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Abstract

:

Geopolymer concrete (GPC) is applied successfully in the construction of civil engineering structures. This outcome confirmed that GPC can be used as an alternative material to conventional ordinary Portland cement concrete (OPC). Recent investigations were attempted to incorporate recycled aggregates into GPC to reduce the use of natural materials such as stone and sand. However, traditional methodology used to predict compressive strength and to find out an optimum mix for GPC is yet to be formulated, especially in cases of GPC using by-products as aggregates. In this study, we propose novel hybrid artificial intelligence (AI) approaches, namely a particle swarm optimization (PSO)-based adaptive network-based fuzzy inference system (PSOANFIS) and a genetic algorithm (GA)-based adaptive network-based fuzzy inference system (GAANFIS) to predict the 28-day compressive strength of GPC containing 100% waste slag aggregates. To construct and validate these models, 21 different mixes with 210 specimens were casted and tested. Three input parameters were used to predict the tested compressive strength of GPC, i.e., the sodium solution (NaOH) concentration (varied from 10 to 14 M), the mass ratio of alkaline activation solution to fly ash (AAS/FA), ranging from 0.4 to 0.5, and the mass ratio of sodium silicate (Na2SiO3) to sodium hydroxide solution (SS/SH) which was varied from 2 to 3. The compressive strength of the fabricated GPC was used as output parameter for the prediction models. Validation of the models was done using several statistical criteria such as mean absolute error (MAE), root-mean-square error (RMSE), and correlation coefficient (R). The results show that the PSOANFIS and GAANFIS models have strong potential for predicting the 28-day compressive strength of GPC, but the PSOANFIS (MAE = 1.847 MPa, RMSE = 2.251 MPa, and R = 0.934) was slightly better than the GAANFIS (MAE = 2.115 MPa, RMSE = 2.531 MPa, and R = 0.927). This study will help in reducing the time and cost for the implementation of laboratory experiments in designing the optimum proportions of GPC.
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1. Introduction


In recent decades, novel materials were the subject of widespread research in order to reduce greenhouse emissions in civil engineering activities. Since its invention, geopolymer concrete (GPC) received considerable attention from researchers as an alternative for concrete using ordinary Portland cement (OPC) [1]. Geopolymer binder is made from two main compounds: (i) rich alumino-silicate materials such as meta-kaolin, fly ash, silica fume, slag, or red mud, and (ii) an activator of alkaline solutions such as sodium or potassium hydroxide and sodium or potassium silicate. Manufacturing OPC generally uses raw materials and releases carbon dioxide, whereas geopolymer binder uses waste by-product materials. Therefore, such green materials are an excellent alternative for sustainable development. Many researchers pointed out the advantages of GPC, including chemical resistance or resistance to acid attack [2], alkali–silica reactions [3,4], corrosion of steel reinforcement [3,5,6], resistance to high temperatures and to fire [7,8], resistance to freeze–thawing [9,10], and efflorescence [11,12]. However, such works were applied to a limited alumino-silicate compound in GPC, for instance, fly ash, blast-furnace slags, or meta-kaolin. Many other admixtures could also be investigated and used, such as steel slag [13].



Undeniably, slag from steel and iron plants is abundantly available as a waste product. This can be used as a cement additive, as well as in concrete admixtures [13]. Indeed, the utilization of steel slag for production of cement or GPC is available in the literature. As an example, ground granulated blast-furnace slag (GGBFS) was blended with fly ash to fabricate GPC [14]. Local steel slag was also used to replace natural crushed stone, as a substitute to coarse aggregate in GPC [15]. The compressive strength of such GPC ranged from 40 to 54 MPa which is about 6% higher than that of natural crushed stone. In order to obtain the desired mechanical properties, researchers have to find an appropriate selection of ingredients and mixture design. Such a process requires an important number of laboratory experiments which consume substantial effort, time, and man power, thereby increasing the cost of production. Lloyd and Rangan [16,17,18,19] proposed a method in order to determine an optimum mix design of fly-ash-based GPC by identifying the effects of salient factors that affect the properties of GPC in the fresh and hardened states. Furthermore, Ferdous et al. [20] proposed a flow chart methodology based on nine steps to determine mix proportions to obtain GPC with a targeted 45 MPa compressive strength at 28 days. These studies only considered a limited number of ingredients or mix proportions. Therefore, it is still required to find a more efficient, robust method to establish a direct relationship between these factors and the corresponding mechanical properties.



In recent years, artificial intelligence (AI)-based algorithms were widely used to solve very complex problems in engineering [21,22,23]. Such algorithms were extended and applied to many civil engineering applications including building materials, concrete, or mortar [24,25]. Many works on the prediction of concrete properties were reported, including drying shrinkage [26,27], concrete durability [28] or delivery [29], concrete workability using meta-kaolin along with fly ash [30], slump models [31,32], concrete at high temperatures [33], concrete-based structures [34,35], concrete permeability [36], and long-term effects of compounds on the mechanical behavior of GPC [37]. Most of these works focused on the use of artificial neural network algorithms (ANN) or fuzzy logic (FL) to predict the mechanical properties of typical type of concrete, such as high-performance concrete (HPC) or self-consolidating concrete (SCC). Although these studies confirmed that the AI techniques are promising to predict the properties of concrete materials, there is still a need for the development of more efficient AI techniques that could handle more complex problems, such as the determination of properties of GPC with better predictive capability.



Compressive strength is an important parameter which is used to evaluate the quality of GPC. Therefore, the main objective of this study was to predict the compressive strength of fabricated GPC using novel hybrid AI approaches, namely a particle swarm optimization (PSO)-based adaptive network-based fuzzy inference system (PSOANFIS) and a genetic algorithm (GA)-based adaptive network based fuzzy inference system (GAANFIS), which were already applied effectively in solving other real-world problems, such as energy consumption prediction [38] and landslide spatial prediction [39], but are yet to be applied to predict the properties of GPC. PSOANFIS is a combination of an adaptive network-based fuzzy inference system (ANFIS) and particle swarm optimization (PSO), whereas the GAANFIS is a combination of ANFIS and the genetic algorithm (GA). A total number of 210 samples were fabricated using 100% waste slag aggregates, before they were tested to determine the input and output parameters for AI modeling. Finally, validation of the proposed models was done using root-mean-square error (RMSE), mean absolute error (MAE), and correlation coefficient (R) methods.




2. Machine Learning Methods


2.1. Adaptive Neuro Fuzzy Inference System


The adaptive neuro fuzzy inference system (ANFIS) is a typical model of a general fuzzy modeling structure described by two distinctive features including interpretation and accuracy. The ANFIS interpreting capability refers to the ability of the fuzzy model to represent the habits of its systems. The accuracy of ANFIS refers to the ability of the fuzzy model to honestly represent the modeling system [40]. The ANFIS establishes a set of fuzzy if–then rules with suitable membership functions to create the stipulated input–output sets. The ANFIS utilizes neural systems and fuzzy deduction systems. The task of fuzzy if–then rules is to simulate expert knowledge, whereas the task of the neural network is to optimize the membership capacities to reduce the mistake rate in the output. An ANFIS comprises five layers, and each layer is composed of some nodes and node functions [41]. There are two sorts of nodes: adaptive nodes and fixed nodes. Adaptive nodes are stamped by squares that serve as parameter sets, which can be altered. Fixed nodes are stamped by circles, and their parameter sets are settled in the system (Figure 1) [41].




2.2. Particle Swarm Optimization


Particle swarm optimization (PSO) introduced by Kennedy et al. [42] is one of the most commonly used evolutionary algorithms in optimizing the parameters of a classification model [43]. The principle of the PSO algorithm is based on the social and biological behavior of animals when seeking food. In a PSO, each particle represents a potential answer to the problem. Each particle randomly moves along the search space where it can get disrupted as a result of its own knowledge and that of its neighbors [39,44]. Therefore, particle searches can be influenced by other particles in the swarm. This means that the particles learn and acquire knowledge from each other in a group and forward the same to their best neighbors [39,44]. Thus, in the PSO, each individual can adjust its position at the best location within the search space in comparison to its adjacent neighbors. The combined model of the regression model and the PSO optimization technique is considered very promising in classification and forecasting problems [39,44].




2.3. Genetic Algorithm


The genetic algorithm (GA) is an algorithm similar to natural evolution, whereby a population of specific species adapt to environmental conditions [45]. In this process, a population is designed and created to grow in a controlled environment. The algorithmic nature of the structure is such that each individual is considered to be a solution to the problem. In the population, an individual is called a chromosome, which consists of different problem variables that act as genes in the algorithm. The search process includes developing a random chromosome population. The next generation of the population is created through the three following operators [46,47]:



Selection operator: The best chromosomes of the society are determined by calculating the fitness function of each chromosome, and they are then used as parents to produce offspring. Subsequently, new baby chromosomes then create the next-generation chromosomes.



Cross operators: New baby chromosomes born from two parent chromosomes have a better function than their parents. This is due to cross operator method which determines the structure and rate of the chromosome of a child in comparison to the parent chromosome.



Mutation operator: This operator searches new areas in available space. The local optimization result may not be accepted as the best solution. To realize this target, it is necessary to randomly change some genes inside the chromosome.



New child chromosomes created through these three operators form next-generation parents [45]. The process is continued until the termination condition applied by the researcher is achieved [45]. The GA, which is used to solve optimization problems, has the most important advantage due to its ability to use the information accumulated in the initial unspecified search space to move subsequent searches into useful spaces [46,47].




2.4. Quality Assessment


In this study, various methods, i.e., mean absolute error (MAE), root-mean-square error (RMSE), and correlation coefficient (R), were selected for validation of the proposed models. MAE is a metric which is used for assessment and summary of the quality of a soft computing model. It measures the difference between the predicted and actual values. RMSE refers to the square root of the average of squared differences between the actual and predicted values [48]. R is a statistic measurement which is used to measure the degree of relationship between the predicted and actual values [49]. In prediction problems, MAE, RMSE, and R are popular statistical validation methods for machine learning models [50]. Lower RMSE and MAE values indicate better performance of the models [48]. In contrast, higher R values indicate better performance of the models [49]. Formulas of these indexes are listed below.


MAE=∑i=1n|pi−vi|n,



(1)






RMSE = ∑i=1n((pi−vi)2/n),



(2)






R=∑i=1n(pi−p¯)(vi−v¯)∑i=1n(pi−p¯)2∑i=1n(vi−v¯)2,



(3)




where n is the number of the samples, pi and p¯ are predicted and mean predicted values, and vi and v¯ are measures and mean values of the compressive strength, respectively.





3. Preparation of Samples and Data Used


3.1. Materials and Mix Proportion


Geopolymer concrete (GPC) was designed for a specified compressive strength grade (f’c = 25, 30, 35 MPa) based on the ACI 211-91 standard. For the preparation of GPC, fly ash, steel slag, sodium silicate, and sodium hydroxide were used. Fly ash (ASTM C618-03 Class F) was obtained from Pha Lai Thermal Power Plant (Hai Duong - Viet Nam). The typical chemical composition and the fineness of fly ash are shown in Table 1 and Table 2, respectively. Anhydrous NaOH (purity, P = 98.5%; density, D = 2.1 g/cm3) and Na2SiO3 water glass solution (relative density, RD = 1.42; 39–40.03 wt.% Na2SiO3) were purchased from Viet Tri Chemical Factory. The activated alkaline solution was prepared by (i) dissolving NaOH powder in water to obtain NaOH solutions with different molar mass (M), and (ii) mixing with Na2SiO3 solution in different concentrations. The dissolution and the mixing process are exothermic reactions (temperature ≈ 70 °C). In order to correctly activate fly ash, the solutions were prepared at least one day before mixing into GPC.



Steel slag, served as both fine and coarse aggregates, was achieved from Thai Nguyen Iron and Steel Industrial Park (Thai Nguyen - Viet Nam). Prior to the preparation of samples, steel slag was crushed into different particle sizes and dried under vacuum, whereas excess metal was recovered by electromechanical equipment. The mixture of steel slag coarse aggregates (nominal maximum aggregate size, Dmax = 19 mm) was sieved following the ASTMC 136 standard and was mixed together to satisfy the ASTMC33 standard. Steel slag aggregates were then divided into two groups: (i) particle size of 4.75–19 mm, acting as coarse aggregates, and (ii) particle size in a 0.15–4.75 mm range, serving as fine aggregates. It is noteworthy that the purchased steel slag aggregates do not naturally satisfy the ASTMC33 standard. The sieved aggregates at 9.5 mm feature 65.83 wt.%, which is out of the range of the ASTMC33 standard (i.e., 20–55%). Therefore, coarse aggregates need to be partially removed from each sieve range, then blended again in order to redistribute the raw material to satisfy such a standard. The aggregate distribution size before and after the mixing process is highlighted in Figure 2 and Figure 3.



The mixing process was carried out with a forced mixing concrete mixer with 60-L capacity, supplied by Daiwa Kenko Co., LTD, Tokyo, Japan. The mixture was mixed following the ASTM C192 standard with a dry mixing time of 3 min and a wet mixing time of 5 min. After mixing, the slump of the mixture was measured, and then casted for the testing procedures. The mixture was added into the cylindrical mold and compacted on a vibrating table for about 1.5 min, which is two times longer than the process for traditional concrete. The sample surface was then covered by glossy paper to avoid evaporation. After 48 h, samples were removed from the mold and stored in the laboratory at a temperature T = 22 ± 4 °C and a humidity w = 60 ± 20% (Figure 4).




3.2. Data Used for Modeling


In GPC, silica and aluminum oxides in fly ash react with activated alkaline solutions to form a binder in order to bond aggregate particles. Therefore, physical and mechanical properties of GPC highly depend on correlation factors including silicon, aluminum, alkali, and water content. Similar to cement concrete, the aggregates contain about 75–80% of the total weight of GPC. The compressive strength of GPC is affected by the ratio and properties of the ingredients that form the geopolymer binder. In this study, three main factors (concentration of NaOH solution, mass ratio of alkali activating solution to fly ash, and mass ratio of Na2SiO3 solution to NaOH solution) were used to predict the compressive strength of the GPC.



3.2.1. Concentration of NaOH Solution (X1)


A strong alkaline solution, such as NaOH or KOH, is necessary for the geopolymerization process in GPC. Previous studies on GPC using natural aggregates showed that increasing the molar concentration of alkaline solution will generate higher solubility of the material [51,52,53]. Fernández-Jimenez [54] concluded that GPC using 12.5 M NaOH gave higher compressive strength than that while using 8 M NaOH. However, a high concentration of alkaline solution is also suggested to reduce compressive strength of GPC. In the work of Palomo et al., the authors concluded that the geopolymer mortars produced with 12 M KOH had a faster activation rate and a higher compressive strength than those produced with 18 M KOH [55]. In this study, the molar concentrations of NaOH were selected as 10 M, 12 M, and 14 M).




3.2.2. Mass Ratio of Alkali Activating Solution to Fly Ash (X2)


The activated alkaline mass in the mixture might also affect the compressive strength of GPC. As an example, Xie and Xi [56] showed that higher compressive strength could be achieved by decreasing the mass ratio of alkali activated solution to fly ash (AAS/FA). In another work, Rangan [18] suggested that the AAS/FA ratio should be in the range of 0.30–0.45 (Table 3). In this work, the ratios of ASS/FA were selected as 0.4, 0.45, and 0.5.




3.2.3. Mass Ratio of the Sodium Silicate to the Sodium Hydroxide Solutions (X3)


Any strong alkaline hydroxide solution can be used as a component of the alkaline activating solution to form GPC. Palomo et al. demonstrated that, when the alkaline solutions contained sodium silicate solution (Na2SiO3) or potassium silicate (K2SiO3), the geopolymerization reaction occurred at a higher rate than when using only alkaline hydroxide [57]. Fernández-Jimenez also showed that the presence of a silicate solution in the alkaline solutions resulted in a significant improvement in the compressive strength of GPC [54]. In fact, NaOH or KOH solutions combined with Na2SiO3 or K2SiO3 are the most commonly alkaline activated solutions. The mass ratio of the sodium silicate to the sodium hydroxide solutions (SS/SH) generally determines the properties of the activated alkaline solution. According to the work of Rangan et al., GPC with conventional aggregates could be obtained with the SS/SH ratio of 2.5. When SS/SH increases, there is no significant change in terms of the obtained compressive strength [58]. As there are no previous studies on GPC using steel slag aggregates, such ratios were selected as 2, 2.5, and 3, in order to avoid unexpected situations due to differences in chemical compositions or mechanical properties between steel slag and natural aggregates.




3.2.4. Compressive Strength (Y)


Compressive strength is one of the most important factors that reflect the quality of the GPC materials. In this study, the compressive strength was an output variable for the prediction problem. In order to prepare the data, laboratory experiments were carried out according to the ASTM C39 standard. The test samples were conducted on a 2000-kN universal testing machine. The applied force was in the range of 0 to 2000 kN with the speed of compressing ranging from 0.15 to 0.35 MPa/s. The cylindrical samples (150 × 300 mm) were tested at the age of 28 days in ambient conditions (temperature T = 22 ± 4 °C, humidity w = 60 ± 20%). The results were collected and are shown in Table 4.






4. Modeling Methodology


Modeling methodology of this study was carried out with the following main steps (Figure 5): (1) dataset preparation, (2) initiation and model generation, (3) metaheuristic optimization, (4) fitness evaluation, (5) stopping condition, and (6) construction of the final models. A detailed description of each step is given below.



(1) Dataset preparation: In this step, the data generated from the laboratory tests, which included 210 sets of parameters (concentration of NaOH solution, mass ratio of alkali activating solution to fly ash, mass ratio of solution Na2SiO3 to solution NaOH, and compressive strength), were divided into two parts. The first part included 70% of the data which were then used to construct the models. The second part consisted of 30% of the remaining data which were then used to validate the models.



(2) Initiation model generation: In this step, the initial ANFIS model was created using the training dataset where the Gaussian membership function was used to derived fuzzy sets and fuzzy membership values, and the fuzzy c-means clustering algorithm was used to distil natural groups from the training dataset for better training of the ANFIS.



(3) Metaheuristic optimization: In this step, the PSO and GA optimization methods were used to find the optimal consequent and antecedent parameters of the ANFIS. To get the best optimization, a trial-and-error test was done to determine the best numbers of particles and individuals in PSO and GA. In the case of the PSO, the best number of particles was determined as “40”. With the GA, the best number of individuals was determined as “30”. In addition, other modeling parameters of the GA, the crossover rate and mutation rate, were set as 0.4 and 0.6, respectively, as suggested by Saker et al. [59] and Bui et al. [60], and another modeling parameter of the PSO, the inertia weight, was set as 0.9, as suggested by Bui et al. [60].



(4) Fitness evaluation: The RMSE function was used in this step to validate the performance of the ANFIS. In the meantime, the various combinations of consequent and antecedent parameters were explored by the PSO and GA, whereby the PSO updated the positions of particles on the basis of RMSE values to look for the best position of the swarm, and the GA generated and checked the chromosomes for the best chromosome population based on the best RMSE values.



(5) Stopping condition: The optimization process was carried out until the maximum number of generations was set. In this study, a maximum of 1000 generations were set, and the best swarm position (PSO) and chromosomes (GA) were finally selected and compared to derive the optimal consequent and antecedent parameters.



(6) Construction of the final models: the final PSOANFIS and GAANFIS models were built using the optimal consequent and antecedent parameters in this step. Validation of the final models was also done using several methods (RMSE, MAE, and R).




5. Results and Discussion


In order to reduce greenhouse emissions in civil engineering activities, many novel construction materials were developed in recent decades [61]. Unlike the fabrication process of OPC using compounds that release carbon dioxide, GPC uses waste by-product materials which are environment friendly [62], and can be defined as green materials. Mechanical properties of GPC proved that this material can work as effectively as traditional OPC-based materials.



In this study, two hybrid AI models (PSOANFIS and GAANFIS) are proposed for predicting the compressive strength of the GPC using entirely waste-sourced steel slag as fine and coarse aggregates. Basically, the AI algorithm can predict the results which are only in good agreement with the target data, but not better regarding quality and quantity. However, for concrete composite materials, the influence of the variables can be better understood if they are set as ratios; thus, we used three parameters, namely X1 (molar mass of the NaOH solution), X2 (mass ratio between alkaline activated solution and fly ash), and X3 (mass ratio between the sodium silicate and the sodium hydroxide solutions), as input variables. The corresponding compressive strength of samples was used as the target variable (Y) for the prediction modeling, and they were determined from a compressive strength test of 210 GPC samples.



Validation of the models was done as shown in Figure 6, Figure 7, Figure 8 and Figure 9. It can be clearly observed from Figure 6 that the experimental data (black, continuous line) and the predicted values (red, discontinuous) obtained from the training and the testing data of the PSOANFIS and the GAANFIS algorithms are strongly correlated with the experimental values. Such an assumption was validated with the training part (147 samples) of the data, as well as with the validation part (63 data), for the PSOANFIS and GAANFIS optimized algorithms. Indeed, it was universally concluded that both methods had the same effectiveness and a similar rate of success in finding optimal solutions. However, it can be observed that the PSOANFIS model was slightly better than GAANFIS, as the PSO optimization algorithm was a better candidate in terms of computational efficiency [63]. In this work, the authors did not focus on such information, but rather performed the predictions with the same iteration criterion (i.e., 1000 iterations) on the PSO and the GA.



Validation results of the linear fit line, its equations, and the R values are given in Figure 7 for the training and testing in the PSOANFIS and GAANFIS models. Performance of the models in predicting the compressive strength values of the training and testing data was satisfactory with R = 0.856, R = 0.934 for the PSOANFIS algorithm, and R = 0.869, R = 0.927 for the GAANFIS algorithm, respectively. Absolute errors in predicting the compressive strength values in the training and testing of the PSOANFIS and GAANFIS models are plotted in Figure 8. The maximum and minimum absolute errors were found as 23.70 and 20.02 for training of the PSOANFIS and GAANFIS models, respectively, whereas they were 4.79 and 5.13 for testing of the PSOANFIS and GAANFIS models, respectively. In addition, the statistical values for compressive strength values found from training and testing in PSOANFIS and GAANFIS models (RMSE, MAE, mean error, and standard deviation (SD)) are also given in Figure 8 and Figure 9 and Table 5. While the statistical values of RMSE and MAE from training in the PSOANFIS model were found as 3.269 and 2.236, respectively, these values were found in testing as 2.251 and 1.847, respectively. Similarly, while the statistical values RMSE and MAE from training in the GAANFIS model were found as 3.115 and 2.293, respectively, these values were found in testing as 2.531 and 2.115, respectively. A small perceptible deviation was observed for the calculated values (Figure 9). This result demonstrates that the proposed PSOANFIS and GAANFIS models are suitable and can predict the compressive strength values, which were very close to experimental values.



In general, the compressive strength of GPC containing waste steel slag could be predicted using PSOANFIS and GAANFIS without conducting too many experiments. Therefore, it can be reasonably stated that the PSOANFIS and GAANFIS algorithms are very promising AI tools for the prediction of compressive strength of GPC using entirely waste-sourced steel slag. These tools could provide useful information that could help engineers save time and costs, and increase work effectiveness.




6. Conclusions


GPC is an eco-environmentally friendly material which can be used as a replacement for cement concrete in civil engineering construction. The compressive strength is an important parameter for evaluation of the quality of this material. In this study, novel hybrid AI approaches named PSOANFIS and GAANFIS were proposed for quick prediction of the compressive strength of GPC using steel slag as both fine and coarse aggregates. A total of 210 samples were generated and tested in the laboratory to determine the parameters for modeling, such as the compressive strength as the output variable, and concentration of NaOH solution (10 M, 12 M, and 14 M), mass ratio of alkali activating solution to fly ash (AAS/FA) (0.4, 0.45, and 0.5), and mass ratio of solution Na2SiO3 to solution NaOH (SS/SH) (2, 2.5, and 3) as the input parameters. Validation and comparison of the models was done using various error determination criteria, including MAE, RSME, and R. The results show that the proposed models performed well for the prediction of the compressive strength of GPC, but the PSOANFIS model (MAE = 1.847 MPa, RMSE = 2.251 MPa, and R = 0.934) outperformed the GAANFIS model (MAE = 2.115 MPa, RMSE = 2.531 MPa, and R = 0.927). Thus, it can be reasonably concluded that the proposed hybrid AI approach of PSOANFIS is a promising method for the prediction of the compressive strength of GPC. This study would help in reducing the time and cost of construction, as well as in the improvement of the environment. However, a limitation of this study is that we considered only ingredients that combine to form geopolymer binders in predicting the compressive strength of GPC, and we did not consider the quality, quantity, or properties of aggregates which might affect the compressive strength of GPC. Thus, this is proposed to carry out a study of these factors in future modeling. In addition, a sensitivity analysis of different combinations of input data may also be carried out to test the importance of each input parameter for better modeling of the compressive strength of GPC.
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Figure 1. The structure of the adaptive neuro fuzzy inference system (ANFIS) algorithm. 
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Figure 2. Gradation curves of fine aggregate. 
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Figure 3. Gradation curves of coarse aggregate. 
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Figure 4. (a) Samples of geopolymer concrete (GPC) using steel slag aggregate; (b) forced mixing concrete mixer; (c) compressive strength test of the specimen; (d) fracture mode. 
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Figure 5. Modeling methodology flow chart of this study. 
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Figure 6. Experimental and predicted values of compressive strength with different models: (a) training particle swarm optimization (PSO)-based ANFIS (PSOANFIS), (b) testing PSOANFIS, (c) training genetic algorithm (GA)-based ANFIS (GAANFIS), and (d) testing GAANFIS. 
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Figure 7. Correlation coefficients of different models: (a) training PSOANFIS, (b) testing PSOANFIS, (c) training GAANFIS, and (d) testing GAANFIS. 
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Figure 8. Error distribution of different models: (a) training PSOANFIS, (b) testing PSOANFIS, (c) training GAANFIS, and (d) testing GAANFIS. 
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Figure 9. Mean errors and standard deviations of different models: (a) training PSOANFIS, (b) testing PSOANFIS, (c) training GAANFIS, and (d) testing GAANFIS. 
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Table 1. Main chemical compositions of fly ash (wt.%).
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	SiO2
	Al2O3
	Fe2O3
	CaO
	MgO
	K2O
	Na2O
	TiO2
	SO3
	LOI *





	51.74
	24.53
	5.59
	0.81
	1.95
	4.42
	0.11
	0.76
	0.31
	8.98







* LOI: loss on ignition.
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