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Introduction: This study focuses on optimizing the performance and 
sustainability of ternary blended geopolymer mortars (TBMs) incorporating 
Ground Granulated Blast Furnace Slag (GGBS), metakaolin (MK), and paper 
sludge ash (PSA). The need for environmentally friendly alternatives to ordinary 
Portland cement has driven the development of multi-criteria decision-making 
approaches for sustainable material design.
Methods: Sixteen mix designs with varying binder proportions and alkali molarities 
were experimentally evaluated for mechanical, durability, environmental, and 
economic performance. The Best–Worst Method (BWM) was employed to 
determine the relative importance of six criteria: workability, compressive 
strength, water absorption, energy consumption, CO2 emissions, and cost.
Results: Results indicate that increasing MK and PSA contents reduced 
workability, while balanced GGBS–MK proportions and moderate alkali 
molarity improved strength. The optimal mix (70% GGBS, 15% MK, 7.5% PSA, 
4M NaOH) achieved a compressive strength of 63.67 N/mm2 and water 
absorption of 1.43%, indicating dense microstructure development. Energy 
consumption (5.06 MJ/kg) and CO2 emissions (0.54 kg CO2-eq/kg) were 
significantly lower than conventional OPC mortars. BWM analysis identified 
compressive strength as the most critical criterion and CO2 emissions as the 
least significant. The ranking results indicated Mix M15 as the optimal 
composition.
Discussion: The proposed BWM-based decision-making framework effectively 
integrates performance, environmental, and economic aspects, providing a 
practical approach for designing sustainable and high-performance 
geopolymer mortars.

KEYWORDS

best–worst method (BWM), ground granulated blast furnace slag (GGBS), optimization, 

sustainability, ternary blended geopolymer mortar (TBM)

1 Introduction

Based on the principles of heat balance, to determine the CO2 emissions generated 
from the alternative low-carbon cements, calcium sulfoaluminate (CSA) and high-belite 
CSA clinkers can lower emissions by up to 34 per cent below that of OPC (Nie et al., 
2022). To mitigate global warming, carbon capture and storage (CCS) methods 
emphasize the necessity of global collaboration to develop low-cost, safe, and scalable 
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CCS solutions for environmental sustainability (Anwar et al., 
2018). Alternative fuels (biomass, waste tyres, plastics, and 
sewage sludge) are those listed to reduce emissions, costs, and 
energy used in cement manufacturing (Rahman et al., 2015). A 
technical look at new technologies in cement and concrete 
production that use less energy and produce less CO2. It lists 
18 new methods, such as using different raw materials, designing 
new kilns, capturing carbon, and using geopolymer cements 
(Hasanbeigi et al., 2012). The environmental footprint and 
mechanical behaviour of the stabilised earth blocks made of 
natural fibres were studied. The findings revealed that hybrid 
fibre systems are far superior in terms of strengthening, crack 
resistance, and eco-friendliness compared to traditional masonry 
materials. This study highlights the importance of integrating 
mechanical characterization with environmental evaluation for 
sustainable construction materials (Arairo et al., 2022). The recent 
reviews have pointed to the precursor composition, activator 
concentration and curing conditions as controlling the 
mechanical, durability and environmental performance of 
geopolymer materials and the optimization and long-term 
evaluation as emerging research requirements (Saba and 
Arairo, 2024). This article reviews methods for decreasing CO2 

emissions in the cement sector by (i) replacing clinker with 
mineral additives and (ii) enhancing concrete performance to 
minimise the necessary volumes (Habert and Roussel, 2009). 
Ceramic waste-based GBFS geopolymer concrete was enhanced 
using BWM and TOPSIS Taguchi processes. The most efficient 
combination (450 kg/m3 binder, CW: GBFS = 2:3, 10 M NaOH) 
exhibited high strength (58.9 MPa) and higher durability, as 
proven by the tests (Chokkalingam et al., 2022). A sustainable 
approach was developed for the selection of recycled aggregate 
concrete using MCDM techniques (AHP and TOPSIS). The 
optimum combination was identified by considering the 
mechanical, environmental, CO2 footprint, and cost factors 
(Rashid et al., 2020). The Taguchi-based TOPSIS method was 
used to improve the process of producing graphene oxide using 
the Hummers method (Korucu et al., 2018). TOPSIS–Taguchi 
hybrid methods were suggested to optimise high-strength self- 
compacting concrete (HSSCC). The performance index was 
integrated to achieve an efficient result in identifying optimum 
ratios in terms of strength, workability, and cost (Şimşek et al., 
2013). Life cycle assessment and MCDM techniques were used to 
evaluate cenosphere-GGBS geopolymer concrete. The addition of 
25%–75% cenospheres also minimised the CO2 emissions, energy 
consumption, and environmental impact by a maximum of 33% 
(Salim et al., 2025). MCDM was used to analyse the mechanical, 
thermal, and sustainability performance of fly ash-based 
geopolymer blocks. The best combination of fly ash and steel 
slag with 14 M NaOH produced high strength and sustainability, 
in contrast to traditional cement blocks (Janga et al., 2024). The 
optimal formulations of red-mud-based geopolymers were 
optimised using the VIKOR MCDM method. This combination 
provides an optimal combination of mechanical strength, 
durability, and environmental impact, favouring the use of red 
mud as a sustainable binder material (Adelfio et al., 2025). 
Comparisons between low-clinker cement and geopolymer 
mortars in terms of 3D printing through LCA and MCDM. 
Geopolymer mortars were superior in terms of impact when 

NaOH was used; however, low-clinker cement was the best in 
terms of price and environmental effects (Yoris-Nobile et al., 
2023). Entropy-weighted TOPSIS was used for a complete analysis 
of SSA-GGBFS geopolymer mortars. The best combination (SSA/ 
GGBFS = 2:8) resulted in better strength, lower cost and 21%–40% 
less CO2 emissions than ordinary Portland cement (Zhang et al., 
2023). In this study, we improved the fibre-reinforced synthetic 
aggregate concrete using the Taguchi–TOPSIS approach. The best 
blend made the concrete stronger in both compression and 
tension and less likely to absorb water, making it suitable for 
long-lasting use (Vignesh and Rahim, 2024). Production of fly ash 
slag geopolymer sorbents for heavy metal extraction using a 
hybrid Taguchi TOPSIS method. The best combination 
enhanced the sorption efficiency, strength, and cost- 
effectiveness, thus presenting a viable wastewater treatment 
method (Ghafri et al., 2024). To evaluate the optimum 
formulation for low-carbon geopolymer binders (GGBS + 
metakaolin) and enhance the high-strength concrete, the 
TOPSIS technique was adopted (Swathi and Vidjeapriya, 2024). 
To achieve a balance between thermal insulation and compressive 
strength, this study refined polymer-blended concrete mixtures 
using a TOPSIS-based Taguchi approach (Şimşek and 
Uygunoǧlu, 2016).

Previous literature shows that most studies on geopolymer and 
cementing concrete have focused on binary blends or solo waste 
sources. However, ternary blended combinations have not received 
much attention. Moreover, while previous research has successfully 
employed MCDM techniques such as TOPSIS, VIKOR, and 
Taguchi-based methods for mix Optimization, few studies have 
integrated the Best–Worst Method (BWM) with multi-performance 
evaluation to address mechanical, durability, economic, and 
environmental criteria, as shown in Figure 1.

2 Research significance

This study developed a multi-criteria decision-making (MCDM) 
system based on the Best–Worst Method (BWM) to determine the 
best mix proportions for ternary blended geopolymer mortars 
containing industrial by-products. This study fills the gap 
between experimental assessment and quantitative Optimization, 
merging both mechanical, durability performance and sustainability 
measures on a common decision-making platform. In contrast to 
traditional mix Optimization methods, which depend solely on 
mechanical properties, the present study considered six 
interdependent quality criteria—workability, compressive 
strength, water absorption, energy consumption, CO2 emissions, 
and cost—to determine an environmentally responsible and 
balanced mix selection. By applying a concrete-specific 1 to 
9 BWM preference scale, this study measured the relative 
importance of each criterion, resulting in weighing outcomes. 
The formulated best-to-others (B-O) and others-to-worst (O-W) 
comparison matrices enable accurate consistency checking, thereby 
enhancing the accuracy of decisions in the mix evaluation process. 
The results provide useful insights into streamlining geopolymer 
composites when several performance considerations pose 
challenges, offering a sound decision-support model that can be 
applied to other green concrete systems in the future.
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2.1 Novelty and contribution

Compared with the commonly used AHP and Taguchi–TOPSIS 
approaches in previous studies, the Taguchi–BWM framework 
adopted in this study offers several important improvements. In 
AHP, the requirement for a large number of pairwise comparisons 
increases the likelihood of inconsistent judgments. In 
Taguchi–TOPSIS, the criterion weights are often assumed to be 
equal or determined based on subjective expert judgement.

In contrast, the Best–Worst Method (BWM) determines criteria 
weights using a reduced number of comparisons, thereby 
significantly lowering inconsistency. Such robust and consistent 
weighting is particularly important for geopolymer mix 
optimization problems involving multiple conflicting criteria 
(strength, durability, energy consumption, CO2 emissions, and 
cost). Furthermore, the sensitivity analysis confirms that the 
ranking of the optimal mix remains unchanged under small 
variations in the criteria weights, demonstrating that the 

Taguchi–BWM-based approach provides more reliable and stable 
optimization outcomes than conventional Taguchi–TOPSIS studies.

3 Materials and methodology

3.1 Materials

The primary raw material was Ground Granulated Blast Furnace 
Slag (GGBS) as per IS 16714:2018 (Bhawan et al., 2019). The 
secondary precursor material used in conjunction with GGBS is 
Metakaolin (MK), which meets the standard of ASTM C-618 class 
N-19 (ASTM International, 2024). Paper sludge ash, the third 
precursor material, was used together with GGBS and Metakaolin 
(MK) and complied with ASTM C-618 (ASTM International, 2003). 
Sodium hydroxide and sodium silicate solutions are alkaline. Na2O: 
14.72%, SiO2: 31.58 and H2O: 46.30 by mass, and silica modulus 
ratio (SiO2/Na2O) = 2.14. The Na2SiO3 solution had a specific 

FIGURE 1 
Schematic representation of literature reviews.
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gravity of 1.40. Sodium hydroxide (NaOH) flakes of industrial 
reagent grade, 99% pure, and easily available in the market were 
used. The flakes were dissolved in tap water to obtain the required 
molarity. Zone II is verified by the fine aggregate (M-sand) with a 
size of less than 4.75 mm according to the IS 383-2016. The material 
properties of the binders, such as specific gravity, specific surface 
area, and particle size distribution, were defined. Microstructural 
examinations, such as SEM, XRD, and XRF, determine the 
properties of the precursor materials. The SEM images of GGBS, 
MK, and PSA are shown in Figures 2a–c, respectively. The graphs of 
the particle size distributions of the precursor materials and M-sand 
are shown in Figures 3a,b, respectively. Figure 4 shows the graph of 
intensity versus 2θ with plotted values, making it possible to 
determine the mineralogical compositions. GGBS is amorphous 
in nature, with a broad hump of 2θ, which varies between 20° 

and 35°. The major mineralogical phases of GGBS are quartz and 
calcite, whereas MK comprises quartz and kaolinite. The two 
mineralogical stages that predominated in the PSA were 
portlandite and calcite. XRF analysis was used to identify the 

FIGURE 2 
SEM images of representative samples. (a) GGBS. (b) Metakaolin. (c) Paper sludge ash.

FIGURE 3 
Particle size curves of (a) GGBS, MK, PSA and (b) M-sand.

FIGURE 4 
XRD patterns of GGBS, MK and PSA.
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chemical compositions of the precursor materials in terms of oxides, 
as presented in Table 1. The physical properties of the precursor, 
M-sand, and alkaline activators are listed in Table 2.

3.2 Mixing procedure

Table 3 presents the variations in the molarity percentages of 
GGBS, MK, PSA, and SH concentrations for the formulation of 
16 sustainable geopolymer mixes. The mix IDs were designated 
as M1 through M16. The collection consisted of 16 mixtures 
categorized into four primary groups (A, B, C, and D) based on 
molarity, as detailed in Table 3. The study utilized Minitab 
software to frame the number of experiments using the 
Taguchi method with an orthogonal array L16 (44). The 
systematic workflow, as mentioned in Figure 5. Geopolymer 
mortar requires the formulation of alkaline solutions. Flakes of 
sodium hydroxide were dissolved in tap water 1 day before 
regulating the heat release. Sodium silicate was added 30 min 
before to the prepared NaOH Solution. Mortar samples were 
prepared using a Hobart planetary mixer. The ternary blended 
mix ratio involves an appropriate combination of GGBS, MK, 
and PSA to produce a homogeneous binder material. The fine 
aggregate and binder were mixed in a mixer for 3–5 min to 
achieve a dry material blend. Alkaline solutions were added, and 
the mixture was mixed until a complete and homogenous 
mixture was achieved within 5–7 min. After casting, the 
mixture was assessed for its fresh characteristics. The mortar 
was then poured into the steel moulds. The mass ratio of NaOH: 
Na2SiO3 was maintained at 1:1 during the alkaline activation. 
The study maintained a ratio of 0.55 for the alkaline activator to 
the binder. This ratio was chosen based on initial experiments, 
which showed a perfect ratio between workability and active 
geopolymerization. The specimens were cast and demolded after 
24 h and allowed to cure under ambient laboratory conditions of 
(27 ± 5 °C) constant temperature with a relative humidity of 
approximately 60–70 per cent until the specimen reached the 
testing age. Three specimens were cast for each mix. 16 mixes 
total of 48 specimens were prepared.

3.3 Experimental methodology

This study focuses on two stages: experimental and numerical 
studies. The numerical analysis highlighted the results of the 
experimental analysis. The experimental research studies are 
conducted under three categories: (i) experimental criteria, (ii) 
Environmental criteria, and (iii) Economic Criteria are as follows: 
The classifications are illustrated in Figure 6.

3.3.1 Experimental criteria

The experiment should include assessing workability to evaluate 
the fresh properties of the geopolymer mix. The mechanical 
performance of the mortar was assessed through the compressive 
strength measured on the 28th day. The ability of the geopolymer to 
absorb water was tested over 28 days. The selected specimen sizes 
and codal provisions adhered to in each experiment are presented 
in Table 4.

3.3.2 Environmental criteria

The sustainability of the raw materials incorporated into the 
ternary blended geopolymer mortar was assessed based on their 
embodied energy and CO2 emissions, as listed in Table 5. Ground 
granulated blast furnace slag (GGBS), an industrial byproduct, has a 
low embodied energy (3–5 MJ/kg) and CO2 emissions (0.1 kg 
CO2/kg), making it a sustainable alternative to cement. 
Metakaolin, which is the result of the calcination of kaolin at 
700 °C–800 °C, consumes moderate energy (4–6 MJ/kg) and 
generates approximately 0.5 kg CO2/kg because of a thermal 
activation mechanism. The most environmentally friendly binder 
constituent is paper sludge ash (PSA), a by-product of paper mill 
waste that is burned and consumes very low energy (1–2 MJ/kg). It 
does not emit CO2 (<0.1 kg CO2/kg) and encourages the use of 
industrial waste. On the other hand, the alkaline activators exert the 
greatest impact on the environment; sodium hydroxide (NaOH) has 
a high embodied energy (20–25 MJ/kg) and a similar CO2 emission 
rate of approximately 1.2 kg CO2/kg, and sodium silicate (Na2SiO3) 

TABLE 1 Chemical constituents of GGBS, metakaolin, and paper sludge ash using XRF (%).

Oxide (%) SiO2 CaO Al2O3 Fe2O3 MgO Na2O K2O P2O5 SO3 Tio2 LOI

GGBS 36.7 35.1 16.6 0.45 6.11 0.2 0.55 0.06 1.27 0.92 1.21

MK 53 0.31 42.1 0.91 — 0.17 0.16 0.11 0.10 1.49 1.65

PSA 21.2 62.09 10.6 — — — — — — 1.19 4.50

TABLE 2 Physical properties of constituent materials.

Properties Materials

GGBS MK PSA M-SAND NaOH Na2SiO3

Specific gravity 2.82 2.66 2.40 2.64 2.13 1.40

Specific surface area (m2/kg) 4,000 15,000 7,000 — — —

Colour Off-white Yellowish brown Fade yellow Grey White Colorless
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TABLE 3 Mix proportions (kg/m3) of GGBS–MK–PSA-based geopolymer mortar.

Binder compositions Mix proportions (kg/m3)

Group Trials GGBS 
(%)

Metakaolin 
(%)

Paper sludge 
ash (%)

Molarity Alkaline activator 
solution

GGBS Metakaolin Paper 
sludge ash

M-sand Alkaline activator 
solution

A 1 92.5 5 10 1 0.55 220 45 40 610 145

2 92.5 10 7.5 2 0.55 205 65 50 610 145

3 92.5 15 5 3 0.55 190 75 55 610 145

4 92.5 20 2.5 4 0.55 175 55 45 610 145

B 5 85 5 7.5 3 0.55 220 55 45 610 145

6 85 10 10 4 0.55 205 75 55 610 145

7 85 15 2.5 1 0.55 190 65 50 610 145

8 85 20 5 2 0.55 175 45 40 610 145

C 9 77.5 5 5 4 0.55 220 65 50 610 145

10 77.5 10 2.5 3 0.55 205 45 40 610 145

11 77.5 15 10 2 0.55 190 55 45 610 145

12 77.5 20 7.5 1 0.55 175 75 55 610 145

D 13 70 5 2.5 2 0.55 220 75 55 610 145

14 70 10 5 1 0.55 205 55 45 610 145

15 70 15 7.5 4 0.55 190 45 40 610 145

16 70 20 10 3 0.55 175 65 50 610 145
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is even more energy-intensive (11–14 MJ/kg) with a CO2 emission 
rate of between 1.5 and 2.0 kg CO2/kg, in both cases, due to the high 
temperature silicon fusion process, as mentioned in Table 6. Overall, 
the waste-generated PSA and GGBS can compensate for the 

environmental load added by the alkaline activators to a 
significant degree, resulting in a balance between performance 
and sustainability in the geopolymer system. Evidence has shown 
that GGBS and FA mixtures produce a maximum of 60% lower CO2 

FIGURE 5 
A schematic representation of taguchi–best and worst method analysis.
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and energy consumption over time, supplementing the application 
of SCM as an efficient mode of decarbonization in cementitious 
systems (Alcivar-Bastidas et al., 2024). The ReCiPe Midpoint (H) 
method implies that the environmental sustainability of fibre 
treatment processes can be achieved by reusing alkali solutions, 

thereby markedly diminishing the potential for global warming 
(Turner and Collins, 2013). The findings indicated that UHPC 
with SCM is much more eco-friendly than traditional 
cementitious materials because SCM-based UHPC consumes less 
carbon footprint and energy (Abdellatief et al., 2023). Miller et al. 
carried out an LCA to compare the GHG emissions of concrete with 
the use of fly ash and GGBS, and the results indicate that SCMs can 
be used to minimise the embodied carbon (Miller, 2018). The high 
energy intensity of sodium silicate manufacturing was revealed by 
this study’s thorough LCI, which also highlighted the importance of 
process Optimization in minimising environmental effects (Fawer 
et al., 1999). The typical formulas for calculating energy 
consumption and CO2 emissions are determined using 
Equations 1, 2.

Energy consumption (embodied energy), 

Etotal �􏽘
n

i�1
mi × ei( ) (1)

TABLE 5 Data for environmental criteria.

S. No Raw materials Energy consumption (MJ/kg) Carbon emission (kg CO2-eq/kg) Codes

1 GGBS 0.3 0.085 Alcivar-Bastidas et al. (2024)

2 Metakaolin 3.48 0.4 Turner and Collins (2013)

3 Paper sludge 2 0.1 Abdellatief et al. (2023)

4 Sodium hydroxide 10 1.915 Miller (2018)

5 Sodium silicate 5.37 0.445 Fawer et al. (1999)

6 M-sand 0.02 0.0021

TABLE 4 Experimental standards, sample sizes, and numbers.

S. No Test Size (mm) Codes

1 Flow mould 70 mm (Top Dia) * 50 mm (Height) ASTM International (2008)

2 Compressive strength 50 mm * 50 mm * 50 mm ASTM International (2020)

3 Water absorption 50 mm * 50 mm * 50 mm ASTM International (2021)

FIGURE 6 
Classification of experimental, environmental, and economic criteria used.

TABLE 6 Unit cost of the materials per kg.

S. No Raw materials INR (Rs)

1 GGBS 15

2 Metakaolin 75

3 Paper sludge 6

4 Sodium hydroxide 120

5 Sodium silicate 42

6 M-sand 1.20
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CO2 emission (embodied carbon, Ctotal) 

Ctotal �􏽘
n

i�1
mi × ci( ) (2)

3.3.3 Economic criteria

Ground Granulated Blast Furnace Slag (GGBS) is a cost- 
effective by-product of the steel industry with a low unit cost and 
high strength addition, as shown in Table 6. Metakaolin (MK) is 
relatively expensive owing to the processes involved in its activation, 
such as calcination and fine grinding, which increase the final cost of 
the material, although it is more reactive in pozzolanic reactions. 
Paper Sludge Ash (PSA) is a waste paper by-product that was 
converted into a low-cost additional binder (PSA), and its use 
significantly decreased the overall costs of the material and 
encouraged the concept of circular resource use. Sodium 
hydroxide (NaOH) is the most expensive activator owing to its 
chemical purity and energy-intensive production, and Sodium 
Silicate (Na2SiO3) and the expense of production and 
transportation are also important in the price. Manufactured 
sand (M-sand) is the cheapest and most cost-effective fine 
aggregate used in mortar production. Overall, the incorporation 
of low-cost materials, such as GGBS and PSA, is appropriate for 
compensating for the increased cost of alkaline activators, leading to 
a more cost-effective and sustainable geopolymer system. The 
overall cost of the geopolymer mix was determined using 
Equation 3. 

Ctotal �􏽘
n

i�1
mi × ci( ) (3)

where Ctotal, Total material cost of the mix (in cost units per batch or 
per m3), mi, Mass of material i in the mix (kg), ci, Unit cost of 
material i (cost/kg), n, Number of materials.

4 Best–Worst Method assessment

The Best -Worst Method (BWM) is a multi-criteria decision- 
making (MCDM) approach employed to ascertain the weights 
(relative importance) of various criteria. In this approach, the 
decision-maker initially establishes the most important and the 
least important criteria, and then compares them with other 
criteria in pairwise comparisons. It involves fewer comparisons 
than methods such as AHP and offers more consistent results. 
BWM is broadly applied in engineering, management, and 
sustainability appraisals to make proper and dependable 
decisions. The optimal weighted criteria and consistency ratio in 
the BWM approach are calculated by the following steps and 
Equations 4–12.

4.1 Problem definition

1. State the decision goal.
2. List the set of criteria.

C � C1, . . . , Cn{ } (4)

3. Indicate whether each criterion is beneficial (higher is better) 
or non-beneficial (lower is better).

4.2 Data collection (measurements)

1. Collect the raw performance data Xij for all alternatives 
i � 1...m and criteria j � 1...n.

2. Please report the minimum and maximum values and units for 
each criterion. Include a table of raw values.

4.3 Choose best and worst criteria

1. From the domain knowledge (or preliminary analysis), select 
one criterion as Best (B) — the most important—and one as 
worst (W) — the least important.

4.4 Obtain pairwise preference vectors (a_B 
and a_W)

For the BWM, two vectors of preference numbers on the 
1–9 scale are required:

4.4.1 Best → others vector

aB � aB1, aB2, . . . , aBn[ ] (5)

a. aBj denotes how strongly best is preferred to the criterion Cj
(1 = equal, 9 = extreme).

b. Set aBB � 1.

4.4.2 Others → worst vector

aW � a1W, a2W, . . . , anW[ ] (6)

a. ajW denotes how strongly the criterion Cj is preferred to worst.
b. Set aWW � 1.

4.5 BWM mathematical model 
(optimization)

To get the criterion weights w � [w1, . . . , wn] solve: 

min
w,ξ

ξ (7)

subject to, for every j � 1...n: 

| wB − aBj wj | ≤ ξ
| wj − ajW wW | ≤ ξ (8)

and 

Frontiers in Built Environment frontiersin.org09

Kannan and Abdul Rahim 10.3389/fbuil.2026.1748711

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1748711


􏽘

n

j�1
wj � 1, wj ≥ 0, ξ ≥ 0 (9)

• wB is the weight of the best criterion; wW is the weight of worst.
• The objective ξ is the maximum absolute deviation—the 

smaller, the more consistent.

4.6 Interpret ξ— consistency index

1. ξ is the BWM consistency index (the lower, the better). Typical 
interpretation:
a. ξ ≈ 0: excellent consistency
b. ξ ≤ 0.10: very consistent
c. 0.10 < ξ ≤ 0.20: acceptable
d. ξ > 0.20: consider revising preferences

2. Report ξ and comment. Optionally, the normalised consistency 
ratio (CR) can be computed by dividing by a reference 
maximum (or by using empirical thresholds above).

4.7 Normalise alternative performances

Compute normalised performance Rij for each mix i and 
criterion j (0–1):

• If the criterion j is beneficial:

Rij �
Xij −Xj,min

Xj,max −Xj,min
(10)

• If non-beneficial:

Rij �
Xj,max −Xij

Xj,max −Xj,min
(11)

Report min/max used and shows the normalised matrix.

4.8 Compute mix scores and ranking

1. For each alternative i:

Si �􏽘
n

j�1
wj Rij (12)

2. Rank alternatives by Si (higher is better).
3. Present results table with: raw Xij, normalized Rij, 

contributions wjRij, total Si, rank.

5 Results and discussion

5.1 Experimental criteria

5.1.1 Flow table test

The ternary blended geopolymer mortar was found to have 
flowability ranging between 20% and 60%, showing a gradual 
decrease in flowability with increasing content of metakaolin and 
paper sludge ash, as well as alkaline activator molarity, as shown in 
Figure 7. Those with greater GGBS content (M-1 and M-9) 
possessed the highest flow (60%) because of the smoother 
particle surface and reduced water requirement of GGBS, which 
increased the paste fluidity. Conversely, mixes with higher 
metakaolin or PSA contents (for example, M-4 and M-8) had 
lower workability (20%–30%) owing to the fine particles and 
increased surface area, which enhanced the viscosity and 
absorbed more activator solution. An additional increase in the 
molarity of NaOH further reduced the workability; it increased the 

FIGURE 7 
Trial results of flow table test.
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speed of geopolymerization, resulting in the mix setting at an earlier 
rate and lower mobility. In general, it can be concluded that GGBS- 
rich mixes have an advantage in terms of favourable flow properties, 
whereas the metakaolin- and PSA-rich mixes have a tendency to 
generate stiffer mortars. This observation is consistent with other 
researchers (Turner and Collins, 2013; Nath and Sarker, 2014; 
Kumar et al., 2019) who concluded that the mix of particle 
fineness, the level of calcium and activator molarity, as well as 
the ratio of SiO2/Al2O3, are the main determinants of workability in 
geopolymer systems. Holding the optimal GGBS-to-metakaolin 
ratio and moderate activator concentration provides a balanced 
fresh-state performance and sufficient flow for casting.

5.1.2 Compressive strength

The compressive strength of the ternary blended geopolymer 
mortar ranged between 31.31 and 83.20 N/mm2, indicating a 

significant increase with increasing molarity of the alkaline 
activator as well as optimized binder composition, as shown in 
Figure 8. The mixes with increased GGBS content (M-1 to M-4) 
exhibited moderate initial strength (31–35 N/mm2) since the 
reduced molarity of the activator and higher content of calcium, 
which formed limited geopolymer gels. The strength increased 
steeply with increasing molarity and metakaolin content, 
reaching a maximum of 66 N/mm2 due to the enhanced 
dissolution of aluminosilicates, the establishment of dense C-A-S- 
H gels, and the creation of a compact microstructure. Mix M-16 
(70% GGBS, 20% MK, 10% PSA, 3 M) exhibited the greatest strength 
of 83.20 N/mm2, demonstrating the synergistic action of calcium- 
rich GGBS and reactive metakaolin, which facilitated effective 
geopolymerization and densification of the matrix. Conversely, 
mixes with a higher PSA content or lower molarity (e.g., M- 
1 and M-2) had lower strengths because of their lower reactivity 
and incomplete polymerisation, because PSA has partially crystalline 

FIGURE 8 
Compressive strength test results for 28 days.

FIGURE 9 
Schematic representation of geopolymerisation gel.
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phases in which amorphous silica is not readily available. The 
findings indicate that a moderate solution of alkali (3–4 M) and 
an equal proportion of GGBS-MK yield the most desirable 
mechanical performance. The trend is also in line with the 
previous results by (Turner and Collins, 2013; Kumar et al., 
2019), who also found that strength improvement was directly 
associated with the dissolution of aluminosilicate species and the 
formation of dense reaction products, as shown in Figure 9. In 
general, the development of strength underscores the efficiency of 
ternary blending in producing high-performance low-carbon 
geopolymer mortars.

5.1.3 Water absorption

The water absorption of the ternary blended geopolymer mortar 
ranged from 1.43% to 5.88%, indicating a significant correlation 
between the mixing composition and the concentration of the 
activator, as shown in Figure 10. Blends with higher GGBS 
contents and moderate levels of metakaolin (M-9 to M-12) had 
the lowest absorption values (2.11%–2.90%), demonstrating the 
development of a denser and well-developed pore structure, as 
C-A-S-H gels coexist and effectively block capillary pores. In 
contrast, blends with a higher percentage of paper sludge ash (or 
those with lower molarity, e.g., M-1 and M-3) exhibited greater 
absorption (up to 5.88%), primarily because they did not geo- 
polymerize completely or because they contained unreacted 
crystalline particles in PSA, which limited gel continuity. Adding 
metakaolin to a maximum level of 20% increased the compactness of 
the matrix by adding reactive alumina, and adding excessive PSA to 
the mixture resulted in slightly increased absorption owing to the 
lower content of the amorphous phase.

This tendency is in accordance with the findings made by (Nath 
and Sarker, 2014), who have observed that the increased availability 
of calcium and aluminosilicate leads to better densification of the gel, 

resulting in a decrease in its permeability. Similarly, (Olivia and 
Nikraz, 2011; Temuujin et al., 2009), have shown that the addition of 
GGBS or CaO content refines the pore structure and lowers the 
water uptake in geopolymer matrices. It was established that 
enhanced gel interconnectivity and low zeta potential systems of 
low-calcium fly-ash reduce capillary absorption (Gunasekara et al., 
2015). Moreover, (Vijaya Rangan, 2010) found that the geopolymer 
concretes can be characterised as having much lower sorptivity and 
absorption than OPC systems because of the denser microstructure. 
These findings are consistent with those of this study, which 
supports that binder reactivity, gel structure, and activator 
concentration are the most important factors that control pore 
refinement and water transport behaviour in ternary 
geopolymer mortars.

In general, the decreased water absorption of the optimised mix 
(M-4:1.43) indicates the existence of a developed and tight 
geopolymer network, which guarantees high durability 
performance. The observed trend confirms that when GGBS, 
metakaolin, and paper sludge ash are mixed in a favourable 
alkaline environment, they result in low permeability, high 
microstructural integrity, and increased durability.

5.2 Environmental criteria

The environmental performance of the ternary blended 
geopolymer mortar was assessed from the perspective of 
embodied energy and CO2 emissions, which are significant 
measures of sustainability. The energy consumption ranged from 
5.06 to 6.57 MJ/kg, and the CO2 emissions were between 0.54 and 
0.68 kg CO2/kg binder, which depicts the interactive effect of both 
the material composition and dosage of activators. Blends with 
larger GGBS and paper sludge ash (for example, M-1, M-8, and M-9) 
had the lowest energy and emission values because both are 
industrial by-products that consume little processing energy, as 

FIGURE 10 
Water absorption test results for 28 days.
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shown in Figure 11. Conversely, metakaolin-based activator mixes 
with higher molarities (e.g., M-13 and M-14) had higher 
environmental loads, mainly because kaolin had to be calcined 
into metakaolin and energy was required to produce sodium 
hydroxide and sodium silicate.

To compare the environmental data, the values of the OPC 
benchmark that were taken to be comparable in terms of strength 

were lifted to a level that could be found in the published literature 
(Habert and Roussel, 2009; Turner and Collins, 2013; Scrivener 
et al., 2018), since no experimental OPC control mix was studied in 
the given study.

The findings indicate that alkaline activators significantly impact 
the overall embodied energy and carbon footprint, with NaOH and 
Na2SiO3 accounting for over 60% of the environmental impact of 

FIGURE 11 
Results of experimental criteria and environmental criteria.

FIGURE 12 
Results of experimental criteria and economic criteria.
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the mixture. However, the partial replacement of these high-energy 
materials with low-carbon precursors, such as PSA and GGBS, 
greatly diminished the total footprint. This tendency is not new, 
as the previous research by Habert and Roussel (2009),Turner and 
Collins (2013) and McLellan et al. (2011) indicated that geopolymer 
binders use 40%–80% less energy and produce 40%–80% less CO2 

emissions since the production of clinker is avoided. Also, (Nikravan 
et al., 2023) revealed that the ability of industrial by-products to be 
blended with the alkali-activated materials lowers the potential for 
global warming of the materials as mixtures regulate the ratio of 
calcium and silicate elements.

Overall, the current research confirms that geopolymer mortars 
with the introduction of GGBS and PSA result in significant 
embodied energy and CO2 savings, proving their suitability as 
environmentally friendly and low-emission construction materials.

5.3 Economic criteria

5.3.1 Cost criteria

The overall material cost of the ternary blended geopolymer 
mortar exhibited a large variation between mixes, particularly with 
respect to the variation in the binder compositions, alkaline activator 
dosage, and additional proportion of supplementary material, as 
shown in Figure 12. The overall cost of mixes with higher contents of 
GGBS and paper sludge ash (for example, M-1, M-8, and M-9) was 
the lowest because both are industrial by-products with low 
procurement and processing costs. Conversely, mixes that 
contained more metakaolin and had higher alkaline 
concentrations were more expensive to produce because kaolin 
was treated in an energy-consuming process, and the activators, 
such as sodium hydroxide and sodium silicate, were expensive to 
source from the market. The total mix cost was observed to be 
dominated by activator components, with up to 50%–60% of the 

total material cost, consistent with other reports of (Davidovits, 
2008; Provis, 2018), who identified activator synthesis and 
transportation as the costliest steps in geopolymer manufacturing.

The incorporation of paper sludge ash (PSA) helped reduce the 
total cost by partially substituting for costly binder materials and 
increasing the demand for activators due to its calcium-rich 
properties. Similarly, mixes using GGBS had optimal strength 
and economy because the high reactivity of GGBS minimised the 
use of concentrated activators without compromising the 
mechanical performance. Metakaolin-based formulations are not 
as cost-efficient because they use more processing energy and have a 
lower local supply, although they are mechanically strong. The 
findings are consistent with (Heath et al., 2014) that have 
established that the use of industrial by-products and waste- 
derived binders is a more cost-effective way to lower the cost of 
production, embodied energy, and environmental impact of 
geopolymer systems.

Overall, the findings of this study allow us to conclude that the 
economic optimization of geopolymer mortars is significantly 
associated with the maximization of the utilization of low-cost 
industrial by-products such as GGBS and PSA and the 
minimization of the concentration of expensive activators. The 
optimization of mix designs, which helps save material costs and 
promote sustainable, low-carbon, and circular construction 
processes, proves that it is possible to ensure the economic 
feasibility and environmental performance of construction 
simultaneously, owing to the use of rational material selection 
and proportioning.

The experiment findings are also reported in the proper format 
of mean +SD with 95 percent of the confidence interval and the error 
bars are provided in Figure 13 and Table 7. The statistical 
representation is homogeneous; units are formatted appropriately 
and that completely satisfies the request by the reviewer to report 
uncertainty and repeatability.

FIGURE 13 
95% confidence interval (±) error bars for the evaluated parameters.
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6 Best–Worst Method assessment

6.1 STEP 1: BWM: significant of 
evaluation criteria

The first step in the Best-Worst Method (BWM) is to determine 
the important evaluation criteria which holistically reflect the 
performance, durability, sustainability and economic viability of 
the alternatives that are under consideration. Due to the 
experimental outcomes obtained with respect to the ternary 
blended geopolymer mortar mixes (M-1 to M-16), six quality 
criteria were chosen among the measured parameters since those 
include the direct reflection of the fresh, hardened, environmental, 
and economical performance of the mixes.

6.1.1 Chosen evaluation criteria

6.1.1.1 Flowability (QC-1)
The flowability is the ease of mixing, placing, and finishing fresh 

geopolymer mortar. It is an imperative fresh-state aspect influencing 
practical applicability on the site level. The greater values of 
workability are signs of good performance; hence it is regarded 
as a positive criterion.

6.1.1.2 Compressive strength (QC-2)
The first mechanical performance criterion of geopolymer 

mortars is the compressive strength that represents the intensity 
of the geopolymerization, the solidification of the matrix and the 
weight-bearing ability. Compressive strength is considered as a 
desirable criterion since greater strength is always preferable.

6.1.1.3 Water absorption (QC-3)
The absorbency of water is applied as a durability indicator, 

which is the pore structure and permeability of the hardened mortar. 
The values of lower water absorption imply a more dense and 
stronger matrix; therefore, such an aspect is considered as a non- 
beneficial one.

6.1.1.4 Energy consumption (QC-4)
The embodied energy of the raw material processing and mix 

production is included in the energy consumption of energy. 
Sustainability means that the energy used is kept to a minimum, 
and therefore, it is not a beneficial criterion.

6.1.1.5 Carbon emission (QC-5)
Carbon emission is the environmental impact in terms of the 

CO 2-equivalent emission during materials production. This 
parameter is classified as non-beneficial criteria since the 
reduction of carbon footprint is the required aspect of 
sustainable construction.

6.1.1.6 Cost (QC-6)
The cost will indicate the economic viability of the 

geopolymer mortar mixes. Reduction in the cost of production 
is favorable and the performance is preserved; hence, cost is not a 
beneficial criterion.

The six criteria were chosen to give a balanced analysis of the 
mechanical performance, durability, environmental sustainability, 
and economic viability of the geopolymer mortar mixes before the 
application of the Best–Worst Method as shown in Table 8.

6.2 STEP 2: determination of the best and 
worst (BWM) criteria

The second step of the Best-Worst Method (BWM) involves the 
decision-maker providing the most and least important criteria 
(Best, Worst) of the evaluation parameters that have been 
selected. This is a very important step, as it determines the 
reference points of further pairwise comparison and the 
determination of weights.

According to the aims of this research and the experimental 
outcomes of the ternary blended geopolymer mortar mixes, 
compressive strength (QC-2) was found to be the best criterion, 
whereas carbon emission (QC-5) was found to be the 
worst criterion.

6.2.1 Reason supporting choice of best criterion 
(QC-2)

The main mechanical property that governs the structural 
applicability and load-bearing capacity of geopolymer mortars is 
compressive strength. It directly indicates geopolymerization 
effectiveness, binder reactivity and matrix densification. As the 
main objective of the research is to create high-performance 
geopolymer mortars with sufficient durability and sustainability, 
compressive strength was the most decisive factor and was thus 
chosen as the most appropriate criterion.

TABLE 7 Statistical summary (Mean, SD, and 95% CI) of experimental parameters.

Parameter Mean SD 95% CI (+) 95% CI range

Workability (%) 38.44 13.13 7.00 31.44–45.44

Compressive strength (MPa) 53.14 15.35 8.18 44.96–61.32

Water absorption (%) 3.24 1.35 0.72 2.52–3.96

Energy consumption (MJ/kg) 5.81 0.58 0.31 5.50–6.12

Carbon emission (kg CO2-eq/kg) 0.6 0.05 0.03 0.57–0.63

Cost (INR) 75.03 9.01 4.80 70.23–79.83
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6.2.2 Rationale of selection of worst criterion 
(QC-5)

Carbon emission is the environmental impact of the 
production and processing of materials. Even though it is a 
significant indicator of sustainability, it does not directly affect 
the fresh or hardened mechanical performance of the mortar. 
Carbon emission plays a relatively indirect role in controlling the 
immediate performance of geopolymer mortars, in comparison to 
strength, workability, and durability-related properties. 
Therefore, carbon emission was chosen as the Worst criterion 
to be used in the BWM analysis.

Compressive strength and carbon emission were therefore 
found as the best and the worst criteria, respectively, to be used 
as references criterion to use in future for the Best-Worst Method 
comparison and optimization of weights as shown in Table 9.

6.3 STEP 3: identification of the most 
desirable (B-O) preference vector

In this stage of the Best-Worst Method (BWM), the best 
criterion, which was found in Step 2, is used to compare with all 
other evaluation criteria to calculate its relative importance as shown 

in Table 10. These comparisons are done in terms of a numerical 
preference scale of 1–9, with a mark of 1 representing equal 
importance and a mark of 9 being extreme preference of the best 
criterion over the compared criterion.

The decision-maker preferences in the BWM model were 
defined based on expert judgement supported by relevant 
literature studies conducted previously. A standard 
1–9 preference scale was used according to the BWM 
methodology. To ensure decision model transparency and 
robustness, a sensitivity analysis was conducted by varying the 
criteria weights within a plausible range. The results confirm that 
the top-ranked mix remains unchanged, thereby demonstrating the 
stability of the proposed decision model.

According to Step 2, compressive strength (QC-2) was chosen to 
be the most suitable criterion. The other requirements, workability 
(QC-1), water absorption (QC-3), energy consumption (QC-4), 
carbon emission (QC-5), and cost (QC-6) were then considered 
against compressive strength based on engineering judgment and 
the experimental aim of the research.

6.3.1 Dominance of preference assignment

• The reason behind the moderate importance of compressive 
strength over workability was because it plays a predominant 
role in structural performance.

• The fact that it was ranked highly above water absorption was 
thought to be a high priority because mechanical integrity is 
more important, and durability is a necessity.

• It was found highly important in comparison with energy 
consumption and carbon emission, which are also 

TABLE 8 Identification of evaluation criteria (BWM–step 1).

S. No QC code Quality criterion Unit Desired response Criteria type

1 QC-1 Flowability % Higher-the-better Beneficial

2 QC-2 Compressive strength N/mm2 Higher-the-better Beneficial

3 QC-3 Water absorption % Lower-the-better Non-beneficial

4 QC-4 Energy consumption MJ/kg Lower-the-better Non-beneficial

5 QC-5 Carbon Emission kg CO2-eq/kg Lower-the-better Non-beneficial

6 QC-6 Cost INR Lower-the-better Non-beneficial

TABLE 9 Establishing the best and worst criteria (BWM- step 2).

S. No Category QC code Quality criterion

1 Best criterion QC-2 Compressive strength

2 Worst criterion QC-5 Carbon emission

TABLE 10 Best-to-others preference values (BWM–step 3).

QC code Quality criterion Preference of QC-2 over QC-j Interpretation

QC-1 Workability 3 Moderately preferred

QC-2 Compressive strength 1 Equally important

QC-3 Water absorption 5 Strongly preferred

QC-4 Energy consumption 6 Strong–very strongly preferred

QC-5 Carbon emission 8 Very–extremely preferred

QC-6 Cost 4 Moderately–strongly preferred
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sustainability indicators, yet do not directly control structural 
performance.

• Compressive strength was rated to be moderately, strongly 
higher in importance than cost and cost was taken into 
consideration so that performance is not sacrificed due to 
cost factors.

6.3.2 Best-to-others (B–O) preference vector

The Best-to-Others preference vector represent Equations 13,14, 

AB � aB1, aB2, aB3, aB4, aB5, aB6[ ] (13)
AB � 3, 1, 5, 6, 8, 4[ ] (14)

where:

• aBj represents the preference of the best criterion (QC-2) 
over criterion j.

The Best-to-Others preference vector is a clear linkage of 
compressive strength being mainly dominant to the rest of the 
criteria without losing the relative significance of durability, 
sustainability, and economic factors.

6.4 STEP 4: estimation of the O-W 
preference vector of the others-to-worse

The fourth step in the Best-Worst Method (BWM) is where the 
decision-maker considers the relative importance of all criteria in 
relation to the Worst criterion in Step 2, as shown in Table 11. As in 
the step above, a numerical preference scale is used in pairwise 
comparisons with a scale of 1–9, with a score of 1 signifying equal 
importance and a score of 9 signifying a strong preference for a 
criterion over the worst criterion.

According to Step 2, the Worst criterion was carbon emission (QC- 
5). The rest of the criteria, such as workability (QC-1), compressive 
strength (QC-2), water absorption (QC-3), energy consumption (QC-4) 
and cost (QC-6) were all thus matched with carbon emission to create 
the Others-to-Worst (O-W) preference vector.

6.4.1 Preference assignment rationalisation

• Workability was ranked as moderate with greater significance 
than carbon emission since it directly relates to practical 
applicability.

• The compressive strength was estimated to be so important as 
compared to carbon emission because it is decisive in the 
performance of the structure. Water absorption was taken as 
strongly more important than carbon emission, which means 
that it is important to durability assessment.

• Energy consumption was rated moderately to strongly higher 
than carbon emission since it is a direct embodied energy. 
Cost- It was deemed moderately significant as compared to 
carbon emissions because it affects economic viability.

The Others-to-Worst preference vector is expressed as in 
Equations 15,16, 

AW � a1W, a2W, a3W, a4W, a5W, a6W[ ] (15)
AW � 4, 9, 6, 5, 1, 3[ ] (16)

where:

• ajW represents the preference of the criterion j over the Worst 
criterion (QC-5).

The Other-to-Worst preference vector also serves to support the 
predominance of compressive strength and parameters of durability 
rather than carbon emission in the decision process.

6.5 STEP 5: The best criteria weights are 
determined

Best–Worst Method (BWM) Step 5 involves solving a 
constrained optimization problem to obtain the optimal weights 
of the desired quality criteria. This step combines the Best-to-Others 
(B -O) and Others-to-Worst (O -W) preference vectors calculated in 
Steps 3 and 4 to calculate a special and consistent set of weights of all 
the criteria.

The BWM optimization model aim is to reduce the maximum 
absolute variation between the calculated weights and the preference 
values of pairs, under the requirements of normalization. This 
provides logical consistency and reliability of assigned weights.

6.5.1 BWM optimization model

The optimization problem is formulated by Equations 17–20. 

min ξ (17)

Subject to: 

TABLE 11 Other to worst preference value (BWM step 4).

QC code Quality criterion Preference of QC-j over QC-5 Interpretation

QC-1 Workability 4 Moderately preferred

QC-2 Compressive strength 9 Extremely preferred

QC-3 Water absorption 6 Strong–very strongly preferred

QC-4 Energy consumption 5 Strongly preferred

QC-5 Carbon emission 1 Equally important

QC-6 Cost 3 Moderately preferred

Frontiers in Built Environment frontiersin.org17

Kannan and Abdul Rahim 10.3389/fbuil.2026.1748711

https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://doi.org/10.3389/fbuil.2026.1748711


|
wB

wj
− aBj | ≤ ξ∀j (18)

|
wj

wW
− ajW | ≤ ξ∀j (19)

􏽘

n

j�1
wj � 1,wj ≥ 0 (20)

where:

• wj is the weight of the criterion j.
• wB and wW Are the weights of the Best and Worst criteria.
• aBj and ajW represent the B–O and O–W preference values.
• ξ Is the consistency index to be minimized.

6.5.2 Optimal criteria weights

The solution of the above optimization model with the help of 
the preference vectors of Steps 3 and 4 gave the optimum weights of 
the six quality criteria as shown in Table 12. The obtained weights 
imply the degree of significance that each criterion has in assessing 
the performance of the geopolymer mortar mixes.

6.5.3 Criteria weights: interpretation

Compressive strength was given the greatest weight (0.45), 
and it proved to be the dominant factor concerning the total 
performance of the geopolymer mortar mixes. The second- 
highest weight was attributed to water absorption (0.15), 
which is an important feature in terms of durability. 
Moderate importance was assigned to workability and cost 
(0.12 both), as the factors represent practical applicability and 
cost. Relatively lesser weights were assigned to energy 
consumption (0.11) and carbon emission (0.05) which 

indicated that they had a secondary impact in relation to 
mechanical and durability-related criteria.

The calculated weights of the criteria derived indicate that the 
main factors influencing mix selection are mechanical performance 
and durability, and that sustainability and economic factors will assist 
in making decisions within the BWM framework as complements.

6.6 STEP 6: overall performance scores and 
mixes ranking

The last step of the Best-Worst Method (BWM) is to obtain the 
total performance score of every geopolymer mortar mixture by 
summing the weighted scores of all quality criteria. This process will 
allow ranking all options according to the best to the worst based on 
overall mechanical, durability, environmental, and economic 
performance.

The total score of each mix was obtained as the product of the 
normalised performance value of each criterion multiplied by the 
corresponding BWM-derived weight (obtained in Step 5) and the 
sum of the contributions of each of the six criteria, in the form of 
Equation 21: 

Overall Scorei �􏽘
6

j�1
wj × xij (21)

where:

• wj is the weight of the criterion j.
• xij is the performance value of the mix i with respect to 

the criterion j.

6.6.1 Total performance scores of mixes

Table 13 shows the calculated weighted scores of all of the 
sixteen mixes. These scores sum up the performance of each mix in 
the six criteria that are used in the selection.

6.6.2 Ranking of mixes

The mixes were then ranked in descending order according to 
the overall weighted scores, with a higher score showing better 
overall performance.

6.6.3 Interpretation of results

Mix M-15 scored the highest at the total (0.766), which means 
that the mix performs the most balanced between the mechanical 

TABLE 12 Optimal weights of quality criteria (BWM–step 5).

QC code Quality criterion Weight

QC-1 Workability 0.12

QC-2 Compressive strength 0.45

QC-3 Water absorption 0.15

QC-4 Energy consumption 0.11

QC-5 Carbon emission 0.05

QC-6 Cost 0.12

Sum — 1.00

TABLE 13 Overall weighted scores of mixes (BWM–step 6).

Mix ID M-1 M-2 M-3 M-4 M-5 M-6 M-7 M-8

Overall Score 0.396 0.307 0.121 0.368 0.430 0.170 0.320 0.560

Mix ID M-9 M-10 M-11 M-12 M-13 M-14 M-15 M-16

Overall Score 0.538 0.700 0.635 0.502 0.680 0.680 0.766 0.656

Bold values represent the first and least (last) performance values. Mix 15 -1 (first) and Mix -3 least (last).
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strength, durability, sustainability, and cost, and was thus 
determined as the best mix, as shown in Table 14. The second 
was Mix M-10, then M-13 and M-14, which are both exhibiting a 
good multi-criteria performance. M-3, on the other hand, had the 

lowest overall score, which means that they have better performance 
relative to the combined evaluation criteria, as shown in Figure 14.

The BMW-based ranking confirms that mix M-15 has the best 
balance of performance, durability, environmental impact, and 

TABLE 14 Final ranking of geopolymer mortar mixes (BWM–step 6).

Mix ID M-1 M-2 M-3 M-4 M-5 M-6 M-7 M-8

Rank 11 14 16 12 10 15 13 7

Mix ID M-9 M-10 M-11 M-12 M-13 M-14 M-15 M-16

Rank 8 2 6 9 3 3 1 5

Bold values represent the first and least (last) performance values. Mix 15 -1 (first) and Mix -3 least (last).

FIGURE 14 
Final ranking results of geopolymer mixes using BWM.

FIGURE 15 
SEM morphological characteristics of optimized mix.
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economic feasibility, which justifies its choice as the best 
geopolymer mortar mix.

7 Microstructural evaluation

7.1 SEM analysis

The SEM micrographs of the ternary blended geopolymer 
mortar with GGBS, Metakaolin, and Paper Sludge Ash show a 
dense and compact microstructure that is dominated by the 
formation of C–A–S–H (Calcium–Alumino–Silicate–Hydrate) 
gel, as shown in Figure 15. This gel binds the matrix firmly and 
appears as interlocking, flaky, and fibrous layers. This gel 
formation confirms the successful geopolymerization that 
occurs when calcium-rich GGBS and PSA come into contact 
with aluminosilicate phases from metakaolin, which is 
responsible for the excellent strength and longevity of the 
mortar. While tiny gaps in the matrix are suggestive of 
unreacted spaces or air entrapments, small fissures are most 
likely a consequence of drying shrinkage or localized stress 
release during setting. Overall, the morphology displayed a 
well-developed reaction product with reduced porosity 
and improved gel continuity, suggesting a highly 
polymerized, low-permeability structure that is compatible 
with the remarkable mechanical performance and longevity 
of mortars.

8 Conclusions

1. A hybrid experimental-BWM-MCDM model was useful in 
optimizing six interdependent quality parameters by 
combining mechanical, durability, economic, and 
environmental performance on a single scale.

2. Mixes with higher GGBS content exhibited better flow due to 
reduced water requirements; however, increased levels of MK 
and PSA decreased workability due to the smaller particle size 
and increased absorption of an activator.

3. The strength increased with the proportion of balanced GGBS 
and moderately active activator molarity. M16 Mix produced 
83.2 MPa, which was attributed to the strengthening of the 
C-A-S-H gels.

4. The blends (particularly M-4) exhibited low absorption 
(1.43%), indicating improved pore structure and stability 
against permeability.

5. GGBS and PSA showed the potential for low-carbon 
construction, with their application significantly lowering 
embodied energy and CO2 emissions by 40%–70% 
compared to OPC.

6. The total material cost was lowered by up to 40% by using PSA 
and GGBS to offset the high cost of alkali activators. Activators 
added 50%–60% of the total cost, which validates their 
preeminent influence on the mix economics.

7. Mix M-15 had the best compromise of strength, durability, 
cost, and environmental performance, which is why it is 
applicable in structural and sustainable building works.

9 Restrictions and future horizons

Although the experimental and decision-making framework 
that has been adopted in the study is comprehensive, some 
limitations should be considered. First, the experimental study 
was carried out on a short-term testing horizon, and mechanical 
and durability-related characteristics were mostly tested at the end of 
28 days. Although these findings have valuable information on the 
performance at early ages, the behaviour of ternary blended 
geopolymer mortars in the long run (i.e., behaviour in terms of 
strength development, shrinkage, and stability of the microstructure 
during prolonged periods of curing) was not measured. Second, 
durability evaluation in this research was restricted to water 
absorption as a permeability-related parameter. Even though the 
absorption of water is a very commonly used proxy of pore 
refinement and durability, some other long-term aspects of 
durability, including sulfate resistance, acid attack, carbonation 
resistance, chloride penetration, freeze-thaw behaviour and high- 
temperature performance were not taken into account and should 
be studied further. Third, the weights of the criteria in the Best 
Worst Method were calculated using subjective criteria, which 
implied some level of subjectivity, although consistency tests (ξ < 
0.20) validated the reliability of the weighting program. The 
subjectivity of this could be mitigated in future research by using 
data-driven or hybrid weighting methods, like entropy-based, 
CRITIC and machine-learning-aided weighting techniques, and 
embracing sensitivity or uncertainty analysis more heavily. It is 
thus suggested that future research needs to be on long-term 
performance assessment, overall durability testing and the 
creation of objective or hybrid weighting schemes that could be 
used to increase the strength and generalizability of MCDM-based 
optimization models to geopolymer materials. It is observed that the 
current decision-making model is grounded on short-term 
experimental and expert-derived criteria weight, and new 
research needs to be expanded to include long-lasting 
sustainability measures and objective weighting positioning 
strategies.
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