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This study is aimed at investigating the effect of sugarcane bagasse ash (BA) incorporated with limestone calcined clay cement
(LC3) as potential alternative from technical, ecological and economic perspectives of black cotton soil (BCS) stabilisation. BA
incorporating LC3 material was added to BCS having high swell degree, in mix proportions of 0%–18%. Series of laboratory
tests were conducted in terms of free swell index (FSI), compaction, unconfined compressive strength (UCS), California
bearing ratio (CBR) and shear strength engineering properties. Besides, microstructure changes were evaluated in terms of pore
size distribution (PSD), x-ray diffraction (XRD) and scanning electron microscope (SEM) to analyse factors responsible for
performance improvement of stabilised BCS. Results indicated that BA incorporating LC3 binder stabilisation completely
eradicated swelling behaviour and improved strength performance of BCS. FSI reduced by 71.8%, UCS increased and CBR
performance attained 80% threshold, complying with requirements for foundation soil road applications. Shear strength and
cohesion increased with increase in binder content and curing period. Performance of 12% BA incorporating LC3 binder
additive content to BCS was found to have highest internal friction angle. Microstructure evaluations showed that calcium
aluminosilicate hydrates (CASHs) are prime cementitious products formed behind stabilised BCS. Analysis pertaining to
carbon footprint and cost indicated that BA incorporating LC3 binder is a more cleaner and cost-effective construction
material. This study promotes application of BA incorporating LC3 binder technique for BCS treatment in pursuit to mitigate
current climate change emergency and reduce high cost encountered during routine BCS stabilisation practice.

Keywords: black cotton soil stabilisation; cleaner construction; cost-effective construction; performance enhancement; road
construction

1. Introduction

Black cotton soil (BCS) is understood for its challenging
high-volume change and low strength, which induce prema-
ture failures of road infrastructures [1–8]. Due to limited
land space availability and rapid population growth, ines-
capably, many road infrastructures are still built on BCS
[4–7]. Presently, chemical treatment using OPC binder is
commonly used to stabilise BCS [3, 8]. But OPC is an
energy-intense binder with lofty carbon anthropogenic
emissions [9–15]. The production of OPC not only generates
a substantial amount of carbon footprint but also consumes

a large quantity of nonrenewable resources [9–12]. For
example, 1.5 ton equivalent raw material is demanded for
about 1.0 ton production of OPC, from which 1.0 ton of car-
bon dioxide (CO2) is extricated into the environment [11,
13]. Besides, whenever mass BCS treatment is required, the
consumption of OPC is relatively high and costly [2–6].
Thus, it is of vital importance and significant engineering
magnitude to search for new alternative materials in place
of OPC for use in BCS stabilisation practice.

In recent years, blended cements with comparable
strength performance to OPC have been developed and used
as supplementary cementitious materials (SCMs) [16–19].
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Many research works have indicated that about 30% of
SCMs such as fly ash, ground granulated blast-furnace slag
(GGBS), eucalyptus ash, bentonite and silica fume–based
geopolymers are integrated as additives in cement [20–25].
Geopolymer-based materials have high potential to reduce
carbon emissions and resource consumption [20, 25].
Substituting OPC with geopolymer-based materials has suit-
ably enhanced the properties of stabilised BCS and has
decreased both environmental effects and high BCS treat-
ment costs [1, 20, 21]. However, in some countries, such as
Malawi, which do not rely on fossil fuels to generate power,
the availability of GGBS and the quality of fly ash are the
main drawbacks for their employment in the development
of cement [26]. Besides, the feasibility of geopolymer-based
materials is noticeable in the medium to long term [20,
25]. Broader use of geopolymer-based materials such as fly
ash and GGBS in BCS stabilisation encounters some chal-
lenges such as restrained accessibility, minimal reactivity
and their various effects on the performance of treated
BCS [1, 3, 21]. As the geotechnical construction sector con-
tinues to grow rapidly, the employment of new and locally
available innovative techniques for BCS treatment is signifi-
cantly important to address the carbon footprint and high
BCS stabilisation costs for a more sustainable future.

Bagasse ash (BA) shows prospects as a partial replace-
ment of OPC in BCS stabilisation, although its effectiveness
is limited [4, 6]. The sugar-producing industry may burn
bagasse waste, which is obtained from sugarcane after
extracting juice as fuel in a combined generator to produce
electricity, and BA becomes the final waste during that pro-
cess [27]. A thousand kilogrammes of bagasse waste may
yield about 30–45 kg of BA [27]. Recent research works have
revealed the use of BA in mortars as a sustainable way of its
disposal [28, 29]. Several studies indicate that BA-modified
mortars can be used in the products of cement, owing to
their significant physicochemical properties [30–33]. Wu
et al. [27] carried out research and replaced OPC in the
range of 0%–30% with BA to produce concrete. Their find-
ings showed that composites with 18% BA depicted good
workability and resistance properties. Serker et al. [30]
investigated the compressive strength of modified concrete
with 0%–50% of BA. Bahurudeen et al. [32] showed the fea-
sibility of BA as an ingredient in minimising composites of
cement. These studies justify the practicality of the employ-
ment of BA as a cementitious material. In terms of BCS
treatment, the adoption of BA as a stabilising material has
been broadly reported by several studies [4, 6, 33]. However,
the sole examination of BA to fulfil serviceability and
strength criteria of treated BCS implies that BA alone is
not suitable for stabilising BCS subgrades relevant to pave-
ment construction [4, 33]. Several studies assessed the incor-
poration of additive materials such as fly ash, lime and coir
fibres to BA for stabilisation of BCS [1, 4, 33]. These studies
discovered that such incorporations curtailed the plasticity
index (PI) of the treated BCS, although the increase in the
California bearing ratio (CBR) of treated BCS was insignifi-
cant. Incorporating BA with OPC improved unconfined
compressive strength (UCS) of BCS and managed BA dis-
posal concerns through BA waste reduction [34, 35]. The

application of BA incorporating OPC exhibited a significant
decline in PI, free swell index (FSI) potential, maximum dry
density (MDD) and an increase in optimum moisture con-
tent (OMC) of treated BCS [34]. Himani et al. [6] examined
the reduction in heave and swell pressure due to the addition
of BA incorporating OPC content in BCS samples, and sig-
nificant improvements of treated BCS samples were
reported. These previous studies verify the capacity of BA
incorporating OPC on the improvement of the engineering
behaviour of BCS. However, the utilisation of OPC as an
incorporating material to BA might raise carbon footprint
environmental concerns and significantly increase the BCS
stabilisation costs compared to the related benefits [9–13].

Limestone calcined clay cement (LC3) is one of the new
types of SCMs that can minimise CO2 emissions by at least
40% in comparison to OPC [36–38]. LC3 comprises three
main components, namely, limestone (LS), calcined clay
(CC) and cement clinker (CL) [37, 39]. Its mechanical and
strength performances largely depend on the mix propor-
tions of its main components [40]. For example, Diaz et al.
[36] reported that the filling effect of LS and high pozzolanic
reactivity of CC are significant in the enhancement of
mechanical and durability characteristics of LC3-based com-
posites. Besides, CC, which is obtained after calcining clay, is
globally distributed and rich in reserves [40], making its
availability sustainable [38]. Moreover, LC3 manufacture
does not require new technologies, making it inexpensive
and easy to introduce to the construction sector [26]. Com-
pared to OPC, the LC3 notable features lie in being able to
decrease the consumption of cement CL by almost 50%
whilst facilitating the dense rheological formation just as
OPC, leading to enhanced mechanical strength and
improved durability [41, 42]. Several studies have been pub-
lished so far with regard to the use of LC3 as a substitute for
OPC. For example, Mohamed et al. [41] analysed the
impacts of CC on the performance of LC3 concrete. Kafodya
et al. [26] provided valuable insights into LC3 and its influ-
ence on hydration activities. Some recent research works of
Wang et al. [43] and Reddy et al. [44], respectively, centred
on the stabilisation of zinc and radioactive borate-
contaminated soils with LC3 and demonstrated its capacity
to alter the properties of treated soils through hydration
reactions. Generally, the previous studies demonstrate the
feasibility of LC3 as a great performance reliable cement. Just
as Ijaz et al. [40], Sharma et al. [42] showed that LC3 can be
applied just as OPC and does not require special training.
Thus, BA can be incorporated with LC3 in the same manner
that BA is incorporated with OPC [45, 46]. Overall, a com-
bined utilisation of BA and LC3 as cementitious material
has significant potential to meet the extensive amounts of
materials demanded by the cement industry for routine
BCS stabilisation practice to ensure green, cost-effective, sus-
tainable and resilient pavement constructions.

Although BA and LC3 have demonstrated substantial
potential to be utilised in concrete and in BCS stabilisation
practice, there are enormous gaps in literature on the opti-
mal quantities of BA incorporating LC3 required for use as
SCMs for BCS treatment. The effectiveness of BA incorpo-
rating LC3 in BCS stabilisation is still not known. The
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fundamental stabilisation mechanism through which BA
incorporating LC3 can interact with minerals present in
BCS to enhance its properties has not been explored or
established. This study narrows these critical knowledge
gaps to show the potential and suitability of BA incorporat-
ing LC3 in enhancing the engineering performance of treated
BCS. The works in this study explore this new combination
of BA with LC3 by varying additive content of BA incorpo-
rating LC3 to BCS. The use of BA and LC3 is critical to
uncover their combined influence on treated BCS perfor-
mance. This is significant to geotechnical construction sector
in terms of providing clues regarding the best BA incorpo-
rating LC3 content for stabilisation of BCS from perfor-
mance and sustainability perspectives. Thus, this study
advances the high value and safe use of BA and LC3 mate-
rials. The study further promotes the use of BA incorporat-
ing LC3 technique for routine BCS stabilisation practice
relevant to road pavement applications, aligning with efforts
to address climate change and reduce infrastructure devel-
opment costs.

2. Materials and Methods

2.1. Materials. BA, LC3 and BCS are primary materials
adopted in this study. All materials were collected from Shire
Valley in Malawi, which is geographically located at an ele-
vated range of 34–106m and between 34° 15′ E–35° 16′ E
longitudes as well as between 15° 29′ S–16° 46′ S latitudes.

BA was obtained from ILLOVO Sugar Company during
boiler cleaning process. It was collected at 530°C boiler tem-
perature in consistent with previous studies [6, 28]. Then, it
was cooled, manually grinded to powder and sieved using
300μm sieves to remove undesirable materials [27]. Its
physical properties were measured, and results indicated
that this BA has a specific gravity of 2.52, a particle size

(d50) of 26.97μm and a Blaine surface area of 513m2/kg
and it was black in colour. For pozzolanic reactivity of this
BA, chemical properties were measured using Xenemetrix
X-Calibur x-ray fluorescence (XRF) spectrometry, and
results are portrayed in Table 1. Based on ASTM C618
[51] specification, a natural pozzolana with at least 70% total
percentage of SiO2, Al2O3 and Fe2O3 is classified as Class F
pozzolanic material. Hence, this BA belongs to Class F poz-
zolana [51].

To prepare LC3, collected kaolinite clay was calcined for
30min at 800°C ± 10°C temperature in a furnace to produce
CC. This temperature is the dehydroxylation top range of
the kaolinite clay mineral group [38], whereas 30min is
the shortest period that ensures complete structural breakup
of the kaolinite clay mineral [38]. LS and gypsum (Gyp)
were collected and separately grinded to produce a fine pow-
der. CL was acquired from a local Shayona Portland cement
manufacturing (SPCM) distributor. Only volumes of mate-
rials of CC, LS, Gyp and CL, finer than 75μm, were used
for preparing LC3 material. LC3 was prepared with 30%
CC, 15% LS, 5% Gyp and 50% CL, in agreement with previ-
ous studies [37–41]. Besides, OPC classified as CEM I:
42.5N, conforming to ASTM C150 [52] specification, was
used. OPC was used as a control for comparison purposes.
Loss on ignition (LOI) and mineralogical compositions of
both prepared LC3 and OPC were determined by means of
XRF analysis, and results are tabulated in Table 1.

BCS was collected at 1.5m depth to avoid foreign mat-
ters [1, 2]. Then, it was oven-dried for 24 h at 110°C to
completely dry it up [4]. It was then sieved using 2.0mm
sieves to prepare even specimens [2, 3]. Its engineering prop-
erties were measured, and the results are given in Table 1.
Results in Table 1 comparably dive within the scope mea-
sured for BCS by similar studies [1–6]. Based on Table 1
measurements, this BCS was classified as clayey silt and

TABLE 1: Engineering properties of BA, LC3, OPC and BCS.

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

BA 64.35 4.92 4.12 10.23 0.61 1.85 3.25 2.97 2.11

LC3 25.16 4.01 2.24 61.37 0.14 2.44 1.60 0.43 1.55

OPC 21.83 4.47 2.68 59.81 0.32 2.28 1.42 0.51 0.98

BCS 66.12 13.15 7.64 0.59 2.79 1.01 6.51 1.36 6.52

Physical properties of BCS Test method Mean value

Natural moisture content ASTM D2216 [47] 36.71%

Specific gravity ASTM D854 [48] 2.35

Plasticity ASTM D4318 [49] —

Liquid limit — 81.02%

Plastic limit — 32.77%

Plasticity index — 48.25%

Particle size distribution ASTM D6913 [50] —

Clay — 62.48%

Silt — 27.85%

Sand — 9.67%

Gravel — 0.00%

3Journal of Engineering
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was identified as A-7-6 with regard to the AASHTO soil
classification system. Thus, this BCS is much problematic
for application without treatment as foundation material
for road pavement constructions [1–8].

2.2. Methods. BA was incorporated with LC3 in the mix ratio
of 3:2, in agreement with previous studies [53, 54]. To opti-
mise and validate the effectiveness of the adopted 3:2 BA
incorporating LC3 mix ratio, its performance was investi-
gated in terms of compressive strength properties. The
obtained results were compared with other different mix
ratios of 3:1 and 3:3, which were randomly selected to pro-
vide a base for comparison purposes. For each mix propor-
tion, the water-to-cement (w/c) ratio was kept at 0.45, 0.5
and 0.6, and the properties of each mixture at each w/c ratio
were separately investigated. Concrete tubes with sizes of
150.0mm were prepared as per BS EN 12390 [55] recom-
mendation. Three test samples were cured for 28 days and
kept in a room under standard curing conditions (95% rela-
tive humidity and 24°C temperature). The compressive
strength test was conducted as per BS EN 12390 [55] speci-
fication, and the average values of the measured results are
shown in Figure 1. Maximum compressive strengths at 3:1,
3:2 and 3:3 mix ratios were 28.6, 31.7 and 29.3MPa at
0.45, 0.5 and 0.6w/c ratios, respectively. With respect to BS
EN 197 [56] and BS EN 413 [57] specifications, the 3:2 BA
incorporating LC3 mix ratio satisfied the allowable 30MPa
minimum required compressive strength limit for concrete
cubes at the standard curing period of 28 days.

Effectiveness of 3:2 BA incorporating LC3 mixture on BCS
stabilisation was investigated in mix proportions of 0%–18%
on treated BCS, in terms of FSI, compaction, UCS, CBR and
shear strength properties for specimens cured for 7, 14 and
28 days at standard 24°C room temperature and 95% relative
humidity. Besides, factors responsible for strength improve-
ment of stabilised BCS were evaluated in terms of pore size
distribution (PSD), x-ray diffraction (XRD) and scanning elec-
tronmicroscope (SEM) analyses for samples cured at standard
28 days. Moreover, OPC binder was incorporated into the
results at 7% content to provide a base for comparison and
optimisation purposes. The 7% OPC binder content was
selected as optimum content for effective BCS stabilisation
based on previous studies [3, 8].

BCS specimens for various tests were prepared using
600 kN-m/m3 standard compaction effort at 95% MDD.
2.5% moisture content was added in surplus of OMC to
grapple with inherent losses in moisture content and to ren-
der cement hydration. A parallel technique is adopted for in
situ BCS stabilisation methods [2]. Standard proctor com-
paction test was performed following the procedure outlined
in ASTM D698 [58] specification. FSI test was performed on
prepared specimens in accordance with ASTM D4829 [59]
specification. Prior to the FSI test, specimens were oven-
dried for 24 h at 105°C to further dry them up [8]. After dry-
ing, specimens were poured slowly into 1000mm3 measur-
ing jars which were filled with distilled water. Then
specimen-filled jars were gently shaken with a string glass
rod to remove any entrapped air [8]. After shaking,
specimen-filled jars were left for 24 h. After 24 h, the volume

of the jars was recorded, and FSI was determined as the vol-
ume increase of each specimen expressed as a percentage of
its initial volume. Outcomes were interpreted with respect to
Table 2, which provides classification of FSI of soils based on
ASTM D4829 [59] classifications. The UCS test was con-
ducted on compacted specimens in accordance with ASTM
D2166 [60] specification. Compacted specimens at their
respective MDD and OMC were extruded from moulds hav-
ing a diameter of about 50mm and height of about 100mm.
Specimens were then sealed and cured for 7, 14 and 28 days
prior to the UCS test. A strain rate of 1.0mm/min was used
for the UCS test, and UCS was calculated as the maximum
load attained per unit area. CBR test was performed on com-
pacted specimens as per ASTM D1883 [61] specification.
Specimens for CBR test were prepared at OMC and MDD.
CBR test was calculated as the percentage of measured load
against standard load. CBR specimens were tested in soaked
conditions to portray the worst-case scenario where treated
BCS specimens may be under flooding, as is the most com-
mon case with Shire Valley in Malawi. Consolidated-drained
(CD) direct shear test was performed on prepared specimens
at MDD and OMC compaction parameters. After desired
curing periods, specimens for CD direct shear test were sub-
jected to four different confining pressures of 50, 150, 300
and 450 kPa, and the CD direct shear test was performed
as per ASTM D3080 [62] specification using a ZJ-1B type
electrical strain-controlled direct shear apparatus. For PSD,
XRD and SEM measurements, crushed UCS specimens were
collected, cast in ⌀33 × 54mm plastic-sealed containers,
then cured at 24°C standard temperature for 28 days. After

0
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Figure 1: Compressive strength comparative study between
different mix ratios of BA incorporated with LC3 additive contents.

TABLE 2: Classification of potential FSI of soils.

FSI (%) Swelling potential

> 130 Very high

91–130 High

41–90 Medium

21–40 Low

0–20 Very low
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curing, specimens were broken into smaller pieces and sub-
merged in ethanol (anhydrous) to cease hydration. For every
24 h, ethanol was replaced. After 48 h, specimens were
placed in a vacuum dryer to dry them to a constant mass.
Specimens were then grinded to powder following drying
and sieved using a 75μm sieve. PSD was conducted using
mercury intrusion porosimetry (MIP-2000X) method, XRD
was performed using D8-advanced powder diffractometry
(D8-APD) technique and SEM was conducted using MIRA3
TESCAN (Hitachi S-520 SEM) analysis. Overall, a total of 50
test sets were conducted as outlined in Table 3, and for each
test set (except for PSD, XRD and SEM, which only involved
one test set), two more test sets were performed, and the
average was considered for interpretations.

3. Results and Discussions

3.1. FSI Properties. Figure 2 shows the measured FSI of
untreated and treated BCS specimens. This BCS has high
swelling properties considering its measured FSI of
118.07% [3, 5]. Such a great swell degree is challenging and
may lead to premature failures of road structures built on
it [1, 2, 7]. Conversely, with the addition of BA incorporat-
ing LC3 binder content, FSI was reduced significantly. Simi-
lar performance in FSI can also be observed for OPC binder-
treated BCS incorporated in this study for comparison pur-
poses. For example, at 12% BA incorporating LC3 binder con-
tent, the FSI of treated BCS reduced from 118.07% to 33.29%,
considering samples cured for 28 days. Hence, transforming
the BCS from a high swell zone to a nonswell zone, with an
overall reduction of about 71.8%. A similar observation can
also be noticed for 7% OPC binder-treated BCS, with an over-
all reduction of about 72.1% at 28 curing days. This significant
enhancement in FSI of treated BCS can be attributed to the
potential ionisation of BCS and the stabilising binder matrix,
leading to cementation behaviour [2–6]. Furthermore, LC3

has higher content of CaO, whilst BA has higher SiO2 and
Al2O3 contents (Table 1). The combination of these minerals
and water may have induced a pozzolanic reaction, resulting
in the development of cementitious hydration products such
as calcium aluminosilicate hydrate (CASH) gels (Table 4),
which filled the voids of BCS particles and cemented BCS par-
ticles, developing a denser microstructure, altering physical
and mechanical characteristics and ultimately resulting in
swelling reduction [5–8].

3.2. Compaction Properties. Figure 3 depicts variations in
compaction parameters, such as OMC and MDD, with an
increase in BA incorporating LC3 binder content addition
to BCS. Results show that OMC and MDD differed with
BA incorporating LC3 binder content increase from 0% to

TABLE 3: Test programme of untreated and treated BCS.

Specimens Test method Test set

Untreated BCS

Swelling potential FSI 1

Compaction Standard proctor 1

Unconfined strength UCS 1

Bearing ratio CBR 1

PSD MIP 1

Mineralogy XRD 1

Microstructure SEM 1

Treated BCS
Treated with 3%, 6%, 9%, 12% and 18% BA incorporating LC3

binder content and 7% OPC binder content for comparison purposes

Swelling potential FSI 6

Compaction Standard proctor 6

Unconfined strength UCS 6

Bearing ratio CBR 6

Shear strength CD 6

PSD MIP 6

Mineralogy XRD 6

Treated with 18% BA incorporating LC3 content Microstructure SEM 1

Total test sets 50

7 Days
14 Days
28 Days

0
BCS
only

3 6

BA incorporating LC3 binder content (%)

9 12 7 18

20

40

60FS
I (

%
) 80

100

120

140

Non-swelling zone

Medium-swelling zone

High-swelling zone

Figure 2: FSI variations of treated BCS at various binder contents
and curing ages.
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18%. For example, at lower content (i.e. 3%), variations in
OMC and MDD are negligible, whilst at higher content
(i.e. 18%), OMC reduces, and MDD increases significantly.
Moreover, for comparison purposes, the effect of OPC
binder at 7% content was incorporated. Results revealed that
7% content of OPC binder prompted a similar kind of
increase in MDD. For instance, compared to untreated

BCS, the MDD of treated BCS with 12% BA incorporating
LC3 binder and 7% OPC binder increased by about 1.15%
and 2.06%, respectively. Overall, the improvement in OMC
and MDD with binder additive contents was attributed to
flocculation and agglomeration between BCS particles due
to the pozzolanic reaction (Table 4). This phenomenon
wrapped together the BCS particles, leading to improved
OMC and MDD values of treated BCS, as previously argued
[20, 21].

3.3. UCS Properties. Measured UCS of untreated and treated
BCS at various contents of BA incorporating LC3 binder is
presented in Figure 4. For untreated BCS, UCS was deter-
mined to be relatively low (about 109.2 kPa). With increas-
ing BA incorporating LC3 binder content, a notable UCS
increase was observed along with curing age. At lower con-
tent, there was a little UCS increase at all curing ages. To
illustrate, at 3% BA incorporating LC3 binder content, UCS
on the 28th day only increased by about 1.97 times untreated
BCS. However, at higher content, there was a notable
increase in UCS values. For example, at 18% BA incorporat-
ing LC3 binder content, UCS on the 28th day significantly
increased by about 10.76 times untreated BCS. In addition,
UCS of BCS treated with 7% OPC binder content was
embodied into the results. Overall, outcomes were

TABLE 4: Controlling chemical processes.

Reaction Chemical process Products

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

Pozzolanic Ca(OH)2 + SiO2→CSH Calcium silica hydrate (CSH)

Pozzolanic Ca(OH)2 +Al2O3→CAH Calcium alumina hydrate (CAH)

Pozzolanic Ca(OH)2 +Al2O3 + SiO2→CASH Calcium aluminosilicate hydrate (CASH)

Dissolution Ca(OH)2→Ca2+ + 2OH¯ Calcium and hydroxide ions (Ca2+ and OH¯)

15

15.5

16

18

20

O
M

C 
(%

)

22

24

M
D

D
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determined to be comparably similar. For example, at 12%
BA incorporating LC3 binder content and 7% OPC binder
content, UCS values on the 28th day have been increased
by 9.04 and 10.14 times untreated BCS, respectively.
Whereas at 6% and 9% BA incorporating LC3 binder con-
tents, UCS on the 28th day was, respectively, found to be
4.51 and 7.16 times untreated BCS. Moreover, it is essential
to observe from Figure 4 that after 14 curing days, the
increase in UCS is minimal, implying that major reactions
were completed within 14 days. Besides, the area that is
shaded in Figure 4 portrays that soil subgrade or subbase
for low volume roads should meet UCS requirement of
800–1000 kPa based on MMWT [63] soil test method.
Results revealed that BCS treated with 12% BA incorporat-
ing LC3 binder content satisfied the allowable requirement
at 14 and 28 curing days, whereas 18% BA incorporating
LC3 binder content satisfied the requirement at all curing
ages. Overall, the obtained strength improvement results

were attributed to the cohesion of BCS particles caused by
pozzolanic reaction due to the mixing of BCS, BA incorpo-
rating LC3 binder and water. This mixing resulted in floccu-
lation and agglomeration between BCS particles, leading to
the development of a significant number of cementitious
hydration products, which wrapped together BCS particles
and eventually resulted in the strength enhancement of
treated BCS. Similar conclusions were also drawn from sim-
ilar experiments [33–35].

3.4. CBR Properties. Figure 5 portrays CBR results of
untreated and treated BCS specimens. CBR was noticed to
increase with an increase in additive content of BA incorpo-
rating LC3 binder to BCS. The highest recorded CBR was
98.7% at 18% BA incorporating LC3 binder content addition
to BCS, considering 28 curing days. The increase in CBR was
justified by mixing of BCS, BA incorporating LC3 binder and
water. This mixture led to hydration reaction and
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Figure 6: Variations in shear strength at various curing ages: (a) 7, (b) 14 and (c) 28 days.
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development of Ca(OH)2 and CASH gels. Eventually, reac-
tive BCS particles reacted with Ca(OH)2. This resulted in
the development of a significant number of products, such
as Ca2+ and OH¯, which wrapped BCS particle surfaces
and created a network structure, leading to CBR enhance-
ment. Besides, CBR of OPC-treated BCS at 7% content was
also integrated. Outcomes were found to be comparably
similar. To illustrate, at 7% OPC binder content and 12%
BA incorporating LC3 binder content, CBR was almost iden-
tical with an increase of about 38.54 and 36.79 times
untreated BCS, respectively, considering 28 days of curing,
satisfying required minimum CBR thresholds of 5%–11%,
30% and 80% for subgrade, subbase and base-course road
pavement structural materials, respectively [63–65].

3.5. Shear Strength Properties. Figure 6 shows the shear
strength of treated BCS under different vertical pressures of
150, 300 and 450 kPa. As observed in Figure 6, shear
strength increased with an increase in binder content, verti-
cal pressure and curing age. To illustrate, the shear strength
of 18% treated BCS cured for 7 days under 450 kPa vertical
pressure was 82.81% higher than that of 3% treated BCS.
Shear strength increased by about 36.05% with an increase
in vertical pressure from 150 to 450 kPa at 7 days of curing.
Kasama et al. [66] concluded that an increase in vertical
pressure results in treated swelling soil undergoing signifi-
cant fragmentation of particles, leading to denser configura-
tion and spatial reorganisation, enabling treated soil to
withstand increased vertical pressures. In regard to the influ-
ence of curing age, shear strength increased by about 35.04%
from 7 to 14 days of curing, considering 18% BA incorporat-
ing LC3 binder additive content. Further increase in shear
strength was also noticed with a further increase in curing
age (i.e. at 28 curing days). This phenomenon was attributed
to different curing ages, with low age inhibiting the rate of
hydration reaction, as also concluded by Calik and Sadoglu
[67] and Kang et al. [68]. Besides, the shear strength of BA
incorporating LC3 binder-treated BCS was comparably equal
to that of OPC binder-treated BCS. To exemplify, the shear
strength at 12% BA incorporating LC3 binder content was
941.38 kPa and that at 7% OPC binder-treated BCS was
958.72 kPa, considering 28 days of curing. Overall, the
increase in shear strength of treated BCS was justified by
the formation of hydration products, resulting in improve-
ment of the internal structural matrix and compactness,
hence, shear strength enhancement [20, 33]. This discovery
is consistent with previous research works [66–68].

Besides, Figure 7 provides the relationship between BA
incorporating LC3 binder content and the cohesion of
treated BCS. It can be seen that there is an increase in cohe-
sion with an increase in BA incorporating LC3 binder con-
tent and curing period. Overall, the increase in cohesion
was primarily related to the continuous effect of hydration
products on BCS pores, in which the development and accu-
mulation of hydration products on BCS pores were progres-
sively impacted by BA incorporating LC3 binder content and
curing period. Adhesion between treated BCS particles was
essentially strengthened; thus, the cohesion of BA incorpo-
rating LC3 binder-treated BCS was further improved. This

phenomenon can also be depicted in Figure 8 which por-
trays the relationship between BA incorporating LC3 binder
content and the internal friction angle of treated BCS at dif-
ferent curing periods. It can be seen that the internal friction
angle varies with an increase in BA incorporating LC3 binder
content. To illustrate, at 3%, 6% and 9% BA incorporating
LC3 binder contents, there is an increase and decrease in
behaviour in the internal friction angle of treated BCS at
all curing periods. This is in comparison with 12% and
18% BA incorporating LC3 binder contents, where a contin-
uous increase in internal friction angle was observed. This
demonstrates that in order to get the highest internal friction
angle, an optimum BA incorporating LC3 binder content
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Figure 7: Variations in cohesion of treated BCS at various contents
and curing ages.
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should be used. Thus, the optimum BA incorporating LC3

binder for BCS treatment in this study ranged from 12%
content. This finding was justified by the intense hydration
reaction due to BA incorporating LC3 binder content and
curing period, leading to the formation of more hydration
products which effectively filled large pores, hence, the inter-
nal friction angle improvement and strength enhancement.

3.6. PSD, XRD and SEM Properties. Figure 9 shows PSD
results of untreated and treated BCS with BA incorporating
LC3 binder for specimens cured at 28 days. Untreated BCS
exhibited a bimodal curve type of PSD, with the opening
mode characterised by about 0.01–0.30μm pore size range
accompanied by a subsequent range of about 0.30–4.0μm
pore sizes. This initial mode of smaller diameter was justified
by intra-assemblage pore space, dominating the BCS matrix,
whereas the later mode with a bigger diameter was attributed
to interassemblage pore spaces. With the addition of binder
content, the PSD of untreated BCS happens to tilt to the left
in support of smaller pore size diameter. To illustrate, at 6%
BA incorporating LC3 binder content, the pore size diameter
peak within the 0.30–4.0μm range falls and seems to lessen
and modify towards a unimodal curve type from bimodal
type due to increased formation of finer micropores (i.e.
0.01–0.10μm). Whereas at 18% BA incorporating LC3

binder content, pore sizes within the 0.30–4.0μm range van-
ished due to a continued increase in smaller pore sizes. For
instance, the shifting of the 0.10μm peak to the 0.05μm
peak highlighted porous structure refinement, leading to a
denser structure formation with notable enhancement com-
pared to untreated BCS. Besides, the PSD at 7% OPC binder-
treated BCS was measured to be comparably parallel to that
of 12% BA incorporating LC3 binder-treated BCS with a
minimal increase in macropores within the 10.0–100.0μm
range, which resulted in a more densely packed BCS matrix.
Development of dense BCS pore structure was attributed to
the formation of cementitious compounds which filled

micro-macropores and created a denser structure. Besides,
Figure 10 portrays the cumulative pore volume (CPV) of
untreated and treated BCS with BA incorporating LC3

binder for specimens cured at 28 days. Typically, Figure 10
demonstrates that the CPV performance of untreated and
treated BCS samples poses similar behaviour in performance
to PSD behaviour. In other ways, BA incorporating LC3

binder-based treatment ameliorated the micropore structure
of BCS in terms of CPV (Figure 10), as validated by PSD
results (Figure 9).

To promote understanding of strength improvement
behaviour of BA incorporating LC3 binder-treated BCS,
mineral components of untreated and treated BCS were
investigated using XRD analysis for specimens cured at 28
days. Figure 11 depicts XRD patterns showing positions
and spacing of atoms for untreated and treated BCS. To
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illustrate, untreated BCS consisted of montmorillonite
peaks. The presence of montmorillonite mineral in
untreated BCS validated the high swelling behaviour of this
BCS (Figure 2). Whereas with treated BCS specimens, CSH
minerals were detected. According to a study by Pacheco
et al. [69], CSH minerals result in strength improvement of
treated swelling soils. Besides, 7% OPC binder-treated BCS
was integrated and exhibited comparable trends of cementi-
tious minerals. Notable variation lay in the formation of
monosulphate for OPC binder-treated BCS compared to
BA incorporating LC3 binder-treated BCS. Similar studies
by Yoghoubi et al. [70] and Jiang et al. [71] described that

the ettringite phase in OPC binder-treated soils tends to be
unstable and transforms into monosulphate due to the
extinguishing of Gyp contained in OPC. Besides, as further
observed in Figure 11, the 2θ peaks of untreated BCS are
large, and those of treated BCS are significantly reduced,
comparatively. Such a notable peak intensity reduction
depicts the ability of BA incorporating LC3 binder contents
to interact with the inner layered montmorillonite structure,
resulting in an outstanding decline in peak intensities. Fur-
thermore, the decline in peaks of nonclay minerals such as
microcline, calcite and quartz also highlights that the addi-
tion of BA incorporating LC3 binder content effectively
reacted and consumed nonclay minerals. This phenomenon
resulted in new cementing peaks formation consisting of
ettringite and anorthite phases, hence contributing to the
improvement of mechanical properties of stabilised BCS
[69–71].

To further advance understanding of strength improve-
ment behaviour of BA incorporating LC3 binder-treated
BCS, the microstructure fabric of untreated and BCS treated
with 18% BA incorporating LC3 binder content was evalu-
ated using SEM analysis for cured specimens at 28 days,
and results are depicted in Figure 12. As observed in
Figure 12, untreated BCS has more microstructural air voids,
which are generally large air voids (Figure 12a). However,
the microstructure of treated BCS with BA incorporating
LC3 binder shows closely arranged particles with relatively
small air voids (Figure 12b). The microstructure of treated
BCS demonstrated a densely agglomerated and flocculated
arrangement, resulting in the aggregation of BCS particles
and a notable decrease in air voids. Moreover, the predomi-
nant air voids for treated BCS were smaller ones, indicating a
densely packed compact structure and spotlighting the for-
mation of cementitious hydration compounds. Thus, BCS

Air voids

(a)

Air voids

BA incorporating LC3

(b)

Figure 12: SEM image at 5μm for 28 curing days: (a) untreated BCS and (b) treated BCS.

TABLE 5: Mix design of binders for 1.0-ton dry BCS.

Material BA incorporating LC3 OPC

BA (kg) 126 —

LC3 (kg) 84 —

OPC (kg) — 210

TABLE 6: Basic parameter coefficients of ICF and cost for BA
incorporating LC3 components, materials and OPC material used
for BCS stabilisation technique.

Material ICF (t CO2/t) Cost ($/t)

BA 0.101 1.26

Limestone 0.033 32.10

Calcined clay 0.195 43.15

Ground clinker 0.719 149.26

Gypsum 0.120 21.40

OPC 0.907 161.47
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particles were attached to BA incorporating LC3 binder par-
ticles by these formed cementitious compounds. This attach-
ment restrained air voids and led to a denser and more stable
structure, thereby increasing the density and strength of
treated BCS.

3.7. Ecological and Cost Implications. To assess carbon foot-
print and costs for BCS treatment with BA incorporating
LC3 binder in this study, 1.0 ton of treated BCS was consid-
ered. Carbon footprint and cost estimations were calculated
based on comparative analysis to that of treated BCS with
traditional OPC binder. The mix design of treating 1.0 ton
of BCS with BA incorporating LC3 binder and OPC binder
is given in Table 5.

Ecological assessments were performed using life cycle
inventory (LCI) in accordance with ISO 14040 [72]. One
parameter, integrated carbon footprint (ICF), was intro-
duced. ICF denotes CO2 emissions during raw material
extraction, transportation and manufacturing [72, 73].
Table 6 presents parameter coefficients of ICF for adopted
raw materials based on the ecoinventory database and liter-
ature [10–14]. The cost of BA, LC3 and OPC materials was
analysed with regard to the prices of materials in Malawi,
converted into US dollars ($).

To extensively evaluate ecological and economical effi-
ciency of mixtures, ICF and cost of mixtures were calculated
and compared as presented in Figure 13. BA incorporating
LC3 binder-treated BCS has the smallest values of ICF and
cost, indicating 111.51 kgCO2/ton (Figure 13a) and 19.89
$/ton (Figure 13b), respectively. Compared with OPC
binder-treated BCS mixture, ICF and cost of BA incorporat-
ing LC3 binder-treated BCS were reduced by 70.8%
(Figure 13a) and 70.5% (Figure 13b), respectively. This
shows that BA incorporating LC3 binder-treated BCS has
the most remarkable ecological and economic efficiency,
whereas OPC binder-treated BCS has a higher impact on
ICF and cost, as also concluded by similar studies [73–75].
Overall, BA incorporating LC3 binder was recommended
as a cleaner promising option for treatment of BCS relevant
to road pavement applications.

4. Conclusion

Blended cementitious binder from BA and LC3 materials
was prepared as a cleaner and cost-effective binder for the
stabilisation of challenging swelling BCS. Main conclusions
were drawn as follows:

1. Stabilisation of BCS using BA incorporating LC3

binder completely reduced swelling behaviour of
treated BCS. The BCS transformed from high swell-
ing behaviour to nonswelling behaviour, complying
with requirements for subgrade road pavement
applications.

2. BA incorporating LC3 binder stabilisation improved
the mechanical performance of BCS. With the
increase in BA incorporating LC3 binder additive
content, the BCS showed significant improvement
in MDD and OMC compaction parameters. UCS
significantly increased along with curing periods,
which implied an increase in BA incorporating
LC3 binder–BCS chemical interactions in water
presence, which resulted in formation of cementi-
tious hydration products. Besides, with increase in
BA incorporating LC3 binder dosages to BCS, CBR
significantly improved, satisfying requirements for
foundation subgrade, subbase and base road pave-
ment constructions.

3. Due to adhesion of cementitious hydration products
to BCS particles, shear strength, cohesion and internal
friction angle of treated BCS improved with BA incor-
porating LC3 binder content and curing period. Shear
strength behaviour sheds light on BA incorporating
LC3 binder-treated BCS performance which can help
to develop more effective techniques for BCS
treatment.

4. PSD, XRD and SEM measurements showed the stabi-
lisation mechanism behind treated BCS samples. Mix-
ing of BCS, BA incorporating LC3 binder and water
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Figure 13: Treated BCS: (a) integrated carbon footprint and (b) cost.
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led to pozzolanic reaction and development of cemen-
titious hydration products, which filled BCS air voids,
leading to a more dense and stable structure, thereby
increasing density and strength of treated BCS.

5. Ecological and cost assessments indicated that utilisa-
tion of BA incorporating LC3 binder in place of OPC
for BCS stabilisation can significantly reduce carbon
footprint and tremendously reduce BCS stabilisation
cost. This is critical to mitigate current climate change
challenges in pursuit to achieve sustainability goals
Numbers 12 and 13 set by United Nations.

This study has demonstrated that BA incorporating LC3

binder-treated BCS poses excellent geotechnical perfor-
mance, which is essential in ensuring reliability and stability
of BCS foundations of road projects. However, only FSI,
compaction, UCS, CBR-soaked and CD direct shear strength
properties, including PSD, XRD and SEM analyses, were
investigated. This may not comprehensively mirror treated
BCS performance under other geotechnical construction
conditions relevant to road applications, such as long-term
durability studies under wetting–drying cycles or freezing–
thawing cycles, different loading types, curing conditions
and temperatures. Thus, future studies may consider more
actual geotechnical engineering properties, including dura-
bility performance, triaxial shear strength, resilient modulus
and permeability studies to fully capture material behaviour
under various loading conditions. Future research works
may also consider providing quality control procedures for
field implementation and performing a rigorous life cycle
assessment on BA incorporating LC3 binder stabilisation of
BCS and other soil types using materials sourced from differ-
ent geographical locations other than Shire Valley in
Malawi.
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