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1. Introduction

Soil in its natural form is often unsuitable for large 
construction projects due to its low mechanical strength. 
For example, expansive soil alone accounts for 25% of 
structural failures in the USA (Jones & Jefferson 2023; 
Scheuermann Filho et al., 2022; Zinchenko et al., 2022) due 
to its tendency to shrink and swell with moisture changes. 
To address these limitations, soil treatment is necessary to 
enhance its physical and chemical properties suitability for 
construction applications. In developing countries like India, 
where rapid urbanization and population growth drive an 
increasing demand for infrastructure (Humbal et al., 2023; 
Ansari et al., 2024; Wang et al., 2024a; Bezerra et al., 2025), 
large-scale soil treatment is essential.

Soil stabilization is a multidisciplinary geotechnical 
procedure that involves mechanical, chemical, or other 
treatment techniques to enhance the chemical, physical, and 
mechanical properties of soil. This process plays a crucial 
role in achieving engineering objectives and is particularly 
essential for constructing roads, building foundations, and 
other infrastructure projects (Porbaha, 1998; Sharma et al., 
2018; Suresh & Murugaiyan, 2021; Amiri  et  al., 2022). 
Traditionally, lime, cements and fly ash are used as chemical 

additives in chemical stabilizations of soil (Andavan & 
Pagadala, 2020; Consoli et al., 2021; Raja et al., 2022).

Currently, Ordinary Portland Cement (OPC) is widely 
used as cementing material for structural infrastructures 
including soil stabilization; however, its production generates 
significant amounts of CO2. Globally, OPC production is 
responsible for approximately 4 billion tons of CO2 emissions 
annually (Davidovits, 1994; Yusuf et al., 2014; Part et al., 2015), 
with India accounting for 7% of total cement consumption 
(Sahoo et al., 2023). This extensive use contributes substantially 
to greenhouse gas emissions and exacerbates the greenhouse 
effect. It was reported that nearly 1 ton of co2 emitted while 
producing 1 ton of OPC (Davidovits, 2013).

The rise in pollution, global warming, and public 
environmental awareness has driven the demand for eco-friendly 
construction materials, especially in developed and developing 
countries (Part et al., 2015; Mistri et al., 2020; Ahmad et al., 
2021). Geopolymer, an innovative green cement made from 
industrial by-products, is emerging as a sustainable alternative 
to OPC (Shehata et al., 2022). It is an inorganic aluminosilicate 
material synthesized by combining silica (SiO2) and alumina 
(Al2O3)-rich sources such as fly ash,metakaolin,ground 
granulated blast slag (GGBS), and silica fumewith alkali 
activators (Silva et  al., 2007; Nagajothi & Elavenil, 2021; 
Zhang et al., 2021; Riyap et al., 2022; Sepehrian et al., 2024).
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Geopolymers exhibit a variety of engineering properties 
desirable for civil engineering applications. These include high 
compressive strength (Duxson et al., 2007; Amnadnua et al., 
2013; Bagheri & Nazari, 2014), fast and controllable setting 
timing (Lee & Van Deventer, 2002; Ranjbar et al., 2020), 
excellent fire resistance (Sakkas et al., 2014; Sarker et al., 
2014), and superior resistance to acid and salt solutions 
(Palomo  et  al., 1999; Vafaei  et  al., 2021). Furthermore, 
geopolymers are characterized by the absence of deleterious 
alkali-aggregate reactions and exhibit low shrinkage behavior 
(Zhang et al., 2013, 2022).

The most common activators in geopolymerization are 
sodium silicate and sodium hydroxide, known for enhancing 
mechanical properties but with notable environmental impacts 
(Handayani et al., 2022; Nanda et al., 2024). Sustainable 
alternatives, such as rice husk ash (RHA) processed with 
NaOH, offer comparable performance (Panitsa et al., 2024), 
while waste-derived activators like calcium carbide residue 
and coal gangue also show potential for improving geopolymer 
properties (Yan et al., 2023; Wang et al., 2024b).

Fly ash (FA), particularly types C and F, plays a key role 
in sustainable construction by replacing traditional cement, 
reducing carbon emissions, and utilizing industrial waste 
(Palomo et al., 2007; Temuujin et al., 2009; Hoy et al., 2017). 
Type C FA, rich in calcium oxide, exhibits self-cementing 
properties, achieving compressive strengths up to 70.80 MPa 
under optimal conditions and forming calcium silicate hydrate 
(CSH) and calcium alumino hydrate (CAH) with alkaline 
activators (Misra et al., 2005; Roskos et al., 2011; Astuti, 
2024; Nurlina et al., 2024). Type F FA, requiring activators, 
enhances water permeability due to larger pore sizes and 
benefits from the inclusion of granulated blast furnace slag 
(GBFS), which forms aluminum-modified calcium silicate 
hydrate (CASH) and sodium aluminosilicate hydrate (NASH) 
gels, improving mechanical properties (Puertas et al., 2000; 
Kumar et al., 2010; Bernal et al., 2013; Ismail et al., 2014; 
Nurlina et al., 2024). The coexistence of CASH and NASH 
has also been observed in other FA and calcium-rich additive-
based geopolymers, further enhancing material performance 
(Guo et al., 2010; Somna et al., 2011). The global production 
of over 250 million tons of fly ash annually emphasizes the 
need for sustainable use in geopolymers, which can lower 
carbon footprints and promote a circular economy (Abu 
Bakar  et  al., 2024; Gajghate & Nardey, 2024; Lin  et  al., 
2024). However, challenges remain, such as variability in 
properties and environmental risks, requiring further research 
for optimization (Gajghate & Nardey, 2024).

Recent studies have expanded the use of geopolymers 
in stabilizing soft soils and demolition waste. For example, 
Phummiphan et al. (2017) used high-calcium fly ash-based 
geopolymers to stabilize marginal lateritic soil for green 
pavements in Thailand, enhanced by waste calcium carbide 
residue (CCR), which reacts with silica and alumina to form 
Calcium Silicate Hydrate (CSH) (Kampala & Horpibulsuk, 
2013; Phummiphan et al., 2016). Phetchuay et al. (2016) 

applied fly ash-based geopolymers to stabilize soft marine 
clay in Australia, demonstrating CCR’s ability to improve 
strength and provide a low-carbon alternative to cement 
stabilization. Geopolymers, activated with alkaline solutions, 
significantly improve soil shear strength—up to six times 
greater—and achieve unconfined compressive strength (UCS) 
values up to 1290 kPa within 14 days, depending on the 
molarity of the activating solution (Al Khafaji et al., 2024). 
Despite these benefits, challenges such as material variability 
and the need for further research on long-term performance 
remain (Arulrajah et al., 2016; Mohammadinia et al., 2016).

Fine-sized granulated blast furnace slag (GBFS) 
enhances the engineering properties of Class F fly ash (FA) 
in geopolymers, improving mechanical strength, durability, 
and sustainability. Geopolymer concrete with GBFS achieves 
compressive strengths of 60-70 MPa (Dinh et  al., 2024), 
while FA and GBFS-stabilized soil shows a UCS of 5.1MPa 
(Sun  et  al., 2024). GBFS reduces microcracking under 
high temperatures (Sim et al., 2023) and increases material 
compactness by forming hydrated silicate gels (Sun et al., 
2024). It also reduces carbon emissions compared to traditional 
cement (Wang et al., 2023). However, challenges like material 
variability and precise mixing ratios remain.

This study addresses the limited research on the use of 
medium-sized granulated blast furnace slag (GBFS) as a partial 
replacement for clay soil in Class F fly ash (FA) geopolymer 
stabilization for sustainable pavement applications. Although 
FA-GGBS geopolymer systems have been widely investigated 
for soil stabilization, previous studies have mainly focused 
on finely ground slag or conventional binder systems. The 
potential role of medium-sized GBFS particles (0.5-2 mm) 
as a partially reactive component in alkaline-activated soil 
stabilization, particularly in cement-free systems, has received 
limited attention. In addition, the combined influence of 
GBFS content, NaOH molarities, and curing duration on 
the mechanical and durability performance of FA-based 
geopolymer-stabilized clay soils has not been systematically 
examined. To address this gap, the present study evaluates 
unconfined compressive strength (UCS), tensile strength, 
and sulfate resistance by varying GBFS content (0, 5, 10, 
and 15% by weight of soil), NaOH molarity (4, 8, 12, and 
16 M), and curing periods (7, 28, and 60 days). The findings 
aim to clarify the contribution of medium-sized GBFS in 
FA-based geopolymer stabilization and support its potential 
application in sustainable pavement subgrade improvement.

2. Experimental methodology

2.1. Materials characteristic of test

2.2.1 Soil

Soil samples were collected near Rajendra Bridge, 
Simaria, Begusarai, and the site location is shown in Figure 1. 
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The soil was classified as low-plasticity clay (CL) according 
toIS-1498 (BIS, 1970), the Indian Standard for soil classification. 
The liquid limit (33.19%) and plasticity index (18.18%) 
were determined following IS-2720(5) (BIS, 1985), which 
specifies procedures for liquid and plastic limit determination. 

The specific gravity of soil solids was found to be 2.43 using 
IS-2720(3) (BIS, 1980), the standard method for determining 
soil particle specific gravity, while the natural water content 
(13%) was determined in accordance with IS-2720(2) (BIS, 
1973), the procedure for water content determination. 
Compaction characteristics were evaluated using IS-2720(8) 
(BIS, 1983), the standard Proctor compaction test, resulting 
in an optimum moisture content of 22.0% and a maximum 
dry density of 20.85 kN/m3. The California Bearing Ratio 
(CBR) value of 12.7% was obtained following IS-2720(16) 
(BIS, 1987), which specifies the laboratory CBR test for 
evaluating subgrade strength.

The measured engineering properties of the clay soil, 
including CBR, were compared with the requirements for 
embankment and subbase materials specified in IRC-37 
(IRC, 2018), the guideline for flexible pavement design, as 
summarized in Table 1. Although the soil does not satisfy the 
criteria for subbase materials under IRC 37-2018 (IRC, 2018), 
it meets the requirements for engineering fill, indicating that 
chemical stabilization may enable its effective utilization in 
remote construction projects.

2.2.2 Fly ash

Fly Ash (FA) was sourced from the NTPC plant in Barauni. 
The chemical composition of FA is presented in Table 2. Figure 1. UCS test set up in laboratory.

Table 1. Soil properties and sub-base material specifications.

Engineering properties Soil sample Subbase
Limits Reference code

Liquid limit (LL) (%) 33.19 <35 IRC: SP:89 (IRC, 2010)
Plastic index (PI) (%) 18.18 <20

California Bearing Ratio (CBR) 12.7 >20 IRC: SP-72-2015 (IRC, 1915)
UCS (MPa) 0.22 (0.75-1.5) IRC: 37:2018 (IRC, 2018)

Table 2. Chemical compositions of fly ash, slag, and sodium silicate.
Composition (wt. %) Fly ash Slag Sodium silicate

SiO2 52.1 31.13 29.5
Na2O 0.77 0.27 14.6
H2O - - 55.9

Al2O3 21.56 10.1 -
Fe2O3 11.48 1.91 -
CaO 8.4 43.33 -
MgO 1.05 5.36 -
TiO2 1.32 0.68 -
MnO 0.25 0.32 -
P2O5 0.885 0.13 -
K2O 0.8 0.12 -
SO3 0.25 4.31 -

Others 0.46 1.12 -
LOI 0.67 1.22 -

Note: LOI = Loss on ignition.
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The primary constituents of the FA (SiO2, Fe2O3, Al2O3) 
accounted for 70.44%, while the CaO content was 8.4%. 
Consequently, the FA was classified as low-calcium Class F.

2.2.3 Ground granulated blast furnace slag (GGBS)

Ground granulated blast furnace slag (GGBS) from 
JSC cement Chennai, India. The GGBS had a specific 
gravity of 2.89 and key chemical components: 32.4% 
SiO2, 46.33% CaO, 10.43% Al2O3,1.91% Fe2O3 and 6.36% 
MgO (Table 2).

2.2.4 Alkali activator

The alkaline activator (AA) consisted of sodium silicate 
(Na2SiO3) and sodium hydroxide (NaOH) solutions. Na2SiO3 
contained 15.50% Na2O, 32.75% SiO2, and 51.75% H2O 
by weight. The NaOH solution, prepared 24 hours before 
use for safety, was made using distilled water.

2.3 Testing program

The experimental program assessed different soil 
mixes in terms of (1) compaction properties using standard 
Proctor test, (2) mechanical properties under unconfined 
compression, and indirect tensile strength test using split 
tensile test and (3) sulfate resistance of alkali-activated 
stabilized specimens.

2.3.1 Standard compaction test

The moisture content vs. dry density relationship 
for different soil mixes was determined using the standard 
Proctor test as per IS-4332(3) (BIS, 1967b), which specifies 
the procedure for determining compaction characteristics 
of stabilized soils. The moisture content of the compacted 
mixture was measured according to IS-4332(2) (BIS, 1967a), 
which provides the standard method for determining water 
content in stabilized soil mixtures. From this relationship, 
the optimum moisture content (OMC) and maximum dry 
density (MDD) were calculated.

2.3.2 Unconfined compression strength test

Unconfined compressive strength (UCS) testing was 
conducted as per IS-2720(10) (BIS, 1991), which outlines 
the laboratory procedure for determining the unconfined 
compressive strength of cohesive soils. Cylindrical specimens 
of 38 mm diameter and 76 mm height were prepared and 
tested. The experimental setup used for the UCS test is 
shown in Figure 1.

2.3.3. Split tensile test

Split tensile strength tests were conducted in accordance 
with IS-5816 (BIS, 1999), the standard test method for 

determining the splitting tensile strength of cylindrical 
specimens. The specimens were cured for 28 days prior to 
testing and were subjected to monotonic loading at a rate of 
0.5 mm/min. The split tensile strength values were calculated 
using Equation 1, utilizing the peak loads recorded during 
the application of the load.

2   
    

x PSTS x
x d x L

α
π

=  	 (1)

here, P represents the maximum applied load, d and L denote 
the diameter and length of the specimen, respectively, and 
α is the shape parameter, expressed as α = (0.2621 k+1) 
where k = L/D (Khaksar Najafi et al., 2021).

Cementitious materials, including soil cement, 
are highly vulnerable to sulfate attack, primarily due to 
chemical reactions that produce expansive minerals like 
ettringite and thaumasite, leading to swelling, heaving, 
and structural damage (Ramon-Tarragona and Alonso, 
2020, Yi  et  al., 2020; Elahi  et  al., 2021). Soil cement 
deteriorates more rapidly than traditional cement concrete, 
with internal sulfate attack causing up to 70% strength 
loss and external attack reducing strength by about 20% 
(Atashband et al., 2020). Mitchell (1986) reported sulfate-
induced heave in cement-stabilized soil subgrades due 
to soluble sodium sulfate (up to 1.5% by weight), while 
embankments treated with cement exhibited heaving rates 
of up to 4 mm/month (Ramon-Tarragona & Alonso, 2020). 
Long-term durability is often compromised, necessitating 
measures like underpinning to maintain structural integrity 
(Kalipcilar  et  al., 2018). Optimizing cement content 
and employing sulfate-resistant formulations have been 
suggested to mitigate these effects and improve resilience 
in sulfate-rich environments (Kampala  et  al., 2020).To 
evaluate sulfate resistance, alkali-activated stabilized clay 
soil specimens were cured for two weeks under ambient 
conditions, followed by immersion in a 5% sodium sulfate 
solution for an additional two weeks.

The UPV test is a non-destructive technique conducted 
to evaluate the primary wave velocity (VP) and constrained 
modulus (G) of concrete and stabilized soils, following 
IS-13311(1) (BIS, 1992), which specifies the procedure for 
determining ultrasonic pulse velocity in concrete and similar 
materials.. In this method, two piezoelectric transducers are 
attached to opposite ends of a cylindrical specimen. The 
transmitter generates a primary wave, which travels through 
the sample and is received by the receiver transducer. The 
device records the travel time (ΔT) of the stress wave, and 
with the known travel path (X), the constrained modulus is 
calculated using Equation 2.

2
2 X 

TPG Vρ ρ  = =  ∆ 
 	 (2)
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2.4 Sample preparations and casting
The soil was oven-dried at 105 °C for 24 hours, sieved 

through a 4.75 mm sieve (IS: 2720-Part 1), and mixed with 
30% fly ash (FA) and varying GGBS contents (0%, 5%, 
10%, and 15%) to prepare three soil mixes: SM0 (70:30:0), 
SM1 (65:30:5), SM2 (60:30:10), and SM3 (55:30:15) by 
weight. A Na2SiO3: NaOH (NS: NH) ratio of 70:30 was 
adopted for a cost-effective and strength-optimized design, 
as Phummiphan et al. (2016, 2017) indicated the optimal 
range is between 100:0 and 50:50. NaOH molarities of 4M, 
8M,12M and 16M were used to investigate the effect of 
NaOH molarity on prepared soil mixes.

CL, FA, and GGBS were dry-mixed for 5 minutes 
(Figure 2), sprayed with alkaline activators (AA), and mixed 
further for 5 minutes. Standard Proctor tests determined 
the maximum dry density (MDD) and optimum moisture 
content (OMC), referred to as the optimum alkaline activator 
content (OAC).

For unconfined compressive strength (UCS) testing, 
CL, FA, and GGBS were again dry-mixed uniformly for 
5 minutes and sprayed with AA equal to OAC, followed 
by additional mixing for 5 minutes. The mix was placed 
in cylindrical molds (38 mm diameter, 76 mm height) in 
three layers, each compacted with 25 blows from a 305.5 
g rammer dropped from 247 mm. The compacted samples 
were extruded, wrapped in airtight plastic sheets to prevent 
moisture loss (Figure 2). For strength evaluation, specimens 
were cured under ambient laboratory conditions at 27 ± 2°C 
for 7, 28, and 60 days before UCS and tensile strength testing. 
For sulfate resistance assessment, a separate set of specimens 
was initially cured under ambient conditions for 7 days to 
allow early strength development, followed by immersion in 
a 5% Na2SO4 solution at 27 ± 2°C for 21 days. After sulfate 
exposure (total conditioning period: 28 days), specimens 
were surface-dried and UCS testing was conducted within 
30 minutes. In total, 192 UCS samples were prepared for 16 

soil mixes, with three samples tested for each curing condition 
to ensure accuracy. Detailed soil mix proportions naming and 
corresponding UCS sample counts are provided in Table 3.

The mix design was developed based on previous 
studies on FA-GGBS geopolymer soil stabilization, which 
reported that a fly ash content of about 30% provides 
sufficient aluminosilicate precursor for geopolymerization 
while maintaining workable mixtures in clayey soils. GGBS 
replacement levels of 0, 5, 10, and 15% by soil weight were 
selected to evaluate the influence of increasing calcium content 
on geopolymer reaction and strength development, while 
maintaining practical proportions for soil stabilization. The 
sodium silicate to sodium hydroxide (NS: NH) ratio of 70:30 
was adopted from commonly used geopolymer formulations 
that provide adequate soluble silicate for gel formation and 
stable geopolymer networks. NaOH molarities of 4, 8, 12, 
and 16 M were selected to examine the effect of alkaline 
activation intensity on strength development, covering both 
moderate and relatively high activation levels typically 
reported in geopolymer-based soil stabilization. The entire 
preparation and compaction process were completed within 
25 minutes, demonstrating suitability for rapid stabilization 
in pavement base and subbase applications.

3. Test results and discussions

3.1 Compaction behavior of FA/GGBS geopolymer-stabilized 
clay soil

As shown in Figure 3, the results indicate that increasing 
GGBS content from 0% (SM0) to 15% (SM3) reduces the 
optimum alkali content (OAC) and increases the maximum dry 
unit weight (MDUW), with the best results observed for 10% 
GGBS (SM2) and 15% GGBS (SM3) at 12M NaOH, achieving 
MDUW values of 17.96 kN/m3 and 17.84 kN/m3, respectively. 

Figure 2. Process flow for mixing, casting, and curing of UCS specimens.
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The heavier particles of GGBS contribute to higher density, 
while the combination of fine fly ash and GGBS enhances 
particle packing, reducing voids during compaction. Additionally, 
pozzolanic reactions activated by NaOH improve particle 
bonding, particularly at 12M, resulting in better compaction 
and strength. These findings highlight that 10-15% GGBS 
with 12M NaOH provides the optimal balance for improved 
soil stabilization. Relationships between OAC and molarity of 
NaOH solutions for different soils mix are shown in Figure 4.

3.2 Unconfined compressive strength of FA/GGBS 
geopolymer-stabilized clay soil

3.2.1 Effect of NaOH concentrations

Figures 5  and 6 depict the stress-strain behavior of 
soil mixes containing varying ground granulated blast 
furnace slag (GGBS) contents (0%, 5%, 10%, and 15%) 

Table 3. Soil mix proportions, curing types, durations, and UCS sample counts.
Soil Mix Id Clay Soil (%) Fly ash (%) GGBS (%) NS: NH NH Molarity Curing days No. of UCS samples
SM0NH04 70 30 0 70:30 4 12
SM0NH08 70 30 0 70:30 8 [For all soil mix 

ids: ambient 
curing -7, 28, and 
60 days; sulphate 
curing-14 days]

12
SM0NH12 70 30 0 70:30 12 12
SM0NH16 70 30 0 70:30 16 12
SM1NH04 65 30 5 70:30 4 12
SM1NH08 65 30 5 70:30 8 12
SM1NH12 65 30 5 70:30 12 12
SM1NH16 65 30 5 70:30 16 12
SM2NH04 60 30 10 70:30 4 12
SM2NH08 60 30 10 70:30 8 12
SM2NH12 60 30 10 70:30 12 12
SM2NH16 60 30 10 70:30 16 12
SM3NH04 55 30 15 70:30 4 12
SM3NH08 55 30 15 70:30 8 12
SM3NH12 55 30 15 70:30 12 12
SM3NH16 55 30 15 70:30 16 12

Figure 3. Compaction curves for soil mixes with 0-15% GGBS and 4M–16M NaOH.
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Figure 4. Relationship between OAC and molarity of NaOH for considered soil mixes.

Figure 5. Stress-strain behaviors for SM0 soil (a-c) and SM1 soil (d-f) at 7, 28, and 60 days.
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combined with 20% fly ash (FA) in all soil mixes (SM0: 
GGBS 0%, SM1: GGBS 5%, SM2: GGBS 10%, and SM3: 
GGBS 15%) under different NaOH concentrations (4M, 
8M, 12M, and 16M) and ambient curing durations (7, 28, 
and 60 days). The progressive increase in stiffness and peak 
stress with curing time reflects the gradual development of 
geopolymeric binding phases within the soil matrix. Under 
alkaline activation, aluminosilicate precursors from FA and 
calcium-bearing phases from GGBS dissolve and reorganize 
to form geopolymer gels, primarily N–A–S–H gels derived 
from FA and C–(A)–S–H gels associated with the CaO content 
of GGBS (Wu et  al., 2022). These reaction products are 
reported to progressively coat soil particles and fill interparticle 
voids, forming a cemented soil skeleton that enhances 
interparticle bonding and reduces pore spaces, as observed 
in previous microstructural studies on geopolymer-stabilized 
soils (Pourakbar et al., 2015; Khaksar Najafi et al., 2021). 

Consequently, the stress-strain curves exhibit steeper 
ascending branches and higher peak stresses with increasing 
curing duration. However, the reduction in failure strain 
with curing time indicates that the increasing dominance of 
rigid binding gels over the deformable clay matrix restricts 
particle rearrangement and promotes a more brittle response.

The influence of precursor composition and alkali 
concentration on strength development is summarized in 
Figures 7a-d. For SM0 (30% FA without GGBS), the UCS 
gradually increases with curing time and reaches a maximum 
value of 1.98 MPa at 8M NaOH after 60 days. The relatively 
moderate strength gain in this mix can be attributed to the lower 
reactivity of Class F FA, where geopolymerization proceeds slowly 
and produces a limited quantity of binding gels. Moderate alkali 
concentrations facilitate the dissolution of reactive silica and 
alumina species and promote geopolymer gel formation without 
destabilizing the developing matrix (Álvarez-Ayuso et al., 2008). 

Figure 6. Stress-strain behaviors for SM2 soil (a-c) and SM3 soil (d-f) at 7, 28, and 60 days.
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In contrast, the incorporation of GGBS significantly enhances 
strength development in mixes SM1-SM3. The calcium-rich 
nature of GGBS promotes the formation of additional C–(A)–S–H 
type gels alongside N–A–S–H structures, which has been widely 
reported to produce a denser and more cohesive microstructure 
in geopolymer systems (Álvarez-Ayuso et al., 2008; Khater, 
2014). As a result, higher UCS values are obtained, with optimal 
performance observed at 12M NaOH (SM2: 13.62 MPa, SM3: 
9.69 MPa, and SM1: 8.8 MPa after 60 days). The improved 
strength can be attributed to enhanced dissolution of reactive 
species and more extensive gel formation, which effectively 

binds soil particles and fills internal voids. However, a decline 
in UCS at 16M NaOH suggests that excessive alkalinity may 
destabilize the geopolymeric system, potentially leading to 
incomplete gel formation or microstructural defects that limit 
further strength development (Khater, 2014).

The failure patterns shown in Figure 8 further illustrate 
the evolution of the soil structure during curing. At early 
curing stages (7 days), the specimens exhibit relatively ductile 
behavior characterized by localized cracking and gradual 
deformation, indicating that geopolymerization is still incomplete 
and the soil matrix retains some clay-controlled plasticity. 

Figure 7. UCS response with NaOH concentrations for (a) SM0, (b) SM1, (c) SM2, and (d) SM3 at 7, 28, and 60 days.

Figure 8. Crack patterns observed in SM2NH12 specimens at 7 days, 28 days, and 60 days.
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With extended curing (28-60 days), continued gel formation and 
pore refinement produce a denser and more rigid matrix that 
significantly enhances strength but reduces deformability. 
Consequently, the failure mode shifts toward brittle behavior, 
characterized by distinct shear cracks propagating along the 
specimen length and a sharp post-peak stress drop. This transition 
from ductile to brittle response reflects the transformation of 
the soil structure from a deformable clay-dominated system 
into a strongly cemented geopolymer-stabilized matrix, 
consistent with the microstructural evolution reported for 
geopolymer materials in previous studies (Kashani et al., 2017; 
Qian et al., 2025).

3.2.2 Effect of sulphate

The sulphate resistance of soil mixes, as shown in 
Figures 9a-d, was evaluated based on the percentage drop in 
UCS for samples subjected to ambient curing for 28 days and 
those cured under 1 week of normal conditions followed by 3 
weeks of sulphate exposure (total 28 days). SM0 exhibited the 
highest percentage drop in UCS (34.62% at 4M and 24.12% 
at 8M), indicating poor sulphate resistance due to the absence 
of GGBS. SM1 (GGBS 5%) showed moderate resistance, 
with UCS reductions ranging from 18.05% (4M) to 40.15% 
(16M). SM2 demonstrated the highest sulphate resistance, 
with minimal UCS drops (2.83% at 4M and 8.68% at 12M), 
attributed to the optimal GGBS content enhancing durability 
and mitigating sulphate-induced degradation. SM3 exhibited 
good resistance, with percentage reductions ranging from 
21.12% (4M) to 10.06% (12M), although slightly less effective 

than SM2 (GGBS 10%) due to potential over-saturation 
effects at higher GGBS levels. These findings align with 
Khater (2014), who reported a reduction in the strength of 
slag-based geopolymer mortar under sulphate exposure. This 
confirms that sulphate resistance improves with increasing 
GGBS content, with 12M NaOH proving most effective in 
achieving durability against sulphate exposure.

3.3 Split tensile strength (STS) of FA/GGBS 
geopolymer-stabilized clay soil

At 28 days (Figure 10), the STS of soil mixes (SM0 to 
SM3) follows trends similar to UCS, increasing with NaOH 
molarity up to 12M before declining at 16M. SM0 (0% GGBS) 
consistently exhibits the lowest strength, highlighting the 
contribution of GGBS to matrix development. SM2 (10% GGBS) 
achieves the highest STS, with a peak of 4.04 MPa at 12M. These 
results emphasize the influence of both NaOH concentration 
and GGBS content on enhancing the tensile performance 
of geopolymer soil mixes under ambient curing conditions.

3.4 Constrained modulus (G) of FA/GGBS 
geopolymer-stabilized clay soil

Figures 11a-d illustrate the variation of constrained modulus 
(G) with NaOH concentration for four soil mixtures at different 
curing times. The constrained modulus of all alkali-activated 
specimens increases with curing age, following a similar trend 
to the UCS and split tensile strength (STS), with the highest 
stiffness values observed in the SM0 to SM03 samples.

Figure 9. UCS response with NaOH concentrations for (a) SM0, (b) SM1, (c) SM2, and (d) SM3 under 28 days ambient curing and 28 
days sulfate curing.
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3.5 Relationship between UCS and constrained 
modulus (G)

To better understand and predict the geotechnical 
behavior of treated CL soils, establishing direct correlations 
between their strength and stiffness properties is of significant 
practical value. Such correlations allow for the estimation 
of one mechanical parameter from the other. As discussed 
in previous sections, the stiffness and compressive strength 
of alkali-activated clays exhibit similar improvement trends 
with increasing NaOH concentration and curing time. 

The strength and stiffness values of the four treated clay samples 
(SM0-SM03: GGBS 0-15%) are plotted in Figure 12. Linear 
regression was applied to the data sets, generating best-fit 
lines to establish a general relationship between the UCS and 
constrained modulus (G) of these mixtures. From Figure 12, 
a strong correlation between UCS and G is observed, with a 
correlation coefficient (R2) of 0.98. The developed correlation 
equation is shown in Equation 3, demonstrating the established 
relationship between the two parameters.

3281.5 629.44G UCS= +  	 (3)

Figure 10. STS response with NaOH concentrations for soils SM0, SM1, SM2, and SM3 at 28 days.

Figure 11. Behavior of constrained modulus with NaOH concentration for (a) SM0; (b) SM01; (c) SM02; and (d) SM03 soil mixes.
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It should be noted that the developed correlation 
is empirical and derived from the experimental data 
obtained in this study under specific conditions, including 
the investigated ranges of NaOH concentration, curing 
duration, and FA–GGBS contents. Therefore, the proposed 
relationship is primarily applicable to similar geopolymer-
stabilized CL soils within the studied parameter range. 
Variations in soil mineralogy, binder composition, activator 
chemistry, or curing conditions may influence the strength–
stiffness relationship and could lead to deviations from the 
proposed model. Additional datasets and broader statistical 
evaluation would further improve the general applicability 
and reliability of the correlation.

4. Sustainability assessment

To substantiate the sustainability claims of the proposed 
FA–GGBS geopolymer stabilization system, a comprehensive 
environmental assessment was carried out incorporating 
both absolute carbon emissions and performance-based 
evaluation. Unlike conventional approaches that assume 
fixed binder content, the present study utilizes experimentally 
determined optimum alkali content (OAC) for each mix, 
expressed as a percentage of the total mix (soil + fly ash + 
GGBS), thereby providing a more realistic representation 
of field conditions.

4.1 Carbon emission assessment

A comparative carbon emission analysis was performed 
between conventional ordinary Portland cement (OPC)-
based stabilization and the proposed geopolymer system. 
For reference, a typical OPC dosage of 10% by dry weight 
of soil was considered, which is widely adopted in pavement 
and subgrade stabilization practices (Ghosh & Subbarao, 
2007). The emission factor for OPC was taken as 0.85–0.95 
kg CO2/kg, reflecting the high energy demand associated with 
clinker production(Andrew, 2018; Scrivener et al., 2018).

In contrast, the geopolymer system utilizes industrial 
by-products such as fly ash (FA) and ground granulated 

blast furnace slag (GGBS), which exhibit significantly lower 
embodied carbon, typically 0.02–0.05 kg CO2/kg for FA 
and 0.07–0.10 kg CO2/kg for GGBS (Habert et al., 2011; 
Turner & Collins, 2013). However, the overall environmental 
performance is strongly influenced by the alkaline activators. 
Sodium hydroxide (NaOH) has an emission factor of 
approximately 1.1-1.5 kg CO2/kg, while sodium silicate 
(Na2SiO3) ranges between 0.8-1.2 kg CO2/kg, due to energy-
intensive manufacturing processes (Turner & Collins, 2013).

In this study, the total activator content was determined 
from the OAC values (≈22-24%) for each mix and 
subsequently divided into NaOH and Na2SiO3 using a fixed 
ratio of NS:NH = 70:30. The resulting CO2 emissions for 
the geopolymer mixes were found to range between 218 
and 236 kg CO2 per m3 (Table 4), which are higher than the 
OPC reference system (~90 kg CO2).

This outcome highlights that while geopolymer systems 
eliminate clinker-related emissions, the high dosage of 
alkaline activators, particularly sodium silicate, dominates the 
carbon footprint. Similar observations have been reported in 
previous studies, which indicate that alkaline activators can 
contribute up to 60–80% of total emissions in geopolymer 
systems (Habert et al., 2011; Turner & Collins, 2013).

4.2 Performance-based sustainability evaluation

To overcome the limitations of direct emission 
comparison, a performance-based sustainability assessment 
was conducted by normalizing CO2 emissions with respect 
to unconfined compressive strength (UCS). A CO2 efficiency 
index (kg CO2 per MPa) was adopted to evaluate environmental 
performance per unit strength.

The results (Figure  13) demonstrate a significant 
reduction in CO2/UCS values with increasing GGBS content 
up to 10%, indicating improved environmental efficiency. 
The optimum performance was observed for the mix 
containing 10% GGBS at 12M NaOH concentration, which 
exhibited the lowest CO2/UCS value (~19.2 kg CO2/MPa), 
representing the best balance between strength development 
and environmental impact.

Figure 12. Correlation between UCS and constrained modulus (G).
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Beyond this level, further increase in GGBS content 
(15%) did not improve sustainability due to marginal strength 
gain combined with increased activator demand. These 
findings clearly indicate that absolute CO2 emissions alone 
do not provide a complete picture of sustainability, and 
performance-based normalization is essential for realistic 
evaluation.

The present analysis highlights two key aspects:
•	 Activator Dominance: The environmental impact 

of geopolymer systems is primarily governed by 
alkaline activators, particularly sodium silicate;

•	 Need for Optimization: Sustainable geopolymer 
design requires optimization of activator dosage 
and binder composition.

It is also important to note that simplified carbon 
calculations may overestimate emissions, as industrial 
by-products such as FA and GGBS are often assigned 
negligible environmental burden in allocation-based life 
cycle assessment frameworks (Scrivener  et  al., 2018). 
Additionally, the geopolymer system demonstrated improved 
mechanical performance and sulfate resistance, which can 
enhance durability and reduce long-term maintenance, 

Figure 13. Variation of CO2 efficiency (kg CO2 per MPa) for different FA–GGBS geopolymer mixes based on OAC.

Table 4. Comparative CO2 emissions of FA–GGBS geopolymer mixes calculated using mix-specific optimum alkali content (OAC), 
expressed as a percentage of total mix (soil + FA + GGBS), for a reference total mix mass of 1000 kg and activator ratio NS:NH = 70:30.

Mix ID GGBS (%) NaOH M OAC (%) NaOH (kg/m3) Na2SiO3 (kg/m3) CO2 (kg/m3)
SM0NH04 0 4 23.77 71.3 166.4 224.5
SM0NH08 0 8 23.03 69.1 161.2 218.1
SM0NH12 0 12 23.34 70.0 163.4 221.0
SM0NH16 0 16 23.35 70.1 163.5 221.1
SM1NH04 5 4 23.29 69.9 163.0 228.0
SM1NH08 5 8 22.86 68.6 160.0 223.6
SM1NH12 5 12 22.68 68.0 158.8 221.9
SM1NH16 5 16 22.88 68.6 160.2 223.9
SM2NH04 10 4 22.97 68.9 160.8 232.0
SM2NH08 10 8 22.65 67.9 158.6 228.6
SM2NH12 10 12 22.02 66.1 154.1 222.8
SM2NH16 10 16 22.22 66.7 155.5 224.6
SM3NH04 15 4 22.51 67.5 157.6 236.0
SM3NH08 15 8 22.28 66.8 155.9 233.8
SM3NH12 15 12 22.08 66.2 154.6 232.1
SM3NH16 15 16 22.16 66.5 155.1 232.8
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thereby contributing to sustainability over the service life. 
Recent studies further emphasize that the environmental 
viability of geopolymer systems depends on reducing activator 
intensity and developing low-carbon alternatives, rather than 
solely relying on precursor substitution.

Overall, the results demonstrate that while FA–GGBS 
geopolymer stabilization may exhibit higher absolute CO2 
emissions due to activator usage, its environmental performance 
improves significantly when evaluated on a strength-normalized 
basis. The study establishes that 10% GGBS with optimized 
alkali concentration (12M) provides the most sustainable mix, 
balancing mechanical performance and environmental impact.

5. Conclusions

This study investigated the viability of using class F fly 
ash (FA) and ground granulated blast furnace slag (GGBS) 
as industrial by-products in the geopolymer stabilization of 
lean clay soil (CL) for enhanced mechanical performance. 
The effects of NaOH concentration, GGBS content, and 
curing duration on strength and durability properties were 
systematically analyzed to optimize the geopolymerization 
process. Mechanical properties were evaluated using unconfined 
compressive strength (UCS), split tensile strength (STS), 
and ultrasonic pulse velocity (UPV), and durability was 
assessed through sulphate resistance tests. The key findings 
and practical implications are summarized as follows:

•	 The UCS of FA–GGBS stabilized soils improved 
with increasing NaOH molarity up to 12 M and 
with curing duration up to 60 days. Among the 
investigated mixes, SM2 (10% GGBS) exhibited 
the highest UCS of 13.62 MPa at 12 M NaOH after 
60 days of curing, followed by SM3 (15% GGBS) 
and SM1 (5% GGBS). A slight reduction in UCS 
was observed at 16 M NaOH, likely due to excessive 
alkalinity affecting the geopolymerization process;

•	 The failure mode of stabilized specimens evolved 
from ductile behavior at early curing (7 days) to 
brittle failure at longer curing periods (28–60 days), 
reflecting progressive geopolymer matrix development 
and increased stiffness;

•	 Sulphate resistance improved with increasing GGBS 
content, with SM2 (10% GGBS) showing the best 
durability performance. Under sulphate exposure, 
UCS reductions were limited to 2.83% at 4 M NaOH 
and 8.68% at 12 M NaOH, whereas SM0 (0% GGBS) 
exhibited the highest strength reduction (34.62% 
at 4 M NaOH), highlighting the role of GGBS in 
enhancing durability under sulphate attack;

•	 Split tensile strength increased with NaOH molarity 
up to 12 M for all mixes. The maximum STS value 
of 4.04 MPa was obtained for SM2 at 12 M NaOH 
under 28-day ambient curing, demonstrating the 
synergistic contribution of NaOH concentration and 
GGBS content to tensile performance;

•	 The constrained modulus (G) increased with curing 
duration and followed trends similar to UCS and 
STS. A strong linear relationship between UCS and 
G (R2 = 0.98) was established for the investigated 
mixtures, enabling practical estimation of stiffness 
from strength data within the studied material 
composition and curing conditions;

•	 The sustainability assessment indicates that although 
geopolymer mixes exhibit higher absolute CO2 emissions 
due to the contribution of alkaline activators, their 
environmental efficiency improves significantly when 
evaluated on a strength-normalized basis (CO2/UCS). 
The optimum mix (10% GGBS with 12M NaOH) 
demonstrates the lowest CO2/UCS ratio, indicating 
the most favorable balance between mechanical 
performance and environmental impact.

These findings underline the potential of FA-GGBS-based 
geopolymer stabilization for pavement applications, offering 
a sustainable alternative to traditional cement stabilization. 
The enhanced strength, durability, and tensile performance 
demonstrate its suitability for geotechnical applications in 
sulphate-prone environments, while the developed strength-
stiffness correlations provide valuable tools for geotechnical 
design and performance assessment.

5.1 Future research

The present study focuses on the engineering performance 
of FA-GGBS geopolymer-stabilized soils; however, further 
investigation is required to better understand the underlying 
mechanisms. Advanced microstructural and chemical characterization 
techniques such as SEM and FTIR should be employed to 
identify reaction products and correlate microstructure with 
strength and durability. In addition, future work should focus 
on optimizing alkali activator dosage, exploring low-carbon 
alternatives, and conducting detailed life cycle assessment 
(LCA) to comprehensively evaluate environmental performance.
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d	 Diameter of the specimen
AA	 Alkali activator
CASH	 Calcium silicate hydrate
CBR	 California bearing ratio
CCR	 Calcium carbide residue
CL	 Lean clay
CO2	 Carbon dioxide
CSH	 Calcium silicate hydrate
FA	 Fly ash
G	 Constrained modulus
GBFS	 Granulated blast-furnace slag
GGBS	 Ground granulated blast-furnace slag
IRC	 Indian roads congress
IS	 Indian standard
L	 Length of the specimen
LL	 Liquid limit
LOI	 Loss on ignition
MDD	 Maximum dry density
NASH	 Sodium aluminosilicate hydrate
NS	 Sodium silicate
NH	 Sodium hydroxide
OAC	 Optimum alkali content
OMC	 Optimum moisture content
P	 Maximum applied load
PL	 Plastic limit
R2	 Correlation coefficient
RHA	 Rice husk ash
SM	 Soil mix
SP	 Special publication
STS	 Split tensile strength
UCS	 Unconfined compressive strength
UPV	 Ultra pulse velocity
Vp	 Primary wave velocity
X	 Travel path
α	 Shape parameter
ρ	 Mass density
ΔT	 Travel time
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