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ABSTRACT

In the construction field, development of green, sustainable and renewable materials is the
main focus of research. In that direction, alkali activation technique has attracted a lot of
attention in the past few years. The alkali activation technique consists of activating
aluminosilicates materials under alkaline conditions. To limit the risk of toxicity or
exposure to high alkaline solution and eco-friendly concerns, One-part alkali activation is
considered in this study. Besides, the application of this technique to optimize earth-based
materials implies the production of robust earth-based bio-composites. However, termite
mound soil is an earth-based material which has not been investigated sufficiently as a
construction material. This study provides enlightenment on the application of one-part
alkali activation of termite mound soil. The effects of the activator’s concentration, curing
conditions, curing temperature on the specimens were appraised. The bio-composite was
manufactured through mechanical compaction technique to obtain closely packed
specimens. Fiber reinforcement was used as a strengthening and toughening process. The
physical, macro-microstructural and mechanical properties were investigated to correlate
between the microstructure and bulk properties. Results have shown improved mechanical
properties after the alkaline activation. Furthermore, the dimensional stability of the
specimens after the alkaline activation was satisfactory compared to the inactivated termite
mound soil. Inclusion of the natural fiber impacted positively the mechanical properties of
the bio-composite via crack propagation’s limitations within the termite mound soil-based
matrix as the compressive strength increased after fiber’s inclusion. Furthermore, the
Machine Learning techniques used to predict the compressive strength of the alkali
activated termite mound soil based were successful confirming the right selection of the
factors affecting the compressive strength. These Machine Learning approaches would
reduce cost and time for the laboratory experiments and also predict the desired properties
based on the mixtures required. The implications of these results are considered for the
development of low-cost housing. Especially in regions with high housing demand but
without accessibility to conventional building materials. Moreover, the results are analyzed
as eco-friendly, renewable and sustainable prospective construction materials requiring
effortless techniques to be replicated at the industrial scale. This investigation has
demonstrated the feasibility of transforming termite mound soil and natural waste into

sustainable construction materials to be easily industrialized.
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1.0 Chapter One: Introduction

1. Introduction

This chapter briefly outlines the advantages of the using of earth-based material especially
termite mound soil in construction. These advantages are observed in terms of eco-
friendliness, availability, durability, strength and low cost. It focuses also on the binding
technologies namely the alkali activation used to efficiently improve the binding
mechanisms of the termite mound soil. The fiber reinforcement used to improve its
mechanical properties is also discussed in this chapter. Unanswered questions originated
from the use of the optimization’s technologies are examined. The objectives and thesis’s

set up are presented at the end of this chapter.

2. Motivations and unresolved issues

According to estimates by UN-Habitat, approximately 238 million people lived in slums or
informal settlements in Sub-Saharan Africa (SSA) only in 2018[1]. These figures indicate
the precarious conditions in some regions. Subsequently, the low-life expectancy, poor
heath indices, low indices of wellbeing in these regions are affected because housing is a
major fundamental need for humans, and it constitutes the main factor for its survival and

its development.

Globally, the construction field is facing major concerns about the carbon emissions in the
atmosphere. These emissions are associated with the production of cement which is
typically used for construction of buildings across the world [2], constituting about 7% of
global CO, emissions [3][4]. In addition, conventional construction materials are very
expensive and almost inexistent in some regions. For instance, in some regions limitations
such as geographical constraints and scarcity of manufacturing industries make
conventional construction materials very inaccessible hence very costly. Hence, effort must
be directed towards the development of alternative building materials that are eco-friendly
and cost effective[5] [6] and can reduce the overall use of cement in buildings [2][7], eco-
friendly and available locally at low cost. The efforts must be developed to attain the
global sustainable development goals (SDGs), goal 11 being the target. Within this
context, earth-based materials are “green” materials that can reduce carbon emissions[8]
that are associated with the construction materials. Earth based materials possess attractive

mechanical properties, henceforth, their production as construction materials requires low



amount of energy and their maintenance during their life service doesn’t require high
amount of energy either. The use of earth-based materials in construction is old as the
beginning of mankind [9]. However, cost [10], availability[11] and performances[12]
(Strength, toughness and hygroscopicity) are the fundamental requirements for
construction materials selection for construction applications. Hence, a deep understanding
of termite mound soil’s fundamentals is required to examine the binding mechanism

making it a suitable construction material.

Presently, considerable progress has been made in terms of application of fiber
reinforcement in earth-based materials[13]-[17] but very insufficient in the case of the
termite mound soil[18]-[20]. Most of the studies carried out on the termite mound soil
examined its application as stabilisation or partial replacement to cement without
correlating its microstructure to its bulk properties. On the other hand, studies focused on
using the termite’s secretions as binder earthen road construction[21], [22]. Some
commercialized products have been manufactured and are already in the market. However,
to the author’s knowledge there is not any existing literature on the use of one-part alkali

activation of termite mound soil reinforced with Borassus fruit natural fiber.

3. Objectives

Termite mound soil is an earth-based material that has not been fully investigated but used
empirically. The science underlying its binding mechanism would lead to its use efficiently
as a construction material. This is because; it allows us to understand the effect of each
variable on the desired bulk properties. This study explored the development of novel
palmyra natural fiber reinforcement termite mound soil-based bio-composite by benefiting
from the alkali activation of the termite mound soil to manufacture the specimens. The
effect of the processing on the novel designed bio-composite was appraised through
mechanical compaction technique. The investigation involved experimental and computer-
based prediction techniques. These computer-based techniques implied the use of Artificial
Intelligence methods for the predictions of the mechanical properties of alkali activated

termite mound soil. This investigation is aimed to:

e Gain clear understanding of termite mound soil properties, as these properties

define its performances. The targeted properties are the microstructural



(mineralogy, morphology and binding mechanism), physical and macrostructural
(mechanical) properties.

e Apprehend the termite mound soil’s microstructure to enable engineering other
aluminosilicates into materials similar to the termite mound soil in regions where
there are no termite hills.

e Examine the effect of factors such as initial curing temperature, curing conditions,
activator concentration on the examined properties of the alkali activated termite
mound soil.

e Evaluate the effect of fiber content on the physical, microstructural and
macrostructural behavior of the compacted alkali activated termite mound soil.

e The development of low cost and environmentally friendly materials for sustainable
construction from agricultural waste (palmyra natural fiber) plus termite mound soil
through optimisation technologies that are cost friendly and easily performed.
Therefore, the strengthening and toughening technologies used in these
investigations don’t require expensive instruments to be produced at large scale.

o Atrtificial Intelligence techniques were used to predictions the performances of the
composite under variations of factors affecting the mechanical properties.

e The study was carried out in the sub-Saharan African region and could be
replicated in most tropical climates worldwide. As based on that the techniques
were carefully selected to not restrict the investigation to only one specific region.
Henceforth, the feasibility of the investigation worldwide. The industrial
manufacturing of the designed Bio-composite will reduce the numbers of people

living in slums therefore it will increase productivity, welfare and create local jobs.

This study focuses on the development of low cost, eco-friendly and sustainable
construction materials using sub-Saharan African as a case study. The results have

shown the possibilities to replicate these techniques worldwide.

4. Thesis layout

The thesis is subdivided into seven (7) chapters that are mainly focused on papers that have

been published or submitted to peer review journals.



[1]

[2]

3]

Chapter two presents the literature review with a focus on termite mound soil and palmyra
ethiopium natural fiber. It provides a brief description of the techniques of

characterizations used alkali activation and natural fiber reinforcement.

Chapter three provides the properties of the termite mound soil from the microstructure to
the macrostructure confirming its utilization as an ecofriendly and low-cost construction

material.

Chapter four resolves the effect of natural potash used as alkaline activator. The effects of
the natural potash on the termite mound soil were investigated based on alkali activation

under various temperatures.

Chapter five presents the Artificial Intelligence techniques used for the prediction of the
mechanical properties of the alkali activated termite soil. The prediction is aimed to ease

the understanding of the alkali activated termite soil under various conditions.

Chapter six presents the palmyra ethiopium natural fiber reinforcement of one-part alkali
activated termite mound soil-based bio-composite. The natural fiber was used as
reinforcement in the one-part alkali activated termite mound based-soil bio-composite to

assess its effect on the mechanical properties of the bio-composite.

Lastly, chapter seven presents the focal conclusions emerged from the investigation in

addition to focusing on the suggestions for future work.
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2.0 Chapter Two: Literature review

1. Introduction

In this section, the hypothesis on the development of termite mound soil is briefly
introduced. The engineering properties of termite mound soil and its limitations as a
construction material are the focal points of this investigation. Consequently, modern and
ecofriendly technologies have been used to improve its major limitations[1]. Hence,
attention is given to these technologies namely alkali activation and fiber reinforcement to
strengthen and toughen the termite mound soil[2]. A brief description of the
characterization techniques used in the examination of the various modifications made
from the optimizations technologies is presented. Computer based tool are preferably used
to predict accurately the properties of the termite mound soil under various mixtures [3].
This is achieved in the aim of reducing time and cost during the experimental stages to
minimize error. Therefore, Artificial Intelligence (Al) approaches used during the study to

predict some of the key properties based on given other properties is explored.

2. Why termite mound soil?

Termite Mound Soil (TMS) is the soil obtained from the pile of earth (commonly called
termite's hill) produced by mound-building termites [4]. Termites are the dominant species
in the tropical ecosystem where they can make up to 95% of the total quantity of soil insect
in the ecosystem. Termites are considered “ecosystem engineers” because they modify the
environment by creating biogenic structures, which change the soil’s properties and can

build the most complex structures by construction enormous and very strong mounds.

Termites use their salivary secretions to process soil. Also their filth is rich in organic
matter; organic carbon, phosphorus, potassium, magnesium, nitrogen [5].Due to the high
content of organic matter[6], the pH increases nutrient and their ability to mix the soil and
organic matter from different horizons used in Agriculture [7], [8]. Their gut is formed by
compartments that present rising gradients of pH and different status of oxygen and
hydrogen. These characteristics are certainly important and may effectively contribute to
soil chemical and physical modifications. However, Clay content in termite mounds is

usually 20% higher than in nearby soils[9].



A study on the Pozzolanic potentials of the calcined ant mound clay was carried by A.U.
Elinwa, it was focused on investigating the pozzolanic potentials of this material and the
effects of the calcined ant mound clay on cement mortar and concrete properties[10].
Therefore, they considered the physical repercussions of ant mound clay on the hydration
process of cement and on mortar’s compressive strength and its repercussions on the
flexural and splitting tensile strength. They concluded by classifying the termite mound

soil as a natural pozzolana.

Omofunmi reported that the termite mound clay is a better material in terms of moulding
than ordinary clay [11]. TMS predominant component is clay whose plasticity has been
improved by secretions from the termites during the construction of the mound. However,
Minjinyawa et al. (2012) demonstrated that TMS showed good resistance to weather,
abrasion and penetrations of liquids compared to ordinary clay [4]. In the other hand, the
results obtained from Ricardinho et al. (2015) indicated the considerable effect of termites
on tropical latosol’s properties exists. That effect is associated with the termite’s role in

nutrient cycling and renewal of mineral soil [12].

Additionally, some studies evaluated the effects of Synthetic Termite Saliva incorporation
into adobe. M.Gandia et al. (2019), analysed the physical, mechanical and thermal
properties of synthetic termite saliva stabilised soil[13]. They reported an insignificant

increase in bulk density with the addition of synthetic termite saliva.

Results from previous studies have shown that the use of the TMS in construction as well
as in the soil doesn’t require sintering during manufacturing and the strong binding
mechanism present in the termite mound soil [14]. Besides displaying these attractive
properties, the termite mound is a renewable source. Study carried out showed the
feasibility of reproducing termite hill in a controlled environment [15]. The abundance of

the termite mound soil has been shown in work [16]

3. Evaluation of the Microstructure

Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDX), Fourier
Transform infrared (FTIR) and X-ray Ddiffraction (XRD) were the key implements used to
perform microstructural characterization, bonding mechanism and crystal phases

identification. In this section a brief description of these techniques is presented.



a. Morphological/chemical content analysis

Scanning Electron Microscopy-Energy Dispersive Spectroscopy (SEM-EDX) is the most
commonly morphological characterization technique. This technique was used to
illuminate and examine the microstructure of the TMS and alkali activated termite mound
soil in order to understand the strengthening mechanism[17]. The SEM is an electron
microscope, designed for directly studying the surfaces of objects. Also, it utilizes a beam
of focused electrons of relatively low energy as an electron probe that is scanned in a
regular manner over the specimen. Hence, SEM scans a focused electron beam over a
surface to create an image. The electrons in the beam interact with the sample, producing
various signals that can be used to obtain information about the surface topography and
composition[18]. In SEM’s detection mode details of 1-5nm can be visualized, therefore

detection of new phases can be confirmed.

b. Diagnosis of functional group

Fourier Transform Infrared (FTIR) is one of the major spectroscopic methods utilized in
the exploration of alkali activated binders. In this method chemical bonds enclosed by a
material can be identified through infrared absorption spectrum as the method observes
molecular bond vibrations at various infrared frequencies. Additionally, FTIR
spectroscopy can be used to provide information on the transition of vibrations arising
from small structural changes. With alkali activated clays, it can be used to evaluate the
connectivity within Si-O-(Si,Al) frameworks through shifts in the peak associated with

asymmetric stretch of that bond [17].

c. Crystalline phases identification

X-ray Ddiffraction (XRD) analysis is one of the most powerful methods used to
provide information about used for quantification, phase analysis, crystal structures, and
crystallite size and stacking sequences. X-ray diffraction is based on Bragg's law of
diffraction, nA = 2d sin 6 [18] where X is the wavelength of the incident radiation (Cu
radiation), d is the spacing between the (hkl) planes, n is an integer, and 6 is the angle
between the incident beam and the scattering planes. XRD is very useful for the detection
of structural changes in order to detect any significant modification in the structure’s

mineralogy of the alkaline activated binder.
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4. Binding mechanism of termite mound soil

The binding mechanism is the factor governing the strength and durability of materials.
Therefore, to strengthen and toughen a construction material evaluation and understanding
of the binders are key features. In earth-based materials, cement and lime are the mostly
used binders. However, apart from these two traditional binders there is the non-traditional
stabilisers, chemical stabilizers and by-product stabilisers[19]. Most of the binders used
vary in terms of the formation of new compounds and hydrophobicity. The discussion in
this section will focus on the potential pozzolanic characteristic of the TMS, the binding

mechanisms during alkaline activation and mechanical compaction.

a. Pozzolanic characteristic of termite mound soil

Pozzolanic reactions are secondary reactions related to the calcium-based binders. By
definition a pozzolan is a siliceous or siliceous and aluminous material that in itself
possesses little or no cementitious value but when divided into fine form and in the
presence of moisture will chemically react with calcium hydroxide at ordinary
temperatures to form compounds having cementitious properties[20]. Investigation was
carried out on the pozzolanic behavior of termite mound soil [10], from the results of that

investigation the termite mound soil was classified as natural pozzolana.

b. Alkali activation

Any binder system derived by the reaction of an alkali metal source (solid or dissolved)
with a solid silicate powder is classified as alkali activation[21]. The reaction of an alkali
source with an alumina- and silica-containing solid precursor as a means of forming a solid
material comparable to hardened Portland cement was first patented by German cement
chemist and engineer Kuhl in 1908[22]. The alkali sources used can include alkali
hydroxides, silicates, carbonates, sulphates, aluminates or oxides essentially any soluble
substance which can supply alkali metal cations, raise the pH of the reaction mixture and
accelerate the dissolution of the solid precursor[23]. Alkali activation technology also
provides the opportunity for the utilisation of waste streams that may not be of significant
benefit in ordinary Portland cement-blending applications[24]. This may indicate that the
binder structures formed with a lower calcium and higher aluminosilicate content could

provide advantages in terms of binder stability over extended time periods or may be
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related to incompatibility in material (chemical and mechanical) properties between the

existing and new materials if the repair material is not well selected[25].

From the synthesis alkali activated binders are classified as high calcium and low calcium
binders. Based on that classification, alkali activated TMS can be classified as low calcium
binder. In this class of binder, the alkaline activation needs to be performed with the

presence of higher alkaline source with curing temperatures ranging from 60-200°C[26].

Correlation between geopolymer’s microstructure and mechanical properties have been
investigation Duxson et al. (2007) the authors reported that the wvariation in the
microstructure affects significantly the young modulus. Therefore, the young’s modulus of
geopolymers is determined by the microstructure rather than the composition as assumed
[27].

Conventional alkali activated materials (AAMs) or two-part alkali activated binders are
generally conducted with aluminosilicates with SiO,+Al,O3 content higher than 80 wt.%
[28]. Therefore, the intensive use of metakaolin as precursor in alkaline activation[29].
However, issues related with shrinkage in alkali activated binders constitute a key
component [30] during alkali activation. Consequently, fiber reinforcement can be used to
remedy the shrinkage-related issues [31], [32]. There is the need to explore alternative
synthesis routes of alkali activated binders resulting in more eco-friendliness of the

process.

c. Soil Compaction

Soil compaction is defined as the process of packing soil particles closely together by
mechanical manipulation. This results in increasing the dry density or dry unit weight of
the soil[33]. Generally, this process refers to a reduction in the air voids under a
loading[34]. Study of soil compaction is important as it enables us to engineer the strength
of the TMS to the desired strength[35]. Compactive effort, along with optimum water

content is an effective tool to strengthen the termite mound soil used in construction.

5. Natural fibers

Natural fibers have gained a lot of interest in earth-based matrix reinforcement. In addition

to their biodegradability[36], renewability and eco-friendly[37] features, natural fibers
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possess good tensile properties. Straw, sisal, coir, bagasse, jute, hemp are the natural fibers

commonly used as reinforcements in earth-based composites.

a. Physical properties, Mechanical Properties and Chemical treatment

Diameter, length, morphology and chemical content of fibers constitute the main
characteristics defining the natural fibers performances. Their tensile properties are often
improved by chemical treatment which results in removing unwanted component,

increasing binding between the reinforcement and matrix interface.

b. Hygroscopic properties

Hygroscopicity defines the natural fiber’s ability to absorb water resulting in swelling.
Swelling induces hygral stresses as the earth-based matrix does not expand freely due to
the presence of the natural fiber [38]. On the other hand, thermal properties of the natural
fibers are related to shrinkage of the earth-based matrix in dry environment. Resulting in
more interstices or voids within that matrix consequently failing to reinforce the matrix.
The hygrothermal properties of natural fibers are important as the earth-based matrix is

sensitive to both dry and wet environment.

6. Mechanical properties of Natural fibers reinforced earth- based materials
bio-composite

a. Compressive strength evaluations

Compressive strength represents an important characteristic in designing load bearing
structures. Therefore, it has acquired a lot of attention in the development of
unconventional construction materials[39]. However, there are no standard describing the
testing procedures of unconventional materials, subsequently the testing procedures of
conventional construction materials are applied. Generally, the compressive strength of
earth-based materials is dependent on the production techniques and curing conditions
because earth-based materials displayed the highest resistance to axial loads in the dry
state. Hence, the variability in compressive strength of earth-based materials.

b. Flexural strength evaluations

Flexural strength designates the property of a material to withstand transversal or bending

loading. It represents the highest yield stress within a material. For earth-based materials,
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[1]

[2]

3]

the flexural strength is not commonly examined as earth-based materials are often used
under compression loading. However, the flexural strength often follows the trend of
compressive strength. In addition to the fiber’s reinforcement that increases the flexural
strength, as the fibers limit the propagation of cracks within the matrix[40]. Resulting in

higher induced ductility in these brittle materials.

7. Artificial Intelligence Techniques

Anrtificial intelligence (Al) designate the simulation of human intelligence in machines.
These machines are programmed to mimic humans’ actions such as learning and problem-
solving. Al has the ability to rationalize and take actions to obtain efficient manner of
achieving a specific goal[42]. Machine Learning (ML) is a subset of Al which refers to the
concept of computer programs to learn and adapt automatically new data without

assistance.

In recent years, machine learning (ML) based models have been used extensively in
construction materials and other areas [43]. The outputs could be predicted accurately by
using the appropriate inputs even without knowing their relationship. This is due to the
high efficiency performances to process data by the models which can reduce time and
money consuming experiments[44]. Also, the ML models can help in achieving the desired
mechanical properties of materials based on various mixture design but without any
knowledge of the relationship between the inputs and outputs. Therefore, the advantage of

using ML models for the prediction of compressive strength.
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3.0 Chapter Three: Termite mound soil cement stabilized synthesis for low cost and

environmental-friendly construction materials

1. Introduction

In the last decades, the construction field is facing major concerns about the carbon
emissions associated with production of cement which is typically used for construction of
buildings across the world [1]. Since these emissions are responsible for about 7% of

global CO2 emissions [2,3], there is a need to explore alternative building materials that
will reduce the overall amount of CO2 emissions. This has stimulated significant research

efforts into alternative building materials [4,5] that can reduce the overall use of cement in
buildings [1,6]. Within this context, earth-based materials are “green” materials that can
reduce the carbon emissions [7] that are associated with the construction of buildings.
Compared to conventional cement-based [8] building materials [9], earth-based materials
are cheap [10], environmental-friendly [11,12] and available [13] globally. They can also
have attractive combinations of mechanical properties [14,15] while consuming lower
amounts of energy during their production [16,17]. However, according to estimates by
UN-Habitat, approximately 238 million people lived in slums or informal settlements in
Sub-Saharan Africa (SSA) in 2018 [18]. These slums are generally considered to be sub-
standard housing. They also contribute to low-life expectancy, poor heath indices and low
indices of well- being because housing is a major fundamental need for human being and
constitutes the main factor for its survival and its development. Therefore, adequate
housing contributes to physical development, moral health and social stabilization. All
these factors affect immensely individual ability and productivity, thus the low
productivity of SSA. In SSA, some countries have easy access to conventional building
materials as is the case of Nigeria compared to others SSA countries, for instance Chad. In
Nigeria, the construction industry is directed towards development of sustainable materials
from wastes [5,13] and earth- based [19] and recycled materials [12] through
environmental-friendly technologies [6]. In Chad, transformation of local materials into
sustainable construction materials have not been promoted, hence the region’s dependence
on cement. Despite that, Chad’s access to conventional building materials is problematic
because of geographical constraints and scarcity of manufacturing industries. In fact, in
Chad, construction materials are principally imported from Nigeria as the few local

manufacturing industries are not reliable [20,21]; consequently, these imported materials
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are very expensive. In addition, the construction field is dependent on the borders
movement as it witnesses shortages that paralyze this field. Chad is one of the central
African countries that has experienced massive growth of slums with immense decrease of
productivity in the last decades. In Chad, the gross domestic product is estimated at 728
USD per citizen and the general debt rate is evaluated at 334 USD per citizen [22], for a
population of 15 million in 2018. Additionally, from the World Bank report an adult in
Chad is 71% less productive than a person benefiting from appropriate basic needs services
[23] (health, housing and education). It is noteworthy that the cost of a standard house is
about 1000 USD per m? [24]. From these statistics, affording an adequate house is really
difficult for a low-income citizen, but in reality, it is almost impossible. Hence, the first
step in addressing the problem of housing in Chad can be the partial replacement of cement
with natural pozzolanas or similar in the production of blocks. This could solve the
challenge of cost, however, the challenges related to the brittle failure can be addressed by
addition of natural fibers as reinforcement. In most cases, the structural applications of
earth-based materials [11] require the use of cement as a stabilizer [25] or reinforcement
with natural and [26]/synthetic [27] fibers. In any case, the underlying strengthening and
toughening mechanisms associated with the stabilization of earth-based materials have not
been studied using the mechanistic approaches that have been applied to the study of
natural fiber-reinforced earth-based composites [15]. Termite hills are classified as earth-
based materials, they are very abundant in Chad but do not serve any economic value, so
they are often demolished. In contrast, our basic understanding of termite hill soil
composition, formation and bonding is still very limited. Termite hill soil or (termite
mound soil, TMS) is obtained from termite hills that are produced by mound-building
termites [28]. Termites are the dominant species in the tropical ecosystem, where they
constitute up to 95% of the total quantity of soil insect in the ecosystem. They are
considered as “ecosystem engineers” because they bind the soil with their secretions
(saliva) to produce complex and robust termite mounds. They also egest and excrete
organic matter and elements such as phosphorus, potassium, magnesium and nitrogen,
which can be mixed with the soil for applications in agriculture [29]. Hence, termite
mound soils contain relatively high contents of organic matter. Their relatively high pH
values also increase their ability to mix with nearby soils. Furthermore, the guts of termites
have been shown to contain compartments that present rising gradients of pH and different
status of oxygen and hydrogen [30], which may contribute ultimately to the chemistry and
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structure of termite mound soils. In any case, the resulting termite mounds contain soils

with clay contents that are 20% greater than those in nearby soils [28].

Prior work by Elinwa [31] has explored the potential to use TMS as pozzolanic
materials in mixtures of calcined ant mound clay and cement mortar. Their work explored
the effects of ant mound clay on the hydration process (in cement), as well as the resulting
compressive strength, and its repercussions for the flexural and splitting tensile strength.
They concluded that their ant mound clay was a weak pozzolanic material. Previous work
reported that termite mound clay is a better molding material than ordinary clay [32]. The
improvements in the molding characteristics of the termite mound soil were attributed to
the effects of saliva secretions (from termites) during the construction of termite mounds.
Minjinyawa et al. [30] have also shown that termite mounds have good resistance to
erosion, abrasion and penetrations of liquids, compared to ordinary clay. Other researchers
have also suggested that the improved mechanical properties of TMS (compared to those
of nearby soils) can be attributed to the effects of termite secretions [32]. Researchers have
suggested that termites can also have a significant effect on nutrient cycling and the
renewal of mineral soil [33]. Gandia et al. [29] have also studied the effects of mixing
synthetic termite saliva with adobe. The resulting materials exhibited a modest increase in
the bulk densities of adobe with mixtures of saliva. Synthetic termite saliva products have
emerged from prior studies on TMS [34]; they play the role of stabilizer due to the
formation of organo-mineral compounds (that are present in the soil) that bind clay
particles together. The products obtained from termite saliva are also ecologically
sustainable, hydrophobic, water soluble, resistant to oxidation, resistant to microorganisms,
applicable as low viscosity and cost efficient [35]. Subsequently, TMS presents the
characteristic of a sustainable and renewable alternative to conventional building materials
except for the few problems that can be solved through stabilization among other
techniques. From the American Society for Testing and Materials (ASTM), stabilization is
a technique to increase the soil strength by enhancing its load-bearing capacity, improving
its permeability, resistance, solving swelling and damping problems [36]. Boga et al.
carried out studies on the spatial distribution and density of termites in an artificial botanic
forest. They found out that over 26 termites’ mounds were inactive out of 165 mounds
[37]. Based on these results, it can be deducted that the quantity of inactive termite mounds

may be higher in the natural environment.
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In any case, our current understanding of the effects of stabilizers on strength and
fracture behavior of termite mound soils is limited. Therefore, the current study will
explore the effects of cement stabilizers [38] on the strength and fracture toughness of
controlled mixtures of termite mound soil and cement. This study is a first in terms of
examining the fracture mechanism in soil-based termite mound mixtures. It is anticipated
that the partial replacement of cement with TMS could reduce the effective cost of building
materials that are used in sustainable construction. It could also reduce the overall gas
emissions associated with the production of mortars that are used for the stabilization of
earth-based materials. It is noteworthy to recall that in this study abandoned (or inactive

termites’) mounds have been used.
2. Materials and Methods

a. Materials

The TMS that was used in this study was collected from mounds in N’djamena, Chad. The
particle sizes of the soils extracted from the 10-15-year-old deserted mounds were
determined via sieving in accordance with the British Standard BS 1377:2 code [39],
revealing that 85% of particles were finer than 800 um. Atterberg limits for the TMS were
determined in accordance with BS 1377:2. The moisture content of the TMS was also
determined in accordance with BS 1377:2, while the specific gravity was determined using
the ASTM D854—14 code [40]. Energy dispersive spectroscopy (EDX) was used to obtain
semi-quantitative estimates of the chemical compositions of the TMS during scanning
electron microscopy (SEM). This was done using a Carl Zeiss scanning electron
microscope that was instrumented with a Model EVO LS10 EDX system (Carl Zeiss,
Pleasanton, CA, USA). The physical properties and the chemical composition of the TMS

are summarized in Table 1.

Table 3.1 Termite mound soil physical and chemical characteristics.

Physical Properties
Particle size distribution 85% smaller than 800pum
Moisture content 3.85%
Specific gravity 2.60
Dry density 0.458g/cm3
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Optimum moisture content 15%

Liquid limit 35.17%
Plastic limit 20.80%
Plasticity index 14.37%

Chemical Composition (main elements only) wt.%

502 19.376
ALlOs 9.154
FesOs 7.534

K0 1.865

Portland cement produced by Dangote Portland Limestone Cement Industry
(Abuja, Nigeria) from their depot at the Federal Capital Territory, Nigeria. The Portland
cement was used as a stabilizer in this study. The cement used is the Portland cement type |
following the ASTM requirements for general construction purpose [41] with fairly high
tricalcium silicate C3S. The ordinary Portland cement contains about 75 wt% of calcium

silicate minerals with fine particles of 70 um according to the supplier.

In the sample preparation order, TMS/cement mixtures with 0, 5, 10, 15 and 20
wt% of Portland cement were mixed in a laboratory mixer for 5-10 min before addition of
water. The resulting mixtures were then poured into metallic cubic molds with dimensions
of 50 mm x 50 mm x 50 mm for the fabrication of compression testing, whereas molds
with dimensions of 200 mm x 100 mm x 50 mm were used for bend specimens or
determination of flexural strengths. For the determination of fracture toughness, molds
with dimensions of 200 mm x 100 mm x 50 mm with single edge notch were used. The
specimens were cured at room temperature (27 °C) for 7, 14 and 28 days before testing,
and a minimum of 3 samples were produced for each formulation and each testing. All the

mix designs were produced under the same conditions, but not on the same day.
b. Materials Characterizations

X-ray diffraction (XRD) was used to determine the crystal structures of the
minerals that were present in the mixtures of TMS at the different replacement level of
Portland cement. This was done using a Thermo Scientific X-ray Fluorescence (XRF)

Epsilon Spec- trometer (model ARL quant’x XRD, Rotkreuz, Switzerland) that was
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operated within a 20 range of 3—65¢, a wavelength of 1.5406 A and an angular velocity of
3 o/min. The XRD samples were prepared by grinding the TMS and the mixture (with a
pestle and a mortar) to a fine homogeneous powder. The ground powder was poured onto

an aluminum specimen holder prior to XRD analysis.

A Thermo Scientific Nicolet iS5 FTIR system (Thermo Scientific Nicolet,
Worcester, MS, USA) was used for the characterization of bonds that were present in the
powder mixtures of TMS and Portland cement with volume ratios of 100:0, 95:5, 90:10,
85:15 and 80:20. Prior to FTIR analysis, the different mixtures were blended with
potassium bromate (KBr) in a ratio of 5:1. This was done in a ceramic mold before
compacting the mixed powders to form pellets that were placed on specimen holders for
the FTIR analysis.

SEM was used to characterize the cured microstructures of the TMS and Portland
ce- ment structures. This was done using a Carl Zeiss Model EVO LS10 (Carl Zeiss,
Pleasanton, CA, USA) that was instrumented with an EDX system that can detect elements
between sodium (Na, Z = 11) and uranium (U, Z = 92) with high resolution. Prior to SEM
imaging, the samples were embedded in silver containing a polymer/metal mixture,

ground, polished and coated with gold, to facilitate the imaging of the surfaces using SEM.
c. Mechanical Properties measurements

For the compression deformation, compressive strength testing was carried out on the
specimens for each composition of TMS and Portland cement with volume ratios of 100:0,

95:5, 90:10, 85:15 and 80:20. Three samples were produced for each composition and were

cured at room temperature (27 °C) for 7, 14 and 28 days, prior to mechanical testing. The
specimens were then loaded monotonically in an electromechanical testing machine
UTM7001 Model 4002 (Utest, Ankara, Turkey) at a loading rate of 1.2 kN/s. Prior to
testing, the actual dimensions of the specimens were measured using Vernier calipers. The
compressive strengths were obtained usingthe following expression:

Fi

ocC =E (1)
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where oc is the compressive strength in megapascal (MPa), Fi is the force at the onset of

failure in newton (N) and Ai is the initial cross-sectional area in millimetre square (mm2).
The flexural tests were conducted on specimens of 200 mm x 100 mm x 50 mm,; for each

formulation three samples were produced and cured in the laboratory environment at room

temperature (27 °C) for 7, 14 and 28 days. Hence, a total number of 45 specimens were
produced for the flexural tests. The specimens were subjected to the same conditions
before being loaded under a three-point bending regime in a hydraulic universal testing
machine UTM7001 Model 4002 (Utest, Ankara, Turkey) at a loading rate of 1.2 KN/s. The
flexural strength was calculated from the following equation:

_ 3FL
YL )

where of is the flexural strength in MPa, F is the load at the onset of failure in N, L is the
distance between the support points in m, b is the breadth in m of the specimen and d is the
width of the specimen in m. Three specimens were tested for each composition. To study
the fracture toughness, the resistance-curve method was used. Experiments were carried
out on single edge notched bend (SENB) [33]; the specimens were molded in metallic
molds with a notch to width ratio (ap/w) of 0.4. The specimens were subjected to three-
point bend loading in an electromechanical testing machine UTM7001 Model 4002 (Utest,
Ankara, Turkey) as seen in Figure 1. The resistance-curve experiments were carried out on
specimens left in the laboratory environment at a temperature of 27 °C for 7 days, 14 days
and 28 days. The specimens were loaded at a ramp rate of 1.2 N/s to examine the possible
crack propagation; this was achieved with a probe scope video monitoring system. The

video obtained from the probe scope was analyzed with the scientific imaging software

“image J 27, which was used to investigate the crack/microstructure interactions that
resulted in the resistance-curve behavior. Loading was carried out until the specimens
broke into two or more pieces. The critical stress intensity factors were then calculated
using the following expression:

Vs

@ W

K= PSf(a/w)
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where K is the critical stress intensity factor in MPa-m 12 , a is the crack length in m,
F(a/w) is the specimen compliance, P is the applied load in N, S is the span in mm, B is the
specimen thickness in mm and W is the specimen width in mm. SEM was used to examine
the crack/microstructure interactions associated with stable crack growth, prior to the onset

of catastrophic failure.

Al ) . b
L Specimen Length 200
W Specimen Width 100
B Specimen thickness 50
a0 Notch length 20

Figure 1. Detailed schematics for single edge notched bend (SENB) specimens.

d. Statistical analysis

Data analysis was conducted on the different mechanical properties to analyze the effect of
the stabilization variation on the mechanical behavior from the early curing age until 28
days. One-way analysis of variance (ANOVA) tests was used to detect the existence of
variations between the population means. The null hypothesis (Ho) suggests that the
different curing days do not have any effect on the mechanical properties (fracture
toughness, compressive and flexural strength) meaning that the average results for all
curing conditions are equal. While the alternative hypothesis (Ha) suggests that at least one

average result is different in other terms:
Ho: wu= po= s and Ha: at least one average of the mechanical properties is different

where pi, po and pg are population means corresponding to the mechanical properties
(compressive-flexural strengths and fracture toughness) at different curing days for the
stabilized and unstabilized TMS. A confidence degree of 95% was selected for this study
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3. Results and Discussions
a. Effect of the TMS Partial Replacement on the Microstructural Properties

I.  Morphological and chemical component analysis

SEM Micrographs for the initial TMS presented in Figure 2. SEM Micrographs for the
initial TMS presented in Figure 2.

Figure 3 shows heterogeneous microstructures with various particles sizes and shapes. It is
also interesting to note that microcracks, highly interconnected particles with some
superficial pores, were observed abundantly in the unstabilized samples, whilst they tend to

decrease in the stabilized mixtures with Portland cement, as shown.

Presence of new minerals namely Sr, Kr and Ra can be noticed. This can be attributed to
the manufacturing process because these minerals do not appear in any other specimens. A
possible explanation is that during the specimen’s fabrication, the materials might have

been contamined with a foreign material containing these minerals.

The SEM-EDX analysis shows that the TMS is rich in silicate and alumina; these results
are similar to the ones obtained from Ajiboye’s work. In his work, the termite soil was
classified as natural pozzolanas [28]. The overall silicate and alumina contents of the
TMS/Portland cement mixtures have increased upon the replacement of TMS with
Portland cement. The Calcuim (Ca) present in the cement reacts with the water and the
environing air to form calcium hydroxide CaO (s) + H,O (1) — Ca (OH),(s) [10]. The
increase in the silicate and alumina content is attributed to the formation of di-calcium and
tri-calcium silicates, which imparts strength to the cement. The alumina supplied by the
TMS behaves as a flux when mixed in the cement. Furthermore, the iron oxide present in
the initial TMS forms tri-calcium alumina-ferrite [42] by reacting with the calcium
supplied by the cement, which results in improved strength and hardness. Thus, the TMS
provides sources of Si and Al,O3 for additional hydration reaction with the Ca apported by

the cement to impart the strength of the mixtures.
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Figure 3.1 SEM micrographs of: a) unstabilised termite mound soil; b) Ordinary Portland
Cement (OPC); c) specimens containing 5wt% of OPC; d) specimens containing 10wt% of
OPC,; e) specimens containing 15wt% of OPC; f) specimens containing 20wt% of OPC.

Figure 3 shows heterogeneous microstructures with various particles sizes and shapes. It is

also interesting to note that microcracks, highly interconnected particles with some
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superficial pores, were observed abundantly in the unstabilized samples, whilst they tend to

decrease in the stabilized mixtures with Portland cement, as shown.
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Figure 3.2 EDX micrographs of: a) specimens containing 5wt% of stabilisation; b)
specimens containing 10wt% of stabilisation; c¢) specimens containing 15wt% of
stabilisation; d) specimens containing 20wt% of stabilisation.

The presence of new minerals namely Sr, Kr and Ra can be noticed. This can be
attributed to the manufacturing process because these minerals do not appear in any other
specimens. A possible explanation is that during the specimen’s fabrication, the materials

have been mistakenly polluted with a foreign material containing these minerals.

The overall silicate and alumina contents of the TMS/Portland cement mixtures
have increased upon the replacement of TMS with Portland cement. The Ca present in the
cement reacts with the water and the environing air to form calcium hydroxide CaO (s) +
H.O (1) — Ca (OH),(s) [10]. The increase in the silicate and alumina content is attributed
to the formation of di-calcium and tri-calcium silicates, which imparts strength to the
cement. The alumina supplied by the TMS behaves as a flux when mixed in the cement.
Furthermore, the iron oxide present in the initial TMS forms tri-calcium alumina-ferrite by
reacting with the calcium supplied by the cement, which results in improved strength and
hardness. Thus, the TMS provides sources of Si and Al,O; for additional hydration

reaction with the Ca apported from the cement to impart the strength of the mixtures.

Furthermore, the mineralogical analysis conducted by Faria [43] showed that the
predominant clay-mineral is kaolinite, hence the similarities with our present results but
with some differences. These differences can be attributed to the variations in the location
from where the TMS is collected, because locally available clays are used to construct the
termite mounds therefore their composition varies from one location to the other. However,
each component plays a role in the particles bonding in terms of chemical reactions and
physical structure. In any case, the current EDX results show that the partial replacement
of TMS with cement increased the amount of calcium (Ca) considerably. This can explain
the increase in strength as the replacement level increases. However, this is true only up to
some percent replacement; as the replacement level increases the strength decreases. A
possible explanation is that the reactions between the elements from the TMS and cement

are no longer contributing to the mixture’s mechanical behavior.
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ii.  Crystalline Phases Analysis

The XRD spectra are presented in Figure 4. It presents the mineralogical analysis
diffractograms of the specimens at different stabilization levels. From the various graphs it

can be concluded that the predominant element is quartz (SiO2); this confirms the previous

EDX results presented in Figure 3. It is interesting to note that the initial crystalline phases
observed within the TMS changed considerably after the stabilization. Meanwhile, the

change of the peak intensity was not considerable.
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Figure 3.3 XRD spectra of: a) unstabilised termite mound soil; b) Ordinary Portland
Cement; c) specimens containing 5wt% of OPC; d) specimens containing 10wt% of OPC;
e) specimens containing 15wt% of OPC; f) specimens containing 20wt% of OPC.

However, at 5 and 10 wt% there was not any change in the present minerals and the results
show that the spectra are dominated by C-C—C bending, O—H stretching- their peaks
remained intact too. Nevertheless, some peaks became slightly stronger in the bending
and O-Si—O bending bands. In the stabilized mixtures, these bands remained the various
stabilization levels showing the formation of cementation compounds as affirmed same,
with some displacement. This can be explained by the evident substitution of some

components from the EDX results. These changes observed in the spectra of the mixtures,

especially for 20 values were located at around 0-10° and 30-40°. These changes can be
interpreted by the formation of new phases (chloritoid and carbon were observed in the

stabilized specimens while absent in the initial termite mound soil) as a result of the

hydration reaction.
iii.  Fourier Transform Infra-red (FTIR) Characterization

The results show that the spectra are dominated by C-C-C bending, O-H stretching-
bending and O-Si—O bending bands. In the stabilized mixtures, these bands remained the

same, with some displacement. This can be explained by the evident substitution of the Si—
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O bounds by Si—O-Al, resulting in the dissolution of the reactive phases (silicon,

aluminum) [42].

The existence of network formation after the stabilization of TMS with Portland cement
was displayed after the stabilization. This validates the SEM-EDX results where there was
some insignificant formation of new phases, but mostly an increase in the number of
existing phases was perceived as shown in Table 2. The stretching and bending vibrational
absorption peaks of O—H shows the chemical bond of water in the stabilized TMS with
cement. The hydration reaction generates calcium hydroxide from the calcium oxide which
reacts with the carbon dioxide in the air. However, the carbonation reaction increases the
bonding between the soil’s particles resulting in compressive strength improvement due to
the formation of C-S—H (calcium silicate hydrate) [10]. Figure 3.4 shows the details of the
different absorption bands in the FTIR results.
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Figure 3.4 FTIR spectra of the unstabilised termite mound soil and the various stabilisation
level (5wt%, 10wt%, 15wt% and 20wt%).

Table 3.2 Peaks and functional groups present in the various samples. Termite mound soil
(TMS), termite mound soil 95%- cement 5% and termite mound soil 90%- cement 10%
(TMS95C5 and TMS90C10), termite mound soil 85%- cement 15% and termite mound
soil 80%- cement 20% (TMS85C15 and TMS80C20).

TMS (cm?) TMS5C95 & TMS TMS15C85 & Functional group
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10C90 (cm?) TMS 20C80 (cm-1)

3854, 3695, 3650, 3620 3695, 3645, 3619 3851, 3695,3647, 3618 O-H stretching
1654 1652 1652 C=C stretching
- 1418 1418 CH: & CHsbending
1101,1032,1008 1032 1101 C-C-C bending
- 1070 1032,1007 Si-O-5i stretching
913 912 913 C-H bending
795, 694 753, 694 795, 694 O-H bending
538, 469 530, 469 538, 470 O-Si-O bending

b. Effect of Cement Stabilization on the Macrostructure (Compressive and

Flexural Strengths, Fracture Toughness)

i.  Compressive Strength

The results obtained from the compressive tests are presented in Figure 3.5. These
show that the compressive strengths increased from the curing age of 7 days to 28 days for
all the samples with the exception of the 5 wt% stabilization. The highest compressive
strength obtained in this study was 13.91 MPa at 5 wt% replacement. Prior work by Elinwa
[31] on calcined TMS showed that the highest compressive strength obtained was 25.9
MPa at 10% replacement. The variation of the results between the previous and present
work may be attributed to the effect of calcination in the later work which increased the
active elements within the TMS. However, in this current study the highest compressive
strength met the minimum compressive strength required by the American Society of
Testing Materials (ASTM) for a non-load bearing masonry unit.

Our results also show that the curing duration affected the compressive strengths. As
the curing period increases, cementation compounds and reactions such as flocculation and
reduction in plasticity may take place affecting the soil’s strength from that point on. At
5wt% replacement of TMS by cement, higher crystallinity was observed than in the other
mixtures; as load increases the particles tend to be denser, which results in filling the pores,
subsequently increasing the compressive strength. The increase of compressive strength
can also be attributed to the cementitious reaction taking place between the siliceous and
aluminous components of the TMS and the calcium from the Portland cement. During the

testing, the samples failed due to formation of almost-vertical surface cracks and
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disintegration of sideways (Figure 3.5 b and c). This is an indication of the plastic
deformation of the samples into a triangle-like shape causing the disintegration of the
sides. Regardless of the disintegration of the sides, the central part remained intact
although the samples experienced deformation and cracking before failure. The developed

cracks were parallel to the loading direction.
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Figure 3.5 a) Compressive strength of the samples at 5, 10, 15 and 20% stabilizations
designated as TMS5C95, TMS10C90, TMS15C85 and TMS20C80 respectively at the
different curing ages (7, 14 and 28 days), b) specimen failing under compression, c)
specimen’s failure under 3 points bending test.

ii.  Flexural Strength

The results for the flexural strength tests are presented in Figure 3.6. The flexural
strength increased proportionally to the curing time; from the early time of 7 days to 24
days, the flexural strength for all the samples increased. The unstabilized specimens and
the specimens with 20 wt% of cement did not display any flexural strength at 7 days. The
highest flexural strength was 10.25 MPa for 5 wt% replacement. However, in the study
carried out by Elinwa [31] the stabilization of calcined soil and mound clay into cement
had a greater effect on the flexural strength and the highest flexural strength was 7.2 MPa
for 10 wt% for 28 days. The differences may be attributed to the soil mineralogy and
chemical composition as they are not a “fits all” for all the termite mound soil; it is flexible
and mainly dependent on the region where the termite mound is located. The results of the
flexural strength followed the direction of the compressive strength; this confirms the
relationship between the compressive and tensile strength established by Ajiboye in the
case of partial replacement of powdered termite soil in concrete [28]. During the testing, it

was observed that the initial crack was generated at the mid-span opposite to the loading
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plane before failure as the applied load increased. The specimens underwent brittle failure.
The tensile strength development also reflects the formation of the products from the
hydration process in water over the curing age.
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Figure 3.6 Flexural strength of the various samples with 5, 10, 15 and 20% stabilizations
designated as TMS5C95, TMS10C90, TMS15C85 and TMS20C80 respectively at the
curing ages of 7, 14 and 28 days

iii.  Fracture toughness

The results for the fracture toughness tests are presented in Table 3. In this study,
three-point bending tests were carried out on SENB specimens made from stabilized and
unstabilized TMS in order to understand the mechanical behavior and crack propagation
mechanism in the material to ascertain the cement stabilization’s effect on the toughness of
the TMS. The resistance curve obtained in Figure 3.7 gives the main information about
initial and final stress intensity factors (Ko and K respectively) and the ratio between the
crack length and the specimen depth (a,/W) obtained from the R-curves of individual
samples tested for the different curing days (7, 14 and 28 days). The SENB technique
allowed us to plot the R-curve as a function of crack propagation Aa; the evolution of

cracks follows three stages [44]:

e [f Aa=0 the crack propagation stops.
e If0< Aa< Aacthe crack propagation is stable.

e If Aa> Aacthe crack propagation is unstable.
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Table 3.3 Information obtained from the R-curves of unstabilized and stabilized TMS.

7 DAYS 14 DAYS 28 DAYS
P max
Series Samples K K P max K P max load
MPamyy) W (1;;1) oPam W load kN) MPamw) TV &N)
Sta,ll,)ll\zlged S1 0.0003 0.4 0.0001 0.0013 0.4 0.0005 0.00117 0.4 0.000451
S2 0.0007 0.5 0.00025 0.0021 0.5 0.00069 0.00148 0.5 0.000506
S3 0.0009 0.6 0.00027 0.0026 0.55 0.00075 0.00254 0.55 0.000796
S4 0.0012 0.7  0.00032 0.0037 0.6 0.000975 0.00321 0.6 0.00094
S5 - - - 0.0040 0.65 0.000998 0.00352 0.65 0.000956
Unstabilized
2 4 4 4
T™S 8] 0 0 0 0 0 0 0 0 0
U3 0 0.5 0 0 0.65 0 0 0.55 0
U4 0 0.6 0 0 0.7 0 0 0.6 0

It can be observed that the initial crack was generated at the notch, which is at the opposite
loading plane of the sample, and it propagates until failure occurs. The stabilized TMS
displayed crack propagation mechanisms comporting stable propagation and unstable
propagation. At the beginning of the loading, the crack propagation was stable, while it
changed to unstable propagation as the loading increased. However, the stable propagation
mechanism was considerably more important than the unstable propagation. At the early
curing age of 7 days the samples did not show any resistance as they failed at loading of 0
KN. Nevertheless, the samples exhibited some toughness at the late curing age of 28 days:
a stress intensity factor of 0.00352 MPa. VYm and a/W = 0.65. The specimens are expected
to acquire more toughness over a long curing period. The unstabilized TMS showed no
toughness for all the curing days, although the crack propagation mechanism was stable.
The unstabilized TMS specimens contained remarkable surface cracks; these surface

cracks give rise to the stable growth.

44



0.0040 - —=—14 dayS
—— 28 days yd

12
)

0.0035

0.0030

0.0025

0.0020

0.0015

Stress Intensity factor K (Mpa.m

0.0010

20 22 24 26 28 30 32
crack growth Aa (mm)

Figure 3.7 Fracture toughness of the 5 wt% stabilization after curing for 14 and 28 days.

iv.  Statistical analysis of the mechanical properties

From the statistical analysis of the mechanical properties, it is observed that the
unstabilized and stabilized TMS had no significant difference in the means of compressive
strength for all curing days. At the 95% confidence level, the means of the flexural strength
at 7, 14 and 28 days of curing are not significantly different for the stabilized TMS, while
for the unstabilized TMS, the means of flexural strength were significantly different for all
curing ages. Finally, for the fracture toughness, the statistical analysis showed a significant
difference in the stress intensity factor over the crack growth for the stabilized TMS for all

the curing days.

4. Conclusions

This aspect of the work presented the experimental investigation of the strengths
(compressive and flexural) and fracture toughness of unstabilized and stabilized TMS.
Indeed, the utilization of termite hill soil is aimed to produce eco-friendly materials in
construction-related fields to address the problem of housing in the central African region,
precisely in Chad. TMS stabilization with cement was used with the aim of obtaining an

easily replicable engineering technique for that region, where termite hills are very

45



abundant but considered as natural waste. In fact, the stabilization of TMS was done by
replacing partially the TMS (5 wt%, 10 wt%, 15 wt% and 20 wt%) using Portland cement
to ascertain the effect of the cement as stabilizer and also to reduce the amount of cement
required in construction. This implies a reduction of the total housing cost. Salient

conclusions deduced from the study are presented below.

e The stabilization of TMS with 5% Portland cement showed good interactions between
the two phases (cement and TMS) from the microstructural level to the
macrostructures (mechanical behavior). Initially, the unstabilized TMS displayed some
pozzolanic properties, thus the partial replacement by cement demonstrated very good
bonding in addition to the hydration process products. Thus, the stabilization enhanced
the TMS strengths due to the development of a greater bond between the soil and

cements’ particles for all the replacement levels.

e The highest compressive strength was obtained for 5 wt% stabilization. That
compressive strength development is high due to the cement stabilization through the

formation of a new strong network.

e The flexural strength development followed the compressive strength direction.
However, the highest flexural strength observed was 10.25 MPa at 28 days for 5 wt%
stabilization. This flexural strength is significantly greater than the results obtained

from the calcined termite mound soil [31];

e The various stabilization levels (10, 15 and 20 wt%) did not display any toughness to
fracture. Only the 5 wt% displayed some toughness despite its characteristics of crack
propagation (stable and unstable). It exhibited the highest stress intensity factor 3.52
kPa. Vm at a/W = 0.65 at 28 days.
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4.0 Chapter Four: physico-mechanical characterization and water sensibility analysis

of Alkali activation of termite mound soil based on a natural alkaline activator

1. Introduction

Globally, the building and construction industry plays a major role to the accumulation of
greenhouse gas emissions. This industry alone produces approximatively 30% of
greenhouse gas emissions worldwide. It accounts for 40% of worldwide energy, 25% of
worldwide water and 40% of worldwide resources (UNEP (2014). Cement is the most
conventional used material in the construction industry. In 2019, cement production was
approximately 4.2 billion tons per year making it the second-high volume commodity after
water [1]. The Greenhouse gas emissions related to cement are largely from the energy
consumption during the manufacturing of the raw materials to building’s demolition.
Cement utilization is extremely connected with depletion of mineral reserves particularly

in regions where cement consumption rate is higher than the natural resources available.

Financial constraints, available resources would be the primary factors controlling a
construction material’s choice. On that account, green building technologies have
overtaken the construction industry in the last decades. These green building technologies
consist of the implementation of constructing using environmental-friendly processes in all
the parts of the building’s life [2]. The advantages of green buildings are environmental-
friendly, natural resources and energy efficiency[3], low cost, and sustainability as a result
increasing residents productivity [4]. Among the green buildings’ materials, earth-based
materials are the most commonly used historically. The use of earth-based materials in
construction application is as old as mankind itself. Earth-based materials can be divided
into minerals, rocks, soil and water. They constitute the raw material obtained on the earth
crust. Nevertheless, not all earth-based materials can be used in construction; their
utilization as building materials depends principally on their properties. TMS is the soil
obtained from the termite’s hill. During the construction of their nest (hill), termites use
their salivary secretions and faeces to modify the surrounding soil through biological
processes [5] making it a stronger material that can resist erosions over decades. But
Kandasami et Al. found that the Atterberg limits (which are commonly used as signatures
of clay mineralogy) were not different between the termite’s mound soil and the

surrounding soil)[5] confirming that termites are not effecting any changes in clay
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mineralogy of the mound soils, contrary to what has been suggested by some

researchers[6].

Termite’s Mounds are spread throughout the tropics. Pomeroy investigated the abundance
of termite mounds in Uganda [7], while in Nigeria, Ackerman studied their spread and
effect on the environment [8][9] and Jean-Pierre B. studied the spatial distribution of
termite’s mounds soil in a protected environment in ivory coast [10]. The use of the TMS
as a construction material is empirical and traditional without clear scientific explanation
behind its usage, despite many studies carried on the termite’s mounds soil a clear
understanding has not come forth. Elinwa investigated the pozzolanic potential of the
calcined termites’ mounds, the addition of the calcined termites’ mounds clay significantly
advanced the initial and final setting times thus they classify it as an accelerator[11]. It’s
noteworthy that from their chemical analysis the calcined termites’ mounds were
predominantly composed of SiO,, Al,O;, Fe,Os; with a near-neutral pH (7.5). In the
termite’s mounds, temperature and gases appear to be regulated therefore the interest of
engineering these soil structures for sustainable and green construction. Investigations
carried by [12] on termite’s mounds clay showed that the use of water-repellent chemical
contributed to reducing the water absorption level. In their investigation they used hydrated
lime and silane/siloxane as additive to the Termites mounds clay. The inclusion of water-
repellent admixture prevented thickness swelling of the samples and produced reduction in
voids causing high compressive strength. While Kandasami examined the physical
attributes of the termite’s mound to analyze the internal network of the galleries and
tunnels. They concluded that the porosity of the termite mound soil varied with the
porosity increasing from the base to the top of the termite’s mound, proving the effect of
erosion on the top region of the mound [5]. Those applications of the termite mound soil
from the literature show the benefits of TMS as a construction material; the main
advantage is its natural pozzolanic features. The usage of TMS in construction is restricted
due to its sensibility for water; the problem of elevated moisture contents remains
unresolved. Thus, Kandasami suggests that TMS can be restricted only to drier climatic
zones or those where rainfall spells are not prolonged. The product can waterproof and join
the soil components. Gandia studied the physical, mechanical and thermal properties of
adobe stabilized with the "synthetic termite saliva"[13]. The incorporation of the "synthetic
termite saliva” into the soil, presented greater clay mineral particle cohesion and high

hydrophobicity. But the use of "synthetic termite saliva” negatively interfered with
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compressive strength. Hence, stabilization is a treatment used to improve the durability,
strength of soils, also properties such as reduced plasticity and swelling potential are
expected to be improved after the stabilisation [14]. There are many types of stabilizations,
from mechanical to chemical. One type of chemical stabilisation is the Alkali activation.
Alkali activated material encompasses any binder derived from the reaction of an alkali
source with an aluminosilicate solid precursor [15] forming a solid material comparable to
hardened Portland cement [16]. The use of an alkaline activating solution does improve the
soils stability and reintroduce Greenhouse. Alkali activation technology offers the
opportunity to utilize local naturally occurring raw materials as precursor TMS and
activators (potash) with performances as good as cement, the termites mound used is an
aluminosilicate-rich precursor subsequently it’s desirable to use an alkali hydroxides
source [17] subsequently the choice of potassium hydroxides. For Alkali Activated
Materials (AAM), the gas emission was calculated to be lower than cement by 80 to 30%
[18], the depletion of natural reserves is less because the Alkali activation technology
allows to use waste ashes[19] and slags [20] into valuable materials by reducing heavy
metals emission to the environment. Alkali activated materials are resistance to high
temperature and fire, resistance to acid and chemical attack, volumetric stability after
hardening, low thermal conductivity, low permeability and low cost [15]. The alkaline
nature of the stabilizer affects greatly the pH of the soil by increasing it. However, in some
cases the alkalinity will start decreasing at late curing ages because of the decrease in
calcium ions as the hydration reaction progresses. That consumption of alkalinity indicates
the occurrence of bonds formation and strengthening of soils [14]. The degradation of
Alkali activated materials is much lower than the modern cement degradation as

demonstrated by the Roman structures’ resistance to degradation over the time.

Alkali activation has been proved to be a very friendly technique for mechanical
improvement of aluminosilicates. Subsequently, the difference of this study from previous
literature is to link the microstructure to the macrostructural responses. To achieve that, a
better understanding of the alkali activation’s effect on the termite’s soil is required. It’s
foreseen that the alkali activation will greatly affect the mechanical behavior and
dimensional stability of the termite’s soil as a building material. This technique can reduce
the CO, emission related with conventional building materials and the technique is easily
practicable everywhere without very high energy consumption required thus breaking

down the cost of sustainable housing.
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The development of green, renewable and sustainable materials from termite mound soil
through alkaline activation by the utilization of natural potash is aimed in this
investigation. The derived objectives will increase standard housing accessibility in regions
where the termite soil is abundant and doesn’t represents any economic value (specifically

in the sub-Saharan region).
2. Materials and Methods

a. Materials

The TMS in this study was obtained from deserted and inhabited mounds in Abuja,
Nigeria. The soil was crushed manually and sieved prior to its usage as precursor during
the samples moulding. The particle size distribution was performed by mechanical sieving
and sedimentation (showing that the termite soil contained 50% of soil) in accordance with
the BS 1377:2. The moisture content, Atterberg limits and specific gravity were performed
on the soil. Table 4.1 shows the different properties of the soil. Electron Dispersive

Spectroscopy EDX was used to determine the elemental composition of the termite mound.

Table 4.1. Termite's soil physical and chemical characteristics

Chemical Mineral Particle  size | Atterberg limits Specific | Bulk density
composition content distribution gravity
SiO, 51 26% Quartz Clay 48% Plastic Limit 30.17% 2.61 1.49 g/cm®
2 . 0

AlLO- 23.89% Kaolin Sand 34% Liquid Limit 17.9%

23 . 0
Fe,O. 21.80% Silt 18% Plasticity Index 12.2%

23 . 0
Others 3.05% Linear Shrinkage 6.5%

. 0
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Figure 4.1. Dry density vs moisture content of termite mound soil

Potassium alum (KOH) or potash was obtained from, FCT-Abuja, Nigeria. The potash was
obtained in the form of coarse grains with a whitish color. This was grounded to powder in
a laboratory mechanical grinder. Its chemical composition was determined with EDX
analysis the results showed that this potash is from the potassium sulfate group. The KOH
was used due to its availability, its low cost, environmental-friendliness and performances.
Thus, it was used in its natural occurrence as potash. Additionally, previous study showed
that the use of NaOH as a chemical activating agent in natural pozzolan delayed the
formation of and resulted in greater deformations for the samples [21]. It’s noteworthy to

recall that the TMS has been previously classified as natural pozzolona

The mixtures were prepared with 1, 3 and 5wt% of the activator and 15wt% of water. The
precursor and activator were dry mixed in a laboratory mixer for 5 min before adding
water at room temperature (27°C) and mixed for additional 5 min before pouring the paste
into moulds of dimensions 50 x 50 x 50mm. The alkali activated termites’ soil (AATS)
was produced by one-part mix technique because of the similarity of the process in
manufacturing earthen masonry units. Compaction technique was adopted for the
production of the specimens. Studies have shown that the moulding techniques affects
greatly the mechanical behavior[22], compaction technique uses the optimum moisture
content which results in closely packed soil, hence improved performances [23], [24]. This

technique allows to have more closely packed samples by reducing the voids within the
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samples. Based on previous studies, the optimal activation concentration was investigated

by preparing three proportions of the alkali activator 1%, 3% and 5% [25].

In this study, two initial curing temperatures (ICT) were adopted to determine the effect of
the ICT variation on the specimen’s micro and macro-structural behavior. Previous studies
showed the effect of the initial curing temperature and the curing regime on the alkali
activation process [26]. Subsequently, the first series was initially cured at 60°C while the

second was initially cured at 105°C.

The Optimization of curing regime was obtained by subjecting the specimens into different
environment. The first series was left unsealed in the laboratory environment at room
temperature, contrary to the second series that was sealed inside plastic bags. While the last
series was oven dried at 60°C for the curing period. Three different days, 7, 15 and 90
days, were considered for the curing period. Table 4.2 summarizes the details of the
different set of specimens produced during this investigation. However, some specimens
have not been tested without initial curing temperature (ICT) because of their workability.
The specimens were losing their shapes as soon as demolded. While they were still wet
after 7days of curing in the laboratory environment (27 °C) without ICT. Thus, they
couldn’t be handled for mechanical testing as they tend to deform elastically when loaded

under compression.

Table 4.2. Details of specimen’s production.

Room Temperature Oven dried
Designation RTU1 RTU2 RTS1 RTS2 OD1 OD2
Initial Curing Temperature (°C) 105 60 105 60 105 60
Curing Regime unsealed | unsealed sealed sealed 60 60

Thus, three (3) curing conditions were tested for the specimens each at two (2) different

ICT making six curing tests. Those six curing tests namely are the unsealed room

temperature cured specimens (initially cured at ICT1 & ICT2), sealed room temperature

cured specimens (initially cured at ICT1 & ICT2) and oven dried specimens (initially

cured at ICT1 & ICT2).
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b. Characterizations
i.  Physical properties

The specific gravity and bulk density of the samples were determined before and after
alkali activation to access the effect of the Alkali activation on these properties.
Furthermore, the pH for the different specimens under different curing regimes was
evaluated to retrieve the effect of the potash on the termite soil at the different percent
activation (1%, 3% and 5%) and different curing regime. In addition, the apparent porosity
was examined on the activated and non-activated specimens to determine the role of the
alkaline activation on the pores. Equation (2) was used to determine the apparent porosity.
The dimensional stability analysis was performed based on the linear shrinkage; it is a way
of quantifying the amount of shrinkage likely to be experienced by the material in dry
conditions. The analysis was performed with the equation (1), it was performed before and
after alkali activation to assess the behavior of the specimens under dry conditions, it
determines the moisture content below which the material ceases to shrink. It’s relevant to
the condition of shrinkage due to drying. The dimensional stability was also investigated in
wetting conditions by performing the water absorption analysis it’s relevant to the
condition of the materials’ expansion due to wetting. The analysis allows identifying the

behavior of the material when saturated.

Ld
Ls=1-= (1)
LO
AP = 1 — Bul.k Densit)f (2)
Particle Density
Water absorption (%) = W;’td;:;m, x 100 €))

ii.  X-Ray Diffraction (XRD) analysis

To determine the different minerals in the specimens and their respective transformations,
X-ray Diffraction (XRD) was performed on the specimens after 15days. The analysis was
achieved using an X-ray Diffractometer model ARL’XTRA (Thermo Scientific,
Switzerland) with range of 10-70° (20) at 0.02° 20 steps integrated at the rate of 4.0s per

step. The patterns were processed using Match Software.

iii.  Microstructure observation

The morphology and microstructure of the termite’s soil (TS) and alkali activated termite’s

soil (AATS) were examined with the aid of Scanning Electron Microscopy-Energy
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Dispersive Spectroscopy (SEM-EDX) to examine the repercussions of the chemical
stabilization on the microstructure and morphology of the TS. Thus, the analysis was
carried for all the specimens. The analysis was carried in a Carl Zeiss Model EVO LS10
instrumented with an EDX system that can detect elements between Sodium and Uranium.
Prior to the analysis the specimens were coated with gold, to ease the imaging of the

specimen’s superficial appearances.

iv.  Fourier Transform Infra-Red (FTIR) spectroscopy

To examine the type of bonds existing between the different elements of the Termite Soil
(TS) and the Alkali Activated Termite Soil (AATS), Fourier Transform Infra-Red (FTIR)
was carried on the different specimens. The analysis was conducted with a Thermo
Scientific Nicolet iS5 FTIR system (Thermo Scientific, USA). The powder form of the
different specimen was mixed with Potassium Bromate (KBr) in a ratio of 5:1 separately
for each specimen. The software Know it all Bio-Rad was used to analyze the data

obtained.

v. Mechanical properties

The mechanical properties examined was the uniaxial compression strength carried on a
Universal testing machine Model 4002 & UTM7001 (Utest, Ankara, Turkey) at a loading
rate of 0.6 kN/s. The specimens were tested after 7, 15 and 90 days for all the sets of
specimens. The specimens from the different curing modes were oven dry for 24 h before
testing. The compressive strengths were obtained from equation (4), prior to the testing the
real dimensions of the specimens were estimated using Vernier calipers.

_Fi

oC = —;
Al

(4)
Where oc is the compressive strength in MPa, F; is the applied load in N, and A; is the
cross-sectional area in mm?. During loading the specimens deformed and failed differently
hence the deformed specimens were analyzed with SEM to understand the bonds breakage.
The software Origin was used to analyze the data and determine the different variations

observed in the mechanical behavior.
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3. Results and Discussions
a. From microstructural to macroscopic behavior

I.  Macroscopic behavior

The micro and macro-structural behavior of construction materials affects greatly their
properties, therefore it’s important to link the two from the SEM to Photo images. Photos
of the different sets of specimens were taken directly after demolding as shown in Error!
Reference source not found.. The specimens initially cured at 105°C expanded beyond
the mould, however that expansion wasn’t considerable. The remaining specimens did not
show any noticeable shrinkage or expansion. Error! Reference source not found.. b
shows the difference in color that was very noticeable with the variation of activation level;
at 1wt% of potash the specimens were dark in complexion while they are lighter at 3wt%
but they become darker when the activator increased to 5wt%. The effect of the curing
regime was considerable in terms of the sealing; the specimens that were sealed exhibited
smooth surface with no cracks (Error! Reference source not found.. d) but were still wet
at 15 days contrary to the unsealed specimens which exhibited significant surface cracks in
Error! Reference source not found.. a. However, specimens initially cured at higher
temperature (105°C) presented remarkable surface cracks while specimens initially cured
at low temperature displayed smooth surface (60°C) as shown in Error! Reference source

not found.. c&d indicating the effect of the ICT on the crack’s initiation.
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)

Figure 4.2 a) Specimen with different curing regime at 3% of potash, b) Different percent
of the activator: 1%, 3% and 5%, c) Noticeable cracks observed for the samples initially
cured, d) Smooth surface exhibited by specimens initially cured at 60°C.
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ii.  Microstructural examination.

The SEM images show that the specimens cured at high temperature RTUL (Error!
Reference source not found..a) presented some surface cracks and pores (Error!
Reference source not found..e) which are generated by the shrinkage during the curing
process. A possible explanation is that the reaction rate is slow as it can be seen from the
low Si/Al ratio displayed by the specimens during the curing process. A flocculation within
the particles was triggered by the activator resulting in shrinkage cracks around the
external surface of the specimens. Meanwhile, the specimens with greater Si/Al=1.91
exhibited more spherulitic new phases filling the pore spaces by binding the particles as
shown in Figure 4.3.b indicating the transformation of the matrix from irregular shapes to
spherulite. In addition to the difference in Si/Al ratio, slight compositional differences were
noticed between the specimens. Slaty et al. reported the same phenomenon in the alkaline
activation of kaolinitic clay with NaOH [27]. The relict cracks detected in Figure 4.3.f can
be the result of the unreacted termite soil indicating a lower dissolution rate of the termite
soil and potash. Trace of iron oxide phases present in the EDX results could possibly play a
role in the color change after curing of the specimens at high temperature (105°C) as
perceived in the macroscopic observations in Figure 4.7. The Si/Al ratio varied from 2.29
to 3.19 for the specimens containing 1wt% of activator, while the Si/Al ratio varied from
1.23 to 1.63 and 1.32 to 1.99 for 3wt% and 5wt% potash respectively. That reveals the
insignificant contribution in Silicon and Aluminum content by the potash activator. In all
cases, the specimens initially cured at high temperature displayed higher Si/Al ratio in the
4 curing regimes contrary to the sealed specimens where the highest Si/Al ratio was
displayed by the initially low temperature cured specimens. This can be explained by the
composition and chemical reactions taking place within the sealed environment. Criado et
al. (2008) observed that this parameter played an essential role in the kinetics, the structure

and the composition of the initial gel formed [28] thus the mechanical behavior noticed.
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Figure 4.3 morphology of different specimens with chemical content micrographs of a)
RTU1 b) RTUZ2, c) OD2, d) OD1 at 3wt% of potash. Of specimens with 1wt%: e) RTUZ2,
f) RTS2, g) OD2 and specimens with 5wt% h) RTUZ2, i) RTS2 and j) OD2. With RT:
Room Temperature curing

iii.  Molecular bonding (FTIR)

Figure 4.4 shows the results of the FTIR analyses performed on all the specimens at
15days. Sharp peaks attributed to Si-OH were located at 3619 cm™ to 3695 cm™ for all the
specimens with the exception of RTU2 and RTS2 at 1wt%. In these specimens the
formation of new peaks was observed at 3854 cm™ attributed to the Si-OH revealing the
significant displacement of the band. Broad peaks assigned to the stretching -OH were
observed around 3430 cm™ in all the specimens with a band shift reaching values of + 20
cm’, shift values are characteristic of aluminosilicate network formation[29]. Contrary to
the specimens OD2 at 1wt% in which higher wavenumbers was evidenced around 3850
cm™ and 3479 cm™. In any case, all the specimens presented broad peaks attributed to
bending H-O-H around 1650 cm™ with very slight shift values ranging = 15 cm™. The
main peaks located around 1090 and 500 cm™ characterize the silicate structure with the
assigned vibration of Si/Al-O and S-S stretching bond respectively reflecting the formation
of amorphous aluminosilicate gel [30]. For the different curing regimes, the displacement
of the different vibrations group is very imperceptible (Figure 4.4 a, b & c), whereas the
change in intensity is remarkable for the different activation level (Figure 4.4 d). At 1wt%
activator the FTIR spectrum is dominated by 1035cm™ assigned to the vibration of Si/Al-O
but with weaker intensity than in the specimens with 3wt% and 5wt%. However, 3wt% the
peaks assigned to the stretching -OH were intense around 3430 cm™ and the band assigned

to the vibration of Si/Al-O reveal the formation of bond by the ring vibration of Si-O[30]
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Figure 4.4 FTIR pattern for: a) specimens with 1wt% Potash, b) specimens with 3wt%
Potash, c¢) specimens with 5wt% Potash and d) specimens at optimum curing regime for all
the activation level

iv.  Transformation of present minerals (XRD)

XRD patterns of the AATS for the different activation level are presented in Figure 4.5,
they represent the different transformation by the minerals. The diffraction patterns showed
that there is an appreciable transformation of the AATS with different activation level. The
crystalline phases detected around 20 = 21.5° and 20 = 26.5° were transformed from
quartz-kaolin to kaolin and from quartz to quartz-kaolin respectively from 1wt% to 3wt%

and 5wt% potash.
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At 3wt% of potash, Calcite (CaCO3) [31] was detected at 20 = 29.5° while it was
inexistent at 1wt% of potash (Figure 4.5.a &b), meanwhile the formation of Sylvite (KCI)
[32] was observed for Swt% potash around 2@ = 27.5°(Figure 4.5Figure 4.5c). In any case,
at 1wt% activation the crystalline phases are mainly quartz and kaolin while at 3wt%
quartz and kaolin peaks showed higher intensity than other activation levels, this reveals
the higher dissolution reactivity of the termite soil precursor in the alkaline environment at
that level. Additionally, formation of Calcite at 3wt% was observed then it was
transformed into Sylvite at 5wt% activation. These phase transformation can be attributed
to the potassium induction made by the activator and the formation of gel. The formation
of calcite is related to the rapid dissolving of Ca obtained in the precursor in the alkaline
solution and the precipitation of Ca(OH); finally transforming into calcite [31]. While the
formation of sylvite can be explained by the sulfate dependent oxidation taking place
during the alkali activation of termite’s soil [33]. Both calcite and sylvite are evaporite
minerals. Thus, some of the quartz and kaolin remained unaltered during the activation
revealing lower dissolution reaction between the remained quartz and kaolin with the
activator. But calcite exhibits retrograde solubility (it becomes less soluble in water as the

temperature increases)[34].
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Figure 4.5. XRD patterns for Alkali Activated Termite's Soil (AATS) at: a) 1wt%
activator, b) 3wt% activator and c) 5wt% activator

b. Dimensional stability of the Alkali Activated Termite’s Soil (AATS).

The linear shrinkage presented in Figure 4.6.a illustrates the behavior of the TS and AATS
for the specimens. It was noticed that the shrinkage of both the TS and AATS were not
really considerable in spite that the AATS showed less shrinkage. A possible explanation is
that the alkaline reaction has induced some flocculation among the particles confirming the
microstructural observations. Prud’homme et al. (2010) showed that the oxidation of silica
during the alkali activation may produce hydrogen gas [35] inducing particles flocculation.
That same reaction may have generated more pores within the specimens. Thereby, the
specimens cured initially at low temperature under room temperature showed less

sensitivity to water (Figure 4.6.c) compared to oven dried (Figure 4.6.d and Figure 4.6.d)
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this is in accordance with the shrinkage mechanism investigated by Hailong Ye [36]. Ye et
al. have established the correlation between the relative humidity and Shrinkage, as the
viscous deformations occurring at high relative humidity triggered by the rearrangement of
particles[37] contributes to the general shrinkage [36][37]. In our study, the specimens

initially cured at high temperature showed more sensitivity to water (Figure 4.6.b).

The effect of the alkaline activation on the water absorbability of the specimens are
summarized in Figure 4.7.a. Sealed, and room temperature cured specimens showed lower
water absorption rate revealing more dense specimens. While the effect of the Alkaline
activation on some physical properties (bulk density, specific gravity and apparent

porosity) is shown in in Figure 4.7.b.

72



73



Figure 4.6. a) Linear shrinkage of TS and AATS, b) saturated RTU1l specimens,
c)saturated RTU2 specimens. d) saturated OD1 specimens. e) saturated OD2 specimens, f)
saturated RTS1 specimens, g) specimens activated at 5% Alum, f) specimens activated at
1% Alum. With RT: Room Temperature curing, OD: Oven- Dried curing, U: Unsealed
specimens, S: Sealed specimens,1: Initial curing temperature of 105°C, 2: Initial curing
temperature of 60°C

— —

—
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Figure 4.7. Water absorption of the specimens under different curing regime.

74



Table 4.3. Influences of the alkaline activation on the physical properties

Physical Properties / Linear Shrinkage (%) | Bulk Density(g/cm?) Apparent porosity | Specific gravity
. (%)
Specimens
6.7 1.47 41.9 2.61
*TS
1 4.8 1.49 43.5 2.69
AATS

*TS: termite soil, IAATS: Alkali Activated Termite’s soil

C. Influences of the alkaline activation on the soil’s pH

The pH is a useful indicator of the AATS behaviour. The most critical role of the alkaline
activator in an alkali-activated material is to dissolve the aluminosilicate and accelerate the
reaction, which is obtained by generating a high pH [28]. Additionally, the effect of the pH
on the activation of the TS is highly dependent upon the potash composition, since the
solubility of silica and alumina increases causing the silicate to develop a greater
mechanical strength. The alkaline nature of the potash affects the pH of the TS by
increasing it or decreasing it depending on the ICT and curing regime. The consumption of
alkalinity indicates that the formation of bonds and strengthening of the TS are occurring.
The variation of the pH was slightly significant for the specimens with the same activator
content for all curing regimes. That indicates that the curing regime affects the pH at a very
insignificant level for the AATS. However, specimens initially cured at lower temperature
displayed higher pH reveals the effect of the ICT on the specimen’s alkalinity.
Consequently, the potash reacted with the TS particles to cause the soil particles to
flocculate into finer grain (as observed earlier in the SEM micrographs) or coarser grains
[27]. When there are no significant reactions taking place between the activator and the

soil that suggest that the soil remained intact.

d. Mechanical behavior of the AATS

The compressive strength of all the specimens at the age of 7, 15 and 90 days for the
different activation levels and different curing regimes are presented in Figure 4.8. From
the compressive strength results it can be noticed that at the early age of 7 days the
specimens cured at lower temperature presented higher compressive strength than
specimens initially cured at high temperature. The same trend was observed for the age of

15days with exception of the specimens that were oven-cured at 60°C revealing the
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optimum initial curing temperature for the AATS. During testing the specimens failed by
formation of oblique cracks which grew until separation of the specimens into 2 or more
pieces. However, the innermost part of the sepcimens was less subjected to the
deformation and it resisted until critical loading before failing. A possible explanation is
that during the curing process, the existing calcite experienced a regressive solubility [38]
due to the effect of curing temperature. The compressive strength has increased as the
temperature increased. In any case, the highest compressive strength was attained by the
specimens containing 3wt% activator under oven-dry regime revealing the optimum
activation percent. Long curing times give origin to the formation of silica-rich products
[28], allowing satisfactory formation of the potassuim aluminosilicate gel. Hence, favoring
the development of the material’s final resistances. The material owes its good mechanical
performance primarily to the sodium aluminosilicate gel[39]. The standard deviation is so
high in some cases because of the significant variation among the set of specimens tested
for the compressive strength. Meanwhile, it is low for the sets where the variations among
the specimens tested is not very significant (low), but the two closest results out of the tree

have been considered to remediate to the high standard deviation.

7 days
15 days
90 days

L8]
1

[9)]
1

B
1

]

e
e

X

<>

Compressive strength (MPa)

V]
1
7

7%
otes

35

A
A

T
e

2

77 in7

0 1 " 1 1 1 " 1
RTUZ RTS2 oD2 RTU1 RTS1 oD1

Specimens 3)

76



7 days
15 days
10 4 S0 days
‘© 8-
(o
=
=
e 64
e
»
©
=
= 4
w
e
o
£
S 21
L H N N ﬂ%fr@

T T T T T T
TS RTU1 RTUZ RTS1 RTS2 oD1 oDz

Specimens )
T days
9 - 15 days
- 2] 90 days
. B __
S -] |
o 7 - = ]
£ 6-
2
L 5 b
W b4
w
o 4 - AA ]
W T -
2 Z
Q 2 4
S
14 ’—L
0 T v 1 v I- 1 v T v T v — T
RTU2 RTS2 oD2 RTU1 RTS1 OD1

Specimens

)

Figure 4.8. Compressive strength at 7,15 and 90 days for: a) 1wt% activation, b) 3wt%
activation, c) 3wt% activation with RT: Room Temperature curing, OD: Oven- Dried
curing, U: Unsealed specimens, S: Sealed specimens,1: Initial curing temperature of
105°C, 2: Initial curing temperature of 60°C.

4. Conclusions

The propitious experimental results obtained from this investigation can be used to produce
AATS for sustainable and eco-friendly masonry units. Indeed, alkaline activation is a key

component technique for a green and sustainable global future in construction materials.
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This article reported the special effect of the activation concentration, initial curing
temperature and curing regimes on the elemental, micro- and macrostructural behavior of

AATS. The main findings of the study are summarized as follows:

e The alkaline activation favored reduction of linear shrinkage of the specimens. As
the activation concentration increases, the linear shrinkage of the AATS decreases.

e The optimum ICT was 60°C as it favored dimensional stability by improving water
sensitivity in dry and wet conditions. Also, by the impressive mechanical behavior
displayed by the specimens initially cured at that low temperature. Although, the
dissolution of alumina and silica from natural aluminosilicates require higher
temperature.

e From the microstructural, elemental and compositional analyses, it can be
concluded that the formation of phases is engendered by the dissolution of the
potash. Thus, these phases are probably K-aluminosilicate gels responsible for the
observed bindings.

e The ideal activation concentration for the compressive strength is 3wt%. In any
case, the compressive strength does not increase proportionally with the activator
concentration, whereas the highest compressive was obtained for 3wt% of the
Potash.

e The highest compressive strength attained by the AATS in this study is 7.79MPa
which is higher than the minimum required compressive strength by the ASTM
C129 for nonload-bearing masonry units is (3.45 MPa)[40]. Therefore, a potential
application of the AATS in construction is non-load-bearing masonry units.

Considering the availability of aluminosilicate globally and TMS in the sub-Saharan region
particularly, this study shows that the alkaline activation can be an environmental-friendly
technique to process the termite mound soil into a valuable construction material.
Consequently, the results will contribute to the development of sustainable materials in
construction from waste (the termite soil is considered as waste). The results are valuable
for Sub-Saharan and regions where the high energy embodied materials are not affordable
and where those natural materials are available (termite soil). The development of that
technology represents an important opportunity to transform the natural waste into
valuable, renewable and sustainable construction materials to preserve the ecosystem from

greenhouses gas emission.
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5.0 Chapter Five: Machine Learning approaches for prediction of the compressive

strength of alkali activated termite mound soil

1. Introduction

Over the last decade, a global shift has been noticed in the field of construction. The
requirements are oriented in terms of eco-friendliness, renewability, cost, availability,
reliability and sustainability for construction materials. These requirements are driven by
the ecosystem protection’s concerns to reduce CO, emission and use wastes for repairing,
upgrading and constructing [1]. Most of the research effort are directed towards innovating
empirical and traditional materials for construction through modern and sustainable
technologies, thus the interest in earth-based materials [1]-[3]. Earth-based materials have
long been used empirically as a construction material, among them the termite mound clay
[4]. TMS is the soil obtained from the anthill [5]-[14]; it is spread abundantly around the
tropics [15] but considered as waste[16]-[22]. Additionally, in the construction field
experimental tasks are time consuming, very expensive and some properties cannot be
easily modelled due to the complex relationship between the mechanical properties and the

constituents.

In order to minimize the experimental tasks and increase accuracy of data, researchers
focused on the use Artificial Intelligence (Al) models which are similar to human brain[23]
and capable of solving very complex variables [24][25]. Machine Learning (ML) is a
subset of Al used to anticipate and evaluate various properties of construction materials.
Hence, ML approaches have gained a lot of interest in construction applications to predict
the structural behavior of different elements. In addition, data processing indicated high
efficiency performance because the outputs can be predicted using the inputs without
knowing their correlations [26]. ML models consist of computer algorithms capable of
generating (anticipating) patterns and hypotheses through a provided dataset for future
values. They have been proven to be effective in saving time, cost, their ability to satisfy
the requirements of various design codes, standards [27] and future applications. ML
techniques can accurately predict behavior of materials [28] although the relationships
between the input and output are nonlinear [27] or not easily modeled [29]. In the

prediction of concrete behavior, Artificial Neural Networks (ANN), support vector
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machines (SVM), decision trees, and evolutionary algorithms (EA) are the four mainly
used models [27].

In Naderpour’s et al. (2018) research they utilized the Back-propagation artificial
neural networks (ANN) to predict the compressive strength of recycled aggregate concrete
(RAC). They obtained very accurate regression values for the training, validation and
testing of 0.903, 0.89 and 0.829 respectively [29]. Meanwhile, the study carried by Chopra
et al (2016), utilized ANN methods to examine comparatively the compressive strength of
concrete. Their [29] study was a comparative examination of the ANN and the genetic
programming (GP) to ascertain and compare the accuracy of both techniques in the
prediction of the compressive strength of concrete [30]. Aref et al. (2018) investigated the
use of natural pozolonna from syria in concrete. They explored the strength and durability
of Syrian volcanic scoria and predicted the mechanical behavior using ANN and multiple
linear regression (MLR). From the models they used, they found out that the ANN
displayed higher accuracy. They concluded by highlighting the contribution of the volcanic
scoria in reduction of the concrete’s permeability and its effect on durability-related
properties too [31]. Whereas, Chithra et al. (2016) carried out a comparative study between
ANN and MLR for predicting the compressive strength of concretes containing nanosilica

and copper slag [24].

Perk et al. (2019) predicted concrete’s strength using support vector machine
(SVM) and ANN models. In their prediction they correlated wave velocities to the
mechanical properties, meaning that they used three types of ultrasonic velocities as input
parameters. The SVM models resulted in more accurate results due to the over-fitting
issues observed in ANN models [32]. In Bonifacio work’s the prediction of the mechanical
properties of light weight aggregate concrete (LWAC) was examined through the use of
SVM and Finite Elements (FEM) models. Both models efficiently predicted the
mechanical properties of the LWAC but the SVM displayed slightly better performance
with lower average error [33]. Lu et al. (2013) investigated the important parameters to be
considered when using the SVM models as they control the tradeoff between under-fitting
and over-fitting. They emphasized on the advantage of using SVM models for small size of
sample set. Hence, efficient learning from a limited number of samples that is very
important in shortening the materials developments cycle [34]. Yuantian’s (2020) study

used six different ML algorithms, among which SVM, to develop hybrid technique in

85



estimating the compressive strength of jet grouting composite. They compared the different

techniques based on their accuracy and concluded that SVM models performed better [26].

The work carried out by Obianyo et al (2020), utilized Multivariate models namely
linear regression, nonlinear regression and mixed models. The multivariate models were
used to predict the compressive strength of lateritic soil stabilized with agro-waste. They
selected 3 independent variables to elucidate their effect on the compressive strength. They
concluded that the linear models performed better than nonlinear, meanwhile the mixed
models performed better than the two previous [35]. Sadrmomtazi (2013) used regression
to model the compressive strength of expanded polystyrene concrete. They found that the
regression model can be ideally used to assess the durability of the expanded polystyrene
concrete [36]. The simple logistic regression is a common classification technique and is a
useful method for solving the binary classification problem. Another category of
classification is multinomial classification, which handles the issues where multiple classes

are present in the target variable.

This study intends to develop ANN, SVM and LR models to predict the mechanical
behavior of alkali activated termite soil bricks. In this study, six inputs characteristics
namely Si/Al, Initial curing temperature, activator concentration, water absorption, curing
regime and weight were used to predict the compressive strength. Si/Al in alkali activated
materials is a key component that control the particles binding, thus commands mechanical
behavior (macrostructure). The initial curing temperature controls the period of the
chemical reactions taking place, while the curing regime determines the route of the
chemical reactions during the curing period. Water absorption determines partially the
dimensional integrity of the Alkali Activated termite soil (AATS). Additionally, the
variation of these characteristics facilitates the prediction of the optimal compressive
strength. ANN, SVM and LR models application can be divided into training, validation,
and testing. The training set is used to train the models. Validation data provides evaluation
of the models fit on the training data to prevent the models over fitting and also to stop the
training when the error increases. The models are finally applied on the experimental data
to predict the compressive strength of the alkaline activated termite soil (AATYS).

The training and testing data for ANN, SVM and LR model’s development were prepared

from experimental primary data sets carried out during this investigation. To the author’s

86



knowledge, most of the papers using ML approaches uses secondary data (data from
previous published literatures). Therefore, the current study uses primary data to facilitate
reproducibility. Direct comparison with existing literature on TMS was not made due to
the inexistence of published literature in the prediction of termite soil performances using
ML techniques. Subsequently, this study represents a premiere in the use of ML techniques
to predict the behavior/performances of unconventional construction materials such as

termite mound soil.

2. Materials and Methods

In this study the termite soil (TS) was collected from a construction site in Abuja,
Nigeria. The anthills were spread in the region, without any utilization and were about to
be demolished due to their location in that construction field. The anthill was deserted by
the ants and the hills age ranged from 5 to 15 years old. The physical properties of the
anthills differed from one to the other, their height varied from 50cm to 2m while their
mineralogical composition didn’t vary significantly. The soil was obtained by breaking
down the hills, grinding and sieving the soil into finer particles. X-ray Fluorescence (XRF)
analysis was conducted using Thermo Scientific Epsilon Spectrometer to access the
mineral composition of the TS. Furthermore, Electron Dispersive Spectroscopy (EDX) was
used to obtain its chemical composition and Fourier Transform Infra-Red analysis was
used to detect the molecular bounding existing between the particles.

Table 5.1. Physical properties of the termite soil (TS) and natural occurring Alum

Atterberg Limits Particle size Color Moisture Density Specific
content Gravity
Liquid Limit (33.51% TS (brown 3.5% 2.59
q B3519%)  lay (0m) (brown) ° 0.395g/cm?

Sand (38%)

Plastic Limit (22.75%) Alum (whitish)

i 0
Plasticity Index (10.76) >t (22%)

Natural occurring Alum mineral was used as alkaline activator. The Alum was
obtained from a local district market at a very insignificant price. The activator was used at
different concentration level 1wt%, 3wt% and 5wt% based on previous study [2]. A

chemical analysis and PH determination were performed on the natural occurring Alum.
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During the bricks production, the powder form of the soil and the natural Alum
were mixed with a laboratory mechanical mixer for 5min before addition of potable water
as specified in the BS1377-2 [37]. The paste was poured into metallic mould of 50mm x
50mm x 50mm before being oven-dried for 24h prior to demoulding. The produced bricks
were subjected to different curing environment, from room temperature to oven-dry, for a
curing period of 7, 14 and 58 days. To predict accurately the compressive strength of the
Alkali Activated Termite Soil (AATS) six independent variables were used X1, Xz, X3, X4,
Xs and Xg denoting activator concentration, Si/Al, initial curing temperature, water

absorption, weight and curing regime respectively.

Table 5.2. Details of the experimental input datasets

Si/Al Percent ICT (C) Curing Wa (%) Weight (kg) Strength
activation Temp (C) (Mpa)
1.85 0.03 105 27 10.68 0.191 0
191 0.03 60 27 13.36 0.189 0.1076
1.43 0.03 105 27 0.74 1.86 0
1.57 0.03 60 27 5.09 1.87 1.5796
1.72 0.03 105 60 17.73 0.185 0.5264
1.83 0.03 60 60 11.91 0.183 2.516
1.85 0.03 105 27 10.86 0.191 0
191 0.03 60 27 13.33 0.189 0.6084
1.43 0.03 105 27 0.71 1.86 0
1.57 0.03 60 27 4.88 1.87 2.7144
1.72 0.03 105 60 17.07 0.185 0.246
1.83 0.03 60 60 11.09 0.183 2.252
1.85 0.03 105 27 10.52 0.191 1.4156
191 0.03 60 27 13.28 0.189 1.42
1.43 0.03 105 27 0.79 1.86 0.4488
1.57 0.03 60 27 5.03 1.87 0.7076
1.72 0.03 105 60 18.01 0.185 0.588
1.83 0.03 60 60 12.58 0.183 0.1944
1.85 0.03 105 27 10.48 0.191 0.05184
191 0.03 60 27 13.55 0.189 2.3132
1.43 0.03 105 27 0.82 1.86 0.696
1.57 0.03 60 27 5.99 1.87 0.6688
1.72 0.03 105 60 18.25 0.185 0.48
1.83 0.03 60 60 12.05 0.183 0.0876
131 0.05 105 60 1.49 0.189 3.215
1.35 0.05 60 27 2.53 1.86 3.431
1.99 0.05 105 27 2.45 1.87 0.78
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1.62 0.05 60 27 0.04 0.185 1.512

131 0.05 105 60 151 0.183 4.628
1.99 0.05 60 27 1.89 0.189 0.612
1.62 0.05 105 27 0.13 1.86 1.416
2.39 0.01 60 60 10.2 1.87 1.98
3.19 0.01 105 27 1.58 0.185 0.668
2.29 0.01 60 27 0.56 1.87 0.844
2.39 0.01 105 60 9.98 0.185 2.147
3.19 0.01 60 27 1.74 0.183 0.58
2.29 0.01 105 27 0.57 0.191 0.839

a. Artificial Neural Network (ANN)

The ANN operates by emulating the functionality of the neurons in human brain. A
commonly used ANN is the multilayer perceptron (MLP). MLP is comprised of an input
layer, one or more hidden layer and an output layer of computation node. The ANN are
associated with weights which are adjusted during training to minimize classification error.
It can learn a non-linear function approximator for either classification or regression. It is
different from logistic regression, in that between the input and the output layer, there can

be one or more non-linear layers, called hidden layers. The advantages of MLP are:

o Capability to learn non-linear models.

o Capability to learn models in real-time (on-line learning).

b. Support Vector Machine (SVM)

SVM is a type of machine learning algorithm that was developed by Vapnik (1998) [38].
SVM are a set of supervised learning methods used for classification, regression and
outlier’s detection. Due to the robust performance of SVM when dealing with noisy and
sparse data, it has become a system of choice in many machine learning applications. SVM
performs classification by separating data using a hyper-plane that is farthest from them
(termed as ‘the maximal margin hyper-plane”). The method of support sector classification
can be extended to solve regression problems. This method is called support sector
regression (SVR). The model produced by support vector classification (as described
above) depends only on a subset of the training data, because the cost function for building
the model does not care about training points that lie beyond the margin. Analogously, the

model produced by SVR depends only on a subset of the training data, because the cost
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function ignores samples whose prediction is close to their target. The advantages of

support vector machines are:

e Effective in high dimensional spaces, high speed, possibility for continuous re-
training with new information.
o Still effective in cases where number of dimensions is greater than the number of
samples.
e Uses a subset of training points in the decision function (called support vectors), so
it is also, memory efficient.
Versatile: different Kernel functions can be specified for the decision function. Common
kernels are provided, but it is also possible to specify custom kernels.

c. Linear Regression (LR)

Linear Regression is one of the simplest and commonly used ML algorithms for two-class
classification. It is easy to implement and can be used as the baseline for any binary
classification problem. LR describes and estimates the relationship between one dependent
binary variable and independent variables. It is a predictive algorithm using independent
variables to predict the dependent variable [39]. The advantage of LR is that the model
finds the two parameters that minimize the error between predictions and the true

regression targets on the training set.

d. Regression Analysis

Regression is the measure of the average relationship between two or more variables in
terms of the original units of the data. It also attempts to establish the nature of the
relationship between variables that is to study the functional relationship between the
variables and thereby provide a mechanism for prediction, or forecasting. A scatter
diagram can be used to show the relationship between two variables. Regression analysis is

used to:

e Predict the value of a dependent variable based on the value of at least one
independent variable.

e Explain the impact of changes in an independent variable (the variable used to
explain the dependent variable) on the dependent variable (the variable we wish to

predict or explain).
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e. Metrics

The performance of the models can be appraised by various validation methods. In this
study, the validation methods used are namely the coefficient of determination (R?) and
root mean square (RMSE). These validation methods have been used to examine the
prediction’s accuracy, subsequently the R? is used to correlate the inputs and outputs [40].
If its value is close to 1, this indicates that a good fitting of the model while the value close
to O indicates a bad fitting of the model [41] additionally the RMSE is used to evaluate the
error that emerged during the training, testing and validating. The R? and RMSE were

calculated as described in Wassim ‘s work [27].

f. Experimental Setup

The experiment was implemented in Python 2.7.12. The hardware configuration used for
the implementation environment was Intel Core (TM) i5-4790 CPU, 3.60 GHz and 4GB
RAM. The parameters used for the SVM is shown in Table 3. For ANN and LR the default

parameters were used.

Table 5.3. Parameter settings for SVM

Parameter value
Kernel linear
C 1

3. Results and Discussions

Figure 5.1 shows the results of the models developed to predict the compressive strength.
These results demonstrate that the testing, training and validation of all the three (3)
models were successful. However, the results of the statistical measures (Figure 5.2) reveal
that the SVM exhibited the highest R? (70%). Low R2 and RMSE of 63% and 0.7
respectively were displayed by the ANN. Meanwhile, LR displayed R* and RMSE of 26%
and 0.95 respectively. Moreover, results obtained from the LR in terms of R? differed
significantly from the ANN and SVM models indicating the weak correlation between the
input and output given by the model. The highest R? was obtained from the SVM model

pointing out the accuracy of the model in establishing the interdependence between the

91



input and compressive strength of the AATS. These results align with the previous work
carried out by Chou et al., in their study they found out that the SVM displayed the best
performance over ANN and MR [47]. In addition, the RMSE displayed by all the models
indicates the insignificance of the errors arose from the prediction models during the
training. However, LR exhibited RMSE of 0.95 indicating the near inexistence of errors
during the training. Furthermore, SVM and ANN also displayed RMSE higher than 0.5
(0.6 and 0.7 respectively).

3.5 y=0.6751x + 0.33
L R%=0.6429 ¢

PREDICTED

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
ACTUAL
a)
2.5
2 ¢
815
G
g 1@ 0:0 i y = 0.0668x + 0.8266
a L ‘ R7=0.0104
2
0.5 . *
* ¢ .
0
0 0.5 1 1.5 2 2.5 3
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3 y=0.4931x + 0.6405
R%=0.642
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c)

Figure 5.1. Predicted values vs actual values from the models: a) SVM, b) LR and c) ANN
The results of the comparison of residuals in compressive strength from the prediction
models are seen in Error! Reference source not found.. The difference was examined
between the predicted and actual values, it can be deducted that the LR model exhibited
good performance as the difference in the values was very insignificant, followed by the
SVM and ANN. This indicates the linear nature of the relationship existing between the

input parameters and the compressive strength of the AATS.
R? (%)
LR

SVM

o

70
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RMSE

0.95

LR

b)

Figure 5.2 a) Coefficient of determination of the various models, b) RMSE of the various
models

4. Discussions

Analysis of the result shows that SVM algorithms demonstrated a superior
performance in terms of both R? score and RMSE. This result stems from the fact that
SVM has a robust performance relative to ANN and LR because SVM employs the
maximal margin hyper plane in predicting the correlation between the features (ICT,
curing temp, weight etc.) and the compressive strength of the AATS. In addition, SVM
only uses a subset of training points which are highly correlated with the dependent
variable (Strength) in the decision function (called support vectors), consequently SVM is
capable of eliminating noise which may hamper the prediction result and therefore only the
attributes that are highly linked with the AATS strength will be employed for prediction.
ANN performs relatively poorly because with ANN different random weight initializations
can lead to different validation accuracy. Also, ANN requires tuning a number of hyper
parameters such as the number of hidden neurons, layers, and iterations. The Linear
regression has the lowest performs in terms of both R? score and RMSE because the
coefficient estimates for LR rely on the interdependence of the features. When features are
correlated and the columns of the design matrix X have an approximate linear dependence,
the design matrix becomes close to singular and as a result, the least-squares estimate
becomes highly sensitive to random errors in the observed target, producing a large

variance which could result in high RMSE and low coefficient of determination (R?).
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Additionally, the statistical values displayed by each model corroborate that the prediction
of AATS compressive strength with SVM model is singularly accurate. This is inconsistent
with results obtained from the prediction of volcanic scoria-based concrete [31]. However,
the result from the present study aligns with the results obtained using SVM in the
prediction of light weight aggregate concrete (LWAC)[33]. Nonetheless, due to the
inexistence of literature on the prediction of AATS compressive, the results can’t be
compared appropriately because of the difference in the materials used. Henceforth, the
comparison was made with similar materials such as the scoria used in the previous
reference. The resemblance of the scoria with the termite soil is that both materials are
classified as natural pozzolanas. Furthermore, it’s worth recalling that the various
statistical measures and results obtained peaked the importance and effect of the input

parameters on the compressive strength.

5. Conclusions

In this aspect of the work, the applicability of the SVM, ANN and LR for the prediction of
alkali activated termite soil’s compressive strength were explored. It was demonstrated that
the developed models were successfully trained and validated based on the experimental
dataset. The three models developed were compared based on their accuracy. The

following focal conclusions can be drawn:

e Termite mound soil is an unconventional earth-based material, classified as natural
pozzolanas. Its activation through natural occurring alum is aimed to produce eco-
friendly and locally available construction materials. Subsequently, the novelty of
these materials makes the application of ML techniques a useful tool to appraise

their properties with variation of constituents.

e The correlation between the input parameters and the output feature displayed by
the coefficient of determination R? (70%, 63% and 26%) indicates that the three

models are suitable for modeling the compressive strength of AATS dataset.

e SVM model displayed the higher coefficient of determination (70%) and a root
mean square of (0.6). These values indicate the accuracy of the model in predicting
the compressive strength of the AATS based on the given input parameters. The

results obtained from the SVM model were close to the experimental values.
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e ANN exhibited the second-best performance with a coefficient of determination of

63% and a root mean square of 0.7.

¢ LR demonstrated the lower accuracy with a coefficient of determination of 26%
and a root mean square of 0.95. A lower mean square error is desirable a high
RMSE signifies higher error. Therefore, SVM and ANN performs better since they
have low RMSE compared to LR.

The higher accuracy and suitability of the SVM model made it most desirable
than the ANN and LR methods in the prediction of AATS compressive strength. In
addition to the high accuracy, the usage of SVM model contributes to reduce time
consuming laboratory experiments resulting in the reduction of the general cost and
time during the properties’ investigations. The regression analysis showed that all
studied parameters in this work have considerable effects on the properties of the
AATS. However, more analysis can be performed in future investigations to
determine the most influential parameter.

For future work the applicability of the ML methods can be used to assess the
properties of new unconventional materials with questionable features such as new
mixture constituents. In addition, the experiment was conducted with small scale
data. In future research it is recommended to expand the data scale in order the

examine the performance of the algorithms with large scale data in the domain.
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6.0 Chapter Six: Effect of Borassus fruit natural fiber reinforcement on one-part
alkali activated termite mound soil-based bio-composite’s compressive strength in

the early curing stages

1. Introduction

Ecological concerns about the ecosystem degradation have trigger off interest to produce
green materials. The green materials production’s motto is met by the natural fibers, they
can be obtained from plant, animal or mineral [1]. Natural fibers from plants origin are
known as vegetables fibers, the global interest is turned towards the vegetable’s fibers
because of their availability, bio-degradability, eco-friendliness, low cost, low density,
high specific mechanical properties (better stiffness, high modulus and strength), light
weight, low energy consumption during extraction and they are sourced from renewables
materials (3). They are sourced from renewable materials that are largely abundant
globally. Vegetable fibers can be classified as bast or stem fibers, Leaf fibers, seed or fruit
fibers, grass fibers and bark fabrics [2]. The fibers are used as reinforcement to remedy

shrinkage, dimensional un-stability, air voids existence [3].

On the other hand, Alkali activated binders have gained a lot of attention too as ‘green’
alternative to ordinary Portland cement (OPC). This technology is based on the dissolution
of aluminosilicate in the presence of alkaline activator[4]. The alkali activation process
involves alkali solutions (two-part alkali activated binders) or solid alkali source (one-part
alkali activated binders) [5]. The use of two-part alkali activation process is corrosive,
difficult and not user-friendly [6]. Meanwhile, one-part alkali activation process requires
solid alkali source with the aluminosilicate precursor and water [7]. During this process,
the dry ingredients are mixed together before addition of water. This is similar to the
preparation of OPC and it enables better cast-in-situ features which are among the main
requirement in the construction field[8]. During the mixture chemical reactions [9] take
place, among which the dissolution of the aluminosilicate precursor activated by the

alkaline source followed by polycondensation and formation of amorphous network [10].

An investigation carried out by Obi Reddy et Al, studied the coarse and fine borassus fruit
fibers, the composition of the natural fibers indicates the presence of alpha-cellulose,
hemicellulose, and lignin. They changed chemically the natural fibers through Alkali

treatment and showed that the maximum stress and the modulus of the fine fibers where
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higher than those of the coarse fibers. The increase in percentage of elongation at break
was not very noticeable in the case of coarse fibers after alkali treatment. Thus, the alkali
treatment contributed to enhancing the strength of the fiber [11]. While L. Boopathi et al.
treated the Borassus fiber with NaOH solution at different concentration. They found out
that the alkali treatment improved the density values of the Borassus fruit fibers.
Subsequently, due to the impurity’s removal from the fibers surface with the aid of the
alkali treatment. However, the alkali treatment caused the fiber to swell, to remove the
hemicellulose and other impurities from the fiber surface and the micro fibrils of cellulose
remained unaffected due to the alkali treatment. Hence, the removal of the impurities
improved the mechanical properties of the fibers and the fiber-matrix adhesiveness in
diverse composites applications. The noticeable cleaner surface and the pores on the fiber
surface were detected after alkali treatment, therefore the addition of pores caused by
removal of fatty substances increased the bonding characteristics of the fibers [2].
However, Sudhakara et al., studied Borassus fruit fiber alkali treated on maleated
polypropylene. The composite achieved more tensile strength, modulus, flexural strength,
modulus and impact strength. Partially green Borassus fiber reinforced polyester
composites was reported to have high tensile, flexural and impact properties of the
composites. These fibers were found to be higher than that of  the matrix and increased
with fiber content, conforming the reinforcing action of the fibers. The density of these

composites was found to decrease with fiber content[12] .

The main objective of this chapter is to extract, characterize and treat the natural fibers
from the borassus fruit. The characterizations made on the natural fibers are morphological
to improve the hygroscopicity and mechanical properties. It is noteworthy to recall that
Borassus aethiopium trees are renewables with high potential growth rate, eco-friendly and
abundantly available in the landscape. They represent an economical source if properly

processed and used as reinforcement in green sustainable composites.
2. Materials and Methods

a. Extraction of the natural fiber

The Borassus fruit fibers were extracted from matured fruits. These matured borassus fruits
were collected in Jabi, Federal Capital Territory Nigeria. The fruits were sliced vertically

into many pieces, then boiled in tap water at 80°C for 30min. Two types of fibers were
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obtained: fine and coarse fibers. The fibers were dispersed from the fruit nut edge to edge
with the coarse fibers mostly near the shell and the fine fibers close to the nut. The shell of
the fruit was constituted of an assembly of coarse fibers that tend to separate after the water
treatment. Both, fine and coarse fibers were washed under running water to wash off the

juice-like material from the fruit before being oven dried for 72h at 80°C.
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Table 6.1.a) complete borassus fruit, and b) wet and dry extracted fibers from a fruit.

b. Physical and hygroscopic properties
i.  Morphology

The Scanning Electron Microscope (SEM) technique was used to measure the diameter of
the Borassus fruit natural fibers (BNF). The analysis was carried in a large range of fibers
(50-100um) and the mean long and short diameters were kept for this study. The analysis
was carried on the natural fibers before and after chemical treatment to ascertain the
effect of the chemical treatment on the fiber’s morphology and microstructure. The
microscopic analysis was made with a CARL ZEISS instrument, model EVO40 EP
implemented with an EDX system. Additionally, the Energy Dispersive Spectroscopy
(EDX) technique was employed to identify the chemical elements present in the fibers
before and after chemical treatment to determine the effect of the chemical treatment on
the chemical composition of the fibers.
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ii.  Hygroscopic swelling

The water absorption and the hygroscopic swelling needs to be investigated carefully as it
predicts the hydrophilic behavior of the fibers. The water absorption affects greatly the
volume change of the fibers inside the matrix leading to internal stresses or when the
trapped water evaporates this can create interstices within the matrix. The hygroscopic
swelling examination was conducted on the Borassus Natural Fibers. The various fibers
were subjected to humidity by the use of hygroscopic salts solutions of KOH and NaCl
which generate a Relative Humidity of 8% and 75% respectively at fixed temperature of
23°C. The fibers were kept in a hermetically closed glass boxes with controlled humidity
and an optical microscopic was used to measure the diameter’s change during water

absorption.

c. Bio-composite production

In the preparation chronology, the bio-composite was obtained by mixing the precursor,
the natural fibers and 3wt% of Potassuim Carbonate as alkaline activator. The Potassium
Carbonate was dissolved into the required amount of distilled water and the solution was
allowed to cool for few minutes given the exothermic nature of the dissolution. The natural
fibers were added to the mixture at 0.75wt% then mixed for 5 min in a laboratory mixer
before being transferred to a dynamic Zwick press to be compressed at 2 MPa with a
maximum force of 12.8 KN at a displacement rate of 100N/mm. The bio-composite
containing 1wt% of Borassus fruit natural fiber had very low workability as the fibers tend
to stick to the moulds’ inner side favoring cracks in the samples during demoulding.
Consequently, specimens with 1wt% of fibers concentration were not considered for the

mechanical characterizations

106



Table 6.2. a) Freshly demoulded samples. b) samples after mechanical failure
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d. Mechanical properties

The compressive and three-point bending tests were conducted as described in
Abdollahnejad’s work [6]. However, in the present study the specimens were evaluated

under compression deformation on a hydraulic universal testing machine.
3. Results and Discussions

i.  Physico-hygroscopic behavior of the natural Borassus fruit fiber

From the diameter and length distribution examination, it was observed that the natural
fibers diameter was uniform throughout the length hence the average was considered. The
average values of the diameter distribution indicated that the majority of fibers existed
around 150um, whereas the length distribution showed that the average values of fibers
length were 15cm. The natural fibers exhibited a multi-cellular structure with very porous
surface. Additionally, to the surface pores the fibers contained some impurities as seen in
Error! Reference source not found.. In the case of the natural fibers obtained from the
palmyra leaf, the average diameter was 320um [11]. To improve the natural Borassus fruit
fiber, chemical treatment can potentially remedy to the high surficial porosity. Previous
study shown that the benzoylchloride treatment had a very efficient result in weight loss
((29%) while alkali treatment was of 23%) [14].

The exposure of the borassus fruit natural fiber to various media has indicated that there
was not any noticeable swelling. The unaltered diameters displayed by the borassus fruit
natural fiber can be explained by the negligible depth of the surficial pores. These pores
provide lower humidity sensitivity of the fibers therefore higher resistance to humidity
penetration.
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Table 6.3. SEM graph of: a) a single borassus fruit natural fiber, b) magnified view on the
superficial pores, c) extracted fine and coarse fibers

ii.  Effect of the natural Borassus fruit fiber on the bio-composite

mechanical properties

The inclusion of the natural Borassus fruit fiber increased the existence of air voids. This
influenced synchronously the compressive strength positively as the natural fibers limited
the crack’s propagation. The compressive strength was recorded around 8MPa for the plain
samples without any fiber reinforcement[15]. Moreover, an increase was noticed with the
inclusion of natural fibers. The maximum compressive was displayed by the samples
containing 0.75wt% of natural fiber. However, during the compression deformations
loading the sample failed by disintegration of the outer sides, indicating the weak bond
between the matrix and the reinforcement in that region[16]. Nonetheless, during loading
initiation of cracks were notice from the lateral sides of the sample and even after failure
the fibers held together the outer side from falling into pieces. This confirms previous
investigations in which the authors recommended Borassus fiber application in
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construction as reinforcement [17]. The central part displayed more resistance during the
compression loading, as the part was still stable after failure. At failure, the samples
presented cracks throughout the central part, but the fiber limited the propagation and
growth of the cracks[18]. The maximum compressive strength displayed by the bio-
composite could be explained by the rough surface of the natural Borassus fruit fibers,

which provides a strong bond at the fiber/matrix interfaces.

In the samples containing the natural fibers the compressive strength increased
proportionally with the curing period. Therefore, the compressive strength is expected to
increase at the late curing ages. In similar investigation, the effect of the inclusion of palm
date fibers at 0.05% presented the best compressive strength [19]. In another investigation,
where Pulverized TMS was used, the tensile properties increased with curing days

following the trend of the compressive strength [20].

The chemical bond is the first mechanism to be activated during strengthening. During this
initial phase, the fiber and matrix deformations are fully compatible, in such a way that the
bond of the fiber/matrix interface does not suffer any damage. Outer surface of the bio-
composite didn’t display high resistance to loading. This can be explained by weak
densification occurring at the wall-side of the bio-composite [21]. However, the good
mechanical performances displayed by the samples cannot be attributed to the fiber
reinforcement only. The mechanical compaction densified the samples, by increasing the
adhesion of the fibers to the termite mound soil matrix. Moreover, the compaction
generated the consolidation of the fibers to the matrix as displayed by the sample’s failure

mode.

However, the addition of date palm fibers was previously studied. It was reported that the
addition of the date palm fiber had an adverse effect on compressive and tensile strength of
compressed earth block, which lead the author not to recommend the use of date palm
fibers based on its strength[19]. Furthermore, residual unreacted materials can explain the
compressive strength trend noticed here. Although, there is no definitive and accurate
method for quantitatively determining the amount of unreacted material in a particular

specimen.
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4. Conclusions

This chapter presented the feasibility of natural fiber reinforcement in one-part alkali

activated termite mound soil matrix. The examination was carried out in terms of

compressive and flexural strengths. As expected, the fibers reinforcement has impacted

positively the mechanical properties and overall stability of the bio-composite. Focal

conclusions extrapolated from the study are presented beneath:

Borassus fruit natural fibers displayed a very porous surface, however these
pores didn’t affect its hygroscopic properties. This can be explained by the
negligible depth and size of the pores.

Practicability of one part alkali activated termite mound soil was examine in
terms of compressive strength only. From these results, the process can be used
as an optimization technique for TMS

Natural Fiber reinforcement impacted positively the compressive strength as a
change was noticed in the early ageing period and there was a noticeable
difference in the unreinforced and reinforced samples. Henceforth, inclusion of
Borassus fruit natural fibers has affected the compressive strength by acting as a
crack propagations obstructor.

The mechanical compaction affected greatly the mechanical properties of
unreinforced and reinforced alkali activated TMS. Subsequently, it is
considered to be an effective technique to improve the mechanical properties of
the TMS.

This investigation has shown the potential use of the Borassus fruit natural as fiber

reinforcement in construction. This is aimed to develop renewable construction materials

from agro-waste. The results can be implemented in regions where the materials are

abundantly available for eco-friendly, low cost and sustainable housing.
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7.0 Chapter Seven: Summary and Concluding remarks

a. Main conclusions in response to the proposed objectives

In response to the proposed objectives in chapter one, the thesis has explicitly presented a
clear understanding of the TMS properties (microstructural and macrostructural). It has
also examined the effect of selected factors on \ examined properties of the alkali activated
TMS. The study evaluated the effect of fiber content on the bulk properties of compacted
alkali activated termite mound soil. One of the proposed objectives related to the use of
Artificial Intelligence techniques for predictions the performances of the composite was
attained. Thus, the study has distinctly succeeded in attaining the proposed objectives.
Nevertheless, scaling up to the industrial level the result of this study is a point that will be

achieved gradually.

b. Summary and concluding remarks

This thesis investigated and reported the development of sustainable, low cost and eco-
friendly construction materials from termite mound soil. The techniques used to design the
materials are alkali activation of the TMS with natural fiber reinforcement additionally to

the manufacturing process which is the mechanical compaction.

This thesis is composed of seven chapters. Chapter one focused on the introduction of the
problems related with the use of conventional construction materials in terms of green gas
emission and cost. Resulting in the choice of the earth-based materials as a remediation to
the predicted problems. Chapter two emphasized on previous related work carried out by
researchers in the construction field in addition to a brief introduction of the TMS as a
potential construction material. Finally, concise descriptions of the various methods used
during this study were presented in this section. Chapter three presented the results of
cement stabilization (5, 10, 15 and 20wt%) on the structural and mechanical properties
(compressive/flexural strengths and fracture toughness) of abandoned TMS. From the
results obtained in this chapter the stabilized TMS displayed the highest mechanical
properties over the non-stabilized TMS. Besides displaying good mechanical properties,
locally available at no cost, renewable and an eco-friendly material, the TMS will
contribute to lower the cost of housing. Chapter four examined the feasibility of optimizing
the mechanical behavior and dimensional stability of TMS through alkaline activation. The

raw aluminosilicate TMS was used without any pre-thermal treatment and natural
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occurring potash was used as the alkaline activator. Results from this chapter showed that
the optimal initial curing temperature was 60°C for the oven-dry regime at 3wt% activator
with optimal mechanical performances. This implies that the alkali stabilized TMS can be
used as masonry elements predominantly submitted to compression. Chapter five explored
the use of three (3) Machine Learning (ML) techniques to predict the properties of the
alkali activated termite mound soil with factors such as activator concentration, Si/Al,
initial curing temperature, water absorption, weight and curing regime were used as input
parameters due to their significant effect in the compressive strength. All the machine
learning models used in this study were successful to predict the compressive strength.
Chapter six inspected the mechanical properties of the Borassus fruit natural fiber
reinforced one-part alkali activated TMS-based bio-composite. In this chapter the effect of
the fiber’s reinforcement on the mechanical properties of the bio-composite were assessed.
Lastly, Chapter seven presented a brief summary, suggestions for future work and the
contribution to knowledge of this investigation. This chapter has highlighted the advantage
of TMS and Borassus fruit natural fiber in the construction field for low cost, sustainable

and eco-friendly materials.

c. Suggestions for future work

This thesis can be divided into many parts to appraise the variables considered in each part.
The first part of this thesis examined the used of TMS with cement as stabilizer. Despite
that, there is the need to perform experimental examinations using affordable stabilizer
such as agro-waste-based stabilisers. The stabilisers can be produced from local materials
available that are considered as waste. These wastes could be improved through some
treatments before being used as stabilizer with the TMS. The waste-based stabilisers can be

used at various replacement levels.

The second and third part of the thesis explored the use of natural alkali activator for the
TMS and predicted its properties through Machine Learning techniques. Still, synthetic
alkaline sources can be used to obtain significant results because of their processed
properties. The synthetic alkali activator can be used at various percentages under various

curing conditions.

The fourth part of the thesis focused on the bio-composite obtained from one part alkali
activation of TMS Borassus fruit natural fiber reinforced through compaction process.
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Anyway, other manufacturing processes can be used in addition to the compaction.
Furthermore, the study didn’t investigate the durability of the various materials used in
addition to their degradation when submitted to erosion or sunlight, thus these

characteristics can be investigated in future.

d. Contribution to knowledge

The following focal points have been highlighted as the major contribution to the existing
knowledge:

e Correlation between the microstructure of the TMS and its mechanical properties.

e The feasibility of one-part alkali activation and cement stabilisation as the binding
mechanisms of compacted termite mound soil construction materials.

e The study has demonstrated the effect of water exposure on the dimensional
stability and integrity of the samples.

e The study has presented the fibers reinforcements’ effect on the mechanical
properties of the bio-composite.

e The study has explored the use of Borassus fruit natural fiber in the construction
field.

e Strengthening and toughness apported by the mechanical compaction of the
samples.

e The predictions of compressive strength through machine learning techniques

based on factors affecting it.

The repercussions of the results are analyzed for potential applications of the Alkaline
Activation techniques as an environmental-friendly approach to obtain renewable and
sustainable building materials at low cost with low energy consumption and efficient

replicability in most of the regions.
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