15] used the efficiency factor to evaluate the strength and chloride and carbonation durability of composite concrete. Safarzadegan Gilan et al. [16] used support vector regression to evaluate the strength and chloride ingress resistance of composite concrete containing metakaolin. Sharifi et al. [4] used neural networks to evaluate the strength of composite mortar containing metakaolin. Al-alaily et al. [17] statistically modeled the strength and chloride permeability of concrete with metakaolin.

Moreover, based on performance evaluation models, some work has been carried out to investigate the optimal design of metakaolin-modified concrete. Dvorkin et al. [18] designed low-cost metakaolin-modified concrete considering its strength. Güneyisi et al. [19] used the response surface method to optimally design metakaolin-fly-ash-modified concrete considering its strength, water absorption, and chloride ingress resistance. Long et al. [20] designed sustainable self-compacting concrete considering its strength and environmental impact. Dinakar et al. [21] designed a concrete mixture for metakaolin-modified concrete, considering its strength and workability. Ashish et al. [22] determined the optimal mixture for composite concrete considering both strength and self-compacting ability.

Although various work has been performed on the optimal mixture design of metakaolin-modified concrete, this work shows weak points. First, most of the previous work focuses on strength and workability. Yet, as the addition of metakaolin impairs the carbonation resistance of concrete, the carbonation service life may be the dominant constraint factor of metakaolin-modified concrete [13,14], though previous mixture design methods did not consider carbonation. Second, previous works mainly concentrated on the material costs of metakaolin-modified concrete. Yet, in addition to costs, CO2 emissions are an important index for concrete sustainability. Low-CO2 concrete and low-cost concrete may be different. Previous studies did not clarify the differences between low-cost concrete and low-CO2 concrete [23,24]. Third, climate change is an urgent problem that may accelerate carbonation, and accordingly, affect concrete mixture design. Previous studies did not offer a mixture design protocol to account for the risks of climate change.

This study offers a framework for the mixture design of sustainable metakaolin-modified concrete with low CO2 emissions and costs. A genetic algorithm is used to determine the optimal mixtures. The strength of the concrete, its workability (slump), and its carbonation service life with climate change are set as the constraints of the genetic algorithm. Five design cases are considered: low-CO2 concrete with no carbonation, low-CO2 concrete with carbonation, low-material-cost concrete with carbonation, low-total-cost concrete with carbonation, and low-total-cost concrete with climate change. Based on an analysis of design cases, the importance of carbonation and climate change is highlighted, and the difference between low-cost concrete and low-CO2 concrete is clarified.

The structure of this study is as follows: first, there is an introduction, and then, the second and third sections cover the mixture design method and provide illustrative examples, respectively; following this, the fourth section offers a discussion of the topic, before the last section concludes the study.

2  Mixture Design Method

2.1 Aim of Mixture Design

The sustainability of concrete is a product of many factors, such as CO2 emissions and material costs. An optimal mixture design is dependent on the selected index of sustainability. The CO2 emissions of metakaolin-modified concrete can be calculated according to the following formula:


MCO2=CO2−C×C+CO2−MK×MK+CO2−W×W+CO2−S×S+CO2−CA×CA+CO2−SP×SP
(1)

where 
MCO2
represents the CO2 emissions of concrete; CO2-C;, CO2-MK;, CO2-W;, CO2-S;, CO2-CA;, and CO2-SP; are the CO2 emissions from 1 kg cement, metakaolin, water, sand, coarse aggregate, and superplasticizer, respectively (shown in Table 1) [20,24]. Further to this, C, MK, W, S, CA, and SP are the masses of cement, metakaolin, water, sand, coarse aggregate, and superplasticizer in concrete, respectively.
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Similarly, the material cost of metakaolin-modified concrete can be calculated according to the following formula:


COSTM=PrC×C+PrMK×MK+PrW×W+PrS×S+PrCA×CA+PrSP×SP
(2)

where COSTM is the material cost of concrete; PrC, PrMK, PrW, PrS, PrCA, and PrSP are the prices of 1 kg cement, metakaolin, water, sand, coarse aggregate, and superplasticizer, respectively (shown in Table 1) [25,26]. Fig. 1 shows the gradation of metakaolin powder. The diameter of metakaolin powder corresponding to 50% cumulative distribution is 3.84 μm.
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Figure 1: Gradation of metakaolin powder

The CO2 emission cost can be determined using the mass of the CO2 emissions of concrete multiplied by the unit price of CO2 emissions [23]. Moreover, the total cost can be determined as the sum of the material costs and CO2 emissions costs [23]. The total cost can be calculated according to the following formula:


COST=COSTM+COSTCO2= COSTM+PrCO2×MCO2
(3)

where COST is total cost; COSTCO2 is the CO2 emissions costs; 
PrCO2
is the unit price of CO2 (
PrCO2
= 862.897 NT dollar/ton) [27].

2.2 Constraints on Mixture Design

The mixture design of concrete is subject to various constraints, such as the component range of concrete, the component ratio between concrete components, the strength, slump, absolute volume, and carbonation durability [25].
(1)    The constraint of component range of concrete means that the mass of the concrete component should fall between the upper mass boundary and lower mass boundary. The constraint of the component range of concrete can be written as follows:


lowermass≤componentmass≤uppermass
(4)

where the lower and upper masses represent the lower and upper boundaries of the components of concrete, respectively. The lower and upper masses are shown in Table 2 [25].
(2)   The component ratio constraint denotes the ratios among concrete components, such as the water/binder ratio, sand/aggregate ratio, metakaolin/binder ratio, water/solid ratio, and aggregate/binder ratio; should fall between the lower and upper boundaries. The component ratio constraint can be written as follows:


lowerratio≤componentratio≤upperratio
(5)

where the lower and upper ratios represent the lower and upper ratio boundaries of the concrete components. The lower and upper ratios are shown in Table 3 [25].
(3)    The strength constraint denotes that the real strength should exceed the aimed strength. The strength constraint can be written as follows:


fc(t)≥fcr(t)
(6)

where fc is the real strength; fcr is the design strength. Moreover, the 28-day strength of metakaolin-modified concrete can be calculated according to the following formula [15,21,28]:


fc=11.145×(W/(C+2.5×MK))−1.528
(7)

where 2.5 is the strength efficiency factor of metakaolin. The addition of metakaolin can improve concrete strength [29,30].
(4)   The slump constraint denotes that the real slump should exceed the aimed slump. For metakaolin-modified concrete, the slump constraint can be written as follows:


Slump≥Slumpr
(8)

where Slump is real slump; Slumpr is design slump. Moreover, the slump can be calculated according to the following formula [6,25,31]:


Slump=209.27×WC+MK+1.34×W−325.1×SS+CA−69.28×MKC+MK+1.29×SP+63.3
(9)
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Eq. (9) shows that as the water/binder ratio, water content, and superplasticizer content increase, the slump of the concrete increases, while as the metakaolin/binder ratio and sand ratio increase, the concrete slump decreases [32].

The superplasticizer content can be calculated according to the following formula [6,25,33]:


SP=(9.20−7.74×WC+MK)×(1+5×MKC+MK)
(10)

Eq. (10) shows that as the water/binder ratio increases or the metakaolin/binder ratio decreases, the superplasticizer content decreases.
(5)   The absolute volume constraint denotes that the sum of the individual volumes of the concrete components should total 1 cubic meter. The absolute volume constraint can be written as follows:


WρW+CρC+MKρMK+CAρCA+SρS+SPρSP+Vair=1
(11)

where ρW, ρC, ρMK, ρCA, ρS, and ρSP are the densities of water, cement, metakaolin, coarse aggregate, sand, and superplasticizer, respectively; Vair is the volume of the entrapped air of the concrete.
(6)    For metakaolin-modified concrete, the carbonation depth increases as the metakaolin content increases [2,10,13,14]. Hence, carbonation durability may limit the application of metakaolin in the concrete industry. The carbonation durability can be written as follows:


xc(t)≤CV
(12)

where xc(t) means the concrete carbonation depth; CV denotes the cover depth of the concrete.

The carbonation depth of metakaolin-modified concrete can be determined based on the concept of the carbonation efficiency factor. The calculation equation for carbonation depth is as follows [13,14]:


xc=2D[CO2]0t0.218×(C+0.4×MK)×αH
(13)


D=6.1×10−6([W−0.267×(C+0.40×MK)×αH]/1000C+0.4×MKρc+Wρw)3(1−RH100)2.2exp⁡[β(1Tref−1T)]
(14)

where [CO2]0 is the CO2 concentration; D is the CO2 diffusivity; αH is the degree of hydration (αH = 1 − exp (− 3.38 × W/(C + 0.4 × MK)) [34,35]; RH is the relative humidity of the environment; Tref is the reference temperature (Tref = 293 K); T is the temperature of the environment; β is the temperature sensitivity coefficient of the CO2 diffusion (β = 4300) [36]. In Eqs. (13) and (14), the [CO2]0, RH, and T are factors of the environment. The denominator of Eq. (13), 0.218 × (C + 0.4 × MK) × αH, means the content of carbonatable substances [13,14]. 
([W−0.267×(C+0.40×MK)×αH]/1000C+0.4×MKρc+Wρw)
in Eq. (14) means the concrete’s porosity [13,14]. Thus, diffusivity (D) relates to both the concrete’s material properties and its exposure environment. In addition, Eqs. (13) and (14) show that as the CO2 concentration and temperature increase, the carbonation depth of the concrete increases. This is relevant as increasing CO2 concentrations and temperatures are forecast to occur as climate change proceeds [37].

2.3 Genetic Algorithm

Mixture design means finding the individual mass of a component of concrete (such as cement, metakaolin, water, sand, stone, or superplasticizer) that can achieve the desired function and simultaneously satisfy various constraints. Feasible concrete components can be found using numerical analysis methods, such as the genetic algorithm. The genetic algorithm is a universal method of making global optimizations [31,38]. The calculation process of the genetic algorithm is not dependent on the specific desired functions or constraint equations. The toolbox of global optimization in the MATLAB program can be used to find the optimal mixtures.

The flowchart of the genetic algorithm is shown in Fig. 2. Optimization is aimed at the CO2 emissions, material costs, or total cost. The constraints on optimization are the compressive strength, slump, carbonation, component range, component ratio, and absolute volume. After inputting the desired functions and the constraints, the optimal mixtures for various design cases are found.
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Figure 2: Flowchart of optimal design

3  Design Examples

This section illustrates design cases with different strengths. The 28-day design strengths are set as 30, 40, 50, and 60 MPa. The required slump is set as 180 mm. According to the design code, the cover depth is set as 25 mm [39]. The environmental temperature is set as 20°C. The relative humidity of the environment is set as 0.65. The CO2 concentration is set as 0.037%, which is a common CO2 concentration of suburban zone [1,3]. For other zones, the CO2 concentration may be different. The service life is assumed to be 50 years [39]. The entrapped air content is assumed to be 2%.

As shown in Table 4, five design cases are considered: low-CO2 concrete with no carbonation, low-CO2 concrete with carbonation, low-material-cost concrete with carbonation, low-total-cost concrete with carbonation, and low-total-cost concrete with climate change and carbonation.
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As shown in Table 5, the following points can be clarified based on the comparison of cases: from Case 1 to Case 2, the impact of carbonation durability on mixture design can be clarified; from Case 2 to Case 3, we can find the difference between low-CO2 concrete and low-material-cost concrete; from Case 3 to Case 4, we can find the difference between low-material-cost concrete and low-total-cost concrete; from Case 4 to Case 5, the impact of climate change on the mixture design can be clarified. Moreover, based on the comparisons of design strength levels from 30 to 60 MPa, we can find the impact of design strength on optimal design.
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3.1 Case 1: Low-CO2 Concrete with No Carbonation

Based on the genetic algorithm, we can find mixtures with low CO2 emissions. The carbonation durability constraint is not considered in this section. The optimal mixtures of Case 1 are shown in Table 6. The performance of the optimal mixtures of Case 1 is shown in Table 7. The water contents for Mixes 1 to 4 are similar; this is due to the constraint of the water/solid ratio. The water/solid ratio for Mixes 1 to 4 is at the lower limit. Table 7 shows that the metakaolin/binder ratio for Mixes 1 to 4 is at the upper limit; this is because the CO2 emissions for 1 kg metakaolin are much lower than those for 1 kg cement. When the aim of the optimization is set to low CO2 emissions, the metakaolin/binder ratio reaches the upper limit. In addition, as shown in Fig. 3, as the strength of the concrete increases, the CO2 emissions of the concrete increase (Fig. 3a) and the water/binder ratio decreases (Fig. 3b). This trend agrees with the results in [23].
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Figure 3: Performance of Case 1 (low CO2 with no carbonation): Mix 1, Mix 2, Mix 3, and Mix 4
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Carbonation depth vs. time for Mixes 1 to 4 is shown in Figs. 3c to 3f. After a service life of 50 years, the depths of carbonation of Mixes 1 to 3 exceed the cover depth of 25 mm (shown in Figs. 3c to 3e), while the depth of carbonation of Mix 4 is less than the cover depth (shown in Fig. 3f). This means that for concrete with high strength and a high binder content (Mix 4; 60 MPa), the carbonation durability can be satisfied, while for concrete of an ordinary content and medium strength (Mixes 1 to 3; 30, 40, and 50 MPa), the carbonation durability cannot be satisfied. Hence, the carbonation constraint should be considered for the design strengths of 30, 40, and 50 MPa.

3.2 Case 2: Low-CO2 Concrete with Carbonation

Section 3.1 presents the importance and necessity of the durability of carbonation for mixture design. Hence, this section adds the durability of carbonation as a constraint on mixture design. The difference between the previous section and this section is that the previous Section 3.1 does not include carbonation, while this Section 3.2 does. All the other constraints are the same in both sections.

The optimal mixtures and their performances are presented in Tables 8 and 9, respectively. For ordinary-strength concrete Mix 5, the design strength is 30 MPa but the real strength is 34.73 MPa. This means the durability of carbonation is the dominant factor of the design for Mix 5. For carbonation durability, a higher strength must be used. The metakaolin/binder ratio of Mix 5 reaches the lower limit as the addition of metakaolin impairs carbonation resistance. Moreover, for medium-strength concrete, Mixes 6 and 7 have the same strengths as Mixes 2 and 3, respectively. However, the metakaolin/binder ratios of Mixes 6 and 7 are lower than those of Mixes 2 and 3, respectively. This is because a higher metakaolin content can impair carbonation durability. Lastly, for high-strength concrete, Mix 8 is the same as Mix 4. This means that carbonation does not influence the mixture design of concrete with high strength. As shown in Fig. 4, as the strength of concrete increases, the CO2 emissions increase (shown in Fig. 4a) and the water/binder ratio decreases (shown in Fig. 4b). This trend agrees with results in [25,31]. For Mixes 5 to 7, the depth of carbonation equals the cover depth of the concrete (shown in Figs. 4c to 4e), while for Mix 8, the depth of the carbonation is less than the cover depth of the concrete (shown in Fig. 4f).
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Figure 4: Performance of Case 2 (low CO2 with carbonation): Mix 5, Mix 6, Mix 7, and Mix 8
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3.3 Case 3: Low-Material-Cost Concrete with Carbonation

In the previous Sections 3.1 and 3.2, the aim of the optimal design was low CO2. Besides CO2 emissions, material costs are an important index of concrete sustainability [25]. In this section, a minimal material cost of the concrete is set as the aim of the optimal design. By using the genetic algorithm, the optimal mixtures with low material costs are calculated and presented in Table 10. The performance of the optimal mixtures in Case 3 is shown in Table 11. First, we can see that Mix 9 is the same as Mix 5, though the aim of the optimal design for Mix 9 is low material cost, while the aim for Mix 5 is low cost. This is because carbonation durability is the dominant factor for the optimal design of Mixes 9 and 5, which have an ordinary strength of 30 MPa. Second, for Mixes 10 to 12, the metakaolin/binder ratio is at the lower limit. This is because the unit material cost of metakaolin is much higher than that of cement. When the aim is set as low cost, the content of metakaolin will be as low as possible. Third, as shown in Fig. 5, as the strength of concrete increases, the cost of materials increases (shown in Fig. 5a), the water/binder ratio of the concrete decreases (shown in Fig. 5b), and the depth of carbonation of the concrete decreases (shown in Figs. 5c to 5f). This shows agreement with references [13–14,28]. For Mixes 10 to Mix 12, the depth of carbonation after 50 years is lower than the cover depth of the concrete (shown in Figs. 5d to 5f, respectively).
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Figure 5: Performance of Case 3 (low material cost): Mix 9, Mix 10, Mix 11, and Mix 12
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3.4 Case 4: Low-Total-Cost Concrete with Carbonation

Sections 3.2 and 3.3 show the optimal design of low-CO2 and low-material-cost concrete, respectively. Because CO2 emissions have a different unit to material costs, this study uses the carbon price to convert the unit of CO2 emissions into that of cost [27]. In other words, the total cost equals the cost of materials plus CO2 emission costs [27]. Based on the genetic algorithm, we produce an optimal design for a low total cost with carbonation. We find that the results for the optimal design (shown in Table 12) are the same as those shown in Section 3.3. This is because the cost of CO2 emissions is much lower than the material costs. As shown in Fig. 6a, the ratio of CO2 emission costs to total cost is about 13%. This low ratio is not enough to affect the results of the optimal design. In addition, as shown in Fig. 6b, as the concrete strength increases, the total cost also increases.
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Figure 6: Performance of Case 4 (low total cost): Mix 13, Mix 14, Mix 15, Mix 16
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3.5 Case 5: Low-Total-Cost Concrete with Climate Change

In Sections 3.2 to 3.4, the effect of carbonation on the optimal design was considered. Carbonation is a complex physical-chemical process. The rate of carbonation is closely related to environmental conditions, such as the CO2 concentration and environmental temperature. Because of climate change, CO2 concentrations and temperatures are increasing. Consequently, climate change will affect the carbonation service life. Furthermore, concrete mixture design may be affected by climate change.

The Intergovernmental Panel on Climate Change (IPCC) has proposed various Representative Concentration Pathways (RCPs), such as RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5. These climate change scenarios represent various directions global warming could take [37]. RCP 8.5 has greater increases in the CO2 concentration and temperature than the other scenarios. This section considers the effect of climate change scenario RCP 8.5 on the optimal design. The difference between Sections 3.4 and 3.5 is Section 3.5 considers climate change, while Section 3.4 does not.

The increases in CO2 concentration and temperature in RCP 8.5 are shown in Figs. 7a and 7b, respectively. To determine the carbonation depth with climate change, the time average of CO2 concentration 
∫0t[CO2]tdtt
and the time average of CO2 diffusivity 
∫0t[D]tdtt
are used [40].
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Figure 7: CO2 concentration and temperature increases of RCP 8.5

Based on the genetic algorithm, the optimal mixtures are determined and presented in Table 13. The performances of the optimal mixtures of case 5 are shown in Table 14. First, the design strength of Mix 17 is 30 MPa, while the real strength of Mix 17 is 38.33 MPa. This is because the durability of carbonation dominates the mixture design of Mix 17. Moreover, Mixes 17 and 13 have the same design strength, while the real strength of Mix 17 is higher than that of Mix 13 because Mix 17 considers climate change. To satisfy the demand for carbonation with climate change, a higher binder content and higher strength should be used. Second, Mixes 18 to 20 are the same as Mixes 10 to 12, respectively. In other words, climate change does not influence the mixture design of Mixes 18 to 20. This is because Mixes 18 to 20 have a high binder content and show sufficient resistance to carbonation even if climate change occurs. Third, as shown in Fig. 8, as the strength of the concrete increases, the total cost of the concrete increases (shown in Fig. 8a), the water/binder ratio decreases (shown in Fig. 8b), and the depth of carbonation decreases (shown in Figs. 8c to 8f). Moreover, the analysis results show that the carbonation depth of concrete under climate change is much higher than that without climate change, especially at a late age of service life (shown in Figs. 8c to 8f).
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Figure 8: Performance of Case 5 (low total cost with climate change): Mix 17, Mix 18, Mix 19, Mix 20
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4  Discussions

Compared with previous studies, the proposed design framework shows some benefits as follows:

First, previous studies mainly focused on low-cost concrete [25] or low-CO2 concrete [23,24]. The difference between low-cost concrete and low-CO2 concrete was not clearly clarified. In this study, the proposed method can design low-cost concrete (Case 3) or low-CO2 concrete (Case 2). We find that when the design strength is 30 MPa, the low-cost concrete is the same as the low-CO2 concrete because the durability of carbonation dominates the mixture design. Yet, for the cases of the design strengths 40, 50, and 60 MPa, low-cost concrete is different from low-CO2 concrete. To summarize, the proposed method is flexible and thus suited to finding optimal mixtures with different aims.

Second, previous mixture design studies did not pay enough attention to carbonation durability [23,24]. This study finds that when the design strength is 30 MPa, after considering carbonation durability (from Case 1 to Case 2), the real strength should be higher than 30 MPa. Moreover, when carbonation proceeds with climate change (from Case 4 to Case 5), the real strength of the concrete should be further improved. Next, when the design strength is 40 and 50 MPa, after considering carbonation durability (from Case 1 to Case 2), the metakaolin/binder ratio is lowered because the addition of metakaolin can impair carbonation resistance. Finally, when the design strength is 60 MPa, after considering carbonation durability (from Case 1 to Case 2), the optimal mixtures do not change. In summary, carbonation durability mainly affects the optimal design of ordinary-strength (30 MPa) and medium-strength (40 and 50 MPa) concrete, and does not affect the optimal design of high-strength concrete (60 MPa).

Third, for different design codes, the calculation equations of strength, slump, and carbonation depth for metakaolin-modified concrete may be different [13,14,23,24,41,42]. However, because the genetic algorithm is a common optimization process that can be used for different constraints equations, based on the proposed integrated design framework, other researchers can determine the optimal mixture design for their local situations.

Fourth, in this study, a genetic algorithm was used to determine optimal mixtures. As shown in Table 4, five case studies were performed, and each case study consists of four mix ratios. The performance of the optimal results, such as strength, slump, and carbonation depth, were calculated using Eqs. (7), (9) and (13), respectively. Because these performance evaluation equations have been verified from the relevant experimental studies, the accuracy of optimal results is acceptable. In addition, in this study, we made case studies about making low-CO2 concrete or low-cost concrete using MK. In previous literature, the differences between low-CO2 concrete and low-cost concrete were not studied in detail. The results of this study can fill the gap. The analysis results of Section 3.3 of this study show that it is not wise to produce low-cost concrete using MK.

5  Conclusions

This study offers an integrated mixture design framework for sustainable metakaolin-modified concrete. The genetic algorithm is used to determine the optimal mixtures. Strength, slump, and carbonation with or without climate change are considered as constraints of optimization, and CO2 emissions, material costs, and the total cost are set as the aims of optimization. Based on an analysis of five design cases, the following conclusions can be drawn:
(1)   Case 1 (low-CO2 concrete with no carbonation) shows that for concrete with high strength and a high binder content (Mix 4; 60 MPa), the carbonation durability can be satisfied, while for concrete with an ordinary and medium strengths (Mixes 1 to 3; 30, 40, and 50 MPa, respectively), the carbonation durability cannot be satisfied. For Mixes 1 to 4, the metakaolin/binder ratio is at the upper limit because the CO2 emissions of metakaolin are much lower than those of cement.

(2)   Case 2 (low-CO2 concrete with carbonation) shows that for ordinary-strength concrete Mix 5, the design strength is 30 MPa but the real strength is 34.73 MPa. This means that carbonation, not strength dominates the mixture design for Mix 5. To meet the carbonation durability, a higher real strength must be used. For medium-strength concrete Mixes 6 and 7 (design strengths 40 and 50 MPa, respectively), the metakaolin/binder ratio is lower than that for Case 1 (low-CO2 concrete with no carbonation) because metakaolin can impair carbonation resistance.

(3)   Case 3 (low-material cost concrete with carbonation) shows that for Mixes 9 to 12, the metakaolin/binder ratio is at the lower limit. This is because the unit material cost of metakaolin is higher than that of cement. In addition, when the design strength is 30 MPa, low-material-cost concrete Mix 9 is the same as low-CO2 concrete Mix 5. Thus, carbonation durability is the control factor for the mixture design of ordinary-strength concrete Mix 9 (design strength 30 MPa).

(4)   Case 4 (low-total cost concrete with carbonation) shows that low-total-cost concrete Mixes 13 to 16 are the same as low-material-cost concrete Mixes 9 to 12, respectively. This is because the costs of CO2 emissions are much lower than the material costs. The ratio of CO2 emission costs to the total cost is about 13%. This low ratio is not enough to affect the results of the optimal design.

(5)   Case 5 (low-total cost concrete with carbonation and climate change) shows that when the design strength is 30 MPa (Mix 17), due to considerations of climate change, the concrete’s real strength increases from 34.73 to 38.33 MPa. For ordinary-strength concrete (design strength 30 MPa), to satisfy the demand of carbonation with climate change, a higher binder content and higher strength should be used. On the other hand, climate change does not influence the mixture design of concrete with the design strengths of 40, 50, and 60 MPa.

To conclude, the proposed framework covers various aims (minimized CO2 emissions, material costs, and total cost) and considers different constraints (strength, workability, and durability with climate change). The proposed method can be used as a general process for the optimal design of sustainable metakaolin-modified concrete.
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Table 3: Lower and upper ratio boundaries of the concrete components

Water/binder Metakaolin/binder Sand/aggregate Aggregate/binder Water/solid

Lower ratio 0.25 0.05 0.40 2.7 0.08
boundary
Upper ratio  0.85 0.20 0.52 8.4 0.12

boundary
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Table 8: Optimal design mixtures of Case 2: Low-CO, concrete with carbonation (kg/m”)

Cement  Metakaolin  Water Coarse aggregate  Fine aggregate  Superplasticizer
Mix 5  316.32 16.65 170.13  860.97 932.72 6.56
Mix 6  309.44 33.05 169.88  854.91 926.15 7.95
Mix 7  297.25 62.12 16945  844.21 914.56 10.35
Mix 8  313.87 78.47 169.49  828.63 897.69 11.71
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Table 13: Optimal design mixtures of Case 5: Low-total-cost concrete with climate change (kg/m”)

Cement  Metakaolin  Water Coarse aggregate  Fine aggregate  Superplasticizer
Mix 17  337.89 17.78 170.35  851.40 922.35 6.87
Mix 18  347.64 18.30 170.46  847.08 917.67 6.99
Mix 19  403.73 21.25 171.06  822.36 890.89 7.61
Mix 20 456.45 24.02 171.65  799.24 865.85 8.04
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Table 4: Optimal design cases of metakaolin-modified concrete

Cases  Mixtures Aim Carbonation constraint Design strength

Case 1 Mix 1 to mix 4 Low CO, No carbonation 30, 40, 50, 60 MPa
Case 2 Mix 5 to mix & Low CO, Carbonation 30, 40, 50, 60 MPa
Case 3 Mix 9tomix 12 Low material cost Carbonation 30, 40, 50, 60 MPa
Case4 Mix 13 to mix 16 Low total cost Carbonation 30, 40, 50, 60 MPa
Case 5 Mix 17 to mix 20 Low total cost Carbonation with climate change 30, 40, 50, 60 MPa
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Table 9: Performances of mixtures of Case 2: Low-CO, concrete with carbonation

Strength Slump  CO, emissions  Carbonation depth Water/binder Metakaolin/

(MPa) (mm) (kg/m>) (mm) ratio binder ratio
Mix 5 34.73 23378  279.76 25.00 0.51 0.05
Mix 6 40.00 228.90  280.90 25.00 0.50 0.10
Mix 7 50.00 220.99  282.90 25.00 0.47 0.17

Mix 8 60.00 212.66 30341 22.39 0.43 0.20
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Table 7: Performance of mixtures in Case 1: Low-CO, concrete with no carbonation

Strength Slump CO, emissions Carbonation Water/ Metakaolin/ Water/
(MPa) (mm) (kg/m’) depth (mm) binder ratio binder ratio solid ratio
Mix 1 30.00 258.37 195.65 44,35 0.68 0.20 0.08
Mix 2 40.00 236.64 23442 33.81 0.56 0.20 0.08
Mix 3 50.00 222.57 270.05 27.06 0.49 0.20 0.08
Mix 4 60.00 212.66 303.41 22.39 0.43 0.20 0.08
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Table 12: Optimal design mixtures of Case 4: Low-total-cost concrete with carbonation (kg/m”)

Cement  Metakaolin  Water Coarse aggregate  Fine aggregate  Superplasticizer
Mix 13 316.32 16.65 170.13  860.97 932.72 6.56
Mix 14  347.64 18.30 170.46  847.08 917.67 6.99
Mix 15  403.73 21.25 171.06  822.36 890.89 7.61
Mix 16  456.45 24.02 171.65  799.24 865.85 8.04
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Table 11: Performances of mixtures of Case 3: Low-material cost concrete with carbonation

Strength (MPa) Slump (mm) Material cost Carbonation =~ Water/ Metakaolin/

(NT dollar/m®)  depth (mm)  binder ratio  binder ratio
Mix 9  34.73 233.78 1744.06 25.00 0.51 0.05
Mix 10 40.00 225.33 1854.66 21.54 0.47 0.05
Mix 11 50.00 213.68 2048.54 16.90 0.40 0.05
Mix 12 60.00 205.56 2227.41 13.76 0.36 0.05
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Table 1: CO, emissions, costs, and densities of raw materials

Cement Metakaolin Water Coarse Fine Superplasticizer
aggregate aggregate
CO, emission (kg/kg) 0.83 0.40 0.000196  0.0075 0.0026 0.25
Cost (NT dollar/kg) 2.25 22.5 0.01 0.30 0.25 25.1

Density (kg/m’) 3150 2650 1000 2540 2600 1200
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Table 6: Optimal design mixtures of Case 1: Low-CO, concrete with no carbonation (kg/m”)

Cement  Metakaolin  Water Coarse aggregate  Fine aggregate  Superplasticizer
Mix I  198.32 49.58 168.57  892.43 966.80 7.87
Mix 2 239.79 59.95 168.84  869.17 941.60 9.68
Mix 3 278.01 69.50 169.16  848.14 918.81 10.86
Mix 4  313.87 78.47 169.49  828.63 897.69 11.71
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Table 2: Lower and upper mass boundaries of concrete components

Cement  Metakaolin  Water  Coarse aggregate  Fine aggregate

Lower mass boundary 50 5 120 780 600
Upper mass boundary 540 300 250 1150 1100






OEBPS/Images/JRM_20829-fig-4.png
CO,, emission of Case 2-low CO2 with carbonation: Mix 5 to Mix 8 Water/binder of Case 2-low CO2 with carbonation: Mix 5 to Mix 8

35| ; ; ; T 60 T T T :
300 f 50 ]
—
£ 250 —
k) © 40 |
< o
c 200 =
g%
= 150 S
[0) = 20+
o 100} @
O
50| 10 -
0 0 : : :
30 40 50 60 0.42 0.44 0.46 0.48 0.5 0.52
strength(MPa) water/binder ratio
(a) CO, emissions of Mixes 5 to 8 (b) Water/binder ratio versus strength of
Mixes 5 to 8
Case 2-low CO2 with carbonation Case 2-low CO2 with carbonation
25 Mix5-design strength 30MPa 25 Mix6-design strength 40MPa
E20} ] €20} ]
E E
= =
S15¢f 1 S15¢ :
© ©
c c
K<) K<)
= 10} ] = 10| .
c c
[o] [o]
Qo Qo
S 5f 1 S 5[
o o
0 : : : : 0 : : : :
0 10 20 30 40 50 0 10 20 30 40 50
time(years) time(years)
(c) Carbonation depth of Mix 5 (d) Carbonation depth of Mix 6
Case 2-low CO2 with carbonation Case 2-low CO2 with carbonation
25 Mix7-design strength 50MPa 25 Mix8-design strength 60MPa
E20f E 20/ ]
E E
£ <
15[ @ 15¢ 1
© o
c [
il i)
5101 2 10 1
c c
o o
£ 2
@ 5f c 5 1
o o
0 : : : : 0 : : : :
0 10 20 30 40 50 0 10 20 30 40 50
time(years) time(years)

(e) Carbonation depth of Mix 7 (f) Carbonation depth of Mix 8





OEBPS/Images/table-10.png
Table 10: Optimal design mixtures of Case 3: Low-material-cost concrete with carbonation (kg/m”)

Cement  Metakaolin  Water Coarse aggregate  Fine aggregate  Superplasticizer
Mix 9 316.32 16.65 170.13  860.97 932.72 6.56
Mix 10  347.64 18.30 170.46  847.08 917.67 6.99
Mix 11 403.73 21.25 171.06  822.36 890.89 7.61
Mix 12 456.45 24.02 171.65  799.24 865.85 8.04
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Table 5: Highlight points of design cases

Highlight point

Comparisons

Carbonation
Difference between low-CO, and low-material-cost concrete
Difference between low-material-cost and low-total-cost concrete

Climate change

From Case 1 to Case 2
From Case 2 to Case 3
From Case 3 to Case 4
From Case 4 to Case 5
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Table 14: Performances of mixtures of Case 5: Low-total-cost concrete with climate change

Strength Slump Material Total Carbonation Water/ Metakaolin/
(MPa) (mm) cost (NT cost (NT depth (mm) binder binder ratio
dollar/m?) dollar/m?) ratio
Mix 17 38.33 227.78 1820.42 2077.65 25.00 0.48 0.05
Mix 18 40.00 225.33 1854.66 2119.04 23.89 0.47 0.05
Mix 19 50.00 213.68 2048.54 2354.01 18.74 0.40 0.05
Mix 20 60.00 205.56 2227.41 2571.49 15.26 0.36 0.05






