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Abstract: The management of waste and its environmental impact remains an issue. Thus, various
strategies are being explored to mitigate this problem. For this research case, the ash of plantain
peel and coal was harnessed to enhance soil for usage in designing road pavements. The form of
the soil, as regards its plasticity and grain assortment, positions it as a sandy lean clay material.
Geotechnical parameters of the natural soil were established before being treated with coal ash (CA)
and plantain peel ash (PPA), and subjected to tests for the Atterberg limits, California bearing ratio
(CBR) and compaction, as well as investigations pertaining to its crystallinity and morphology. These
assessments showed that strength parameters of soil increased on adding CA and PPA. However,
the inclusion of these admixtures should be conducted until optimal strength is achieved as seen
in 9% CA + 6% PPA. The use of soil stabilised with CA and PPA is suitable for general fillings
and embankments. These findings revealed that integrating CA and PPA together would have the
potential of stabilising soil as pavement layer material while also eliminating the pollution that
emerges from the improper disposal of coal and plantain peels from the environment.

Keywords: foundation; wastes; geotechnics; pavement; soil stabilisation

1. Introduction

The rate of waste generation around the world is rising. As a matter of fact, the
world already generates about 2.01 billion tonnes of annual municipal solid wastes, with
at least 33% not managed properly. The World Bank projected this amount to escalate
to 3.40 billion tonnes by 2050, with each individual generating an average of 0.74 kg
each day [1]. As a result of these alarming statistics, the United States Environmental
Protection Agency (USEPA) conducted a study to determine the factors influencing the
increase in the amount of wastes produced globally, and thus attributed it to economic
activities, population growth, and consumption [2]. More so, rapid urbanisation, industri-
alisation, and infrastructural evolution are causing population and environmental concerns
in many emerging nations. Since the 1980s, numerous sectors and industries have made
advancements in waste management to help address this challenge [3]. In this aspect, the
construction industry is notable for playing a vital role in the utilisation of these waste
materials especially in the area of road pavement layer improvement [4], which entails
altering the behaviour of the underlying soil so as to improve its geotechnical properties [5].
These waste materials are sought out for soil improvement due to the need to reduce the
dependence on conventional stabilisers such as lime and cement. This is as a result of their
costly nature and adverse effect on the environment, as cement production alone generates
7% of carbon dioxide on a global scale [6], hence the need to explore more sustainable
alternative materials [7]. This advocates that the effects of environmental degradation
and global warming due to the manufacture of cement for construction premises the de-
sire for eco-friendly building materials [8]. Thus, it is no surprise that researchers have
been studying industrial and agricultural wastes to improve earth minerals by devising
methods in which they can be integrated as alternative materials in road construction and
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maintenance [9]. These waste materials are usually occurring in large quantities and have
pozzolanic properties. Typical examples are coal ash (CA) and plantain peel ash (PPA),
which are employed in this study.

CA is derived as a residue of burning lignite or pulverized coal in thermal power
facilities [10]. CA is composed of coal fly ash (CFA) and coal bottom ash (CBA). CFA is
accumulated and gathered from the top of furnaces, while CBA is obtained at the bottom
of the combustor. About 25% of the total ash is CBA, whereas fly ash makes up for
the remaining 75% [11]. Based on market trends and the current economy, global coal
consumption is forecasted by the International Energy Agency (IEA) to rise at a rate of
0.7% in 2022 to 8 billion tonnes [12]. The ash from this coal is usually discarded as wastes,
causing a huge environmental concern. CA comprises pollutants such as cadmium, arsenic,
and mercury. These toxins can contaminate streams, groundwater, drinking water, and
the atmosphere if they are not appropriately managed, hence causing serious health and
environmental issues [13]. Utilising such a waste material for applications that minimise
its interaction with the environment should be priority. One of such applications is their
use for soil improvement within road pavement layers if they enhance the geotechnical
properties of the subgrade soils. Various civil engineering researches have been conducted
on the employment of coal waste ash. [14–16]. These studies prove that the use of CA has
been advantageous over the years in improving road pavement layer materials and also in
providing a feasible solution to the disposal of this waste material. CA generated vary with
location. Consequently, the use of CA for road construction applications is better suited
to some locations. However, in a situation where the amount of CA required to meet the
need for road application is not available in and around the city where a road project is to
be executed, other available wastes (especially agricultural wastes) having cementitious
or pozzolanic properties can be combined with CA for soil stabilisation. One of such
agricultural wastes is plantain peel. The peels obtained from plantain are a byproduct
from its utilisation in processing industries, that is typically disposed of in landfill sites,
waterways, and uncontrolled dumps [17]. This has triggered the need to address further
and investigate ways in which these wastes can be effectively and efficiently removed from
the environment on a large scale; hence, its potential as a possible low-cost stabiliser that
can be utilised with other waste materials to enhance pavement layers especially in rural
roads of rural communities in African countries such as Nigeria, where there is an excess of
these wastes.

Nigeria is one of the nations with the highest plantain production on a global scale
as presented in Figure 1 based on a report by World Atlas [18]. Plantains are produced in
enormous quantities, but the nation does not export them because most of what is cultivated
is locally consumed [19]. The consumption of plantain in these parts of the world has been
on a steady increase. The strong demand for plantain also results in waste leftovers that
are occasionally utilised as animal feed or are thrown away [19]. This disposal of plantain
peel and its concomitant decomposition often yield noxious gases such as hydrogen sulfide
(H2S) and ammonia (NH3), which pose environmental hazards [20]. Researchers have put
forth an effort to determine how these plantain wastes, especially its ash, can be applied
in the aspects of soil stabilisation. A study carried out by Ishola et al. [21] stated that
PPA improves the compressive strength of soil. However, it was suggested that the soil
stabilised with PPA can be admixed with other stabilising materials to yield better results.
These justify the need for this study, which provides an experimental insight as to how
industrial wastes (CA) and agricultural wastes (PPA) can be used together in improving
road pavement materials while providing an economical and sustainable way of disposing
these waste materials from the environment, mitigating the harm they pose. Both additives
can complement each other for large-scale soil stabilisation. This combined usage can also
be based on the availability of both additives in the region where they are to be used, as the
generated wastes are distributed dispersedly among several regions. This means that some
regions may have more abundance than others.



Resources 2023, 12, 41 3 of 16

Resources 2023, 12, x FOR PEER REVIEW 3 of 16 
 

 

they are to be used, as the generated wastes are distributed dispersedly among several 
regions. This means that some regions may have more abundance than others. 

 
Figure 1. The World’s leading plantain producers. 

Apparently, the combined usage of both CA and PPA for enhancing soil in road 
pavement layer construction has not yet been described in a peer-reviewed article pub-
lished in the open literature. Hence, the present examination aims to improve soil using 
blends of CA and PPA for road pavement construction. To achieve this, characterisation 
of the natural soil material was conducted. The particle size distribution was also per-
formed so as to determine its classification. Additionally, by employing the pycnometer 
method, the specific gravity was evaluated. The standard proctor compaction was con-
ducted so as to establish the optimum moisture content (OMC) and maximum dry unit 
weight of the natural soil. Additionally, Atterberg limits tests were performed to ascertain 
liquid limit (LL), plastic limit (PL), and plasticity index (PI), and the California bearing 
ratio (CBR) test was conducted to know the bearing capacity of compacted natural soil. 
Subsequently, the treated samples were obtained by combining CA and PPA as a portion 
of dry soil mass in the following proportions: 3% CA + 6% PPA; 6% CA + 6% PPA; 9% CA 
+ 6% PPA, and 12% CA + 6% PPA. The percentage of CA was varied while that of the PPA 
was kept constant at 6%. Some agricultural wastes such as cassava peel ash [22], rice husk 
ash [23], banana leaf ash [24], oil palm frond ash [25], and corncob ash [26], which have 
been explored for use as soil stabilisers, have displayed soil-stabilising properties at an 
optimum value within 4% to 6%. Furthermore, on the premise of earlier research carried 
out by Ishola et al. [21] on the use of PPA as a soil stabiliser, a 6% PPA content was taken 
into account, as the natural soil stabilised had similar classifications as that investigated 
in this study. For each of the varied mixes, the Atterberg limits, compaction characteristics, 
and CBR were established. As a way of examining the impact of CA and PPA on soil 
morphology and mineralogy, scanning electron microscope (SEM) and X-ray diffraction 
(XRD) analysis were conducted on the untreated soil and also the treated samples. SEM 
produces an assortment of signals at the surface of the solid material using a targeted 
beam of electrons at high energy. This revealed details about the sample’s morphological 
and crystalline configuration. XRD on the other hand provided information about the 
crystalline and amorphous contents, and the overall mineralogy of the soil specimens. The 
tests utilised for the study objectives were adopted because most tropical African 

Figure 1. The World’s leading plantain producers.

Apparently, the combined usage of both CA and PPA for enhancing soil in road
pavement layer construction has not yet been described in a peer-reviewed article published
in the open literature. Hence, the present examination aims to improve soil using blends
of CA and PPA for road pavement construction. To achieve this, characterisation of the
natural soil material was conducted. The particle size distribution was also performed
so as to determine its classification. Additionally, by employing the pycnometer method,
the specific gravity was evaluated. The standard proctor compaction was conducted so
as to establish the optimum moisture content (OMC) and maximum dry unit weight of
the natural soil. Additionally, Atterberg limits tests were performed to ascertain liquid
limit (LL), plastic limit (PL), and plasticity index (PI), and the California bearing ratio (CBR)
test was conducted to know the bearing capacity of compacted natural soil. Subsequently,
the treated samples were obtained by combining CA and PPA as a portion of dry soil
mass in the following proportions: 3% CA + 6% PPA; 6% CA + 6% PPA; 9% CA + 6% PPA,
and 12% CA + 6% PPA. The percentage of CA was varied while that of the PPA was
kept constant at 6%. Some agricultural wastes such as cassava peel ash [22], rice husk
ash [23], banana leaf ash [24], oil palm frond ash [25], and corncob ash [26], which have been
explored for use as soil stabilisers, have displayed soil-stabilising properties at an optimum
value within 4% to 6%. Furthermore, on the premise of earlier research carried out by
Ishola et al. [21] on the use of PPA as a soil stabiliser, a 6% PPA content was taken into
account, as the natural soil stabilised had similar classifications as that investigated in
this study. For each of the varied mixes, the Atterberg limits, compaction characteristics,
and CBR were established. As a way of examining the impact of CA and PPA on soil
morphology and mineralogy, scanning electron microscope (SEM) and X-ray diffraction
(XRD) analysis were conducted on the untreated soil and also the treated samples. SEM
produces an assortment of signals at the surface of the solid material using a targeted
beam of electrons at high energy. This revealed details about the sample’s morphological
and crystalline configuration. XRD on the other hand provided information about the
crystalline and amorphous contents, and the overall mineralogy of the soil specimens. The
tests utilised for the study objectives were adopted because most tropical African countries’
standards [27–29] employ these parameters as a guideline for choosing materials to be used
in constructing pavement layers [30].
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2. Materials and Methods
2.1. Materials
2.1.1. Soil

By using disturbed-sampling technique, the soil was dug up from a borrow pit 30 m
below ground level at Owode, which is located between the coordinates 6◦40′55′′ N (lati-
tude) and 3◦11′15′′ E (longitude) along Idiroko road in Ota, Ogun State, Nigeria. The soil
was collected in plastic bags and conveyed to the geotechnical laboratory where it was
air-dried at room temperature for subsequent testing.

2.1.2. Coal Ash (CA)

CA was obtained from a manufacturing company in Isolo, Mushin, Lagos State,
Nigeria. After the coals were collected and stacked in large quantities, they were then burnt
using the open field burning method. Fractions of the ash passing through sieve No. 200
(0.075 mm) were collected in a sack bag as seen in Figure 2 and used for the experiment.
The chemical composition of typical CA is shown in Table 1.

Resources 2023, 12, x FOR PEER REVIEW 4 of 16 
 

 

countries’ standards [27–29] employ these parameters as a guideline for choosing materi-
als to be used in constructing pavement layers [30]. 

2. Materials and Methods 
2.1. Materials 
2.1.1. Soil 

By using disturbed-sampling technique, the soil was dug up from a borrow pit 30 m 
below ground level at Owode, which is located between the coordinates 6°40′55″ N (lati-
tude) and 3°11′15″ E (longitude) along Idiroko road in Ota, Ogun State, Nigeria. The soil 
was collected in plastic bags and conveyed to the geotechnical laboratory where it was 
air-dried at room temperature for subsequent testing. 

2.1.2. Coal Ash (CA) 
CA was obtained from a manufacturing company in Isolo, Mushin, Lagos State, Ni-

geria. After the coals were collected and stacked in large quantities, they were then burnt 
using the open field burning method. Fractions of the ash passing through sieve No. 200 
(0.075 mm) were collected in a sack bag as seen in Figure 2 and used for the experiment. 
The chemical composition of typical CA is shown in Table 1. 

 
Figure 2. Coal ash. 

Table 1. Chemical composition of typical CA [31]. 

Components Composition (%) 
SiO2 69.59 
TiO2 2.62 
Al2O3 18.13 
Fe2O3 1.77 
CaO 3.13 
MgO 0.52 
Na2O 1.23 
K2O 0.62 
SO3 1.80 

MnO 0.082 
V2O5 0.099 
Cr2O3 0.026 
CuO 0.052 
ZnO 0.062 
BaO 0.23 
NiO 0.040 

Figure 2. Coal ash.

Table 1. Chemical composition of typical CA [31].

Components Composition (%)

SiO2 69.59
TiO2 2.62

Al2O3 18.13
Fe2O3 1.77
CaO 3.13
MgO 0.52
Na2O 1.23
K2O 0.62
SO3 1.80

MnO 0.082
V2O5 0.099
Cr2O3 0.026
CuO 0.052
ZnO 0.062
BaO 0.23
NiO 0.040
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2.1.3. Plantain Peel Ash (PPA)

Plantain peels were also obtained from a manufacturing company in Isolo, Mushin,
Lagos State, Nigeria. The peels were sun-dried for about two weeks till they were evenly
dried and burnt to ash as seen in Figure 3. The PPA was sieved through the No. 200 sieve
(0.075 mm) and the materials passed through were used. Table 2 displays the chemical
constituents of typical PPA.
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Table 2. Chemical composition of typical PPA [19].

Components Composition (%)

Na2O 1.470
MgO 2.926
Al2O3 2.653
SiO2 12.249
P2O5 4.883
SO3 2.050
Cl 2.558

K2O 58.336
CaO 7.893
TiO2 0.271

Cr2O3 0.005
Mn2O3 0.216
Fe2O3 3.988
ZnO 0.424
SrO 0.079

Both materials were selected due to their considerable performance as “stand-alone”
stabilisers in soil improvement. Their incorporation together was forecasted to serve as
a means of improving the properties of soil while providing a strategy of reducing both
wastes from the environment. The particle diameter (0.075 mm) of both materials used
acted as a pozzolanic void filler [32] due to its small size, agglomerating the particles of the
soil fabric, thereby yielding higher strength when compared to the natural soil as seen in
previous studies of waste-soil stabilisation [21,33]. More so, it is known that the smaller the
particle size of cementitious or pozzolanic materials, the better their reaction in stabilising
soil. Hence, these fine-grained particles of CA and PPA utilised for this study provides
a greater expanse to chemically react with the soil particles.



Resources 2023, 12, 41 6 of 16

2.2. Experimental Methods

The soil sample was oven-dried for 24 h at a temperature of 110 ◦C after its collection
to substantially reduce the soil water content. Subsequently, the geotechnical properties
were examined in line with the ASTM International Standards as seen in Table 3. The exe-
cuted experiments comprises sieve and hydrometer analysis, specific gravity, compaction,
Atterberg limits, and CBR tests.

Table 3. Experimental standards utilised for performed tests.

Tests Experimental Standards

Sieve analysis ASTM C136 [34]
Hydrometer analysis ASTM D7928 [35]

Specific gravity ASTM D854 [36]
Compaction characteristics ASTM D698 [37]

Atterberg limits ASTM D4318 [38]
CBR ASTM D1883-16 [39]

Thereafter, the treated samples were obtained by mixing CA and PPA as a portion of
dry soil mass in these proportions: 3% CA + 6% PPA, 6% CA + 6% PPA, 9% CA + 6% PPA,
and 12% CA + 6% PPA. Afterwards, Atterberg limits, compaction characteristics, and
CBR tests were determined for the varied samples so as to evaluate their geotechnical
characteristics. The strength performance of the soil–CA–PPA mixes was established by
comparing the results in terms of percentage (%) increase in maximum dry unit weight and
CBR, upon the inclusion of these additives to the natural soil. Furthermore, the impact of
CA and PPA on the morphology and mineralogy of the untreated and treated soil were
examined using SEM and XRD analysis. Table 4 outlines the experimental programme for
this study.

Table 4. Outline of experimental programme.

Tests Natural Soil
3% CA

+
6% PPA

6% CA
+

6% PPA

9% CA
+

6% PPA

12% CA
+

6% PPA

Sieve analysis X
Hydrometer analysis X

Specific gravity X
Compaction characteristics X X X X X

Atterberg limits X X X X X
CBR X X X X X
SEM X X
XRD X X

3. Results and Discussion
3.1. Geotechnical Properties of Natural Soil

The geotechnical properties of the natural soil are displayed in Table 5. It has a PI
and specific gravity of 25.4% and 2.45, respectively. The soil is grouped under A-7-6
based on the criteria by the American Association of State Highway and Transportation
Officials (AASHTO). Additionally, the Unified Soil Classification System (USCS) categorises
it as sandy lean clay (CL). Approximately 65% of the materials go through sieve No. 200
(0.075 mm). For the particle sizes of the natural soil, Figure 4 depicts the distribution curve.
In line with the findings of the Atterberg limits experiments, the soil is highly plastic and
cohesive. The optimum moisture content (OMC) and maximum dry unit weight of the soil
were found to be 13.5% and 16.33 kN/m3, respectively. Additionally, a CBR of 8.5% was
attained for the natural soil which is fair [40].
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Table 5. Geotechnical test values for the natural soil sample.

Properties Value

Percentage passing 0.075 mm sieve 65%
AASHTO classification A-7-6

USCS CL
Specific gravity 2.45

Liquid limit (LL) 40.5%
Plastic limit (PL) 15.1%

Plasticity index (PI) 25.4%
Maximum dry unit weight 16.33 kN/m3

OMC 13.5%
CBR 8.5%
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3.2. Compaction Characteristics

When CA was added to the soil with 6% PPA, an increase in OMC was observed at
3% CA content. This may be due to the addition of excess water needed for the hydration
process [41]. The OMC was kept constant until it decreased at 12% CA and 6% PPA contents.
This reduction might potentially have happened as a result of the admixtures non-plastic
properties [21,42]. Moreover, the drop in OMC may be caused by a decline in the need
for water from different cations and the hydration reactivity of the clay minerals [43].
However, researchers have proposed that when there is no flow of water into or out of the
soil–CA–PPA fabric, the reaction (hydration) consumes all the available water, saturating
the soil surface with low water content and lowering soil humidity levels. This answers
why the OMC drops with increasing additive content [44–46].
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When CA and PPA are at 3% and 6%, respectively, the maximum dry unit weight like-
wise increases. This increase might potentially be linked to agglomeration and flocculation,
which would result in a volumetric drop in density [21]. An increase in maximum dry unit
weight was also observed at 3% CA. A further increase was attained until 9% CA before
decreasing at 12% CA. The volume and light weight of CA, as well as the lower specific
gravity of the sample (2.45) in comparison to the specific gravity of PPA (usually 2.6), may
be responsible for the decrease in the dry unit weight. This will cause a decrease in soil
density [21]. The variations in compaction characteristics are seen in Figure 5.
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The outcome of the compaction test indicates that introducing CA and PPA as soil
additives would initially result in an increase in the OMC and maximum dry unit weight.
However, a subsequent decrease of these parameters is expected upon the addition of these
additives beyond the optimal limit.

3.3. Atterberg Limits

A reduction in LL was observed at CA and PPA of 3% and 6%, respectively. The
value is kept the same until it reduces further at 12% CA and 6% PPA as seen in Figure 6.
A higher CA content will only further reduce LL because LL is typically established when
CA starts sliding along with soil particles that demand additional water in the mixture [16].
Moreover, the pozzolanic or cation exchange reactions between the divalent cations within
the soil matrix and admixtures may be the cause of the general decrease. Additionally, the
PL of the soil admixed with CA and PPA increased at all variations as illustrated in Figure 6.
This is attributed to the increase in CA contents. The soil will become even more plastic
when cementitious or pozzolanic materials are applied above a particular level because soil
particles with adsorbed materials on their surfaces have a lower density [16]. Furthermore,
a decrease in PI is observed at all variations of CA and PPA contents as depicted in Figure 6.
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The pozzolanic properties of PPA, which accelerated the soil-admixture reaction in the
presence of water supplied to the soil, may be responsible for the decrease in PI [21].
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From the test outcomes, it is evident that the incorporation of CA and PPA as stabilising
agents would cause the LL and PI to reduce, but would bring about an increase in PL of
the soil stabilised with these additives.

3.4. California Bearing Ratio (CBR)

An increase in CBR was observed upon adding 3% CA to the soil with 6% PPA. This
increase continued up to 9% CA content before a subsequent decrease at 12% CA. This
variation is illustrated in Figure 7. Cadersa et al. [42] stated that an improvement in the
CBR of stabilised soils with admixtures can be attributed to the particle size distribution
becoming well-graded, causing the soil and ash particles to be packed closer together as
seen in Figure 8b, thus improving the mechanical strength of the soil. Another reason for
the minor CBR improvement could be ascribed to the calcium present in the admixtures
which helps generate calcium silicate hydrate (CSH), the main constituent that increases
strength [21]. However, when the CA concentrations increase, the arrangement of the
particles becomes less tightly packed as the CA particle size begins to dominate the size
distribution of the mix, which results in the CBR value dropping [42]. It is evident from
the CBR results that the combination of CA and PPA in stabilising soil would enhance
the bearing capacity of the treated soil. Although if these additives are utilised beyond its
optimal points, the soil bearing capacity tends to decline.
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3.5. SEM Analysis

This was performed on the natural soil and the sample having 12% of CA and 6% of
PPA using a JEOL JSM-7600F scanning electron microscope at a voltage and magnification
of 20 kV and ×28,000, respectively. From the micrograph of the untreated sample as seen
in Figure 8a, pore spaces can be observed. However, from the treated sample in Figure 8b,
it can be observed that there is pore size reduction. The untreated sample is distinguished
further by discontinuous soil particles with voids and a less compacted structure, whereas
the treated sample is distinguished by soil particles coated with cementitious gel and a more
compacted structure. This is understood by the pozzolanic reaction that emerges in the
soil fabric when cementitious components like calcium silicate hydrate (C-S-H) form [48].
This product acts as a binding agent within the soil matrix, filling up the pore spaces. This
leads to the soil fabric becoming more solid [49]. The soil particles clump together as seen
in Figure 8b due to flocculation and agglomeration; hence the decrease in LL, increase in
PL, reduction in PI, and initial improvement in strength in terms of CBR [50].

3.6. XRD Analysis

This was performed to detect the minerals present in the untreated and treated soil
sample, and also to verify the emergence of new minerals, which is crucial for the stabilised
soil strength properties [51]. This was performed for identification of compounds in the
natural soil, and the sample stabilised with 12% CA + 6% PPA using a Rigaku D/MAX-IIIC
X-ray diffractometer at a scanning rate of 2◦/min in 2 to 50◦ at room temperature with
a Cu-Kα radiation set at 40 kV and 20 mA. This aids better understanding of its crystalline
nature [52]. Results from the XRD of the untreated soil revealed the presence of quartz
(Q), kaolinite (K), mica (M), illite (I), feldspar (F), and montmorillonite (Mt), as seen in
Figure 9a. The most prominent peaks were that of quartz (2θ = 25◦ at an intensity of
approximately 450 cps), and kaolinite (2θ = 18◦ at an intensity of approximately 300 cps). It
is observed that the peak of quartz is higher, hence showing quartz was the most prominent
mineral in the untreated soil’s mineralogical composition. Quartz is the primary non-
clayey constituent of expansive soils, loess, red clay, and soft clay [53]. The magnitude
of quartz peak detected confirms its highly crystalline nature [54]. Illite, kaolinite, and
montmorillonite all have lamellar structures and small grain sizes that affect Atterberg
limits and soil anisotropy [53]. Additionally, the expansive character of the soil is attributed
to the presence of montmorillonite [55], while the siliceous nature of the soil is ascribed to
the presence of quartz and feldspar [56].
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Upon stabilisation with CA and PPA, the intensity of quartz and kaolinite decreases in
the treated sample as seen in Figure 9b, corresponding to 2θ = 25◦ at an intensity of approx-
imately 420 cps and 2θ = 15◦ at an intensity of approximately 125 cps, respectively. This
decrease indicates that the silica and alumina in the stabilised mix dissolves and becomes
an amorphous gel product, thereby improving strength of the soil [57]. Gonzalez et al. [58]
inferred that as a result of alkali activation with stabilised soil, which occurs during sam-
ple curing when the OH− ions catalyses the hydrolysis of the Si-O-Si and Si-O-Al bonds
present in the clay aluminosilicates, stabilised soil produces weaker peaks, particularly of
quartz and kaolinite, when compared to untreated samples. The drop in quartz peak shows
that the CA and PPA significantly targeted the quartz in the soil, causing its crystalline
structure to dissolve or degrade and produce silica gels [59]. This dissolution is essential for
pozzolanic reactions to take place [60]. Akbari et al. [61] also explained that a decrease in
kaolinite intensity of stabilised soils as compared to untreated soil samples can be achieved
through the formation of complex structures, consumption of clay particles in pozzolanic
reactions, and coverage of some clay particles by the generated cementitious compounds.
The weathering of kaolinite due to pozzolanic actions alters the soil’s structure [62,63].
Generally, the CA and PPA consumed and reacted with the clay minerals in the soil to
develop new cementing peaks like that of calcite, corresponding to 2θ = 18◦ at an intensity
of approximately 250 cps for the treated soil.

When CA and PPA in the soil are hydrated, it dissociates into Ca2+ and OH− ions.
The silica and alumina from clay minerals disintegrates when OH− ions are released, and
when they combine with Ca2+ ions, they produce calcium-silicate-hydrates (C-S-H) and
calcium-aluminate-hydrates (C-A-H). These two products take the form of calcite, which is
an amorphous gel that holds the soil matrix together [60]. Calcite is also developed when
there is a reaction between calcium hydroxide Ca(OH)2 and atmospheric carbon dioxide
(CO2); a reaction referred to as “carbonation” [60,64]. This new mineral is expected to fill
the pores of the soil and improve its characteristics [65]. Calcite generally contributes to an
increase in strength [60,66]. The formation of calcite confirms the pozzolanic properties of
CA and PPA, which helps to improve strength of the stabilised soil specimen [66,67], as
seen in the improvement in CBR.

In addition to the formation of calcite and the reduction of the peaks of quartz and
kaolinite, the peak of montmorillonite disappeared in the XRD spectrum of the treated soil.
This may be attributed to the dissolution of minerals in the presence of admixtures [68].
This mineral dissolution gives rise to the formation of cementitious gels of calcite [54].
Additionally, the peak of kaolinite in the stabilised soil shows a greater degree of reduction
compared to illite. This indicates that the kaolinite is quickly depleted during the pozzolanic
reaction, while illite is less involved. Moreover, illite-based pozzolanic reactions occur
considerably slower than kaolinite-based reactions [69]. As the cementitious by-products
of the kaolinite-driven pozzolanic reaction build up on the surface, the illite clusters are
progressively encased. Hence, the encapsulation of the illite prevents the CA and PPA from
attacking it further. This hinders any further pozzolanic reaction from occurring that can
adversely alter the peaks of illite [69]. This explains why the peak of illite only changes
slightly in the stabilised soil, compared to kaolinite peaks.

Typically, XRD patterns and peaks of treated soils would change with respect to the re-
actions occurring between the stabilising agents and clay minerals within the soil fabric [55].

The outcomes of this study are comparable to those of Navigare et al. [16], where the
modification of black cotton soil with CBA was studied. According to reports, adding CBA
to the soil has a positive impact on soil-strength gain. However, the strength declined when
CBA content was increased in the mix beyond its optimal point. This pattern was also
observed on the effects of PPA on strength characteristics of tropical red soil [21].

Comparing the test results with the Nigerian General Specification [27] indicates that
the soil treated with CA and PPA is suitable for general fillings and embankments.

This research is unique due to the fact that it incorporates two pozzolanic waste
materials that are often used alone for soil improvement. Hence, this work contributes to
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providing a new dynamic of integrating both industrial and agricultural waste materials,
so as to observe their performance. Although, CA and PPA are often used as “stand-alone”
soil stabilisers to yield considerable strength gain in soil, results from this study suggest
that they can also be used conjointly to yield a reasonable degree of improvement in soil
for road pavement layer construction.

4. Conclusions

This research sought to provide an experimental insight to the improvement of soil
using blends of CA and PPA as road pavement layer materials. The results can be summed
up as follows:

i. The initial inclusion of additives at 3% CA + 6% PPA, 6% CA + 6% PPA, and
9% CA + 6% PPA led to an increase in the maximum dry unit weight, decrease
in PI, and increase in CBR of the soil. Afterwards, a decrease was shown at
12% CA + 6% PPA. This suggests that these admixtures should be applied to sta-
bilise soils at optimum proportions so as to avoid considerable loss of strength.

ii. The optimum additive content is seen at 9% CA + 6% PPA where the maximum
dry unit weight of the natural soil improved by 17.70%, and the CBR improved by
23.53% upon the inclusion of the stabilisers.

iii. The SEM analysis indicated pore reduction as the stabilisers were added to the soil.
This was as a result of the pozzolanic reaction that takes place within the soil fabric
after the formation of cementitious products.

iv. The XRD analysis indicated the formation of calcite to replace montmorillonite upon
the addition of the stabilising agents. This formation is attributed to the impact of
quartz during the pozzolanic reaction.

v. The results show that the soil treated with CA and PPA is appropriate for general
fills and embankment, especially for rural roads with low traffic volume, when
taking the Nigerian General Specification into account.

These discoveries are especially notable since they have the possibility of enhancing
soil using CA and PPA while also clearing up the environment from any possible pollution
caused by the improper disposal of coal and plantain peels. However, insufficient literature
on the stabilisation of soil using PPA and the absence of an electric furnace to combust these
waste materials limited the scope of this investigation. This is safer than open burning as it
protects against harmful fumes, provides better humidity balance and is energy efficient
since it does not make use of fossil fuels. This should be taken into account for future
studies. The results obtained are practicable for stabilising clay (lean clay), since it was
the soil material used for the purpose of this research. Hence, the test outcomes are not
generalised for all types of soils, as other soils may perform differently upon stabilisation
with CA and PPA. Therefore, additional research can be conducted to explore and compare
the geotechnical characteristics and behaviour of other soil types upon stabilisation with
CA and PPA, as this study has provided an advantageous benchmark. This study also
contributes to providing a reference point for soil stabilisation in the field, especially
in regions having a high rate of wastes generated from coal consumption and plantain
cultivation. Moreover, the results obtained in this study may be beneficial for further
research on the application of CA and PPA in mine reclamation and concrete admixing,
since these additives have already displayed a considerable potential in soil improvement.
Additionally, the stabilisation potential of other industrial and agricultural wastes should
also be investigated. For subsequent research, the stabilisation power and performance of
these additives can also be investigated using compressive strength tests. Furthermore, as
a way of supplementing the CBR test, a swelling test in the CBR mould can be investigated
for further studies. This would facilitate comparing how much the treated and untreated
soil could swell. Additionally, research to develop approaches to carry out full cost-benefit
analysis on the application of these stabilisers on the field should be implemented.
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