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Abstract: Compressed earth blocks (CEBs) stabilized with ordinary Portland cement (OPC) are extensively used in low-rise 

construction but exhibit a high embodied carbon footprint. In an effort to minimize the carbon footprint of CEBs, alkali-activated 

metakaolin (MK) was employed as a low-carbon alternative binder in CEBs prepared from lateritic red soil from Bengaluru, India. 

Five different systems of CEBs were prepared using 10% OPC as the control and four sodium hydroxide-activated MK systems at 

5, 10, 15, and 20% MK to soil ratios. The raw materials were analyzed for particle size distribution, Atterberg limits, XRD analysis, 

and elemental composition. The Proctor compaction test was performed to determine the optimum moisture content and maximum 

dry density of each type of CEB. Samples were molded into 70.6 mm cubes and cured in ambient and mild thermal (60 °C) 

conditions. The samples were tested for compressive strength, dry density, water absorption, fire resistance, and microstructure 

using scanning electron microscopy (SEM) at 7 days, 28 days of curing, after 24 hours of water exposure, after exposure to 600 °C 

for 2 hours, and in their raw state. The 10% MK-geopolymer exhibited the highest strength within the geopolymer series (3.83 

MPa after full curing, a ≈106% gain over 7-day strength) and retained ≈96% of its ambient strength after being exposed to fire, in 

comparison to the OPC mixture, which lost 39% of its strength after fire exposure. Furthermore, geopolymer blocks containing 5, 

15 and 20% MK experienced disintegration upon immersion in water. SEM analysis of cross sections of geopolymer samples 

containing 10% MK revealed a more densely-packed and homogeneous structure relative to samples containing higher or lower 

percentages of MK. Thus, geopolymers containing 10% MK have exhibited various advantageous properties, indicating their 

potential as an efficient, fire-resilient, and low-carbon cement replacement in the construction of earthen buildings. Furthermore, a 

compact and exploratory analysis with limited data is also presented in this paper to shed light on the potential use of machine 

learning in the optimization of these cement-based materials. 
Keywords: Compressed earth blocks; Alkali activation; Metakaolin; Geopolymer; Fire resistance; Sustainable construction 

materials 
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1. Introduction 

Cement and Portland cement are among the materials that underpin the construction of the built environment. 

Nevertheless, cement production is among the most carbon-intensive construction processes. Cement production 

releases an estimated 2.4 Gt of CO₂ into the atmosphere each year, accounting for around 6.5-8% of all anthropogenic 

CO₂ emissions globally [31]. The country with the fifth-highest levels of cement production is India, and the country’s 

cement industry is amongst the largest contributors of carbon dioxide gas from its industrial processes. Furthermore, 

the production of concrete depletes the available reserves of limestone, clay, and sand resources in the earth, uses large 

amounts of water in the production process, and creates construction waste. Due to these factors, there is growing 

interest in alternative construction materials such as earth blocks as a more resource-efficient construction alternative. 

Cement blocks are made by compacting moistened soil, with or without a chemical stabilizer, in a manual or 

hydraulic press. Because unstabilized earth blocks tend to erode and crack when wet, OPC and lime have been 

traditionally used as soil stabilizers in the formulation of compressed stabilized earth blocks (CSEBs) at rates of 5-

10% of the total mass of the block. Though using cement as a stabilizing agent increases the strength of earth blocks 

when wet, it also introduces carbon emissions into the manufacturing process - an environmental benefit that is 

intended to be achieved through using earth blocks in the first place. Additionally, the addition of cement to soil can 

alter the way in which the unstabilized earth naturally, thermally and hygroscopically behaves. Consequently, research 

into alternatives to OPC as a soil stabilizer has been performed. One of these alternatives is alkali activated binders 

(AABs) - materials that are formed by reacting aluminosilicate materials (like fly ash, slag, red mud, or metakaolin) 

with alkaline chemicals (like sodium or potassium hydroxide). Because AABs contain little to no carbon emissions 

during manufacturing, they are an alternative to OPC in the production of stabilized earth blocks [1,4,12]. 

Another of the precursors that has been studied for use in producing CEBs is metakaolin (MK), which is 

produced by calcining clay containing kaolinite at temperatures between 600 and 800 °C [5,6,20,21]. Sore et al. [1] 

have produced MK geopolymer binders that have shown comparable or superior mechanical performance to the 8% 

OPC-stabilized CEBs blocks produced from laterite soils from Burkina Faso at binder contents of between 10 and 

15%. Furthermore, similar results have been published by Dabakuyo et al. [7] and Kamwa et al. [11,14], who found 

that the MK-based geopolymer blocks outperformed the cement-stabilized blocks when exposed to fire or heat; MK 

polymers do not contain the phases that tend to dehydrate within those temperature ranges (above 300-400 °C). 

Despite these promising results, however, some studies have indicated that MK-based blocks exhibit poor workability, 

high porosity, and are sensitive to moisture when high dosages of the precursor are used [6,9,10]. 

Despite the growing literature on lateritic soils and geopolymerization, few studies report data on a single 

lateritic soil activated with metakaolin across a range of dosages. The geopolymerization behaviour of these systems 

is known to be soil and source dependent [5,9]. 

This paper reports on the geopolymerization of a lateritic soil from Bengaluru, India - a soil class often used in 

construction in South India - using NaOH activated metakaolin at 5, 10, 15 and 20% binder to soil ratios by weight, 

with comparison to conventional 10% OPC stabilized lateritic soil. The study aims to determine the physical and 

mineralogical properties of the constituent materials, the mix and compaction requirements for each system, the 

development of compressive strength, dry density, water absorption and fire resistance with time, the reaction 

microstructure within the geopolymerized matrix, and to explore whether any models derived from these limited data 

can be used to guide the development of machine learning models to optimize the preparation of such materials. The 

results of this study will provide recommendations regarding the stabilization of lateritic soils, as well as provide a 

basis for future studies on other types of lateritic soils. 

Some of the latest developments within the subject of sustainable concrete include the use of supplementary 

materials, recycled constituents, fibre reinforcements, curing agents, nano-modifications, biological technologies, and 

digital construction technologies. Authors Dharek et al. [32] investigated the use of concrete that incorporated alumina 

silicates and determined how these additives influenced the concrete’s fresh and hardened concrete properties. Dharek 

et al. [33] also investigated the effects of incorporating alumina silicates into self-flowing concrete but evaluated the 
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concretes response to exposure to elevated temperatures. Both of these studies indicate the potential use of these types 

of mineral additives to influence the properties of fresh and hardened concrete. 

Digital fabrication has simultaneously emerged as an important direction in sustainable construction. Nair et al. 

[34] performed a review of the opportunities and challenges of the additive manufacturing of concrete. Similarly, 

Kolhe et al. [43] developed an affordable three-axis system for the printing of concrete components for the 

construction of sustainable concrete structures. These investigations suggest that there is a need to optimize the 

concrete components in relation to the available fabrication technologies. 

An alternative strategy for enhancing the cracking resistance of concrete involves the use of fibres and 

reinforcement components. Authors Sreekeshava et al. [35] investigated the use of polypropylene geo-fabric in 

concrete and found that it had the potential to modify the performance of the concrete and to control the cracking of 

the concrete structures containing the additive. Authors Sreekeshava et al. [36] investigated the use of both steel fibres 

and polypropylene geo-fabric in concrete. The results of this study suggested that the use of these two components in 

combination had an effect upon the mechanical performance and cracking resistance of the resultant concrete. Authors 

Bhargavi et al. [42] investigated the use of both steel and polypropylene fibres in geopolymer concrete. The authors 

reported that the combination of these two types of fibres had an effect upon the mechanical performance of the 

geopolymer-based concrete. The use of these types of reinforcement components suggests a potential means of 

enhancing the mechanical performance of both conventional and geopolymer concretes. 

Another of the waste materials that has been incorporated into concrete includes industrial and metallic wastes. 

Venugopal et al. [38] investigated the mechanical characteristics of conventional concrete that utilized steel scrap as 

one of its components, indicating the feasibility of utilizing steel waste materials. Authors Kumar et al. [40] 

investigated the inclusion of waste steel scraps into the production of concrete. Each of these studies indicates that it 

is possible to reduce the demand for conventional resources like steel while also providing an alternative means of 

utilizing discarded metallic waste materials. 

In addition to metallic waste, various by-products from agricultural and industrial processes have also been 

investigated as potential alternatives to conventional concrete constituents. Authors Natarajan et al. [39] investigated 

the use of rice husk ash as a potential replacement for some of the fine aggregate that is typically included in 

conventional concrete. Sunagar et al. [46] investigated the replacement of natural river sand with waste foundry sand, 

another by-product of an industrial process, and studied the resulting properties of the resultant concrete. Each of these 

investigations indicates that it is possible to reduce the demand for natural aggregates from fine sources while also 

utilizing the waste materials from other industrial processes. 

Specialized concretes have been developed to meet the specific requirements related to permeability, curing, 

durability, and consumption of natural resources. Ballari et al. [37] performed experiments to investigate methods of 

improving the strength of pervious concrete. Reddy et al. [44] investigated the use of polyacrylate-based 

superabsorbent polymers in recycled aggregate concretes to improve the performance of recycled constituents. 

Gudadappanavar et al. [47] developed a self-curing concrete that utilized polyethylene glycol and recycled PET to 

reduce the requirements for curing water and to provide an alternative means of utilizing waste polymeric materials. 

The properties of concrete can also be further improved by modifying the matrix of cement within the concrete 

at the micro- or nanoscale. For instance, Neeraja et al. [41] developed nano-concrete with different proportions of 

nano-fillers to investigate the reliability of such concretes. These nano-filler particles can alter the properties of the 

concretes in which they are included, though the extent of their effectiveness is dependent upon the amount of such 

additive in the cement-based matrix. 

Beyond the technologies described in the previous sections of this paper, other biological approaches to 

enhancing the durability of concrete are also emerging. Authors Gudadappanavar et al. [45] describe an experiment 

that used microbial remediation techniques to treat cracked concrete samples, leading to an improvement in the 

durability of the treated concrete. Thus, these authors indicate a shift in the general consideration of concrete from 
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materials that passively degrade over time to materials that can be chemically altered to contribute to the restoration 

of damaged regions of the concrete. 

The technologies that are being discussed in the current literature include aluminosilicate modification [32,33], 

additive manufacturing [34,43], polypropylene geo-fabric and hybrid fibre reinforcement [35,36,42], pervious 

concrete [37], recycled metallic waste [38,40], agricultural and industrial by-products [39,46], nano-modification [41], 

internal curing of recycled aggregate concrete [44], microbial remediation [45], and self-curing systems incorporating 

recycled polymers [47]. Each of these technologies relate to or relate to the concept of enhancing the sustainability of 

concrete. However, most of the existing literature on these topics is fragmented and focuses upon each of these 

different technologies individually. Thus, there is a need for technology that incorporates some of these discussed 

enhancements in order to provide concrete with improved sustainability, durability, and strength. 

2. Materials and Methods 

2.1 Constituent materials 

Four constituent materials were used in the preparation of the mixtures: a lateritic red soil, metakaolin, Portland 

cement (of 43 grade, used only in the preparation of the benchmark mixture), and water. The lateritic red soil was 

excavated from Bengaluru, India (13.0314° N, 77.5658° E). The soil was air-dried and sieved through a 4.75 mm IS 

sieve to separate the 0/4.75 mm size fraction. The metakaolin was sourced from Gujarat, India. The composition of 

the metakaolin is represented as calcined kaolinite (at temperatures between 600 and 800 °C for 12 hours). The 

physical and chemical characteristics of the three constituent materials are detailed in Table 1 and Table 2. 

 

Fig. 1. Constituent materials: (a) metakaolin; (b) red soil sieved to 4.75 mm. 

Table 1. Physical and index properties of the constituent materials. 

Property Red soil Metakaolin OPC 

Specific gravity 2.54 2.77 3.15 

Liquid limit (%) 38.0 – – 

Plastic limit (%) 21.38 – – 

Plasticity index (%) 16.62 – – 

Natural OMC (%) / MDD 

(g/cm³) 
26.5 / 1.721 – – 

pH 7 7 – 
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Fineness / mean particle 

size 
– 8000–15000 m²/kg; 1–20 

μm 
5% retained (90 μm) 

Moisture content – <3% – 

Standard consistency – – 30% 

Initial setting time – – 30 min 

Sand / Silt / Clay (%) 85.4 / 9.8 / 4.8 – – 

Table 2. Chemical composition of the constituent materials (mass %). Red-soil values are elemental (EDX basis);  

Constituent (element or 

oxide) 
Red soil (elemental) Metakaolin (oxide) OPC (oxide) 

C / SiO₂ 6.7 52–53 22.5 

O / Al₂O₃ 4.3 36–43 7.5 

Na / Fe₂O₃ 3.5 1.2–4.2 2.0 

Mg / CaO 1.2 0.1–0.5 61.5 

Al / MgO 10.0 0.4–0.8 2.0 

Si / K₂O 17.5 0.5–1.4 – 

K / SO₃ 0.8 – 1.0 

Ca / Na₂O·K₂O 4.8 – 1.5 

Ti / L.O.I. 0.8 0.4–3.5 – 

Fe / – 5.3 – – 

The X-ray diffraction (XRD) patterns of metakaolin and red soil, obtained using Co-Kα radiation at the Ramaiah 

Institute of Technology, are shown in Fig. 2. The metakaolin pattern displays a broad amorphous “dome” spanning 

2θ ≈ 10–35°, indicative of the disordered aluminosilicate structure responsible for its pozzolanic reactivity, with quartz 

as the only detectable crystalline phase. The red-soil pattern shows sharper crystalline reflections attributable to quartz 

and goethite superimposed on a comparatively minor amorphous background, consistent with the mineralogy typically 

reported for lateritic soils [9,18]. 

 

Fig. 2. X-ray diffraction patterns: (a) metakaolin; (b) red soil. 

2.2 Mix proportioning 
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Five stabilization systems were formulated on a dry-mass basis: a benchmark mix with 10% OPC replacement 

of soil (CEB₁₀%PC), and four geopolymer mixes with 5, 10, 15 and 20% NaOH-activated metakaolin replacement 

(CEB₅%G, CEB₁₀%G, CEB₁₅%G, CEB₂₀%G). For the geopolymer mixes, a 10 M NaOH solution (98%-purity pellets 

dissolved in distilled water for 24 h) was combined with the dry metakaolin at an alkaline-solution-to-metakaolin mass 

ratio of 0.8. Design mix proportions are given in Table 3. 

Table 3. Mix proportions of the five stabilization systems (percentage by dry mass of red soil). 

Constituent CEB₁₀%PC CEB₅%G CEB₁₀%G CEB₁₅%G CEB₂₀%G 

Red soil (%) 90 95 90 85 80 

Portland cement 

(%) 
10 – – – – 

NaOH-activated 

MK (%) 
– 5 10 15 20 

Binder / red soil 

(%) 
10 5 10 15 20 

Design water / 

solid (%) 
24.12 20.54 14.25 15.25 16.9 

Alkaline 

solution / MK 

(mass ratio) 

– 0.8 0.8 0.8 0.8 

Batch quantities for each mould were computed from the bulk density of the compacted dry mix and the internal 

mould volume, following: 

 

(1) 

where γ is bulk density (g/cm³), W is the mass of dry mix (g), and V is the internal mould volume (cm³); the 

70.6 mm cube mould (V = 351.9 cm³) was used for mechanical specimens and the standard Proctor mould (V = 989.6 

cm³) for compaction testing. 

2.3 Specimen preparation, stabilization chemistry and curing 

For the geopolymer route, the dry mix (red soil + metakaolin) was homogenized manually for 10 min, after 

which water and the NaOH activator were added at a combined dosage governed by the optimum moisture content of 

the corresponding dry mix, Wᴳᵢ, less the alkaline-solution contribution Sₐ: 

 

(2) 

where Eᴡᴳ is the mass of additional water required (g), Mᵈ is the mass of the dry mix (g), and the subscript i 

denotes the metakaolin dosage level (5, 10, 15 or 20%). For the cement route, water was added directly at the optimum 

moisture content of the red-soil/cement dry mix, Wᶜ: 

 

(3) 

The mixtures were homogenised manually with trowels and compacted by hand with a custom-made 

compacting tool into two mould sizes: 70.6 × 70.6 × 70.6 mm cubes for mechanical tests and 190 × 90 × 90 mm blocks 

for dimensional tests. Both types of geopolymers were wrapped in plastic film for curing for 7 days at ambient 
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temperature (30 ± 5 °C) and for an additional 7 days at 60 ± 2 °C in an oven (14 days total). Cement specimens were 

cured for 21 days at ambient temperature to allow for adequate strength gain from the hydration reaction of OPC 

particles [2,3,6]. The different steps of the experiments are shown in Fig. 3. 

 

Fig. 3. Overall experimental methodology adopted in this study. 

2.4 Test methods 

Specific gravity of the red soil was determined by the pycnometer method: 

 

(4) 

where M₁, M₂, M₃ and M₄ are, respectively, the mass of the empty pycnometer, pycnometer with dry soil, 

pycnometer with soil and water, and pycnometer filled only with water. Particle size distribution was obtained by 

sieve analysis and Atterberg limits by the Casagrande method (IS 2720 Part 2; IS 9259), with moisture content 

computed as: 

 

(5) 

using the mass of the container (W₁), container with wet soil (W₂), and container with oven-dried soil (W₃). 

The optimum moisture content and maximum dry density are obtained through the standard Proctor test for each dry 
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mix of soil. The dry density is obtained by dividing the bulk density by (1+ w), where w is the moisture content. The 

compressive strength is determined on 70.6 mm cubes as per IS 3495 (Part 1) at a uniform rate of 7 ± 1 N/mm²/min 

at 7 days and full curing age. The dry density is calculated from the oven-dried mass of the specimen (110 ± 5 °C to 

constant mass) and the volume of the full size specimen. The water absorption is determined after soaking the 

specimen for 24-h in water after oven-drying the specimen to constant mass: 

 

(6) 

where M₁ and M₂ are the oven-dry mass and the saturated mass after 24 h immersion, respectively (IS 

1723:2023 limit: ≤18%). Dimensional stability was checked per IS 5454. Fire resistance was evaluated by exposing 

specimens to 600 °C for 2 h in a muffle furnace, cooling to room temperature, and re-testing compressive strength; 

the residual strength index was computed as: 

 

(7) 

Microstructural characterization was performed by scanning electron microscopy (SEM, Zeiss, secondary-

electron mode, 3.00 kV) at the Nitte Meenakshi Institute of Technology, Bengaluru. Representative test apparatus is 

shown in Fig. 4. 

 

Fig. 4. Test apparatus: (a) compression testing machine; (b) oven used for constant-mass drying; (c) muffle 

furnace used for the 600 °C fire-resistance test. 

3. Results and Discussion 

3.1 Particle size distribution and Atterberg limits 

Fig. 5 presents the grading curves of the red soil and metakaolin. The red soil consists of 85.4% sand, 9.8% silt 

and 4.8% clay particles (by the classification adopted in Table 1), indicating it is well graded between 0.075 and 4.75 

mm; the metakaolin is entirely finer than 0.6 mm. The liquid limit of the red soil is 38% and its plasticity index is 

16.62%, indicating that it is of low to medium plasticity, which is generally considered to be a suitable plasticity range 

for construction of stabilized earth buildings [9,18]. Soils of low plasticity are generally preferred for the production 

of CEBs, since the excessive clay content and plasticity lead to cracking of the resulting CEBs when they dry, and due 

to the insufficient fines content in soils of low plasticity, the resulting CEBs may not be able to maintain their shape 

during the demoulding process. 
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Fig. 5. Particle size distribution (grading curves) of red soil and metakaolin. 

3.2 Compaction characteristics 

Fig. 6 displays the Proctor compaction curves for all five dry mixes. The OMC and MDD for each mix are 

highlighted on the curves in Table 4. The OPC mix has the highest MDD of 1.71 g/cm³ at the highest content of 22.5% 

OMC. As the metakaolin content increases in the mixes, the MDD decreases from 1.68 g/cm³ for 5% MK to a 

minimum of 1.51 g/cm³ at 10% MK. It then increases slightly at 15-20% MK with a minimum OMC of 15.5% 

occurring at 10-15% MK. The metakaolin particles have a lower density and fineness relative to the red soil particles. 

Additionally, the MDD of the mixes with NaOH activator indicates that the addition of NaOH alters the amount of 

water that is required to be present in the mixes to be set to achieve the MDD relative to the mix with granular cement 

only [18]. 

 

Fig. 6. Standard Proctor compaction curves for the five stabilization systems (stars denote the optimum 

moisture content / maximum dry density of each mix). 
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Table 4. Optimum moisture content (OMC) and maximum dry density (MDD) of each mix, from the compaction 

curves in Fig. 6. 

Mix CEB₁₀%PC CEB₅%G CEB₁₀%G CEB₁₅%G CEB₂₀%G 

OMC (%) 22.5 19.1 15.5 15.5 17.6 

MDD (g/cm³) 1.71 1.68 1.51 1.53 1.52 

3.3 Compressive strength development 

Fig. 7 presents the compressive strength of the samples at 7 days and at full curing age (14 days for geopolymer 

mixes and 21 days for the OPC mix). All mixes exhibited a considerable increase in strength between 7 and 21 days 

of curing as geopolymerization continued for the MK-based mixes during the 60 °C phase of curing and hydration 

reactions occurred for the OPC mix. The OPC-based mix reached the highest strength values with 5.21 MPa at 21 

days. For the geopolymer mixes, the 10% MK-based mix exhibited the highest strength value at 21 days of 3.83 MPa, 

which is an increase of approximately 106% from its 7-day value of 1.86 MPa. The 15% MK-based mix had a full-

curing strength of 3.50 MPa, which meets the minimum strength requirement of 3.5 MPa as specified in IS 1725:2023. 

However, the 5% and 20% MK-based mixes failed to reach the minimum requirement for geopolymerization-based 

cement, with strength values of 2.30 MPa and 2.06 MPa at 21 days, respectively. The dosage of MK in each mix and 

the resulting strength of each mix is discussed in Section 4 of this paper. Results showed that 10% MK dosage 

exhibited the best reaction between the activator and precursor elements of the geopolymerization reaction. Any 

dosage beyond this amount led to unreacted MK that acted as an inert filler in the cement mixtures, as proven in 

Section 3.6 on the insolubility of MK in alkaline solutions. 

 

Fig. 7. Compressive strength at 7-day and full curing age for the five mixes, compared with the IS 1725:2023 

minimum requirement (3.5 MPa). 

3.4 Water absorption and dry density 

Fig. 8 presents the results of dry density and 24-h water absorption tests. Only the 10% MK and 10% OPC 

mixes met the minimum dry density of 1750 kg/m³ recommended by the IS (1748 and 2049 kg/m³, respectively). The 

5%, 15%, and 20% MK mixes fell short of the recommended dry density (1364-1603 kg/m³). Water absorption could 

only be measured for the OPC and 10% MK mixes, which measured 14.25% and 17.26%, respectively (within the 

18% limit set by the IS). The 5%, 15%, and 20% MK mixes disintegrated during the 24-h water immersion period. 
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The two mixes that demonstrated the ability to survive immersion (10% OPC and 10% MK) are the same that exhibited 

the highest dry densities; the insufficient density and reaction of MK at the other percentages resulted in the 

development of pores within the concrete that allowed for the softening of the concrete during the water immersion 

period. Thus, each of these independent test methods lead to the same conclusion: the efficiency of the reaction of 

MK at 10% is the factor that primarily contributes to the strength of the MK concrete. 

 

Fig. 8. (a) Dry density and (b) 24-h water absorption of the five mixes, compared with IS 1725/1723:2023 

limits. Mixes marked “crumbled” disintegrated before the 24-h measurement could be taken. 

3.5 Fire and thermal resistance 

Fig. 9 illustrates the residual compressive strength of each type of block after exposure to 600 °C for 2 h, 

compared to their strength at ambient temperatures when fully cured. The OPC-stabilized blocks exhibited a loss of 

around 39% of their strength at ambient temperatures (from 5.21 to 3.15 MPa). This loss of strength is likely due to 

the dehydration of the C-S-H and portlandite compounds within the blocks at temperatures above 300-400 °C. In 

contrast, the 5% and 10% MK geopolymer mixes retained all of their strength (150% and 96% retention, respectively; 

the apparent gain in strength for the 5% MK blocks is likely due to the completion of the low-temperature 

geopolymerization reaction during exposure to the furnace [2,3]). The 15% and 20% MK geopolymer mixes, however, 

only retained 57% and 75% of their strength, respectively, likely as a result of the compounding of the porosity of 

these mixes (Section 3.6) with cracking due to thermal degradation. Thus, the MK geopolymer mixes that are 

stabilized with 5-10% MK exhibit an advantage over both OPC and geopolymer mixes that are overdosed with MK; 

this same finding was reported for other alkali-activated masonry systems [2,3,7]. 
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Fig. 9. Ambient versus residual (post-fire, 600 °C/2 h) compressive strength and strength-retention ratio for 

the five mixes. 

3.6 Microstructural characterization (SEM) 

Representative SEM micrographs (10.00 kX, secondary-electron mode) of each mix are presented in Fig. 10. 

SEM images of the OPC-stabilized specimen displayed a moderately dense structure consisting of needle-like 

ettringite crystals incorporated with fibrous C-S-H phases (Fig. 10a). The 5% MK specimen revealed a relatively loose 

and porous structure with few C-S-H crystals growing between the soil particles (Fig. 10b). The 10% MK specimen 

displayed the most homogeneous structure within the geopolymer series containing fibrous C-A-S-H/N-A-S-H phases 

that bonded the soil particles together (Fig. 10c). An increasing number of angular metakaolin agglomerates are visible 

within the 15% and 20% MK geopolymers that are not reacted with the alkaline solution due to the fixed alkali solution 

to metakaolin ratio of 0.8 that was used to prepare the geopolymers. An excess of metakaolin can lead to the formation 

of “lumps,” which are the agglomerates of un-reacted metakaolin particles in relation to the amount of available 

alkaline solution to initiate the geopolymerization reaction [6,9]. 



 

925 

 

Fig. 10. Representative SEM micrographs (10.00 kX) of: (a) CEB₁₀%PC; (b) CEB₅%G; (c) CEB₁₀%G; (d) 

CEB₁₅%G; (e) CEB₂₀%G. 

The geopolymerization reaction of metakaolin in alkaline activation media can be represented in simplified 

schematic form as reaction of the metakaolin with sodium hydroxide and water to form a three-dimensional alkali-

aluminosilicate gel [12]: 

Al₂Si₂O₇ (metakaolin) + NaOH + H₂O → Na⁺ + [Al(OH)₄]⁻ + [SiO(OH)₃]⁻ (dissolution) 

Na⁺ + [Al(OH)₄]⁻ + [SiO(OH)₃]⁻ → (Na⁺)-(-Si-O-Al-O-)ₙ · wH₂O (N-A-S-H gel, polycondensation) 

The SEM observations of the extent of geopolymerization within the samples is strongest at compositions of 

10% MK (where the ratio of alkaline solution to metakaolin precursor is believed to most completely match the 

available reactive surface area of the metakaolin particles) and weakest at compositions of 15-20% MK (where the 

amount of activator is diluted across a larger mass of precursor material). 

3.7 Comparison with published benchmarks 

Table 5 presents a comparison between the results of the present study and some of the published data regarding 

metakaolin-geopolymer-stabilized CEBs. The strengths of 3.5-3.83 MPa that are obtained in the current study for 

CEBs that are 10-15% MK are within the same range as those of Sore et al. [1], who found that geopolymer content 

of 15% was comparable to 8% OPC in their treatment of laterite soils from Burkina Faso, though they are somewhat 

lower than the 4.163 MPa strength of Dabakuyo et al. [7], who used both metakaolin-geopolymer and sugarcane-

molasses additives to their soil stabilizers. These differences are due to the differences in the soils that were tested, 

activator concentration (10 M NaOH versus 12 M [1]), and curing duration, all of which are factors that are recognized 

to have an influence upon geopolymer-based soil stabilizers in general, as discussed in Section 1. 

Table 5. Comparison of the present results with selected published metakaolin/geopolymer-stabilized CEB studies. 

Study Precursor / activator Optimum dosage Reported strength 

Present study Metakaolin / 10 M NaOH 10% MK 3.83 MPa (14 d) 
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Sore et al. [1] Metakaolin / 12 M NaOH 15% geopolymer ≈ comparable to 8% OPC 

Dabakuyo et al. [7] Metakaolin-geopolymer + 

molasses 
10% MKG + 0% SM 4.163 MPa (28 d) 

Kamwa et al. [11] Pozzolana-phosphate 

geopolymer 
study-specific meets minimum CEB 

strength 

4. Preliminary Data-Driven Trend Analysis 

One of the aims of many recent publications in the field of CEB and geopolymer concretes is to develop 

surrogate models based on machine learning methods - such as artificial neural networks (ANN), random forests (RF), 

XGBoost gradient boosting models (XGBoost) and support-vector regression (SVR) - to be able to replace the use of 

empirical models for predicting properties such as strength, density or durability of geopolymer concretes. 

Furthermore, these surrogate models are often developed using datasets similar to that which was compiled in this 

study, as summarized in Table 6. For instance, Table 6 includes five mixes of geopolymer concretes (or ten if each 

mix is represented at both 7 and 28 days), each with several different input variables to the system (such as type of 

binder, dosage of binder, water to solid ratio and curing age) and several different output variables for the concretes 

(such as compressive strength, dry density and water absorption). 

It is important to state plainly what this dataset can and cannot support. A robust benchmarking of different 

types of ANN, RF, XGBoost, and SVR models would require the use of a training set large enough to enable the 

model to learn beyond the specific concretes and CEB mix designs that were used to fit the models; similar ANN-

based studies that have aimed to determine the strength of both concrete and CEB have used training sets that contain 

anywhere from several dozen to several hundred different mixes of concrete or CEB. In this case, however, the training 

set contains only five different mixes of concrete (or only four different dosage levels of the geopolymer series). Thus, 

any ANN, RF, XGBOOST, or SVR model that is fitted to these data and that attempts to make predictions would 

necessarily be interpolating between the available data points; it would not have sufficient data to learn from points 

beyond those that were used to fit the model. In other words, the modeling of these five mixes with such a model 

would lead to a misrepresentation of the capabilities of such models. For these reasons, no such model is presented in 

this study. 

Table 6. Consolidated feature–target dataset compiled from the present experimental programme  

Mix Binder type Dosage (%) Curing age 

(d) 
Strength 

(MPa) 
Dry density 

(kg/m³) 
Water 

absorption 

(%) 

CEB₁₀%PC OPC 10 7 1.86 2048.9 14.25 

CEB₁₀%PC OPC 10 21 5.21 2048.9 14.25 

CEB₅%G MK-

geopolymer 
5 7 1.06 1580.9 n/a 

(crumbled) 

CEB₅%G MK-

geopolymer 
5 14 2.30 1580.9 n/a 

(crumbled) 

CEB₁₀%G MK-

geopolymer 
10 7 1.86 1747.7 17.26 

CEB₁₀%G MK-

geopolymer 
10 14 3.83 1747.7 17.26 

CEB₁₅%G MK-

geopolymer 
15 7 1.12 1602.7 n/a 

(crumbled) 
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CEB₁₅%G MK-

geopolymer 
15 14 3.50 1602.7 n/a 

(crumbled) 

CEB₂₀%G MK-

geopolymer 
20 7 0.64 1364.0 n/a 

(crumbled) 

CEB₂₀%G MK-

geopolymer 
20 14 2.06 1364.0 n/a 

(crumbled) 

Figure 11 depicts the fit of a second-order polynomial equation to the data for each of the four mix designs (R² 

= 0.99). As with the plots of strength vs. MK dosage for each of the four mixes in Fig. 10, the apparent optimum of 

≈12% MK is close to the experimental optimum of 10% MK for the mixes determined in Section 3.3. Furthermore, 

since there are only four data points in the data set, the R² value of the fitted polynomial is close to the mathematical 

expectation that a polynomial fit to a data set of only four points will have such a high value for R²; thus, these results 

are typical of fits to such a small data set. 

 

Fig. 11. Illustrative second-order trend fit of full-cure compressive strength versus metakaolin-geopolymer dosage  

4.1 Recommended framework for a validated ML pipeline 

While the framework presented in this paper was based on a relatively narrow range of geopolymer 

compositions and properties, a move from describing the existing trends in such properties to validating an ML-based 

tool for predicting those properties can be made through the framework suggested for ANN-based prediction of the 

compressive strength of cement and geopolymer-based materials in existing literature. Thus, to develop a truly 

validated ML-based framework for predicting the compressive strength of geopolymer-based materials, specimens 

can be prepared according to a significantly expanded range of variables (such as dosage, activator concentration, and 

curing age) and in finer increments (as with 2 to 3% steps in dosage, for example), preparing at least 3 to 5 samples 

of each type of geopolymer-based material to account for inherent material variability, and creating data sets that 

contain at least 100 specimens (as is typically used in published studies of such materials); the data can contain the 

following sets of variables: the type of binder that is used (such as fly ash, slag, or metakaolin), the dosage of that 

binder, the amount of activator that is used, the water-to-solid ratio, the age of the material after which it is cured, the 

temperature at which it was cured, and properties of the soil from which the geopolymer was sourced; the target 

variables for each specimen will be the compressive strength of the resulting material, as will be its dry density and 

water absorption; standard preprocessing methods can be applied to the data to compensate for any missing data or to 

normalize the variables; an ANN can be developed that incorporates variables to create a model with 1 or 2 hidden 

layers and ReLU activation functions, with sizes for the layers that are appropriate to the data set to avoid over-
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parameterizing the model; the developed ANN can be compared to models based on random forests, XGBoost models, 

and support vector regression models; the developed models can be validated through cross-validation methods (such 

as k-fold cross-validation or repeated k-fold cross-validation), as well as through a test data set that was not used 

during training; the models can be reported through measures of the coefficient of determination (R²), root mean 

square error (RMSE), mean absolute error (MAE), and mean absolute percentage error (MAPE), each with confidence 

intervals; and methods of feature importance, such as SHAP analyses can be performed to determine which variables 

are most important to the prediction of compressive strength, and that result can be compared to the results from SEM 

analyses to determine which variables should have the most influence on the compressive strength of the samples of 

geopolymer-based materials (and their correlation with the influence of those variables on that strength). This 

roadmap, together with the dataset presented in Table 6, serves as a starting point for future work in this area. 

5. Conclusions 

Of the five systems of stabilisation tested, 10% NaOH-activated metakaolin (alkaline solution/MK mass ratio 

of 0.8) provided the best overall balance of strength (3.83 MPa at full cure - exceeding the minimum of 3.5 MPa as 

per IS 1725:2023), dry density (1748 kg/m³ - meeting the threshold of 1750 kg/m³), and fire resistance (retained 96% 

of its strength after exposure to 600 °C for 2 hours). 

The 15% MK system met the minimum requirement for strength (3.50 MPa) but did not fare as well in fire 

resistance (only 57% of its strength was retained after the same fire exposure). Furthermore, as the specimens 

disintegrated upon immersion in water, it was not possible to determine the rate of water absorption of this system. 

• The 5% and 20% MK dosages were, respectively, insufficiently and excessively reactive relative to the 

activator ratio used, resulting in geopolymer blocks that failed the water absorption durability screen - a property that 

must be optimized in MK geopolymer systems. 

• Cement stabilization at 10% OPC produced the highest ambient strength value of 5.21 MPa but experienced 

a 39% loss of strength after exposure to fire relative to MK and MK+10% MK block strength increases, indicating a 

trade-off between sustainability and fire resistance that favours MK geopolymer stabilization at moderate MK 

dosages. 

• SEM analysis of blocks revealed a dense and homogeneous reaction product structure at 10% MK dosage 

relative to samples at 5%, 15%, and 20% MK, which provides a possible explanation for the differing strength values 

of the samples of different MK dosages. 

A preliminary exploratory regression of the five-mix dataset reveals the presence of an optimum strength dosage 

range of approximately 10-12%. While the machine learning models have been statistically validated using much 

smaller datasets, obtaining a sufficiently large and representatively varied dataset of mix samples is required to train 

the models for mix optimization. Such a framework and dataset is provided in Section 4 of this report. 

5.1 Limitations and future scope 

The study was performed using a single soil source and only a single specimen of each soil mixture. Thus, 

statistical analyses could not be performed on the specimens to determine, for instance, the standard deviation of 

strength of each mixture. Additionally, while the solid-to-water ratios included in the preparation of the specimens are 

published in Table 3, the actual amounts of water added to each batch to achieve such a ratio are published in Table 

4; the two tables publish slightly different ratios, but both are published for transparency of the testing. Each of the 

specimens were tested at a single fire temperature (600 °C) and duration of fire exposure (2 hours). Future testing 

could expand to various fire temperatures, fire rates of heating, and the analysis of the resulting specimens for 

remaining structural elements. Finally, while the datasets published in this report provide a starting point for analysis 

of the effect of various dosages, activators, soils, and curing conditions, future testing should expand into these 

additional variables to provide a more thorough understanding of aspects of soil cement. 
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