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alkali activation substantially enhances the stabilisation 
effect, offering a promising and sustainable alternative for 
geotechnical soil improvement.
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Introduction

Utilisation of clay soils in geotechnical engineering projects 
is typically limited due to their low strength and high com-
pressibility properties, which usually cause differential set-
tlements [1]. Hence, stabilisation methods are required to 
improve the clay properties. Chemical stabilisation is one of 
the common engineering treatments, as it provides enhanced 
interfacial strength between soil particles and binders [2, 
3]. Ordinary Portland cement (OPC) and lime are the most 
common chemical binders used to stabilise soil [4]. How-
ever, utilisation of cement or lime as a binder is becoming 
unsustainable owing to the greenhouse gas emissions like 
carbon dioxide (CO2) and nitric oxide (NOx) associated 
to their manufacturing process [5, 6]. The manufacture of 
OPC is estimated to cause approximately 7–10% of global 
CO2 emissions annually [7–9]. Therefore, environmentally 
friendly binders have been investigated by many researchers 
to decrease environmental impacts and to compete with OPC 
or lime [6, 7]. Industrial byproduct such as fly ash has been 
used as alternative binder due to its low-emission proper-
ties; however, insufficient mechanical properties have been 
reported by using only fly ash (specifically class F) in com-
parison with cement. Hence, geopolymers, ‘synthetic alkali 
aluminosilicates’ [10], have been recently proposed as inno-
vative binders due to their lower impact and good mechani-
cal properties [6, 7, 10–12]. Geopolymers demonstrated 
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better resistance to chemical degradation such as chloride, 
sulphate, and acid attacks than cement-based binders, hence 
improving the durability of the materials [13].

Geopolymers are reaction products of alkali-activated-
aluminosilicate materials [14, 15]. Fly ash is the most com-
monly used aluminosilicate-based material for making geo-
polymer [10]. Recently, utilisation of fly ash has become 
popular as a precursor to form geopolymer since large 
amount of fly ash is available in worldwide stockpiles [16, 
17]. Also, improper disposal of fly ash can cause ground 
water, surface water, and air pollution due to the leaching of 
its toxic trace elements to underground water, deep and sur-
face soil [4], yet, these toxic trace elements can be trapped 
and immobilised in geopolymer matrix [14, 18, 19]. Fly ash-
based geopolymer is mainly produced by alkali-activated 
geopolymerisation process under mild temperatures [14]. 
Geopolymerisation occurs through a process involving the 
dissolution of aluminium (Al) and silicon (Si) species in 
a highly alkaline environment, thereafter transportation or 
orientation of dissolved species into monomers, followed by 
the polymerisation/polycondensation of monomers into pol-
ymeric structure/3-dimensional aluminosilicate network [16, 
17, 20]. The process can be explained in detail in the follow-
ing steps. Firstly, the Si–O–Si, Al–O–Al, and Al–O–Si cova-
lent bonds present an original amorphous aluminosilicate 
microstructure in the precursor (fly ash) are dissolved by the 
high hydroxyl (OH−) concentration under the alkali condi-
tions. After releasing Al and Si ions into the solution, the 
alkali cations (generally Na+ or K+) compensate the excess 
negative charges to modify of the aluminium coordination 
under the dissolution process. Subsequently, the resulting 
products precipitate and reorganise into repeated structure 
Si–O–Al and Si–O–Si bonds and become more stable [13]. 
When the calcium is the majority in the precursor, the cal-
cium–aluminium–silicate–hydrate (CASH) gel is produced 
as the main reaction product [11]. In another case, the Si and 
Al ions are collected around the nuclei points, shared the 
oxygen ions, and formed as a Si–O–Al and Si–O–Si three-
dimensional polymeric chain. The reaction product which 
is an amorphous aluminosilicate gel is evolved to a Si-rich 
phase from an Al-rich phase. In some scenarios, crystal-
lisation process can be observed with curing time and high 
temperature after the precipitation and the gel gets harden, 
in this case, zeolite like polymers is produced [13].

The type and concentration of precursors and alkali acti-
vators play an important role in geopolymerisation process 
[11, 14, 21, 22]. Precursors rich in Si and Al are the primary 
requirements for geopolymerisation [16]. Fly ash includes 
adequate SiO2 and Al2O3 in amorphous phase, and it gives 
an effective reaction with alkali activators [6]. Fly ash can 
be divided into 2 types according to ASTM C618 stand-
ards which are class C and class F [23]. Class C fly ash 
includes between 50 and 70% amount of SiO2, Al2O3, and 

Fe2O3, whereas class F fly ash includes over 70% amount of 
SiO2, Al2O3, and Fe2O3. Therefore, class F fly ash is recom-
mended as a precursor in comparison with class C fly ash 
for higher geopolymerisation [6, 24, 25]. The type and dos-
age of alkali activators significantly affect the dissolution 
of Si4+ and Al3+ from precursor during geopolymerisation 
[14, 19]. Releasing of Si4+ and Al3+ is generally higher with 
sodium-based solutions compared to potassium-based solu-
tions [16, 26]. Singh et al. [27] carried out heavy compaction 
and unconfined compressive strength (UCS) tests on fly ash 
using sodium hydroxide and potassium hydroxide separately 
and they found out that the strength parameters are higher 
with sodium hydroxide compared to potassium hydroxide. 
Also, potassium-based solutions are not commonly used as 
they have cost limitations, hence sodium-based solutions 
are highly recommended to utilise as the alkali activators 
[25]. It has also been deduced that reactions take place at a 
higher rate when using the combination of sodium silicate 
and sodium hydroxide instead of using only sodium hydrox-
ide [6, 16]. This is because available free Si in the activating 
sodium silicate solution can improve the polycondensation 
reaction during geopolymerisation process.

The utilisation of sodium silicate (SS) and/or sodium 
hydroxide (SH) solution with fly ash to stabilise soil has 
recently been investigated as an innovative solution to 
decrease cement production by many researchers e.g. 5, 7, 
13, 28–36. Rios et al. [13] showed that silty sand stabilised 
with 20% fly ash and an SS/SH mass ratio of 1/2 showed sig-
nificant improvements in UCS. The alkali activator solution 
was applied at 11.7% to 19.5% by weight, with the highest 
UCS observed at lower solution content (11.7%). Long-term 
curing led to a substantial increase in UCS, with the reac-
tion mechanism being slower but more durable compared 
to soil–cement mixtures. Ridtirud et al. [32] also reported 
optimal UCS results for silty clayey gravel with a 1/1 SS/
SH ratio at room temperature and a 2/3 ratio at 40 °C. Other 
studies supported these findings by studying different soil 
types, activator ratios, and fly ash contents. Murmu et al. 
[5] found that black cotton soil stabilised with 5–20% fly 
ash and an SH concentration of 5 M improved strength and 
reduced plasticity, with optimal results at 10% fly ash. Simi-
larly, Trinh and Bui [33] examined class F fly ash with an 
SS/SH ratio of 2 and an activator solution/fly ash ratio of 
0.5, showing that compressive strength increased. Mean-
while, Abdullah et al. [37] and Syed et al. [36] emphasised 
that the SS/SH and alkali solution/fly ash ratios significantly 
affected durability, plasticity, and swelling characteristics, 
with improvements in UCS and the formation of alumino-
silicate gels confirmed through SEM and XRD analyses.

Recent studies have also confirmed that alkali-activated 
binders significantly enhance the mechanical and volumetric 
behaviour of clayey soils. Miao et al. [38] investigated the 
stabilisation of expansive black cotton soil using volcanic 
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ash-based geopolymers and reported substantial reduc-
tions in plasticity and swelling, and a UCS of 16.55 MPa 
was achieved after 90 days of curing. Khadka et al. [39] 
synthesised and modified fly ash- and metakaolin-based 
geopolymers using lime and gypsum, and found that gyp-
sum-modified geopolymers were more effective in reduc-
ing swelling in high-plasticity clay, with optimum results 
achieved at 6.0–9.5% additive content. Debanath et al. [40] 
demonstrated that class F fly ash-based geopolymer binders 
substantially enhance the strength and reduce the swelling 
potential of expansive soils, with 20% binder content miti-
gating swelling pressure and increasing UCS by up to 400% 
after 28 days of curing. Dudekula et al. [41] examined the 
stabilisation of expansive clayey sand using 10% GGBS and 
a 1.0-M geopolymer solution, reporting a 238% increase in 
UCS and a 90% reduction in swelling pressure.

It is evident that majority of previous studies in soil sta-
bilisation found in the literature used the ratio of SS/SH 
and alkali activator solution/fly ash to indicate the amount 
of alkali activators [28–33]. However, many researchers in 
geopolymer studies emphasised the importance of silica 
modulus (SM) and alkali dosages (M +) e.g. 18, 42–45 . 
Gado et al. [46] and Firdous and Stephan [47] indicated that 
the variation of SM considerably affects the polymerisation 
degree of dissolved aluminate and silicate species in solu-
tion; in this way, the geopolymer structure can be affected 
with different SM. Krizan and Zivanovic [43] also argued 
that the hydration level is modified by sodium content (M +) 
and SM. Yusuf et al. [45] showed that the commercially 
available SS solutions have different initial SM ratios. Thus, 
using effective or optimum SM in tests is more appropriate 
for obtaining the required strength compared with evaluating 
only the ratio of SS/SH.

Previous studies also showed enhanced results in terms of 
UCS, CBR, durability, and microstructure of soils stabilised 
with alkali-activated fly ash. The literature revealed that the 
UCS test is widely used due to its simplicity in assessing the 
strength properties of stabilised soils. However, the UCS 
test has limitations in precisely predicting load-deformation 
responses due to the inability to control drainage conditions. 
In contrast, the triaxial test replicates the effects of confin-
ing pressure and pore water pressure, which are crucial for 
determining strength parameters. Despite this, only a few 
studies have extended the use of advanced testing such as 
consolidated triaxial and consolidation tests to evaluate the 
performance of alkali-activated fly ash in clayey soils, lim-
iting our understanding of their applicability in real field 
scenarios. Thus, there is a lack of study on triaxial, and con-
solidation behaviour of soil stabilised with alkali-activated 
fly ash including stress–strain behaviour, undrained shear 
strength, and consolidation characteristics and the limited 
literature is generally focused on stabilising sand instead 
of clay [13, 48]. Detailed studies involving triaxial testing 

and critical state line analysis for alkali-activated fly ash-
stabilised soils are therefore strongly recommended [25].

Based on the above considerations, this study aims to 
provide a novel perspective on clay stabilisation by evaluat-
ing the performance of alkali-activated and non-activated fly 
ash through advanced geotechnical testing. Specifically, it 
addresses a significant gap in the literature by investigating 
the effects of alkali activation on the mechanical and consol-
idation behaviour of clay, which has received limited atten-
tion compared to sand stabilisation. While previous studies 
have primarily focused on strength or swelling parameters, 
this study offers additional insights into the mechanical and 
consolidation performance of clayey soils stabilised with 
alkali-activated fly ash, particularly under consolidated con-
ditions that better simulate insitu field behaviour. The study 
incorporates a systematic approach to assess stress–strain 
behaviour, undrained shear strength, and consolidation char-
acteristics via consolidated-undrained (CU) triaxial tests and 
one-dimensional consolidation tests conducted at 1, 7, and 
28 days of curing.

In this context, the clay soil was stabilised using both 
non-activated and alkali-activated class F fly ash, with the 
activation parameters selected based on prior optimisation 
studies to ensure effective stabilisation. By examining the 
mechanical and consolidation responses of the stabilised 
clay, this study highlights the differences between alkali-
activated and conventional fly ash stabilisation approaches. 
The findings aim to support the advancement of sustainable 
geotechnical practices by promoting the beneficial reuse of 
industrial by-products, thereby contributing to environmen-
tal sustainability and the circular economy.

Materials and Method

Materials

The soil used in this study was a commercial China clay. It 
had a liquid limit of 49%, plastic limit of 25%, and plasticity 
index of 24% and was classified as clay with intermediate 
plasticity (CI), based on the British standard, BS EN ISO 
14688-2 [49]. The results of Standard Proctor tests indi-
cated that the soil had a maximum dry unit weight (ɣdmax) 
of 15.2 kN/m3 at optimum moisture content (wopt) of 21%. 
Specific gravity of solid particles was measured equal to 2.6 
according to the small pycnometer test. The average chemi-
cal (oxide) composition of kaolinite, determined using X-ray 
fluorescence (XRF) analysis, is presented in Table 1. A Loss 
on Ignition (LOI) value of 11.7% was measured for the syn-
thetic kaolin. Khaled et al. [50] reported a similar value of 
11.65% and argued that this reflects the expected dehydroxy-
lation behaviour of kaolinite.
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Class F fly ash utilised in this study was obtained from 
Power Minerals Ltd, UK. Due to its predominantly silt-sized 
particle distribution, the plasticity characteristics of the fly 
ash could not be established, and it was classified as non-
plastic (NP). The specific gravity of the material, determined 
using the small pycnometer method, was measured as 2.32. 
The average oxide composition of the fly ash, determined 
using XRF analysis and presented in Table 1, confirms its 
classification as class F in accordance with ASTM C618 
[51].

Commercially available alkali activators were used in the 
study. Laboratory grade sodium hydroxide pellets of 99% 
purity were used. Sodium silicate solution was sourced from 
Fisher Scientific UK Ltd in liquid form, composed of 14% 
Na2O, 28% SiO2, and 58% H2O, by weight.

Sample preparation

The key steps of the sample preparation process are out-
lined in Fig. 1. The control sample (kaolin soil) and the soil 
samples stabilised with 15% and 25% class F fly ash con-
tent based on weight of the dry soil were prepared accord-
ing to their respective optimum moisture content (OMC) as 
obtained from Standard Proctor tests.

For soils stabilised with alkali-activated class F fly ash, 
the activator ratios—silica modulus (SM) and alkali dos-
age (M +) were held constant for both 15% and 25% fly ash 
contents. The M + value represents the mass ratio (in %) of 
total sodium oxide (Na2O) from both sodium silicate (SS) 
and sodium hydroxide (SH) solutions to the mass of fly ash 
binder [52–54]. SM refers to the mass ratio of SiO2 to Na2O 
in the activating solution.

Very low or high values of M + and SM have been 
reported as unsuitable for achieving optimal compressive 
strength [18, 47, 54]. According to Turan et al. [54], com-
pressive strength increases with rising M + and SM values 
up to a certain optimum, beyond which strength begins to 
decline. In addition to strength considerations, the selection 
of an M + content of 12% and an SM of 1.25 also reflects 
their importance in controlling the geopolymerisation mech-
anism. A silica modulus within the range of 1.2–1.4 typi-
cally provides an adequate amount of soluble silica to sup-
port the formation of a three-dimensional aluminosilicate gel 
network. Likewise, an M + level of 12% ensures sufficiently 
alkaline environment to dissolve precursors effectively, with-
out causing excessive mixture viscosity. Previous studies on 
clay soils stabilised with alkali-activated fly ash have shown 

Table 1   Oxide compositions of clay and low-calcium class F fly ash

Chemical composition Clay Fly ash

CaO (%) 0.1 2.2
SiO2 (%) 54.8 48.6
Al2O3 (%) 31.1 22.5
Fe2O3 (%) 1.0 9.2
K2O (%) 2.1 4.1
MgO (%) 0.4 1.3
Na2O (%) 0.1 0.9
P2O5 (%) 0.1 0.2
SO3 (%) / 0.9
TiO2 (%) 0.1 1.1
LOI (%) 11.7 3.6

Sample Types

Control sample
Kaolin clay

Soil stabilised with fly ash
Kaolin clay

15% and 25% fly ash content (by

dry weight of soil)

Soil stabilised with alkali 
activated fly ash

Kaolin clay

15% and 25% fly ash content

M+ = 12% (Na2O/binder (fly

ash))

SM = 1.25 (SiO2/Na2O)

Mixing Methods

Dry soil + fly ash

Add water and mix thoroughly

• Mix dry soil + fly ash

• Prepare the alkali solution

(SS+SH) (ensure the water

content aligns with the OMC)

• Gradually add the prepared

solution to the dry mixture,

blending thoroughly to achieve 

uniform consistency

Sample Preparation for Testing

• Consolidation – 50x20 mm (1 layer)

• Triaxial – 50x100 mm (3 layers)

Homogenously mixed with

water from the corresponding

OMC

Fig. 1   Flow chart of the sample preparation steps
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that these values result in both enhanced UCS and favour-
able reaction kinetics [32, 54, 55].

In terms of mixing method, the dry clay soil was initially 
mixed with fly ash. After obtaining homogeneous mixture, 
the alkali activating solution (a mix of SS and SH) was 
added and further mixing followed. This mixing method was 
recommended by Leong et al. [31] to obtain higher strength 
parameters. SH powder was dissolved in water to obtain SH 
solution. For each sample of triaxial and one-dimensional 
consolidation test, optimum moisture content obtained from 
compaction test was used. The amount of water used to dis-
solve the SH powder was calculated reducing the water 
required to achieve the OMC of the sample by the water 
already included in the SS solution for each sample.

Specimens were statically compacted using an Instron 
3382 Floor Model Universal Testing Machine. For triaxial 
testing, samples with dimensions of 50 mm diameter and 
100 mm height were compacted in three layers within a 
cylindrical steel mould. For one-dimensional consolida-
tion tests, specimens were compacted as a single layer, with 
dimensions of 50 mm diameter and 20 mm height. Follow-
ing compaction, all samples were carefully demoulded, 
sealed in plastic bags, and cured in vacuum desiccators at a 
controlled room temperature (23–26 °C) for the designated 
curing durations prior to testing.

Testing procedures

One-dimensional consolidation tests were performed on the 
control soil and soils treated with 15% and 25% of either 
low-calcium fly ash or alkali-activated fly ash. The sam-
ples were compacted at their respective OMC and placed 
into consolidation rings without prior artificial saturation. 
However, as drainage was allowed from both ends during 
testing, gradual water redistribution likely occurred under 
higher stresses, leading to partial saturation over time. This 
setup reflects typical field conditions where compacted soils 
at OMC become progressively saturated due to wetting or 
rising groundwater. As suggested by Mok [56], such samples 
can gradually approach saturation during consolidation load-
ing. The testing procedure adhered to the British Standard 
BS 1377-5 [57] and was applied to samples cured for 1, 
7, and 28 days. The loading sequence followed a progres-
sion of vertical stresses: 50, 100, 200, 400, 800, 1600, then 
unloaded to 800, 400, and 200 kPa. Drainage was permitted 
from both the top and bottom surfaces of the specimens, 
and each loading and unloading phase was maintained for 
a duration of 24 h.

Consolidated-undrained (CU) triaxial tests were per-
formed in accordance with BS 1377-8 [58] on three types 
of specimens: untreated control samples, fly ash-stabilised 
soils, and soils treated with alkali-activated fly ash. Two 
different fly ash dosages, 15% and 25%, were evaluated. 

The experiments were conducted using GDS triaxial test-
ing equipment operated with GDS software. The standard 
sequence of saturation, consolidation, and shearing stages 
was followed, with effective confining pressures applied at 
200, 400, and 600 kPa. Following the saturation process, 
the degree of saturation of the specimens was assessed by 
calculating Skempton’s B-value (commonly referred to as 
the B-check). This involved applying an increment in cell 
pressure (Δσ3) and measuring the resulting change in pore 
water pressure (Δu), with the B-value calculated as the ratio 
Δu/Δσ3. While a B-value of 0.95 is generally recommended 
to confirm full saturation, particularly in accordance with BS 
1377-8 [58], it is acknowledged that such values may be dif-
ficult to achieve in very stiff soils. In such cases, a minimum 
B-value of 0.90 is considered acceptable. Therefore, in this 
study, the saturation phase was deemed complete when the 
B-value fell within the range of 0.90 to 0.95. In accordance 
with standard CU test protocols, Skempton’s B-value was 
measured after saturation and prior to consolidation, and 
values in the range of 0.90–0.95 were considered acceptable 
to confirm sufficient saturation before shearing.

To achieve B-values around 0.90, the specimens were 
saturated by applying an incremental back pressure during 
the saturation phase, allowing the pore spaces to be gradu-
ally filled with water. In this method, pore water pressure 
is progressively increased by simultaneously applying back 
pressure and cell pressure to the specimen. This approach is 
consistent with the procedures reported by Abdullah et al. 
[8] and Abdullah and Shahin [59], who applied incremen-
tal back pressure to fly ash-based geopolymer-treated clay 
samples and similarly achieved B-values close to 0.90. In 
addition, Ignat et al. [60] employed comparable methods in 
lime-cement-improved clays and reported a B-value of 0.92 
under an effective confining pressure of 150 kPa. It should 
also be noted that the saturation period for the control speci-
mens lasted 24 h. However, for the stabilised specimens, 
this duration was insufficient to achieve the target satura-
tion level. Therefore, an extended saturation process was 
applied to ensure adequate saturation before consolidation 
and shearing.

Results and Discussion

One‑Dimensional Consolidation Tests

To evaluate key geotechnical parameters such as the com-
pression index (Cc), swelling index (Cs), pre-consolidation 
pressure or yield stress (σy), and permeability (k), one-
dimensional consolidation tests were conducted on untreated 
soil, fly ash-stabilised specimens, and those treated with 
alkali-activated fly ash.
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Table 2 presents the results for the compression index 
(Cc) and swelling index (Cs) obtained from tests conducted 
on control, fly ash-stabilised (F), and alkali-activated fly ash-
stabilised (F + AA) samples incorporating 15% and 25% fly 
ash, cured for 1, 7, and 28 days. The Cc values presented 
in Table 2 were calculated as the slope of the virgin com-
pression line on the e-logσ curve, based on oedometer test 
data. In this study, the Cc was computed using void ratio 
values corresponding to loading stages typically between 
50 and 800 kPa, where the e-logσ relationship exhibited a 
clear linear trend. The point e0 in this context refers to the 
void ratio at the beginning of this selected linear portion—
often around 50 kPa—not the initial void ratio measured 
before any loading. This distinction is important to ensure 
consistency in the interpretation of compression behaviour. 
Similarly, the swelling index was determined as the slope 
of the unloading portion of the e-logσ curve following the 
maximum applied load. Both parameters were calculated in 
accordance with standard geotechnical practice to reflect the 
compressibility and swelling behaviour of the tested soils 
[57]. The data showed that, at 1 day of curing, Cc increased 
for soil with 15% fly ash but decreased when 25% fly ash was 
used. This pattern aligns with findings by Phanikumar [61], 
who observed an initial rise followed by a decline in the Cc 
of clayey soils treated with class F fly ash beyond a certain 
dosage. Conversely, the inclusion of alkali-activated fly ash 
led to a notable reduction in Cc. A similar trend was noted 
by Mir and Sridharan [62] with class C fly ash, attributing 
the improvement in compressibility to the formation of cal-
cium silicate hydrate (CSH) cementitious compounds. In the 
case of alkali-activated fly ash treatment, the generation of 

sodium aluminosilicate hydrate (NASH) gels likely contrib-
uted to the observed decrease in compressibility. Addition-
ally, changes in particle size distribution may have played 
a role; Shil and Pal [63] reported a reduction in clay-sized 
particles and an increase in silt-sized fractions upon the 
addition of fly ash, which led to improved compressibility 
characteristics. Furthermore, an overall decline in Cc was 
observed with increased curing time for both stabilisation 
methods, likely due to the progressive development of 
cementitious bonds that enhance interparticle bonding and 
reduce compressibility [62, 64]. In alkali-activated systems, 
the formation of geopolymer gels promotes particle aggrega-
tion and flocculation, enhancing soil stiffness and strength 
and thereby reducing compressibility [65].

As shown in Table 2, the swelling index (Cs) consistently 
declined with increasing content of fly ash or alkali-activated 
fly ash, as well as with extended curing duration. Notably, 
alkali-activated fly ash demonstrated a significantly greater 
reduction effect on Cs compared to untreated fly ash. For 
instance, at 28 days of curing, the Cs value of the untreated 
control sample was 0.048, which reduced to 0.018 with 
25% fly ash and further dropped to 0.002—indicating non-
swelling behaviour—with 25% alkali-activated fly ash. The 
observed reduction in swelling potential may be attributed 
to the replacement of clay particles with non-expansive, silt-
sized fly ash particles [66–70]. As fly ash is non-plastic, it 
does not absorb moisture, thus limiting water-induced vol-
ume change. Additionally, the formation of NASH during 
geopolymerisation consumes water, potentially reducing 
swelling. Turan et al. [4] also observed a reduction in the 
plasticity index of clay when fly ash was added, noting that 
lower plasticity correlates with reduced swelling. Further, 
Phanikumar and Sharma [68] explained that oxides such as 
silicate, aluminium, and iron in fly ash promote floccula-
tion through cation exchange, leading to increased particle 
aggregation and reduced swelling. Kolay and Ramesh [63] 
similarly highlighted the pozzolanic reactivity of fly ash in 
mitigating swelling in expansive soils. The time-dependent 
nature of pozzolanic reactions, particularly under prolonged 
curing, may also contribute to the continuous decline in Cs 
values [62, 70, 72].

In this study, the permeability coefficient (k) of the soil 
specimens was determined using the consolidation param-
eters cv, mv, and ɣw, as presented in Whitlow [73], ɣw repre-
sents the unit weight of water and cv denotes the coefficient 
of consolidation. The coefficient cv was evaluated using Tay-
lor’s square root of time method.

Figure 2 shows the permeability results for both untreated 
and stabilised soil samples across various curing durations. 
At 1 day of curing, permeability increased with higher con-
tents of fly ash or alkali-activated fly ash. This observa-
tion aligns with Mir and Sridharan [62], who also reported 
elevated permeability values for fly ash-treated soils in the 

Table 2   Influence of fly ash and alkali-activated fly ash dosages and 
curing duration on compression and swelling indices

Fly ash content (%) Curing days Compression 
index (Cc)

Swelling 
index (Cs)

0% (control sample) 1 0.314 0.053
0% (control sample) 7 0.312 0.051
0% (control sample) 28 0.314 0.048
15% F 1 0.316 0.048
15% F 7 0.229 0.030
15% F 28 0.139 0.030
25%F 1 0.242 0.031
25%F 7 0.190 0.022
25%F 28 0.124 0.018
15% F + AA 1 0.295 0.040
15% F + AA 7 0.132 0.025
15% F + AA 28 0.097 0.012
25% F + AA 1 0.201 0.024
25% F + AA 7 0.106 0.014
25% F + AA 28 0.024 0.002
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early curing stage, attributing the rise to the incorporation 
of non-plastic silt-sized particles that enhance soil granular-
ity. Similarly, Phanikumar [61] noted that cation exchange-
induced flocculation can lead to increased permeability. 
However, as curing time progressed, a noticeable decline 
in permeability was observed, likely due to the formation of 
cementitious gels during the pozzolanic reaction. These gels 
gradually fill the pore spaces within the soil matrix, thereby 
reducing its permeability [74]. As illustrated in Fig. 3, the 
early stages of geopolymerisation exhibit a relatively open 
and dispersed structure, associated with the presence of silt 
particles and incomplete reaction. With time, the structure 
transitions into a denser matrix through particle agglomera-
tion, leading to a reduction in permeability.

The findings indicated that, at early curing stages, stabi-
lised soils exhibited higher permeability than the untreated 
control specimens. This increased permeability likely facili-
tated more efficient pore water drainage during primary con-
solidation, as also reported by Jaditager and Sivakugan [65]. 
However, with extended curing, a significant reduction in 
permeability was observed. Kassim and Chow [74] docu-
mented a similar pattern in lime-stabilised soils, noting that 
elevated permeability at early ages, coupled with increased 

soil stiffness over time, could offer practical advantages in 
engineering applications.

Figure 4a, b and c shows the e—log σv relationships for 
the control specimen, fly ash-stabilised soil, and alkali-
activated fly ash-stabilised soil at curing periods of 1, 7, 
and 28 days, respectively. The data reveal that the pre-
consolidation pressure, or yield stress, increased with both 
the inclusion of fly ash or alkali-activated fly ash and with 
longer curing durations. Notably, the use of alkali-activated 
fly ash resulted in a more pronounced improvement in yield 
stress compared to the use of untreated fly ash alone. This 
enhancement may be attributed to the formation of NASH 
cementitious bonds between the activated fly ash and clay 
particles, leading to structural development within the soil 
matrix. Similar outcomes have been reported in studies 
involving cement-stabilised clays, where one-dimensional 
consolidation tests demonstrated that cementation signifi-
cantly enhances yield stress [75–78].

Curing time had a pronounced affect on the performance 
of soils treated with alkali-activated fly ash. As indicated 
in Fig. 5, for samples stabilised with 25% alkali-activated 
fly ash, the yield stress increased significantly with curing 
duration—reaching approximately 300 kPa at 1 day, 900 kPa 

(a) (b)

Fig. 2   Influence of (a) fly ash and (b) alkali-activated fly ash content and curing duration on soil permeability
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Fig. 3   Schematic mechanism of geopolymerisation in clay stabilised with alkali-activated fly ash during curing
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at 7 days, and exceeding 1100 kPa at 28 days. These results 
support the notion that time-dependent pozzolanic reactions 
significantly contribute to the development of strength in the 
stabilised soil.

Figure 4 demonstrates that, at 1 day of curing, the void 
ratio of the stabilised soils increased with the addition of 
fly ash or alkali-activated fly ash, which is typically associ-
ated with greater porosity in the soil matrix. This observa-
tion aligns with the permeability trends discussed earlier. 
Similar findings were reported by Jaditager and Sivakugan 
[65], who attributed the elevated void ratio at early curing 
stages to the flocculated structure formed as a result of alkali 
activation in fly ash-based geopolymer-treated soils. As cur-
ing progressed, the pozzolanic reaction intensified, leading 
to the formation of NASH cementitious compounds, which 
subsequently reduced the void ratio. Despite this reduction, 
fly ash-stabilised samples maintained a higher void ratio 
than the untreated control, likely due to the relatively limited 
cementing capacity of class F fly ash [79]. While its pozzo-
lanic activity contributed modestly to matrix densification, 
the effect was less significant than that observed with alkali-
activated systems. For soils treated with alkali-activated 
fly ash, the void ratio was initially higher than the control 
sample at 1 day, but dropped below the control at both 7 
and 28 days of curing. This suggests that the development 

(a) (b)

(c)

Fig. 4   Effect of fly ash and alkali-activated fly ash content on yield stress at (a) 1 day, (b) 7 days, and (c) 28 days of curing

Fig. 5   Influence of curing duration on yield stress of soil stabilised 
with 25% alkali-activated fly ash
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of NASH gels plays a key role in void filling and struc-
tural integration. While Kamruzzaman et al. [77] reported 
that the reduction in void ratio in cement-treated clay soils 
was suggested to result from water consumption through 
hydration and pozzolanic reactions, the continued decrease 
observed in this study may be attributed to water consump-
tion during NASH gel formation and pozzolanic reactions. 
This reduction is therefore attributed not only to mechanical 
consolidation but also to chemical binding of water within 
the developing geopolymer matrix.

In summary, for the fly ash-treated samples, the void 
ratio—and by extension, the porosity—remained higher than 
that of the control even after 28 days of curing. However, 
these samples still exhibited improved mechanical proper-
ties, likely due to the partial pozzolanic reaction contributing 
to internal bonding and structural enhancement. In contrast, 
for soils stabilised with alkali-activated fly ash, the initial 
void ratio was higher than that of the control at 1 day, but 
decreased significantly by 7 and 28 days as a result of NASH 
gel formation. In both cases, the observed improvements in 

strength and stiffness, despite relatively higher void ratios, 
suggest that pore connectivity and spatial distribution play a 
more critical role in mechanical performance than the total 
pore volume. As hydration and geopolymerisation progress, 
these processes reduce pore connectivity and promote matrix 
densification, thereby lowering permeability and enhancing 
structural integration.

Triaxial Tests

Effect of Curing Duration on Maximum Deviator Stress

Figure 6a, b and c shows the influence of curing time (1, 7, 
and 28 days) on the maximum deviator stress (qmax) of con-
trol sample, soils stabilised with 15% and 25% fly ash and 
alkali-activated fly ash, under effective confining pressures 
(σ′c) of 200, 400, and 600 kPa, respectively. An increas-
ing trend in qmax was observed with longer curing dura-
tions, particularly in samples treated with alkali-activated 
fly ash. These results are consistent with the findings of 

(a) (b)

(c)

Fig. 6   Effect of curing duration on maximum deviator stress (qmax) of control soil and soils stabilised with 15% and 25% fly ash and alkali-
activated fly ash under (a) 200 kPa, (b) 400 kPa, and (c) 600 kPa effective confining pressures (σ′c)
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Abdullah et al. [8]. Essentially, the strength gain between 
7 and 28 days was more significant than that observed 
between 1 and 7 days across all confining pressures. This 
supports observations by Sukmak et al. [28], who empha-
sised that extended curing periods at ambient temperatures 
are essential to achieving high strength. Parhi et al. [7] fur-
ther explained that sufficient time is required not only for 
the reaction to initiate but also for the accumulation of reac-
tion products derived from the dissolution of aluminosili-
cate minerals. For example, under a confining pressure of 
200 kPa, control specimens exhibited qmax values of 154, 
156, and 176 kPa at 1, 7, and 28 days of curing, respectively, 
showing negligible change in the absence of pozzolanic 
activity. In contrast, the inclusion of 15% and 25% alkali-
activated fly ash resulted in substantial strength gains: 194 
and 319 kPa at 1 day, 292 and 510 kPa at 7 days, and 690 
and 1569 kPa at 28 days, respectively. At 28 days, the soil 
treated with 25% alkali-activated fly ash exhibited a nearly 
ninefold increase in qmax compared to the untreated control, 
highlighting the effectiveness of the stabilisation process.

The results further confirm that qmax increased with both 
curing time and fly ash content under confining pressures of 
200, 400, and 600 kPa. This trend is consistent with findings 
by Prabakar et al. [67] and Bryson et al. [80]. However, in 
the case of fly ash-treated soils without alkali activation, 
the increase in deviator stress due to curing time alone was 
minimal. This limited improvement can be attributed to the 
low-calcium content (2.2%) of class F fly ash, which results 
in relatively weak cementitious activity at room tempera-
ture [79]. Consequently, its chemical interaction with the 
soil progresses slowly under ambient conditions. The slight 
enhancement in qmax for fly ash-stabilised soils may largely 
stem from changes in soil gradation rather than substantial 
pozzolanic reactions. Among the tested samples, the high-
est qmax values were recorded in soils treated with 25% fly 
ash after 28 days of curing, across all confining pressure 
levels. For instance, under a 200 kPa effective confining 
pressure, the deviator stress increased from 191 to 238 kPa 
with 25% fly ash, and from 158 to 180 kPa with 15% fly ash 
over the same curing period. These findings underscore that 
the inclusion of alkali activators significantly enhances the 
strength development in fly ash-stabilised soils as curing 
time progresses.

Stress–Strain Response of Soils Treated with Fly Ash 
and Alkali‑Activated Fly Ash

Figure  7a, b, c, d, e and f presents the deviator stress 
(q)–axial strain (εa) and excess pore water pressure 
(Δu)–axial strain (εa) relationships for the control sample, 
soils stabilised with 15% and 25% fly ash and alkali-acti-
vated fly ash, following 28 days of curing under effective 
confining pressures of 200, 400, and 600 kPa.

Figure 7a demonstrates that the control soil exhibited a 
ductile stress–strain response under effective confining pres-
sures of 200 and 400 kPa, while a slight strain-softening 
behaviour was observed at 600 kPa. With the incorporation 
of 15% alkali-activated fly ash, the behaviour transitioned to 
a brittle, strain-softening response under all confining pres-
sures, as shown in Fig. 7c. The notable increase in maximum 
deviator stress across all confining pressures is attributed to 
the geopolymerisation process triggered by alkali activation. 
The use of 25% alkali-activated fly ash further intensified 
this response, producing a more sudden post-peak soften-
ing with increased initial stiffness, indicated by a steeper 
pre-peak slope and higher stress peak [80]. Additionally, 
the axial strain corresponding to qmax decreased signifi-
cantly with alkali-activated fly ash. At 28 days of curing, 
the control sample reached qmax values of 176, 283, and 
359 kPa under 200, 400, and 600 kPa confining pressures, 
respectively, at axial strains of approximately 17%, 20%, 
and 11%. In contrast, soils treated with 25% alkali-activated 
fly ash achieved much higher qmax values of 1569, 1761, 
and 2067 kPa at significantly lower axial strains of 1.1%, 
1.0%, and 0.9%, respectively. Similar trends were observed 
by Abdullah et al. [8] in their study of geopolymer-stabilised 
soils, where the increased undrained strength was attributed 
to the formation of strong geopolymeric bonds during the 
pre-yield phase. Once shearing commenced, these bonds 
failed, and the post-yield behaviour became governed by 
frictional resistance within a weakened, destructured soil 
matrix. Kamruzzaman et al. [77] also observed compa-
rable patterns in cement-stabilised soils, where higher 
cement contents led to more pronounced strain-softening 
due to greater bond destructuration. They noted that when 
the strength of cementitious bonds is sufficiently high, the 
mechanical behaviour of the stabilised soil resembles that of 
overconsolidated structured natural clays, particularly when 
the effective confining pressure is lower than the yield stress. 
In contrast, soils stabilised with 15% and 25% class F fly ash 
without alkali activation maintained a ductile stress–strain 
profile similar to the control sample (Fig. 7e). Only marginal 
increases in qmax were observed with increasing fly ash con-
tent under all confining pressures.

The deviator stresses of control sample, soils stabilised 
with alkali-activated fly ash and soils stabilised with fly ash, 
all showed increase with the increase in confining pressure 
(Fig. 7a, c and e). This is because, the higher the confining 
pressure, the higher the change in fabric during consoli-
dation stage. Consequently, higher volume change can be 
observed, therefore qmax of soil sample increase [75, 77]. 
However, this condition is more obvious when the effective 
confining pressure of the sample is higher than the yield 
stress (i.e. soil is normally consolidated); this is due to the 
higher effect of reorientation in clay matrix during consoli-
dation stage. The qmax rate of control sample from 200 to 
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400 kPa σ′c was 1.7, while the rate of soils stabilised with 
25% of alkali-activated fly ash showed 1.1 under the same 
σ′c (Fig. 7a, c). This indicates that the yield stress of soils 
with alkali-activated fly ash is much higher than the control 
sample.

As shown in Fig.  7b, d and f, the excess pore pres-
sure–axial strain responses closely reflect the corresponding 

stress–strain behaviour across all tested samples. For the 
control specimen, positive excess pore pressures were 
observed under all confining pressures. These samples typi-
cally reached peak pore pressure at axial strains between 
6 and 10%, followed by a slight reduction under effective 
confining pressures of 200, 400, and 600 kPa (Fig. 7b). A 
similar trend was also observed in soils stabilised with fly 

(a) (b)

(c) (d)

(e) (f)

Fig. 7   Stress–strain and pore pressure-strain behaviour under 200, 400, and 600 kPa confining pressures after 28 days of curing. (a, b) control 
sample, (c, d) soils stabilised with 15% and 25% F + AA, (e, f) soils stabilised with 15% and 25% F
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ash, where peak pore pressures occurred at comparable 
strain levels before exhibiting a gradual decline (Fig. 7f). In 
contrast, soils stabilised with 15% and 25% alkali-activated 
fly ash (Fig. 7d) exhibited pore pressure curves that initially 
increased to a peak at small strain levels, then decreased 
sharply and stabilised at a constant value—demonstrating a 
classic strain-softening response. A higher content of alkali-
activated fly ash resulted in a lower axial strain at the peak. 
For instance, the axial strain at peak pore pressure in soils 
treated with 25% alkali-activated fly ash remained around 
1% under confining pressures of 200, 400, and 600 kPa, 
whereas both the control sample and the soil treated with 
25% fly ash exhibited peak strains ranging between approxi-
mately 6% and 8% under the same effective confining pres-
sures. At low confining pressures and higher alkali-activated 
fly ash content, the volume change behaviour shifted from 
contractive to dilative. Under undrained shear conditions, 
where drainage is not allowed, this dilation led to the devel-
opment of negative excess pore pressures, similar to the 
behaviour of heavily overconsolidated clays. This response 
was evident in soils treated with 15% alkali-activated fly 
ash at 200 kPa, and with 25% at both 200 and 400 kPa. This 
transition from contractive to dilative behaviour has also 
been reported by Abdullah et al. [8], who noted similar nega-
tive pore pressure development in clay soils treated with fly 
ash and slag under low σ′c conditions. The development of 
negative excess pore pressures in alkali-activated fly ash-
stabilised soils can be attributed to the formation of a rigid 
interparticle structure through NASH gel networks, which 
promote dilative behaviour under undrained shear. Mean-
while, the excess pore pressure responses of soils stabilised 
with 15% and 25% class F fly ash (Fig. 7f) resembled those 
of the control sample, showing no indication of overconsoli-
dated behaviour, even under low confining pressures. This 
can be attributed to the low cementitious potential of class 
F fly ash, which limits bond formation necessary for such 
behaviour to manifest. An increase in effective confining 
pressure was associated with higher excess pore water pres-
sures across all tested samples, as shown in Fig. 7b, d and f. 
This trend is consistent with findings from previous studies 
on cement-stabilised soils [e.g. 75, 77, 81, 82 . According 
to Luis et al. [82], as σ′c increases, the applied stress can 
compromise the integrity of cementitious bonds, thereby 
accelerating the stabilisation of excess pore pressure under 
higher confining stress levels.

Shear Strength Characteristics of Soils Treated with Fly 
Ash and Alkali‑Activated Fly Ash

Mohr–Coulomb shear strength parameters were derived 
from consolidated-undrained (CU) triaxial tests conducted 
under three levels of effective confining pressure to evaluate 
the effective cohesion (c′) and effective angle of shearing 

resistance (φ′) of the control soil, soils stabilised with fly 
ash and alkali-activated fly ash, at curing periods of 1, 7, 
and 28 days, as summarised in Table 3.

The results indicate that the effective cohesion (c′) of 
soils treated with alkali-activated fly ash increased with 
both higher fly ash content and longer curing durations. 
This enhancement in c′ can be attributed to the greater 
formation of geopolymeric products and improved bond-
ing between soil particles as the fly ash dosage increases. 
Correa-Silva et al. [29, 83] noted that alkaline binders sig-
nificantly influence shear strength by acting as a glue-like 
medium, promoting interparticle bonding and strengthen-
ing the cementitious structure. Horpibulsuk et al. [75] also 
highlighted that a higher degree of cementitious bonding 
corresponds to increased cohesion. Moreover, the increase 
in c′ was more pronounced at later curing ages. According 
to Turan et al. [54], the reaction between sodium silicate 
(SS), sodium hydroxide (SH), and fly ash generates time-
dependent NASH compounds, enhancing particle bonding 
over time. Similarly, Correa-Silva et al. [83] reported pro-
gressive development of reaction products in alkali-activated 
soils, resulting in continued improvement in c′ between 28 
and 90 days of curing. In contrast, soils stabilised with class 
F fly ash exhibited lower c′ values compared to the control 
sample across all curing times. This outcome is primarily 
due to the low-calcium content and silty nature of class F 
fly ash, which limits its reactivity [79], as also reported by 
Rajak et al. [84]. Nevertheless, a slight increase in c′ was 
observed over time, likely due to the pozzolanic activity of 
the fly ash contributing gradually to bonding within the soil 
matrix.

Table 3   Effective cohesion and angle of shearing resistance of con-
trol soil and soils stabilised with 15% and 25% fly ash and alkali-acti-
vated fly ash at various curing periods

Fly ash content (%) Curing days c’ (kPa) ϕ’ (°)

0% 1 17.5 18.1
0% 7 18.5 19.6
0% 28 19.0 18.4
15% F + AA 1 17.6 21.3
15% F + AA 7 43.7 22.2
15% F + AA 28 183.3 22.6
25% F + AA 1 26.3 25.7
25% F + AA 7 101.8 27.0
25% F + AA 28 388.6 29.0
15% F 1 2.7 20.7
15% F 7 4.9 21.1
15% F 28 11.1 22.3
25% F 1 8.4 21.6
25% F 7 10.1 21.6
25% F 28 15.1 22.4
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To better emphasise the increase in cohesion resulting 
from the bonding mechanism, a limited microstructural 
investigation using SEM analysis was conducted on the con-
trol sample, soils stabilised with 25% alkali-activated fly 
ash and 25% untreated fly ash after a 28 day curing period, 
as shown in Fig. 8a, b, and c (100 and 10 µm), respectively. 
Figure 8a shows that the kaolinite consists of platy-shaped 
clay particles and exhibits a relatively less permeable micro-
structure. The overall morphology also reveals a uniform 
and orderly microstructural arrangement typical of untreated 
clay. In Fig. 8b, the presence of NASH cementitious prod-
ucts is observed, along with the filling of voids by these 
gels over time, thereby enhancing interlocking structures 
and ultimately leading to the formation of a dense matrix 
after 28 days. The more compact structure may contribute 
to increased strength and stiffness in the stabilised soil [85, 
86], also indicating greater cohesion. The disappearance of 
spherical fly ash particles after 28 days in soils stabilised 
with alkali-activated fly ash is primarily attributed to the 
leaching of aluminosilicate materials from the fly ash under 
highly alkaline conditions. This leaching process induces 
particle dissolution, ultimately resulting in the loss of their 
spherical morphology [13]. On the other hand, Fig. 8c shows 
that, despite the 28 day curing period, unreacted fly ash par-
ticles, pores, and clay particles remain distinctly visible in 
soils stabilised with untreated fly ash. Nevertheless, a limited 
amount of pozzolanic reaction products is observed which 
explains the minor increase in cohesion noted earlier. In gen-
eral, the dense matrix formed in soils stabilised with alkali-
activated fly ash and the lack of a well-developed bonding 
structure in soils stabilised with fly ash are consistent with 
the cohesion results presented in Fig. 8a, b and c.

The effective angle of shearing resistance (φ′) was con-
sistently higher in soils stabilised with both fly ash and 
alkali-activated fly ash compared to the control sample 
across all curing durations. Specifically, the inclusion of 25% 
alkali-activated fly ash increased φ′ from 18.4° in the control 
sample to 29° after 28 days of curing, whereas a similar dos-
age of untreated fly ash resulted in a φ′ value of 22.4° at the 
same curing age. Previous studies have linked this increase 
in φ′ primarily to particle substitution mechanisms [79, 80, 
84]. The presence of silt-sized particles in fly ash reduces 
the proportion of clay in the soil matrix, thereby increasing 
the average grain size and enhancing frictional resistance 
[80]. Furthermore, soils treated with alkali-activated fly 
ash exhibited higher φ′ values than those treated with fly 
ash alone. According to Horpibulsuk et al. [75], cementi-
tious reaction products act as a binding agent, reinforcing 
the soil matrix and enabling greater resistance to distortion 
during shearing. This structural reinforcement contributes 
not only to improved cohesion but also to a higher angle of 
internal friction. Additionally, a clear trend of increasing φ′ 
with curing time was observed, likely due to the progressive 

development of cementitious bonds and pozzolanic reac-
tions. Sezer et al. [87] also noted that moisture loss over 
time may contribute to increased shearing resistance, further 
supporting this trend.

Critical State Parameters of Soils Treated with Fly Ash 
and Alkali‑Activated Fly Ash

Consolidated-undrained (CU) triaxial tests were performed 
under effective confining pressures of 200, 400, and 600 kPa. 
The resulting critical state lines in the q–p′ plane for the con-
trol soil, as well as for soils stabilised with fly ash and alkali-
activated fly ash at curing times of 1, 7, and 28 days, are 
presented in Fig. 9a, b and c. In CU triaxial tests, the critical 
state line is typically identified within an axial strain range 
of 15–20%, as commonly adopted in the literature [88, 89]. 
Considering that stabilised soils incorporating cementitious 
materials may require larger strains to reach the critical state, 
a reference axial strain of 20% was adopted in this study. 
At this strain level, the stabilisation of pore water pressure 
and stress values was confirmed, indicating that the speci-
mens had reached the critical state. It was observed that the 
inclusion of either fly ash or alkali-activated fly ash led to 
an increase in the slope of the critical state line, denoted as 
M. Since M is closely associated with the angle of shearing 
resistance and reflects the interaction and geometric arrange-
ment of soil particles [90], the improvement in M is likely 
due to the silty texture of fly ash, which alters the particle 
structure of the stabilised soils. Among the stabilised speci-
mens, those treated with alkali-activated fly ash consistently 
exhibited higher M values than those treated with fly ash-
only across all curing periods. This finding aligns with the 
trends observed in the previously discussed Mohr–Coulomb 
shear strength parameters. Similar increases in M have been 
reported by Subramaniam et al. [78] for cement-stabilised 
clays and by Abdullah et al. [8] for clays treated with alkali-
activated slag. The increase in M is believed to be influenced 
by the formation of larger and stiffer geopolymer-induced 
bonds, which enhance particle interaction and shear resist-
ance within the soil matrix [8]. Furthermore, the value of M 
increased with curing time in all stabilised soils, likely due 
to the progressive development of cementitious bonds and 
pozzolanic reaction products. For the stabilised soils, the 
y-intercept of the critical state line in q-p′ plane increased 
with the increase in alkali-activated fly ash and the curing 
times. The increase in the y-intercept in the stabilised soils 
can be attributed to the effects of cementation bonding [90]. 
In the soils stabilised with alkali-activated fly ash, cementa-
tion occured during the geopolymerisation process [8]. A 
similar development was observed by Robin et al. [90] who 
run triaxial tests on soils stabilised with lime. On the other 
hand, the y-intercept of the  critical state line (CSL) for the 
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Fig. 8   SEM micrographs at 100 µm and 10 µm scales for: (a) control sample (kaolinite), (b) clay treated with alkali-activated fly ash, and (c) 
clay treated with class F fly ash after 28 days of curing
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soils stabilised with class F fly ash in q′-p′ plane was stable 
due to the low-calcium amount and thus low cementation.

Figure 10a, b and c presents the critical state lines in the 
v–lnp′ space for the control soil and for samples treated with 
class F fly ash and alkali-activated fly ash after 1, 7, and 
28 days of curing, respectively. As confirmed by the q–p′ 
plots for each CU triaxial test, the void ratio (e) was cal-
culated at 20% axial strain using the corresponding water 
content and the known specific gravity of solids (Gₛ). The 
specific volume was then determined as v = 1 + e. Together 
with the natural logarithm of the mean effective stress at 
the same strain level, the (v, ln p′) coordinates were identi-
fied to define the critical state line, in accordance with the 
methodology described by Fonseca et al. [89]. The critical 
state parameters λ and Γ were determined using the follow-
ing equation:

(1)v = Γ − �ln
(

p�
)

In the critical state framework, Γ represents the spe-
cific volume on the CSL at p′ = 1 kPa, while λ denotes 
the slope of the CSL. The parameter λ is also associated 
with the compression index (Cc), which characterises 
the consolidation and settlement behaviour of soils [91]. 
Based on the experimental results, both λ and Γ decreased 
with increasing alkali-activated fly ash content at all cur-
ing stages, and with increasing fly ash content at 7 and 
28 days of curing. A similar trend was reported by Kichou 
[92], who observed reduced compressibility in London 
clay stabilised with lime through triaxial testing. These 
findings suggest that the compressibility of soils treated 
with 15% and 25% alkali-activated fly ash or fly ash was 
effectively reduced. This outcome is consistent with the 
observations made by Phanikumar and Sharma [68], 
Kolay and Ramesh [71], and Bryson et al. [80]. However, 
in the case of soils stabilised with 15% and 25% class F 
fly ash at 1 day of curing, the Γ value initially increased 
compared to the control sample, followed by a reduction 
at 7 and 28 days. Phanikumar [61] and Bryson et al. [80] 

(a) (b)

(c)

Fig. 9   Critical state lines in the q–p′ plane for control soil and soils stabilised with fly ash and alkali-activated fly ash at (a) 1 day, (b) 7 days, 
and (c) 28 days of curing
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similarly reported that the compression index tends to 
increase at early curing stages with higher class F fly ash 
content, likely due to its limited cementitious reactivity. 
These results indicate that curing time is a critical fac-
tor in improving the compressibility behaviour of soils 
treated with class F fly ash.

At 28 days of curing, the Γ value for the control sam-
ple was 2.48. This value decreased to 2.35 and 2.19 for 
soils stabilised with 15% and 25% alkali-activated fly ash, 
respectively. For soils treated with 15% and 25% class F 
fly ash, the corresponding Γ values were slightly reduced 
to 2.38 and 2.36. Similarly, the λ value for the control 
sample was recorded as 0.095, which dropped to 0.075 
and 0.053 for the alkali-activated fly ash-stabilised soils, 
and to 0.079 and 0.075 for those stabilised with class F 
fly ash. These findings clearly demonstrate the notable 
influence of alkali activators in reducing the compress-
ibility characteristics of the stabilised soils.

Conclusions

This study evaluated the factors affecting the geomechanical 
properties of clay stabilised with alkali-activated fly ash and 
class F fly ash through one-dimensional consolidation and 
consolidated-undrained triaxial tests. The following conclu-
sions can be drawn from the study:

•	 The compression index generally decreased with fly 
ash or alkali-activated fly ash and curing time, except at 
1 day where 15% fly ash caused a slight increase before 
decreasing at 25% dosage. The swelling index decreased 
with fly ash or alkali-activated fly ash addition and curing 
time, owing to the non-expansive and pozzolanic nature 
of fly ash.

•	 The permeability of the soil stabilised with alkali-acti-
vated fly ash was greater than the control sample at early 
curing times. However, the value of k decreased as the 

(a) (b)

(c)

Fig. 10   Critical state lines in the v–lnp′ plane for control soil and soils stabilised with fly ash and alkali-activated fly ash at (a) 1 day, (b) 7 days, 
and (c) 28 days of curing
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time progressed and it became less permeable compared 
to the control sample. The void ratio of the stabilised soil 
followed a trend similar to permeability.

•	 Curing time markedly enhanced deviator stress in soils 
treated with alkali-activated fly ash, especially between 
7 and 28 days, while class F fly ash alone had minimal 
effect regardless of dosage or curing duration.

•	 Alkali-activated fly ash altered the stress–strain behav-
iour from ductile to brittle at 28 days, with 25% content 
leading to a stiffer and sharper post-peak response. In 
contrast, fly ash-only samples maintained ductile behav-
iour. Increasing confining pressure raised both maximum 
deviator stress and excess pore water pressure in all sta-
bilised soils.

•	 The addition of alkali-activated fly ash significantly 
improved the c’ and φ’ of the stabilised soils, with c′ 
reaching 388.6 kPa and φ′ increasing to 29° at 28 days 
of curing for soils stabilised with 25% alkali-activated 
fly ash. This improvement is attributed to enhanced 
geopolymerisation, pozzolanic reactions, and increased 
cementitious bonding, which were more pronounced in 
alkali-activated fly ash than in class F fly ash.

•	 The critical state parameter M increased with higher 
alkali-activated fly ash or fly ash content and curing time, 
while λ and Γ decreased. For class F fly ash, Γ initially 
rose at 1 day, then declined at later curing stages.

In general, the inclusion of alkali activators with class 
F fly ash significantly improves the geomechanical proper-
ties of stabilised clay compared to using untreated fly ash 
alone. The chemical activation process induced by alkali 
activation promotes the formation of additional cementitious 
compounds, enhancing the strength, stiffness, and consolida-
tion performance of stabilised soils.

Recommendations for future research

The primary objective of this study is to contribute to the 
current understanding of the geomechanical behaviour of 
alkali-activated fly ash-stabilised soils—particularly kaoli-
nitic clays—under controlled laboratory conditions. Future 
research should address the long-term durability of alkali-
activated stabilised soils under varying environmental condi-
tions, particularly cyclic wetting and drying and freeze–thaw 
cycles. These environmental factors are critical to under-
standing the resilience and service life of geopolymer-treated 
soils in field applications.

In particular, it is recommended that future studies incor-
porate long-term immersion testing to evaluate the effects of 
sustained saturation. This is especially important for assess-
ing potential strength degradation due to leaching or con-
tinuous moisture exposure, which may not be fully captured 
through short-term or cyclic tests. Such investigations would 

provide a more comprehensive understanding of the long-
term performance and practical applicability of fly ash and 
alkali-activated systems in water-sensitive environments.

In addition, comparative studies involving alternative, 
lower-cost activators (e.g. sodium carbonate) should be con-
ducted to assess their mechanical performance and environ-
mental impact. Further investigations should also focus on 
field-scale validation and comprehensive cost–benefit analy-
ses to bridge the gap between laboratory-scale performance 
and real-world implementation.

It should also be noted that the experimental investiga-
tion in this study was conducted on a specific type of syn-
thetic clayey soil with controlled properties. Therefore, the 
findings should be interpreted within the limitations of the 
tested material. For broader generalisation, future studies 
are recommended to include a comparative assessment 
using natural clayey soils with varying mineralogical com-
positions and plasticity characteristics. Such investigations 
would help to evaluate the consistency and applicability of 
the observed behaviour across a wider range of soil types 
commonly encountered in geotechnical practice.

Suggested field applications

The results of this study demonstrate that alkali-activated 
fly ash can significantly improve the strength and compress-
ibility of kaolinitic clays, making it a suitable candidate for 
stabilising weak cohesive soils in practical applications. For 
field use, careful material preparation—including pulverisa-
tion of clay—and appropriate mixing techniques (dry or wet) 
should be adopted to ensure uniform treatment. These pro-
cedures align with existing practices in road subgrade and 
embankment construction and could be applied in current 
geotechnical projects without major changes.
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