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ABSTRACT
Construction of geotechnical infrastructures in tropical regions characterised by black cotton soil (BCS) presents major engineer-
ing challenges due to its high swelling and shrinkage potential. Bagasse ash (BA) incorporating limestone calcined clay cement 
(LC3) has emerged as a promising stabilisation approach to enhance the performance of foundations constructed on BCS. In this 
study, BCS specimens were stabilised using a BA-LC3 binder at proportions ranging from 0% to 18% by dry mass of soil and cured 
for 7–28 days at temperatures of 10°C and 32°C to evaluate their mechanical response under loading conditions. Consolidated 
drained direct shear and triaxial tests were conducted under varying confining pressures to assess the mechanical performance 
of the treated BCS. The results show that the peak shear strength of treated BCS increased with increasing confining pressure, 
curing period and curing temperature. Shear strength increased by 76.2% on average, considering 450-kPa confining pressure, 
28-day curing period and 32°C curing temperature. An optimal BA-LC3 binder content for BCS was found to obtain the highest 
internal friction angle, which ranged around 15% content at 28 curing days and 32°C curing temperature. Failure behaviour also 
varied significantly between untreated and treated soils. Untreated BCS exhibited ductile behaviour, whereas BA-LC3 stabilised 
BCS presented brittle behaviour. The findings demonstrate the feasibility of using BA-LC3 binder system to improve the shear 
behaviour of BCS for geotechnical applications in tropical regions. This approach supports sustainable construction practices by 
reducing cement consumption, lowering carbon emissions and decreasing infrastructure development costs.

1 | Introduction

The rapid accumulation of greenhouse gases, particularly car-
bon dioxide (CO₂), has intensified global climate warming and 
poses serious environmental threats worldwide [1,  2]. The ce-
ment industry alone is responsible for about 9.1% of global CO₂ 
emissions annually [2–4]. Within the broader construction sec-
tor, infrastructure development accounts for nearly 40% of ener-
gy-related carbon emissions [3]. These emissions are projected 
to increase by 10-15% in the near future due to rapid urbani-
sation and industrialisation [3–6], which have led to significant 

growth in geotechnical infrastructure such as roads, buildings 
and foundations [5–7]. At the centre of this issue is ordinary 
Portland cement (OPC), which remains the most widely used 
construction material due to its reliable strength and durability 
properties [2–6]. However, OPC production is associated with 
a substantial carbon footprint [1–3]. Approximately 1000 kg of 
CO₂ is emitted during the production of 1.0 t of OPC [2, 4, 8]. 
This high emission level results primarily from the energy-in-
tensive manufacturing process, which requires temperatures 
ranging between 1400°C and 1600°C, leading to significant 
anthropogenic CO₂ emissions [3–6]. According to Izumi et al. 
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[1] and Ijaz et al. [3], OPC production contributes approximately 
4.8% of global CO₂ emissions, alongside other pollutants such as 
nitrogen oxides, sulphur oxides and dust. The extensive use of 
OPC in construction activities, including black cotton soil (BCS) 
stabilisation, has therefore raised significant environmental 
concerns [9–12]. In addition, when large-scale BCS stabilisation 
is required, the consumption of OPC becomes both econom-
ically expensive and environmentally unsustainable [10,  11]. 
Consequently, there has been a growing global interest in devel-
oping sustainable and cost-effective construction materials over 
the past decades to reduce dependence on OPC [4–6].

Researchers worldwide are actively investigating silica-rich in-
dustrial by-products as alternative materials to reduce the con-
sumption of OPC in construction [13–18]. Several studies have 
explored the use of geopolymer-based industrial by-products, 
including ground granulated blast furnace slag (GGBS), fly 
ash and silica fume [8, 13, 19]. These materials, commonly re-
ferred to as supplementary cementitious materials (SCMs), have 
the potential to significantly reduce the carbon footprint of ce-
ment-based construction [12–15]. In addition to their environ-
mental benefits, SCMs often exhibit high pozzolanic reactivity, 
which can improve the mechanical and durability properties 
of cementitious composites [2,  5]. For example, fly ash and 
GGBS are widely incorporated into concrete mixtures as par-
tial replacement of OPC [13, 15]. This practice has been shown 
to enhance both mechanical performance and durability while 
simultaneously providing environmental and economic bene-
fits [15, 20]. These materials have also been applied to stabilise 
problematic soils such as BCS [21, 22]. Studies indicate that in-
corporating fly ash or GGBS can significantly improve the en-
gineering properties of treated BCS in a more sustainable and 
cost-effective manner [21–23]. However, when the OPC replace-
ment ratio exceeds certain limits, the performance of fly ash or 
GGBS-based systems may deteriorate [10, 20]. Furthermore, in 
countries such as Malawi, where electricity generation relies less 
on fossil fuels, the availability and quality of fly ash and GGBS 
are limited. This restricts their large-scale use in cement produc-
tion and soil stabilisation. In addition, the practical implemen-
tation of geopolymer-based materials is still largely considered a 
medium- to long-term solution due to limitations related to ac-
cessibility, reactivity and variability in soil performance [21–23].

Bagasse ash (BA) has demonstrated considerable potential as a 
partial replacement material for OPC in both concrete produc-
tion and soil stabilisation applications [24–29]. However, the 
disposal of BA remains a significant environmental challenge 
in sugar-producing regions such as Shire Valley in Malawi [26]. 
Bagasse, the fibrous residue obtained after extracting juice from 
sugarcane, is commonly burned as fuel for electricity gener-
ation in sugar processing industries, producing BA as a waste 
by-product [25]. Approximately 30-45 kg of BA can be produced 
from 1.0 t of bagasse waste [8]. BA generated from boiler clean-
ing processes in sugar mills, such as ILLOVO Sugar Company 
Ltd., often exhibits relatively low loss on ignition (LOI) and con-
tains high concentrations of silica (SiO2) and alumina (Al2O3), 
which are key indicators of pozzolanic activity [26,  29,  30]. 
Several studies have demonstrated the potential use of BA in ce-
mentitious materials. For example, Wu et al. [24] replaced OPC 
with BA in the range of 0%–30% during concrete production and 
found that mixtures containing 25% BA exhibited satisfactory 

workability and strength properties. Similarly, Serker et al. [27] 
reported that 30% BA replacement produced optimum compres-
sive strength in modified concrete mixtures. Chindaprasirt et al. 
[28] observed that replacing 60% of OPC with BA reduced CO₂ 
emissions by 57% and energy consumption by 55% compared 
with conventional OPC mortars. However, despite its promising 
characteristics, the use of BA alone may not be sufficient to meet 
the strength and serviceability requirements for stabilising BCS 
in geotechnical construction [25]. Previous studies have shown 
that when BA is used as the sole stabilising material, vertical 
displacement and deformation may increase in treated BCS 
[9,  30]. To address this limitation, researchers have explored 
the incorporation of additional materials such as lime, fly ash, 
dolomite and synthetic fibres together with BA [29–32]. These 
studies reported reductions in the plasticity of treated BCS, al-
though improvements in California bearing ratio were often 
limited. The incorporation of BA with OPC has been found to 
significantly enhance the unconfined compressive strength of 
treated BCS while simultaneously reducing BA waste disposal 
challenges [25,  29,  30]. Moreover, BA-OPC stabilised BCS has 
shown reductions in free swell potential and optimum moisture 
content, accompanied by increases in maximum dry density and 
shear strength [33,  34]. However, the utilisation of OPC as an 
incorporating material to BA might raise the carbon footprint 
environmental concerns and seriously increase the BCS stabili-
sation cost as compared with the related benefits [1–6].

Limestone calcined clay (CC) cement (LC3) is an emerging 
low-carbon cementitious material capable of reducing CO2 emis-
sions by up to 40% compared with OPC [3, 35, 36]. LC3 typically 
consists of limestone, CC and clinker, with its mechanical per-
formance largely depending on the proportions of these compo-
nents [36–38]. The synergistic effect between CC and limestone 
contributes to enhanced hydration reactions and improved me-
chanical properties of LC3-based composites [35]. Moreover, LC3 
manufacture does not require new technologies, making it inex-
pensive and easy to introduce to the geotechnical construction 
sector [37]. Compared with OPC, the notable features of LC3 lie 
in being able to reduce the consumption of ground clinker by 
about 50% while facilitating the dense rheological formation just 
as OPC, leading to enhanced mechanical strength and improved 
durability [39–41]. Several studies have evaluated the perfor-
mance of LC3 in construction materials. For instance, Mohamed 
et al. [39] investigated the effect of CC on LC3 concrete, whereas 
Sharma et al. [40] examined its hydration behaviour. Some re-
cent studies by Wang et al. [42] and Reddy et al. [43], respectively, 
centred on stabilisation of zinc and radioactive-borate-contam-
inated soils with LC3 and demonstrated its capacity to alter the 
properties of treated soils through hydration reaction. Field 
studies conducted in Kenya and India demonstrated that LC3 
can reduce carbon emissions by approximately 40% when used 
in soil stabilisation and concrete pavements compared with OPC 
[44, 45]. Just as Ijaz et al. [3], Scrivener et al. [36] showed that 
LC3 can be applied in the same way as OPC and does not need a 
special training. Thus, BA can be incorporated with LC3 in the 
same manner as BA is incorporated with OPC [46, 47]. Overall, 
a combined use of BA and LC3 as cementitious material has a 
significant potential to meet the extensive amounts of materials 
demanded by the cement industry for routine BCS stabilisation 
practice to ensure more green, cost-effective, sustainable and re-
silient geotechnical constructions.
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Although both BA and LC3 have individually demonstrated 
promising potential in soil stabilisation, studies investigating 
their combined application for stabilising BCSs remain limited. 
In particular, the behaviour of BA-LC3 stabilised BCS under 
varying pressure and curing conditions has not been adequately 
investigated. Despite that many engineering challenges arise at 
low pressures, investigating the behaviour of soil at high pres-
sures is crucial to fathom better engineering construction con-
ditions [48–50]. In addition, Nguyen et al. [51] observed that the 
cementation effects of treated soils were notably apparent under 
low confining pressures, with shear strength arising from the 
precipitated surface roughness. These studies have uncovered 
that shear strength intensifies with an increase in pressure and 
curing conditions, as showcased by Malandraki et al. [52] and 
Sariosseiri et al. [53]. Hence, this study purposes to evaluate 
the shear strength and mechanical behaviour of treated BCS 
through consolidated drained (CD) direct shear and triaxial 
tests under high pressures ranging from 50 to 1000 kPa consid-
ering different curing conditions. These pressures tally with dif-
ferent depths of foundations for roads and buildings.

Therefore, this study delves into the mechanical properties and 
BA-LC3 binder content of treated BCS under varied loading and 
curing while evaluating the correlation between influencing 
factors and the resulting strength improvement. Direct shear 
strength was performed to analyse the effect of mechanical 
characteristics on binder content, vertical pressure, curing age 
and curing temperature for treated BCSs. Different test sets were 
conducted under triaxial tests to analyse the maximum devia-
toric stress, maximum volumetric strain, stress ratio, postyield 
strain-softening and postyield strain-hardening behaviour of the 
treated BCS subjected to high confining pressures. Subsequently, 
an attempt was made to rank the factors influencing the shear 

behaviour of BA-LC3 binder-treated BCS using a grey relational 
analysis, which can help to provide insights into foundation 
design on BCSs. The findings from this study are expected to 
contribute to the development of sustainable, cost-effective and 
environmentally friendly BCS stabilisation techniques suitable 
for geotechnical construction in tropical regions.

2 | Materials and Methods

BA, LC3, and BCS were the primary materials used in this study. 
All materials were collected from the Shire Valley region in 
Malawi, which lies at elevations ranging from 34-106 m above 
sea level, between 34°15′E–35°16′E longitude and 15°29′S–
16°46′S latitude, leading to tropical conditions in the area.

BA was obtained from ILLOVO Sugar Company Ltd during 
the boiler cleaning process. The ash was collected from boilers 
operating at approximately 600°C, consistent with procedures 
reported in previous studies [9,  28]. This temperature is con-
sidered optimal for removing residual carbon while preserving 
amorphous silica, which enhances the pozzolanic reactivity of 
BA [30]. After collection, the ash was allowed to cool to room 
temperature, manually ground into powder form, and sieved 
through a 300-µm sieve to remove impurities and coarse par-
ticles [24]. The measured physical properties of BA indicated a 
specific gravity of 2.52, a median particle size (d50) of 26.97 µm, 
and a Blaine surface area of 513 m2/kg. The material was ob-
served to be black in colour. To determine its pozzolanic char-
acteristics, the chemical composition of BA was analysed using 
a Xenemetrix X-Calibur X-ray fluorescence (XRF) spectrom-
eter, and the results are presented in Table 1. According to 
ASTM C618 [58], a natural pozzolana containing a combined 

TABLE 1   |   Engineering properties of BA, LC3 and BCS materials.

Chemical 
properties SiO2 (%) Al2O3 (%) Fe2O3 (%) CaO (%) Na2O (%) SO3 (%) MgO (%) K2O (%) LOI (%)

BA 59.37 6.66 6.41 15.89 1.07 1.79 3.14 3.31 2.11

LC3 26.43 5.01 3.36 58.37 0.14 3.13 1.51 0.46 1.57

BCS 65.63 10.25 7.03 0.59 2.18 1.84 4.16 1.35 6.93

Physical properties of BCS Test method Mean value

Natural moisture content ASTM D2216 [54] 36.7%

Specific gravity ASTM D854 [55] 2.3

Plasticity ASTM D4318 [56] —

Liquid limit — 80.3%

Plastic limit — 33.2%

Plasticity index — 47.1%

Particle size distribution ASTM D6913 [57] —

Clay — 62.5%

Silt — 27.8%

Sand — 9.7%

Gravel — 0.0%
Abbreviations: Al2O3 = aluminium oxide; Fe2O3 = iron oxide; CaO = calcium oxide; K2O = potassium oxide; LOI = loss on ignition; MgO = magnesium oxide; 
Na2O = sodium oxide; SiO2 = silicon oxide; SO3 = sulphur trioxide.
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percentage of SiO2, Al2O3 and Fe2O3 greater than 70% is classi-
fied as a Class F pozzolanic material. Based on this criterion, the 
analysed BA qualifies as Class F pozzolana.

To prepare LC3, locally sourced kaolinite clay was first calcined 
in a furnace at 800°C ±10°C for 30 min to produce CC. This 
temperature corresponds to the dehydroxylation range of ka-
olinite clay minerals, which promotes the formation of highly 

reactive metakaolin [37]. The selected calcination duration of 
30 min represents the minimum period required to ensure com-
plete structural transformation of kaolinite [37]. Limestone (LS) 
and gypsum (Gyp) were separately ground into fine powder. 
Clinker (CL) was obtained from the Shayona Portland Cement 
Manufacturing (SPCM) distributor. Only materials passing 
through a 75 µm sieve were used in the preparation of LC3 to 
ensure uniform particle size. The LC3 was prepared according 
to the typical composition reported in previous studies, con-
sisting of 30% CC, 15% limestone, 5% gypsum, and 50% clinker 
[36–40]. The mineralogical composition of the prepared LC3 was 
determined using XRF analysis, and the results are presented 
in Table 1.

BCS samples were collected from a depth of 1.5 m below ground 
surface to minimise contamination from organic matter and sur-
face debris [11, 26]. The collected soil was oven-dried at 105°C 
for 24 hours to remove moisture [25]. The dried soil was then 
sieved through a 2.0 mm sieve to remove coarse particles and ob-
tain uniform specimens for testing [21]. The engineering prop-
erties of the soil were subsequently determined, and the results 
are summarised in Table 1. These values fall within the typical 
ranges reported for BCS in previous studies [11, 21, 26]. Based on 
the obtained properties, the soil was classified as fat clay (CH) 
as per the unified soil classification system. This classification 

TABLE 2   |   Compaction parameters of untreated and treated BCS 
specimens.

BA-LC3 binder 
content (%) MDD (kN/m3) OMC (%)

0 16.30 19.1

3 16.31 19.0

6 16.37 18.8

9 16.38 18.7

12 16.43 18.3

15 16.49 17.9

18 16.55 17.6
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FIGURE 1   |   Tropical climatic conditions of Shire Valley from 1991 to 2025 [60]: (a) temperature per month and (b) precipitation per month.
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indicates that the soil exhibits high plasticity and swelling po-
tential, making it unsuitable for direct use as a foundation ma-
terial in geotechnical construction without stabilisation [9–12].

BA was incorporated with LC3 at a mass ratio of 3:2, consistent 
with proportions reported in previous studies [26]. The BA-LC3 
binder mixture was added to BCS at contents ranging from 0% 
to 18% by dry weight of soil to evaluate its influence on the shear 
strength behaviour of stabilised soil. The BCS specimens were 
compacted using a standard compaction energy of 600 kN-m/
m3, corresponding to 95% of the maximum dry density (MDD). 
To compensate for potential moisture loss during mixing and 
curing and to facilitate hydration reactions, the moisture con-
tent was adjusted to 2.5% above the optimum moisture content 
(OMC). This approach is consistent with practices adopted in 
field stabilisation of expansive soils [32]. Standard Proctor com-
paction tests were conducted in accordance with ASTM D698 

[59]. The resulting MDD and OMC values for untreated and 
treated specimens are tabulated in Table 2.

Direct shear tests were conducted inside a temperature-con-
trolled chamber where the temperature ranged between 10°C 
and 32°C (±0.1°C accuracy) to simulate the climatic con-
ditions of the Shire Valley region in Malawi. The minimum 
and maximum testing temperatures were selected based on 
long-term mean temperature records of the study area, as 
portrayed in Figure 1. Specimens were cured at 7, 14, and 28 
days and tested under vertical normal stresses of 50, 150, 300, 
and 450 kPa. Direct shear tests were performed following the 
procedures specified in ASTM D3080 [61], using specimens 
compacted at MDD and OMC conditions. After compaction, 
specimens were sealed with plastic films to prevent moisture 
loss and cured at standard 95% relative humidity and 24°C 
temperature. The shear tests were conducted at a constant 
displacement rate of 2.4 mm/min, and shear stress was calcu-
lated using the following equation:

where

� = shear stress of the specimen;

A = sheared area of the specimen;

G = loop gauge reading;

C = loop calibration constant.

In addition to direct shear testing, triaxial CD compression tests 
were performed on untreated BCS and BCS stabilised with 15% 
BA-LC3 binder, which corresponded to the optimum binder con-
tent identified in preliminary tests. The specimens were cured 
for 28 days and subjected to confining pressures of 50, 150, 300, 
450, 600, 750, 900, and 1000 kPa to evaluate the behaviour of 
the treated soil under a wider range of stress conditions. After 
compaction, specimens were subjected to vacuum saturation 
followed by curing in water at a standard 24°C temperature. 
Compared with direct shear tests, the triaxial shear tests were 
performed at a standard 24°C temperature to prevent thermal 
variations from affecting the pore water pressure in the triaxial 
system [52]. Vacuum saturation was applied to minimise matric 
suction effects, ensuring that the measured strength reflected 
true effective stress conditions. The triaxial tests were con-
ducted according to ASTM D7181 [62]. Before testing, drainage 
lines were flushed with de-aired water to eliminate trapped air 
within the triaxial system. The specimens were then mounted 
on a permeable base, and a top cap was installed. Filter paper 
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FIGURE 2   |   Shear–stress displacement relationship of treated BCS: 
(a) at +10°C curing temperature and (b) at +32°C curing temperature.

TABLE 3   |   Governing chemical reaction processes.

Process Chemical reaction Compound

Hydration CaO + H2O → Ca(OH)2 Calcium hydrate (CH)

Pozzolanic Ca(OH)2 + SiO2 → 3CaO.2SiO2.3H2O Calcium silicate hydrate (CSH)

Pozzolanic Ca(OH)2 + Al2O3 → 4CaO.Al2O3.13H2O Calcium alumina hydrate (CAH)

Dissolution Ca(OH)2 → Ca2+ +2OH¯ Calcium and hydroxide ions
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discs were placed between the specimen ends and the porous 
stones to prevent migration of fine particles into the drainage 
system [63]. A constant strain rate of 0.2 mm/min was applied 
during testing to minimise potential creep effects, following 
procedures reported by Malandraki et al. [52].

3 | Results and Discussions

3.1 | Direct Shear Behaviour

For geotechnical structures founded on BCS in tropical re-
gions, stability is a critical design requirement. Therefore, 
a comprehensive direct shear testing programme was con-
ducted to evaluate the resistance of BA-LC3 stabilised BCS 
under a wide range of static loading conditions. The mechan-
ical improvement of treated BCS was evaluated using the 
shear–stress displacement (SSD) relationship, considering the 
effects of BA-LC3 binder content, initial dry density, and cur-
ing conditions on the direct shear strength behaviour of the 
treated soil.

The SSD relationship of BA-LC3 binder-treated BCS at curing 
temperatures of +10°C and +32°C is presented in Figure 2. 
During shearing, the specimens initially reached a peak shear 
strength, after which partial failure occurred. This be-
haviour resulted from the propagation of microcracks, which 

eventually led to failure of the entire specimen. The SSD 
curves of treated BCS exhibited distinct peaks at different BA-
LC3 binder contents. Furthermore, the peak shear strength in-
creased with increasing vertical pressure. This behaviour can 
be attributed to the hydration reaction between the primary 
chemical compounds of the BA-LC3 binder and water present 
in the soil matrix. Table 3 summarises the principal chemical 
reactions occurring within the BA-LC3 binder-BCS system. 
The formation of hydration products such as calcium silicate 
hydrate (CSH) and calcium aluminosilicate hydrate (CASH) 
significantly contributed to the cementation of soil particles. 
This process improved the soil pore structure by reducing po-
rosity and enhancing interparticle bonding, which ultimately 
resulted in increased shear strength. The failure patterns of 
untreated and treated BCS differed considerably. Untreated 
BCS exhibited ductile failure behaviour, whereas BA-LC3 
stabilised BCS displayed brittle failure characteristics due to 
reduced plasticity and enhanced particle bonding caused by 
hydration products.

Figures 3 and 4 illustrate the effect of BA-LC3 binder content 
on the shear strength behaviour of treated BCS specimens. The 
results show that shear strength increased with increasing BA-
LC3 binder content. For instance, for specimens cured at +10°C 
at 28 days, the shear strengths of BCS treated with 18% BA-LC3 
binder under vertical pressures of 50, 150, 300, and 450 kPa 
were 360.32, 481.65, 559.33, and 640.01 kPa, respectively. 
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FIGURE 3   |   Effect of BA-LC3 binder content on shear strength of treated BCS at +10°C curing temperature: (a) 7 curing days, (b) 14 curing days 
and (c) 28 curing days.

 3962, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/je/1071136 by H

orris K
. N

A
N

G
U

L
A

M
A

 - IN
A

SP - T
A

N
Z

A
N

IA
 , W

iley O
nline L

ibrary on [18/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



7 of 18

Compared with specimens treated with 3% binder, the corre-
sponding shear strength increased by 125%, 118.2%, 96.5%, 
and 88.2%, respectively. This improvement can be attributed to 
the increased formation of hydration products resulting from 
higher binder contents. These hydration products formed ce-
mentitious bonds at particle interfaces, which strengthened 
the soil skeleton and reduced pore spaces. Additionally, the 
improved shear strength can be explained by the microstruc-
tural modifications, whereby more cementitious compounds 
such as CASH gels were formed on treated BCS compared with 
untreated BCS (Figure 5). This phenomenon reduced inter-
particle spacing and decreased pore sizes. These changes en-
hanced the compactness, strength and structural integrity of 
the treated BCS.

Figures 3 and 4 also demonstrate that shear strength increased 
with increasing vertical pressure, curing period, and curing 
temperature. The highest shear strength values were consis-
tently obtained for specimens treated with 18% BA-LC3 binder 
under a vertical pressure of 450 kPa. This behaviour can be 
attributed to the combined effects of particle breakage and ce-
mentation. Under relatively low vertical pressures, the treated 
BCS exhibited brittle behaviour and resisted shear primarily 
through bonding strength and particle interlocking. At higher 
vertical pressures, the shear resistance was mainly governed by 
particle strength, rearrangement, and fragmentation. This ob-
servation is consistent with the findings of Nagaraj and Miura 
[64], who reported that increasing vertical pressure leads to 

particle fragmentation and structural rearrangement, resulting 
in denser soil configurations. Similar observations have been re-
ported by Kang et al. [65] and Pu et al. [66].

The shear strength of BA-LC3 binder-treated BCS cured at 
+10°C (Figure 3) was consistently lower than that of specimens 
cured at +32°C (Figure 4). For instance, at +32°C curing tem-
perature, the maximum shear strengths of BCS treated with 
18% BA-LC3 binder after 7, 14, and 28 days were 590.0 kPa, 
789.85 kPa, and 1050.26 kPa, respectively. These values rep-
resent increases of 45.8%, 51.9%, and 64.1%, respectively, 
compared with specimens cured at +10°C. This behaviour 
is attributed to the temperature-dependent nature of hydra-
tion reactions. Higher curing temperatures accelerate hy-
dration reactions and promote the formation of cementitious 
products, thereby enhancing soil strength. Conversely, lower 
temperatures reduce the hydration reaction rate, resulting 
in slow strength development, as also reported by Calik and 
Sadoglu [63].

Figure 6 presents the relationship between vertical pressure 
and shear strength for BA-LC3 binder-stabilised BCS at cur-
ing temperatures of +10°C and+32°C. The results indicate 
that shear strength increased with both vertical pressure and 
binder content. Based on linear regression analysis of the shear 
strength-vertical pressure relationship, the Mohr-Coulomb fail-
ure criterion, shown in Equation (2), was used to evaluate the 
shear strength parameters:
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FIGURE 4   |   Effect of BA-LC3 binder content on shear strength of treated BCS at +32°C curing temperature: (a) 7 curing days, (b) 14 curing days 
and (c) 28 curing days.
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Where:

� = shear strength.

c = cohesion.

� = normal stress (vertical pressure).

� = internal friction angle.

Figure 7 illustrates the variation of internal friction angle 
with BA-LC3 binder content at different curing temperatures. 
At +10°C, the internal friction angle increased with binder 
content for specimens cured at 7 and 14 days. However, for 
specimens cured at 28 days, the internal friction angle ini-
tially increased and subsequently decreased at higher binder 
contents. A similar trend was observed at +32°C, where the 
internal friction angle increased initially and then decreased 
beyond a certain binder content. These results indicate that 
an optimum binder content exists for maximising the inter-
nal friction angle. In this study, the optimum BA-LC3 binder 
content was approximately 15% for both curing temperatures. 
This behaviour can be explained by the formation of hydration 
products that fill soil pores and enhance interparticle bond-
ing (Figure 5). However, excessive binder content may lead to 
microstructural stiffness and brittle behaviour, resulting in 
reduced frictional resistance.

Figure 8 shows the relationship between BA-LC3 binder content 
and cohesion of treated BCS. The results indicate that cohesion 
increased with increasing binder content and curing period. 
This behaviour can be attributed to the continuous formation 
and accumulation of hydration products, which enhance bond-
ing between soil particles. As hydration progresses, the soil 
structure becomes more compact and cohesive, leading to in-
creased shear resistance.

To evaluate the influence of dry density on the shear be-
haviour of treated BCS, dry densities of 16.31, 16.37, 16.43, 
16.49, and 16.55 kN/m3 were selected based on the compac-
tion results presented in Table 2. Figures 9 and 10 illustrate 
the effect of dry density on the shear strength of BA-LC3 bind-
er-treated BCS at curing temperatures of +10°C and+32°C, 
respectively. Regardless of curing temperature, shear strength 
increased with increasing dry density. This improvement can 
be attributed to the reduction of interparticle voids and pore 

(2)� = c+� tan�

Air voids Air voids

Ba incorporating LC3

(a) (b)

CA
SH

FIGURE 5   |   SEM images at 20 µm for specimens cured at 28 days: (a) untreated BCS and (b) 18% BA-LC3 binder-treated BCS.
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sizes, which enhances soil compactness. The formation of hy-
dration products further strengthens particle bonding, thereby 
improving the structural integrity and shear resistance of the 
treated soil.

Figures 11 and 12 depict the impact of curing temperature on 
shear strength of treated BCS at various BA-LC3 binder con-
tents and dry densities, respectively. Shear strength of BA-LC3 
binder-treated BCS cured at +10°C temperature is minimal as 
compared with the shear strength of BA-LC3 binder-treated BCS 
cured at +32°C temperature. This phenomenon was attributed to 
different curing temperatures, with low temperature inhibiting 
the rate of hydration reaction. Thus, high-temperature curing 
facilitated the hydration reaction rate, consequently strengthen-
ing cementation of treated BCS particles, hence shear strength 
enhancement. This finding corresponds well with findings by 
Abdullah et al. [22] and Lee et al. [67].

3.2 | Triaxial Shear Behaviour

To further evaluate the mechanical behaviour of the stabilised 
soil, triaxial tests were conducted on untreated BCS and BCS 

treated with 15% BA-LC3 binder, which corresponded to the 
optimum binder content. The tests were performed under con-
fining pressures ranging from 50 kPa to 1000 kPa after 28 days 
of curing. The results were analysed in terms of deviatoric 
stress-axial strain relationship and volumetric strain-axial 
strain relationship.

Figure 13 shows the relationship between deviatoric stress 
(q = �1 − �3 ) and axial strain (�1 ) of untreated and treated 
BCS. It has to be mentioned that in this section, the response 
of q = �1 − �3  is given as �1 , in which �1  and �3 , respectively, 
depict axial and radial principal stresses. Conversely, the re-
sponse of stress–strain captures its strength and deformation 
traits. Based on Figure 12, the stress–strains of all samples 
demonstrate a linear increase in �1 − �3 at early strains such 
as at �1 < 3.51% for untreated BCS (Figure 13a), and �1 < 2.38% 
for treated BCS (Figure 13b), indicating the initial contraction 
zone. Maximum �1 − �3 of all samples notably increased with 
an increase in confining pressure. For example, maximum 
�1 − �3 of treated BCS was compared under 450 and 1000 kPa 
confining pressures at �1 = 4% (Figure 12b), and results showed 
a 77.27% increase in maximum �1 − �3. Moreover, Figure 13a 
shows that untreated BCS exhibited higher maximum �1 − �3 
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FIGURE 7   |   Effect of BA-LC3 binder content on internal friction an-
gle of treated BCS at different curing temperatures: (a) at +10°C curing 
temperature and (b) at +32°C curing temperature.
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FIGURE 9   |   Effect of dry density on shear strength of treated BCS at +10°C curing temperature: (a) 7 curing days, (b) 14 curing days and (c) 28 
curing days.
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FIGURE 10   |   Effect of dry density on shear strength of treated BCS at +32°C curing temperature: (a) 7 curing days, (b) 14 curisng days and (c) 28 
curing days.
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FIGURE 11   |   Effect of curing temperature on shear strength of treated BCS with various BA-LC3 binder content at different curing periods: (a) 7 
curing days, (b) 14 curing days and (c) 28 curing days.
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in comparison with treated BCS when 600-kPa confining 
pressure was exceeded. For instance, maximum �1 − �3 of 
untreated BCS under 600 kPa confining pressure was com-
pared with that under 750-kPa confining pressure at �1 = 14% 
(Figure 13a). The maximum �1 − �3 increased from 1751.5 kPa 
to 2817.3 kPa, representing 60.85% increase. In contrast, under 
the same 600- and 750-kPa confining pressures at �1 = 14% for 
treated BCS (Figure 13b), the maximum �1 − �3 increase for 
untreated BCS reduced by 32.07%. This implies that the ef-
fect of confining pressure at higher than 600 kPa on untreated 
BCS was more distinct in comparison with that of treated 
BCS. Therefore, with an increase in confining pressure, un-
treated BCS underwent serious particle fragmentation, lead-
ing to structural reorganisation, and thus limited strength 
improvement. Conversely, all treated BCS underwent consis-
tent mechanical performance. With an increase in confining 
pressure, maximum �1 − �3 of treated BCS improved, result-
ing in notable mechanical response as a result of cementation 
degree and fragmentation level of BCS particles. As observed 
in Figure 13b, postyielding strain-softening behaviour was no-
ticed at low confining pressure, such as less than 600 kPa. On 
the contrary, postyielding strain-hardening response was no-
ticed at high confining pressure, such as more than 600 kPa. 

Fragmentation and cementation degree of specimens played a 
significant role in these transition responses. Thus, under low 
confining pressure, the behaviour of treated BCS became more 
brittle, with primary loading resistance mainly due to spatial 
bonding strength. With high confining pressure, strength of 
treated BCS was mainly attributed to strength of particles, 
particle fragmentation and rearrangement. This suggests that 
particle fragmentation dominated the mechanical response of 
treated soils after attaining maximum �1 − �3 in the triaxial 
test, as previously discovered by Lyu et al. [68].

Moreover, shear behaviour of BCS is more attributed to volu-
metric strain 

(
�v
)
 changes, where negative and positive changes 

correlate with dilation and compression of samples during the 
stage of shearing. It is mostly reported that notable changes in 
dilative �v are very significant during substantial axial strain 
(�1), low conditions of confining pressure, and higher stress lev-
els close to failure [64]. Similarly, at less than 600 kPa confining 
pressure, untreated and treated BCS showed contraction at low 
�1 of about 3.51% (Figure 14a) and 2.03% (Figure 14b), respec-
tively, succeeded by successive solid dilation. Besides, at 50 kPa 
confining pressure, differences in �v for untreated and treated 
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FIGURE 13   |   Variation in deviatoric stress–axial strain under vari-
ous confining pressures: (a) untreated BCS and (b) 15% BA-LC3 bind-
er-treated BCS.
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ious confining pressures: (a) untreated BCS and (b) 15% BA-LC3 bind-
er-treated BCS.
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BCS were about 2.41% (Figure 14a) and 1.01% (Figure 14b), re-
spectively. Likewise, 15% BA-LC3 binder content weakened the 
dilatancy properties of BCS, whereby the hydration products in-
tegrated BCS into a compact entity, decreasing particle amount 
and, hence, resulting in dilatancy behaviour. This further im-
plies that treated BCS particles exhibited notable curtailment 
against rearranging, tumbling, sliding and overturning caused 
by the effect of bonding, particularly at low stress levels, thereby 
possibly crippling the dilatancy behaviour. Besides, values of di-
lative �v decreased with increasing confining pressure to a point 
of stress–strain curve, demonstrating an absolute shear contrac-
tion. This finding reveals that �1 level and corresponding maxi-
mum �1 − �3 increased with an increase in confining pressure. 
Parallel conclusion was drawn by Azneb et al. [69].

Figure 15 summarises the maximum �1 − �3 principal stress 
ratio of treated BCS. With an increase in confining pressure, 
the maximum principal stress ratio reduces. To illustrate, it 
was previously shown that beyond coloured rectangular turn-
ing points (Figure 14b), stress–strain behaviour of treated 
BCS deteriorates to that of untreated BCS (Figure 14a). This 
suggests that shear strength and bond stiffness became virtu-
ally zero at high confining pressure. Thus, bonding strength 
and structural interlocking of treated BCS partially sus-
tained loading capacity and provided limited influence on 
strength improvement. To better demonstrate this phenome-
non, maximum �1 − �3 of untreated and treated BCS is plot-
ted in Figure 16. As confining pressure increases, the point 
of maximum �1 − �3 approached a zone above untreated BCS 
failure envelope, intersected it, and remained parallel to it, 
hence, further corroborating findings portrayed in Figure 15. 
Therefore, when using 15% BA-LC3 binder content to improve 
the strength of BCS relevant to geotechnical foundations, it 
is important to scrupulously evaluate the potential effects of 
high-pressure conditions.

3.3 | Grey Relational Analysis

With regard to the obtained shear strength results in this study, 
several factors impact the shear behaviour of BA-LC3 bind-
er-treated BCS. Hence, it is very essential to rank factors that 

affect shear strength of BA-LC3 binder-treated BCS for the pur-
pose of designing, construction and rehabilitation of geotech-
nical structures founded on BCS, specifically for regions that 
experience tropical climatic conditions such as Shire Valley. In 
this section, a grey relational analysis was employed to estab-
lish the degree to which each variable impacted targeted results, 
in consideration of multiple independent variables. According 
to Feng et al. [70], the coefficient of correlation of reference se-
quence Yo (shear strength behaviour) and comparative sequences 
Yi (influencing factors, in this case BA-LC3 binder content, dry 
density, curing period and curing temperature) at N point can be 
expressed as follows:

where

�i(N) = coefficient of correlation;

||Yi(N)−Yo(N)|| = absolute variation in comparison column be-
tween reference column and correlating data;

� = 0.5 resolution coefficient [70];

maximaxN
||Yi(N)−Yo(N)|| = highest values in absolute difference;

miniminN
||Yi(N)−Yo(N)|| = lowest values in absolute difference.

Thus, the correlation degree between the sequence of reference 
and comparison can be computed as

where

Xi = correlation degree in the range of 0 to 1, in which Yi strongly 
impacts Yo if the correlation degree is higher;

h = number of analysed data.

(3)

�i(N)=

[
miniminN

||Yi(N)−Yo(N) ||+�maximaxN
||Yi(N)−Yo(N)||

]

[||Yi(N)−Yo(N) ||+�maximaxN
||Yi(N)−Yo(N)||

] ,

(4)Xi=
1

h

h∑
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FIGURE 15   |   Similarity between confining pressure and maximum 
principal stress ratio for 15% BA-LC3 binder-treated BCS.
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Figure 17 presents the correlation degree between shear 
strength and influencing factors over various ranges of verti-
cal pressures. BA-LC3 binder content, dry density and curing 
period firmly correlated with shear strength, with a correla-
tion degree of more than 0.7 on average. Hence, these three 
factors remarkably impacted the shear strength of BA-LC3 
binder-treated BCS. However, the correlation degree between 
shear strength and curing temperature was lowest (about 
0.513 on average). Thus, curing temperature posed a pro-
portionally weak impact on shear strength. Hence, relative 
measures, such as increasing BA-LC3 binder additive content, 
should be used within an acceptable range of cost to improve 
shear strength of BA-LC3 binder-treated BCS in tropical re-
gions. Besides, the correlation degree between cohesion and 
internal friction angle with other influencing factors such as 
BA-LC3 binder content, curing period and curing temperature 
is portrayed in Figure 18. It can be seen that cohesion and in-
ternal friction angle were coherent based on correlation de-
gree. The correlation degree of cohesion and internal friction 
angle against BA-LC3 binder content was highest, superseded 
by curing period and curing temperature. This pointed to the 
fact that hydration products were the most outstanding fac-
tors that impacted the strength performance of BA-LC3 bind-
er-treated BCS.

3.4 | Ecological and Cost Analysis

To assess carbon footprint and cost for BCS treatment with 
BA-LC3 binder, 1.0 t of treated BCS was considered in Shire 
Valley, Malawi. The carbon footprint and cost estimations 
were calculated based on comparative analysis with that of 
treated BCS with traditional OPC binder. Mix design of treat-
ing 1.0 t of BCS with BA-LC3 binder and OPC binder is given 
in Table 4. Ecological assessments were performed using life 
cycle inventory analysis in accordance with ISO 14040 [71]. 
Two parameters, integrated energy (IE) and integrated carbon 
footprint (ICF), were introduced. IE stands for the consumed 
energy amount, whereas ICF denotes CO2 emissions during 
raw material extraction, transportation and manufacturing 
[72]. Table 5 presents parameter coefficients of IE and ICF for 

adopted raw materials based on the eco-inventory database 
and literature [73–75]. The cost of BA, LC3 and OPC materi-
als was analysed with regard to current prices of materials in 
Malawi, converted into US dollars ($). It has to be mentioned 
that the costs of materials are inherently variable and subject 
to change over time. Therefore, to extensively evaluate the eco-
logical and economic efficiency of mixtures, the IE, ICF and 
cost of mixtures were calculated and compared as presented in 
Figure 19. BA-LC3 binder-treated BCS has the smallest values 
of IE, ICF and cost, indicating 1010.1 J/t (Figure 19a), 111.51 kg-
CO2/t (Figure 19b) and 19.89$/t (Figure 19c), respectively. 
Compared with OPC binder-treated BCS, the IE, ICF and cost 
of BA-LC3 binder-treated BCS reduced by 14.6% (Figure 19a), 
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TABLE 4   |   Mix design of binders for 1.0-t dry BCS.

Material BA incorporating LC3 OPC

BA (kg) 126 —

LC3 (kg) 84 —

OPC (kg) — 210
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70.8% (Figure 19b) and 70.5% (Figure 19c), respectively. This 
reveals that BA-LC3 binder-treated BCS has the most remark-
able economic and ecological efficiency. Conversely, OPC 

binder-treated BCS has a higher impact on the IE, ICF and 
cost. Hence, on a large scale, a significant amount of cost can 
be saved, and the carbon footprint can be reduced with the use 
of the BA-LC3 binder technique for the stabilisation of BCSs. 
This further implies that BA-LC3 binder is one of the cleaner 
and cost-effective promising options for treatment of BCS rele-
vant to geotechnical applications in Shire Valley, Malawi.

4 | Conclusion

This study evaluated the influence of BA-LC3 binder on the 
shear behaviour of BCS in Shire Valley, Malawi, which experi-
ences tropical climatic conditions. Based on the experimental 
results, the following conclusions were drawn:

1.	Due to the adhesion of cementitious products to BCS par-
ticles, the direct shear strength of BA-LC3 binder-treated 
BCS significantly increased with increasing BA-LC3 
binder content, dry density, curing period and curing tem-
perature. The peak SSD values of BA-LC3 binder-treated 
BCS increased with higher vertical pressures. In addition, 
the failure patterns of untreated BCS and BA-LC3 bind-
er-treated BCS were notably different. Untreated BCS 
exhibited ductile failure, whereas BA-LC3 binder-treated 
BCS showed brittle failure behaviour. The direct shear 
strength results confirm the effectiveness of the BA-LC3 
binder in improving the mechanical properties of BCS, 
which can contribute to the reliability and stability of 
foundation soils in tropical regions.

2.	The triaxial test results showed significant volumetric 
strain variations in BA-LC3 binder-treated BCS under low 
confining pressures and large axial strains. As the con-
fining pressure increased, contraction became more dom-
inant while dilation decreased. Stress–strain hardening 
was associated with considerable axial strains at the points 
of maximum deviatoric stress. Furthermore, the volumet-
ric strain corresponding to the maximum principal stress 
ratio increased with increasing confining pressure, mainly 
due to particle fragmentation and shear dilation in BA-LC3 
binder-treated BCS. The findings from the triaxial shear 
strength tests are consistent with those obtained from the 
direct shear strength tests. Overall, the direct and triaxial 
shear behaviour, together with the BA-LC3 binder content, 
provide valuable insights into the behaviour of stabilised 
BCS and improve the understanding of the BCS stabilisa-
tion mechanism.

3.	With large-scale use of the BA-LC3 binder technique on 
the stabilisation of BCS, a significant amount of cost can 
be saved and the carbon footprint can be reduced, aligning 
with efforts to address climate change impacts and reduce 
infrastructure development costs.

In this study, CD direct shear strength tests and triaxial compres-
sion shear strength tests were conducted to evaluate the effects of 
BA-LC3 binder content, curing period, dry density, vertical pres-
sure and curing temperature on BCS behaviour. The influence 
of different static loading conditions on the shear strength per-
formance of treated BCS was also assessed. These investigations 

TABLE 5   |   Basic parameter coefficients of IE, ICF and cost for BA-
LC3 component materials and OPC material used for BCS stabilisation 
technique.

Material
IE 

(KJ/t)
ICF 

(t CO2/t)
Avg. Cost 

($/t)

BA 1.02 0.101 1.26

Limestone (LS) 0.84 0.033 32.10

Calcined clay (CC) 2.73 0.195 43.15

Ground clinker (CL) 5.51 0.719 149.26

Gypsum (Gyp) 1.79 0.120 21.40

OPC 5.51 0.907 161.47

Abbreviations: Avg. Cost ($/t) = average total cost to produce, handle or 
transport 1 t of material based on current prices of materials in Malawi, 
converted into US dollars; ICF (t CO2/t) = total greenhouse gas emissions 
generated per unit of output; IE (KJ/t) = total specific energy input per metric 
tonne.
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FIGURE 19   |   Ecological and cost implications of using BA-LC3 on 
BCS stabilisation compared with using traditional OPC: (a) integrated 
energy, (b) integrated carbon footprint and (c) cost.

 3962, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/je/1071136 by H

orris K
. N

A
N

G
U

L
A

M
A

 - IN
A

SP - T
A

N
Z

A
N

IA
 , W

iley O
nline L

ibrary on [18/08/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



16 of 18 Journal of Engineering, 2026

contribute to the existing body of knowledge by identifying key 
factors for effective BCS stabilisation in tropical regions. Future 
studies should consider additional geotechnical construction con-
ditions that were not examined in this study, such as consolida-
tion, durability and fatigue tests, not only in tropical regions but 
also in other environments, including cold regions. Failure pat-
terns considering the influence of bonding strength should also be 
comprehensively examined to quantitatively provide deep insights 
into the failure criteria of BA-LC3 binder-treated BCS. Further re-
search may also explore other problematic soil types and BA and 
LC3 materials sourced from locations beyond the Shire Valley in 
Malawi. Such studies would help to comprehensively evaluate the 
feasibility of BA-LC3 binder for stabilising BCS and other problem-
atic soils, thereby supporting more cost-effective and sustainable 
geotechnical construction and infrastructure development.
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