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Abstract

This study investigates the physio-mechanical, microstructural, and durability characteristics of Geopolymer Mud Blocks
(GMB) as a sustainable alternative to traditional Soil Stabilized Blocks (SSB). Utilizing locally available Alumino-Silicate
Sources (ASS) and Alkali-Activated Materials (AAM), GMB were produced with varying molarity levels (6M, 7M, and
8M) and mix proportions (M1 to M3). Experimental results reveal that compressive strength increased by 10-20% with
molarity escalation from 6M to 8M. The highest compressive strength of over 50 MPa, achieved with the M4 mix at 8M,
equaled M50-grade concrete, making it suitable for load-bearing walls in earthquake-resistant structures. Durability tests
demonstrated less than 10% water absorption, indicating low permeability. Type B6 (6% AAS, 8M, 28 days) exhibited
superior performance, attaining the highest compressive strength of 47.32 MPa and prism strength of 33.12 MPa.
Additionally, it showed commendable durability metrics, including water absorption at 5.20%, chloride diffusion at 1.87%,
acid diffusion at 3.33%, and sulphate diffusion at 1.05%. The dense matrix and minimal porosity of this mix, resulting
from the use of distilled water and optimal binder content, significantly enhanced its strength and durability. Type C6 (6%
AAS, 8M, 28 days) exhibited the weakest performance, characterized by high porosity, suboptimal matrix quality, and
unfavorable durability indicators, such as water absorption (10.33%) and chloride diffusion (4.47%). Type B6 demonstrates
the highest effectiveness, providing an optimal balance of strength and durability, whereas Type C6 exhibits the lowest
efficiency. GMB exhibited enhanced resistance to acid, sulphate, and chloride attacks with increased molarity. XRD
analysis confirmed the geopolymerization process, with significant diffraction peak changes. SEM images revealed denser
microstructures with higher molarity, correlating with increased strength. The study concludes that GMBs offer superior
strength, durability, and cost-strength efficiency compared to SSBs, promoting sustainable construction practices.

Keywords: Geopolymer Mud Blocks (GMB); Soil Stabilized Blocks (SSB); Alumino-Silicate Sources (ASS); Alkali-Activated Materials
(AAM); Durability Tests.

1. Introduction

The growing demand for sustainable construction materials has led to the exploration of alternative building materials
that minimize environmental impact while maintaining structural integrity. Traditional construction materials, such as
concrete and fired bricks, contribute significantly to greenhouse gas emissions and environmental degradation. One such
promising alternative is the geopolymer mud block, which integrates geopolymer with traditional mud-based
construction techniques to enhance strength, durability, and sustainability.
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Synthesized employing alkali activation of alumino-silicate minerals including fly ash and metakaolin, geopolymers
have shown better mechanical and durability than traditional cement-based products [1, 2]. Excellent binding qualities,
fast-setting periods, and increased resistance to chemical assault define these materials. By using industrial and
agricultural waste products such as fly ash, rice husk ash, and slag in the formulation of geopolymers binders, their
sustainability profile is further improved and landfill trash and the carbon footprint of building projects are decreased
[3, 4]. Recent developments show that using recycled materials in geopolymer composites not only enhances mechanical
qualities but also helps environmental preservation by lowering carbon emissions and trash creation [5, 6].

Mud blocks have been recognized for their energy efficiency, low embodied carbon, and flexibility to local climatic
conditions [7, 8]. Mud blocks are a sustainable option, unlike traditional burnt bricks, which need high-temperature kilns
and help to contribute to deforestation using little processing of natural resources. But their mechanical characteristics,
especially compressive strength and durability, often restrict their general acceptance in structural use [9, 10]. To address
these limitations, investigators have explored various steadiness techniques, including the use of cement, lime, and
natural fibers [11, 12]. Although these techniques boost strength, their embodied energy and carbon footprint usually
suffer. Using geopolymers as a stabilizing ingredient offers a fresh technique that greatly increases the compressive
strength, water resistance, and lifetime of mud blocks without requiring energy-intensive processing [13, 14].

Determination of the performance of geopolymer mud blocks depends critically on their microstructural properties.
The reaction processes of geopolymerization produce a dense and compact matrix, therefore lowering porosity and
improving mechanical characteristics. Energy Dispersive Spectroscopy (EDS) and Scanning Electron Microscopy
(SEM) studies provide an understanding of the shape, porosity, and elemental makeup of geopolymer matrices, thereby
guiding material compositions for maximum mechanical performance and durability [15, 16]. Moreover, the actual use
of these blocks in sustainable buildings depends on an awareness of their long-term stability under the influence of
environmental elements like CO, exposure, water absorption, and moisture intrusion [17, 18].

Recent studies have shown how different aggregates and fiber reinforcement help to increase the strength and
durability of geopolymer mud blocks. Investigated for their ability to improve flexural strength and lower brittleness are
natural fibers such as coir, hemp, and sisal [19, 20]. To improve the practical usage of these materials, also investigated
are the effects of chemical composition, curing conditions, and environmental factor exposure. Appropriate for many
climatic settings, optimized geopolymer formulations have demonstrated enhanced resilience to weathering, sulfate
attack, and freeze-thaw cycles [21, 22].

This study aims to bridge these gaps by systematically evaluating the mechanical and durability properties of GMBs
with varying AAM molarity levels. The findings will contribute to optimizing geopolymer formulations for sustainable
and cost-effective construction, particularly in regions with abundant red soil resources. From the preceding literature,
nobody takes into account varying molarity levels and the creation of AAM using geopolymer mud blocks. Incorporating
studies of mechanical strength, microstructural properties, and durability assessments, this work offers a fresh approach
to maximizing geopolymer mud blocks. This work methodically investigates AAM type, concentration, molarity, and
water purity, therefore providing fresh scientific ideas and useful advice for the creation of environmentally friendly,
high-performance masonry materials. The results show significant progress in tying laboratory research with useful
building purposes together.

2. Materials and Methods

Table 1 demonstrates the chemical makeup of the basic components. High in alumina (Al,0s) and iron oxide
(Fe;0¢), red soil is a naturally occurring soil with a characteristic red or reddish-brown color. Essential in
polymerization, this component supplies the alumina needed for the chemical process and the reactive silica (Si05).
With a bulk density of around 1.8 g/cm3, red soil is distinguished by its clayey texture, modest flexibility, and low
porosity. With little organic content, the composition—silica, alumina, and iron oxide—makes sense for industrial
applications like the manufacture of geopolymer. M-Sand Designed to replace natural river sand in building uses,
manufactured sand—also known as M-sand—is a fine aggregate produced by crushing hard stones. Along with small
amounts of feldspar and mica, the composition mostly consists of silica (Si0,) as quartz. With grain sizes ranging
from 0.075 to 4.75 mm, M-sand has a well-graded distribution marked by angular particles enhancing interlocking
within the geopolymer mixture.

Maintaining regulated moisture content and a bulk density between 1.75 and 1.95 g/cm?, the material shows
dependability and durability for use in geopolymer. Made as a by-product of coal burning in thermal power plants, fly
ash is a fine, grey powder. High silica (Si0;) and alumina (Al,) compositions define the work; 50-60% and 20-30%,
respectively. Trace levels of magnesium oxide (MgO), lime (CaO), and iron oxide (Fe,03) also are present. Usually
measuring less than 75 um in diameter, fly ash particles have a spherical form and fine texture; their specific gravity
falls between 2.1 and 2.6. Crucially important in geopolymerization, this substance shows pozzolanic activity by
interacting with alkalis to generate cementitious compounds. A by-product of iron manufacture in blast furnaces, ground
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granulated blast furnace slag (GGBS) is much sought after as additional cementitious material. In approximate terms,
the composition calls for calcium oxide (Ca0), silica (Si0,), alumina (4l,05), and magnesium oxide (MgO) in 30-50%,
30-40%, 7-16%, and 8-12%, respectively. GGBS is a fine powder characterized by a pale grey hue, a specific gravity
ranging from 2.8 to 3.0, and a high Blaine fineness of 400 to 500 m2/kg. The latent hydraulic reactivity, which is activated
by alkalis, renders it highly effective for enhancing the mechanical properties of geopolymer. Sodium hydroxide (NaOH)
is a highly caustic metallic base and alkali salt. It is commonly used in various industrial processes, including the
manufacture of soap, paper, and textiles, as well as in water treatment and chemical synthesis [23]. Figure 1 illustrates
the workflow, which briefly shows the process of the methodology.
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Figure 1. Methodology of the work

The particle size distribution curve (Figure 2) of the red soil shows that it contains a clay-size fraction around
42% (<2 mm), 12% silt, and 45% sand. The particle size distribution curves of GGBS and fly ash are shown in
Figure 2. The grain size curves show that GGBS has a 1.75% sand-size fraction, 85.59% silt-size fraction, and
7.95% clay-size fraction, whereas fly ash consists of a 17.9% sand-size fraction, 72.39% silt-size fraction, and
7.25% clay-size fraction.
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Figure 2. Grain size distribution curve for materials used in GMB

Sodium hydroxide (NaOH) is a potent alkali that functions as an activator in the process of polymerization. This
substance is a white crystalline solid characterized by a high pH of approximately 14 and exhibits significant reactivity
with water, resulting in heat release upon dissolution. The process involves the dissolution of silica and alumina from
the raw materials, thereby initiating the polymerization reaction. Sodium hydroxide (NaOH) exhibits a melting point of
318°C, a density of approximately 2.13 g/cms3, and demonstrates high solubility in water, thereby enhancing its function
as a catalyst in the synthesis of the geopolymer precursor. Comprising sodium, silicon, and oxygen, sodium silicate,
with the chemical formula Na,SiOs, is a compound. Commonly known as water glass, sodium silicate is a binder used
in polymerization [24, 25]. Reactive silica (SiO,) and sodium oxide (Na;) help the geopolymer network to grow. It
occurs as a translucent, viscous liquid or in solid form; while liquid, its density is 1.4-1.6 g/cmt. Complete solubility in
water and alkaline properties make sodium silicate a vital component for increasing the strength and lifetime of
geopolymers. A vital part of polymerization, water serves as a solvent for sodium hydroxide and sodium silicate. This
procedure helps to dissolve alumino-silicate sources and accelerates the required chemical processes to build the
geopolymer framework. It is chemically neutral, exhibiting a pH of 7, and possesses a density of approximately 1 g/cm?3
at room temperature. Water plays a vital role in maintaining the appropriate consistency and reactivity of the geopolymer
mixture. Figure 3 illustrates the manual mixing of the GPMB [26, 27]. Figures 4 and 5 illustrate the base products of
AAS and AAM. In our study, we also use distilled water for comparison with water. The use of distilled water in the
polymerization process helps eliminate impurities, such as dissolved salts and organic matter, which may interfere with
the reaction between the ASS and the AAM. Impurities in regular water can affect the setting time, strength development,
and overall consistency of the geopolymer matrix. By using distilled water, we ensured better control over the reaction
kinetics and reproducibility of the results.

Table 1. Chemical Composition of Base Materials of Bricks.

SiOy Al;05 Fe,0O; CaO MgO Na,O + SOs

Material (%) (%) (%) (%) (%) KeO (%) (%) Other Components (%6)
Red Soil 55 25 12 3 2 15 0.5 1.0 (Organic matter, moisture)
M-Sand (Manufactured Sand) 75 8 3 15 0.5 0.8 0.2 1.0 (Trace impurities)
Fly Ash (Class F) 55 25 7 3 15 15 2 5 (Loss on ignition)
Ground Granulated Blast Furnace Slag (GGBS) 35 12 15 40 8 15 15 1 (Trace elements, LOI)

(a)

Red Soil

& i S SUERSE S

Figure. 3. Manual mixing of Red Soil and M-Sand.
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N(Si20s,Al,05)+2nSi02+4nH,0+NaOH—(Na*+n(OH)3Si-O-Al-O-Si—(OH)s), 1)
(OH)3Si-0-Al-0-Si—(OH)3+NaOH—(Na*)—(-Si-O-Al-0-Si-O)n+4nH,0 @)

Equations 1 and 2 clearly explain the formation of geopolymer. The geopolymerization process comprises two
fundamental reactions. Initially, alumino-silicate materials (Si2Os, Al.0,Si20s, Al,O,) dissolve in sodium hydroxide
(NaOH), water (H20), and additional silica (SiO,), resulting in the formation of sodium-stabilized oligomers ((OH)Si-
0O-Al-0-Si—(0OH)s), known as the geopolymer precursor. This step disaggregates the raw materials into reactive units.
In the subsequent step, these oligomers participate in a condensation reaction facilitated by sodium hydroxide, resulting
in the formation of a three-dimensional poly (sialate-siloxo) network ((-Si-O-Al-O-Si-0),). The polymerization process
results in the formation of a stable geopolymer structure, accompanied by the release of water as a by-product. These
reactions convert raw alumino-silicate sources into a durable polymeric material [28].

Alumino-Silicate Sources (ASS)

L AT RN ity s . Cement ‘Y
22 AN i $ GGBS
. <7 k - ' ’. " GROUND GRANULATED
. . BLAST FURNACE SLAG

R —  ——
Figure 4. Alumino-Silicate Sources (ASS)

Alkali-Activated Materials (AAM)

Na:SiOs

SODIUM SILICATE

e 4. { 101
st 4 (65
bl |

BIGPS Map Camera

Figure 5. Making of AAM

Table 2 illustrates the preparation of bricks utilizing the designated materials and Alkali Activator Solutions (AAS),
which entails meticulous material preparation, mixing, molding, and curing processes. The composition consists of 60%
red soil, 20% fly ash, 5% Ground Granulated Blast Furnace Slag (GGBS), and 10% M. Sand, along with the suitable
Alkali Activator Solution. The composition of the Alkali Activator Solution is contingent upon its specific type. The
solution for Type A consists of Sodium Hydroxide (NaOH) and Sodium Silicate (Na,Si03) in a 1:1.5 ratio, combined
with bore water. NaOH pellets are dissolved in bore water to obtain the desired molarity, generally ranging from 6M to
8M, and subsequently combined with Na,Si0O5 in the specified ratio. The solution is agitated until homogeneous and
permitted to cool before application. For Type B, the preparation is the same, with distilled water substituting bore water.
The solution for Type C consists solely of NaOH dissolved in bore water at the specified molarity. Upon preparation of
the activator solution, the dry materials are mixed comprehensively to achieve uniform distribution. The curing process
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exhibits minor variations based on the specific type of solution utilized [29]. Types A and B bricks undergo curing at
ambient conditions for 24—48 hours to achieve the initial setting, followed by optional heat curing in an oven or steam
chamber at temperatures ranging from 60 to 90°C to improve strength. Type C curing is done similarly, but the absence
of sodium silicate could cause a slower rate of strength development. The bricks air-dry after curing to reach the best
strength before testing or application. When handling NaOH and Na,SiO3, one should follow safety measures, including
wearing gloves and goggles. To guarantee consistency, the molarity of the NaOH solution has to be constant across
batches; hence, the moisture content in the mixture should be ideal for both workability and strength. This methodical
approach ensures the manufacturing of uniform-characteristic, high-quality bricks. Figure 6 shows the brick-making
process using various NaOH molar concentrations [30].

Table 2. Combinations of Alkali Activator Solutions (AAS)

S.No Alkali activator solution type Compositions
A NaOH + Na;SiO; (1:1.5) + Bore water
2 B NaOH + NaSiO; (1:1.5) + Distilled water
3 C NaoH + Bore water

Using a traditional mix where cement replaces the Alkali Activator Solution (AAS), the brick preparation calls for
using similar raw material ratios and mostly uses cement as the binding agent. With cement acting as the binder, the
makeup calls for 60% red soil, 20% fly ash, 5% Ground Granulated Blast Furnace Slag (GGBS), and 10% manufactured
sand. To get the mix ready, the dry components are first measured and weighed in line with the given ratios. Carefully
mixed to guarantee consistency are red soil, fly ash, GGBS, and M. Sand. After that, cement is added to the dry mix;
usually making 10% of the overall mix weight, this percentage may vary depending on the brick's needed strength and
durability. Water is gradually added to get the desired consistency after the dry components have been mixed. The water
content must be precisely regulated to prevent an excessively wet or dry mixture, thereby ensuring optimal workability
and preserving the strength characteristics of the mix. The wet mixture is blended until a homogeneous consistency is
attained. The prepared mixture is subsequently placed into brick molds and compacted with a hydraulic press to achieve
uniform shape and density. After molding, the bricks are allowed to cure. In traditional cement-based brick production,
the curing process generally requires maintaining the bricks in a moist environment or applying water to them for a
duration of 7 to 28 days [31]. This facilitates adequate hydration of the cement, and the subsequent development of
strength and size of the block is 225x115%70 mm.

3. Results and Discussion
3.1. Mechanical Properties
Compressive Strength

Figure 7 illustrates the Compression Testing Machine (CTM) alongside the bricks utilized for experimental testing.
The research examined bricks with different molarities and various samples to assess their compressive strength. The
experiment was conducted in the laboratory of Saveetha School of Engineering (Chennai, India). Table 3 compares
compressive strength (CS) values of bricks subjected to different Alkali Activator Solutions (AAS) and molarities (6M,
7M, and 8M) across curing periods of 7, 14, and 28 days. The conventional cement-based mix demonstrates compressive
strength values of 4.6 MPa, 6.1 MPa, and 7.8 MPa for identical durations across all molarities shown in Figure 8. Figures
9 to 11 illustrate in detail that the AAS-based mixtures exhibit markedly elevated compressive strengths, with values
contingent upon the solution type, AAS percentage, and molarity. The maximum compressive strength (CS) recorded
was 47.32 MPa for Type B alkali-activated slag (AAS) with a 6% solution and 8M molarity at 28 days, as shown in
Figure 8. In contrast, the minimum CS value of 5.1 MPa was noted for Type C AAS with a 4% solution and 6M molarity
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at 7 days, as shown in Figure 6. The findings underscore the impact of the type of AAS, its concentration, and the
molarity of NaOH on compressive strength. As molarity increases, compressive strength improves across all
combinations, indicating enhanced geopolymerization with higher alkaline concentrations. A higher percentage of AAS
correlates with increased CS, attributed to the enhanced availability of reactive silica and alumina that contribute to the
formation of stronger geopolymeric bonds. Type B consistently demonstrates superior compressive strength compared
to Types A and C, a result of utilizing distilled water in its formulation. Distilled water reduces impurities, thereby
enhancing the efficiency of chemical reactions and improving matrix formation. The elevated compressive strength
values of Type B at 8M molarity and increased AAS percentages are attributable to a more effective reaction between
the activators and aluminosilicate materials, resulting in a denser and stronger polymeric structure [32]. Conversely,
Type C exhibits comparatively lower CS values, particularly at reduced molarities and AAS percentages. The absence
of sodium silicate (Na,Si03) likely accounts for the reduced silica content and diminished quality of the geopolymer
matrix. The conventional cement mix demonstrates the lowest compressive strength values, as the geopolymer
mechanism in alkali-activated slag-based mixes offers a more chemically bonded and compact structure in contrast to
the hydration process in traditional cement. The relationship among AAS type, molarity, and percentage significantly
affects compressive strength, with optimal activator conditions and effective polymerization leading to higher values
[33].

oy suidings wll 0 g
il spes

Figure 7. CTM for Compressive Strength
Table 3. Compressive Strength for All Kinds of Blocks

Type of Alkal'i % of AAS cs@7 CsS@ 14 Cs@28 Cs@7 CsS@ 14 CS@ 28 cs@7 CS@ 14 CS@ 28
Activator Solution Days (6M) Days (6M) Days (6M) Days (7M) Days (7M) Days (7M) Days (8M) Days (8M) Days (8M)
Conventional Mix CS 46 6.1 7.8 4.6 6.1 7.8 4.6 6.1 7.8
1 A 4 6.2 8.3 104 125 14.2 15.6 114 12.34 18.72
2 A 5 7.1 9.2 115 16.5 184 20 195 216 26.74
3 A 6 10.1 12.8 15.2 221 26.5 29.3 26.62 30.88 34.97
4 B 4 10.5 131 15.8 16.3 19.4 21.7 18.89 19.34 26.25
5 B 5 8.2 10.5 12.9 18.2 20.1 245 20.56 22.33 33.33
6 B 6 8.4 115 13.8 20.1 325 38 20.94 38.97 47.32
7 C 4 51 75 9.2 105 11.6 13.2 12.46 12.99 14.4
8 C 5 8.6 10.8 124 18.9 26.2 29.5 21.6 32.07 335
9 C 6 8.9 113 135 19.1 29.2 334 21.98 36.24 38.2

B Cs for Conventional Mix

CS for Conventional Mix (N/mm?)

7 days 14 days 28 days

Curing Days for CM

Figure 8. Compressive Strength for Conventional Mix
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Figure 9. Compressive Strength for 6M NaOH
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Figure 10. Compressive Strength for 7M NaOH
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Figure 11. Compressive Strength for 8M NaOH
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Figure 12 presents analyses conducted using Energy Dispersive X-ray Spectroscopy (EDS) on samples after
compressive strength tests. Three regions, designated as (a), (b), and (c), illustrate the elemental composition of the
material across various areas, accompanied by their respective weight percentages [34]. The dominant elements in the
spectrum (a) are oxygen (59.3%), silicon (17.1%), and aluminium (10.9%), which indicate the formation of
aluminosilicate and hydrated compounds that are essential for the geopolymer matrix. Trace elements such as calcium,
sodium, and iron indicate partial geopolymerization, which contributes to moderate compressive strength. Spectrum (b)
exhibits elevated levels of silicon (19.3%) and aluminium (13.8%) relative to (a), suggesting enhanced polymerization
that results in improved matrix densification and increased strength. The sodium content of 2.3% facilitates alkali
activation, whereas the trace levels of copper and zinc are likely derived from impurities or additives. Spectrum (c)
demonstrates notable carbon content (14.8%) alongside reduced silicon (9.6%) and aluminium (7.3%) levels, suggesting
incomplete geopolymerization. The high carbon content suggests the existence of unreacted carbonates or carbonaceous
compounds, which may function as fillers but might also, weaken structure. The high salt content of 12.5% indicates
that the reaction did not completely use the extra alkali. This area probably shows regions of insufficient reactivity that
can create weaknesses, therefore affecting the compressive strength generally. The difference in element distribution
across areas shows the degree of geopolymerization, therefore stressing the need for consistent mixing and curing to
lower unreactive zones and enhance the general performance of the material [35].
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Figure 12. SEM and EDS of after-compressive strength (a) Sample B-6 (8M), (b) Sample C-6 (8M), and (c) Sample A-4 (8M)
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Prism Strength

Figure 13 shows the Universal Testing Machine (UTM) used at the Saveetha School of Engineering (Chennai, India)
laboratory for the prism test. The prism test evaluates masonry prism compressive strength, therefore mirroring the
performance of masonry buildings under load. Understanding the interconnections and contributions of different
masonry components—including blocks and mortar—to the general structural strength depends on this test. Using a
uniaxial compressive load applied on the prism, important information on the load-bearing capacity and structural
performance of the masonry results. The results help to evaluate material suitability for building and guide the design
of constructions following durability and safety requirements. This work investigated the mechanical characteristics and
structural dependability of brick prisms using different alkali activator solutions and molarities, therefore providing
information on their compressive strength [36-38].

g
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Figure 13. UTM for Prism Test

Table 4 shows masonry block prism strength under different percentages of Alkali Activator Solution (AAS),
molarities (6M, 7M, and 8M), and curing times (7, 14, and 28 days). The results show that molarity, kind of AAS, and
concentration used affect strength. Figures 14 to 16 show the prism strength depending on varied molarity and different
samples. Type B had the greatest prism strength of 33.12 MPa; it showed 6% AAS and 8M molarity at 28 days, as
indicated in Figure 16. By contrast, Type C showed the lowest strength of 4.8 MPa with 4% AAS and 6M molarity at 7
days, as displayed in Figure 14. This comparison emphasizes how much block strength is affected by AAS type,
molarity, and curing time. Higher molarity—more especially, 8M—always results in higher prism strength across all
AAS kinds and percentages. This is attributed to enhanced geopolymerization, resulting in a stronger and denser matrix
formed through improved chemical reactions between alkali activators and aluminosilicate precursors. Type B
consistently demonstrates superior performance compared to Types A and C, especially at elevated molarities. This is
likely attributable to its effective combination of sodium hydroxide and sodium silicate with distilled water, which
enhances geopolymerization and matrix densification. Type C, devoid of sodium silicate, typically demonstrates reduced
strength due to the diminished formation of a strong polymeric network. The percentage of AAS is significant; higher
percentages (6%) lead to increased prism strength owing to the enhanced availability of reactive materials that facilitate
bond formation. The curing period enhances strength, as extended durations facilitate the complete reaction of alkali
activators with precursors, minimizing unreacted phases and leading to a more robust matrix. The findings highlight the
necessity of optimizing AAS composition, molarity, and curing duration to attain enhanced strength in masonry blocks.

Table 4. Prism Strength for All Kinds of Blocks

Prism Prism Prism Prism Prism Prism Prism Prism Prism
% of  Strength Strength Strength Strength Strength  Strength @ Strength Strength@  Strength
AAS @7Days @14Days @ 28Days @ 7 Days @14 28Days @ 7Days 14Days @ 28 Days

Alkali
No. Activator
Solution Type

(6M) (6M) (6M) (M) Days (M)  (7M) (8M) (8M) (8M)
1 A 4 5.8 6.5 7.2 72 8.4 9.1 7.98 8.64 131
2 A 5 6.2 71 8.3 105 13.2 15.1 13.65 1512 18.72
3 A 6 8.1 9.2 10.8 135 16.2 18.1 18.63 21.62 24.48
4 B 4 8 95 10.1 12.2 10.6 11.8 18.38 13.22 1354
5 B 5 6.9 7.6 8.4 10.8 125 15.2 14.39 15.63 23.33
6 B 6 7.2 8.9 9.8 11.9 16.2 18.3 14.66 27.28 3312
7 c 4 48 5.1 6.2 75 7.8 8.6 8.72 9.09 10.08
8 c 5 7.2 8.1 9.1 11.9 151 16.8 1512 22.45 2345
9 c 6 75 8.9 10 12.3 18.2 19.7 15.39 25.37 26.76
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Crack and Failure Pattern

In general, load masonry materials like bricks, fly ash bricks, and soil-stabilized blocks. When subjected to a
compressive force, cracks will form due to the load from the compressive testing machine. The various types of failure
are as follows: 1. Vertical Cracks (Splitting Failure) 2. Diagonal Cracks (Shear Failure) 3. Conical or Hourglass Failure
4. Corner and Edge Cracking 5. Explosive Brittle Failure.

Figure 17 shows the failure pattern of conventional SSB. Here in this block corner and edge cracking occurs, which
was initiated at the edges and corners, leading to failure. Generally, SSB causes more failure since it does not contain
AAM. Figure 18 shows the failure pattern of the 6MB6 sample. Here in this block shear failure occurs, and cracks form
at approximately 45° from the vertical axis. The reason behind this crack is poor inter-particle bonding or excessive
lateral expansion since these blocks are made of low geopolymer content. Figure 19 shows the failure pattern of the
7MB6 sample. Here in this block hourglass failure occurs, in which the top and bottom portions remain intact while the
middle portion crushes inward. However, this block does not show more cracks since the AAM content used in this
block is greater than 6MB6. Due to AAM content, Geopolymerization occurs, which makes the blocks stronger and
denser. Figure 20 shows the failure pattern of the 8MB6 sample. Here in this sample, a mild vertical crack occurs even
after achieving the highest compressive strength of 47.32 N/mmz2. It is concluded that the crack will not occur for the
block that contains more AAM.

Figure 18. Crack and failure pattern for sample 6MB6

Figure 19. Crack and failure pattern for sample 7TMB6
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Figure 20. Crack and failure pattern for sample 8MB6
3.2. Durability Tests

Figure 21 presents the durability tests performed on masonry blocks to assess their resistance to different
environmental and chemical conditions. The Water Absorption Test (A) evaluates the porosity of blocks by quantifying
the volume of water absorbed upon submersion, which is essential for assessing their appropriateness in moisture-
sensitive settings. The Chloride Test (B) assesses the resistance of blocks to chloride ion penetration, which is crucial
for ensuring durability in coastal or industrial areas where exposure to chloride is common. The Acid Test (C) provides
information on the blocks' performance in chemically demanding situations by assessing their ability to withstand acidic
conditions. Particularly in areas with sulfate-rich soils or water, the sulfate Test (D) measures the resistance of blocks
to sulphate assault, therefore influencing expansion and cracking. These tests evaluate, under different environmental
and chemical exposures, the long-term structural dependability and durability of masonry blocks [23, 36-39].

Water 'l‘,_ on - - |

Figure 21. Durability tests

Using an 8M AAS concentration, Tables 5 to 8 show the results of multiple durability tests—including water
absorption, chloride diffusion, acid diffusion, and sulphate diffusion—conducted on geopolymer masonry blocks
(GMBs). Every test provides valuable information on the performance of many samples—more especially, those
assigned A, B, and C—that have different percentages of Alkali Activator Solution (AAS). The results of the Water
Absorption Test (Table 5) demonstrate that sample B6 (6% AAS) has the lowest water absorption at 5.20%,
outperforming other samples, including C6 (10.33%) and A4 (8.15%). Reduced water absorption indicates lower
porosity and enhanced durability. The enhanced performance of B6 results from an optimized binder composition that
improves packing density and minimizes water ingress. In the Chloride Diffusion Test (Table 6), sample B6 exhibits the
optimal performance, characterized by the lowest chloride diffusion rate of 1.87%. C6 exhibits the highest diffusion rate
at 4.47%, suggesting a reduced capacity to resist chloride ion penetration. The decreased chloride diffusion in B6 can
be attributed to its dense microstructure, which limits the pathways available for chloride ions to infiltrate. In the Acid
Diffusion Test (Table 7), sample B6 exhibits the lowest acid diffusion at 3.33%, in contrast to A5 at 4.49% and C4 at
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4.39%. This indicates the enhanced chemical resistance of B6, likely attributable to its stable matrix and diminished
levels of unreacted materials, which may be susceptible to acid attack. In the Sulphate Diffusion Test (Table 8), sample
B6 demonstrates the lowest diffusion rate at 1.05%, surpassing other samples, including A5 at 2.31% and C5 at 2.03%.
The reduced sulphate diffusion in B6 demonstrates its superior resistance to sulphate-induced deterioration, a critical
factor for blocks utilized in sulphate-rich environments. Sample B6 demonstrates consistently high performance across
all tests, attributed to its superior binder matrix and dense microstructure. The balanced alkali activator composition and
optimized mix design effectively reduce porosity, enhance chemical resistance, and minimize diffusion rates. B6 is
therefore a suitable option for applications that demand high durability and resistance to environmental and chemical
exposure.

Table 5. Water absorption test for 8M Concentration Blocks

No. Alkali Activator Solution Type % of AAS Final Weight of GMB (Kg) Initial Weight of GMB (Kg) Water Absorption (%)

1 A 4 3.449 3.189 8.15
2 A 5 3.415 3.162 8.00
3 A 6 3.408 3.168 7.58
4 B 4 3.394 3.191 6.36
5 B 5 3.367 3.178 5.95
6 B 6 3.318 3.154 5.20
7 C 4 3.414 3.164 7.90
8 C 5 3.481 3.169 9.85
9 C 6 3.504 3.176 10.33

Figure 22 represents the water absorption percentage on the Y-axis, with sample types (A4, A5, A6, B4, B5, B6, C4,
C5, & C6) displayed on the X-axis. Each bar represents a specific sample, with B6 indicating the lowest water absorption
at 5.20%, and C6 indicating the highest at 10.33% [40].
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Figure 22. Water absorption for 8M Concentration Blocks

Table 6. Chloride Diffusion test for 8M Concentration Blocks

No.  Alkali Activator Solution Type % of AAS  Initial Weight of GMB (kg)  Final Weight of GMB (kg)  Chloride Diffusion (%)

1 A 4 3.189 3.084 3.29%
2 A 5 3.162 3.062 3.16%
3 A 6 3.168 3.076 2.90%
4 B 4 3.191 3.097 2.95%
5 B 5 3.178 3.084 2.96%
6 B 6 3.154 3.095 1.87%
7 C 4 3.164 3.021 4.52%
8 C 5 3.169 3.045 3.91%
9 C 6 3.176 3.034 4.47%
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Chloride Diffusion Test Figure 23 Representation of the diffusion percentage (Y -axis) for all samples (X-axis) in the
context of chloride diffusion. The B6 sample exhibits the highest performance with the lowest diffusion percentage at
1.87%, whereas C4 and C6 demonstrate greater diffusion percentages, indicated by their taller bars [41].

Chloride Diffusion %

0.05 ~

[ chloride Diffusion %

A4 A5 A6 B4 B5 B6 C4 C5 C-6
Alkali Activator Solution Type

Figure. 23. Chloride Diffusion for 8M Concentration Blocks

Table 7. Acid Diffusion test for 8M Concentration Blocks

No. Alkali Activator Solution Type % of AAS Initial Weight of GMB (kg)  Final Weight of GMB (kg)  Acid Diffusion %

A

© o N o U~ W N
O 00 W w w > >

4 3.189 3.05 4.36%
5 3.162 3.02 4.49%
6 3.168 3.032 4.29%
4 3.191 3.06 4.10%
5 3.178 3.045 4.19%
6 3.154 3.049 3.33%
4 3.164 3.025 4.39%
5 3.169 3.032 4.33%
6 3.176 3.04 4.28%

Figure 24 depicts the percentages of acid diffusion that can be illustrated through a bar chart. The Y-axis will denote
acid diffusion percentages, while the X-axis will enumerate the samples. B6 (3.33%) exhibits the shortest bar, whereas
A5 (4.49%) and C4 (4.39%) demonstrate comparatively taller bars, reflecting their reduced resistance to acid attack.
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Figure 24. Acid Diffusion for 8M Concentration Blocks
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Table 8. Sulphate Diffusion test for 8M Concentration Blocks

No. Alkali Activator Solution Type % of AAS Initial Weight of GMB (kg)  Final Weight of GMB (kg)  Sulphate Diffusion %
1 A 4 3.189 3.12 2.17%
2 A 5 3.162 3.089 2.31%
3 A 6 3.168 3.096 2.2T%
4 B 4 3191 3.125 2.07%
5 B 5 3.178 3111 2.11%
6 B 6 3.154 3.121 1.05%
7 C 4 3.164 3.118 2.02%
8 C 5 3.169 3.122 2.03%
9 C 6 3.176 3.13 2.00%

The sulphate diffusion percentages can be represented in Figure 25. The Y-axis will indicate the percentages of
sulphate diffusion, whereas the X-axis will represent the samples. B6 (1.05%) exhibits the shortest bar, indicating
superior performance, whereas A5 and A6 display taller bars, reflecting elevated diffusion rates. The B6 sample exhibits
superior performance in multiple durability tests, including water absorption, chloride diffusion, acid diffusion, and
sulphate diffusion, attributable to its optimal composition and densified microstructure. The low water absorption
percentage of 5.20% signifies a compact structure characterized by a reduced number of pores, thereby decreasing water
permeability. The precise ratio of alkali activator solution to binder enhances geopolymerization reactions, leading to a
dense, impervious matrix. The B6 sample exhibits the lowest chloride diffusion percentage at 1.87%, indicating
enhanced resistance to chloride penetration. The development of a denser network of alumino-silicate bonds minimizes
pathways for chloride ions. The acid diffusion test indicates that the sample's performance (3.33%) surpasses that of
others, demonstrating its resistance to chemical degradation. These phenomena are explained by the lowered porosity
and chemical stability of the geopolymer matrix under acidic conditions. With the lowest result of 1.05%, the B6 sample
shows outstanding performance in the sulphate diffusion test, therefore indicating strong resistance to sulphate assault.
Including a 6% alkali activator and with a balanced composition produces stable hydration products that successfully
fight sulphate intrusion. Conversely, samples exhibiting elevated diffusion and absorption values, such as C6 and A5,
likely possess a greater degree of interconnected porosity and compromised microstructures, rendering them more
vulnerable to degradation. The superior performance of the B6 sample is attributed to its balanced mix proportions and
effective geopolymerization, leading to improved strength and durability.

0.025 - [l Sulphate Diffusion %

Sulphate Diffusion %

A4 A5 A6 B4 B5 B6 C4 C5 C-6

Alkali Activator Solution Type

Figure 25. Sulphate Diffusion for 8M Concentration Blocks

Table 9 illustrates the observed variation in compressive strength following durability tests is attributable to
degradation mechanisms induced by chloride, acid, and sulphate environments. The initial compressive strength of each
sample was maximal owing to the integrity of the material matrix. After exposure to aggressive environments, a
progressive reduction in strength was observed in all samples, with the extent of loss varying according to the type of
alkali activator solution and the diffusion test conducted. Sample A-6 exhibited a 6.72% decrease in strength following
chloride diffusion (from 34.97 N/mmz2 to 32.62 N/mm2), which is less pronounced than the 28.76% decrease observed
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after acid diffusion (from 34.97 N/mm?) to 27.64 N/mm?2). Sample B-6 demonstrated notable resilience, maintaining
93.3% of its initial strength following chloride diffusion while decreasing to 71.3% after both acid and sulphate
diffusion. The differing chemical interactions between the diffused agents and the binder matrix account for the varying
impact, resulting in matrix dissolution, ion exchange, and microstructural weakening. This underscores the significance
of material selection for durability under specific environmental conditions, as samples with stronger alkali activator
solutions (e.g., A-6, B-6, C-6) demonstrated superior overall performance relative to their lower-strength counterparts
(e.g., A-4, B-4, C-4) [42-44].

Table 9. Compressive Strength after the Durability test

No. Alkali _Activator Initial Strength Afte_r Chloride ) Af_ter Acid Afte_r Sulphate
Solution Type (N/mm?) Diffusion (N/mm?) Diffusion (N/mm?) Diffusion (N/mm?)
1 A-4 12.34 1151 9.76 8.81
2 A-5 26.74 24.96 21.17 19.1
3 A-6 34.97 32.62 27.64 24.92
4 B-4 19.34 18.05 15.3 13.8
5 B-5 33.33 311 26.37 23.78
6 B-6 47.32 44.15 37.42 33.76
7 C-4 14.4 13.44 11.39 10.27
8 C-5 335 31.25 26.5 23.9
9 C-6 38.2 35.63 30.21 27.26

Figure 26 illustrates the variations in compressive strength depicted in the graph following durability tests are
affected by the interaction of alkali-activated materials with chloride, acid, and sulphate environments. The samples
utilizing higher-strength alkali activator solutions, specifically A-6, B-6, and C-6, exhibited markedly increased
compressive strength attributed to their denser and more durable matrices. Following exposure to chloride diffusion,
a notable reduction in strength was observed. For instance, sample A-6 maintained 93.3% of its original strength,
whereas lower-strength samples A-4 and B-4 exhibited more significant reductions attributed to weaker bonding and
increased porosity, facilitating greater ion penetration. Acid diffusion resulted in a significant reduction in all
samples, as it effectively dissolved binder materials and compromised the microstructure; for instance, B-6 exhibited
a 21% decrease in strength, indicating its vulnerability to acid exposure. Sulphate diffusion resulted in considerable
strength reductions in the majority of samples, frequently surpassing the losses attributed to acid diffusion. This
results from the formation of expansive products such as ettringite, which generates internal stresses and contributes
to the material's degradation. Samples with higher strength demonstrated superior resistance, maintaining greater
strength than those with lower strength, underscoring the significance of material selection for durability in
chemically aggressive settings.
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Figure 26. Compressive Strength after Durability Test
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4. Microstructure Analysis

Figure 27 illustrates the microstructural variations among samples prepared with different alkali activator solutions
(8M-A4 to 8M-C6). The images illustrate the unique morphological features that affect the compressive strength and
durability of the samples. - 8M-A4, 8M-B4, and 8M-C4 These samples demonstrate a porous structure characterized by
loosely packed particles and observable voids. The elevated porosity and loosely bonded microstructure result in reduced
initial compressive strength and heightened vulnerability to chloride, acid, and sulphate attacks. 8M-A5, 8M-B5, and
8M-C5. These images exhibit a denser matrix relative to their "4" counterparts, demonstrating improved interparticle
bonding [34]. Reduced porosity enhances compressive strength and increases resistance to aggressive chemical
environments. Nonetheless, minor voids and micro-cracks remain evident, potentially affecting long-term durability.
8M-A6, BM-B6, and 8M-C6. These samples demonstrate the highest density in microstructure, characterized by minimal
porosity and closely packed particles. The uniform bonding within the matrix results in the highest compressive strength
among the samples and provides enhanced durability in chemical diffusion tests. The compact microstructure limits
routes for chemical infiltration, thereby decreasing degradation rates. The transition from "4" to "6" in each series (A,
B, and C) indicates a notable enhancement in microstructure density and particle bonding, which corresponds with
improved compressive strength and chemical durability. This illustrates the significant influence of alkali activator
concentration on the microstructural integrity and performance of geopolymer materials [45-47].

Figure 27. Microstructure analysis for 8M NaOH

The microstructural properties of geopolymer mud blocks, as observed through SEM, play a vital role in determining
their compressive strength and durability. The SEM images of 8MB6, 8MC6, and 8MAB, which are shown in Figure
20, reveal distinct morphological differences that directly influence the mechanical performance of these blocks. The
SEM image of 8MB6 likely exhibits a dense, compact microstructure with minimal porosity and well-developed
geopolymer gel formation. The presence of a homogeneously distributed matrix with strong interparticle bonding
enhances the load-bearing capacity, resulting in superior compressive strength and durability. The SEM image of 8MC6
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shows a slightly higher degree of porosity or microcracks compared to 8MB6. While geopolymerization is well-
developed, incomplete reaction phases or minor voids may contribute to a reduction in mechanical performance. The
lesser strength compared to 8MB6 indicates the influence of microstructural defects on stress distribution and crack
propagation. The SEM image of 8MAG likely displays a more porous, loosely packed structure with visible unreacted
particles and microcracks. Insufficient geopolymerization and weak interparticle bonding contribute to lower strength
and reduced durability. Increased porosity accelerates moisture ingress, leading to potential degradation over time.

Durability is closely linked to microstructural integrity. A denser, well-bonded matrix (as in 8MB6) resists
environmental degradation and maintains strength over extended periods. In contrast, higher porosity and microcracking
(as seen in 8MAG6) may lead to reduced resistance against water absorption, freeze-thaw cycles, and long-term
mechanical stability. The study highlights the importance of microstructural optimization in geopolymer mud blocks.
Enhancing particle packing, minimizing porosity, and promoting complete polymerization are essential for achieving
superior mechanical properties and long-term durability. Future work should focus on refining processing conditions to
mitigate defects and enhance block performance in practical applications. Compared with the existing results of previous
studies, this experiment improved the compressive strength up to 36.05%. Its drastic improvement is changing the
molarities in this study. The study does not increase more than 8M; the reason behind this is cost-effectiveness. If it
increases the molarity, the cost of the study will increase. In that constrained limit, the study achieved more than 36
percent of compressive strength [12].

5. Conclusions

The research indicates that GMB serves as a sustainable and superior alternative to traditional SSB, providing
improved strength, durability, and environmental advantages. The integration of locally sourced ASS and AAM at
different molarity levels (6M, 7M, and 8M) and mix proportions (M1 to M3) resulted in enhanced performance of GMB.

e The compressive strength of the blocks exhibited an increase of 10-20% with the rise in molarity of the alkali
solution from 6M to 8M. The M4 mix at 8M molarity demonstrated the highest compressive strength, exceeding
50 MPa, which corresponds to M50-grade concrete, thus rendering it appropriate for load-bearing walls in
earthquake-resistant structures.

e Type B6 (6% AAS, 8M, 28 days) proved to be the most effective mixture, attaining a compressive strength of
47.32 MPa and a prism strength of 33.12 MPa. The material exhibited superior durability characteristics, with
water absorption measured at 5.20%, chloride diffusion at 1.87%, acid diffusion at 3.33%, and sulphate diffusion
at 1.05%. The application of distilled water and optimized binder content resulted in a dense matrix with minimal
porosity, thereby significantly improving the mechanical and durability properties of the block. In contrast, Type
C6 (6% AAS, 8M, 28 days) was determined to be the least effective mix, exhibiting high porosity, inadequate
matrix quality, and unsatisfactory durability indicators, including water absorption (10.33%) and chloride diffusion
(4.47%).

o The research indicated that GMB demonstrated greater resistance to acid, sulphate, and chloride attacks at elevated
molarity levels, thereby improving their durability in harsh environments. Microstructural analyses corroborated
these findings. XRD analysis confirmed the geopolymerization process by indicating changes in diffraction peaks.
SEM images demonstrated denser microstructures at elevated molarity levels, which correlated with increased
strength.

e The molarity levels were restricted to 6M, 7M, and 8M based on preliminary studies done in our research
laboratory, which indicated that these concentrations provide optimal geopolymerization while maintaining
workability and cost-effectiveness. Higher molarity levels were considered but not tested, as they may lead to
excessive alkali content, increasing production costs and potentially compromising the durability and
environmental sustainability of the blocks.

e Dynamic load tests were not performed in this study. However, the claim regarding the suitability of GMB for
earthquake-resistant structures is based on their enhanced compressive strength, durability, and improved bonding
characteristics compared to traditional SSB. Our future studies should include dynamic load testing, such as cyclic
loading and shake table experiments, to evaluate the seismic performance of GMB and confirm their structural
integrity under real-world earthquake conditions.

e Among all the mixes, the mix that contained Type B6 (6% AAS, 8M, 28 days) had better strength as well as
durability properties than the remaining combinations.

The research concludes that GMB surpasses SSB in strength and durability while also fostering sustainable
construction practices using locally available materials and a reduction in environmental impact. The enhanced
performance of GMB, especially the Type B6 mix, positions them as a sustainable and effective choice for upcoming
construction initiatives, particularly in areas with significant environmental and structural requirements.
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