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Abstract

:

Nowadays, admixtures are used with the aim to provide strength and durability to concrete with less water use. New and low-cost admixtures gained a large amount of consideration to mitigate the problems associated with concrete’s durability and service life without upsetting its strength properties. The current work investigates the effect of three types of acetates on the workability, density, and compressive strength of concrete, which is used in structures of the Iraqi ports that suffer from corrosion damages and deterioration owing to the aggressive marine environments. Potassium acetate (KA), calcium acetate (CaA), and ethyl acetate (EA) are incorporated with different doses (1.38–5.6 wt.% of cement) in concrete mixtures using different water/cement ratios (0.48–0.54) based on an espoused central composite experimental design. The experimental results confirmed that the average workability increased with increasing the acetate dose, particularly with CaA. The density and compressive strength of 28 days of water-cured mixtures increased with increasing acetate dose following the order: Ca > K > Ethyl acetate and decreased with increasing w/c ratio. The high rise in compressive strength and workability linked to control mixtures was 30.8% and 77.3% as well as 15.7% and 64.3% for the mixtures incorporated with 5.6 wt.% CaA and KA, respectively. While it was 14.2% and 58.3% for the mixtures incorporated with 3.5 wt.% EA. RSM was employed to optimize and model the design and hardened properties of concrete mixtures. ANOVA results predicted the same trend, which was obtained from the experimental results. The mathematical models were valued with high-regression coefficients. The highest compressive strength of 42.68 MPa has been achieved for a concrete mixture of 0.48 w/c ratio by the incorporation of 5.1 wt.% CaA through a model with R2 96.97%. The relatively low-cost acetate admixtures, particularly CaA, seemed promising for the fabrication of concrete with outstanding properties.
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1. Introduction


Iraq owns many commercial ports with distinguished rural locations. They occupy an effective position in the national economy. The ports are designated for commercial purposes (import and export). They are located in the Basra governorate, on the right bank of the Shatt al-Arab, such as the port of Al-Maqil, Abu Flus, Umm Qasr, and Khor al-Zubayr. Although the Iraqi ports have an important geographical location in world trade, as they are considered the ideal way for transit traffic trade between East and Southeast Asia and Europe, the ports have suffered many challenges including environmental stresses, resulting in corrosion damages and deterioration of the structures of the ports exposed to the aggressive marine environments, in particular, the high salinity of seawater with an average of about 40.5 g/kg [1]. Therefore, it became essential and economical to plan port activities in order to reduce port activity disruption by preserving port infrastructure, rather than demolishing and reconstructing the damaged facilities. This can be practiced by applying some concrete corrosion mitigation procedures using anti-corrosion materials as concrete admixtures.



It is well-confirmed that materials are one of the most important considerations for solving the shortcoming in concrete. In severe exposure conditions, the specification and/or use of unsuitable materials can lead to poor durability; therefore, using efficient materials in construction has become the most innovative method used for construction projects. In addition, using low water-to-cementitious materials ratio and supplementary materials will provide denser and more durable concrete equated with representative Portland cement concrete [2].



Several additives have been applied to obtain low permeability, high density, and load-carrying capacity, as well as consent for the building of durable and high-strength concrete structures. Among those additives are nanoparticles including nano-silica (nano-SiO2), nano-alumina (nano-Al2O3), nano-ferric oxide (nano-Fe2O3), nano-titanium oxide (nano-TiO2), carbon nanotubes (CNTs), graphene and graphene oxide [2,3,4]. Moreover, nanopolymers were found to participate in self-healing mechanisms [5,6], as well as rewarding an improved product layer on the steel surface and calcium content in the bulk matrix [7].



Among other additives are corrosion inhibitors which are added in slight amounts to extend the corrosion start time and avoid the onset of corrosion in reinforced concrete structures [8]. These include inorganic inhibitors, such as nitrates, chromates, molybdate, phosphate, carbonates, polyphosphates, and silicates [9,10,11,12,13], as well as organic inhibitors including amines and alkanol amines and their salts. The organic inhibitors can inhibit steel corrosion through an adsorption mechanism by forming a thin layer of shielding barrier film on the surface of the rebar [11,14]. Moreover, corrosion inhibitors may be embedded in microcapsules that could be added into fractured concrete and successfully passivated or maintained the inactiveness of the rebar when the concrete is damaged [15]. However, controlling the concrete, such as using low w/c ratios, increasing cement content in the concrete composition, and optimizing the inhibitor doze leads to better anticorrosion resistance [16].



In addition, the growth and operative application of chemical admixtures in concrete technology resulted in new advancements in the formulation and application of cement and concrete composites. The incorporation of a small amount of admixture could effectively adjust the performance of cement-based materials. The improvement includes the physical, mechanical, durability, rheology, and hydration properties [17]. The functional groups of admixtures are generally categorized into hydroxyl, carboxyl, amino, and sulfonic acid [18]. However, it was pointed out that modifying and improving the performance of hydroxyl- or carboxyl-containing admixtures could be carried out by esterification [19].



Superplasticizers are one of the admixtures that act to modify the concrete workability, and at the same time, increase the strength of concrete. They neutralize the surface attractions between cement particles resulting in a less open structure that requires less water/cement ratio; therefore, increasing the strength and durability of concrete. However, most of the superplasticizers used are synthetic and more expensive than other types of concrete admixtures [20].



On the other hand, new green and low-cost admixtures that can work efficiently in the presence of water are developed by some researchers. Those additives are added to mitigate the problems associated with concrete’s durability and service life without upsetting its strength properties [21,22].



From a different perspective, RSM is an efficient statistical tool that has been widely used and successfully employed to set the experimental design and models that mathematically describe the effects of the operating parameters on the process’s responses. Literature information on using RSM in the optimization and modeling of concrete mixture design and properties is highlighted in the methodology and results in parts of the current work.



There are limited studies regarding increasing the durability of concrete by incorporating acetates as an admixture. The literature studies are concentrated on using sodium acetate (CH3COONa) [23,24,25,26,27]. However, the studies lack investigation and optimization of the effect of other types of metal acetates and organic acetates on the strength and physical characteristics of cementitious materials.



The objectives of the current work are to pave the way for the application of acetates as admixtures in the construction of Basrah port infrastructure by providing scientific knowledge about the standardized procedures used to fabricate and test the properties of reinforced concrete specimens incorporated with diverse kinds of acetates, as well as to determine the optimum features of acetates to achieve high strength and durability properties. The current part of the work focuses on using potassium acetate, calcium acetate as inorganic acetates, and ethyl acetate as organic acetate in unreinforced concrete. The research studies the effect of acetate type and amount, and the water-to-cement ratio on workability, density, and compressive strength. The effect of the variables is optimized and modeled using a two-factorial central composite experimental design.




2. The Experimental Part


2.1. Materials


Ordinary Portland cement (OPC) confirming Iraqi specifications (Iraqi standards 2019) [28], natural sand passing through a 2.36 mm sieve, gravel passing through a 20 mm sieve, and tap water were used as concrete main ingredients. Potassium acetate (KA), calcium acetate (CaA), and ethyl acetate (EA) with an assay of ≥99% are purchased from Fluka™ Chemicals and Reagents for Analytical Chemistry and used as admixtures. The mixture proportions (1:2:4) for concrete were used. Fresh concrete mixtures were prepared using 90% of the total amount of water needed for the concrete mix. The remaining amount of water was used to dissolve the predetermined amount of the acetate. The acetate solution was added to the fresh concrete mixture. All samples were mixed in a laboratory drum mixer. Concrete mixtures incorporated with different types (Ka, CaA, and EA) and doses (1.38–5.6 wt.%) in concrete mixtures using different water/cement ratios (0.48–0.54) based on an espoused central composite experimental design were formulated, molded, and cured in water at room temperature for 28 days and then tested. Three samples were formulated for each test taking into account the average value. Control samples without acetates were formulated, molded, cured, and tested similarly for comparison purposes. Figure 1 shows images of some aspects of the experimental work.




2.2. Methodology


Response surface methodology (RSM) is a powerful methodology that uses statistical techniques based on the partial factorial design that is employed to optimize and model specific responses influenced by the process operating variables. The attractive feature of RSM made the tool popular and has significant potential [14,29,30]. The importance of RSM could be summarized by its applications in various processes for designing simultaneous runs, which could be performed quickly ensuring savings in the process time, expense, and effort. In the current work, mathematical and statistical software was used as a tool to identify the relationships between the type and content of the acetate additives and the water/cement ratio of the concrete mixtures as independent operating parameters on workability, density, and compressive strength as dependent variables (responses), and to optimize and establish the mathematical models that describe the mentioned relations. The methodology used is carried out by using appropriate design and analysis of experiments in an empirical way based on a two-factorial central composite design followed by the response surface methodology.



The individual and interactive effects of the content of the acetates and water/cement ratio on the responses were studied through 10 experimental runs. The mathematical empirical model is fitted to evaluate the impact of each independent operating parameter on the responses. The empirical model is demarcated as:


Y = β0 + β1X1 + β2X2 + β11X12 + β22X22 + β12X1X2



(1)







The response (Y) is correlated to the set of regression coefficients (β): The model intercept is (β0); β1 and β2 are linear terms; β12 is the interaction term; β11 and β22 are quadratic coefficient terms. The software portable statgraphics centurion 15.2.11.0.exe was used for the regression and graphical analysis of data.



The three types of acetates were incorporated with different doses (1.38–5.6 wt.%) in concrete mixtures using different water/cement ratios (0.48–0.54) based on the adopted central composite experimental design. Table 1 shows the experimental design with the actual operating parameter levels and the response values.




2.3. The Properties Investigated


The workability of fresh concrete mixtures is the measure of the ease with which the concrete composites flow and consolidate. Workability is a critical factor that affects the long-term performance of hardened concrete, which may complicate the compaction of cement composites due to the trapping of air spaces that highly affects the mechanical performance [31].



Standard flow tests for measuring the workability were conducted immediately after mixing freshly mixed concrete composites using a slump cone. The cone was filled in three layers and manually tamped 25 times. After filling all the layers and cleaning around the slump cone, the slump cone was removed within 3 to 5 s in a straight ascending direction. Slump reading is the difference in height of the slump cone and average of the height of the concrete specimen. The average of four measurements represented the test findings.



Dried concrete cubes of 150 × 150 × 150 mm that are cured purely in water for 28 days were tested for density. The volume of the cubes was accurately measured after weighing the cubes. The density of the concrete specimens was obtained as the average of the three test results.



A compressive strength machine control model 50-C23C02 with a 2000 KN load capacity was used to test the compressive strength of 150 × 150 × 150 mm concrete cubes. The load was applied at a constant rate until the specimen failed. The compressive strength of concrete was obtained as the record of the failure load. The average of the three test results represented the average compressive strength.





3. Results and Discussion


3.1. The Experimental Results


Compressive strength is the main property that affects the fundamental behavior of construction elements. The experimental findings concerning the average values of compressive strength of concrete mixtures cured for 28 days are shown in Figure 2. The mixtures were formulated with different w/c ratios and incorporated with different types and doses of acetates. The results confirmed that the compressive strength of concrete could be increased by the incorporation of the three acetates of admixtures compared to the control samples; however, the mixtures incorporated with calcium acetate seemed to exhibit the highest compressive strength followed by the mixtures with potassium acetate than ethyl acetate. In general, the compressive strength increases with increasing the dose of the three types of acetate; however, concrete mixtures incorporated with ethyl acetate exhibited maximum compressive strength at a content of 3.5% (Figure 2).



In general, the interaction between cement and admixtures is a surface phenomenon. Some evidence of chemical interactions between the cementitious phase and acetates was acknowledged and documented [18,32,33]. Acetates, such as KA, CaA, and EA that are used in the current work undergo hydrolysis when dispersed in an alkaline medium. The alkaline medium in the cement pastes is the Ca(OH)2-saturated pore solution. The dissolution of cement grains leads to the release of Ca+2. The alkaline hydrolysis of the acetate admixture leads to the release of acetate anion CH3COO−. The combination of the calcium and acetate ions resulted in the formation of the organic salt (calcium acetate). Figure 3 shows a scheme of the interactions described above.



The chemical interaction could result in changes in the morphology and composition of the hydrated cement phases and increase the amounts of the hydrates which enhance the strength of the dried mixtures.



It indicated that the order of increasing the compressive strength of concrete mixtures was incorporated with Ca > K > Ethyl acetate. The situation may be attributed to the size of the acetate partner (Ca, K metal atoms, and the organic ethyl group) and its chemical nature, which are the factors that may play an important role in boosting the compressive strength. Regarding the size of the acetate partner, the smaller the size of the acetate partner, the more the enhancement in the tendency of linkages that lead to a more compacted concrete morphology. The small size of the calcium atom (Ca+2 radius = 114 pm) was compared to the K atom (K+1 radius = 152 pm) [34], and the larger size of ethyl group may be behind the aforementioned order of compressive strength of the mixtures which are formulated in the current study. Concerning the nature of the acetate partner, the stronger chemical bonding of the inorganic Ca and K metal ions with cement ingredients compared to the weaker physical linkages of the organic ethyl group is also one of the causes behind the higher compressive strength values of the mixtures incorporated with Ca and K acetates. The supreme increase in compressive strength linked to conventional mixtures was 30.8% and 15.7% for the mixtures incorporated with 5.6% CaA and KA, respectively. While it was 14.2% for the mixtures incorporated with 3.5% ethyl acetate.



The findings of the experimental work for the variation of compressive strength of concrete with w/c ratio revealed that strength rises with the declining w/c ratio using the three types of acetates. A typical illustration showing the tendency of decreasing the compressive strength of concrete mixtures using similar acetate content (3.5%) with the increasing w/c ratio is clarified in Figure 4.



A high w/c ratio causes aggregate segregation from the cement paste. Moreover, not consuming water by the hydration reaction may lead to microscopic pores (bleeding) and shrinkage resulting in declining the concrete strength.



Figure 5 shows the average workability results for the fresh concrete mixtures of w/c ratio of 0.51 containing different types and contents of acetates. It is noticed that increasing the content of acetates in the concrete mixtures augments its consistency. Notable compacted composites with no observable cracks were obtained.



The increase in workability is more announced for the mixtures incorporated with the metallic calcium and potassium acetates. The reason may be attributed to the fact that when the acetates dissociate in water, CH3COO− ions form. The metal ions already present in the cement, such as Na+ and Ca+2 will react with the acetate ions. The product of this reaction comprises crystals of metal acetate. The dissociated K+ and Ca+2 ions will react with free water and produce KOH and Ca(OH)2. Moreover, acetic acid (CH3COOH) is produced by the reaction of free water with CH3COO− ions. Suppose a large quantity of acetate admixture is added to the mixture. In that case, the formation of acetic acid in the mixture may delay the hydration process and increase the workability of the concrete mixtures. Similar findings were reported in [25]. The result of the dissociation of ethyl acetate also produces acetic acid that contributes to delaying the hydration reaction as well as increasing the mixture’s workability.



The experimental results for the slump shown in Table 1 revealed that at a w/c ratio of up to 0.51, the increase in the calcium acetate content resulted in an increase in the slump. Moreover, the situation may be attributed to the adsorption of the hydrolyzed Ca ions from CaA on the surface of the cement particles owing to the concentration incline of Ca ions between the cement particles and liquid, in order that the cement particles become well dispersed due to mutual repulsion, causing the increase in slump. However, at a high w/c ratio (0.53 for experiment Nos. 5 and 7) the results revealed that increasing calcium acetate content (from 2% to 5%) gave rise to the decrease in slump. The decrease in slump may be attributed to the interaction effect of the two variables. The dilution effect of the high-water content may cause the desorption of Ca ions from the surface of cement particles leading to less-dispersed cement particles. Lowering the dispersity of the cement particles leads to a decrease in the slump values (workability). Therefore, it can be deduced that both the acetate content and w/c ratio govern the hydration process.




3.2. ANOVA Results


Analysis of variance (ANOVA) results for compressive strength are illustrated in Figure 6, Figure 7 and Figure 8. The results confirmed that the acetate type, acetate amount, and w/c ratio remarkably affect compressive strength. The findings are reflected in the plots resulting from the analysis of the experimental compressive strength results by the RSM software. Pareto charts which show the absolute values of the properties show that the impact of the two operating parameters on compressive strength is significant (the effects extend past the reference line). However, the effect of the acetate content is more significant for EA (Figure 8a), while for CaA and KA, the w/c ratio seemed more significant (Figure 6a and Figure 7a). The situation may be related to the chemical nature of the acetates. Ka and CaA are mineral acetates that have a good affinity to water, while EA is a non-metallic acetate that has an organic part of poor affinity to water. The mean effect plots indicated that compressive strength is highly affected by the w/c ratio, which decreases with increasing w/c ratio, in particular at higher w/c ratios. A dramatic decrease was observed for the mixtures with KA and CaA (Figure 6b and Figure 7b), while mixtures with EA showed a flat maximum (Figure 8b). The reason for growing the strength by increasing the acetate amount may be due to the reaction of calcium hydroxide present in concrete with K and Ca in water. The product of this reaction is silica gel that will grow into solid crystals that adhere to the walls of the pores after hydration giving the concrete rigidity and strength. However, the compressive strength rises with increasing the content of EA up to a maximum and then decreases (Figure 8b), while for CaA and KA, the mixture of compressive strength rises with increasing the acetate content in a closely linear mode (Figure 6b and Figure 7b). Decreasing the compressive strength of the mixtures incorporated with EA after the maxima may be attributed to the fact that at higher concentrations of EA, the repulsion forces between the organic EA which has low solubility in water and the polar constituents of concrete mixture will increase, leading to more porous and less compacted concrete microstructure. In agreement with our findings, it was reported that adding acetate could increase the content of ettringite and portlandite in the concrete [35].



Furthermore, the interaction plots display the mean effect of acetate content versus the w/c ratio at each level. No interaction effects of the operating variables for compressive strength were observed for the mixtures incorporated with CaA and KA (Figure 6c and Figure 7c). The situation is reflected by the parallel lines of the effects. While the interaction plots reflected remarkable interaction effects for the compressive strength of the mixtures incorporated with EA, in particular at a w/c ratio above 0.48 (Figure 8c). The situation is visualized by the cross lines that suggest the interaction. The behavior above is more apparent throughout the contours shown in the two-dimensional (2D) plot (Figure 8g). The elliptical shapes of the contours indicate the variable’s substantial interactions.



The normal probability plot presented in (Figure 6d, Figure 7d and Figure 8d) revealed the model’s effectiveness by displaying the adjacent positions of the points to the straight lines. The three-dimensional (3D) response surface plots (Figure 6f, Figure 7f and Figure 8f) illustrate the conception of the response surface and the style of the compressive strength performance in terms of the two operating factors.



The contour plots show how varying the two operating variables affects the predicted compressive strength values, which are represented as colors. Figure 6g and Figure 7g show the two-dimensional (2D) contour plots for KA and CaA mixture. The figures reflect less effective interactions between the variables. The non-elliptical shapes of the contours specify the situation.



The plots of the residuals (Figure 6e, Figure 7e and Figure 8e) verify the validity of the regression. The random scattering of residuals versus predicted reflects that the errors are independent. The fall of the points randomly on both sides of (0) demonstrates the normal distribution of the points. The results obtained affirm that the espoused model can be utilized to detect the optimum compressive strength and that it is appropriate for usage. The methodology was applied successfully to optimize and model the properties of concrete composites including compressive strength [36,37,38,39].



The empirical regression model equations, regression coefficients, and the optimum compressive strength values and operating variables for the mixtures formulated with different acetates are listed in Table 2. The R2 is reasonable for fitting uniformity. The high-regression coefficient proves that the estimated models are accurate and can explain the experimental results successfully.



ANOVA results for bulk density confirmed that the acetate type, acetate content, and w/c ratio remarkably influence density. However, the effect of acetate content is more significant (Figure 9a, Figure 10a and Figure 11a). The mean effect plots indicated that density declines with the rising w/c ratio and increases with increasing the acetate amount, particularly at high-acetate contents (Figure 9b, Figure 10b and Figure 11b). The rise in density may be ascribed to the decrease in air in the cement matrix as acetates fill the empty spaces within the pore structure. The higher density values may be due to the improvement in the hydration process and subsequently the increase in the hydration products was compared with those of control samples.



The interaction plots reflected no remarkable interaction effects of the operating variables for density (Figure 9c, Figure 10c and Figure 11c). However, an interaction effect of the acetate content and w/c was observed for mixtures incorporated with KA at a higher w/c ratio (Figure 9c). The significant interactions are highlighted throughout the change in the contours to shape approximately the half ellipse and total eclipse as illustrated in (Figure 9g and Figure 11g) representing the (2D) contour plots, respectively.



The normal probability plot presented in Figure 9d, Figure 10d and Figure 11d, and the plots of the residuals (Figure 9f, Figure 10f and Figure 11f) show the same trend established for compressive strength, which specifies the model’s validity and precision describing the experimental results for bulk density.



The empirical regression model equations, regression coefficients, and the optimum bulk density values and operating variables for the mixtures formulated with different acetates are listed in Table 3. The high-regression coefficients of the estimated models confirm the model’s precision. However, less significant differences in the optimum values were estimated for bulk density compared to those estimated for compressive strength.




3.3. Microstructure Analysis


The interpretation of microstructure imaging has become well-recognized as a technique for studying the microstructure of cement and concrete composites. It is soundly established that the hydration of cement paste develops its microstructure. The hydrous cement grains form by the reaction of anhydrous cement grains with water. The products of the hydration reactions are the alite or tricalcium silicate, belite or dicalcium silicate, and calcium hydroxide. The alite and belite are accountable for the formation of the C-S-H gel. The calcium silicate hydrate is produced principally around the cement grains, while calcium hydroxide is deposited in the water-filled pores [40]. In this study, SEM images of different magnifications (the two tops are in lower magnification) were obtained for the hardened cementitious part of the control samples and acetate-modified samples. Typical SEM images for the control sample are shown in (Figure 12, top and bottom left). The figure indicates the formation of cement hydration products. Calcium hydroxide crystals are represented by areas of light gray with irregular shape, calcium silicate hydrate is signified by areas of dark gray, while the pores are displayed by black areas [41].



The top and bottom right of Figure 12 shows the typical SEM images for the hardened cementitious part of a sample incorporated with CaA. The figure illustrates less porous and denser microstructure resulting from the addition of the acetate. The denser microstructure may be owing to the high adhesion between CaA and the cement hydration products. The packed microstructure gives rise to a decrease in the volume of capillary pores in the sample incorporated with CaA. The modified microstructure enhanced by acetates enables the attainment of building materials with higher density, strength, and durability characteristics. Incorporating the acetates in the mixtures leads to reducing voids in concrete, thereby decreasing the porosity [42] and avoiding the diffusion of any fluids.





4. Conclusions


The effective application of chemical admixtures in concrete technology resulted in a new development in the formulation and usage of cement concrete materials. Small amounts of admixture can efficiently adjust the cement-based materials’ performance. This study is a part of research aimed at examining the effect of the incorporation of potassium acetate (KA), calcium acetate (CaA), and ethyl acetate (EA) in concrete as anti-corrosion admixtures, and its impact on other concrete properties, mainly workability and compressive strength. The current work focuses on studying the impact of the merging of admixtures on the workability, density, and compressive strength of concrete based on the acetate dose and water/cement ratio. The experimental and the RSM analysis results confirmed that the relatively low-cost acetate admixtures, in particular CaA seemed promising for the manufacturing of concrete with notable workability and mechanical strength. The high rise in compressive strength linked to control mixtures was 30.8% for the mixtures incorporated with 5.6 wt.% CaA. Optimum compressive strength of 42.68, 38.76, and 38.31 MPa, and density of 2.42, 2.45, and 2.47 g/cm3 were estimated for concrete mixtures incorporated with CaA, KA, and EA, respectively using 0.48 w/c ratio. The promising results paved the way to continue the study in order to explore the impact of the admixtures on the water permeability and corrosion resistance of reinforced concrete incorporated with the optimum content of the acetate admixture, which could be used in Basrah marine construction applications.
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Figure 1. (a) Slump test, (b) mold preparation, (c) a typical casted specimen, (d) cured specimens. 
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Figure 2. Compared to control specimens, the variation of compressive strength with acetates content for mixtures of (w/c = 0.51). 
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Figure 3. Scheme of the interactions of acetate admixtures with cement. 
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Figure 4. Compressive strength set against w/c ratio for concrete mixtures incorporated with 3.5% cement weight of the acetates. 
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Figure 5. Average workability versus acetate content in concrete mixtures (w/c = 0.51) incorporated with different acetates. 
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Figure 6. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response surface (e), residual (f), and contour (g) for compressive strength of concrete mixtures incorporated with potassium acetate (KA). 
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Figure 7. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response surface (e), residual (f), and contour (g) for compressive strength of concrete mixtures incorporated with calcium acetate (CaA). 
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Figure 8. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response surface (e), residual (f), and contour (g) for compressive strength of concrete mixtures incorporated with ethyl acetate (EA). 
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Figure 9. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response surface (e), residual (f), and contour (g) for bulk density of concrete mixtures incorporated with potassium acetate (KA). 






Figure 9. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response surface (e), residual (f), and contour (g) for bulk density of concrete mixtures incorporated with potassium acetate (KA).



[image: Sustainability 15 10608 g009]







[image: Sustainability 15 10608 g010 550] 





Figure 10. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response surface (e), residual (f), and contour (g) for bulk density of concrete mixtures incorporated with calcium acetate (CaA). 
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Figure 11. Plots of Pareto chart (a), main effects (b), interaction (c), normal probability (d), response surface (e), residual (f), and contour (g) for bulk density of concrete mixtures incorporated with ethyl acetate (EA). 
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Figure 12. Hardened cementitious part of control sample (top and bottom left), sample incorporated with CaA (top and bottom right). 
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Table 1. The adopted experimental design includes the actual levels of the operating parameters as well as the average values of the responses.
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The Operating variables

	
Exp. No.




	
1

	
2 *

	
3

	
4

	
5

	
6

	
7

	
8

	
9




	
(Acetate/cement) % wt.

	
3.50

	
3.50

	
2.00

	
5.00

	
2.00

	
5.60

	
5.00

	
1.38

	
3.50




	
W/C

	
0.48

	
0.51

	
0.49

	
0.49

	
0.53

	
0.51

	
0.53

	
0.51

	
0.54




	
Type of acetate

	
Concrete Property

	
Exp. No.




	
1

	
2 *

	
3

	
4

	
5

	
6

	
7

	
8

	
9




	
K

acetate

	
Compressive strength (MPa)

	
38.90

	
32.45

	
35.80

	
37.00

	
25.29

	
33.61

	
29.12

	
29.80

	
25.02




	
Density (g/cm3)

	
2.39

	
2.37

	
2.37

	
2.41

	
2.38

	
2.408

	
2.376

	
2.393

	
2.365




	
Slump (cm)

	
2.00

	
4.00

	
3.50

	
4.50

	
2.00

	
3.00

	
4.50

	
2.00

	
5.00




	
Ca

acetate

	
Compressive strength (MPa)

	
42.88

	
40.50

	
39.98

	
41.97

	
35.82

	
40.89

	
37.22

	
38.31

	
33.60




	
Density (g/cm3)

	
2.39

	
2.37

	
2.37

	
2.40

	
2.37

	
2.385

	
2.38

	
2.36

	
2.37




	
Slump (cm)

	
3.0

	
3.5

	
7.0

	
10.0

	
15.0

	
18.0

	
8.0

	
4.0

	
6.0




	
Ethyl

acetate

	
Compressive strength (MPa)

	
35.20

	
33.9

	
32.10

	
29.70

	
27.29

	
26.10

	
32.90

	
28.99

	
27.30




	
Density (g/cm3)

	
2.43

	
2.37

	
2.42

	
2.43

	
2.39

	
2.397

	
2.405

	
2.393

	
2.399




	
Slump (cm)

	
2.50

	
3.00

	
5.00

	
3.00

	
5.00

	
3.50

	
5.00

	
4.00

	
4.50




	
(Without acetate)

	
Compressive strength (MPa)

	
29.36

	

	

	
29.36

	

	
28.31

	
25.96

	

	
24.88








* Repetitions.
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Table 2. The empirical regression model equations, regression coefficients, and the optimum compressive strength values and operating variables for the mixtures formulated with different acetates.
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Acetate Type

	
The Generated Empirical Regression Model Equation

	
Regression Coefficient R2 (%)

	
Optimized Compressive Strength Value (MPa)

	
Optimized Operating Variables






	
Ca

	
Compressive strength = −665.62 + 2871.01 W + 4.63 A − 2932.86 W2 − 4.92 W A − 0.22A2

	
96.97

	
42.68

	
w/c = 0.48 and CaA content = 5.1%




	
K

	
Compressive strength = 20.70 + 339.75 W − 8.99 A − 640.64 W2 + 21.67 W K − 0.17 A 2

	
99.89

	
38.76

	
w/c = 0.48 and KA content = 4.24%




	
Ethyl

	
Compressive strength = −898.76 + 3728.86 W − 7.52 A − 3828.22 W2 + 50.0 W A − 2.62 A2

	
91.41

	
38.31

	
w/c = 0.51 and EA content = 3.45%




	
Where W = W/C, A = acetate content (wt.%)
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Table 3. The empirical regression model equations, regression coefficients, and the optimum bulk density values and operating variables for the mixtures formulated with different acetates.
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Acetate Type

	
The Generated Empirical Regression Model Equation

	
Regression Coefficient R2 (%)

	
Optimized Density

g/cm3

	
Optimized Operating Variables






	
Ca

	
Density = 5.93225 − 14.18 W + 0.064 CaA + 14.06 W2 − 0.13 W CaA + 0.0008 CaA2

	
96.83

	
2.42

	
w/c = 0.48 and CaA content = 5.6 %




	
K

	
Density = 3.70748 − 5.94 W + 0.15 KA + 6.72 W2 − 0.37 W KA + 0.006 KA2

	
97.17

	
2.45

	
w/c = 0.48 and KA content = 5.6%




	
Ethyl

	
Density = 17.8716 − 59.82 W − 0.048 EA + 57.97 W2 + 0.017 W EA + 0.006 EA2

	
94.33

	
2.47

	
w/c = 0.48 and EA content = 5.6%




	
Where W = W/C, CaA = Calcium acetate content (wt.%), KA = Potassium acetate content (wt.%), EA = Ethyl acetate content (wt.%)
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