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ABSTRACT
Alkali activation is a rapidly developing area in the global materials research and development
community. It is based on alkali aluminosilicate chemistry with primary focus on the activation
of solid aluminosilicate materials under alkaline conditions to produce three-dimensional
network of inorganic polymer binders. However, little research has been conducted to harness
this technology in the development of earth-based composites. This work provides insights on
the application of alkali activation in the synthesis of in situ binders in earth-based composites
using uncalcined clays and low molarity alkaline solutions for the development of low-impact
extruded building materials.

To evaluate the effect of these alkaline soil matrices on the

reinforcing effects of natural fibres, two ligno-cellulosic fibres were selected (sisal and
eucalyptus pulp) as well as a synthetic fibre (polypropylene) as reinforcements. The
compositional dependence on extrudability of the fresh pastes was studied by characterizing bulk
and interfacial rheology behavior induced by fibres using the Benbow-Bridgwater model to
evaluate the feasibility of extrusion moulding as a processing method. Physico-mechanical
evaluation as well as microstructural analysis was conducted to evaluate reinforcing efficiency of
fibres. The underlying strengthening and toughening mechanisms associated with the fibres were
explored using a combination of in situ/ex situ observations of crack propagation and micromechanical models. The results show that with low molarity alkali activator solutions, partial
dissolution of aluminosilicates in the soil result in the formation of amorphous sodium
aluminosilicate gels which provide satisfactory binding within the soil matrix. Variation of
synthesis conditions shows that initial curing temperatures plays a critical role in the synthesis of
these binders. Mechanical and physical properties of plain earth matrices incorporating these
binders were comparable and in some cases higher than other stabilized earth building materials.
Interactions between the alkaline matrix and ligno-cellulosic fibres resulted in improved flexural
strengths as well as reduced water absorption capacities of the composites. On the other hand,
weak interactions between polypropylene fibre and the alkaline matrix resulted in marginal
increase in flexural strengths but transformed brittle earth matrices into deflection hardening
composites. Whilst, strengthening mechanism of composites reinforced with ligno-cellulosic
fibres was via elastic shear stress transfer at the fibre-matrix interface, polypropylene fibres
strengthened the matrix via frictional slip after debonding at the fibre-matrix interface.
Predominant toughening mechanisms for all composites was via crack bridging as prediction of
iv

resistance curve behavior of composites was comparable to measured resistance curve in short
scale and long scale bridge regimes. The implications of these results are discussed as potential
building materials to meet increasing housing demands in line with targets set by the sustainable
development goals (SDGs).
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1.0 Chapter One: INTRODUCTION
1.1

Introduction

This chapter introduces earth as an attractive candidate in the development of sustainable
construction materials and the need to investigate alternative binding mechanisms (such as alkali
activation) and reinforcements in a bid to improve its resilience/robustness. Unresolved issues
arising from the use of these modifications are considered. The aim and structure of thesis are
presented at the end of the chapter.

1.2

Background and Motivation

The increase in world population continues to place an increasing demand for buildings and
other related infrastructure particularly in view of rapid urbanization taking place in major cities
across the world (UN SDGs, 2019). With the ongoing consensus to achieve sustainable
development globally by 2030, Goal 11 of the sustainable development goals (SDGs) seeks to
provide sustainable cities and communities (UN SDGs, 2019). This could be an ambitious target
as current statistics showed that in 2018, about half of the world’s population lived in cities (UN
SDGs, 2019). The statistics also show that in the coming decades, 90% of urban expansion will
be in the developing world (UN SDGs, 2019). Consequently, the need for research on building
materials has never been more critical as materials make an integral contribution to the
sustainability of the built environment [1]. The use of more sustainable construction materials
and innovative processing techniques presents a major contribution to the eco-efficiency of the
construction industry and thus sustainable development [2]. This is because building materials
account for about half of materials extracted for human activities [3]. Hence there is need for
appropriate and sustainable building materials which minimize impact on the ecosystem. In this
context, earthen construction is an extremely competitive candidate for sustainable building
construction in comparison with conventional construction materials. For instance, it has been
reported that unfired earth bricks require only 14% of the embodied energy required for the
production of fired bricks and 25% of the energy required for the production of lightweight
concrete[4]. In addition, earthen construction possesses excellent thermal and moisture buffering
properties[5] which reduce the heating and cooling loads required in buildings[6].
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Interestingly, earthen construction is as old as civilization itself. However, despite being a more
sustainable option, a number of disadvantages have been associated with building with earth
which has limited its application over the years. These include its strength and durability,
particularly in the presence of high moisture conditions[2,7]. This has been attributed to strong
attraction of water to soil mineral surfaces particularly clay minerals[8]. Furthermore, from a
mechanical point of view, earth-based composites demonstrate brittle behavior and low
resistance to flexural/tensile stresses limiting its structural application to scenarios where only
compressive strength is required.
These adverse characteristics associated with earthen construction have stimulated researchers to
develop several techniques for the improvement of properties of earthen construction. Current
research is now being tailored towards the adoption of recent advances in materials science to
promote the use of this vast resource in the provision of more sustainable and ecofriendly
construction materials. Traditional methods of stabilisation have focused on the use of additives
such as lime and cement[9–11]. More recent efforts have focused on alternative additives to
encourage a more widespread use of earthen construction; biopolymers[12–14]; and other
pozzolans such as Coal ash[15]; Metakaolin[16]; Lime activated granulated blast furnace slag
[17]; Agricultural by-products -Rice husk ash/bagasse ash[18]. Most of these solutions involve
the use of natural or synthetic additives which bind the soil particles via cementation which
involves creating a solid matrix to bind the soil together; chemical linkage which generates bond
between soil mineral particles; and/or water-proofing which introduces a waterproof film around
soil particles to improve imperviousness.
Alkali activation is a rapidly developing area in the global materials research and development
community. It is based on alkali aluminosilicate chemistry with primary focus on the activation
of solid aluminosilicate materials under alkaline conditions to produce

three dimensional

network of inorganic polymers[19–21]. Extensive studies have shown that they are an attractive
alternative to Portland cement as they possess excellent mechanical properties, durability
characteristics whilst possessing lower embodied energy[22,23]. Historically, alkali activation of
clays has been explored since the late 1950’s. Glukhovsky[24] developed cementitious binders
from low-basic-calcium or calcium-free aluminosilicates and alkali metal solutions and termed
them soil silicates. Since then, extensive studies have focused on the formulation of alkali
2

activated aluminosilicates from metallurgical slags, clays, aluminosilicate rocks, fuel ashes etc,
for the development of Alkali Activated Cements (AAC’s) and AAC based concretes. The
alkaline cations act as catalysts in the destruction of Si-O-Si, Al-O-Al and Si-O-Al bonds[25]
and subsequently serve as partners in the formation of water resistant alkaline or alkalinealkaline earth aluminosilicate hydrates analogous to natural zeolites and micas[26]. Presently,
extensive studies have demonstrated the improved properties of AAC’s and AAC based
concretes relative to Portland cement concrete[27].
Previous work by Davidovits[28] proposed the Low Temperature Geopolymeric Setting (LTGS)
as a stabilization mechanism for the production of high mechanical strength and water stable
building units at drying temperatures of 50-250°C. The authors reported that kaolinite mineral in
clay/lateritic soils can be transformed into a three dimensional compound producing water stable
building blocks with satisfactory mechanical properties using the geopolymer technology. The
alkaline solution acts as a catalyst enabling argillaceous components of soils to react and set at
relatively lower temperatures (50-250°C)[21,28]. In other words, it is the argillaceous material
itself that manufactures, in situ, the binder for agglomeration.
Whereas Alkali Activated Materials (AAMs) refer to the broadest classification comprising any
binder system derived from the reaction of any aluminosilicate solid and alkali metal source[29],
geopolymers are a subset of AAMs where the binder phase is sourced exclusively from
aluminosilicates with highly coordinated products[30]. Aluminosilicates predominantly used are
metakaolin (or other calcined clay minerals), blast furnace slag, fly ash etc; with the amorphous
nature of the materials making them susceptible to dissolution by alkaline solution. However,
according to Kriven[31], most studies in geopolymers actually produce Alkali Activated Binders
and not geopolymers with the major difference between both materials being that geopolymers
are amorphous inorganic nano precipitates whereas alkali activated binders are hydrated
crystalline precipitates. Hence, although the stabilisation mechanism adopted in this study was
based on the LTGS proposed by Davidovits, the crystalline nature of the source materials
suggests that the binding mechanism may fall into the broader classification of alkali activation
and hence the term alkali activation was adopted in this study instead of geopolymerisation.
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Presently, research into alkali activation technology is increasing as studies have shown that they
are viable economical alternatives to organic polymers and inorganic cements in various
applications such as low energy ceramics tiles, high tech composites for aircraft interior and
automobile, hazardous waste containment, cements and concretes, thermal insulating foams, fireproof building materials, protective coatings, refractory adhesives etc[32]. However, very little
work has been conducted to harness this technology for the improvement of earthen masonry
given that the major composition of earth are aluminosilicates. This technique has the potential
to open up the vista of low cost eco-friendly construction materials particularly in the developing
world.

1.3

Unresolved Issues

A review of literature reveals conflicting reports on the alkali activation of natural
aluminosilicates as binding mechanism for earthen construction. A study by Xu and van
Deventer [22] demonstrated that a wide number of clay minerals can be used as source materials
for alkali activation. They emphasized the need to optimise the concentration of alkaline solution
for each mineral type as each aluminosilicate demonstrated varying dissolution rates. However, a
study by Maskell et al.[33] showed that alkali activation was ineffective for the stabilisation of a
predominantly silty soil containing kaolinite mineral. They argued that given the variable
mineralogical composition of soils, it is not possible to know if alkali activation would provide a
sufficient mechanism for the stabilisation of soils. Nonetheless, given the availability of earth in
various parts of the world and its potential to provide sustainable construction materials, the
presence of aluminosilicates in earth triggers interest as to whether alkali activation can be
harnessed for the production of building products.
Phase composition of these aluminosilicates has been identified as a critical variable which
determines their reactivity and thus the degree of dissolution [34] in alkaline environment. This
has necessitated the de-hydroxylation of clay minerals to break down the crystalline structure in
order to increase reactivity [35–38] or intensive mechanical attrition to increase surface area of
particles[39]. These energy intensive processes increase the embodied energy associated with
production which may ultimately negate eco-friendly benefits of earth construction. Other
authors have employed the use of high molarity alkali activator solutions[20,40] to increase
dissolution rates as the quantity of alkaline activator added to the argillaceous material
4

determines the level of crosslinking resulting in the formation of water stable units[21,28].
According to Maskell et al.[41] the inclusion of chemical additives to unfired earth has a
detrimental effect on embodied energies and global warming potentials. The production of alkali
activators constitutes the most energy intensive component of the alkali activation process [42].
In a bid to harness the use of alkali activation as binder mechanisms for earthen building units,
there is a need to explore synthesis routes which still preserve eco-friendly indices of earth-based
construction.
Furthermore, like other quasi-brittle materials, low energy absorption capacity and poor fracture
resistance of this class of materials has necessitated the need to reinforce earthen matrices with
fibres. It is well documented that the presence of fibres in soil matrices enhances ductility of the
composite [43–45]. The mechanical properties of fiber-reinforced composites depend on the
fiber-matrix interface, since the strength of such a composite is obtained by transferring the
stress between the fibers and the matrix. Studies have shown that fibre-matrix interactions which
could be based on physical/chemical adhesion, friction and/or mechanical anchorage; largely
determine the effectiveness of fibres in enhancing the mechanical performance of brittle
matrices[46]. However, it is not clear how this alkali activated earth-based matrix will interact
with ligno-cellulosic fibres, which are typically used in the reinforcement of earth-based matrices
and how these interactions would ultimately control composite property. Whilst significant effort
has been made to characterize enhanced ductility of earth-based matrices as a result of fibre
reinforcements, the underlying strengthening and toughening mechanisms induced by fibre
reinforcements within the binder systems are still partly understood. There are relatively few
studies that involve the application of micromechanical continuum theories to the prediction of
mechanical properties of earth-based composites. The understanding of the mechanisms of stress
transfer provides a basis for the development of improved composites through the tailoring of
fibre-matrix interactions.
Furthermore, extrusion has shown great potential in the production of fibre reinforced
cementitious composites for various applications. Various studies have demonstrated high
mechanical performance and durability associated with extruded fibre reinforced cementitious
products as a result of improved packing and good interfacial bonds[47–49]. With a properly
designed extrusion system and well controlled rheology, fibre reinforcements can be aligned in
preferred directions, which is necessary for achieving high performance in the extruded
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products[50]. Despite its great potential, extrusion processing has not been widely adopted for
the production of earth-based building products. Particularly studies on the constitutive
behaviour of fresh fibre reinforced earthen pastes have not been extensively researched on. A
successful extrusion process is a function of the paste bulk flow properties as well as the
interfacial flow behaviour between the bulk material and the equipment wall[48]. Consequently,
it is essential to know how different fibre types and contents control rheology of fresh pastes and
determine extrudability.

1.4

Research Objectives

Earth-based building materials can be considered as engineered structures whose properties are a
function of composition and processing. From a materials science point of view, an
understanding of how these variables inter-relate would lead to a more effective use of this
abundant resource in meeting increasing demands for sustainable building infrastructure. This
study proposes to develop a novel fibre reinforced earth-based composite, which takes advantage
of alkali activation of natural aluminosilicates within soil for the production of sustainable
building materials. Using extrusion processing technique, the study seeks to elucidate the
synthesis-processing-property relationship of these composites and how this inter-relationship
controls composite property with a view to expanding the scope of application of earth-based
composites. The scope of work entails a combination of experimental and computational analysis
to:


Provide insight on synthesis-property relationship by evaluating effect of curing
conditions on extruded alkali activated un-calcined soils using low molarity alkali
activator solutions;



Evaluate effect of various fibre types/contents on extrudability and rheology
characteristics of extruded alkali activated earthen composites;



Evaluate effect of various fibre types/contents on physico-mechanical and microstructural
properties of extruded alkali activated earthen composites;



Elucidate reinforcing/toughening mechanisms associated with various fibre types via
micromechanical modeling and nano-indentation;

6



Ascertain resistance of composites to alternate wet-dry cycles and implications on
durability for building construction.

A fundamental tenet of materials science is that the properties of materials can be engineered
as a function of processing and composition. Figure 1.1 presents a schematic illustration of
study approach.

Figure 1:1: Schematic illustration of study approach adopted from materials science paradigm

1.5

Dissertation Layout

This dissertation comprises of eight chapters which is majorly based on papers that have been
published, submitted to peer-reviewed journals or presented at conferences.
Chapter 2 provides a state of the art literature review which focuses on the raw materials used in
the study, description of characterization techniques used, micro-mechanical models used and
the mechanism of alkali activation.
Chapter 3 demonstrates a baseline study that investigates the synthesis-property relationship of
an extruded earth-based matrix producing using muscovite rich soil and activated with low
molarity alkali activator solutions. Effect of varying curing conditions on binding phases is
7

characterized via XRD, SEM/EDX and FTIR. Environmental impact analysis was conducted to
quantify savings in embodied energy associated with this mechanism.
Chapter 4 studies the effects of different fibre reinforcements and volume composition on
rheological properties. Inclusion of varying fibres modifies the rheology of the fresh paste in
different ways with attendant effect on extrusion pressures, which has implications from a
process control point of view.
Chapter 5 evaluates effect of various fibres/contents on physical (density, water absorption),
mechanical (flexural response in the dry and saturated conditions) and microstructure with a
view to establishing reinforcing efficiency of different fibres for this class of materials. Optimum
fibre volume fractions are presented to provide a satisfactory balance of strength, energy
absorption and low density for the development of robust building materials.
Chapter 6 elucidates strengthening and toughening mechanisms associated with different fibre
reinforcements. Micromechanical models are used to satisfactorily predict strengthening and
toughening contributions which provide guidelines which can be used for the tailoring of specific
composite properties.
Chapter 7 presents major conclusions arising from this study and highlights areas for future
work.
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2.0 Chapter Two: Literature Review
2.1

Introduction

Concepts on the development of earth-based composites, as building materials are presented in
this section. Attention is given to its unique material properties as well as efforts to improve on
major drawbacks with focus on binding mechanisms as well as strengthening/toughening
improvements using fibre reinforcements, which have been studied. Description of
characterization techniques typically used in evaluating these modifications as well as
micromechanical models, which describe strengthening and toughening contributions, are also
discussed. Rheological characterisation techniques associated with fibre reinforcements which
control extrudability of fresh paste with respect to extrusion moulding as a processing technique
is discussed. The chapter concludes by highlighting research gaps and areas for future work.

2.2

Earth as a Building Material

Historically, earthen construction has been reported to have started about 9,000-10,000 years ago
with primarily early agricultural societies [1,2]. Presently, studies have shown that about 50% of
the world’s population lives in earth-based structures[3]. Although the majority of these earthen
constructions are located in less developed countries, earth-based buildings can also be found in
Germany, France and the United Kingdom[4].

Earthen construction comprises several

techniques such as wattle and daub, rammed earth and adobe or compressed earth bricks; the
most popular being stabilized earth blocks. Earth is a cheap, environmentally friendly, easy to
work with and abundantly available construction material [5,6]; and this has resulted in a
resurgence in its use as a construction material in line with the present global drive towards
sustainable construction materials[3]. Environmental benefits associated with earthen
construction include reduced embodied energy, reduced CO2 emissions and possible reuse of
earthen materials at the end of life cycle[7].
Soils used in earth construction typically consists of varying sized particles of clays, silts and
sands; the nature and proportions of these particles

ultimately controls its properties as a

construction material[8]. Various studies have recommended ideal particle size distributions to
guide the selection of soils for earthen construction[9]. However, as soils are naturally occurring
materials, it is difficult to control particle size distribution. These particles make up a solid
12

skeleton with pores in between which may be filled with water and/or air depending on the level
of saturation of the soil. As highlighted in the previous section, a main drawback for raw earth is
its affinity for water. Water binds to the solid skeleton via three mechanisms [10]:


adhesion to solid surfaces by very strong but short-range London-van der Waals forces,



capillary binding of water due to cohesive forces between water molecules and



osmotic binding of water in double layers

Based on these mechanisms, soils as construction materials are highly sensitive to moisture;
swelling when water is absorbed and shrinking when the soil dries out which may lead to
structural failures[11]. Consequently, they possess high stiffness in the dry state but loose this
stiffness completely when in contact with moisture[11] . Hence, the main purpose for
introducing binders to earthen materials is not only to improve the mechanical properties, but
also improve their resistance to detrimental effects of water[12].

2.3

Binding mechanisms in Earthen Building Materials

Binders are necessary to improve the strength and durability of earth-based materials to impart
improved resistance to load and adverse weather conditions[1]. Binding typically involves the
introduction of chemical stabilisers which are broadly classified into three groups: traditional
stabilisers (cement, lime and fly ash); non-traditional stabilisers (sulfonated oils, ammonium
chloride, enzymes, polymers etc.); and by-product stabilisers (cement kiln dust, lime kiln dust
etc.)[13]. Binding mechanisms may vary widely from the formation of new compounds binding
the finer soil particles to coating particle surfaces by additives to limit the moisture sensitivity.
Extensive literature review conducted by Danso et al.[14] on various binders used in earthen
construction shows that most studies (about 95%) evaluated the effect cement and lime on
earthen materials; other studies investigated effect of pozzolanic materials (coal ash, volcanic
ash, metakaolin etc) as well as natural polymers. Discussions in this section would focus on
typical binding mechanisms associated with calcium-based stabilisers (cement and lime) given
their prominent use for various applications.

2.3.1 Hydration reaction
Hydration reactions are associated with the use of cement in soils stabilization. However, the use
of cement has been associated with higher energy consumption costs as well as adverse
13

environmental impacts with respect to CO2 emissions[15,16]. Notwithstanding, Portland cement
is the most commonly and widely used binder for various types of soil stabilization applications.
It is usually preferred over lime (or other calcium based stabilisers) due to its faster and higher
strength enhancements [17–20].
When the pore water within the soil interacts with cement in a cement-soil mix, each cement
particle is covered with water and forms a gel-like film which coat soil particles as well as
illustrated in Figure 2.1.

Figure 2:2 Bonding process between cement particles and soil particles [21]

Hydration reactions transform cement particles into products which bind soil particles and
continue to gain strength as long as there is water to hydrate all cement particles. Four main
phases found in Portland cement are C3S, C2S, C3A, and C4AF. When C3S and C2S interact with
water, they are transformed into calcium silicate hydrate and (C-S-H) and hydrated lime
(Ca(OH)2, also known as portlandite) and is represented schematically using the equation
below[22]
(C3S, C2S) + water →C-S-H + (Ca(OH)2)
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Similarly, in the presence of water and calcium sulphate, C3A, and C4AF (referred to as the
interstitial phases) are transformed into ettringite and monosulphoaluminate according to the
equation below [22]
(C3A, C4AF) + calcium sulphate + water →ettringite + monosulphoaluminate
With the development of hydration, formation of CSH and CAH occurs when crystals begin to
grow and are attracted to adjoining crystals by van der Waals forces forming a crystalline
network.[21]
Horpibulsuk et al.[23] investigated the evolution of strength as a function of cement content in
cement stabilized silty clay and observed three distinct zones. At cement contents less than 10%,
which was called the active zone, increase in cement content resulted in significant increase in
the unconfined compressive strength values due to the rapid development of hydration products.
In the second zone (referred as to the inert zone), the rate of strength development with increase
in cement content was much slower where the hydration products were relatively similar
irrespective of cement content (cement contents between 11 and 30%). Beyond the inert zone, a
deterioration zone was identified corresponding to cement contents greater than 30% where
strength values decrease with increasing cement contents due to insufficient moisture for the
complete hydration of cement particles. Apart from cement content, studies have also
demonstrated the significance of compaction energies [24] as well as soil moisture content [25]
on strength development of cement-stabilized soils.
2.3.2 Cation Exchange
Cation exchange is the primary reaction associated with lime stabilization. As a soil stabilizer,
lime can be used in the form of ground quick lime, (calcium oxide), hydrated lime (calcium
hydroxide) or milk of lime suspension[26]. It is typically preferred over cement for soils with
high plasticity index (i.e. P.I ≥ 30). When hydrated lime is mixed with soil in the presence of
sufficient moisture, calcium ions and hydroxyl ions dissociate into pore solution increasing the
soil solution pH. This favors the exchange of Ca2+ ions from lime with the monovalent cations
(Na+, K+ etc.) present in the diffused double layer of the soil minerals [27]. These divalent
calcium cations possess a smaller hydration radius thereby exerting a greater attractive force
15

towards the soil particle surface compared to monovalent cations which have been replaced
leading to shrinkage of the thickness of the diffuse double layer[28]. This promotes a flocculated
positive/negative charge causing agglomeration of particles as illustrated in Figure 2.2 [29].

Figure 2:3 Illustration of cation exchange and agglomeration associated with lime stabilization
from[29]

This reduces the effective surface area of particles in contact with pore water and accounts for
immediate change in physical properties of lime-soil mixes[29]. Consequently, plasticity index
drops with improved workability and immediate strength enhancement.
Bell [30] investigated the lime stabilization of major occurring minerals in clay soils namely
kaolinite, montmorillonite and quartz and observed that cation exchange capacity of these
minerals controlled the degree of modification of plasticity obtained with lime stabilization. For
instance, montmorillonite with the highest (CEC) demonstrated the highest reduction in plastic
limits relative to kaolinitic clays.

2.3.3 Pozzolanic reaction
Pozzolanic reactions are typically secondary reactions associated with calcium based binders. It
entails the dissolution of silicates and aluminates from the soil matrix under high pH conditions
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which react with calcium and water to form additional calcium silicate hydrates and calcium
aluminate hydrates[30]. The presence of cement hydration product, portlandite is responsible for
high pH conditions in soil-cement mixes and results in long term strength development
associated with cement stabilization through these pozzolanic reactions. Similarly, the
dissolution of OH- ions in lime soil mixtures increases pH to about 12.4 inducing the dissolution
of reactive silica and alumina ions present in the soil mineral[31]. Reactions occur between free
calcium ions and dissolved silica and alumina ions from to soils to form calcium silicates and
aluminates which later transforms into hydrates and form cementitious compounds as shown
below
Ca2+ + OH- + Soluble Clay Silica → Calcium Silicate Hydrate (CSH)
Ca2+ + OH- + Soluble Clay Alumina → Calcium Alumina Hydrate (CAH)
These pozzolanic reactions are dependent on the nature and availability of reactive clay minerals
in the soil and extend over a prolonged duration. Studies have shown that the use of additional
reactive pozzolanic materials as partial replacements or in combination with calcium based
binders can further take advantage of pozzolanic reactions for soil improvement. For instance,
metakaolin is one of the additives that has typically been used in combination with Portland
cements for the stabilization of a wide range of soils[32–34] Metakaolin is an amorphous
aluminosilicate obtained from the calcination of kaolinite mineral at temperature range of 500900C. Addition of MK to soil-cement mixes has been reported to significantly increase UCS and
split tensile strengths[32,33] . Other pozzolanic materials which have been used as
supplementary cementitious materials include fly ash[35,36], granulated blast furnace slag[37],
ceramic waste[38] and agricultural wastes such as rice husk ash[39] and palm oil fuel ash[40] .

2.3.4 Carbonation
Carbonation reactions may also constitute secondary reactions associated with calcium based
binders. For instance, in lime stabilized soils, reaction of lime with carbon dioxide from the
atmosphere to form calcium carbonate leads to improve binding within the soil composites[30].
With cement-stabilised soils, CO2 from the atmosphere reacts with cement hydrates such as
calcium hydroxides (portlandite, Ca(OH)2) and calcium–silicate–hydrate (C–S–H) gel in the
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cement paste matrix to form calcium carbonates (CaCO3)[41]. A study by Haas & Ritter [42]
demonstrated that both pozzolanic reactions and carbonation can lead to long-term increase in
strength in lime stabilized soils.

2.3.5 Alkali Activation
Recent years have witnessed significant strides around the world with respect to the development
of a novel class of binders termed alkali activated binders[43]. This can be attributed to the fact
that they provide an avenue for the full elimination of traditional calcium-based binders owing to
the environmental challenges associated with their use in construction.

Essentially, alkali

activated binders are synthesized by the reaction of aluminosilicate precursors under high pH
conditions to form three dimensional aluminosilicate gels[44]. One of the most significant
features of alkali activated binders is that both natural materials (clays or feldspars) and
industrial by-products (slag, fly ash and paper sludge) can be utilized as precursors [45]. In the
last few decades, a wide variety of alkali activated binders have been synthesized and have been
broadly classified into two main categories: (i) high calcium and (ii) low calcium binders. With
respect to this study, alkali activation as binding mechanism for natural clays soils falls into the
latter category. Hence, mechanism for this class of binders is presented. These systems require
higher alkaline media and curing temperatures of 60-200°C to develop a three dimensional
inorganic alkali polymer, an alkaline aluminosilicate hydrate (N-A-S-H) gel that can be regarded
as a zeolite precursor[46–48].
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Figure 2:4 Schematic illustration of alkali activation process[47]

Previous work by Davidovits[49] proposed the Low Temperature Geopolymeric Setting (LTGS)
as a stabilization mechanism for the production of high mechanical strength and water stable
building units at drying temperatures of 50-250°C. The authors reported that kaolinite mineral in
clay/lateritic soils can be transformed into a three dimensional compound producing water stable
building blocks with satisfactory mechanical properties using the geopolymer technology.
However, results from Maskell et al. [16] demonstrated that the LTGS was ineffective for the
stabilisation of a predominantly silty soil containing kaolinite under varying NaOH conditions.
Whereas Alkali Activated Materials (AAMs) refer to the broadest classification comprising any
binder system derived from the reaction of any aluminosilicate solid and alkali metal source[17],
geopolymers are a subset of AAMs where the binder phase is sourced exclusively from
aluminosilicates with highly coordinated products [18]. Aluminosilicates predominantly used are
metakaolin (or other calcined clay minerals), blast furnace slag, fly ash etc.; with the amorphous
nature of the materials making them susceptible to dissolution by alkaline solution. However,
according to Kriven [19] , most studies in geopolymers actually produce Alkali Activated
Binders and not geopolymers with the major difference between both materials being that
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geopolymers are amorphous inorganic nano precipitates whereas alkali activated binders are
hydrated crystalline precipitates. Hence, although the stabilisation mechanism adopted in this
study was based on the LTGS proposed by Davidovits, the crystalline nature of the source
materials suggests that the binding mechanism may fall into the broader classification of alkali
activation and hence the term alkali activation was adopted in this study instead of
geopolymerisation.
According to Glukhovsky[50], the mechanism of alkali activation process for low calcium
systems is divided into the following phases;


Destruction-Coagulation: the reaction begins when OH- ions from the alkaline hydroxide
break the Si-O-Si bonds by redistributing their electronic density around the silicon
atoms. This reaction produces silanol (-Si-OH) and sialate (-Si-O -) species. Alkaline
cation neutralizes the negative charge on the sialate species forming Si-O—Na+ which
prevents the reversion to siloxane.
+¿

≡ Si−O−Si ≡+OH

−¿−Na

−¿→ ≡ Si−OH + O−Si ≡ Na ≡ Si−O

+¿ ¿

→

¿

¿¿

−¿ ¿

Similarly, the OH −¿¿ groups break up the Si-O-Al bonds to form complex species of Al ( OH )4

ions. In the dissolution stage, 5- and 6-coordinated Al is converted to 4-corindation[51]. Studies
by Weng and Sagoe-Crenstil[52] have proposed that the initial release of Al may be more rapid
than that of Si)


Coagulation-Condensation stage: in this stage the interaction of dissolved species as well
silicates supplied from the alkali activator solutions

leads to the formation of

aluminosilicates oligomers[53]. Silica monomers react to form dimers which also react
with other monomers to build polymers. This process is catalyzed byOH −¿¿ ions. In this
process, aluminates isomorphically replace the silicon tetrahedral.



Condensation-Crystallisation stage: where the presence of particles of the original solid
phase encourages further product precipitation

The main reaction products associated with the alkaline activation of aluminosilicates is an
amorphous alkaline aluminosilicate hydrate ( M n

−¿

( SiO2 )− ( Al O2 )n. w H 2 O ¿

known as N-A-S-H gel[54]
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where M is an alkali metal and n is the degree of polymerisation. Secondary reaction products
are typically zeolites such as hydroxysodalite, zeolite-P, zeolite-Y, Na-chabazite and faujasite
[46,47]. In these systems, curing temperature and type/concentration of alkali activators control
reaction kinetics[55].
The conventional method proposed by Davidovits for alkali activation of aluminosilicates
involved the reaction of fully dehydroxylated kaolinite clays (metakaolin) under strongly
alkaline conditions[49,56]. Dehydroxylation of kaolinite clay at 800°C was recommended for
production of metakaolin. However, one of the main advantages of these alternative binders is
energy savings associated with production and thus thermal activation to such temperatures
negates eco-friendliness of product. This suggests that the use of un-dehydroxylated clays in
alkali activation reactions (without compromising the properties of the products) would be
beneficial in the production of low embodied energy products). Prior work by Glukhovsky[57]
and Berg[58] have demonstrated the feasibility of alkali activation of un-dehydroxylated
kaolinitic clays with NaOH at 140-170°C resulting in the transformation of about 30-50%
kaolinite to hydroxysodalite which strongly bound other mineral particles in the formation of
high strength building materials. Thermal dehydroxylation results in loss of structural water;
destruction of crystal structure and conversion of octahedral aluminium to a mixture of 4,5 and 6
fold coordination. Mechano-chemical treatment with sufficient energy has also been reported to
disrupt crystal structure of kaolinitic clays rendering them more reactive to the alkali activation
process[59]. But, the pretreatment process still requires a considerable amount of energy input
which may not present a significant advantage over thermal activation[60]. With 2:1 layer lattice
aluminosilicates, high energy milling has also been reported to partially destroy crystal structure
and convert 6-cordinated alumina to 4 and 5-cordinated[61]. In comparison with 1:1
aluminosilicate clays, it is much more difficult to increase the reactivity of 2:1 clays due to the
protection of the aluminium in the octahedral layer by the repeating silica sheets[60]. Hence, for
alkali activation mechanism to be a low-environmental impact method for soil stabilization, there
is a need to explore alternative synthesis routes.
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2.4

Evaluation of Binding Mechanisms

Given the variable nature of precursors and synthesis conditions, various analytical techniques
have been used to evaluate the nature of alkali activated binders[62]. Amongst these techniques,
morphological characterizing using scanning electron microscopy (SEM), functional group
identification using Fourier transform infrared (FTIR) and phase identification using X-ray
diffraction were the key tools used to evaluate extent of alkali activation in this study. A brief
description of these techniques is presented in this section.

2.4.1 Morphological Characterisation
The most widely used tool for morphological characterization of alkali activated binders is
scanning electron microscopy (SEM). Morphological characterization is performed to analyse
the microstructure in order to elucidate the mechanism of strength gain and ascertain the
structure of the final product. The SEM is a type of electron microscope which images sample
surfaces by scanning via a high energy beam of electrons in raster scan pattern. The electrons
interact with the atoms within the sample producing signals that contain information about the
sample’s surface topography and composition. The types of signals produced by an SEM include
secondary electrons, back-scattered electrons, characteristic X-rays etc. In the most standard
detection mode, SEM can produce very high resolution images of a sample surface revealing
details within 1-5 nm size. Morphological characterization allows for the detection of new phases
and units and confirms the degree of alkali activation as indicated by the presence of residual
particles from precursor material. Generally, low porosity and high density fine grained structure
correspond to high strength alkali activated materials[63].

2.4.2 Functional Group Identification
Fourier Transform infrared (FTIR) is one of the key spectroscopic techniques used in the
analysis of alkali activated binders[62]. Using observed molecular bond vibrations at various
infrared frequencies, chemical bonds within a material can be identified through infrared
absorption spectrum. In addition, FTIR spectroscopy can also be used to provide information on
the transition of vibrations arising from small structural changes[64]. With alkali activated clays,
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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[65,66]. Following alkali activation of
aluminosilicates, Si-O-Si and Al-O-Si asymmetric stretching (950-1200cm-1) shifts to lower
wave numbers[67,68].

2.4.3 Phase Identification
In the study of clay minerals, XRD analysis is one of the most powerful methods used to provide
information about basic crystal dimensions, chemical composition, crystallite size and stacking
sequences. With alkali activation, XRD is very useful for the detection of structural changes in
order to detect any significant modification in its mineralogical structure. With complete alkali
activation, main reaction product is an amorphous gel which appears as a diffuse halo peak on
XRD spectra at about 27-30º 2θ [69,70]. Secondary products such as zeolites are crystalline and
typically appear as new peaks in the XRD spectra[71,72].

2.4.4 Water Immersion
In this study, a simple water immersion technique was selected to evaluate level of binding
obtained due to alkali activation of natural aluminosilicates within the soil. Although this is not a
standard method, it was selected as a quick initial assessment of binder development on the basis
that unstabilised moulded earth completely disintegrates when totally immersed in water. This
implies for a sample to remain stable in water, it must possess sufficient binding to withstand
hydrostatic pressures developed under full immersion. According to Davidovits[49,70], bricks
produced from the geopolymerisation of kaolinitic clays produced a 3D structure that was water
stable with NaO content from as low as 3%. Hence, the water sensitivity test was conducted to
serve as an indicator of the viability of this mechanism for the stabilisation of clay minerals
particularly at low alkali concentrations.

2.5

Fibre Reinforced Earth-based Building Materials

Earthen matrices generally possess low flexural strength and energy absorption capacities. To
remedy this drawback, fibres have been used to improve mechanical properties in earth-based
matrices leading to the development of robust composite materials. By definition, fibre
reinforced earth-based composite comprises of a soil matrix containing randomly distributed
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fibres which provide an improvement in the mechanical behavior of the soil composite[73].
Historically, natural fibres have been used to reinforce soil. However, short synthetic fibre soil
composites have received increasing attention in recent times owing to the global drive towards
sustainability in the built environment.

2.5.1 Natural fibres
Presently, there has been a great deal of interest on natural fibres for soils reinforcement and
various fibre types have been applied as reinforcements in earthen matrices. These fibres have
shown huge potential as reinforcements in cementitious materials[74]. Several investigations
have been conducted on the addition of lingo-cellulosic fibres in earth matrices with promising
results. Typical natural fibres used as reinforcement in earthen construction and their features are
presented in Table 2.1.
Table 2:1 Typical natural fibres used as reinforcements in earth-based composites and
characteristic features
Fibre type

Diameter

Density

Tensile

Source

Straw
Coconut coir
Sisal
Jute
Bagasse
Oil palm fruit
Grewia Optivia
Pinux Roxburghii
Hibiscus Cannibus
Banana
Phormium Tenax
Date Palm
Cassava peel
Pig hair
Wool

(mm)
1-4
0.18-1.01
0.02-0.4
08-1
0.31-1.19
0.19-0.82
0.03
0.48
0.13
0.04-0.142
---0.16
--

(g/cm3)
2.05
0.81
1.2-1.45
1.46
0.57
0.77
--1.04
1.35
------

Strength (MPa)
-228
560
216-225
62
141
15.35
11.15
-115-274
---99.2
--

[5,75–81]
[82–85]
[82,86–88]
[89,90]
[83]
[83]
[91]
[91]
[92]
[89,93]
[94]
[95]
[96]
[97]
[12,98]

2.5.2 Synthetic Fibres
The concept of reinforcing earth-based composite with synthetic fibres has recently attracted
increasing attention[73]. However, relative to natural fibres, it is still a new technique in earth24

based construction. Table 2 presents synthetic fibres that have been typically used as
reinforcement of earth-based composites.
Table 2:2 Typical synthetic fibres used as reinforcements in earth-based composites
Fibre type

Diameter

Polypropylene
Polyester
Polyethylene
Glass[89]

(mm)
0.15-0.031
0.03-0.04
0.4-0.8
0.05

2.6

Density (g/cm3)
0.91-1.16
1.35
0.92
2.7

Tensile Strength Source
(MPa)
310-350
400-600
100-620
330-414

[89,99–102]
[103]
[104]
[89]

Rheological Characterisation of Fresh Fibre Reinforced Earth Paste for Extrusion
Moulding

In materials science and engineering, the performance associated with materials is intimately
related to its composition and structure; and the structure is largely dependent on synthesis and
processing[105]. Processing plays a significant role on fibre dispersion and orientation with
attendant effect on composite performance. Compression moulding has largely been the most
common processing technique for the production of unfired earth building materials. To improve
the performance of earthen composites without losing their advantages and also to enhance
manufacturing efficiency, there is a need to investigate alternative and particularly continuous
manufacturing processes. The advantages of extrusion technique make it a strong candidate
which satisfies these criteria. It has been traditionally used in the forming of green bodies prior to
firing in the production of fired bricks, roof tiles etc. Studies by Maskell et al.[25,34,106] have
shown that it can be satisfactorily used with in the production of stabilized earth-based building
product without the firing component. Furthermore, extrusion has shown great potential in the
production of fibre reinforced cementitious composites with superior mechanical performance
and durability[107–109]. These studies have shown extruded products with low porosity and
good interfacial bond are developed under high shear and compressive stress.
Rheological tests of the fresh earthen mixtures are important to identify the adequate
composition and to select criteria for optimum use in extrusion process However, extrusion of
fibre reinforced earth pastes has not been extensively studied. Particularly, studies on the
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constitutive behaviour of fresh fibre reinforced earthen pastes has not been extensively
researched.
A successful extrusion process is highly dependent on the rheology of the paste which is a
function of the paste bulk flow properties as well as the interfacial flow behavior between the
bulk materials and the equipment wall[109–112]. The ram extrusion has been used extensively in
the characterization of the rheology of paste like materials.[113] The set –up is presented in
Figure 2.4.

Figure 2:5 Ram Extrusion Set up [114]

The classical Benbow-bridgwater model is an empirical model which describes the ram extrusion
process based on the equation[110].
P=P ent + Pland =2 ln

Do
4L
σ 0+ αVV )+
(
( τ + βVV )
D
D 0

( )

where P is the extrusion pressure, α _is a velocity-dependent factor at the die entry, β _is the
velocity-dependent factor at the die land, σ 0 is the paste bulk yield value, τ 0 is the characteristic
initial wall shear stress of the paste, D0 and D are the diameters of the barrel and of the die,
respectively, L is the die-land length and V is the extrudate velocity.
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2.7

Physical Properties of Fibre Reinforced Earth-Based Composites

Physical properties refer to properties that are dependent on the physics of the material including
density, water absorption, porosity, shrinkage, thermal expansion etc. Most studies on earthbased composites focus on density and water absorption as these tests are relatively simple to
conduct in the field and may be used to imply mechanical properties without actual tests. A brief
description on density and water absorption is presented.

2.7.1 Density
Density is typically used as an indication of the degree of compactness of earth blocks. It is
largely dependent of soil/fibre properties, moisture content during moulding and moulding
energy[115]. Various studies have related the densities of earthen building materials to
compressive strength showing that compressive strength consistently increases with
density[116]. The density of stabilized earth blocks has been reported to fall within the range of
1500-2000kg/m3 [115].

2.7.2 Water Absorption
Low resistance to detrimental effects of moisture is one of the major drawbacks of earthen
construction as it affects overall performance of the building products particularly with respect to
durability. The water absorption value gives an indication of the presence and significance of
voids[96,117] and by inference, the durability of the building material. Water absorption
capacity is inversely related to density; with increased density, porosity is reduced and water
absorption capacity reduces.

2.8

Mechanical Properties of Fibre Reinforced Composites

2.8.1 Compressive Strength test
Significant attention has been paid to laboratory evaluation of compressive strength as it
represents the most important parameter for the description of load bearing parameters for earth
blocks. According to Morel et al.[118] typical compressed earth blocks have compressive
strengths in the range of 2-3 MPa. There is presently no consensus on the appropriate procedure
for the evaluation of the unconfined compressive strength of unfired earth[119]. Testing
procedures are often based on those used for concrete or fired bricks. According to Walker [120],
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moisture content at testing plays a significant influence on mechanical strength and it’s important
to standardize moisture contents before testing. Soil inherently possesses sufficient stiffness to
resist axial loads in the dry state. Hence, true test of any binding or reinforcing mechanism can
only be evaluated in the fully saturated state. As a result, mechanical properties of the test pieces
are evaluated under two pre-conditions: oven dry condition and fully saturated condition (total
immersion in water for 24hrs). Although authors have argued that testing in the saturated
condition is considered inappropriate for unfired earth [121] , achieving water stable units
indicates the application of unfired earth may be subsequently be expanded to uncontrolled
moisture exposure conditions. In this regard, researchers have evaluated compressive strength in
the fully saturated condition and have recommended a minimum compressive strength of 1
MPa[25].
With fibre reinforced composites, inclusion of fibres initially increases the bond between
particles as they possess greater tensile strength relative to the surrounding soil matrix and
therefore impart improved cohesion and strength to the composite[122,123]. This effect peaks at
a particular fibre dosage as increasing fibre content begins to break up the soil resulting in a
weakening of the soil-fibre composite[75,92]. On the other hand, other studies [80,96,124]
showed a positive increase in compressive strength with increasing fibre content. This may
suggest that peak fibre content had not been exploited in these studies. Generally, improvement
in compressive strengths with fibre reinforcements have been minimal indicating that the main
contributor to compressive strength in fibre reinforced soils is the soil matrix[14].

2.8.2 Flexural strength test
Determination of flexural characteristics is not a common test on unfired earth as earthen units
are typically employed compression. However, according to Walker[120], the assessment of this
property gives a quick field assessment of the compressive properties of unfired earth-based on
an empirical relationship between flexure and compressive strength. For cement-stabilised earth
blocks, it is reported that the modulus of rupture shall equal at least one-sixth of the
corresponding compressive strength[120].

Typical compressed earth blocks have flexural

strengths in the range of 0.5-2 MPa[12]. With respect to fibre reinforcements, effect of fibre
dosage on flexural strength follows the same trend with compressive strength where flexural
strength increases with fibre dosage up to a maximum value. Whereas, improvement in flexural
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strength is minimal with fibre reinforcement, failure is more gradual and ductility of materials is
greatly enhanced[75,122]. This is attributed to fibres bridging across cracks and shielding the
crack tip. Fibres introduce toughness and increased energy absorption of the earthen matrices.
These have implications when composites are applied in bending. In addition, fibres act by
bridging growing cracks in the post-crack region. Resistance to crack propagation, which is
typically the purpose underlying fracture toughness characteristics, has not always been the
subject of scientific interest.

2.8.3 Fracture Resistance
Traditionally, the use of earth-based composites (in the form of rammed earth, adobe bricks,
stabilised earth blocks etc.) has typically been applied in load bearing/non load bearing masonry
structures where requirement has largely been controlled by the compressive strength of these
building materials. Consequently, great attention has been paid to the evaluation of compressive
strength of earth-based composites, whereas very limited research has focused on fracture
properties of earthen construction materials. However, insight on the fracture behaviour of
earthen composites may expand the applications of earth-based construction to structural
components where fracture/crack resistance and not necessarily strength is the critical structural
parameter such as panels, roof tiles etc. Furthermore, if buildings are likely to encounter lateral
loads due to wind or earthquake loading, there is the need for fracture mechanics analyses to
better understand conditions that give rise to crack initiation and propagation in earth-based
composites.
Fracture of brittle materials was first elucidated by studies by Griffith (1921) where an energy
balance concept was used to describe conditions for crack growth such that for a crack to grow in
a brittle material, there must be a balance between the increase in surface energy due to crack
extension and a corresponding decrease in the potential energy of the system. This led to the
development of Linear Elastic Fracture Mechanics (LEFM) which assumes limited plasticity
effects ahead of the crack tip as the crack advances. This concept describes the stress intensity
factor which is the driving force for crack resistance. Hence, crack will only grow when this
value is equal to a critical value referred to as the fracture toughness of the material. Based on
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dimensional constraints and direction of loading, this may be described as a material property.
K1C describes the critical stress intensity for the crack to grow under mode 1 loading (tearing
mode). This test requires certain conditions for the specimen dimensions and quantifies the
maximum load to grow the crack.
However, it has been argued that critical stress intensity factor defines toughness of nominally
brittle materials and maybe insufficient for the characterization of quasi-brittle materials such as
rock and concrete. The presence of discontinuities and pre-existing micro cracks causes highly
localized areas of relative weakness[125]. This may lead to microcracking ahead of the crack tip
which introduces inelastic behaviour in this region. This suggests that LEFM may not apply if
significant degree of inelasticity occurs ahead of the crack tip. Furthermore, in fibre reinforced
composites, fibre bridging occurs behind the crack tip forming a fibre bridging zone. This makes
the application of LEFM more questionable to fibre reinforced composites. Prior work by
Lenci[126] assumed that unfired earth maybe sufficiently brittle and experimentally determined
fracture properties under monotonic and cyclic loading using LEFM. Studies by Mustapha et al.
[81] demonstrated significant improvement in fracture toughness of earth-based materials as a
result of fibre reinforcement using LEFM. Wang et al.[127] determined limit of crack depth to
specimen width of 0.3-0.6 for fracture toughness testing of soils using LEFM. Prior work by
Lenci[126] evaluated fracture properties of unfired dry earth subjected to monotonic and cyclic
loads under 3pts bending. Orazio[128] investigated the fracture toughness of clay fired bricks
and related KIC to porosity parameters. Main toughening mechanisms include crack deflection
(in the case of heterogenous microstructural features; varying grain sizes, porosities and fibres),
fibre debonding and pull out, crack bridging by fibres and microcrack toughening.
2.8.4 Resistance curve behavior
Resistance curves can quantify fracture resistance of a wide range of material behaviour ranging
from linear elastic materials, plastic elastic materials to time-dependent (creep) material
behaviour[129]. However, very limited research has focused on R-curve behaviour for fracture
resistance of earth-based composites. Resistance curve behaviour requires toughening
mechanisms which increase with crack extension. Fibre reinforcements have the potential to
toughen the composites by crack bridging or fibre pullout mechanisms which give rise to crack
tip shielding and wake processes and are responsible for the improved fracture toughness[130].
It has also been argued that a single parameter is not sufficient to adequately characterize the
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fracture properties of cementitious materials and that these materials exhibit an R-Curve
behaviour i.e increasing stress intensity factor with crack growth which is a material property.

2.8.5

Grid Nanoindentation for Micro-mechanical Characterisation of Earth-based
composites
Nanoindentation is a widely used technique to evaluate the elastic modulus and hardness of bulk
homogenous materials. Earth-based materials, like many other natural composites, exhibit
heterogenous features over a wide range of length scales. Advancement in instrumented
indentation allows for the measurement of mechanical properties of these heterogeneities at the
appropriate length scales through grid nanoindentation[131]. A combination of grid nanoindentation and statistical convolution techniques allows for both quantitative and qualitative
data on the mechanical properties in the material[131,132]. This technique has been successfully
used to characterize calcium silicate hydrates in cementitious materials[133,134], hydroxyapatite
in bone[133], clay agglomerates in geomaterials[133,135] and alkali activated materials[136–
139].
Considering heterogeneous materials to be composed of multiple phases of different mechanical
properties and characterized by a length scale D. If the indentation depth is much larger than the
characteristic size of individual phases i.e. h ≫ D, then the properties extracted from the
indentation experiment are representative of the average properties of the composite material. On
the other hand, if maximum indentation depth h≪ D, then a single indentation experiment gives
information on either of the phases present in the composite. This suggests that if a large number
of tests are carried out on a grid of appropriate spacing, the probability of encountering different
phases during indentation is dependent of the area occupied by each phase[131].
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Figure 2:6 Schematic representation of grid indentation technique for homogeneous materials
[131]

Following grid indentation, individual phase properties can be determined by statistical
deconvolutions applied to histograms of mechanical properties. Experimental probability density
function (PDF) can be computed as

exp

pi =

f iexp 1
.
N exp b

(i)

where piexp = experimental PDF, fiexp = frequency of values, Nexp = effective indentation
experiments and b = bin size. Deconvolution of M phases involves finding j = 1,2,3…M
individual PDFs related to a single material phase. Assuming a normal distribution, PDF for a
single phase can be written as
2

p j ( x )=

−( x−μ j)
1
exp
2 s2j
√ 2 π s2j

(ii)
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where pj is the theoretical PDF of the jth phase with μj and sj as the mean and standard deviations
of the jth phase respectively. The overall PDF covering all M phases is then represented by
M

C ( x )=∑ f j p j ( x)

(iii)

j=1

where fj is the volume fraction of a single phase.

2.9

Micromechanical Modelling of Earth-based Composites

A combination of micro-mechanical models have been used to study phenomena that are
relevant to the strengthening and toughening of composites with fiber and interfacial
geometries[140]. These include applications of continuum theory, shear lag models, molecular
dynamics and atomistic simulations of the structure and chemistry of interfaces and layers within
nano-composite structures. However, there are relatively few studies that involve the application
of micromechanical continuum theories and atomistic models to the prediction of the mechanical
properties of composite structures that are relevant to sustainable housing. A brief description is
presented on some of these models.

2.9.1 Rule of Mixture theory
The simple rule of mixture theory can be used to estimate mechanical and physical properties of
composites along different directions[130]. For continuous and aligned fibre reinforced
composites (Fig 2.6a), the rule of mixture equations predicts the upper bound of the elastic
modulus (corresponding to the longitudinal direction) according to the following expression
Ec =E m V m+ Ef V f ;
and a lower bound (corresponding to the transverse direction) according to
Ec =

Em Ef
;
V m Ef +V f Em

where Ec, Em and Ef are the respective Young’s moduli of the composite, matrix and fibre; Vm
and Vf are respective volume fractions of matrix and fibre;
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Figure 2:7 Schematic representation of (a) continuous and aligned (b) discontinuous and aligned
and (c) discontinuous and randomly oriented fibre reinforced composites[105]

With discontinuous fibres, a fibre length efficiency factor¿ ¿) is applied whilst a fibre orientation
efficiency¿ ¿) is applied for randomly oriented fibres.

2.9.2 Shear Lag
The shear lag model predicts mechanical properties of composites reinforced with discontinuous
fibres. The model is based on the assumption that the applied on the composite is transferred
from the matrix to the fibres via shear[130]. Based on repeatable unit cells the following
expressions have been derived for the estimation of the composite Young’s moduli and strength:
Ec
Ef
tanh ( x )
=V m +V f
1−
Em
Em
x

( )[

]

E
l
−1/ 2
where x= ( 1+υ m ) f ln ( V f )
d
Em

[

σc
l
=0.5 V f 2+ + ( 1−V f )
σm
d

( )

;

−1/ 2

]

and Ec, Em and Ef are the respective Young’s moduli of the composite, matrix and fibre; Vm and
Vf are the respective volume fractions of matrix and fibre; and σc, σm and σf are the respective
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flexural strengths of the composite, matrix and fibre;

l
is the fibre aspect ratio and υ m is
d

Poisson’s ratio of the matrix.

2.9.3 Crack Bridging Models
Toughening contribution due to crack bridging by the different fibres has been modeled using
crack bridging models to predict the resistance curve behaviour for the different composites.
Bridging models based on an idealized elastic-plastic spring model was proposed by Budiansky
et al.[141] has been used by various studies [81,142–144] to study toughening due to small scale
bridging (SSB).

Figure 2:8 Schematic illustrations of crack bridging models (a) Spring model and (b) weighted
distribution of traction [143]

For SSB conditions, the bridge length corresponds to values below 0.5mm and the ductile phase
toughening contribution to fracture toughness may be expressed as
∆ K SSB =

√

L
σ
2
αV V f ∫ y dx
π
0 √x

where ∆ K SSB is toughening due to SSB, αV is the constraint/triaxiality factor, V f is the volume
fraction of the fibres, L is the length of bridging ligament, σ y is the uniaxial yield stress and x
corresponds to the distance from the crack tip.
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For large scale bridging (LSB) conditions i.e. bridge lengths exceeding 0.5mm, the toughening
due to ligament bridging[145] has been used and is given by
L

∆ K LSB =V f ∫ αV σ y h ( a , x ) dx
0

where ∆ K LSB is toughening due to LSB, and h(a,x) is the weighting function given by Fett and
Munz[146] as

h ( a , x )=

√

2
πa

1

√

1−

x
a

(

a
(
W)
x
1+ ∑
1− )
(
a
a
1−
( W)
Av ,u

(v, u)

v+1

)

where the coefficients Av,u for and SENB specimen can be found in Fett and Munz[146].
Prior work by Mustapha et al.[81] used resistance curve experiments to evaluate the toughening
contribution of straw fibre in cement stabilised earthen blocks at different fibre volume contents.
Their studies showed these can crack bridging models compared satisfactory with experimental
values.
2.10 Summary
This chapter reviews the concept of earth as a building material, noting its unique properties as
well as drawbacks. The various binding mechanisms that have been used to improve mechanical
properties as well as resilience to moisture have been discussed with emphasis on novel binding
systems such as alkali activation. Various fibre reinforcements (natural and synthetic) which
have been used in earth-based composites have also been discussed alongside modification in
mechanical properties such as compressive strength, flexural strength and fracture resistance.
The chapter also introduces extrusion moulding as a viable processing option for this class of
materials.
It is important to note that fibre-matrix interfacial characteristics control the overall composite
behavior. However, these areas have not been investigated fully. Hence, further studies are
needed to elucidate these characteristics for the different binder-reinforcement conditions in
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order to tailor the design of these class of materials. Studies on fibre-cement composites have
demonstrated deleterious effects of alkaline matrix (Ca(OH)2 present in the pores) on the
durability of natural fibres [147]. This raises questions as to durability of natural fibres used as
reinforcements in alkali activated earth-based composites. Consequently, there is a need for
studies which give insights on deterioration mechanisms associated with this class of materials
as it controls overall durability performance of these composites. Long term interactions between
fibre and alkaline matrix need to be evaluated via accelerated ageing tests to determine the
practicability of this reinforcing solution.
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3.0 Chapter Three: Synthesis of Alkali Activated Binders using in situ Aluminosilicates
in Extruded Earth-Based Building Materials
This chapter focuses on the synthesis-property relationship of extruded earth-based building
products which harnesses the alkali activation of in situ aluminosilicates within soils as
binding mechanism.
3.1

Introduction

Owing to the global thrust towards environmental sustainability, studies on earthen
construction have witnessed a resurgence in recent decades as a result of its eco-friendly
indices relative to contemporary construction materials [1]. For instance, it has been reported
that unfired clay bricks require only 14% of the embodied energy required for the production
of fired bricks and 25% of the energy required for the production of lightweight concrete [2].
In addition, earthen construction possesses excellent thermal and moisture buffering
properties [3] which reduce the heating and cooling loads required in buildings [4]. Despite
these advantages, the major drawback of building with earth has been its sensitivity to water
resulting in a lower durability. This has been attributed to strong attraction of water to soil
mineral surfaces particularly clay minerals [5]. Traditional methods of stabilisation have
focused on the use of additives such as lime and cement or kiln firing. More recent efforts
have focused on alternative additives to encourage a more widespread use of earthen
construction; biopolymers [6–8]; and other pozzolans such as Coal ash [9]; Metakaolin [10];
Lime activated GGBS [11]; Agricultural by-products -Rice husk ash/bagasse ash [12].
Studies have demonstrated that with adequate stabilisation, extruded earth building units may
be produced using similar procedure for the production of fired earth bricks/tiles without the
energy intensive kiln firing process [13, 14]
Previous work by Davidovits [15] proposed the Low Temperature Geopolymeric Setting
(LTGS) as a stabilization mechanism for the production of high mechanical strength and
water stable building units at drying temperatures of 50-250°C. The authors reported that
kaolinite mineral in clay/lateritic soils can be transformed into a three dimensional compound
producing water stable building blocks with satisfactory mechanical properties using the
geopolymer technology. However, results from Maskell et al. [16] demonstrated that the
LTGS was ineffective for the stabilisation of a predominantly silty soil containing kaolinite
under varying NaOH conditions. Whereas Alkali Activated Materials (AAMs) refer to the
broadest classification comprising any binder system derived from the reaction of any
aluminosilicate solid and alkali metal source[17], geopolymers are a subset of AAMs where
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the binder phase is sourced exclusively from aluminosilicates with highly coordinated
products [18]. Presently, extensive studies have demonstrated the improved properties of
AAC’s and AAC based concretes relative to Portland cement concrete. However, very little
work has been conducted to harness this technology for the improvement of earthen masonry
given that the major composition of earth are aluminosilicates.
Authors have argued that given the variable mineralogical composition of soils, it is not
possible to know if alkali activation would provide a sufficient mechanism for the
stabilisation of soils [16]. However, Xu and van Deventer [19] demonstrated that a wide
number of clay minerals can be used as source materials for alkali activation. They
emphasized the need to optimise the concentration of alkaline solution for each mineral type
as each aluminosilicate demonstrated varying dissolution rates. In alkali activation, the key is
to identifying the most significant variables that are required for the reaction to occur and
according to Duxson et al. [20], these include the source materials and processing conditions.
Nonetheless, giving the availability of earth in various parts of the world and its potential to
provide sustainable construction materials, the presence of aluminosilicates in earth triggers
interest as to whether alkali activation can be harnessed for the production of building units.
Slaty et al. [21] demonstrated alkali activation of kaolinitic clays using NaOH with mass
ratios of 8-20% to produce composites with satisfactory mechanical properties both in the dry
and saturated condition. The use of high concentration alkali hydroxide solutions may lead to
safety and occupational health and safety concerns particularly in factories. Also, the addition
of high alkaline concentrations may negate the benefits of unfired earth as a sustainable
construction material.
The objective of this study was to explore the role of alkali activation as a viable stabilisation
mechanism for production of unfired earthen building units. Studies have shown that high
molarity concentration of alkaline solution favour the dissolution of clay minerals and
consequently yield materials with improved mechanical properties [22]. However, with a
goal to attain minimal environmental and cost impact, effect of curing temperature on alkali
activated samples produced with low alkali concentration was evaluated in this study. The
experimental methodology involved characterising the soil to identify the mineralogical
composition, producing specimens using the extrusion technique, evaluating the mechanical
and physical properties, further characterization using X-ray Diffraction and Scanning
Electron Microscopy and Electron Dispersive X-ray Spectroscopy;

to determine the

feasibility of this mechanism for the development of robust and eco-friendly construction
materials. Commercialisation of alkali activation technology is advancing in various parts of
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the world and the adoption of this technology may be useful in replacing the energy intensive
kiln firing process adopted in the production of building bricks and roof tiles. Typical clay
soil used for the production of fired roof tiles in Sao Paulo, Brazil was used.

3.2

Materials and Method

The soil used for this study was supplied by Top Telha Ceramic Tile Company, Leme and
sourced from Brazilian quarries in the State of Sao Paulo, Brazil. The soils are typical source
materials used for the production of fired roof tiles. Characterization was carried out by
Scanning Electron Microscopy with chemical analysis by Energy Dispersive X-ray
Spectroscopy (EDX). Fig 3.1 shows the Back Scatter Electron image of the as-received
samples showing wide variation of particle sizes. Particles are predominantly irregular shaped
and with smaller sized particles agglomerating over larger particles. Particles range in
diameter from as high as 0.4mm to a few micrometers.

Figure 3:9 SEM-BSE Image of Soil
As-received soil was used without any form of mechanical pre-treatment even though it was
assumed that the larger sized particles would not contribute to the reaction due to their low
specific surface. They were retained to provide dimensional stability to the samples.
Sodium Hydroxide used was of caustic soda pellets with 97% purity whilst sodium silicate
used was in the powder form and were both supplied by Dinamica Quimica Contemporanea
Ltd, Brazil. The chemical composition of sodium silicate powder comprised 18% Na2 O and
63% SiO2. In the preparation sequence, sodium hydroxide pellets and sodium silicate powder
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were dissolved into the required amount of water and the solution allowed to cool for 24
hours given the exothermic nature of the dissolution. The experimental methodology adopted
in this study was largely based on studies conducted by Maskell et al. [23] [13] [14] on
stabilisation of unfired extruded earth bricks. This method of production closely represents
the industrial production of extruded fired bricks (without the kiln firing process) to allow for
easy adoption of innovative processes in already existing factories. In their studies, they have
shown that the optimum moisture for extrusion moulding is typically within the range of the
plastic limit of the soil as extrusion at moisture contents lower than the plastic limit result in
notable surface cracking [13]. Hence, a moisture content corresponding to the plastic limit of
the soil was adopted. The mixture was homogenised in a high energy intensive Eirich mixer
(capacity 10l) for 5mins at high speed. The mixture was transferred to a Gelenski MVIG-05
laboratory extruder operating at a linear speed of approximately 4mm/s. Cylindrical samples
were extruded with diameter 40mm for axial compression tests whilst plates of
200mm×50mm×15mm were produced for flexural tests. (Figure 3.2)

Figure 3:10 Extrusion Process

3.2.1 Optimisation of Processing Conditions
According to Davidovits [15, 22], the quantity of alkaline activator added to the argillaceous
material determines the level of crosslinking resulting in the formation of water stable units.
Although a wide range of materials can serve as precursors, phase composition determines its
reactivity and thus the degree of dissolution[24]. This has necessitated the de-hydroxylation
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of clay minerals to break down the crystalline structure. As the starting clay, was not
thermally activated, a strong alkaline solution would be required for the reactions to proceed.
Alternatively, the source materials would have required mechanical attrition to obtain finer
sized particles. However, the objective of the study was to develop a sustainable building
material with minimal cost and environmental impact. Hence, as-received soil was used for
the study without any form of pre-treatment. Previous studies showed that the minimum
sodium hydroxide content required to achieve water stable units was 3% NaOH content by
dry weight of soil[ 22]. As a result, this minimum stabilisation content was adopted to ensure
that the building units had minimal environmental impact. With the adopted moisture content
corresponding to the plastic limit of the soil (25%), this would yield a 3M NaOH solution
which corresponds to the lower bound molarity typically used in alkali activation. In addition,
sodium silicate was included in the activator solution as it is commonly used to hasten the
reaction by providing readily available Si in the reaction. Studies have shown that a sodium
hydroxide to sodium silicate ratio of 0.22-025 yields optimum results [25] . As a result, a
mass ratio of sodium hydroxide to sodium silicate of 0.25 was adopted in this study.
The curing regime was varied to ascertain if the alkali activation process would be
accelerated through an initial elevated curing temperature as well as additional curing at room
temperature. A set of specimens were cured at room temperature (24°C±2) and RH of 60%
for varying duration of 7 and 15 days. Another set of specimens were cured initially at
elevated temperatures (60 and 105°C) for 5hrs and left in the laboratory at room temperature
of 24C±2 and RH of 60% and tested after 7 and 15 days. Studies have shown that optimum
curing temperature is a function of NaOH concentration with lower optimum curing
temperature corresponding to low NaOH concentration [26].
Table 3:3 Material Composition
Material
Clay
Water/Solid ratio
Sodium Hydroxide
Sodium Silicate

%
100
25
3.0
0.75

3.2.2 Stability in water
Due to the moisture sensitivity of earth as a result of the presence of clay minerals, studies
have shown that a good indication of stabilisation of earth for construction is an assessment
of its stability in water[27, 28]. According to Davidovits [22], bricks produced from the
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geopolymerisation of kaolinitic clays produced a 3-D structure that was water stable with
Na2O content from as low as 3%. Hence, the water sensitivity test was conducted to serve as
an indicator of the viability of this mechanism for the stabilisation of clay minerals
particularly at low alkali concentrations. The water stability was assessed by full immersion
of samples in de-ionised water at room temperature (24±3) for 24hrs. The mass of the
absorbed water was measured and expressed as a percentage of the weight of the dry mass of
the sample. The samples were tested at 3, 7 and 15 days to determine the water stability.
Treated and untreated samples subjected to the various curing conditions were also,
immersed in water for 24hrs and evaluated by physical assessment.

3.2.3 Mechanical and Physical Characterization
A minimum of 5 specimens each were subjected to physical and mechanical tests. Physical
characterization comprised evaluation of water absorption, bulk density and apparent void
volume according to BS EN 772-4:1998. Mechanical characterization was carried out under
axial compression and four points bending using a Universal Testing Machine (Emic DL30000 model) equipped with a 1kN load cell. The tests were performed until the decrease in
load carrying capacity dropped to 5% of the maximum load.
There is presently no consensus on the appropriate procedure for the evaluation of the
unconfined compressive strength of unfired earth[29]. Testing procedures are often based on
those used for concrete or fired bricks. Unconfined compressive strength was evaluated using
procedure adopted in [23] which is a modification of BS EN 772-1:2000. According to [28],
moisture content at testing plays a significant influence on mechanical strength and it’s
important to standardize moisture contents before testing. As a result, mechanical properties
of the test pieces were evaluated under two pre-conditions: oven dry condition (60°C for
24hrs) and fully saturated condition (total immersion in water for 24hrs). Although authors
have argued that testing in the saturated condition is considered inappropriate for unfired
earth [30], we attempted to evaluate under this condition to ascertain the degree of
stabilisation obtained through alkali activation. Achieving water stable units would also
indicate the application of unfired earth may subsequently be expanded to uncontrolled
moisture exposure conditions. Cylindrical samples were tested in axial compression at an
aspect ratio of 2 to minimise effect of platen restraints. The specimens were sufficiently flat
and tested in uncapped manner as studies have shown that there is no significant variation
associated with capping small scale specimens [23]

51

3.2.4 Scanning Electron Microscope (SEM) Analysis
Scanning Electron Microscopy was performed to analyse the microstructure in order to
elucidate the mechanism of strength gain and ascertain the structure of the final product.
Scanning electron microscopy (SEM) was used with a Back-Scatter Electron (BSE) image
detector, operated at 15 kV accelerating voltage, for visualization of the microstructure on the
surface. The images were captured with a Hitachi Tabletop Microscope TM3000;
magnifications used ranged between x500 and x3000. The preparation of specimens for the
BSE detector was accomplished with impregnation using epoxy resin. BSE samples were
manually polished in a Struers TegraPol-11 machine using silicon carbide abrasive paper
with sequential grit sizes 320, 600, 1000 for 6 min, using alcohol as lubricant. A final
polishing was carried out using in turn 6, 3, 1 µm diamond polishing compound for 6 min
with each size.
3.2.5 X-ray Diffraction Analysis
X-Ray Diffraction (XRD) was performed using a Rigaku MiniFlex 600 with range 10-70°
(2θ) with a rate of 0.02°/min and Cu Kα to identify crystalline phases in materials. XRD
spectra of samples cured at varying temperatures were analysed and compared with the
starting material in order to detect any significant modification in its mineralogical structure.
3.2.6 FTIR Spectra Analysis
FTIR spectra were acquired using a Bruker Alpha-p IR spectrophotometer operating in
absorbance mode. The IR spectra were acquired between 400 and 4000 cm-1 (resolution of
4cm-1). Each sample was pulverised and mixed with dry KBr powder. The acquisition began
with the deposition of about 50 mg of sample onto a diamond substrate. The spectra were
then obtained after 12 scans. The device was driven by Spectrum software for acquisition and
data processing.
3.3

Results and Discussion

3.3.1 Source Materials Characterization
. The particle size distribution showed 68% of particles finer than 75μm with a liquid limitm with a liquid limit
and plasticity index of 42.5% and 17.69% respectively, based on which the soil was classified
as CL (inorganic clays of low plasticity). These are predominantly silt sized which is typical
for soils used for fired roof tiles or bricks.[31] The Atterberg limits of the soils plot above the
A-line of the plasticity chart classifying the soils as clayey soils. These properties do not fit
the criteria required for ideal soils for cement stabilisation; suitable soils should be generally
coarse grained soils with low clay fractions with P.I of between 5 and 15% as soils with
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higher values are characterised by low compressive strengths, inadequate durability and
excessive drying shrinkage[27]. Suitable stabilisation mechanisms would be the energy
intensive kiln firing process. The elemental composition of the soil expressed in oxides
presented in Table 3.2 show Silica and Alumina as the major components of the soil at
70.39% and 13.31% respectively. The mineralogical characterisation of the initial clay soil
showed the soil contained predominantly muscovite. Quartz and sanidine were also detected
with trace amounts of hematite.
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Figure 3:11 Particle Size Distribution

Table 3:4 Elemental composition of soil
Elemen
t
%

SiO2
70.3
9

Al2O3 Fe2O3 TiO2
13.31

4.09

0.55

Ca

Mg

O

O

0.14 1.68

K2O Na2O
4.97 0.16

Mn
O
0.13

P2O5
0.07
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Figure 3:12 XRD Spectra of Soil
In theory, any material composed of silica and aluminium can be alkali activated This has
been verified by studies by Xu and van Deventer[19] who studied the alkali activation of 16
natural aluminosilicate materials. Their results confirm the reactivity of a wide range of
aluminosilicate including illite which is an interlayer-deficient mica. This suggests that the
main reactive aluminosilicate mineral present in the soil would be muscovite which belongs
to the mica family. It is a 2:1 dioctahedral phylosilicate mineral predominantly found in
sedimentary and metamorphic rocks [32] and is one of the main rock forming minerals found
in granites, pegmatites and schists. According to Davidovits[15], most clay minerals react
with alkali to form a ceramic setting of type polysialate (Si-O-Al-O) or poly(sialate-siloxo)
Si-O-Al-O-Si-O at drying temperatures (50-200°C) to form zeolites of either sodalite,
natrolite, analcime or kaoliphitic phases depending on the silica to alumina ratio. Kaolinite
has been predominantly used as the aluminosilicate source particularly in geopolymerisation.
It is therefore interesting to know whether muscovite present in the soil can provide requisite
alumina and silica sources to provide sufficient binding in the production of building units.
Literature is scarce with regards to behaviour of micaceous minerals in the presence of
alkaline solution. However studies by [33] have shown that the behaviour of muscovite is
similar to smectite group of clays given the similarities in their structures.
3.3.2 Water Stability
Typically, unfired earth tends to disintegrate upon direct contact with water, limiting their use
to internal controlled walling systems. However, as mentioned earlier, we adopted the water
sensitivity test as an indicator of durability of the stabilised units when exposed to flooding
conditions. Also, Seco et al. [34] correlated water absorption behaviour of stabilised earth
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blocks to outdoor exposure over time and reported water absorption to be a satisfactory
indicator of durability of earth blocks.

(a)

(b)

(c)

Figure 3:13 Water stability of samples cured at different initial curing temperatures (a) room
temp (b) 60˚C (c) 105˚C

All untreated specimens, irrespective of curing conditions disintegrated within minutes of
total immersion in water. This is typical for unstabilised clays and has been reported
extensively. Figure 3.5 presents behaviour of alkali activated specimens following immersion
in water. As can be observed in the figure, samples cured at room temperature and initial
curing temperature of 60˚C showed high sensitivity to water. Whereas untreated samples
disintegrated immediately in water, failure of samples cured at room temperature was
characterised by a delamination of outer surface followed by complete disintegration of
samples. Also, samples cured at 60˚C disintegrated initially by the formation of multiple
crack patterns on the surface before complete disintegration. The nature of failure of these
samples compared to the untreated samples suggests that some reaction took place
particularly at the surfaces of the samples but was insufficient to produce binding to
withstand internal pore pressures development during water immersion. However, only
samples cured at 105˚C were stable in water and retained sufficient stability to allow for
mechanical testing. This behaviour is contrary to alkali activation of kaolinitic minerals
where curing at low temperatures produces sufficient binding to attain water stable units even
at low alkaline solutions[22]. However, studies by Kuwahara [33] have shown that the
activation energy required for the dissolution of muscovite is higher than that required for
kaolinite. This may explain why a higher temperature was required to achieve water stable
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units. This suggests that curing temperature is a critical variable in the optimisation of
micaceous earthen building units using low alkali concentrations.

3.3.3 Physical Properties
Water absorption, density and apparent porosity were determined using the water
displacement method. Since samples cured at room temperature and 60˚C were not water
stable, only samples cured at 105˚C could be tested. Results from the physical tests reveal an
average water absorption of 22% with a bulk density of 1.66g/cm3 and apparent void volume
of 36.6%. The average water absorption just satisfies the maximum specification according to
ASTM standards for fired bricks under moderate weathering conditions which is 22% for
building and facing bricks. Similar high water absorptions have been reported in cement
stabilisation of fine grained soils [35] and this has been related to clay content. The water
absorption value obtained in this study may be attributed to the predominantly fine grained
nature of the soil which resulted in increased soil suction as a result of smaller pore spaces.
Similar densities have been reported in cement stabilisation of predominantly silty soils[36].
The absorption capacity of stabilised earth gives an indication of the presence and
significance of voids[37] . The average void volume of 36.6% suggests that about one-third
of the samples comprises of voids. This high apparent porosity is indicative of a low packing
density and contact among particles. This could be attributed to the soil grading as well as
production method adopted. Studies have shown that manufacturing process determine
mechanical performances of unfired earth [38]. It is possible that a lower moulding moisture
content (for instance, the optimum moisture content) of the soil would have resulted in a
better packing density. However, the requirements of extrusion moulding for soils in the
plastic state govern the moisture content that can be used. Given, the linear relationship
between porosity and strength of unfired earth [35] it is expected that extrusion of samples on
the dry side of the plastic limit may yield samples with improved mechanical properties.
However, it is important to note that high porosities and low density in earthen construction
induces low thermal conductivities in the building units [39] which is significant in passive
design of buildings.
3.3.4 Compressive Strength
Figure 3.6 presents testing configuration and failure modes observed with the specimens.
Failure was characterized by the formation of near vertical surface cracks and exfoliation of
the lateral sides in all cases. This would indicate the compressive stresses resulted in inelastic
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deformations to the specimens causing the lateral sides to exfoliate and fall off. The samples
demonstrated some considerable cracking and deformation before failure. Despite the loss of
the sides, the central core was still intact.

Figure 3:14 Failure patterns of specimens

Figure 3:15 Characteristic Compression Stress-strain curves

Effect of Initial curing temperature
The characteristic stress-strain curves obtained are presented in Figure 3.7. It can be observed
that curves comprises of three distinct stages.

An initial consolidation stage which is

characterised by increasing strain at a constant stress. At this stage, it is assumed that the soil
grains are being redistributed and gradually filling the voids that exist in the microstructure.
In the second stage, a pseudo-linear section is activated up to peak failure. At the peak stress,
samples did not fail immediately: instead they were subjected to significant deformation
before structural collapse. Attainment of peak stress in all cases is observed to begin at a
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strain corresponding to 1.5%. The post-peak performance is characterised by almost brittle
failure with little or no deformation. This behaviour deviates slightly from typical response
of cylindrical unfired earth specimens as reported in some studies [40]. However peak
stresses are considerably higher than average values typically achieved with unfired earth.
Maskell et al. [13] defined a minimum strength requirement of 2.9MPa for unfired earth
walling unit in the dry condition. Results obtained demonstrate potential of alkali activation
as a suitable binding mechanism for fine grained soils.
At room temperature curing, average peak stress obtained after 7days was about 9MPa.
Initial curing at elevated temperatures (60˚C and 105˚C) for 5hrs, resulted in average
compressive strength of about 10 MPa and 11MPa respectively indicating that in the dry
condition, influence of elevated initial curing temperature may not be detected in
preconditioned samples. The preconditioning of bricks which comprised of drying at 60˚C for
24hrs helped the moisture content to reach equilibrium thereby resulting in relatively stable
compressive strengths. Clays possess an inherent axial compressive strength that is lost in the
presence of moisture [27] and this was confirmed in this study as will be discussed in the
following section. Notwithstanding, these results are comparable to values obtained in alkali
activation of other clay minerals; Slaty et al. obtained compressive strength of 12MPa at 8%
NaOH addition to kaolinitic soils whilst at 3% Davidovits obtained 15MPa for curing at
85˚C. In comparison with fired bricks, compressive strength did not meet the minimum
ASTM specification for fired bricks under moderate weathering conditions of 17.2 MPa, and
this may be attributed to the high porosity observed with the samples. Hence, it is expected
that increased packing density may result in significantly improved mechanical properties.
Evaluation of compressive strength should be taken in the saturated condition to determine
the ‘least’ strength to give the lower bound performance of earth blocks [27]. Despite
satisfactory compressive strengths obtained in the oven dry condition, only samples cured
initially at 105˚C could be tested in the saturated condition. This then signifies the importance
of initial curing temperature to the alkali activation process. Hence, a true test of stabilisation
of clay particles should be evaluated using the saturated compressive strength since the
inherent strength of dry clay may present a misleading resistance to compression. Despite the
improved oven dry compressive strength observed with alkali activated samples cured at
room temp and 105˚C, all samples disintegrated in water when subjected to total immersion
for 24hrs indicating that insufficient reaction had taken place and binding was not sufficient
to withstand hydrostatic forces. Figure 3.7b presents stress-strain characteristics of samples
with initial curing temp of 105˚C and tested in the dry and saturated condition. In contrast to
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the dry condition, post peak performance of samples tested in the saturated condition exhibits
almost ductile failure with strains exceeding 6%.
In the saturated condition, the compressive strength dropped by 83% to 1.82MPa for samples
tested after 7 days.

This suggests that the residual strength observed in the saturated

condition can be solely attributed to alkali activation of a fraction of the clays. The large
drop observed may be attributed to the absorption of water by the unreacted clay minerals
[41] as well as development of pore water pressures within the fine grains [27]. This
reduction in strength has been reported in various studies where wet strength to dry strength
ratio of 20-55% have been recorded for cement stabilised earth masonry [36][35] and 30% in
geopolymer stabilised kaolinitic soils [22]. The large amount of unreacted minerals may be
attributed to the low alkaline concentration used in the study. However, average values of
1MPa have been established as minimum compressive strength in the saturated condition for
unfired earth [13] and values obtained in this study exceed this minimum specification.

Effect of curing condition
Given the low reactivity of uncalcined clay minerals, studies have reported that additional
curing at room temperature allows for continued dissolution of minerals resulting in
improved mechanical properties [22]. Additional curing at room temperature did not reveal
significant change in compressive strength for all samples as can be observed in Figure 3.8.
According to Oelkers et al. [42], dissolution of silica and alumina species in muscovite is
relatively fast at the initial stage but subsequently reduces as it reaches a steady state of
solution concentration. This would suggest that compressive strength stabilises at an early
age unlike other clay minerals following the attainment of steady state concentration of
species. Also, additional curing of samples in room temperature from 7 to 15 days of samples
cured below 60˚C did not improve their water stability as samples disintegrated after
extended curing.
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Figure 3:16 Effect of additional curing at room temperature on compressive strengths

The results indicate that initial curing temperature is a critical variable compared to elongated
curing at room temperature in alkali activation of micaceous minerals.

3.3.5 Flexural Strength
Determination of flexural characteristics is not a common test on unfired earth as earthen
units are typically employed in compression. However, according to Walker [27, 28], the
assessment of this property gives a quick field assessment of the compressive properties of
unfired earth-based on an empirical relationship between flexure and compressive strength.
For cement-stabilised earth blocks, it is reported that the modulus of rupture shall equal at
least one-sixth of the corresponding compressive strength [27].

Flexural strength was

evaluated in four point bending in both oven dry condition and saturated condition for
samples with initial curing temperature of cured 105˚C to evaluate if alkali activated
specimens may be applied in bending.

Figure 3:17 Characteristic Flexure Stress-Strain curves
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Average flexural strength of 3.5MPa was observed in the oven dry condition and 0.4 MPa in
the saturated condition. Typical values obtained for unfired earth range from 0.5 to 2MPa
[43, 44]. As was observed with the compressive strength, a 70% drop in the MOR is also
observed in the saturated condition. Failure mode of the samples under four points bending
was through the development of a tensile crack at mid span. In the oven dry condition, the
MOR corresponds to one-third of the compressive strength in the oven dry condition and onefifth in the saturated condition. This is an agreement with proposed specification and
indicates that this indirect assessment of compressive strength of cement stabilised earth
blocks may also be applied to alkali activated earth blocks. Variation coefficients in all cases
are reasonably low which indicated consistency of results.
3.3.6 XRD Analysis
Figure 3.10 shows the XRD spectra of the starting clay and alkali activated samples cured at
room temperature and elevated temperatures of 60˚C and 105˚C for 5hrs and analysed after
14days. The spectra of the starting clay showed crystalline peak characteristic of muscovite,
quartz and sanidine. The original crystalline phases identified with the starting materials
remained after alkali activation confirming the presence of residual unreacted clay minerals
in the mixture. This explains the significant water absorption of immersed samples which
resulted in significant drop in mechanical properties in the saturated condition. However, it
also suggests that alkali activated blocks would maintain hygroscopic and moisture buffering
properties which is typically associated with earth construction.

Figure 3:18 XRD spectra of starting clay and alkali activated clay at different curing
temperatures
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As shown in the XRD spectra, quartz mineral largely remains unreactive in the alkali
activation process. There was an observed reduction in intensity of muscovite with alkali
activation. This suggests that reactions took place between these minerals and the alkaline
solution resulting in a dis-organisation of structure of the crystalline phase. Similar reduction
in peak intensity after alkaline treatment of natural clay minerals has been reported in other
studies [45, 46] According to Kuwahara [47], dissolution of muscovite minerals takes place
primarily at the edge surfaces of with little to no reaction taking place at the basal surfaces.
This would explain weak interactions observed. A comparison of the spectra of samples
cured at varying temperature shows the peaks tend to lose intensity with increase in curing
temperature. This suggests that the dissolution of muscovite increased with increase in curing
temperature. This is in agreement with studies which have reported dissolution of muscovite
in alkaline conditions to increase with increase in temperature [33] Curing temperature is a
critical variable particularly with the low reactivity of the starting clay as higher temperatures
deliver more energy to dissolve alumina and silica species. [24] This suggests that elevated
initial curing temperature is critical to allow significant reaction to provide sufficient binding
in micaceous minerals. This is in contrast to geopolymer formation, where reactions proceed
at room temperature and elevated curing is restricted to a maximum of 90˚C as higher
temperatures cause a break down the binding gel phase.
Analysis of the spectra further revealed that no new crystalline or amorphous phases were
formed with alkali activation. The main reaction products of alkali activation of Ca-free
aluminosilicate systems are typically sodium aluminosilicate hydrates (N-A-S-H) which
exhibit long and medium range disorder making it appear amorphous in XRD spectra.[22]
and has been reported extensively. Other studies have mentioned the presence of zeolitic
phases as secondary products of alkali activation of kaolin and other clay minerals. [22][18,
48, 49] [50]. These products of alkali activation were not observed from the XRD spectra in
this study. Absence of new peaks has also been reported in other studies [51, 52]. The
absence of new peaks observed in this study is expected given the low concentration of
alkaline solution as well as low reactivity of precursors used. Other authors have also
discovered peaks corresponding to natrite, trona, nahcolite, etc. which are formed as a result
of reaction of excess NaOH in the pores with CO 2. The low concentration alkali activator
solution adopted may explain the absence of these compounds.
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3.3.7 SEM-EDX Characterization
Back scatter scanning electron micrographs at various magnifications are presented in Figure
3.11. The micrographs show a heterogenous microstructure comprising of a binder phase
surrounding particles of varying sizes. At 100X magnification, it can be observed that there is
a gradation in microstructure from the surface of samples inwards from the top surfaces to a
depth of 300-400 μm with a liquid limitm revealing a compact microstructure relative to the lower strata. This
may be attributed to the evaporation of water during the curing process resulting in
concentration gradients and thus difference in reactivity of the clay minerals. Also, liquid
phase migration which is typically observed during extrusion moulding [53] may also result
in concentration gradients within the samples with higher concentrations at the surface
relative to the interior parts. Consequently, higher dissolution rates at the surface relative to
the interior parts would result in graded microstructure as observed. Because the same pattern
is observed irrespective of curing condition, it is assumed that the latter (liquid phase
migration) takes place prior to curing is responsible for this stratification. This further
explains the delamination of outer surfaces observed during failure.
X800 Magnification

X3000 Magnification

cured at Samples
cured at Samples
cured atSamples

X100 Magnification

Figure 3:19 SEM BSE images at varying magnifications for samples cured at different
temperatures

An analysis of the microstructure of samples cured at room temperature reveal a porous
structure comprising of voids as well as linear cracks surrounding larger sized particles. This
explains the lack of water stability of these specimens as high pore pressures developed
would compromise the integrity of these samples. At elevated initial curing temperatures, the
voids and linear cracks tend to disappear with increasing temperature. At higher
magnification (3000X), fibrous crystals appear randomly throughout the microstructure with
a length range of about 3μm with a liquid limitm in samples cured at room temperature and appear to increase in
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diameter with increase in initial curing temperature. The formation of secondary products
have reported extensively in various studies as the binding mechanism obtained in alkali
activation. However, these new products were not identified in the X-ray spectra. According
to Rees et al. [54], samples with the same Na/Al ratio may have XRD patterns with the same
location of peaks but varying intensities. Alternatively, the possibility of the production of
amorphous reactant products could also explain the absence of new peaks in the XRD
spectra.
EDX analysis was conducted to further elucidate the elemental composition of the alkali
activated clay as well as illustrate elemental distribution to show where elemental
combinations and variations exist. Figure 11 shows BSE images with combined map
distribution of major elements as well as single elemental maps below. The maps confirms
the presence of the following elements in the system; Silicon, Aluminium, Potassium,
Magnesium, Sodium, Iron and Titanium. Muscovite polymorph identified through XRD
analysis had the formula Al2.726Ca0.011Fe0.03K0.776Mg0.02Na0.181O11Si3.15Ti0.02. The distribution of
these elements in the maps shows muscovite to be dominant mineral comprising finer
particles. The spatial distribution of these elements also suggest muscovite mineral to be the
main reactant in the alkali activation process. From the adjoining image overlays to the left of
each BSE image, larger sized particles can be identified by the predominant elemental
composition. For instance, quartz particles are easily identifiable as the silica dense portions
of the maps whereas, orthoclase particles can also be identified by the potassium dense
portions. The unreacted quartz and orthoclase particles are surrounded by a binder phase and
is presumably a reaction product of muscovite associated with alkali activation.
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Figure 3:20 EDX analysis of Microstructure
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As presented in Figure 3.12, EDX analysis of these structures reveal a difference in the spatial
distribution of elements at varying curing temperatures. At room temp curing, the various
elements can be distinguished from the combined overlays and this distinction disappears with
increase in curing temperature. At higher temperatures, we see a progressively homogenous
distribution of elements where individual elements in the binder are not clearly distinguished.
This suggests the formation of new products. Silicon elemental maps reveal a silicon rich system
distributed throughout the system confirming silica to be the dominant element as obtained from
XRF analysis. Single elemental maps show an increase in intensity of spatial distribution of
elements with increase in temperature. Since the only variable was the curing temperature, we
can assume that the increase in temperature favoured the dissolution of reactive species and
contributed to formation of new products [55]. The increase in temperature reduces the activation
energy thereby promoting higher rate of dissolution of minerals leading to improved mechanical
properties [33]. Also, other authors have suggested an increase in alkalinity derived from loss of
water at higher curing temperatures may also lead to a higher dissolution of minerals [56].
There are scarce published results on the products of alkali activation of muscovite minerals
compared to other clay minerals, as a result the products were not readily identified. Pachecotorgal et al. demonstrated the possibility of using a tungsten mine waste containing muscovite
and quartz for the production of alkali activated binders [57–59]. However the starting material
was dehydroxylated and hence significant comparison cannot be made. However, closer
magnification of samples cured at 105˚C revealed the elemental composition of fibrous
precipitates observed from the SEM images to contain sodium, silicon, aluminium and potassium
which may presumably be analogous to sodium aluminosilicate hydrates which are typical
products of alkali activation of clay minerals. But the absence of new peaks in the XRD spectra
may suggest that the reaction products where of an amorphous nature. As can be observed from
the sodium elemental distribution, these precipitates are distinct from the surrounding unreacted
muscovite minerals and we may conclude are responsible for the improved binding observed at
this temperature.
3.3.8 FTIR Characterization
In order to further characterise newly formed phases observed from SEM/EDX analysis, Figure
3.14 presents FTIR spectra of pure muscovite mineral and alkali activated samples cured at
105˚C only. FTIR spectrum of muscovite mineral is dominated by a Si-O-Al band at 975 cm -1.
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On the other hand, dominant band in the activated soil is broader with a higher intensity and is
located at a higher wavenumber (1031 cm-1). Studies by Prud’homme et al.[60] have shown that
total displacement of main band during the formation of geopolymers is approximately 40 cm -1
to a position which corresponds to 940 cm-1 . This is attributed to asymmetric stretching of Si-OSi and Si-O-(Al) vibration bonds [25, 61, 62]. However, larger main band displacement (56 cm1

) observed in this study can be attributed to the formation of aluminosilicate gels with Na [60].

Due to the low reactivity of the precursors as well as low alkalinity of solutions, weak
concentration of Si and Al species in the system would inhibit the polycondensation reaction and
consequently, network formation[60]. This explains the absence of new peaks or characteristic
geopolymer ‘hump’ in the XRD spectra. This also confirms structural alteration of muscovite as
observed with XRD spectra. Similar behaviour has been reported with alkali activation of
uncalcined illite [63]. The stretching vibration absorption peaks of O-H and H-O-OH can be
observed at 3447 and 1636 cm-1 and confirm the presence of chemically bound water( [61]) in
the uncalcined soil. FTIR spectra also shows slight carbonate bands associated with atmospheric
carbonation of unconsumed NaOH in the system. These carbonates are typically associated with
low reactive precursors such as natural clays[63]. Evidence confirms results from XRD which
indicate no significant amount of carbonates were formed due to low molarity of alkali activators
used.

Figure 3.14 FTIR Spectra of alkali activated sample (cured at 105˚C) and pure muscovite
mineral
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3.3.9 Environmental Impact Analysis
An analysis of embodied energy was conducted to evaluate the environmental impact analysis of
the process. This was ultimately compared to that associated with the production of fired bricks.
A full life cycle analysis is beyond the scope of this paper. However, embodied energy analysis
provides an indication of the overall environmental impact of building materials. In terms of
manufacturing processes, the embodied energy associated with the production of fired bricks for
a wall thickness of 100mm is 535.5MJ/m2 compared to extrusion of unfired earth which requires
77.6MJ/m2 [64] However, loss of strength with increase in moisture content limits the application
of unfired earth to controlled environments. According to Maskell [65], the inclusion of chemical
additives to unfired earth has a detrimental effect on embodied energies and global warming
potentials. It has been reported that sodium hydroxide and sodium silicate have embodied
energies of 23MJ/m2 and 16MJ/m2 respectively [64]. Based on these estimates, Table 3.3
presents embodied energy associated with the use of alkali activators and thermal curing for the
production of a wall with thickness of 100mm.

Table 3:5 Analysis of Embodied energies associated with production
Quantity

Embodied energy (MJ/m2)

(% by dry weight of
Sodium Hydroxide
Sodium Silicate
Heat curing
Extrusion Process
Total

soil)
3.0
0.75

182.8
31.8
6.8 [66]
77 [65]
298.9

The production of source materials (alkali activators) is the most energy intensive component of
the production process. Hence, a smaller energy footprint may be obtained by locating a source
of alkalinity form natural sources (such as wood ash/rice husk ash) to serve as substitutes.
Nonetheless, the results show that despite the use of energy intensive alkali activators, building
materials with lower embodied energy compared to fired bricks, are achievable with alkali
activation.
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3.4

Summary/Conclusions

This study explored the feasbility of producing sustainable building materials from natural
aluminosilicate minerals present in soil using low concentration alkali activator solutions. Small
scale samples were produced using extrusion moulding and subjected to different curing regimes
to ascertain the effect of initial curing temperature as well as curing duration on the alkali
activation and consequent strength development in uncalcined muscovite based soils. Literature
is scarce on the alkali activation of the natural muscovites; this study has provided some insight
on behaviour of such minerals in low concentration alkali activator solutions.
The results reveal alkali activation of these clays to be a satisfactory mechanism for the
stabilisation of these soils and was evident in the impressive mechanical properties obtained in
the dry state relative to other stabilisation mechanisms. These materials may be suitable for loadbearing masonry applications. However, in the saturated condition, sufficient binding for the
production of water stable units was achieved only at elevated initial curing temperatures of
105˚C for 5hrs revealing the temperature dependence of the process. This suggests that the scope
of application of building units may be expanded to moisture susceptible environments with
proper optimisation.
Analysis of XRD spectra reveal unreacted clay minerals after alkali activation. However, the
presence of this residual clays suggest that the alkali activated clays may retain hygroscopic and
moisture buffering properties which is associated with earthen construction thereby enhancing
the thermal efficiency of the building. Further studies would need to be conducted to clearly
establish the porosity-thermal conductivity behaviour of alkali activated clays.
Porous and graded microstructure reveal limitations associated with extrusion moulding and
suggest that optimisation of moisture content during moulding will result in enhanced packing
density and consequently improved mechanical and physical properties.
SEM-EDX/FTIR analysis reveal the formation of

phases which are presumably Na-

aluminosilicates formed as a result of a dissolution of muscovite and are responsible for the
binding observed. The variation of the formation of binders with increasing curing temperature
further confirm the need of higher temperatures to facilitate the dissolution of alumina and silica
species from natural aluminosilicates.
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4.0 Chapter 4: Rheological Characterisation of Fibre Reinforced Alkali Activated Earthbased Composites
This chapter studies the effects of different fibre reinforcements and volume composition on
rheological properties. Inclusion of varying fibres modifies the rheology of the fresh paste in
different ways with attendant effect on extrusion pressures, which has implications from a
process control point of view.
4.1

Introduction

Compression moulding has largely been the most common processing technique for the
production of unfired earth building materials. To improve the performance of earthen
composites without losing their advantages and also to enhance manufacturing efficiency, there
is a need to investigate alternative and particularly continuous manufacturing processes.
Extrusion process is a well-established process in the fired brick industry used for continuous
forming of products and has been reported to impart distinct physical and mechanical properties.
Studies by Maskell et al.[1] have demonstrated the manufacturing process of fired bricks
(excluding the energy intensive firing process) may also be suitable for the production of unfired
earthen building units. Furthermore, various studies on fibre-reinforced cementitious products
have demonstrated high performance of composites produced using extrusion process [2–4]).
Extrusion process involves forcing a highly viscous dough-like plastic/pseudo-plastic mixture
through a shaped die. The rheology needs to be controlled to prevent defects such as surface or
edge tearing, lamination and voids which reduce performance of the extruded material[2].
Successful development of extruded fibre reinforced composites requires the initial testing to
determine rheology and establish compositional dependence on extrusion parameters. The ram
rheometer has been reported as a good method to calibrate the rheology of fresh fibre-reinforced
cementitious pastes[2,3,6] and fibre reinforced ceramic pastes[7]. However, there is scarce
literature on the rheological behaviour of fibre reinforced earth composites. A wide range of
natural and synthetic fibres have been used as reinforcements to improve mechanical
performance of earthen composites. However, it is not clear how these fibres would modify the
rheology of the fresh soil pastes during the extrusion process. An understanding of these
modifications is critical for the selection of suitable processing parameters. Extrusion parameters
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such as throughput, pressure, force and power requirement are highly dependent on the
rheological properties and, hence, the material parameters of the fresh pastes[5].
This current research contributes to this field by an experimental study on the rheology of fibre
reinforced earth-based composites to establish the relationship between fibre type/content on
processing viz-a-viz extrudability. The results of this work would be useful in selecting
appropriate fibre type and content from a process control point of view. Studies like this are
encouraged to promote the use of this technology particularly for the development of robust
earth-based building materials. Very few studies have paid attention to effect of fibre
reinforcements on the overall rheological behaviour of fresh fibre reinforced earth pastes. In this
paper, the effects of fibre additions on the rheological behaviour of paste and the relationships
between the fibre dosages on extrudate velocity are investigated. This current research
contributes to this field by an experimental study on the rheology of fibre reinforced earth
composites to characterise the effect of fibre reinforcement type and dosage on the bulk and
interfacial rheology in order to establish the relationship between fibre type/content and
extrudability. The specific objective of the study was to evaluate the effect of fibre type (sisal,
eucalyptus pulp and polypropylene) and fibre dosage (0, 0.25, 1.0 and 2.0 wt.%) on rheological
properties of fresh alkali activated earth-based paste using ram extrusion.

4.2
4.2.1

Materials and Methods
Materials

Paste formulations comprised of a three component system; a solid phase split into powder and
reinforcement phases as well as a liquid phase. Powder phase comprised of a typical soil used for
the production of roof tiles and was supplied Top Telha Ceramic Tile Company, Leme São Paulo
State, and sourced from Brazillian quarries. Particle size distribution of the soil (Table 4.1) was
determined by mechanical sieving and hydrometer sedimentation in accordance with BS 1377:2.
Atterberg limits were also determined in accordance with BS 1377:2 and show liquid limit and
plastic limit of soil to be 42.5% and 24.9% respectively.
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Table 4:6 Properties of Soil
Characteristics
%
Atterberg Limits
Liquid Limit
42.5
Plastic Limit
24.9
Linear Shrinkage
9.18
Particle Size Distribution
Sand
35
Silt
33
Clay
32
Effect of three different fibres as reinforcement phases was evaluated in this study;


Sisal (Agave sisalana) fibres are a promising reinforcement and have been used in
various composites as a result of its low cost, low density, high specific strength and
ready availability [8]. Sisal fibres used in this study were extracted from the waste of
baler twine cordage and was donated by the Association for the Sustainable
Development of the Sisal Producing Region, Valente, Bahia State, Brazil. Microscopic
morphological characterization was performed and range of diameter was determined.



Eucalyptus pulp fibre was chosen because it is inexpensive, abundantly available and
free of lignin. Studies have demonstrated the benefits of eucalyptus pulps as
reinforcement of cementitious materials [9,10]. Unbleached Eucalyptus cellulosic pulp
produced in Sao Paulo Brazil was used in this study.



Polypropylene fibre is the most widely used synthetic fibre used as reinforcement for
soil [11] and was selected for the basis of comparison. Polypropylene fibre produced
by Saint-Gobain, Brazil was used in this study. These fibres are monofilaments with
circular section and their surfaces are very smooth.

Table 4.2 presents a summary of properties of fibres expressed as average values ± standard
deviation. Based on dimensions, sisal and pulp possess similar aspect ratios whilst polypropylene
has an aspect ratio which is an order of magnitude higher than the ligno-cellulosic fibres. Density
of the fibres was obtained using a Quantachrome Instruments Multipycnometer. Using these
dimensions, the number of reinforcing filaments in a unitary volume (1 cm 3) of fibre content was
computed and is presented in Table 4.2.
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Table 4:7 Properties of Fibres
Characteristic
Average Fibre length (mm)
Equivalent Diameter (µm)
Density (g/cm3)
Aspect ratio
No of filaments in 1 cm3

Fibre Type
Sisal
10 ± 0.3
190 ± 55
1.420 ± 0.003
52
3.5E+03

Eucalyptus Pulp
0.7 ± 0.01
12 ± 0.1
1.62 ± 0.02
58
1.3E+07

Polypropylene
10 ± 0.01
12 ± 0.01
0.91 ± 0.002
833
4.4E+05

Binding mechanism adopted in this study was via alkali activation of natural aluminosilicates
present within the soil. As a result, liquid phase composition comprised of alkali activator
solutions only. Typically, processing aids are used to control the rheology of the fresh ceramic
pastes. In this study, the feasibility of using alkali activator solutions only as liquid phase was
evaluated in a bid to minimise processing costs. Alkaline activator used in this study was a
solution of sodium hydroxide and sodium silicate. NaOH pellets with 97% purity and sodium
silicate powder was used and both chemicals were supplied by Dinâmica Química
Contemporânea Ltd, Brazil. The mass ratio of sodium hydroxide/soil and sodium silicate/soil
was 3% and 0.75%, respectively.

4.2.2

Paste preparation

The paste was obtained by mixing alkali activator solution with the soil in a mass ratio (i.e soil
moisture content) of 25% which corresponds to the plastic limit of the soil. This was selected
based on findings from Maskell et al.[1] where extrusion of soil pastes was more effective if soil
was in a plastic state. In the preparation sequence, soil and fibre were mixed in the dry state
using a Hobart planetary mixer at low speed for 5 mins. The soil-fibre mixture was homogenised
with the alkali activator solution at a higher speed to provide enough shear to break down
agglomerates generated during the wet-mixing stage in accordance with procedures in Teixeira et
al. [3].
4.2.3

Ram Extruder

In this study, ram extrusion was adopted based on similar rheology studies on fibre reinforced
cementitious pastes [2–4,6] and ceramic pastes [7,12]. This approach has been adopted because it
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yields information on the die entry as well as the parallel flow region of the extrusion system,
and is thus preferred for these studies.
The set-up of ram extruder is shown in Figure 4.1.

Figure 4:21Schematic representation and set-up of Ram Extruder

The extrusion of ceramic pastes can be mathematically described using the Benbow-Bridgwater
model which describes extrusion pressures as a function of flow properties of the material,
extrusion rate and geometrical details of the extruder[12,13]. The paste flows from a barrel with
a larger diameter Do into a die land with a smaller diameter D and a length L with a mean die
land extrudate velocity V under the driving piston. By assuming plastic deformation in the die
entry and plug flow in the die land and neglecting pressure drop at the die exit, the model
predicts the total extrusion pressure as the summation of die entry pressure drop (P ent) and die
land pressure drop (Pland). Pent describes the work done to deform the paste in the die entry region
and die land pressure drop (Pland) which accounts for the work to overcome the friction (simple
shear) in the die land. The model describes convergent flow to be governed by a yield
mechanism whilst the plug flow in the die land by wall resistance.
Based on these mechanisms, extrusion pressure is given as
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P=P ent + Pland =2 ln

( DD ) ( σ +αV V ) + 4DL ( τ + βV V )
o

m

n

0

0

(i)

where P is the extrusion pressure, α is a velocity-dependent factor at the die entry, β is the
velocity-dependent factor at the die land, σ 0 is the paste bulk yield value, τ 0 is the characteristic
initial wall shear stress of the paste, D0 and D are the diameters of the barrel and of the die,
respectively, L is the die-land length and V is the extrudate velocity with m and n as extrudate
velocity exponents. In this study, the exponents m and n are taken as 1 i.e., the extrusion
pressure-velocity relationship is taken as linear, which was confirmed in the study and thus the
equation is reduced to a simple four-parameter model.

P=P ent + Pland =2 ln

( DD )( σ +αVV )+ 4DL ( τ + βVV )
o

0

0

(ii)

The extrusion was performed using a specially constructed ram extruder fitted to a 50kN load
cell on a material testing system, EMIC 30000. Ram extruder comprised of rigid barrel with
inner diameter of 38.1 mm and capillary dies of diameter 12.7 mm and varying lengths. Lumps
of pastes were placed in the barrel and tamped down several time with a metal rod to remove
large air bubbles. A barrel with a large amount of paste enables performing several tests for a
fixed die length but different extrudate velocities within one operation thus enhancing the
accuracy and consistency of experimental data[12]. Extrusion pressures were measured for dies
of different lengths (12.7mm, 50.8mm & 101.6mm) corresponding to length to diameter ratios
(L/D) of 1, 4 and 8. For each test, the extrusion pressures was recorded as function of time and
ram displacement at a series of ram velocities of 0.05mm/s, 0.08mm/s, 1.2mm/s and 1.8mm/s
corresponding to extrudate velocities of 5.9 mm/s, 8.9 mm/13.3 mm/s and 20mm/s respectively
for each die land length. For each speed, the average pressure was taken and the data was plotted
against L/D.
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4.3
4.3.1

Results
Paste Extrusion pressures

Figure 4.2 presents plots of extrusion profiles showing the evolution of extrusion pressure with
ram displacement at maximum fibre content (2 wt.%) for the various die land lengths. The initial
stage of the extrusion profile of the plain soil paste shows an approximately linear increase in
pressure with ram displacement as the piston enters and fills the die region. The pressure reaches
maximum when steady state is achieved and corresponds to the emergence of extrudate from the
die exit. Subsequently, pressure then decreases gradually as the paste-wall interfacial contact
area in the barrel decreases. The quasi-stable nature of extrusion profiles following emergence of
extrudate confirms homogeneous distribution of liquid phase and the absence of liquid phase
migration (L.P.M). With fibre inclusion, there is an observed deviation from the initial linear
profile attributed to an initial consolidation of fibre-soil paste before the onset of flow in the die
land.
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Figure 4:22 Extrusion pressures as a function of ram displacement for different pastes (a) plain
soil (b) sisal-soil paste (c) E.pulp-soil paste (d) polypropylene-soil paste

The extrusion pressure gives an indication of the stiffness of semi-solid pastes as a higher
pressure is required to extrude a stiffer paste. The addition of high aspect ratio polypropylene
fibres (l/d = 833) results in thickening of the paste over and above that brought about by the
addition of a similar dosage of sisal and pulp fibres with lower aspect ratios (l/d ≈ 55).
Consequently, incorporation of polypropylene fibres results in about 80% increase in extrusion
pressure over the plain soil paste whereas eucalyptus pulp or sisal increases the extrusion
pressure by 10% and 30% respectively. Pressure generally increases with the degree that the
particles deviate from spherical shapes [7]. In addition, significant fluctuation observed with
extrusion profiles for polypropylene-soil pastes give an indication of the stability of paste flow
during extrusion. These pressure fluctuations are associated with local paste inhomogeneities
[14].
The profiles indicate that at equivalent fibre contents, polypropylene fibres make the paste stiffer
whereas pulp makes the paste softer and by comparison easier to extrude. From a manufacturing
cost point of view, these observations indicate that short sisal and pulp fibres are best suited for
extruded soil-fibre pastes as they do not significantly alter extrusion pressures of plain soil pastes
and fibre content can be varied over a considerable range without unduly affecting pastes
extrusion behaviour. Extrusion pressures are in good agreement with results associated with
common ceramic pastes[12,15]. Formulations containing polypropylene may require further
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optimisation with rheology modifiers and super-plasticisers to lower extrusion pressures and
minimise wear/abrasion of the extruder and accessories.

(a)

(b)

(c)

Figure 4:23 Extruded samples: a) sisal-soil b) E.pulp-soil and c) polypropylene-soil

4.3.2

Prediction of Extrusion Pressures

The four-parameter Benbow-Bridgwater model was used to predict the relationship between
pressure and extrudate velocity for various fibre dosages. Changes of total extrusion pressures
for pastes with various fibre contents as a function of extrudate velocity are shown in Fig. 4.4.
The plots show an overall satisfactory agreement between measured and predicted extrusion
pressures for all pastes. Relationship between pressure and extrudate velocity is satisfactorily
linear at low extrudate velocities. At higher extrudate velocities, (>13 mm/s), relationship begins
to deviate from linearity indicating that the 4-parameter model is only valid at low extrusion
velocities. However, these low extrusion speeds correspond to typical extrusion speeds used in
practice confirming that the 4-parameter model provides a good description of rheological
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behaviour of fibre reinforced soil pastes for extruded earth-based building products.

Figure 4:24 Variation of total extrusion pressures for pastes with various fibre contents as
function of extrudate velocity (L/D=8)

4.3.3

Effect of fibre type

Figure 4.5 presents contribution of pressure drop in the die entry and die land to the overall
extrusion pressures as a function of fibre volume fraction at different extrusion velocities.
Introduction of fibres into the fresh paste resulted in two inverse effects: increase in the die entry
pressure drop with a corresponding decrease in the die land pressure drop. This counteracting
effect can be explained by (i) increased fibre-matrix interaction in the barrel with fibre addition
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which increased paste viscosity resulting in higher pressure drop in the die entry region (ii)
decreased wall slip as a result of the presence of longitudinally oriented fibres along the wall
bulk extrudate interface in the die land with attendant reduction in the die land wall
resistance[4,16]. For pastes with sisal and pulp, the reduction in die land shear strength was more
significant below 1 wt.%. As the fibre content increases, these two effects counteract each other
as the increased viscosity of the paste reduces the effect on wall slip in the die land
When comparing effect of different fibres, it can be seen that an incorporation of polypropylene
fibres to the fresh paste leads to a higher drop in the die entry pressure relative to the lignocellulosic counterparts. Ductile polypropylene fibres easily tangles making it difficult to be
aligned resulting in a greater die entry pressure, while stiffer sisal fibres tend to be aligned during
extrusion process which reduces extrusion pressure. On the other hand, pulp slightly modified
viscosity due to dimensional similarity with soil particles. Shorter length of fibres would also
require less work to make them flow into the die land from the barrel. Due to higher viscosity
imparted by polypropylene fibres, effect of fibres on wall slip in the die land is not as significant
as ligno-cellulosic counterparts. This indicates that polypropylene fibres affect the bulk
rheological properties in the die entry to a greater extent than the interface rheological properties
in the die land. Sisal fibres on the other hand, resulted in the highest reduction in die land
pressure drop indicating that sisal fibres modified the interface rheological properties in the die
land compared to the other fibres. With pulp fibres, approximately equivalent and opposite
effects in the die entry and die land pressures counteract each other and explains low extrusion
pressures associated with pulp-soil pastes. With polypropylene-soil pastes, die entry pressure
drop demonstrated the highest sensitivity to variation in extrudate velocity relative to sisal and
pulp fibre pastes. This suggests that a higher degree of process control during extrusion is
required with polypropylene-soil pastes as changes in fibre content are more likely to
significantly affect extrusion pressures.
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Figure 4:25 Effects of fibre types and velocity on die entry pressure (i) and die land pressures (ii)
for different fibres: (a) sisal (b) E.Pulp (c) Polypropylene

86

4.3.4

Effect of fibre dosages

In the die entry, incorporation of fibres increases the paste viscosity as particles became more
close-packed and composite became stiffer with increasing fibre content. Pastes tended to get
stiffer with more fibre incorporation as a result of increased fibre interactions between fibres,
which formed a larger network structure and increased work to align fibre as they approached die
entry[2]. The greater the aspect ratio, the greater the increase in apparent viscosity attributed to
fibre-fibre interactions[7]. Consequently, extrusion of polypropylene fibre pastes showed a
higher sensitivity to variation in fibre content in the die entry. Pulp and sisal with similar aspect
ratios showed approximately similar sensitivity to variation in fibre content. With increase in
polypropylene, higher viscosity of paste plus wall slip due to fibre alignment counteracted each
other to a certain extent resulting in almost constant die land pressure drop with increase in fibre
content.
Incorporation of sisal and pulp fibres gradually increased die entry pressure as a result of
increased fibre-matrix interactions but reduced die land pressure due to increased wall-slip. As
more fibres were included, the wall slip effect due to fibre alignment increased remarkably
which even exceeded the viscosity increasing effect due to fibre matrix interactions up to 1 wt.%.
However, further increase in fibre content significantly increased the viscosity due to increase of
fibre-matrix interactions, which exceeded viscosity decreasing effect caused by wall slip;
increasing the die land wall pressure drop. Increase of viscosity is less significant compared to
increase in wall slip attributed to alignment of fibres. Consequently, variation of die land
pressure drop showed a higher sensitivity to fibre content. At higher speeds, pressure drop in the
die land is higher for all fibre types. Evolution of extrusion pressures of Sisal and E.pulp soil
pastes show approximately equivalent trends and may attributed to aspect ratio of fibres.
Increased wall slip associated with fibres indicates inclusion of fibres would be beneficial in
minimising wear/abrasion of the extruder and accessories.

4.3.5

Benbow-Bridgwater rheology parameters

The rheology parameters derived from the Benbow-Bridgwater model are presented in Table 4.3.
It can be seen that static bulk yield stress, σ0 increased from 169 kPa in the plain soil paste to 395
kPa with sisal fibres, to 268 kPa with pulp fibres and 575 kPa with polypropylene fibres at 2 wt.
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%. Increasing the fibre dosage largely enhanced the bulk yield stress. These changes correlate
directly with die entry pressures and are thought to be the main reason for trends observed. On
the other hand, change in die wall shear stress was not as significant with the incorporation of
fibres. Static wall shear stress, τ0 which is generally considered as the shear yield strength of the
thin lubricating layer between the paste and die land wall was significantly low compared to the
static bulk yield stress, σ0. This suggests that extrusion pressures would largely be governed by
pressure drop in the die entry and therefore significantly affected by fibre-matrix interactions
relative to wall slip. The static wall shear stress decreased with fibre inclusion indicating that
fibres introduced significant wall slip. Higher wall slip associated with sisal fibres indicates that
larger dimensions of sisal fibres favoured liquid phase migrations through the pores within the
solid particles.
The α-value which characterizes the effect of velocities on the paste bulk yield strength describes
the dependence of the flow resistance to extrudate velocities in die entry. The wall velocity
factor, β represents the dynamic behaviour of the shear stress and shows the velocity dependent
properties of the fresh pastes. A higher α and β value indicates an increase in flow resistance to a
given increment in extrusion velocities. Higher α values compared to β suggests that convergent
flow is the main contributor to pressure drop for all fibre reinforcements. As observed,

Table 4:8Rheological parameters of pastes with different fibres/dosages
σ0
α
τ0
β
kPa
kPa.s.mm-1
kPa
kPa.s.mm-1
0
169
4.42
22
2.28
0.25
305
6.62
17
2.07
Sisal
1
304
11.23
6
1.41
2
395
18.11
17
1.45
0
169
4.42
22
2.28
0.25
271
4.64
14
1.82
EP
1
315
15.87
11
1.10
2
268
14.47
28
1.33
0
169
4.42
22
2.28
0.25
322
18.24
19
1.50
Polypropylene
1
577
28.21
18
1.67
2
575
37.59
17
1.87

4.4

Conclusion

Rheology has been
analysed for a range
of

soil

pastes

comprising an alkali
activated fresh paste
containing

different

fibres and dosages.
This has enabled the effects of fibre addition on the bulk and interfacial rheology behaviour of
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earth-based composites to be studied using ram extrusion. Based on this study, the following
conclusions can be drawn:


The Benbow-Bridgwater model has been satisfactorily used to characterise the
contribution of parallel and convergent fluxes associated with the incorporation of
different fibre reinforcements in an alkali activated earth paste.



Fresh alkali activated earth-based composites showed Bingham plastic behaviour at low
extrusion rates and demonstrated satisfactory extrudability without the need for rheology
modifiers.



Introduction of fibres into the fresh paste resulted in two counteracting effects on the
extrusion pressures: increase in die entry pressures due to fibre-matrix interaction in the
barrel which increased paste viscosity; and reduction in die land wall resistance due
decreased wall slip as a result of the presence of longitudinally oriented fibres along the
wall-extrudate interface. However, rheological parameters show that convergent flow in
the die entry region is the dominant contributor to extrusion pressures for all fibres
studied.



Fresh pastes incorporating polypropylene fibres showed both greater die entry and die
land pressure than that reinforced with sisal fibres of the same fibre length and dosage
due to difference in aspect ratio and stiffness. In addition, convergent flows were strongly
dependent on fibre content and extrusion velocities. Consequently, polypropylene-soil
pastes recorded the highest extrusion pressures at 80% increase relative to the plain soil
paste.



Addition of E.Pulp fibres caused a slight variation in rheological response indicating that
rheological behaviour of soil pastes dominates and fibre content can be varied over a
considerable range without unduly affecting pastes extrusion behaviour.



The results of this study have demonstrated the relationship between fibre loading and
resultant rheology of fresh alkali activated earth-based pastes. The ram extruder can.
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This can be useful in the tailoring of paste formulation for extrusion purposes as well as
a tool to aid the design of suitable processing equipment.
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5.0 Chapter Five: Characterisation of Properties of Fibre Reinforced Alkali Activated
Earth-based Composites
This chapter focuses on the composition-property relationship of extruded earth-based
building products reinforced with different fibres at varying proportions to evaluate the
compositional dependence of alkali activated earth-based composites as robust building
materials.

5.1

Introduction

During the past four decades, there has been increasing focus on research into
Nonconventional Materials and Technologies (NOCMATs) such as lingo-cellulosic fibres, as
well as composites reinforced with these fibres, for a wide range of building construction
purposes[1]. These studies have been motivated by the high specific strength of lignocellulosic fibres and their ready availability particularly in developing countries for the
development of low-cost eco-friendly construction materials.[2] Also, the use of traditional
earth-based building materials for construction has resurged over the last decades as a result
of its availability, good thermal and acoustic properties and lower cost compared to
conventional building materials. Historically, ligno-cellulosic fibres have been used to
enhance the properties of earthen construction to minimize shrinkage characteristics as well
as improved flexural strength/toughness. It is well documented that the presence of lignocellulosic fibres in soil matrix enhances ductility of the composite depending on the matrix
and the properties of fibre reinforcements [3,4] . Tang et al. [5] results show that inclusion of
fibre reinforcement within cemented and uncemented clayey soils improved mechanical
properties as well as transformed brittle behavior to ductile behavior. This improvement in
ductility was attributed to crack bridging mechanisms. Bouhicha et al. [6] demonstrated
improvements in compressive strength and shrinkage characteristics of straw reinforced earth
composites. Mustapha et al. [7] demonstrated improved compressive, flexural strengths and
fracture toughness with the inclusion of straw in earthen building materials.
Despite the improvement in ductility of fibre reinforced earth-based composites, poor
resistance to abrasion, weathering and water erosion of earth, has necessitated the need for
the inclusion of binders to improve durability and mechanical performance of earthen
construction. Cement has been the most utilized binder but current research focus is now
being geared towards the development of alternative binders. Alkali activation of natural clay
minerals present in earth can be an alternative mechanism for the stabilization of earth for

92

building construction purposes. Alkali activation refers to the reaction of solid
aluminosilicates under alkaline conditions to produce a hardened binder which is based on a
combination of hydrous alkali-aluminosilicate and/or alkali-alkali earth-aluminosilicate
phases[8]. Clay minerals are aluminosilicates being composed primarily of alumina and
silica. Based on the theory of alkali activation, this mechanism may be adopted for the
development of in situ binders by the reaction between clay minerals present in the soil and
an alkaline solution which can be harnessed in the development of earth-based construction
materials. However, despite this potential, there is scarce literature on the use of alkali
activation as binding mechanism in earthen construction.
Most of the studies reported in literature focus on fibre reinforced earthen matrices stabilized
with cement and scarce studies have elucidated the effect of alkali-activated matrices on
ligno-cellulosic fibres in strength development. The mechanical properties of fiber-reinforced
composites depend on the fiber-matrix interface, since the strength of such a composite is
obtained by transferring the stress between the fibers and the matrix. [9]For this reason, the
interaction of fibres and the alkali activated matrix is expected to play an important role in the
behavior of the composites. However, it is not clear how this alkali activated matrix would
react and interphase with vegetable fibres which are typically used for reinforcement in earth
building materials. This is further complicated by the fact that alkali activation of some
uncalcined clay minerals requires curing at elevated temperatures (up to 250 C) which may
influence fibre properties.
Studies on fibre-cement composites have demonstrated deleterious effects of alkaline
compounds of the matrix (specifically Ca(OH)2 present in the pores) on the reinforcing effect
of ligno-cellulosic fibres [10]. The two main mechanisms responsible for degradation of these
fibres within alkaline cement based matrices are: (i) dissolution of lignin and hemicellulose in
the middle lamellae due to the adsorption of calcium and hydroxyl ions, and (ii) fibre
mineralization caused by migration of hydration products onto fibre surface and fibre lumen
[11]. However, it should be noted that the alkalinity within the alkali activated soil is
expected to reduce with time as it gets used up in the reaction, compared to cement based
matrices where alkalinity is based on a reaction product. Nonetheless, this raise questions as
to behavior of ligno-cellulosic fibres used as reinforcements in alkali activated earth-based
composites. The knowledge of this behavior will allow for the expanded applications of alkali
activation as stabilization mechanisms for soil stabilization in applications where toughness
and not necessarily strength are required.
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This paper reports the results of an experimental investigation aimed at studying the
modification in strength and post-crack behavior induced by the inclusion of reinforcing
fibres in an earth-based matrix stabilized using alkali activation. A comparative analysis is
presented on the effectiveness of the use of ligno-cellulosic fibres and synthetic fibres as
reinforcements. Samples were tested in dry and saturated conditions and subjected to flexural
loading to compare mechanical response and evaluate the effect of varying fibre contents.
Physical tests were also studied and optimum fibre contents evaluated. Presently, sustainable
and affordable housing is a topical issue in the building construction sector. The possibility of
the mass production of prefabricated robust panels made of earth and plant based fibres has
an immediate potential in meeting increasing housing demands in line with targets set by the
Sustainable Development Goals (SDGs) particularly in the developing world.

5.2

Materials and Methods

The experimental program was designed taking into cognizance the objective of the study.
The materials and characterization techniques are described.
5.2.1

Characterization of Materials

Soil
Soil used in this study was supplied by Top Telha Ceramic Tile Company in Leme, São
Paulo State, Brazil. Table 5.1 presents the summary of geotechnical properties of the soil.
Particle size distribution of the soil was determined by mechanical sieving and hydrometer
sedimentation in accordance with BS 1377:2. Based on the results, the soil is predominantly
silt sized with 68% of particles finer than 75 µm, which is typical for soils used for fired roof
tiles or bricks [12]. Atterberg limits was determined in accordance with BS 1377:2. and plot
above the A-line of the plasticity chart classifying the soils as clayey soils. These properties
do not fit the criteria required for ideal soils for cement stabilisation; suitable soils should be
generally coarse grained soils with low clay fractions with Plasticity Index of between 5 and
15% as soils with higher values are characterized by low compressive strengths, inadequate
durability and excessive drying shrinkage [13]. The elemental composition of the soil
expressed in oxides show Silica and Alumina as the major components of the soil at 70.4%
and 13.3% respectively. Given the nature of binding mechanism, it was necessary to
determine the mineralogical composition of soil to determine nature of clay minerals present
in soil. X-Ray Diffraction (XRD) was performed using a Rigaku MiniFlex 600 with range

94

10-70° (2θ) at a rate of 0.02°/min and showed mineralogical composition to be predominantly
muscovite, with traces of quartz and sanidine.
Table 5:9 Properties of Soil
Characteristics
Atterberg Limits
Liquid Limit
Plastic Limit
Linear Shrinkage
Particle Size Distribution
Sand
Silt
Clay
Mineral Content
Muscovite
Quartz
Orthoclase
Chemical Composition
SiO2
Al2O3
Fe2O3
K2O

%
42.5
24.9
9.18
35
33
32
52.5
32.7
12.9
70.39
13.31
4.09
4.97

Alkali Activator Solution
Alkaline activator used in this study was a solution of sodium hydroxide and sodium silicate.
Sodium hydroxide (NaOH) powder used was of caustic soda pellets with 97% purity whilst
sodium silicate powder was used and both chemicals were produced by Dinâmica Química
Contemporânea Ltd, Brazil. The weight ratio of sodium hydroxide/soil and sodium
silicate/soil was 3% and 0.75% respectively. These weight ratios correspond to lower bound
molarity of alkali activator solution reported in literature [14] and were selected to ensure that
building units had minimal environmental impact.

Fibres
Three fibre types were selected (sisal, Eucalyptus pulp and propylene) to evaluate their
reinforcing effect on the alkali activated clay matrix. Optical and Scanning Electron
Microscopy (SEM) with backscattered electrons (BSE) detector images of each fibre are
illustrated in Figure 5.1.
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(a)

(b)

(c)

Figure 5:26 Optical and SEM images of Fibres: (a) Sisal (b) Eucalyptus Pulp and (c)
Polypropylene

Sisal (Agave sisalana) fibres are a promising reinforcement for use in various composites as a
result of its low cost, low density, high specific strength and ready availability [15]. Sisal
fibres used in this study were extracted from the waste of baler twine cordage, which was
donated by the Association for the Sustainable Development of the Sisal Producing Region,
Valente, Bahia State, Brazil. Additional fibre characteristics can be found in previous work
[16]. These residual fibres presented a wide range in fibre thickness (100 µm – 250 µm).
Fibres were manually cut to average lengths of 10mm. As observed in Fig 5.1a, fibre
morphology presents a rough surface with deposits of calcium oxalate [16].
Unbleached hardwood kraft pulp extracted from Eucalyptus urophylla was obtained from the
paper manufacturing process. Pulping is a delignification process which chemically degrades
non-cellulose components of fibres which has been shown to improve their durability in
alkaline environment. [17] Studies have demonstrated the benefits of eucalyptus pulps as
reinforcement in cementitious materials [18,19] However, literature is scarce on the use of
pulp fibres in the reinforcement of earth-based matrices. Unbleached Eucalyptus cellulosic
pulp produced in São Paulo, Brazil was used in this study. Additional fibre characteristics can
be found in other studies. [20]
Polypropylene fibre is the most widely used synthetic fibre as reinforcement for soil [4] as it
as yielded promising results [21]. It possesses good ductility and resistance to alkaline attack
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relative to cellulose fibres [17] and was selected in this study for the basis of comparison with
the vegetable fibres. Polypropylene fibre produced by Saint-Gobain, Brazil was used in this
study. These fibres are monofilaments with approximately circular section with relatively
smooth surfaces as presented in Fig 5.1c.
Table 5.2 presents a summary of properties of fibres expressed as average ± standard
deviation. Physical attributes of fibres was characterized using optical microscopy. Based on
dimensions, sisal and pulp possess similar aspect ratios whilst polypropylene has an aspect
ratio which is one order of magnitude higher than the ligno-cellulosic fibres. Density of the
fibres was obtained using a Quantachrome Instruments Multipycnometer. Using these
dimensions, the number of reinforcing filaments in a unitary volume (1 cm 3) of fibre content
was computed and is presented in Table 5.2. As observed, pulp microfibers presented the
highest number of filaments for an equivalent volume fraction of fibres. Number of pull-out
fibres within a matrix is typically associated with the reinforcing capacity [20]
Table 5:10 Characteristics of Fibres
Fibre Type

Characteristic
Average Fibre length (mm)
Equivalent Diameter (µm)
Density (g/cm3)
Aspect ratio
No of filaments in 1 cm3

Sisal
10 ± 0.3
190 ± 55
1.420 ± 0.003
52
3.5E+03

Eucalyptus Pulp
0.7 ± 0.01
12 ± 0.1
1.62 ± 0.02
58
1.3E+07

Polypropylene
10 ± 0.01
17 ± 0.01
0.91 ± 0.002
588
4.4E+05

5.2.2 Mixtures and Preparation of specimens
Ten different composites were prepared for this study; a plain unreinforced matrix as well as
9 other composites incorporating 3 volume fractions of fibres (0.5, 1.0 & 2.0 vol.%) for the
three different fibres. Unfortunately, high aspect ratio of polypropylene fibres hindered the
extrusion of polypropylene reinforced composites at 2% vol. fraction. Table 5.3 presents the
material composition for each mix. Given the low number of reinforcing filaments presented
by sisal fibres relative to other fibres, fibre contents in this study were set in relation to sisal
fibre to maintain equivalent volume reinforcement. Fibre content was computed using soilfibre mixture only (sum equal to 100%) whilst alkali activation solution was set as a constant
percentage relative to dry soil to ensure that soil condition corresponded to plastic state for a
workable extrusion.
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Table 5:11 Mix Compositions
Composite
Plain Matrix
Sisal-0.5
Sisal-1.0
Sisal-2.0
E.Pulp-0.5
E.Pulp-1.0
E.Pulp-2.0
PP-0.5
PP-1.0
PP-2.0

Fibres (g)

Soil
(g)

Sisal

Eucalyptus
Pulp

Polypropylene

Water (g)

Sodium
Hydroxide (g)

Sodium
Silicate (g)

6000

--

--

--

1500

180

45

5970
5940
5880
5965
5930
5861
5981
5963

30
60
120
------

---35
70
139
---

------19
37

1493
1485
1470
1480
1460
1420
1495
1491

179
178
176
179
178
176
179
179

45
45
44
45
44
44
45
45

5925

--

--

75

1481

178

44

Alkaline activator solution was produced by dissolving requisite quantities of pellets/powders
in deionized water and allowing to cool for 24 h. The paste was obtained by mixing alkali
activator solution with the soil in a mass ratio (i.e. soil moisture content) of 25%, which
corresponds to the plastic limit of the soil. This was selected based on findings from Maskell
et al. [22], where extrusion of soil-based samples was more effective if mixture was in a
plastic state. Hence, alkali activator solution for all mixtures was determined as a percent of
dry soil only.
In the preparation of unreinforced composites, soil and alkali activator solution were
homogenized using a high energy intensive Eirich mixer (capacity 10 L) for 5 min at high
speed. Sisal and polypropylene fibre-soil composites were produced by first homogenizing
soil and their respective fibres in the dry state for 5 min at high speed before the introduction
of the alkali activator solution with additional mixing for 5 min. In the case of the pulp-soil
mixture, pulp fibres were dispersed in the alkaline solution using a magnetic stirrer for 10
min before transferring it to the soil and homogenising for 5 min in the mixer. Given the high
number of reinforcing filaments in pulp microfibers, adequate dispersion of fibres in liquid is
necessary to ensure effective distribution of fibres. In each case, fibres were introduced in
varying volume fractions (0, 0.5, 1.0 & 2.0 vol.%). However, as a result of high aspect ratio
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of polypropylene fibres relative to the ligno-cellulosic fibres, extrusion of 2.0 vol.%
polypropylene was not feasible.

(a)

(b)

(c)

Figure 5:27 Production process: (a) Mixing (b) Extrusion of specimens (c) Specimen drying
in the oven at 105°C

Following homogenization, fibre-soil mixtures were transferred to a laboratory extruder
(Gelenski, model MVIG-05) with a cross section die width/height ratio of 3.3 and operating
at a linear speed of approximately 4 mm/s. Plates of 200 mm×50 mm×15 mm were produced.
Samples were cured initially at elevated temperature of 105°C for 5 h and left in the
laboratory at room temperature of (24 ± 2)C and relative humidity (RH) of 60% and tested
after 14 days. The initial cure at 105°C was necessary as studies have shown that elevated
temperatures accelerate reaction and significantly improve strength [14]. Also, extended
curing at room temperature was conducted as alkali activation of natural clay minerals is time
dependent as a result of the low reactivity of the clay minerals [14]. After 14 days curing at
room temperature, the samples were subjected to physical and mechanical characterisation
including microstructural analysis.

5.3

Characterization of physical and mechanical properties

After curing, a minimum of six samples was subjected to physical tests: apparent density and
water absorption were determined according to ASTM C948:

(

3
Apparent Density ( g /cm )=

Water Absorption ( % )=

(

M dry
×ρ
M sat −M i

)

M sat −M dry
× 100
M dry

)

(1)

(2)
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where Msat is the saturated specimen’s mass with a dry surface, M dry is the dry specimen’s
mass after 24 h at 105ºC, Mi is the specimen’s mass immersed in water and ρ is the density of
water (1 g/cm3).
Flexural tests were performed on a minimum of six specimens using a universal testing
machine Emic DL-30000 equipped with 5 kN load cell. A four-point bending configuration
(Figure 5.3) with outer and inner support spans of 45 mm and 135 mm respectively was
adopted, using a displacement control testing procedure at a rate of 1 mm/min. The effect of
moisture content on earth-based materials made it necessary to standardize moisture
conditions during testing. Composites were tested in dry condition where samples were
subjected to 60˚C for 24 h; as well as saturated condition where another set of samples were
fully immersed in water for 24 h, prior to testing. Measured mechanical properties were:
modulus of rupture (MOR) and specific energy (SE). Mechanical properties were obtained
using equations (3) & (4) respectively.
MOR=
SE=

Fl
b d2

Energy
bd

(3)
(4)

where F is the maximum load, l is the major span length, b and d are the sample’s respective
width and depth, and m is the tangent of the slope angle of the load-deflection plot in the
elastic behavior region. SE was defined as the area under the load-deflection curve to the
point corresponding to a 90% reduction of the peak load during the flexural test divided by
the specimen cross-sectional area.
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Figure 5:28 Flexural test Set up

5.3.1 Statistical analysis of physical and mechanical properties
To aid in the interpretation of results, statistical analysis was performed using ANOVA
analysis in order to ascertain the effect of the reinforcing fibres on the physical and
mechanical properties of the composites. One-way ANOVA tests was used to determine if
differences existed between population means obtained at varying fibre volumes for a
specific fibre reinforcement. The procedure tested the null hypothesis (H o) that the average
results at all fibre dosages are equal (suggesting that the incorporation of fibres had no effect
on the performance) against the alternative hypothesis (Ha) that at least one average result
was different i.e
H 0 : μ1=μ2=μ 3=μ4
H a : At least one meanis different ¿ the others

(5)

where μm with a liquid limit1, μm with a liquid limit2, μm with a liquid limit3 and μm with a liquid limit4 are population means corresponding to different fibre volume
fractions. A significance level of 5% was adopted for this study indicating that if the p-value
of a statistical test was less than 0.05, at least one of the population means was statistically
different from the others and the null hypothesis (H o) was rejected. If Ho was rejected, a posthoc test (Tukey’s Honestly Significance Difference (HSD) test) was performed to determine
which means were statistically different from each other. This test was performed to ascertain
if varying fibre contents had any statistical effect on the performance of the composites.
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5.3.2 Microstructural Analysis
Microstructure of the samples was analyzed using a Hitachi Tabletop Microscope TM3000
with a backscattered electron image (BSE) detector, operated at 15 kV accelerating voltage.
Sample preparation comprised of impregnation with epoxy resin and manually polishing with
a Struers TegraPol-11 machine using silicon carbide abrasive paper with grit sizes 320, 600,
1000 for 6 min. A final polishing was carried out using a diamond polishing compound with
6, 3, 1 µm for 6 min with each size.

5.4

Results and Discussion

5.4.1 Effect of fibre type and content on physical properties
Apparent Density
Density has been mentioned as a significant indicator of strength and durability in earthbased building materials. Figure 5.4 presents average values of density (as bars) and standard
deviation (as error bars) of density variation with fibre type and content. Table 5.4 presents
results of Tukey HSD comparisons of mean densities obtained for varying fibre and content.

Figure 5:29 Variation of apparent density of composites with different fibre type and content
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Table 5:12 Results of Tukey’s HSD Comparison of mean densities for different fibre types
and contents
Sisal
Fibre vol.%

Eucalyptus pulp

Polypropylene

0

0.5

1.0

0

0.5

1.0

0

0.5

0
0.5

-1.635E-4*

---

---

-0.007*

---

-0.193

---

1.0

0.002*

0.672

--

0.743

--7.789E-

-0.389
4*
2.0
0.997
2.485E-4* 0.003* 0.845
0.046*
0.289
Note: Numbers with asterix indicate statistically significant differences at 0.05 level

0.016*

There was a significant effect of sisal fibre reinforcements on the density of the composites
for the different fibre volume fractions as determined by one way ANOVA [F (3,20) =
15.178 , p = 2.2×10-5]. Post-hoc comparisons using the Tukey HSD indicated that the average
density at 0.5 and 1.0 vol.% sisal fibre content was significantly different from the
unreinforced matrix whilst density at increased fibre content of 2 vol.% was not statistically
different from the unreinforced matrix. Statistically, increasing sisal fibre content from 0.5
vol.% to 1.0 vol.% was not significant on apparent density. However, difference of means of
densities obtained at 2.0 vol.% sisal fibre content was statistically significant from lower fibre
contents. These results suggest that sisal fibres reinforcements significantly modified the
density of the unreinforced matrix leading to more compact composites. The initial increase
in density of composites with sisal fibre reinforcements may be attributed to improved
packing densities associated with these fibre reinforcements. Similarly, inclusion of pulp
fibres had a significant effect on apparent density of the composites as determined by oneway ANOVA [F (3,20) = 8.068, p = 0.001]. Post hoc comparisons show only average density
at 0.5 vol.% pulp content was significantly different from the unreinforced matrix and other
pulp fibre contents. These results suggest that effect of pulp fibre reinforcements on apparent
density of composites was not as significant as their ligno-cellulosic (sisal) counterparts with
regards to improved packing density. On the other hand, one way ANOVA analysis on means
of densities obtained from polypropylene reinforced composites show that the means at
varying fibre contents are significantly different at the 0.05 level [F (2,15) = 5.111 , p = 0.02].
However, the difference of means of densities obtained at 0.5 vol.% and 1.0 vol.% was not
statistically different from that of the unreinforced matrix. This suggests that polypropylene
reinforcement had no significant effect on the density of the matrix.
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Comparison of effect of fibre reinforcements on density indicates that at the highest volume
fraction of ligno-cellulosic fibres investigated in this study (2.0 vol.%), densities of
composites were equivalent to the unreinforced matrix. Similarly, incorporation of
polypropylene (up to 1.0 vol.%) had no significant effect on the apparent density of the
composite. This behaviour is not consistent with results which have been reported in
literature [23-25]. With soil-fibre mixtures, replacement of soil particles with fibres, which
have lower densities, results in a reduction of overall density of composite. The behaviour
observed in this study could be explained using moisture-density relationship concept of soils
as well as the extrusion technique. Extrusion moulding is a material processing method,
which has been reported to produce well-consolidated fibre cement composites with low
porosities and fibre matrix bonds [26]. Furthermore, extrusion of fibre-soil mixtures was
carried out at plastic limit of plain soil matrix, which corresponds to moisture content at
which the soil begins to behave like a plastic material. However, the optimum moisture
content of soil, which corresponds to the highest packing density, is typically lower than the
plastic limit. This implies that a reduction of moisture content from the plastic limit would
bring the soil closer to the optimum moisture content resulting in improved packing density.
As observed during sample production, the inclusion of fibres stiffened the matrix and may
have placed a water demand on the soil thereby resulting in reduced moisture content and a
higher density. The effect is more pronounced in sisal fibre reinforced composites and this
may be attributed to high hydrophillicity relative to the other fibres. Studies have reported
water absorption values of 200% associated with sisal fibres [27]. Furthermore, variation in
the initial moisture content as a result of fibre reinforcements may affect the alkali activation
of the clay minerals leading to a variation of alkali activated products in the composites.[28]
Correlation of these results with flexural strength show that these optimum fibre contents for
apparent density correspond to optimum fibre content for flexural strengths as presented in
the following section. Increase in soil dry density indicates increased contact conditions
between soil particles and therefore an increased interfacial contact area between fibre and
soil matrix which improves interfacial bond strength (Tang et al., 2016). However, preferred
fibre contents should correspond to lighter composite materials. In this regard, 2% vol.
fraction of ligno-cellulosic fibre reinforcements with enhanced mechanical properties will
have implications in the development of lightweight construction materials.
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Water Absorption
Values of average water absorption (presented as bars) and standard deviation (presented as
error bars) are presented in figure 5.5. Water absorption characteristic of earth-based
materials is significant as it is an indicator of durability of materials [30] given the moisture
sensitivity of earth. In earthen-based composites reinforced with vegetable fibres, water
absorption in composites may be attributed to the porosity of matrix as well as absorption of
water by hydrophilic vegetable fibres.

In this study, the high water absorption (20%)

observed with the unreinforced matrix suggests the former to be a major contribution. This
water absorption value is indicative of high porosity of the matrix and/or presence of
unreacted clay minerals after alkali activation. This can be attributed to the low reactivity of
the clay minerals as well as low molarity of alkali activator solutions utilized. Table 5.5
presents results of Tukey’s HSD Comparison of mean values of water absorption for different
fibre types and contents.

Figure 5:30Variation of water absorption of the composites with different fibre type and

Table 5:13 Results of Tukey’s HSD Comparison of mean values of water absorption for
different fibre types and contents
Sisal
Fibre vol.%

Eucalyptus pulp

Polypropylene

0

0.5

1.0

0

0.5

1.0

0

0.5

0

--

--

--

--

--

--

--

0.5

3.137E-4*

--

--

-0.008

1.0

0.004*

2.0

0.674

0.675
0.004
*

--

--

0.224

--

--

*
0.729

7.307E-4*

--

0.325

0.015*

0.048*

1.000

0.007*

0.732
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Note: Numbers with asterix indicate statistically significant differences at 0.05 level

There was a statistically significant difference between means of water absorption values
obtained with varying sisal fibre reinforcements [F (3,20) = 11.215, p = 1.56×10-4]. The
results from the Tukey post hoc analysis show that incorporation of sisal fibres at 0.5 vol.%
and 1.0 vol.% significantly modified the water absorption of the matrix, whilst water
absorption at 2.0 vol.% fibre content was not statistically different from the unreinforced
matrix. These results suggest that sisal fibres reinforcements significantly modify the water
absorption of the unreinforced matrix and this may be attributed to improved packing
densities as observed in the previous section. Similarly, incorporation of eucalyptus pulp
reinforcements significantly modified the water absorption characteristics of the composite as
determined by one way ANOVA [F (3,20) = 8.52, p = 7.616×10-4]. However, results from the
post hoc analysis show that only 0.5 vol.% pulp reinforcement significantly modified the
matrix and was also statistically different from the means of water absorption obtained at
higher fibre reinforcements. With polypropylene reinforcements, ANOVA results indicate
water absorption values were also statistically different for the different fibre contents [F
(2,15) = 5.207, p = 0.019] However, results from post hoc analysis show that inclusion of
polypropylene had no effect on water absorption of the unreinforced matrix even though the
means of water absorption with polypropylene reinforcement were statistically different.
Generally, hydrophilic nature of ligno-cellulosic fibres creates pathways through the soil,
thereby increasing water absorption with increase in fibre content [27]. In addition, lignocellulosic fibres have free hydroxyl groups on the surface, which bind with water and
increase water absorption capacities. Consequently, fibre reinforcements are expected to
result in increased water uptake. Inclusion of sisal fibres at 0.5 and 1.0 vol.% resulted in a
reduction of water absorption relative to the matrix with lowest values obtained at 0.5% vol.
fraction fibre content. Similarly, inclusion of E. pulp fibres resulted in an initial increase in
water absorption and subsequent decrease with increasing fibre content to values almost
equivalent to unreinforced matrix. This trend is not in agreement with studies on lignocellulosic fibre-earth composites where high water absorption values have been recorded
(Danso et al., 2015; Ismail & Yaacob, 2011). However, as observed in the previous section,
inclusion of fibres improved packing density between fibres and particles. This would
promote a compact fibre-matrix system with less permeable pores, which prevents the
penetration of water and consequent absorption by the fibres.
At the highest volume fraction investigated in this study, water absorption values of
composites were not statistically different from that of the unreinforced matrix irrespective of
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fibre type. With ligno-cellulosic fibres, this should not be the case owing to the hydrophilic
nature of these fibres relative to their synthetic counterpart. A possible explanation may be
that interactions occur at the interface between the vegetable fibre surface and alkali solution
within the matrix with consequent effect on the water absorption capacity of vegetable fibres
within the composites. Sodium hydroxide treatment (often termed mercerization) of lignocellulosic fibre has been extensively used to modify surface properties of these fibres in the
development of ligno-cellulosic fibre-polymer matrices. It has been reported that reaction
between hydrophilic hydroxyl groups in ligno-cellulosic fibres and NaOH solution results in
a reduction of water absorption capacity as shown in equation (6) [32]
Fibre−OH + NaO H → Fibre−O−Na+ H 2 O

(6)

Results from this study suggest the possibility of interactions between ligno-cellulosic fibres
and alkali activated matrix, which modifies the hydrophilic nature of fibres in the composites.
This behaviour in earth-based matrices has implication on the dimensional stability of
cellulose fibres. Studies have focused on improving dimensional stability of vegetable fibres
in composites by treatment of fibres to reduce the transfer of water between the matrix and
fibre [33]. Hence, the reduction of water absorption potential of fibre reinforced earthen
building materials with alkali-activated matrices has significant impact on the durability of
these composites.

5.4.2

Effect of fibre type and content on Mechanical Properties

Flexural Properties in Dry Condition
Figure 5.6 presents average values of modulus of rupture (MOR) represented by bars as well
as standard deviations presented as error bars for composites tested with different fibre
reinforcements at varying fibre content. Table 5.6 presents results of Tukey’s HSD
Comparison of mean values of MOR for different fibre types and contents in the dry
condition
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Figure 5:31 Variation of average modulus of rupture in dry condition with different fibre
reinforcements and fibre content
Table 5:14 Results of Tukey’s HSD Comparison of mean values of MOR for different fibre
types and contents in the dry condition
Sisal
Fibre vol.%

0

0.5

Eucalyptus pulp
1.0

0

0.5

1.0

Polypropylene
0

0.5

0
--------0.5
3.94E-4*
--0.929
--0.988
-1.0
0.001*
0.909
-0.019*
0.09
-0.757 0.768
2.0
0.002*
0.404 0.792 0.617
0.952
0.128
Note: Numbers with asterix indicate statistically significant differences at 0.05 level

Flexural strength of fibre reinforced earth composites is dependent on two main factors:
flexural strength of natural soil matrix (without fibres) and the fibre reinforcement benefit.
The former is controlled mainly by the nature of the bonding at contact points between soil
particles and by the number of such contacts, i.e. particle packing, whilst the latter is largely
dependent on the fibre-matrix interfacial shear strength. Average MOR obtained for the
unreinforced matrix was 3.25 MPa, which is significantly higher than values recorded for
earth-based construction materials. Typical values reported in literature range between 0.131.67 MPa [13,34]. Improved flexural strength recorded in this study could be attributed to
binding mechanism adopted as well as extrusion moulding. Typical moulding technique
adopted in earth-based construction is compression moulding.

However, enhanced
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mechanical properties of extruded fibre-reinforced composites has been attributed to
strengthened fibre-matrix bond associated with extrusion moulding. Despite improved
flexural strength of composites, mode of failure of these unreinforced specimens was
characterized by immediate failure after peak load i. e. mechanical behaviour of brittle
matrices. It was recorded with a single crack at the mid span and complete separation of the
specimens into two halves at the end of the test.
There was a statistically significant effect of sisal fibre reinforcements on the MOR as
determined by one way ANOVA [F (3,20) = 13.294, p = 4.02×10 -4]. Post hoc comparisons
from Tukey HSD indicate that there was a significant effect of sisal fibre content on the MOR
of the unreinforced matrix at all fibre contents investigated. However, the difference of
means between MOR at varying fibre contents was not statistically significant. This suggests
that a minimum volume fraction of fibres was sufficient to significantly modify the MOR of
the matrix and increase of sisal fibre content was not significant with regards to flexural
strength. Similarly, inclusion of eucalyptus pulp fibres resulted in a statistically significant
effect on the MOR of the composites from the one way ANOVA result [F (3,20) = 5.793, p =
0.021]. Further comparisons of means using Tukey HSD indicate that only 1.0 vol.% pulp
fibre content significantly modified the MOR of the unreinforced matrix. Increase in pulp
fibre content did not yield any statistically different effect on the MOR. In comparison to
sisal reinforcements, these results suggest that pulp reinforcement was not as effective in the
improvement of flexural strength of composites. On the other hand, there was no statistically
significant effect of polypropylene reinforcement on MOR of the composites as determined
by one way ANOVA [F (2,15) = 0.347, p = 0.714]. Comparing with effect of polypropylene
reinforcement on apparent density, this results that although the inclusion of polypropylene
resulted in a more compact composite, excess fibre-fibre interactions weakened the matrix
with attendant effect on the MOR.
A comparison between ligno-cellulosic fibre types shows that highest improvement in MOR
was achieved with sisal fibres (≈74% increase compared to matrix) whilst maximum increase
associated with pulp fibres was 29%. Superior performance in sisal reinforced composites
may be attributed to the presence of a strong interaction between sisal fibres and the alkali
activated clay matrix. Rough surface morphologies observed with sisal fibres may facilitate
mechanical anchorage which plays an important role in the bond strength and interfacial
performance of composites [35]. Furthermore, due to hydrophilic nature of vegetable fibres,
possibility of development of hydrogen bonds between hydrophilic surface groups and
oxygen containing species within the alkali activated matrix [36] may also provide additional

109

chemical adhesion between fibres and matrix. In addition, sisal fibre had the lowest number
of reinforcing filaments for an equivalent volume fraction of fibres. This would suggest that
matrix-rich regions would dominate the fibre-soil mixture. Consequently, improved fibrematrix interactions are expected to lead to good bond strength and overall composite strength.
A combination of all these factors is expected to yield improved fibre-matrix interactions
between sisal fibre and the alkali activated matrix as a result of improved stress transfer
between both phases. These same factors are expected to result in improved performance of
pulp reinforced composites. However, inferior performance of Eucalyptus pulp relative to
sisal reinforced composites could be attributed to the fact that given the dimensions of pulp
fibres, a higher number of filaments of pulp fibre would be present for an equivalent volume
fibre content resulting in higher fibre-fibre interactions compared to fibre-matrix interactions.
This decreases the potential of the formation of fibre-matrix interaction in the process [37] as
fibre-fibre interactions break up the cohesion in the soil matrix thereby weakening the soilfibre matrix. In addition, relative smooth morphologies of pulp fibres may not favour
anchorage. In contrast, polypropylene reinforcement did not significantly influence the MOR
of the matrix as compared to the ligno-cellulosic fibres and this may be attributed to a poor
fibre-matrix adhesion with increased fibre-fibre interactions. Smooth surface morphology as
well as alkali resistance of polypropylene fibres would contribute to poor matrix-fibre
interactions. These results are in agreement with results obtained by Puertas et al. [38] where
inferior flexural performance was attributed to poor workability due to addition of
polypropylene fibres in an alkali activated matrix.
Post-Crack Behaviour in Dry Condition
Much of the expected performance benefits due to fibre inclusion are observed in the postpeak load portion of the stress–strain behavior. Hence, typical stress stain curves are
presented in Figure 5.7, which gives an indication of the quality of the material from the point
of view of crack control.
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Figure 5:32 Typical flexural stress-Strain Curves in oven dry condition (a) Sisal reinforced
composites (b) E.Pulp reinforced composites (c) Polypropylene reinforced

Despite satisfactory performance in flexural strength at low vegetable fibre contents (0.5 &
1.0 vol.%), flexure stress-strain curves at these fibre contents show an abrupt load drop with
loss of load carrying capacity at peak strength. In the case of sisal fibre reinforcements,
variation of MOR with fibre content was not statistically significant. However, specific
energy absorbed at 2 vol.% was 37% higher than energy absorbed at 1 vol.% fibre content
(Table 5.7). As presented in Figure 8, 2 vol.% fibre content yielded a characteristic deflection
softening behavior after first cracking indicating that loading was transmitted to the lignocellulosic fibres with possible crack bridging. Similarly, Figure 5.7 shows significant energy
absorption capacity was only introduced at 2 vol.% pulp reinforcement. This indicates that 2
vol.% ligno-cellulosic fibre content presents a satisfactory balance of flexural strength as well
as ductility in the development of robust extruded earth-based materials. A similar deflection
softening behaviour was observed with non-continuous ligno-cellulosic fibre-cement
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composites with fiber volume fractions less than 4% and fibre lengths less than 25-30 mm
[39].
The high number of reinforcing filaments of E. pulp was expected to favour debonding in the
post crack response. However, evaluation of post-crack response shows that Eucalyptus pulp
reinforced composites exhibited an almost brittle failure. This behavior is not in tandem with
results from pulp reinforced fibre cement composites which demonstrate improved behavior
as a result of pulp fibre reinforcements [40, 41] . However, these studies adopt volume
fractions as high as 8-10%. Given their dimensions relative to the matrix, pulp microfibers
provide reinforcing mechanism at the micro level by arresting cracks before they propagate to
unstable dimensions [42]. This implies they are expected to modify intrinsic mechanical
performance of matrix by increasing cracking strength. Studies by Mustapha et al. (2016) on
straw fibre reinforced earth-based matrices have noted pull-out (debonding and sliding) and
crack bridging to contribute to the overall toughness of these composites. If toughness
influence of fibres may only come into effect when macrocracks are wide enough to activate
these toughness mechanisms, such as pull-out and bridging, this explains why reinforcing
effect of pulp fibres was not observed as a result of insufficient embedment length to resist
high pull out loads. This suggests that a minimum critical fibre content and
dispersion/distribution challenges are required to efficiently introduce and exploit potential
toughness mechanisms with pulp reinforcement of this class of materials.
On the other hand, stress-strain curves show that polypropylene fibre reinforcement satisfy
condition of deflection hardening where average MOR value is greater than the first crack
strength and deflection at peak load is higher than that at first load [17]. Consequently, failure
of specimen was characterized by multiple cracking and large deflections. Although, increase
of fibre content from 0.5 vol.% to 1.0 vol.% had not statistical effect on the MOR, specific
energy increased by about 175% with increase in fibre content (Table 5.8). As a result, whilst
fracture mode of vegetable fibre reinforced composites was characterized by sole cracks,
polypropylene reinforced composites presented multiple cracking. Consequently, composite
deformation measured at the middle of the span at peak load was 0.1% for both sisal and
eucalyptus pulp reinforcements which was almost equivalent to deformation of the
unreinforced matrix. Polypropylene reinforcements, on the other hand exhibited composite
deformations up to 1.0% at peak load. This significant improvement in ductility and energy
absorption capacity observed with polypropylene reinforced earth composites presents the
potential of increasing the versatility of earth as a building material.
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Figure 5:33 Optical images of cracked specimens showing evidence of crack bridging by
sisal and polypropylene fibres in (a) Sisal (b) Eucalyptus Pulp and (c) Polypropylene
reinforced composites tested in the dry condition

The post-peak behaviour for sisal and polypropylene reinforced composites can be attributed
to the bridging effect of fibres as presented in Figure 9 indicating that crack growth was
impeded by the fibres. This bridging effect by sisal and polypropylene fibres effectively
reduces the crack driving force and promotes shielding of the crack tip. [43,44]. However,
Fig 9b shows eucalyptus pulp fibres were not as effective in bridging crack and effectively
transferring stress between both phases. This explains brittle behaviour of these composites.
Deflection softening behaviour observed with sisal reinforcements suggest that performance
can be significantly affected by an increase in fibre length which would further improve the
bridging effect. Longer embedment lengths would correspond to better energy absorption
capacities as direct consequence of higher loads required for fibre debonding and frictional
pullout. Furthermore, a higher fibre content may result in a weakened fibre-matrix interaction
which would favor debonding alongside the crack bridging effect and cause a transition from
deflection softening to deflection hardening as a direct consequence of increased energy
dissipation during debonding and frictional pull-out [45]. In comparison to polypropylene
fibres, higher aspect ratio of polypropylene fibres relative to ligno-cellulosic fibres resulted in
a higher number of filaments for a more effective crack bridging.
Flexural Properties in Saturated Condition
In order to determine the resilience of these composites as building materials, the effect of
full saturation of the composites was investigated. Saturated conditions have a significant
effect on the mechanical properties of both soil and vegetable fibres. In soil, clay minerals
absorb water which leads to development of significant pore water pressures with
corresponding reduction of effective stress between particles [46] whilst ligno-cellulosic
fibres absorb moisture via lumen and porous surface and in the process, loose stiffness. [17]
In the dry state, the soil suction is relatively high and the formed water bridges at particle–
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particle contact points are strong resulting in high bonding force between particles,
contributing to the soil flexural strength [47] . With saturation, the soil suction decreases and
the bonding force developed through the bridge system gradually disappears resulting in a
weakened matrix. Hence, the true test of any binding mechanism may only be evaluated
when samples are fully saturated.
Figure 5.9 presents average values of MOR presented as bars and corresponding standard
deviation presented as error bars for samples tested in the saturated condition. In comparison
to MOR values obtained in the dry condition, there is a significant drop in average MOR
value of the unreinforced matrix (saturated MOR to dry MOR ratio = 13%) when samples are
tested in the saturated condition. This could be attributed to the presence of voids within the
matrix and/or the presence of unreacted clay minerals in the matrix. This agrees with results
from water absorption tests presented in the preceding section. Absorbed water molecules act
as lubricant resulting in a reduction in the overall strength and increased deformation. Despite
this significant drop, saturated MOR value does not fall below range of typical values
obtained in literature 0.13-1.67 MPa [13,34]. However, this significant loss in strength
suggests that application of this class of materials should be limited to moisture-controlled
environments to preserve structural integrity.

Figure 5:34 Variation of average modulus of rupture in saturated condition with different
fibre types and content.

.
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Table 5:15 Results of Tukey’s HSD Comparison of mean values of MOR for different fibre
types and contents in the saturated condition
Sisal
Fibre vol.%

0

0.5

Eucalyptus pulp
1.0

0

0.5

Polypropylene
1.0

0

0.5

0
--------0.5
5.70E-4*
--0.543
--0.059
-1.0
1.79E-5* 0.148
-0.022*
0.269
-1.15E-4* 0.004*
2.0
0.002*
0.989 0.102 2.01E-4* 0.003*
0.07
Note: Numbers with asterix indicate statistically significant differences at 0.05 level

Results from the one way ANOVA analysis indicate that inclusion of sisal fibres had a
statistical effect on the MOR of the composites in the saturated condition [F (3,20) = 16.712,
p = 3.47×10-5]. Post hoc comparison of means using the Tukey HSD indicate that the
difference of means between saturated MOR of the unreinforced composite compared to all
fibre reinforced composites was statistically significant. However, the difference of means
between MOR values at each fibre content was not statistically significant. These results
further confirm that inclusion of sisal fibre reinforcements significantly modified the flexural
response of the unreinforced matrix but the matrix was not sensitive to the change in fibre
content. Similar trends observed with sisal reinforced samples tested in the dry and saturated
conditions suggest that water saturation did not significantly alter interactions between sisal
fibre reinforcements and earth-based matrix. Samples reinforced with pulp fibres also showed
a statistically significant effect on the saturated MOR as determined by one way ANOVA [F
(3,20) = 13.23, p = 2.26×10-4]. However, only samples reinforced with 1.0 and 2.0 vol.% pulp
fibres demonstrated a statistically significant effect on the saturated MOR of the unreinforced
matrix. These results suggest that low pulp fibre contents (0.5 vol.%) were not sufficient to
significantly modify the matrix as was the case with sisal fibre reinforcements. Also, the
unreinforced matrix was sensitive to changes in pulp volume fraction as means of differences
of saturated MOR at 1.0 vol.% and 2.0 vol.% were statistically different from each other.
Like sisal fibre reinforcements, pulp fibre reinforced composites did not show any significant
deviation of soil-fibre effect on MOR when comparing samples tested in the dry and
saturated condition. This behaviour with ligno-cellulosic fibre reinforcements may be
attributed to chemical interactions between fibres and alkali activated matrices. In contrast,
unlike in the dry condition, inclusion of polypropylene fibres demonstrated a statistically
significant effect on the saturated MOR of the composites as determined by one way
ANOVA [F (2,15) = 22.09 , p = 1.41×10-4]. Results from the comparison of means test shows
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that only 1.0 vol.% polypropylene fibre content significantly modified the saturated MOR of
the unreinforced matrix. Given the hydrophobic nature of polypropylene fibres, moisture
sensitivity is expected to be reduced relative to ligno-cellulosic counterparts. However, the
possibility of increased porosities attributed to higher aspect of ratio enhances water
absorption which could play an important role in lubricating the layer at the fiber/particle
interface. [17].
With fibre reinforcements, resilience to the damaging effect of moisture on the composites
was slightly improved; average ratio of saturated MOR to dry MOR observed was 18%, 19%
and 29% for sisal, pulp and polypropylene reinforced composites respectively. In the dry
state, ligno-cellulosic fibres are brittle/strong with a significant fibre-matrix bond. These
combined effects tend to lead to higher strength and lower toughness in ligno-cellulosic fiber
reinforced composites in the dry condition [17]. In the saturated state, particles on a shear
interface are easily disturbed and the pull-out resistance of fibers in soil is weakened (Tang et
al., 2007). This weakening of the matrix would result in weakened fibre-matrix interactions
as a result of lower contact points and would lower the fibre pull-out load. Consequent effect
would be a drop in the average MOR value of the fibre reinforced composites in the saturated
condition. The significant drop in MOR observed with ligno-cellulosic reinforced composites
tested in the saturated condition could be therefore be attributed to a loss of strength in the
fibres as well as weakening of the fibre matrix bond. However, effect of ligno-cellulosic fibre
inclusion on the unreinforced matrix appears to be insensitive to moisture testing condition as
determined by the one way ANOVA analysis. This suggests that effect of moisture on the
matrix may be much greater than effect induced by the hygroscopic nature of the lignocellulosic fibres. On the other hand, average loss of strength due to saturation was not as high
with polypropylene reinforcements. Higher aspect ratio resulting in a high number of
reinforcing filaments would provide a dense skeleton of fibres as major resistance to flexure
within the weakened matrix resulting in improved resilience. In the saturated condition, 1 vol.
% polypropylene reinforced composites demonstrate the highest MOR which corresponds to
a 150% increase relative to the matrix.
Post-Crack Behaviour in Saturated Condition
Figure 5.10 presents typical stress-strain curves for composites tested in the saturated
condition.
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Figure 5:35 Results of Tukey’s HSD Comparison of mean values of MOR for different fibre
types and contents in the saturated condition

Despite significant loss in flexural strength with water saturation, stress strain exhibit a much
more noticeable effect of fiber inclusion in the post-peak region. The figures illustrate the
effect of moisture on the deformation behaviours of both ligno-cellulosic and synthetic fibre
reinforcements. At maximum fibre volume fraction investigated, composite deformation
measured at the middle of the span at peak load was 0.16% and 0.08% for sisal and
eucalyptus pulp reinforcements respectively. Polypropylene reinforcements, on the other
hand exhibited composite deformations up to 1.2% at peak load.
In all cases, increase in fibre content results in increased deflection capacity of samples with a
marked increase in energy absorption capacity. For instance, brittle failure observed in the
failure of pulp reinforced composites in the dry condition transformed to ductile failure with
corresponding deflection softening in the post peak region. With sisal fibre reinforcements, a
transition to graceful failure is observed from 1 vol.% of fibre content, whereas a sharp load
drop after peak load is observed with pulp reinforcements. Again, this can be attributed to
difference in fibre lengths confirming that with reinforcement of earth-based materials, fibre
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length is more critical compared to aspect ratio as both fibres possessed almost similar aspect
ratios.
Table 5:16 Specific energy of composites in dry and saturated testing conditions
Specific Energy (J/m2)
Fibre
Content

Dry

Sisal

E.Pulp

PP

Sisal

Saturated
E.Pulp

PP

(%)

0
0.5
1
2

--281.9
385.3

---86.8

-1375
3789
--

7.1
42.5
133
208.7

7.1
10
17.5
27.9

7.1
1151
2296
--

The specific energy for all fibre-soil composites, which was computed as the area under the
load-deflection curve divided by the specimen cross-sectional area, is presented in Table 5.8
and gives an indication of the toughness of each material. Toughness, which is a composite
property, has implications for structural elements, which may be exposed to high dynamic
loads such as earthquakes or wind loads. A comparison of ligno-cellulosic fibre reinforced
composites shows that at equal fibre contents, energy absorption capacity of sisal reinforced
composites was about 4 times higher than the Eucalyptus pulp counterparts. This further
confirms the impact of fibre length in the reinforcement of these matrices. As a result of
superior deflection capacity, polypropylene reinforced composites demonstrate energy
absorption capacities, which is an order of magnitude higher than vegetable fibre
counterparts.

5.4.3 Microstructural Analysis
SEM images presented in Figure 5.11 show the microstructure of composites with different
fibre reinforcements. These images reveal a heterogeneous bulk matrix comprising of large
sized grains with a binder phase surrounding the grains. Energy Dispersive X-ray
Spectroscopy mapping of these large sized grains identified silica dense particles as quartz
and silica/potassium dense particles as orthoclase. Fibre reinforcements appear to modify the
bulk matrix as sisal and polypropylene reinforced samples appear more consolidated than
Eucalyptus pulp counterparts. These could be attributed to the number of reinforcing
filaments present in Eucalyptus pulp reinforced samples which may result in weaker
matrices. The relative difference in microstructure confirms variation in the initial moisture
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content as a result of fibre reinforcements may have affected the alkali activation of the clay
minerals leading to a variation of alkali activated products in the composites. Presence of
voids and linear cracks in the microstructures explains the significant water absorption
observed in the composites. More linear cracks are observed around polypropylene and pulp
reinforced samples. These linear cracks observed may be attributed to residual dehydration
associated with thermal curing which may amplify porosities introduced by fibres.
Fibre distribution at the microstructural scale gives more insight of composite physical and
mechanical performance. Sisal fibre reinforced composites showed an increase in matrix-rich
regions, compared to polypropylene or Eucalyptus pulp counterparts; confirming tendency of
increased fibre matrix interactions. This correlates well with the flexural strength and density
performance in the previous sections. More fibre reinforcements observed with Eucalyptus
pulp and polypropylene reinforcements explains tendency of these composites to be fibrecontrolled. Linear cracks appear running through fibre-matrix interface for Eucalyptus pulp
and polypropylene reinforced composites not observed with sisal reinforced composites
which correlates with increased water absorption observed with these samples.

Figure 5:36SEM images of composites reinforced with different fibres (a) Sisal (b) E. Pulp
and (c) Polypropylene
Comparison of the matrix with fibre reinforced samples show that the inclusion of fibres
modifies the matrix and this is evident in the distribution of elements in the Energy
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Dispersive X-Ray Spectroscopy (EDS) maps (Figure 5.12). EDS maps show a variation in
the elemental distribution in the matrix with the different fibre types. This justifies the
variation in composite densities observed in the previous section. Varied microstructure of
fibre reinforced demonstrates the sensitivity of matrix to fibre inclusion. This may be
attributed to moisture content variation [28].
Fibre matrix interface (Figure 5.12) shows an overall good adhesion between both fibres and
the matrix. This is not in agreement with behaviour of ligno-cellulosic fibres in soil matrices
which are typically characterized by dimensional changes of the fibre as a result of variation
in moisture and temperature. During mixing, the hydrophilic nature of fibres leads to
moisture absorption and consequent expansion whilst during the drying stage, the loss of
absorbed moisture results in fibre shrinkage leaving a void around the periphery of the fibre
[27]. This behavior was demonstrated in studies by Danso et al. (2017) on earth-based
composites reinforced with ligno-cellulosic fibres (bagasse, coconut and oil palm) where
microstructural analysis revealed gaps between the periphery of the fibres and matrix within
the range of 18 -77 µm for the different fibres. The absence of significant voids around the
periphery of vegetable fibres in this study could be attributed to extrusion moulding which
has been reported to improve fibre packing in fibre-cement composites. Furthermore, EDS
mapping/distribution of Na elements show the presence of Na within sisal fibres and
Eucalyptus pulp fibres confirming chemical interaction between the fibres and the matrix.
Negative charge of OH bonds from cellulose molecules may have formed a bond between
flocculated Na ions from within the matrix leading to additional chemical adhesion between
fibre and matrix. The absence of Na in polypropylene fibres, which is largely alkali resistant,
confirms this trend. A combination of chemical and physical adhesion between lignocellulosic fibres and matrix justify higher flexural strengths and smaller deflection capacities
observed with natural fibres reinforcements. It also confirms water absorption characteristics
of composites reinforced with ligno-cellulosic fibres.
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Figure 5:37 SEM images and EDS mapping of composites with different fibre
reinforcements: (a) Unreinforced matrix (b) EDS map of unreinforced matrix (c) Sisal fibre
reinforced composite (d) EDS map of sisal reinforced composite (e) Eucalyptus pulp
reinforced c (EDS Map Key: Silicon – Red, Aluminum – Green, Sodium – Blue)
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5.5

Implications

The results from this investigation has presented the improvement of mechanical and physical
properties of alkali activated clay based composites reinforced with fibres in a bid to
encourage further research into similar alkali activated earth-based matrices given the lack of
studies on these composites. Most studies on earthen construction have focused on
applications where compressive strength requirements govern applications. With fibre
reinforcements, the scope of these materials maybe expanded to panels, claddings and
pavements. Results from this study have demonstrated significant energy absorption
capacities may be introduced with a combination of alkali activated clay matrices reinforced
with various fibres. This energy absorption capacities have significance in earthquake prone
regions. Based on these results, mechanism of failure of alkali activated earth-based
composites reinforced with ligno-cellulosic fibres is primarily controlled by fibre-matrix
interactions with fibre length playing a critical role in crack bridging mechanisms. A
combination of mechanical and chemical adhesion as a result of surface roughness and
hydrophilic nature of sisal fibres are presumed to be responsible for improved flexural
strengths observed. On the other hand, synthetic fibres which are largely alkali resistant,
demonstrated low flexural strengths attributed to weak fibre matrix interactions.
Consequently, deflection hardening behaviours were observed in the flexural response
attributed to large number of filaments and fibre debonding.
The use of ligno-cellulosic macrofibres as reinforcements presents a more eco-friendly
construction material and significant fibre-matrix interactions results in materials with
improved flexural strength. In this study, 10 mm long sisal fibres were used in the production
of soil composite. It would be interesting to investigate longer fibres in order to establish the
optimal length for maximum improvement. On the other hand, beneficial reinforcing effects
of pulp microfibers may not be exploited in earth-based matrices as a result of inadequate
fibre length. However, superior performance of polypropylene in ductility (as a result of
weak fibre-matrix interactions) compared to ligno-cellulosic fibres, suggests that applications
of earth-based building materials may be broadened to applications where ductility (and not
necessarily strength/cost) is critical.
In a bid to develop a low impact earth-based building material, alkali activation of clay
minerals was performed using a relatively low molarity alkaline solution. Consequently,
presence of unreacted clay minerals in the matrix resulted in a significant drop in strength
performance when samples were tested under saturated conditions. Notwithstanding, MOR
values recorded were within the range of typical values reported in literature demonstrating
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the potential of this binding mechanism. Nonetheless, applications of this class of materials
may be restricted to protected/moisture-controlled environments in order to preserve
structural integrity during application.

5.6

Conclusions

This study presents an experimental study on a novel construction material to give insight on
effect of fibre type and dosage on physical and mechanical properties of an alkali activated
clay matrix. Alkali activation of natural clay minerals is a promising alternative binding
mechanism for unfired earth-based building material and it is remarkable how different types
of reinforcement will influence properties of extruded composites. Three different fibre
reinforcements (sisal, eucalyptus pulp and polypropylene) were studied at varying fibre
volume fractions (0, 0.5, 1.0 & 2.0%). Based on the test results, the following conclusions
can be drawn:


Statistically, inclusion of sisal fibre reinforcements significantly modified the matrix
attributed to improved packing density obtained during extrusion moulding resulting
in an initial increase in density. Effect of pulp and polypropylene reinforcements on
the density of the unreinforced matrix was not statistically significant. Replacement of
soil with fibres of relatively lower densities was expected to reduce overall composite
densities. However, at highest fibre content investigated in this study, density of
unreinforced composite was statistically equivalent to the reinforced composites.



Improved packing densities obtained with sisal fibre reinforcement resulted in
statistically significant reductions in water absorption as a result of a more compact
fibre-matrix system relative to other fibre reinforcements. Contribution of hydrophilic
nature of ligno-cellulosic fibres to water absorption of composites was not
significantly observed. SEM/EDS analysis revealed the presence of sodium within
ligno-cellulosic fibres indicating chemical reactions between hydroxyl groups on
ligno-cellulosic fibres and sodium compounds from the alkali activated matrix, which
may have modified hydrophilic nature of ligno-cellulosic fibres.



Average flexural strength of unreinforced alkali activated clay matrix (3.2 MPa)
tested in the dry condition was significantly higher than typical range of values
obtained from literature (0.13 – 1.67 MPa) for unfired earth, demonstrating the
potential of extrusion moulding as well as alkali activation binding mechanism for the
production of earthen composites. However, due to low alkalinity of solutions utilised
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in the study, a significant drop in MOR was observed when samples were tested in
saturated conditions. This moisture sensitivity restricts application of this class of
materials to moisture-controlled environments.


Highest improvement in MOR was achieved with sisal fibres (≈74% increase
compared to unreinforced matrix) whilst maximum increase associated with pulp was
29%. In contrast, polypropylene reinforcement demonstrated no significant effect on
the MOR of the composites and this may be attributed to a poor fibre-matrix adhesion
with increased fibre-fibre interactions. Superior performance in sisal reinforced
composites indicate improved fibre-matrix interactions between sisal fibre and the
alkali activated matrix which would facilitate effective stress transfer between both
phases. Due to improved fibre-matrix interactions, mechanism for crack control
potential was achieved via crack bridging as observed via optical images.



Pulp reinforcement presented the highest number of reinforcing filaments for an
equivalent fibre content. However, beneficial action of fibre reinforcements was not
effectively exploited with pulp fibres largely because of fibre length as toughness
mechanism was based on crack bridging. Higher reinforcing filaments potentially
break up the cohesion in the soil matrix thereby weakening the soil fibre matrix.
Consequently, flexural strengths as well as post-crack response were low compared to
sisal fibre reinforcements.



Whereas ligno-cellulosic fibres introduced deflection softening to the brittle matrices,
polypropylene reinforcements transformed unreinforced brittle matrices to deflection
hardening composites with failure mode characterized by multiple cracking. This was
attributed to high aspect ratio as well as weak fibre matrix interactions. Post-crack
behavior was characterized by crack bridging as well as fibre debonding and pull-out.



This paper has focused on physico-mechanical properties of fibre reinforced earthbased composites. Further tests to elucidate/confirm fibre matrix interactions such as
fibre pull-out tests would need to be developed. Furthermore, long term interactions
between fibre and alkaline matrix through accelerated ageing tests and attendant
effect on composite properties are being developed to determine the practicability of
this technique.
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6.0 Chapter 6: Multiscale Characterisation of Fibre Reinforced Alkali Activated UnCalcined Earth-based Composites
This chapter presents the results of a multi-scale study of the mechanical properties of model
earth-based composites.

The local mechanical properties of the fibers, binder and matrix

materials are characterized at the nano- and micro-scales using nano-indentation and statistical
deconvolution techniques.

The macro-mechanical properties are also elucidated using a

combination of flexural strength testing, and resistance-curve experiments. The underlying
strengthening and toughening mechanisms are explored using a combination of in-situ/ex-situ
observations of crack interactions and micro-mechanical models.

6.1

Introduction

Due to their eco-friendly indices, enhanced by their availability, earth-based construction
materials have re-emerged as an attractive and viable construction material in recent times[1].
However, like other quasi-brittle materials, low energy absorption capacity and poor fracture
resistance of this class of materials presents limitations on their use in structural applications.
Furthermore, poor resistance to abrasion, weathering and water erosion of earth, further restricts
applications to moisture-controlled environments. These challenges have stimulated researchers
to develop various binding/reinforcing solutions using a wide range of binders and fibre
reinforcements to improve durability and mechanical performance of earthen construction;
biopolymers and natural fibres [2–4]; cement and natural fibres[5] Coal ash [6];
Metakaolin/cement [7]; Lime activated GGBS [8]; Agricultural by-products -Rice husk
ash/bagasse ash [9]. It is well documented that the presence of fibres in soil matrices enhances
ductility of the composite [10,11]. However, studies have shown that fibre-matrix interactions
which could be based on physical/chemical adhesion, friction and/or mechanical anchorage;
largely determine the effectiveness of fibres in enhancing the mechanical performance of brittle
matrices[12]. Whilst significant effort has been made to characterize enhanced ductility of earthbased matrices as a result of fibre reinforcements, the underlying strengthening and toughening
mechanisms induced by fibre reinforcements in within the binder systems are still partly
understood. The understanding of the mechanisms of stress transfer provides a basis for the
development of improved composites through the tailoring of fibre-matrix interactions.
A class of binders which has received much attention in recent times, is that of alkali activation.
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In alkali activated systems, binding mechanisms are achieved via a reaction of solid
aluminosilicates under alkaline conditions to synthesize semi-crystalline to amorphous inorganic
gel binders that have been classified as geopolymers [13] or inorganic polymers [14]. These
alkali activated aluminosilicates have been reported to possess superior mechanical/durability
properties over conventional binders. The alkaline cations act as catalysts in the destruction of
Si-O-Si, AlO-Al and Si-O-Al bonds [15] and subsequently serve as partners in the formation of
water resistant alkaline or alkaline-alkaline earth aluminosilicate hydrates analogous to natural
zeolites and micas [13]. It is well known that earth consists of a wide range of aluminosilicates
suggesting that alkali activator solutions may provide in situ binding mechanisms with the
potential to improve mechanical properties of earth-based construction materials. However, it is
not clear how alkali activated earth-based matrices would interact with various fibre types
typically used as reinforcement in this class of materials and how these interactions would
ultimately control strengthening and toughening mechanisms in the composite.
Nanoindentation has been used for the identification of the mechanical effects of elementary
chemical components of composites at a scale where physical chemistry meets mechanics
[16,17]. This implies that micromechanical effects of fibre reinforcements in alkali activated
matrices may also be characterized via nanoindentation. However, literature is scarce on such
multiscale characterization of earth-based construction materials. This current effort seeks to
evaluate the reinforcing efficiency of two fibre types on alkali activated soil based on
enhancement in strength and fracture resistance compared to the brittle matrix as well as evaluate
the modification in micromechanical response associated with these fibre reinforcements.
Fundamental understanding of these mechanisms is essential in order to tailor and optimize the
properties of these composites for various structural applications.
This paper reports the results of a multiscale characterization aimed at studying the reinforcing
efficiency of two different fibre types (sisal and polypropylene) on an alkali activated natural soil
matrix. At the macroscale, a combined experimental and analytical investigation evaluated the
modification in strength/toughness and post-crack behavior induced by the fibres. Based on the
underlying strengthening and toughening mechanisms, predictions of flexural properties and
resistance curve behaviour from existing micro-mechanical models were compared with
experimental measurements.

A combined grid nano-indentation/statistical deconvolution
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technique was adopted on the nano-scale to identify mechanical properties of binder phases and
corresponding volumetric fractions associated with each fibre type to evaluate how fibre
reinforcements control formation of binding phases. A comparative analysis is presented on the
efficiency of the fibre reinforcements based on the of the use of natural fibres and synthetic
fibres as reinforcements.
6.2

Materials and Methods

6.2.1 Materials
Soil
The soil used for this study was supplied by Top Telha Ceramic Tile Company, Leme and
sourced from Brazilian quarries in the State of Sao Paulo, Brazil. The soils are typical source
materials used for the production of fired roof tiles. The particle size distribution was determined
using laser particle analyser and show wide spread of particle sizes (Figure 6.1); particles range
in diameter from as high as 0.4mm to a few micrometers. Characterization was carried out by
Scanning Electron Microscopy with chemical analysis by Energy Dispersive X-ray Spectroscopy
(EDX). Fig 6.2 shows the Back Scatter Electron image of the as-received samples showing wide
variation of particle sizes. Particles are predominantly irregular shaped and with smaller sized
particles agglomerating over larger particles.
Alkali Activator Solution
Alkaline activator used in this study was a solution of sodium hydroxide and sodium silicate as
studies have shown that the addition of sodium silicate accelerates the activation of
aluminosilicates and improve mechanical properties[13]. Sodium Hydroxide used was of caustic
soda pellets with 97% purity whilst sodium silicate used was in the powder form and were both
supplied by Dinamica Quimica Contemporanea Ltd, Brazil
In this study a low concentration alkali activator solution (4M NaOH Solution) was used to
ensure that building units had minimal environmental impact. This would also minimise
alkalinity of the matrix which has detrimental effect on long term structural integrity of lignocellulosic fibres. Gram he
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Figure 6:38 Particle size distribution

Figure 6:39 SEM-BSE images of soil particles

Fibres
Sisal (Agave sisalana) fibers used in this study were extracted from the waste of baler twine
cordage and was donated by the Association for the Sustainable Development of the Sisal
Producing Region, Valente, Bahia State, Brazil. Fibres were cut to a length of 10mm.
Polypropylene fiber is the most widely used synthetic fibre used as reinforcement for soil [11]
and was selected for the purpose of comparison. They possess improved ductility and are
resistant to alkaline attack relative to cellulose fibres. Polypropylene fibre produced by SaintGobain, Brazil was used in this study. As observed in Figure 6.3, the fibres present varying
surface morphologies which is expected to play a role in fibre-matrix interactions.

Figure 6:40 BSE images of fibres showing morphology
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6.2.2 Preparation of specimens
Composites with fibre volume fractions of 1% were prepared in the laboratory using extrusion
technique. Selection of fibre content was based on optimum levels allowing for effective paste
extrusion. Alkaline activator solution was produced by dissolving sodium hydroxide and sodium
silicate powder in deionized water in mass ratios of 3% and 0.75% respectively by dry weight of
soil. The paste was obtained by mixing alkali activator solution with the soil in a mass ratio (i.e.
soil moisture content) of 25%, which corresponds to the plastic limit of the soil. This moisture
content was selected based on findings from Maskell et al. [18]. In the preparation sequence, the
dry soil -fibre mixture was homogenised using a high energy intensive Eirich mixer (capacity
10l)

for 5mins at high speed before the introduction of the alkali activator solution with

additional mixing for 5mins. The fibre-soil paste was transferred to a Gelenski MVIG-05
laboratory extruder with a cross section die width/height ratio of 3.3 and operating at a linear
speed of approximately 4mm/s. Plates of 200mm×50mm×15mm were produced. Samples were
cured initially at elevated temperature of 105°C for 5hrs and left in the laboratory at room
temperature of 24C±2 and RH of 60% and tested after 14 days in accordance with procedures
developed in [19].

6.2.3 Experimental Methods
Grid Nanoindentation
Grid nano-indentation array consisting of a large number of indentations was performed at
random locations. For heterogeneous materials composed of N different phases, this technique
can provide both quantitative and qualitative data on the mechanical properties in the material
[17]. Samples for nanoindentation (10mm sized cubes) were embedded in epoxy resin and
allowed to harden over a 24hr period. The hardened samples were ground sequentially using SiC
papers with grit sizes #500, #1000, #2000 & #4000 followed by finer polishing using diamond
abrasives. Specimen surfaces were cleared by washing in alcohol and ultrasonic bath to remove
lose debris on the surfaces. By using such procedures, satisfactorily smooth surfaces have been
obtained for cement based composites [20].
Indentation was performed using a T1 950 Hysitron TriboIndenter with a berkovich tip. For the
grid indentation to be representative of mechanical phases present and not be a function of bulk
material properties, loads were chosen such that indentation depths satisfied conditions governed
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by length scales i.e indentation depths are shallow enough to satisfy the criterion

h
<0.1 where h
D

is indentation depth and D is characteristic particle size. As a result, a peak load of 500µN was
selected which led to maximum penetration depth ranging from 500 to 700nm. Information was
obtained from a matrix of 100 indents covering a representative area of 70×70µm 2. Due to
varying heterogeneous composition of all samples, at least three grid indentation series were
performed on each sample on separate locations to ensure that the results were representative and
reproducible. Elastic properties were evaluated from the Load-displacement curves according to
Oliver and Pharr method [21].
Statistical Deconvolution
Following grid indentation, individual phase properties were determined by statistical
deconvolutions applied to histograms. Modulus and hardness values followed the same trends
and hence only Modulus values were analysed statistically. Using a bin size of 1GPa which is
reasonable for structural materials [22], histograms were plotted against frequency density.
Experimental probability density function (PDF) was computed as
f iexp 1
p = exp .
b
N
exp
i

(i)

where piexp = experimental PDF, fiexp = frequency of values, Nexp = effective indentation
experiments and b = bin size. Deconvolution of M phases involves finding j = 1,2,3…M
individual PDFs related to a single material phase. Assuming a normal distribution, PDF for a
single phase can be written as

p j ( x )=

1

√2 π s

2
j

exp

−( x−μ j)2
2

2sj

(ii)

where pj is the theoretical PDF of the jth phase with μj and sj as the mean and standard deviations
of the jth phase respectively. The overall PDF covering all M phases is then represented by
M

C ( x )=∑ f j p j ( x)

(iii)

j=1

where fj is the volume fraction of a single phase.
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Deconvolution into phases was conducted under the assumption that values of E ≥ 20GPa could
be attributed to silt inclusions and were not considered due to their random occurrence in
different grids.
Mechanical Testing
Mechanical tests were performed within a laboratory environment after hygroscopic stabilisation
to a relative humidity of ≈ 60% and a temperature of ≈26°C using a servo-hydraulic mechanical
testing machine MTS model 370.02. With the aid of a diamond saw blade, prismatic specimens
(80 mm×13 mm ×13 mm) were prepared after which grinding and polishing of the specimen
sides was carried out. A three point bending test configuration with span of 52 mm was used to
determine flexural strengths and stress intensity values of the samples. For each composite
formulation, a minimum of five specimens were tested.
Modulus of Rupture (MOR) values were obtained using samples without notch based on the
equation:
σf=

3 PS
2 B H2

(iv)

where P is the maximum load, S is the loading span, B and H are specimen breadth and height
respectively. Tests were conducted using a crosshead speed of 1 mm/min.

Fracture toughness (under Mode 1 loading, K1C) was determined to evaluate the materials
resistance to crack propagation and was performed using Single Edge Notched Bend (SENB)
type specimens. Notches to a depth equal to 45% of the specimen height were prepared using a
diamond disc of 0.5mm thick to initiate a sharp crack. A crosshead speed of 15 mm/min was
applied. The values of the maximum load P from the load displacement curves were applied in
the calculation of K1C using the following equation in accordance with ASTM E399
PSf
K=

( wa )

BW

(v)

1.5
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where

3 ( a /W )
a
f
=
W
(vi)

( )

0.5

[ 1.99−( a /W ) (1−a /W ) ( 2.15−3.93 ( a /w ) +2.7 ( a /W ) )]
2

2

2 ( 1+2 a/W ) ( 1−a/W )1.5

and P is the maximum applied load, B and W are specimen thickness and depth respectively, S is
the span and a is the crack length. This equation was adopted under the assumption that plastic
deformations are limited and the material is substantially brittle such that Linear Elastic Fracture
Mechanics (LEFM) can be applied satisfactorily.
Resistance curve experiments were conducted to evaluate the toughening contributions induced
by the fibres. Resistance curve experiments were performed on SENB specimen configurations
used for fracture toughness tests. Crack growth was monitored using an optical microscope
(Miscropio Digital)

and connected to a video monitoring system. Stress intensity factors

corresponding to crack extensions were obtained from equation 5.

6.3

Results And Discussion

6.3.1 Grid Nanoindentation
In order to determine the validity of each indentation, indentation load-depth (P-h) curves were
viewed prior to statistical deconvolution to ensure that criterion of length scales was satisfied.
Typical P-h curves are illustrated in Figure 6.4 showing maximum penetration depth of 550 nm.

Figure 6:41 Typical indentation load-depth curves
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The results of a grid indentation array on the unreinforced matrix is presented in Figure 6.5. The
optical micrograph shows the location were the grid array was performed and the corresponding
mechanical property maps. Discrete data from each grid was transformed into a continuous
distribution of mechanical properties by linearly interpolating the grid point values over the grid
region. Spatial representation of mechanically distinct phases shows morphological arrangement
of the different phases. Matrix is predominantly characterized by areas of low modulus and
hardness indicating large fraction of areas of low porosities. The maps show a general correlation
between indentation modulus and hardness properties/distribution.

Figure 6:42 (a) Optical image of unreinforced matrix showing location of grid indentation; (b)
corresponding indentation modulus map and (c) hardness map
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6.3.2 Statistical Deconvolution
The experimental frequency plots of indentation modulus is presented in Figure 6.6.
Hardness data are consistent with indentation moduli peaks and are presented in supplementary
article. Following deconvolution of the histograms of the indentation modulus and hardness with
reference to previous studies [23,24], two distinct phases can be categorized as follows:



Partly activated minerals: 2 ≤ M ≤ 5.5 GPa and 0.1 ≤ H ≤ 0.35 GPa
Aluminosilicate gels: 5.5 ≤ M ≤ 20 GPa and 0.35 ≤ H ≤ 1.5 GPa

The aluminosilicate gel is the binder phase and the main product of alkali activation of
muscovite minerals within the soil. Frequency plots for unreinforced matrix as well as sisal
reinforced composites show single modal peaks which correspond to partially alkali activated
binders. On the other hand, inclusion of polypropylene reinforcements results in multimodal
peaks which correspond to alkali activated phases alongside partially activated phases. Variation
of mechanical properties at this scale suggests that binder phase formation was influenced by the
presence of fibres.
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Figure 6:43 Experimental PDF and deconvolution results of (a) unreinforced matrix (b) sisal
reinforced composite and (c) polypropylene reinforced composite
Alkaline activation of aluminosilicates is essentially a moisture dependent process[25] and the
presence of hydrophilic sisal fibres may have placed a moisture demand on the alkali activators
resulting in partial activation of muscovite minerals. The extracted indentation moduli and
respective volume fractions are presented in the Table 6.1 which shows very low volume
fractions of fully reacted phases in sisal reinforced composites. These fully reacted phases have
been directly associated with strength gain suggesting that higher volumes would result in better
mechanical strength [24].

Table 6:17 Indentation Modulus and volume fractions for different phases
Reinforcement
type

Unreinforced
Modulus
Vol. %
GPa

Partially activated
phases
2 ≤ M ≤ 5.5 GPa
0.1 ≤ H ≤ 0.35 GPa

4.16 ± 2.32

Alkali
activated
phases
5.5 ≤ M ≤ 20 GPa
0.35 ≤ H ≤ 1.5 GPa

13.33 ± 3.6

74.6

25.4

Sisal reinforced
Modulus GPa
5.38 ± 3.42

17.44 ± 1.52

Vol. %

Polypropylene reinforced
Modulus
Vol. %
GPa

96.4

5.69 ± 2.33

38.8

3.6

16.47 ±
4.23

61.2
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6.3.3 Flexural Characteristics
The results of the comparative three point flexure tests are presented in Figure 6.7 and shows that
fibre reinforcement leads to a 47% increase in Modulus of Rupture relative to the unreinforced
matrix. Although there was no significant difference observed in the MOR values obtained with
sisal and polypropylene reinforcements, there was a significant difference in their post cracking
behaviour. Analysis of representative load-deflection curves in the post-cracking zone presents
an indication of the quality of the composite from a crack control perspective as it represents the
strain capacity and toughness of the composite which may be more significant than flexural
strength [12]. Whilst failure of the unreinforced matrix was characterised by localisation at peak
load with sudden drop of load carrying capacity of the matrix, incorporation of polypropylene
fibres slightly modified the first cracking stress observed in the unreinforced matrix. This was
followed by a deflection hardening region where strength carried by the matrix was imposed on
the bridging fibres and strength carrying capacity increased beyond the matrix cracking stress to
a maximum value which corresponded to the ultimate strength of composite. Strain capacity was
considerably enhanced in the deflection hardening region. This behaviour is consistent with
results from other studies [26]. This flexural response observed with polypropylene fibres
suggests that fibre volume fraction was equivalent or higher than the critical volume fraction for
this class of materials. Polypropylene reinforcement transformed brittle matrix to a quasi-brittle
material with significantly modified ductility and present an attractive combination of strength,
modulus and ductility at fibre volume fraction as low as 1%.
On the other hand, sisal reinforcement significantly modified matrix cracking strength which
coincided with MOR of composite and subsequently exhibited deflection softening behaviour
where it gradually lost load carrying capacity. Hence, with sisal fibres, higher stresses would be
required for matrix crack initiation. Consequently, strain at peak load corresponded to matrix
strain. Strengthening effect due to sisal fibres could be attributed to higher stiffness of sisal fibres
which resulted in a higher modulus of elasticity of the composite relative to the unreinforced
matrix. The implication of the drop in peak load after first cracking in sisal reinforced
composites is that load bearing capacity of the sisal fibres was lower than the load on the
composite at first crack. Inability of the fibres to sustain the load indicate that volume fraction of
fibres was not sufficient to redistribute the load between the matrix and fibres. As a result, the
composites were matrix controlled and failure mode was characterised by propagation of a single
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crack. This behaviour is consistent with reinforcement of earth/concrete with macrofibres where
large dimensions of fibres are only able to bridge and interact with macrocracks [27]. In addition,
low aspect ratio implies smaller number of fibres which are spaced to far apart to interact and
arrest small cracks [27]. This suggests that using longer lengths of sisal fibres would result in
higher aspect ratios therefore resulting in longer bridging lengths to generate a stresses equal to
the fibre strength leading to deflection hardening behaviour.

Figure 6:44 Variation of MOR with fibre reinforcement for un-notched specimens

6.3.4 Strengthening mechanisms in Composites
The stress-strain curves observed with the composites elucidates the different mechanisms which
control the behaviour of the composites. Strengthening induced by sisal fibres takes place in the
linear elastic region whereas strengthening with polypropylene counterparts was observed in the
post-crack region. Based on analysis of load-deflection curves, composite strength and modulus
were rationalised using existing analytical micromechanical models based on fibre-matrix stress
transfer mechanisms. Flexural behaviour of sisal reinforced composites (where MOR of
composites corresponds to LOP and matrix failure strain does not change) indicates elastic stress
transfer as the dominant stress transfer mechanism. This implies elastic shear transfer at the fibre
matrix interface may be used to predict the overall strength of the composite. As a result, the rule
of mixture aligned and discontinous fibres (eqn vii) and shear lag model (eqn viii) which
characterises stress transfer in the elastic zone, were used to rationalise the flexural response in
sisal reinforced composites.
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Ec =E m V m+ n¿ E f V f ;
Ec
Ef
tanh ( x )
=V m +V f
1−
Em
Em
x

( )[

σ c =σ m V m +n ls σ f V f

]

(vii)

σc
l
=0.5 V f 2+ + ( 1−V f )
σm
d

( )

;

(viii)

−1/ 2

E
l
−1/ 2
where x= ( 1+υ m ) f ln ( V f )
d
Em
and Ec, Em and Ef are the respective Young’s moduli of the composite, matrix and fibre; Vm and

[

]

Vf are the respective volume fractions of matrix and fibre; and σc, σm and σf are the respective
flexural strengths of the composite, matrix and fibre;

l
is the fibre aspect ratio; n¿ ,n ls are fibre
d

efficiency factor for discontinous fibres for stiffness and strength and υ m is Poisson’s ratio of the
matrix.
These models were originally developed for composites subjected to tensile loading, but have
shown potential in the prediction in flexural strength of composites. On the other hand, postcracking flexural behaviour observed with polypropylene reinforced composites indicates that
contribution of matrix to overall composite strength is negligible and failure in the post-cracking
zone occurs primarily by pull-out. Hence, process controlling stress transfer is frictional slip
since frictional stress develops at the interface after debonding assuming a constant frictional
bond strength, flexural strength of the composite was rationalised using a modified equation in
[12,28]
l
d
where τ fu is the frictional bond strength

σ c =τ fu V f

(ix)

A comparison between experimental observations and predicted values is presented in Table
6.2.

Table 6:18: Comparison between experimental and predicted flexural properties of composites

Sisal

Modulus
(GPa)
Strength
(MPa)

Experimenta
l

Simple
ROM

Shear
Lag

2.44

2.34

2.32

3.89

3.72

3.87

Modifie
d
ROM

3.54
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Polypropylen
e

Modulus
(GPa)
Strength
(MPa)

1.66

2.25

2.25

3.88

5.15

10.71

3.52

ROM and shear lag models show good correlation with experimental data obtained for sisal
reinforced composites but over estimate values for polypropylene reinforced composites. This is
expected since overall contribution of matrix to flexural strength is negligible and hence the
modified equation which is dependent on frictional bond strength gives a better correlation with
experimental data. The fit of experimental data to these models suggests that composite strength
can be engineered by improving fibre strength with sisal fibres and aspect ratio of pp fibres even
at volume fractions as low as 1%.

6.3.5 Fracture Toughness
Effects of fibre reinforcement on the fracture toughness of alkali activated earth-based matrices
are presented in Figure 6.8. In toughening, key concept is the shielding of crack tip from applied
forces such that higher levels of remote stresses can be applied before critical conditions are
reached [29]. Low value of fracture toughness of unreinforced matrix confirms high sensitivity
of these materials to defects at low stress levels. Reinforcement with polypropylene leads to
significant improvement (over 200%) in the fracture behaviour of the unreinforced matrix.
Smaller, but significant (72%) improvements were observed with sisal reinforced composites.
Significant improvement associated with fibre reinforcements indicates that fibres present
enhanced shielding under a remotely applied stress despite the presence of microcracks and
flaws which may act as stress risers. High aspect ratio of polypropylene fibres increases the
probability of intersection with the crack thereby enhancing toughening by creating a larger
shielding zone of continuous bridges in the crack wake [30]. With fibre reinforcements,
mechanisms that take place in the crack wake and the crack bridging effect may shield the cracktip from the far-field applied stresses thereby toughening the brittle materials[31]. This crack
wake mechanisms because of their cumulative nature give rise to a rising r-curve behaviour
where fracture resistance increases with crack extension.
Load-deflection curves show peak load observed with the notched sisal reinforcement is not
significantly different from matrix peak load further confirming that composite is matrix
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controlled and hence, notch sensitive. However, energy absorption associated with sisal
reinforcement is significantly higher relative to the matrix. On the other hand polypropylene
reinforcement shows increase in peak load as well as energy absorption over the unreinforced
matrix.

Figure 6:45 Variation of Fracture Toughness with fibre reinforcement for notched specimens

6.3.6 Toughening Mechanisms in Composites
From experimental observations, the source of toughening in the composites was associated
principally with crack tip shielding arising from fibre bridging. Optical images taken during
experiments are presented in Figure 6.9 and show such as bridging associated with both fibres.
Synergistic fibre bridging and pull-out toughening mechanisms have been reported as
predominant mechanisms in natural fibre reinforced earth-based matrices [32].
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Figure 6:46 Crack bridging by fibres in composites reinforced with
Polypropylene

(a) Sisal

and (b)

Quantitatively, the toughening contribution due to crack bridging by the different fibres was
rationalised using crack bridging models to explore the extent to which measured resistance
curves can be predicted by micromechanical bridging models. Bridging models based on an
idealized elastic-plastic spring model originally proposed by Budiansky et al. [33], has been used
by various studies [34–37] to study toughening due to small scale bridging (SSB). For SSB
conditions, the bridge length corresponds to values below 0.5mm and the ductile phase
toughening contribution to fracture toughness may be expressed as
L
σ
2
∆ K SSB =
αV V f ∫ y dx
π
0 √x

√

(x)

where ∆ K SSB is toughening due to SSB, αV is the constraint/triaxiality factor, V f is the volume
fraction of the fibres, L is the length of bridging ligament, σ y is the uniaxial yield stress and x
corresponds to the distance from the crack tip.
For large scale bridging (LSB) conditions, i.e where bridge lengths exceed 0.5mm, toughening
due to ligament bridging developed by Bloyer was used and is given by
L

∆ K LSB =V f ∫ αV σ y h ( a , x ) dx
0

(xi)
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where ∆ K LSB is toughening contribution due to LSB, and h(a,x) is the weighting function given
by Fett and Munz [38] as

h ( a , x )=

√

a
(
) 1− x
W
2
1
1+ ∑
πa
a)
a (
x
1−
1−
√ a ( W)

(

Av ,u

(v, u)

v+1

)

(xii)

where the coefficients Av,u for and SENB specimen can be found in Fett and Munz.
Initiation fracture toughness Ki was determined using stress intensity equations for SENB
specimens in accordance with ASTM E399. Hence, composite fracture toughness, K Rwas
determined by the following expression
K R=K i + ∆ K B

(xiii)

where ∆ K B represents toughening contribution for either SSB or LSB conditions.
6.3.7 Resistance Curve Behaviour
Figure 6.10 presents rising R-curve behaviour of composites and demonstrates the rising stress
intensity factors with crack growth. Whilst single value parameter (K 1C) have traditionally been
used to characterise fracture resistance, they do not adequately evaluate the toughening arising
from fibre reinforcement.

Compared with fracture toughness of 0.07 MPa √ m for the

unreinforced matrix, addition of sisal and polypropylene fibres resulted in an initiation toughness
of 0.11 MPa√ m and 0.14 MPa√ m respectively. Both SSB and LSB models capture general
trends of experimental R-curves confirming that crack bridging is the dominant crack tip
shielding mechanism and toughening can be reasonably predicted by crack bridging models.
Bridging models give a closer prediction of resistance curve behaviour of sisal reinforced
composites suggesting crack bridging to be predominant toughening mechanism. This is
understandable given morphology of sisal fibres which would favour anchoring. On the other
hand, weak fibre matrix interactions with polypropylene fibres would suggest debonding and
pull-out may also contribute to toughening.
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Figure 6:47 Experimentally measured r-curves with predictions from bridging models for
composites with reinforced with a) sisal and b) polypropylene

6.4

Summary/Conclusions

In this study, earthen based composites were produced using uncalcined clays and weak alkali
activator solutions with two different types of fibre reinforcements; sisal and polypropylene.
They were characterized at multiscales by macro-mechanical and nano grid indentation to
evaluate reinforcing efficiency of fibres for this class of materials. Nano-mechanical properties
of composites was determined via a combination of nanoindentation and statistical
deconvolution techniques to enable identification of distinct binder phases as well as respective
volume fractions associated with different fibre reinforcements. Strength and resistance curve
behaviour of the composites were analysed based on existing micromechanical models and
attempts were made to predict the composite flexural properties and resistance curve behaviour.
Efficiency of fibre reinforcement type was judged based on enhancement in strength and fracture
resistance relative to the unreinforced matrix.
The following conclusions can be drawn based on this study:


Significant strengthening as well as stiffening of the unreinforced earthen matrix was
observed with sisal fibre reinforcements. This strengthening contribution was via an
elastic stress transfer mechanism attributed to fibre-matrix interactions. Predictions from
simple rule of mixtures and shear lag models provide compared satisfactorily with
experimental measurements.
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Significant strength and ductility were introduced in the earth-based matrix due to
reinforcement with polypropylene fibres. Brittle matrix was transformed to a quasi-brittle
materials with multiple cracking and deflection hardening beyond the point of first
cracking with an attendant increase in energy absorption capacity at volume fraction as
low as 1% polypropylene. Strengthening contribution was observed in the post-cracking
region, as a result contribution of matrix to composite strength was negligible. Modified
ROM model based on frictional slip was used to rationalise composite strength and
modulus with satisfactory correlations with experimental measurements.



Crack-tip shielding was predominantly due to crack bridging and prediction from
bridging models correlate with experimental values for both sisal and polypropylene
fibres.



At the scale where mechanics meets chemistry, results from the nanoindentation showed
fibre reinforcements altered microstructure by influencing the formation of binder phases
within the alkali activated systems. Hydrophillic sisal fibres absorbed alkali activation
solutions thereby reducing the degree of alkali activate binder phases in the matrices.
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7.0 Chapter 7: Concluding Remarks and Suggestions for Future Work
7.1

Summary and Concluding Remarks

This thesis has presented and explored efforts to use a material science and engineering approach
to engineer earth-based materials with improved properties for applications in building
construction. The primary objective was to elucidate the synthesis (processing)-compositionproperty relationship and how it controls the performance of earth-based composites that are
relevant to construction. Research into earthen construction is currently witnessing a boost due to
its potential to solve increasing infrastructural challenges in a more sustainable manner. The
application of alkali activation as binder mechanism for earthen construction has demonstrated
great potential for the development of robust engineered earth based composite. Topics covered
in this thesis include: synthesis of alkali activated binders using natural in-situ aluminosilicates
in earth-based building materials; rheological characterization of fresh fibre reinforced alkali
activated earth-based pastes; physico-mechanical characterization of fibre reinforced composites;
strengthening/toughening mechanisms associated with fibre reinforcements.
The main results and conclusions from the above topics are highlighted below in line with the
initial objectives of study highlighted in section 1.3
Chapter one presented background leading to unresolved issues associated with the use of alkali
activation as binding mechanism in earth-based composites as well as objectives and scope of the
work. A study approach on the engineering of earth-based composite based on the materials
science and engineering paradigm was presented.
Chapter two presented a state of the art review of literature which presented concepts on the
development of earth-based composites as building materials. Attention was given to major
drawbacks with focus on binding mechanisms as well as strengthening/toughening
improvements using fibre reinforcements, which have been studied. Description of
characterization techniques typically used in evaluating these modifications as well as
micromechanical models, which describe strengthening and toughening contributions, were
discussed. Rheological characterisation techniques associated with fibre reinforcements which
control extrudability of fresh paste with respect to extrusion moulding as a processing technique
was also discussed.

Chapter three explored the feasbility of producing sustainable building materials from natural
aluminosilicate minerals present in soil using low concentration alkali activator solutions. Small
scale samples were subjected to different curing regimes to ascertain the effect of initial curing
temperature as well as curing duration on the alkali activation and consequent strength
development in uncalcined muscovite based soils. The results reveal alkali activation of these
clays to be a satisfactory mechanism for the stabilisation of these soils and was evident in the
impressive mechanical properties obtained in the dry state relative to other stabilisation
mechanisms. These materials may be suitable for load-bearing masonry applications. However,
in the saturated condition, sufficient binding for the production of water stable units was
achieved only at elevated initial curing temperatures of 105˚C for 5hrs revealing the temperature
dependence of the process. This suggests that the scope of application of building units may be
expanded to moisture susceptible environments with proper optimisation. Analysis of XRD
spectra reveal unreacted clay minerals after alkali activation confirming the low reactivity of the
starting clays. However, the presence of this residual clays suggest that the alkali activated clays
may retain hygroscopic and moisture buffering properties which is associated with earthen
construction thereby enhancing the thermal efficiency of the building. Further studies would
need to be conducted to clearly establish the porosity-thermal conductivity behaviour of alkali
activated clays. Porous and graded microstructure reveal limitations associated with extrusion
moulding and suggest that optimisation of moisture content during moulding will result in
enhanced packing density and consequently improved mechanical and physical properties. SEMEDX/FTIR analysis reveal the formation of phases which are presumably Na-aluminosilicates
formed as a result of a dissolution of muscovite and responsible for the binding observed. The
variation of the formation of phases with increasing curing temperature further confirm the need
of higher temperatures to facilitate the dissolution of alumina and silica species from natural
aluminosilicates.
Chapter four presented the results of experimental and analytical studies on the rheological
behavior and characterization of a range of soil pastes comprising an alkali activated fresh paste
containing different fibres at varying proportions. This enabled the effects of fibre addition on
the bulk and interfacial rheology behaviour of earth-based composites to be studied using ram
extrusion. The results show that the Benbow-Bridgwater model can be satisfactorily used to
characterise the contribution of parallel and convergent fluxes associated with the incorporation

of different fibre reinforcements in an alkali activated earth paste. Fresh alkali activated earthbased composites showed Bingham plastic behaviour at low extrusion rates and demonstrated
satisfactory extrudability without the need for rheology modifiers. Introduction of fibres into the
fresh paste resulted in two counteracting effects on the extrusion pressures: increase in die entry
pressures due to fibre-matrix interaction in the barrel which increased paste viscosity; and
reduction in die land wall resistance due decreased wall slip as a result of the presence of
longitudinally oriented fibres along the wall-extrudate interface. However, rheological
parameters show that convergent flow in the die entry region is the dominant contributor to
extrusion pressures for all fibres studied. Fresh pastes incorporating polypropylene fibres showed
both greater die entry and die land pressure than that reinforced with sisal fibres of the same fibre
length and dosage due to difference in aspect ratio and stiffness. In addition, convergent flows
were strongly dependent on fibre content and extrusion velocities. Consequently, polypropylenesoil pastes recorded the highest extrusion pressures at 80% increase relative to the plain soil
paste. Addition of E.Pulp fibres caused a slight variation in rheological response indicating that
rheological behaviour of soil pastes dominates and fibre content can be varied over a
considerable range without unduly affecting pastes extrusion behaviour.

Chapter five presented insights on effect of fibre type and dosage on physical and mechanical
properties of the alkali activated soil. Statistically, inclusion of sisal fibre reinforcements
significantly modified the matrix attributed to improved packing density obtained during
extrusion moulding resulting in an initial increase in density. Effect of E.pulp and polypropylene
reinforcements on the density of the unreinforced matrix was not statistically significant.
Replacement of soil with fibres of relatively lower densities was expected to reduce overall
composite densities. However, at highest fibre content investigated in this study, density of
unreinforced composite was statistically equivalent to the reinforced composites. Improved
packing densities obtained with sisal fibre reinforcement resulted in statistically significant
reductions in water absorption as a result of a more compact fibre-matrix system relative to other
fibre reinforcements. Contribution of hydrophilic nature of ligno-cellulosic fibres to water
absorption of composites was not significantly observed. SEM/EDS analysis revealed the
presence of sodium compounds within ligno-cellulosic fibres indicating chemical reactions
between hydroxyl groups on ligno-cellulosic fibres and sodium compounds from the alkali

activated matrix, which may have modified hydrophilic nature of ligno-cellulosic fibres. Average
flexural strength of unreinforced alkali activated clay matrix (3.2 MPa) tested in the dry
condition was significantly higher than typical range of values obtained from literature (0.13 –
1.67 MPa) for unfired earth, demonstrating the potential of extrusion moulding as well as alkali
activation binding mechanism for the production of earthen composites. However, due to low
alkalinity of solutions utilised in the study, a significant drop in MOR was observed when
samples were tested in saturated conditions. This moisture sensitivity restricts application of this
class of materials to moisture-controlled environments. Highest improvement in MOR was
achieved with sisal fibres (≈74% increase compared to unreinforced matrix) whilst maximum
increase associated with pulp was 29%. In contrast, polypropylene reinforcement demonstrated
no significant effect on the MOR of the composites and this may be attributed to a poor fibrematrix adhesion with increased fibre-fibre interactions. Superior performance in sisal reinforced
composites indicate improved fibre-matrix interactions between sisal fibre and the alkali
activated matrix which would facilitate effective stress transfer between both phases. Due to
improved fibre-matrix interactions, mechanism for crack control potential was achieved via
crack bridging as observed via optical images. Pulp reinforcement presented the highest number
of reinforcing filaments for an equivalent fibre content. However, beneficial action of fibre
reinforcements was not effectively exploited with pulp fibres largely because of fibre length as
toughness mechanism was based on crack bridging. Higher reinforcing filaments potentially
break up the cohesion in the soil matrix thereby weakening the soil fibre matrix. Consequently,
flexural strengths as well as post-crack response were low compared to sisal fibre
reinforcements. Whereas ligno-cellulosic fibres introduced deflection softening to the brittle
matrices, polypropylene reinforcements transformed unreinforced brittle matrices to deflection
hardening composites with failure mode characterized by multiple cracking. This was attributed
to high aspect ratio as well as weak fibre matrix interactions.
Chapter six presented a multi-scale characterization of composites by macro-mechanical and
nano grid indentation to evaluate reinforcing efficiency of fibres for this class of materials.
Efficiency of fibre reinforcement type was judged based on enhancement in strength and fracture
resistance relative to the unreinforced matrix. Significant strengthening as well as stiffening of
the unreinforced earthen matrix was observed with sisal fibre reinforcements. This strengthening
contribution was via an elastic stress transfer mechanism attributed to fibre-matrix interactions.

Predictions from simple rule of mixtures and shear lag models compared satisfactorily with
experimental measurements.

On the other hand, significant strength and ductility were

introduced in the earth-based matrix due to reinforcement with polypropylene fibres.
Strengthening contribution was observed in the post-cracking region, as a result contribution of
matrix to composite strength was negligible. Modified ROM model based on frictional slip was
used to rationalise composite strength and modulus with satisfactory correlations with
experimental measurements. Brittle matrix was transformed to quasi-brittle materials with
multiple cracking and deflection hardening beyond the point of first cracking with an attendant
increase in energy absorption capacity at volume fraction as low as 1% polypropylene. Crack-tip
shielding associated with both types of reinforcements was predominantly due to crack bridging
and prediction from bridging models correlate with experimental values for both sisal and
polypropylene fibres. At the scale where mechanics meets chemistry, results from the
nanoindentation showed fibre reinforcements altered microstructure by influencing the formation
of binder phases within the alkali activated systems. Hydrophillic sisal fibres absorbed alkali
activation solutions thereby reducing the degree of alkali activate binder phases in the matrices.

7.2

Suggestions for future work
Based on major findings from the study, the following areas for future work have been
highlighted:

7.2.1 Durability performance tests to characterise deterioration mechanisms
The results from this study have shown that with proper optimisation, alkali activation of
aluminosilicates may provide sufficient binding required for development of robust earth based
building products. However, the durability of this mechanism is still considered an unproven
issue to be elucidated before wide scale adoption. Hence, there is a need to investigate the
durability performance of these composites to understand degradation mechanisms. Furthermore,
studies on fibre-cement composites have demonstrated deleterious effects of alkaline compounds
in the matrix on the reinforcing effect of ligno-cellulosic fibre. This raises questions as to longterm behavior of ligno-cellulosic fibres used as reinforcements in alkali activated earth-based
composites. Hence, there is also a need to investigate long term effects of alkaline soil matrix on
the structural integrity of this class of fibres. Characterisation of long term interactions between
fibre and alkaline matrix through accelerated ageing tests and attendant effect on composite

properties need to be developed to determine the practicability of this technique for the
development of durable and robust building materials.
7.2.2 Characterisation of fibre-matrix Interactions
The efficiency of fibres in enhancing the mechanical properties of earth-based materials is
largely controlled by the nature of fibre-matrix interactions. As shown in this study, the nature of
the fibre plays a critical role in determining the nature of stress transfer at the fibre-matrix
interphase. Further tests (such as pull-out or push-in tests) need to be performed to quantify
stresses at these interfaces to provide more insight on the fibre-matrix interactions such that these
composites can be tailored to fully harness the reinforcing effects of fibres.

7.3

Contribution to Knowledge

The following salient points have been summarised as the major contributions of this study to the
existing body of knowledge:
a. This study has demonstrated the feasibility of alkali activation as a binding mechanism of
muscovite rich soils via the partial dissolution of muscovite minerals and the formation of
sodium-aluminosilicate gels.
b. The study has demonstrated the unique reinforcing effects of different fibre types in the
alkali activated soil and the sensitivity of the earth based matrix to variations in fibre
volume fraction. This reinforcing efficiency is largely controlled by distinct fibre-matrix
interactions.
o Sisal fibres significantly improved the MOR of the unreinforced matrix indicating
improved interactions between sisal fibre and the alkali activated soil which would
facilitate effective stress transfer between both phases and introduced a deflection
softening behaviour in the post-crack region.
o Polypropylene reinforcements transformed unreinforced brittle matrices to deflection
hardening composites with failure mode characterized by multiple cracking. This was
attributed to high aspect ratio of fibres as well as weak fibre-matrix interactions.
o Beneficial action of fibre reinforcements was not effectively exploited with pulp
fibres largely because of limited fibre length and increased fibre-fibre interactions.
Consequently, flexural strength modification as well as post-crack response were low
compared to sisal fibre.
c. The study has demonstrated significance of moisture condition during testing for this
class of earth-based composites.
d. The study has demonstrated synergistic reactions between ligno-cellulosic fibres and
alkali activator solutions which control water absorption capacity of composites.
e. Fresh alkali activated earth based composites showed Bingham plastic behaviour at low
extrusion rates and demonstrated satisfactory extrudability without the need for rheology
modifiers.
f. Introduction of fibres into the fresh paste resulted in two counteracting effects on the
extrusion pressures: increase in die entry pressures due to fibre-matrix interaction in the

barrel which increased paste viscosity; and reduction in die land wall resistance due
decreased wall slip as a result of the presence of longitudinally oriented fibres along the
wall-extrudate interface. However, rheological parameters show that convergent flow in
the die entry region is the dominant contributor to extrusion pressures for all fibres
studied.
g. Hydrophillic sisal fibres interacted with alkali activated matrices, thereby reducing the
degree of alkali activated binder phases in the matrices. Consequently, increased volume
fractions of binder phases were observed with polypropylene due to its relatively alkali
resistant behavior.
h. Significant strengthening as well as stiffening of the unreinforced earthen matrix was
observed in the sisal fibre-reinforced composites. This strengthening occurred via an
elastic stress transfer mechanism, which was attributed to fibre-matrix interactions.
Predictions from simple rule of mixtures and shear lag models compared satisfactorily
with experimental measurements
i. Strengthening contribution from polypropylene fibres was observed in the post-cracking
region; as a result, contribution of matrix to composite strength was negligible. Modified
ROM model based on frictional slip was used to rationalise composite strength and
modulus with satisfactory correlations with experimental measurements
j. The predictions of toughening/resistance-curve behavior obtained for the sisal and
polypropylene fibre-reinforced composites were also comparable to the measured
resistance curves in the small scale bridging (SSB) and long scale bridging (LSB)
regimes indicating that toughening mechanism was predominantly via crack bridging

