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ABSTRACT 
This study aimed to identify an Alkali-Activated Slag (AAS) mortar mixture balancing flowability and 

compressive strength as a sustainable alternative to Portland cement. Twenty-seven mixtures varying 

activator dosage, modulus, water-to-binder ratio, aggregate-to-binder ratio, and superplasticizer 

content were evaluated using a Taguchi L27 design, ANOVA, and PCR-TOPSIS optimization. 

Activator dosage was most influential (70.90% contribution), followed by aggregate-to-binder ratio 

(10.12%), while modulus and water-to-binder ratio played minor roles. The optimal mixture (flow 

115%, strength 48.85 MPa) was validated by an independent replicate batch, with an estimated 79% 

lower CO2 footprint than a Portland-cement control. Reaction mechanisms were not confirmed 

microstructurally. Unlike prior single-response approaches, this study combines statistical validation, 

experimental confirmation, and environmental estimation for a more rigorous mortar design basis. 

Keywords: alkali-activated slag; multi-response optimization; PCR–TOPSIS; Taguchi method; 

compressive strength; flowability. 
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Optimización multi-respuesta de la fluidez y la resistencia a la compresión en 

morteros de escoria activada alcalinamente mediante el enfoque Taguchi–

PCR-TOPSIS. 
 

RESUMEN 
Este estudio tuvo como objetivo identificar una mezcla de mortero de escoria activada 

alcalinamente (AAS) que equilibre la fluidez y la resistencia a la compresión como alternativa 

sostenible al cemento Portland. Se evaluaron veintisiete mezclas variando la dosificación del 

activador, el módulo, la relación agua/ligante, la relación agregada/ligante y el contenido de 

superplastificante mediante un diseño Taguchi L27, ANOVA y optimización PCR-TOPSIS. La 

dosificación del activador fue el parámetro más influyente (70.90% de contribución), seguido por 

la relación agregado/ligante (10.12%), mientras que el módulo y la relación agua/ligante 

desempeñaron roles menores. La mezcla óptima (fluidez 115%, resistencia 48.85 MPa) fue 

validada mediante un lote réplica independiente, con una huella de CO2 estimada 79% menor que 

un control de cemento Portland. Los mecanismos de reacción no fueron confirmados 

microestructuralmente. A diferencia de los enfoques de respuesta única previos, este estudio 

combina validación estadística, confirmación experimental y estimación ambiental para una base 

de diseño de mortero más rigurosa. 

Palabras clave: escoria activada alcalinamente; optimización multi-respuesta; PCR–TOPSIS; 

método Taguchi; resistencia a la compresión; fluidez. 
 

Otimização multi-resposta da fluidez e da resistência à compressão em 

argamassas de escória ativada alcalinamente através da abordagem Taguchi–

PCR-TOPSIS. 

 
RESUMO 

Este estudo teve como objetivo identificar uma mistura de argamassa de escória ativada 

alcalinamente (AAS) que equilibre a fluidez e a resistência à compressão como alternativa 

sustentável ao cimento Portland. Foram avaliadas vinte e sete misturas variando a dosagem do 

ativador, o módulo, a relação água/aglomerante, a relação agregado/aglomerante e o teor de 

superplastificante, por meio de um planejamento Taguchi L27, ANOVA e otimização PCR-

TOPSIS. A dosagem do ativador foi o parâmetro mais influente (70,90% de contribuição), seguido 

pela relação agregado/aglomerante (10,12%), enquanto o módulo e a relação água/aglomerante 

desempenharam papéis menores. A mistura ótima (fluidez 115%, resistência 48,85 MPa) foi 

validada por meio de um lote réplica independente, com uma pegada de CO2 estimada 79% menor 

que um controle de cimento Portland. Os mecanismos de reação não foram confirmados 

microestruturalmente. Diferentemente das abordagens de resposta única anteriores, este estudo 

combina validação estatística, confirmação experimental e estimativa ambiental para uma base de 

projeto de argamassa mais rigorosa. 

Palavras-chave: escória ativada alcalinamente; otimização multi-resposta; PCR–TOPSIS; 

método Taguchi; resistência à compressão; fluidez. 
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1. INTRODUCTION 
 

The rapid expansion of infrastructure development has significantly increased the demand for 

cement-based materials, leading to serious environmental concerns. Ordinary Portland cement 

(OPC) production is associated with high energy consumption and substantial carbon dioxide 

(CO₂) emissions, reaching approximately 0.9 tons of CO₂ per ton of cement produced (Qaidi et al., 

2022). This issue has become increasingly critical in developing countries such as Indonesia, where 

infrastructure growth continues to accelerate. 

In recent years, Indonesia—particularly Central Sulawesi—has experienced rapid industrial 

expansion, especially in the steel sector. The development of steel-processing industries has 

resulted in the large-scale generation of industrial by-products such as ground granulated blast 

furnace slag (GGBFS). The effective utilization of these by-products is essential to reduce 

environmental burdens while supporting sustainable construction practices. Alkali-activated slag 

(AAS) materials have emerged as a promising alternative binder, utilizing GGBFS activated by 

alkaline solutions to produce low-carbon cementitious systems with favorable mechanical and 

durability properties (Cong et al., 2024), (Kaliyavaradhan et al., 2024). 

Previous studies have demonstrated that AAS materials can achieve high compressive strength and 

enhanced durability compared to conventional cement systems, making them suitable for structural 

applications (Cong et al., 2024),(Zhang et al., 2022). However, most existing research primarily 

focuses on mechanical performance, particularly compressive strength, as the main indicator of 

material quality. In practical applications, the performance of mortar is not solely governed by 

strength but also by workability, which significantly affects casting, compaction, and overall 

constructability. 

Despite its importance, limited studies have addressed the interaction between workability and 

strength in AAS mortar systems. In many cases, increasing compressive strength leads to reduced 

flowability, indicating the existence of a trade-off between these two properties. This condition 

highlights the need for a more comprehensive evaluation approach that considers multiple 

performance criteria simultaneously. Nevertheless, most studies still rely on single-response 

optimization, which may not adequately represent real engineering requirements. 

Furthermore, the application of systematic multi-response optimization methods in AAS research 

remains relatively limited. Advanced techniques such as Taguchi-based optimization combined 

with multi-response decision-making methods offer a more effective approach for identifying 

optimal mix compositions that balance competing properties. 

Therefore, this study aims to investigate the combined effects of mix composition on flow and 

compressive strength of alkali-activated slag mortar using a Taguchi experimental design. A multi-

response optimization approach based on PCR-TOPSIS is employed to determine the optimal 

mixture proportion that simultaneously satisfies workability and mechanical performance 

requirements. The outcomes of this study are expected to contribute to the development of 

sustainable construction materials utilizing industrial by-products, particularly in rapidly 

developing regions such as Indonesia. 
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2. EXPERIMENTAL 

 
2.1 Materials and method. 

A statistical experimental design based on the Taguchi method was employed to evaluate the 

influence of mix composition on the performance of alkali-activated slag (AAS) mortar. The 

Taguchi approach enables efficient optimization by reducing the number of experimental trials 

while maintaining the ability to analyze multiple factors simultaneously through orthogonal arrays 

(Taguchi, 1990) In this study, an L27 (3⁵) orthogonal array was adopted to accommodate five 

control factors, each at three levels. The selected factors include activator dosage (4%, 5%, and 

6%), modulus (0.8, 1.0, and 1.2), water-to-binder ratio (0.46, 0.47, and 0.48), aggregate-to-binder 

ratio (2.25, 2.50, and 2.75), and superplasticizer content (1%, 2%, and 3%). These variables were 

selected due to their significant influence on both workability and mechanical performance of AAS 

mortar systems (Cong et al., 2024), (Amer et al., 2021), (J. L. Provis, 2018). The activator dosage 

(D) refers to the percentage of alkaline solution relative to the binder mass, which controls the 

availability of reactive species for the geopolymerization process. A higher dosage generally 

enhances the dissolution of aluminosilicate precursors, leading to increased formation of binding 

gels and improved mechanical strength(Law et al., 2012). The modulus (M), defined as the ratio of 

SiO₂ to Na₂O in the alkaline solution, represents the silica availability within the activator 

system(Law et al., 2012). This parameter plays a critical role in governing the formation of C-(A)-

S-H gel and influences both the workability and strength development of alkali-activated slag 

mortar. The experimental design was analyzed using signal-to-noise (S/N) ratio and analysis of 

variance (ANOVA), followed by multi-response optimization using the PCR-TOPSIS method to 

determine the optimal mixture proportion considering both flow and compressive strength. 

 

 

      
Figure 1. a) Mixing Procedure AAS Mortar, b) Flow Process, c) Mortars. 
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Mortar specimens were prepared using ground granulated blast furnace slag (GGBFS) as the 

primary binder as shown in Table 1 and Figure 1, conforming to ASTM C989/C989M (ASTM 

International, 2022), and activated by a combination of sodium hydroxide (NaOH) and sodium 

silicate (Na₂SiO₃)(Nath & Sarker, 2014)(Amer et al., 2021). Local river sand, conforming to ASTM 

C33/C33M (ASTM International, 2018), with a fineness modulus of 2.48 was used as fine 

aggregate. The mixing process was carried out using a mechanical mixer to ensure uniformity. 

Initially, GGBFS and fine aggregate were dry-mixed for approximately 2 minutes. Subsequently, 

the alkaline solution and superplasticizer were added gradually, and mixing was continued until a 

homogeneous and workable mortar was obtained. The fresh mortar was then cast into cube molds 

and compacted to eliminate entrapped air. After casting, the specimens were covered to minimize 

moisture loss prior to curing. 

 

Table 1. Chemical Compositions of GGBFS and PCC based on XRF test. 

Material CaO SiO₂ Al₂O₃ MgO TiO₂ MnO S K₂O Fe₂O₃ Na₂O SO₃ LOI 

GGBFS 41.56 37.42 15.20 1.24 0.71 0.30 0.75 0.36 0.52 0.51 1.88 0.65 

Cement 

(PCC) 
55.00 25.00 8.00 2.50 – – – 0.80 4.00 – 2.50 1.50 

 

The workability of the fresh mortar was evaluated using the flow table test in accordance with 

ASTM C1437 (ASTM International, 2020). The test was performed by subjecting the mortar to 25 

drops within 15 seconds, and the flow value was determined as the percentage increase in the 

average diameter of the spread mortar. Compressive strength testing was carried out in accordance 

with ASTM C109/C109M (ASTM International, 2023) using cube specimens with dimensions of 

50 mm × 50 mm × 50 mm. The tests were conducted at curing ages of 7 and 28 days to evaluate 

both early-age and standard mechanical performance. These curing periods are commonly adopted 

for assessing the strength development of cementitious materials (Farooq et al., 2021), (ASTM 

International, 2023). 

 

Table 2. AASM Mix Design 

Code 
Dosage 

(%) 
Modulus W/B Agg/B 

SP 

(%) 
Code 

D 

(%) 
M W/B Agg/B 

SP 

(%) 

T408046225 4 0.8 0.46 2.25 1 T510048225 5 1.0 0.48 2.25 1 

T408047250 4 0.8 0.47 2.50 2 T510046250 5 1.0 0.46 2.50 2 

T408048275 4 0.8 0.48 2.75 3 T510047275 5 1.0 0.47 2.75 3 

T410046250 4 1.0 0.46 2.50 3 T512048250 5 1.2 0.48 2.50 2 

T410047275 4 1.0 0.47 2.75 1 T512046275 5 1.2 0.46 2.75 3 

T410048225 4 1.0 0.48 2.25 2 T512047225 5 1.2 0.47 2.25 1 

T412046275 4 1.2 0.46 2.75 2 T608048275 6 0.8 0.48 2.75 1 

T412047225 4 1.2 0.47 2.25 3 T608046225 6 0.8 0.46 2.25 2 

T412048250 4 1.2 0.48 2.50 1 T608047250 6 0.8 0.47 2.50 3 

T508046250 5 0.8 0.46 2.50 2 T610048225 6 1.0 0.48 2.25 3 

T508047275 5 0.8 0.47 2.75 3 T610046250 6 1.0 0.46 2.50 1 

T508048225 5 0.8 0.48 2.25 1 T610047275 6 1.0 0.47 2.75 2 

T510046275 5 1.0 0.46 2.75 3 T612048250 6 1.2 0.48 2.50 3 

T510047225 5 1.0 0.47 2.25 1 CMPCC - - 0.47 2.50 2 
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A confirmation mix using conventional Portland Composite Cement (PCC) was prepared as a 

control specimen, designed to achieve a target compressive strength of 25.231 MPa at 28 days. The 

mix proportion consisted of a water-to-binder ratio of 0.47, an aggregate-to-binder ratio of 2.50, 

and 2% superplasticizer. This control mix was used for comparison with alkali-activated slag 

mortar in terms of workability and compressive strength. 

To ensure a fair basis of comparison between the AAS mixtures and the CMPCC control, the water-

to-binder ratio (0.47), aggregate-to-binder ratio (2.50), and superplasticizer dosage (2%) of the 

CMPCC control were deliberately matched to the mid-level values used in the AAS mix design 

(Table 2), rather than being independently optimized. It should be noted, however, that the water-

to-binder ratio reported in Table 2 for the AAS mixtures (0.46-0.48) reflects only the added mixing 

water and does not include the water contained within the NaOH and Na2SiO3 activator solutions. 

When this additional water is accounted for, the effective total water-to-binder ratio of the AAS 

mixtures is estimated to range from approximately 0.49 to 0.52 (e.g., approximately 0.50 for the 

optimal mixture T610046250), based on the activator solution compositions described in Section 

2.3. This is somewhat higher than the nominal water-to-binder ratio of the CMPCC control (0.47) 

and is an inherent characteristic of alkali-activated systems, where a portion of the mixing liquid is 

supplied through the activator rather than as free water, consistent with observations in previous 

AAS studies [8],[6]. Readers should therefore weigh the reported compressive strength and 

workability comparisons between AAS and CMPCC mixtures against this difference in effective 

water content, rather than assuming identical water availability between the two binder systems. 

After casting, the specimens were covered with plastic sheets to minimize moisture loss and kept 

at ambient laboratory temperature (±25 °C) for 24 hours. Subsequently, the specimens were 

demolded and cured under ambient conditions until the testing ages of 7 and 28 days. This curing 

regime was adopted to simulate practical field conditions and to evaluate the performance of alkali-

activated slag mortar under non-controlled curing environments. 

 

2.2 Multi-response optimization and statistical analysis 

To evaluate the influence of mix parameters and determine the optimal mixture composition, 

statistical analysis and multi-response optimization were conducted using Analysis of Variance 

(ANOVA) and the PCR–TOPSIS method. 

ANOVA was applied to quantify the contribution of each factor to the variation in compressive 

strength(Taguchi, 1990). The percentage contribution of each parameter was calculated based on 

the ratio of its sum of squares to the total sum of squares, as expressed in Eq. (1): 

 

 

𝑃𝑖 =  
𝑆𝑆𝑖

𝑆𝑆𝑡𝑜𝑡𝑎𝑙
𝑥100% (1) 

 

 

where P_i_is the percentage contribution of factor i, 𝑆𝑆𝑖 is the sum of squares of factor i, and 

𝑆𝑆𝑡𝑜𝑡𝑎𝑙is the total sum of squares. For multi-response optimization, the PCR–TOPSIS method was 

employed to simultaneously evaluate flowability and compressive strength(Jolliffe, 2002)(Hwang 

& Yoon, 1981)(Behzadian et al., 2012)(Madanchian & Taherdoost, 2023). The decision matrix 

𝑋𝑖𝑗was first normalized using vector normalization to eliminate differences in measurement units 

Eq. (2): 

 

 

𝑟𝑖𝑗 =
𝑋𝑖𝑗

√∑ 𝑋𝑖𝑗
2𝑚

𝑖=1

 (2) 
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The normalized matrix was then weighted to reflect the relative importance of each response 

Eq.(3): 

 

𝒗𝒊𝒋 = 𝒘𝒋. 𝒓𝒊𝒋 (3) 
 

where 𝒘𝒋represents the weight of each response. The ideal best 𝑨+and ideal worst 𝑨−solutions 

were defined based on the maximum and minimum values of the weighted normalized matrix. The 

separation distances from the ideal solutions were calculated as Eq.(4) and Eq.(5): 

 

 

𝑫𝒊
+ = √∑ (𝒗𝒊𝒋 − 𝒗𝒋

+)𝟐𝒏
𝒋=𝟏  (4) 

 

 

𝑫𝒊
− = √∑ (𝒗𝒊𝒋 − 𝒗𝒋

−)𝟐𝒏
𝒋=𝟏  (5) 

 

Finally, the relative closeness coefficient (𝐶𝑖) was determined using Eq.(6) : 

 

𝐶𝑖
⬚ =

𝐷𝑖
−

𝐷𝑖
++ 𝐷𝑖

− (6) 

 

The alternative with the highest 𝐶𝑖 value was considered the optimal mixture. This approach 

enables the identification of a balanced solution when multiple performance criteria exhibit 

conflicting behavior. 

 

2.3 CO2 emission estimation. 

Cradle-to-gate CO2 emission estimate was performed for each of the 27 AAS mixtures and for the 

CMPCC control, based on published emission factors and the mix design proportions in Table 2. 

The following emission factors were adopted: GGBFS = 0.143 kg CO2/kg (Ahmad et al., 2022); 

NaOH (solid basis) = 1.915 kg CO2/kg [20]; Na2SiO3 solution (as supplied) = 1.222 kg CO2/kg 

(Turner & Collins, 2013); polycarboxylate ether (PCE) superplasticizer = 2.25 kg CO2/kg dry 

polymer (Schiefer & Plank, 2023); and ordinary Portland cement (OPC, used in CMPCC) = 0.91 

kg CO2/kg (Ahmad et al., 2022). 

Because the alkaline activator solution used in this study (10 M NaOH and extra-pure Na2SiO3, 

Na2O 7.5-8.5%, SiO2 25.5-28.5%) was not chemically characterized for CO2 accounting purposes 

in the original experimental program, the following assumptions were adopted for this estimate: 

(1) the NaOH solution mass fraction was taken as 30% (10 M solution, density approx. 1.33 g/mL); 

(2) the Na2SiO3 solution composition was taken as the midpoint of the supplier specification 

(Na2O = 8%, SiO2 = 27%); (3) the modulus (M) was treated as the SiO2/Na2O mass ratio of the 

combined activator, and the activator dosage (D, %) was treated as the total activator solution mass 

relative to the GGBFS binder mass, and (4) the PCE-based superplasticizer (Sika) was assumed to 

have a solids content of 30%, typical of commercial polycarboxylate admixtures. These 

assumptions allow the relative mass proportions of NaOH solution and Na2SiO3 solution required 

to satisfy each mixture's D and M values to be back-calculated, and the corresponding CO2 

emissions to be estimated on a basis of 1 kg of binder. 
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3. RESULT AND DISCUSSION 

 

3.1 Workability performance (flow analysis). 

The workability of alkali-activated slag (AAS) mortar was evaluated using the flow table test, and 

the results are summarized in Figure 2. The experimental results indicate that the flow values varied 

significantly across different mix compositions, ranging from approximately 49% to 135.25%, 

demonstrating the strong influence of activator composition and mixture proportions on fresh-state 

behavior. 

 

Figure 2 Flowability and 28-Day Compressive Strength of AAS Mortar Graph 

 

The maximum flow value obtained in this study reached 135.25%, which exceeds the target range 

(110 ± 5%). Based on the experimental observations and the supporting analysis presented in 

Figure 3 , the variation in flow is primarily governed by key parameters such as activator dosage, 

modulus, and water-to-binder ratio. This finding is consistent with previous studies, which reported 

that increasing liquid content, including activator and water, enhances particle lubrication and 

reduces internal friction, thereby improving workability(Duxson et al., 2007), (Fernández-Jiménez 

& Palomo, 2005). 

The effect of individual factors on flowability can be further analyzed through the ANOVA results, 

particularly the mean response and signal-to-noise ratio (SNR), as illustrated in Figure 3 and 4. The 

results indicate that activator dosage and water-to-binder ratio are the most influential parameters. 

Higher activator dosage increases the liquid phase, improving lubrication between particles and 

resulting in higher flow values. Likewise, an increase in the water-to-binder ratio reduces mixture 

viscosity and enhances workability, which is consistent with previous studies on alkali-activated 

materials (Abudawaba et al., 2021)(Sri Sunarsih et al., 2024)(Heshmat et al., 2024). 

However, when the flow results are analyzed together with the 28-day compressive strength, a clear 
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inverse tendency can be observed. Mixtures with excessively high flow values (e.g., >130%) tend 

to exhibit moderate compressive strength, whereas mixtures with lower flow values (approximately 

50–70%) achieve higher strength, reaching up to 54.01 MPa. This indicates a trade-off relationship 

between workability and mechanical performance. 

This phenomenon can be attributed to the increase in effective liquid content, which, although 

beneficial for workability, leads to higher porosity after hardening and consequently reduces 

strength. Similar trends have been reported in previous studies, where excessive water or activator 

content results in reduced mechanical performance due to increased pore volume and weaker 

microstructure (Fernández-Jiménez & Palomo, 2005), (Nath & Sarker, 2014). 

 

 
Figure 3. Mean response graphs of AAS mortar flow. 

 

However, excessive flowability is not always desirable. Based on the Taguchi “nominal-the-best” 

quality characteristic, the flow value should be controlled within a specific target range rather than 

maximized(Taguchi, 1990)(Mohebi et al., 2015). The results indicate that although higher flow can 

be achieved, it does not necessarily correspond to optimal performance. This highlights the need 

to balance workability and mechanical properties, which will be discussed in the following sections 
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Figure 4. SNR response graphs of AAS mortar flow. 

 

3.2 Compressive Strength Development. 

The compressive strength of alkali-activated slag (AAS) mortar was evaluated at curing ages of 3, 

7, and 28 days, and the results are presented in Figure 5. The results demonstrate a significant 

variation in compressive strength depending on the mix composition, confirming the strong 

influence of activator parameters and mixture proportions. 

 

 
Figure 5. Compressive strength 27 mixtures at 7, 14, 28 days. 
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At 28 days, the compressive strength ranged from 27.58 MPa (T408048275) to 54.01 MPa 

(T612048250). The highest strength was achieved by mixture T612048250 (54.01 MPa), followed 

by T608047250 (51.72 MPa) and T608046225 (49.58 MPa). In contrast, the lowest strength was 

observed in mixture T408048275 (27.58 MPa). Compared to the control mixture, PCC exhibited a 

significantly lower strength of 25.36 MPa, confirming that AAS mortar can achieve more than 

double the compressive strength of conventional mortar. This comparison rests on matched 

nominal mix ratios (water-to-binder, aggregate-to-binder, and superplasticizer dosage) between the 

AAS and CMPCC mixtures rather than identical effective water content; see Section 2.1 for a 

detailed discussion of this distinction. 

The strength development with curing time also shows a consistent increasing trend for all  

mixtures. For instance, mixture T608047250 increased from 42.05 MPa (3 days) to 50.07 MPa (7 

days) and reached 51.72 MPa (28 days). Similarly, mixture T510046250 exhibited an increase from 

36.44 MPa (3 days) to 45.08 MPa (7 days) and 45.09 MPa (28 days), indicating rapid early-age 

strength development, which is a known characteristic of AAS systems [25](Luukkonen et al., 

2017). 

 

3.3 Effect of mix parameters based on taguchi analysis. 
In this study, the evaluated factors consist of activator dosage (Factor A), modulus or SiO₂/Na₂O 

ratio (Factor B), water-to-binder ratio (Factor C), aggregate-to-binder ratio (Factor D), and 

superplasticizer-to-binder ratio (Factor E). Building upon the compressive strength, the influence 

of mix parameters was further evaluated using the Taguchi method through analysis of variance 

(ANOVA), mean response, and signal-to-noise ratio (SNR). 

The ANOVA results based on Table 3 indicate that activator dosage is the most dominant factor 

governing compressive strength, with a contribution of approximately 70.90%. This significantly 

higher contribution compared to other parameters confirms that activator concentration plays a 

critical role in controlling the geopolymerization process, particularly in enhancing precursor 

dissolution and promoting the formation of a dense and homogeneous reaction matrix (J. Provis & 

Deventer, 2014), (Fernández-Jiménez & Palomo, 2005). 

The validity of ANOVA depends on three underlying assumptions: independence of observations, 

normality of residuals, and homogeneity of variance (homoscedasticity). Independence was 

supported by the experimental design, as each of the 27 mixtures corresponds to a physically 

distinct batch cast and tested as a separate specimen group, following the L27 orthogonal array. 

Normality of residuals was assessed using the Shapiro-Wilk test applied to the residuals of the 

fitted main-effects model (observed minus predicted compressive strength for each mixture); the 

results (W = 0.971, p = 0.629) indicate no significant departure from normality. Homogeneity of 

variance was assessed using Levene's test on the residuals grouped by activator dosage (F = 0.359, 

p = 0.702) and by modulus (F = 1.054, p = 0.364); neither test indicated a significant violation of 

homoscedasticity. The same procedure was applied to the flowability data (Shapiro-Wilk W = 

0.976, p = 0.759; Levene's test by activator dosage F = 0.385, p = 0.685). As all p-values exceed 

the 0.05 significance threshold, the assumptions of normality and homogeneity of variance are 

satisfied for both responses, supporting the appropriateness of ANOVA for this dataset without 

requiring data transformation. 
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Table 3. Analysis of variance (ANOVA) table for mean response – fourth iteration. 

Source DOF Sum of Squares (SS) Mean Square (MS) F-ratio 

Factor A 2 696.11 348.06 45.20 

Factor B 2 62.99 31.49 4.09 

Factor C 2 23.37 11.69 1.52 

Interaction AC 2 17.13 8.57 1.11 

Interaction BC 2 15.01 7.50 0.97 

Factor D 2 99.33 49.66 6.45 

Factor E 2 12.10 6.05 0.79 

Residual Error 12 55.52 4.63 – 

Total 26 981.88 – – 

Note: the "Interaction CB" row present in an earlier version of this table has been removed, as it 

duplicated "Interaction BC" (the B×C and C×B interaction terms are statistically identical). This 

correction brings the total degrees of freedom to 26, matching the L27 design (27 runs − 1), and 

the total Sum of Squares to 981.88, consistent with the values reported below. 

 

In contrast, the modulus (SiO₂/Na₂O ratio) exhibits a lower contribution but still influences 

compressive strength as a secondary parameter. Its effect is associated with the availability of 

silicate species that contribute to gel formation and structural refinement. However, compared to 

activator dosage, the contribution of modulus is relatively limited, indicating that its influence is 

more dependent on interaction with other parameters rather than acting as a primary controlling 

factor(Nath & Sarker, 2014)(Zheng et al., 2025). 

The consistency between mean response and SNR analysis further confirms the robustness of the 

identified parameter hierarchy in Table 4. The ANOVA results based on SNR also show that 

activator dosage remains the most significant factor, reinforcing its dominant role in both 

performance and variability control (Taguchi, 1990)(Mohebi et al., 2015). 

 

Table 4. Analysis of variance (ANOVA) table for snr response – fourth iteration. 

Source Df SS MS F-ratio 

A 2 30.49 15.24 53.49 

B 2 2.50 1.25 4.39 

C 2 1.32 0.66 2.31 

AC 2 0.96 0.48 1.68 

BC 2 1.15 0.57 2.01 

D 2 5.43 2.71 9.52 

E 2 0.87 0.43 1.52 

Residual Error 12 2.14 0.18 - 

Total 26 44.85 - - 

 

Overall, the Taguchi analysis demonstrates that compressive strength in AAS mortar is primarily 

controlled by activator dosage, contributing 70,90% of the total variation, while modulus acts as a 

secondary parameter that influences the efficiency of the reaction system. These findings 

emphasize that optimization of AAS mortar should prioritize activator concentration, followed by 

careful adjustment of modulus to achieve a balanced reaction environment(Hardjito et al., 2005). 
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3.4 Trade-off analysis between flowability and compressive strength. 

A trade-off relationship between flowability and compressive strength was observed in alkali-

activated slag (AAS) mortar systems, reflecting the competing influence of mix parameters on 

fresh and hardened properties. Higher flowability is generally associated with increased water-to-

binder ratio and optimized activator composition; however, this leads to reduced matrix density 

and lower compressive strength. Similar trends have been widely reported, where higher water 

content increases porosity and weakens mechanical performance (J. L. Provis, 2018), (Nath & 

Sarker, 2014). 

Conversely, higher compressive strength is achieved at lower water content and optimal activator 

conditions, particularly at a dosage of 6% and modulus of 1.2. The role of activator concentration 

in enhancing reaction kinetics and matrix densification has been well established (Fernandez-

Jimenez et al., 2007), . 

This inverse relationship indicates that improved workability often comes at the expense of 

strength. Excessive flow beyond the target range (110 ± 5%) reflects a diluted matrix structure, 

which may compromise mechanical integrity, as also reported in previous studies (Marvila et al., 

2021). Additionally, activator dosage plays a dual role, significantly influencing both strength and 

flowability under different optimal conditions (Hardjito et al., 2005). 

Therefore, the trade-off between flowability and compressive strength highlights the need for 

multi-response optimization, as both properties cannot be maximized simultaneously. In practice, 

mix design should be adjusted based on performance requirements, balancing workability and 

strength to achieve optimal performance. 

 

3.5 Multi-response optimization using PCR–TOPSIS. 

To determine the optimal mixture considering both flowability and compressive strength, a multi-

response optimization was performed using the PCR–TOPSIS method. The analysis was conducted 

based on experimental results of flow (%) and 28-day compressive strength (MPa) obtained from 

the Taguchi design (Hwang & Yoon, 1981)(Behzadian et al., 2012). 

The decision matrix was first normalized using vector normalization to eliminate unit differences 

between responses. Subsequently, weighting factors were assigned based on the relative 

importance of each response. In this study, compressive strength was assigned a higher weight 

(0.6) compared to flowability (0.4), considering its dominant contribution as indicated by the 

ANOVA results. This choice is examined through a sensitivity analysis later in this section (Table 

6). 

The weighted normalized matrix was then used to determine the ideal best and ideal worst 

solutions. The separation distances from the ideal solutions were calculated, followed by the 

determination of the relative closeness coefficient (𝐶𝑖) for each experimental mixture(Behzadian 

et al., 2012). The ranking results based on (𝐶𝑖) are presented in Table 5. 

 

Table 5. Ranking of mix compositions based on multi-response optimization using (𝐶𝑖) 

Mix Code Flow (%) Strength (MPa) (𝑪𝒊) Rank 

T610046250 115.00 48.85 0.784  1 

T512047225 112.00 46.95 0.732 2 

T608048275 109.00 45.48 0.686 3 

T508048225 135.00 38.79 0.655 4 

T510047225 115.00 40.86 0.626 5 
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The results indicate that the optimal mixture is T610046250, which achieved the highest closeness 

coefficient (𝐶𝑖) = 0.784. This mixture provides the best balance between flowability and 

compressive strength, with a flow value of 115% and compressive strength of 48.85 MPa. It is 

important to note that the optimal mixture identified by the PCR–TOPSIS method differs from the 

mixture with the highest compressive strength. For instance, mixture T612048250 achieved the 

maximum compressive strength of 54.01 MPa but exhibited relatively low flowability, resulting in 

a lower overall ranking. 

Similarly, mixtures with excessively high flow values (above 130%) do not necessarily yield 

optimal performance due to reduced mechanical strength. This confirms the existence of a trade-

off relationship between flowability and compressive strength, as previously discussed. 

The PCR–TOPSIS method successfully identifies a compromise solution that satisfies both 

performance criteria simultaneously. Unlike single-response optimization, which may lead to 

extreme conditions, multi-response optimization provides a more realistic approach for practical 

engineering applications(Madanchian & Taherdoost, 2023). 

To justify the adopted weighting scheme, the PCR–TOPSIS ranking was recalculated under three 

additional schemes — equal weighting (0.5/0.5), strength-emphasized weighting (0.7/0.3), and an 

objective Shannon entropy-based weighting (0.21 strength / 0.79 flow) derived from the full 27-

mixture dataset — summarized in Table 6. 

 

Table 6. Sensitivity of the PCR–TOPSIS ranking to alternative weighting schemes. 

Weighting 

Scheme 

w 

(Strength) 

w 

(Flow) 

Rank 1 (Ci) Rank 2 (Ci) Rank 3 (Ci) 

Equal weighting 0.50 0.50 T610046250 

(0.777) 

T512047225 

(0.731) 

T508048225 

(0.731) 

Adopted 

(subjective) 

0.60 0.40 T610046250 

(0.784) 

T512047225 

(0.732) 

T608048275 

(0.686) 

Strength-

emphasized 

0.70 0.30 T610046250 

(0.792) 

T512047225 

(0.732) 

T608048275 

(0.683) 

Entropy-based 

(objective) 

0.21 0.79 T508048225 

(0.911) 

T410048225 

(0.895) 

T610046250 

(0.766) 

 

T610046250 remains top-ranked under all subjective schemes, showing the result is not sensitive 

to reasonable changes in the assigned weights. The entropy-based weighting instead favors 

flowability because the flow data show greater dispersion, selecting mixtures with flow values 

(≈135%) outside the target range (110 ± 5%, Section 3.1); since this purely statistical criterion does 

not reflect engineering priorities, the adopted 0.6/0.4 weighting — supported by the dominant 

ANOVA contribution of activator dosage to strength (Section 3.3) — is retained. 

 

3.6 Experimental confirmation of the optimal mixture. 

To validate the mixture identified as optimal by the PCR-TOPSIS analysis (T610046250), an 

independent confirmation batch, designated KT610046250, was prepared using the same mix 

proportions (activator dosage 6%, modulus 1.0, water-to-binder ratio 0.46, aggregate-to-binder 

ratio 2.50, superplasticizer 1%) and the same curing regime (ambient conditions, 25 degrees C) as 

the original experimental program. Four replicate specimens were cast and tested at each curing 

age.  
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Table 7. Comparison between the original (target) and confirmation (KT610046250) mixture 

results. 

Parameter 
Target (T610046250, 

original) 

Confirmed 

(KT610046250, n = 4) 

Deviation 

(%) 

Within ±1 

SD of 

Target? 

Flow (%) 115.25 ± 1.71 113.60 −1.43 Yes 

Compressive 

Strength, 7 d 

(MPa) 

41.37 ± 2.13 41.36 ± 0.67 −0.02 Yes 

Compressive 

Strength, 14 d 

(MPa) 

– 45.26 ± 0.90 – – 

Compressive 

Strength, 28 d 

(MPa) 

48.85 ± 2.29 50.60 ± 0.86 +3.58 Yes 

 

The confirmation results show close agreement with the original target values, with deviations of 

-1.43% for flow and +3.58% for 28-day compressive strength with 48.85 MPa, both well within 

the +/-1 standard deviation range of the original measurements and within the commonly applied 

+/-10% acceptance criterion for Taguchi confirmation experiments (Taguchi, 1990). 

 

3.7 Environmental Impact (CO₂) Estimation 

CO₂ emissions across the six AAS mixtures ranged from 0.191 to 0.206 kg CO₂/kg binder, 

corresponding to a 77.7–79.4% reduction relative to the PCC control (0.924 kg CO₂/kg binder) as 

stated in Table 8. 

 

Table 8. Estimated CO₂ emissions of representative AAS mixtures and the PCC control. 

Mix Code D (%) M CO₂ (kg/kg binder) Reduction vs. PCC (%) 

CMPCC – – 0.924 – 

T508046250 5 0.8 0.191 79.4 

T410046250 4 1.0 0.191 79.3 

T510046250 5 1.0 0.191 79.3 

T610046250 6 1.0 0.192 79.3 

T512046275 5 1.2 0.199 78.5 

T612048250 6 1.2 0.206 77.7 

This finding is consistent with recent life cycle assessments reporting 70–80% lower carbon 

emissions for slag- and waste-based geopolymer concretes compared with OPC concrete (Marathe 

et al., 2025), (Liu et al., 2024). Modulus had a more pronounced effect on emissions than activator 

dosage: raising the modulus from 0.8 to 1.2 increased emissions by approximately 8% (0.191 to 

0.206 kg CO₂/kg binder), reflecting the greater Na₂SiO₃ demand at higher SiO₂/Na₂O ratios, 

whereas varying dosage from 4% to 6% at a fixed modulus changed emissions by less than 1%. 

The PCR-TOPSIS-optimal mixture (T610046250) achieved a 79.3% CO₂ reduction relative to 

PCC, confirming that the mechanically optimal mixture also provides substantial environmental 

benefit. 

 

 

 

 

 



 

                                                                              Revista ALCONPAT, 16 (3), 2026: 475 – 492 

                                                 Multi-response optimization of flowability and compressive strength 

in alkali-activated slag mortar using Taguchi–PCR-TOPSIS approach.  
Adam, A. A., Ramadhan, B. R., Emeraldy, I. H., Kasim, A. P.  

490 

4. CONCLUSION 
 

The results show that activator dosage is the most influential parameter governing the compressive 

strength of alkali-activated slag (AAS) mortar, contributing approximately 70.90% of the total 

variation, followed by the aggregate-to-binder ratio (10.12%), while modulus (6.42%) and water-

to-binder ratio (2.38%) play comparatively minor roles. Taguchi analysis confirms that activator 

dosage and aggregate proportioning jointly govern strength development, highlighting the 

importance of optimizing both activator concentration and aggregate content. 

The PCR–TOPSIS results indicate that the optimal mixture is not defined by maximum strength or 

flowability alone, but by a balance between both properties. The optimal mix (T610046250) 

achieved a flow of 115% and compressive strength of 48.85 MPa. These findings confirm the trade-

off between workability and strength and emphasize the importance of multi-response optimization 

for practical AAS mortar design. 

Microstructural characterization (e.g., SEM, XRD, FTIR, or TGA) was not performed in this study. 

The observed strength trends are broadly consistent with previous studies attributing the 

mechanical performance of AAS materials to the formation and distribution of C–A–S–H gel and 

to alkali-activation mechanisms that differ fundamentally from conventional cement hydration. 

Direct confirmation of these mechanisms in the present mixtures is recommended for future work 

using microstructural analysis. 

The optimal mixture identified through PCR-TOPSIS was validated by an independent replicate 

batch (KT610046250), confirming the reproducibility of the proposed mix design. This mixture 

also achieved an estimated 79.3% reduction in CO2 emissions relative to a Portland-cement 

control, demonstrating that the mechanically optimal AAS mortar also offers substantial 

environmental benefit. These results support the Taguchi–PCR-TOPSIS framework as an effective 

approach for developing sustainable, high-performance AAS mortar. 
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