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Abstract

This research presents an experimental study on the “Effect of Banana fibres on the
mechanical and microstructural properties of concrete”. Concrete being a quasi-brittle
material, exhibits limited ability to restrict and reduce the generation and development
of cracks. Recently, Natural fibres with their principal raw materials being agricultural
wastes were found to be one of the suitable alternative cementitious reinforcing
material. The main objective of this research was to study the effect of Banana fibres
on the mechanical and microstructural properties of concrete; and the specific focus
was four-fold: Properties of banana fibres; properties of plain and Banana fibre
reinforced concrete (BFF':C) in hardened state; and finally, behaviour of fibres in
concrete. A total of 288 samples (cubes, beams and cylinders) of C20/25 concrete mix
comprising of six (06) mixes for plain concrete (reference concrete) and BFRC, were
cast and tested in the laboratory at 14 and 28 days and the behaviour of fibres in
concrete modelled using ABAQUS computer software. BFRC had two parameters that
were varied; fibre length (40 mm, 50 mm and 60 mm) and fibre content (0.00%, 0.10%,
0.25%, 1.00%, 1.50%, and 2.50%). Findings revealed the following; the tensile
strength of banana fibres was 167.89MPa; samples containing banana fibres
significantly impacted on the flexural and compressive strengths of concrete by 10 %
and 13 % respectively; while a residual strength of up to 40 % for BFRC was obtained.
The optimum fibre length was 40, and a lower fibre content of up to 0.25 % dosage.
Further, samples containing fibres improved the microstructure of concrete; evidenced
by a reduction in the interfacial transition zone of concrete (ITZ); no micro-cracks;
cement paste deposited on surfaces of fibres and finally exhibited higher intensity than
plain concrete. ABAQUS FEM predictions on the representative volume element
(RVE) model using experimental test results revealed that samples containing fibres
were able to resist failure compared to plain concrete for both tension and compression
failure conditions. It was therefore concluded that the incorporation of Banana fibres
in concrete was found to improve on concrete properties at lower fibre content and

fibre length.
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CHAPTER- 1 : INTRODUCTION

1.1 Background

Concrete has been used in the construction of Civil Engineering structures like
buildings, dams and power stations, roads, bridges and tunnel linings; because of
durability performance characteristics, strength under compression and availability of
its principal ingredients that are less expensive compared to steel and other materials

(Ravi et al., 2015; Zhang et al., 2018).

Concrete being stronger in compression can only resist compressive stresses but does
not accommodate large tensi-le_‘ or flexural stress-induced deformations; the induced
stresses lead to opening and propagation of cracks in concrete (ACI 207.2R-95, 2002;
Neville, 2011). Cracking has adverse effects on the strength and durability
performance of concrete due to exposure to ingress of deleterious chemicals and water
(ACI 224R-01, 2001). This creates a necessity of reviewing existing approaches and

come-up with innovations that could improve concrete properties (Mobasher, 2012).

The latest advanced resilient construction material that has proved to improve concrete
properties is the incorporation of fibres and their performance has been linked to [Anti-
cracking, Reinforcement & Toughness) (ACI 544.4R-18, 2018). According, to ASTM
C1116, there are 4 types of fibres (ASTM C1116/C1116M-10a, 2015).

Recently, Natural fibres with their principal raw materials being agricultural wastes
were found to be one of the suitable alternative cementitious reinforcing material.
Because of being an agricultural waste, often left to rot in plantations, being
environmentally friendly, readily available, cheap, and with good strength properties;
has demonstrated enormous opportunities to the construction industry and our farmers.
Regrettably; application of these fibres as reinforcing material in concrete is still
Limited; hence requiring further investigations (Zhang et al., 2018; Ahmad et al.,
2019).. Therefore, the principal focus of this research was on the utilization of Banana

fibres as a reinforcement for concrete.
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1.2 Problem Statement

Many civil engineering structures like bridges, buildings and dams, have been
comstructed while using concrete because it is strong under compression and its
ingredients are readily available (Ravi ef al., 2015; Zhang et al., 2018). Conversely,
concrete being a quasi-brittle material, exhibits limited ability to restrict and reduce
the generation and development of cracks (ACI 207.2R-95, 2002; Neville, 2011).
Cracking exposes concrete to ingress of deleterious chemicals and water which
interferes with its strength and durability, resulting into premature failure (ACI 224R-
01, 2001); hence the need to improve on concrete properties. The incorporation of
fibres in concrete (such as steel, glass, synthetic and natural fibres) has been found to
improve on concrete proper;iéé (Zhang et al., 2018; Ahmad et al., 2019). However,
there have been limited studies on the application of natural fibres (Banana, sisal,
hemp, coconut, jute fibres, among others) in concrete (Xiong ef al., 2018; Elbhiery et
al., 2020). Banana fibres have good strength performance properties, are environment-
friendly, less expensive and readily available in form of waste where pseudo-stems are
left to rot in plantations (Elbhiery et al., 2020). The fibres in these pseudo stems could
be extracted and utilized to improve concrete properties (Ellen et al., 2018). There was

therefore a need to investigate on Banana fibres as reinforcement for concrete.

1.3 Research Objectives
1.3.1 Main Objective

The main objective of this study was to investigate the Effect of Banana fibres on the

mechanical and microstructural properties of concrete.

1.3.2 Specific Objectives

The Specific objectives were:
1. To determine the physical and mechanical properties of Banana fibres;
2. To assess the effect of Banana fibre length and fibre content on the compressive,

tensile and flexural strengths of concrete;
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3. To characterize the microstructure of FRC and see changes in phases and compare
with plain concrete and;

4. To model the behaviour of Banana fibres in concrete.

1.4 Research Questions

1. What is the density, average diameter and tensile strength of Banana fibres?

2. What is the effect of Banana fibres on the compressive, tensile and flexural
strengths of concrete?

3. What is the effect of Banana fibres on concrete microstructure?

4. How can the behaviour of Banana fibres in concrete be modelled in Finite Element

Methods?

1.5 Research Justification

Uganda is the 10" Banana growing country in Africa with the average annual
production between 2018-2020 was 582,839 tons (AtlasBig.com, 2018). This implies
that after cutting-off the bunches, more pseudo stems would be generated as an
agricultural waste and left to rot in plantations. The fibres in these pseudo stems could
be extracted and utilized to improve concrete properties. Natural fibres have; high
tensile strength, low elongation at break, are readily available, environment-friendly

and less costly (Zhang et al., 2018).

1.6 Significance of the Research

The research will lead to a better understanding of the properties of Banana fibres; how
fibre incorporation in concrete affects the mechanical and microstructural properties
of concrete, and finally, how these properties relate when numerically modelled in
ABAQUS FEM software. This will be a very attractive area and will play a pivotal
role in; improving concrete properties, creating opportunities to the local communities
involved in fibre extraction process; and finally extend the novel body of knowledge

in using locally available materials to improve concrete properties.
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1.7 Scope of the Research
1.7.1 Geographical Scope

The research was carried out at Kyambogo University in Uganda; Banana fibres were
extracted from Kibaale District; Concrete ingredients were sourced from Karuma
Hydropower Project site. Laboratory tests were conducted from Makerere University,

Busitema University and Karuma Hydropower Project site.

1.7.2 Content scope

¢ The Banana fibres were extracted, treated, and their properties determined in
the laboratory. Fibres were’later chopped to 40 mm, 50 mm and 60 mm length.

¢ A total of 288 samples were prepared from the C20/25 Concrete Mix design
comprising six (06) mixes for plain concrete (reference concrete) and Banana
fibre reinforced concrete of varying fibre content (0.00 %, 0,10 %, 0.25%,
1.00%, 1.50%, and 2.50 %).

¢ The samples were tested in the laboratory at 14 and 28 days for mechanical
properties (compressive, spilt tensile and flexural strengths) using universal
testing machine (UTM); and microstructural properties using Scanning
Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS/XRD)

¢ ABAQUS FEM software was used to model plain concrete and Banana fibre

reinforced concrete and the results compared.

1.7.3 Time Scope

September 2019 to March 2021
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1.8 Conceptual framework

Indenendent Variable

* Type of concrete
e Plain concrete
e Banana fibre
reinforced
concrete
» Fibre content

e Fibre length

Method

[
|

e Testing of the mechanical :
properties in the |
laboratory. |

eUse SEM and EDS to |
characterize the |
microstructure of BFRC
and plain concrete.

* Modelling the behaviour )
of BFRC and plain |
concrete in Abaqus ‘.

W

Intervening Variable

|
e Treatment of Banana fibres 1
|

Dependent Variable

Outcome

e Banana fibre properties
e Compressive strength
e Flexural strength

e Tensile strength

* Microstructure

Impact

. eImproved ability to restrict
and reduce the generation
and development of cracks

|® Plastic concrete (fresh)
: e Hardenend concrete

Figure 1.1: Research Conceptual Framework
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1.9 Chapter Summary

The main objective of the research was to study the Effect of Banana Fibres on the
Mechanical and Microstructural Properties of Concrete. Detailed over view of the
study has been provided under the following components: - introduction, problem
statement, research objectives and significances. The key variables have also been
identified and schematically presented under the conceptual framework as well as the

scope of the research being provided.
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CHAPTER-2  : LITERATURE REVIEW

2.1 Introduction

This Chapter presents a review of relevant studies carried out on Banana fibre
reinforced cement-based composites in order to establish a state-of-engineering

knowledge.

2.1.1 Fibre Reinforced Concrete

Fibre reinforced cement-based composites is one of the discovered resilient
construction materials (Moba-sher, 2012). The concept of Fibre Reinforced Concrete
(FRC) is discussed by many schblars (Gram, 1983; Zollo, 1997; ACI 544.1R-96, 2002;
Bentur & Mindess, 2007; CEB-FIP Model Code , 2010; Zongjin, 2011; Mobasher,
2012; ASTM C125, 2016; ACI 544 4R-18, 2018), among others. ASTM C125 (2016)
seems to provide a simplified definition of fibres as slender -filaments (discrete,
bundles, networks or strands of natural or manufactured materials) that may be
distributed uniformly in a fresh cementitious mixture. ACI 544.4R-18 (2018) defines
Fibre-reinforced concrete (FRC) as concrete made primarily of hydraulic cements,

aggregates, and discrete reinforcing fibres.

2.1.2 Types of Fibres and their limitations

Many publications (ACI 544.1R-96, 2002; Bentur & Mindess, 2007, ASTM
C1116/C1116M-10a, 2015; Chandrasekar et al., 2017; Koohestani ef al., 2019; Ahmad
et al., 2019; Chandramouli et al., 2019), among others; provide information on the
different fibre types and their origin. Based on ASTM C1116/C1116M-10a (2015),
there are four categories (types) of FRC based on material and these include, Type I-
Steel, Type II- Glass, Type III- Synthetic and Type IV- Natural fibres and are briefly

explained in the following section.
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Type I: Contains stainless steel, alloy steel, or carbon steel fibres (ASTM
C1116/C1116M-10a, 2015). Steel fibres are however more susceptible to severe
corrosion, a major factor responsible for changes in the mechanical properties of the

composite material (Bentur & Mindess, 2007).

Type II: Contains alkali-resistant (AR) glass fibres (ASTM C1116/C1116M-10a,
2015). Glass fibres have low resistance to moisture, sustained loads, and cyclic loads;
carbon fibres have low impact resistance, low ultimate strain, and is relatively

expensive (Zongjin, 2011).

Type III and Type IV- Synthetic and Natural fibres: Fibres for which documentary
evidence can be produced confirming their resistance to deterioration when in contact
with the moisture and alkalis present in cement paste and the substances present in
admixtures throughout the anticipated useful life of the structure (ASTM
C1116/C1116M-10a, 2015). Synthetié fibres have excellent strength performance

characteristics but the only drawback is the effect on environment (Mallick, 2008).

2.1.3 Role of Fibres and performance mechanism in Concrete

The mechanism of fibre performance was presented by Li and Wu (1992) when they
considered a composite sample subject to varying tensile loading and observed an
increase in load carrying capability of the composite matrix prior to the formation of
the cracks. A review by Zhang et al. (2018), identified three fundamental mode of
action of fibres in concrete and these include, anti-cracking, reinforcing, and

toughening; and are briefly explained ;

¢ The action of anticracking; relates to the fibres’ ability to restrict and reduce the
generation and development of cracks in concrete.

¢ The reinforcing action; relates to the improvement of the mechanical properties
(flexural, tensile and compressive strength) of concrete.

¢ The toughness action; is related to fibre bridging that increases concrete toughness
after cracking. According to Zollo (1997), bridging action prevent debonding,

rupture and pull-out of fibres which prevents cracking and crack propagation due
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to sharing and/or redistribution of loads and stresses between matrix and fibres
(Mobasher, 2012). This provides post-cracking load carrying capacity under
tension, bending, and shear due to the formation of hinges in the matrix during
cracking where loads and stresses are redistributed (ACI 544.4R-18, 2018)
resulting in an ascending stress—strain curve; generally referred to as strain
hardening (Bentur & Mindess, 2007).

2.1.4 Factors governing FRC performance

A number of factors governing FRC performance have been published by a host of
scholars (Zollo, 1997; Klemm ef al., 1998; ACI 544.1R-96, 2002; Chandramouli et
al., 2019; Girijappa et al., 2019) among others as summarised . Also Figure 2.1 shows

the performance of fibres in concrete.

¢ Fibre content (amount of fibres added to a concrete mix, expressed as a percentage
of the weight of cement in the mix).

¢ Length of the fibres.

¢ Fibre-matrix adhesion (bond or anchorage of the fibre reinforcement).

¢ Fibre-alignment, distribution, and treatment.
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Figure 2.1: Energy-absorbing fibre/matrix mechanisms (Zollo, 1997)

2.2 The Need for Natural Fibres

2.2.1 Introduction

Natural Fibres have attracted much attention (Li et al., 2006; Mallick, 2008; Mobasher,
2012; Chandrasekar et al., 2017; Koohestani et al., 2019; Zhang et al., 2018; Ahmad
et al., 2019; Elbhiery et al., 2020) among others, for use as reinforcing agent in
composite materials; and nowadays are considered as potential substitute for Non-
renewable synthetic fibres (Mukhopadhyay & Fangueiro, 2009). The utilization of
natural fibres is mostly reported in reinforcing various composite materials but their
application in concrete is still limited hence requiring detailed investigations (Elbhiery

et al., 2020).

2.2.2 Classification of Natural fibres

Published information (Bentur & Mindess, 2007; Ellen et al., 2018; Koohestani et al.,
2019; Ahmad et al., 2019; Chandramouli et al., 2019) among others, is available on
natural fibre classification. A review by Ahmad et al. (2019), seems to provide a

detailed classification of plant fibres as follows: (i) Bast fibres, (ii) Leaf fibres, (iii)
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Stalk (iv) Fruit (v) Grass (vi) Seed fibres, (vii) Wood. These are summarised in Figure

2.2 . It is observed that Banana fibres are classified as leaf fibres.

[ | 1
[pem ][ e | S | Aruticial
(1) Asbestos (1) Viscose
(i) Rayon

Organic o () Modal
o fv) Acetate
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Figure 2.2: Fibre Classification; Source: (Ahmad ei ﬁl., 2019)

2.2.3 Chemical properties of Natural Fibres and Performance Limitations

The main components of natural fibres include; cellulose, hemicellulose, lignin,
pectins, and waxes (Ahmad et al., 2019). Table 2.1 lists the different classification of
natural fibres and their respective properties. There exists variation in the tested

parameters from different publications.

Studies conducted on the performance of natural fibres (Mohanty et al., 2005; Mallick,
2008) revealed durability shortcomings related to the inability to resist both external
and internal damage; where external damage relate to effects arising out of: moisture
absorption, biological micro-organisms, sulphate or chloride attack; while Internal
damage is majorly due to compatibility problems between fibres and alkaline-cement
paste environment. The presence of organic substances (waxes, lignin, and pectin);
render fibres susceptible to degradation by the high alkaline environment within the
cement; poor interfacial adhesion, poor resistance to moisture absorption and
biological attack (Klemm et al., 1998; Mohanty et al., 2005). Gram (1983) reported

on the deleterious effect of high alkaline environment in the Portland cement on sisal
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and coir fibres; the alkaline environment dissolved the organic substances and
weakened the fibre structure (Wallenberger & Norman, 2004). A review by
Mukhopadhyay & Fangueiro (2009), revealed high moisture absorption of most
natural fibres constituents caused by the presence of hydroxyl and other polar groups
as part of their constituent. The factors render the use of natural fibre reinforced
composites less attractive (Abd et al., 2007). Inspite of the shortcomings of natural
Fibre Reinforced Concrete, the merits of natural fibres outweigh the demerits and most
of the shortcomings have remedial measures that can be taken in form of fibre surface

modification (treatments) (Mindess, 2011; Girijappa et al., 2019).

Table 2.1: Fibre composition of Plant fibres, (Ahmad et al., 2019)

Natural Cellulose Hemicellulose Lignin Pectin Waxes
fiber (%) (%) %) (%) (%)
Flax 705 16.5 25 09 -
Hemp 8l 20 Bl 0.9 08
Henequen 60 28 8 - ‘0.5
Coir 46 03 45 = -
Bamboo 345 20.5 26 - -
Abca 62.5 21 12 08 3.0
Alfa 454 385 14.9 - 20
Bagasse 37 21 22 10 -
[Banana 624 12.5 75 4 - |
Cotton 89 - 0.75 6 0.6
Curaua 73.6 5 75 - -
Jute 67 16 9 0.2 0.4
Kenaf 53.5 21 17 2 -
Kapok 13.16 - - - -
Isora 74 - 23 - 1.09
Sisal 60 11.5 8 1.2 -
Pineapple 80.5 17.5 83 4 -

2.2.4 Mechanical properties of Plant Fibres.

Table 2.2, shows a summary of the mechanical properties of Plant fibres in the
literature as presenteb by (Ahmad et al., 2019)
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Table 2.2: Mechanical Properties of different natural fibres, (Ahmad et al., 2019)

Group Fibres Density (g/cm®)  Tensile strength (MPa)  Tensile modulus (GPa)  Elongation at break (%)
Abaca 1.5 400 12 3-10
Flax 1.5 345-1035 276 2.7-3.2
Jute 1.3 393-773 26.5 1.5-1.8
Bast Hemp 1.48 690 70 1.6
Ramie 1.5 560 24.5 2.5
Kenaf 1.45 930 53 1.6
Roselle 0.75-0.8 170-350 17 5-8
Sisal 1.5 511-635 9.4-22 q 1.5
Curaua 14 500-1150 11.8 1.4
Leaf Pineapple 0.8-1.6 400-627 1.4 0.8-1.6
__Poplar 0.25-0.39 — 29-84 —
Banana 0.75-0.95 180-430 23 3.36 |
Coir 1.2 593 4-6 44
s Oil palm 0.7-1.55 248 32 0.7-1.55
Seed Cotton 1.51 400 12 3-10
Kapok 1.47 45-64 1.73-2.55 2-4
Sea grass - 453-692 3.1-37 13-26.6
Grass Bamboo 0.6-1.1 140-230 11-17 —
Bagasse 1.25 222-290 27.1 1.1
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2.3 Pre-treatment of Natural Fibres

There are a series of research studies (Mohanty et al., 2005; Abd et al., 2007,
Mukhopadhyay & Fangueiro, 2009; Susheel et al., 2009; Karsli & Aytac, 2014;
Chandrasekar et al., 2017; Koohestani ef al., 2019; Ahmad et al., 2019) among others
on pre-treatment methods of natural fibres. A review by Ahmad ef al. (2019), identified
three pre-treatment methods of natural fibres; Physical/plasma treatments (improve
strength, modulus, and elongation properties), Chemical treatment (improve on the
interfacial properties of the fibre-matrix and the durability of the fibre in cement-based
composites), while Physico-chemical treatments provide clean and fine fibrils with

very high cellulose content. Fhese are presented in the following Table 2.3 .

Table 2.3; Fibre Surface Modification (Ahmad et al., 2019)

| |

Physical treatment Chemical treatment
Physicochemical
treatment
Simple mechanical Alkali
(i) Stretching
(il) Calendering
(iii) Rolling
Coupling agent
(i) Silane
(i) Acylation
Solvent i o
(iii) Graft rization
s 5ol ii) Graft copolyme o

Electric discharge Bleaching
(i) Corona (i) Reductive
(ii) Plasma (ii) Oxidative
(ki) lonized
(iv) Thermal
(v) Ultraviolet (UV) Enzyme

(vi) Electron radiation
(vii) Fibre beating
(viii) Dielectric barrier

Peroxide

(i) Permanganate

According to a review conducted by Susheel (2009), Physical/plasma treatment was
reported as the most effective method; but its application is limited by scarcity of tools,

complexity of the plasma state and limited experimental studies (Mukhopadhyay &
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Fangueiro, 2009). This was justified by a review conducted by (Koohestani et al.,
2019). Accordingly, plasma treatment was not adopted.

2.3.1 Effect of Chemical treatment methods on fibre properties.

The effects of the different chemical treatment methods were reviewed. According to
Sreekala et al, (2000) cited by Mohanty ef al, (2005), Chemical pretreatment affect the
mechanical properties of natural fibres. The reduction was attributed to fibre
disintegration through delignification of the non-cellulosic materials (Polona, 2010).
According to Koohestani et a_l, (2019), Maleated, acetylation, alkalization, and silane
treatments displayed a respecti\;e improvement in tensile strength of natural fibres by
(32~58) %, (27~56) %, (4~54.5) %, and (20~45) %. There were marginal (20 %)
impact of alkalization treatment on the properties of fibres compared to other methods
(Sahu & Gupta, 2019). A review by Ahmad e al, (2019), identified Alkalization
treatment to be the most effective, cheap and normally used chemical treatment
method of fibres. The reaction between Alkalisation is presented in a review by

(Chandrasekar et al, 2017). This is schematically shown in figure 2.3.

Fibre — OH + NaOH — Fibre — 0 — Na* + H,0 ........... Equation 2.0

NaOH Mercerized Washing Material
Raiibes » treatment . fibres . and drying ‘ Earicasion » characterization

Figure 2.3: Fibre Treatment Process (Chandrasekar et al., 2017)

From the equation, it is observed that fibres are immersed in sodium hydroxide
(NaOH) solution which then reacts and removes the hemicellulose, lignin
(delignification) and wax. This exposes cellulose and increases surface roughness, and

improves interfacial bonding strength (Pickering et al., 2016).

A number of research studies and reviews (Susheel ef al, 2009; Kushwaha & Kumar,
2009; Yan et al, 2012; Venkateshwaran et al, 2013; Karsli & Aytac, 2014; Manalo et
al, 2015; Chandrasekar et al, 2017; Koohestani et al, 2019; Ahmad et al, 2019) among
others, were conducted to determine the effect of sodium hydroxide (NaOH) solution

on the mechanical properties of both plant fibres and plant fibre reinforced composites.
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It is reported (Koohestani et al, 2019) that alkaline treatment increased the surface
tension of sisal fibres which resulted in improved compressive strength and reduced

absorption of the composite.

Experimental investigation on coir fibre-based epoxy composite treated with different
alkali concentrations (2, 4, 6 and 8 %) and untreated for 10 days by Karthikeyan cited
in Chandrasekar er al., (2017) revealed improvement in impact strength for alkali-

treated fibre composites compared to untreated fibre-based composites.

A review carried out by Chandrasekar ef al, (2017), regarding the characterisation of
alkali treated natural fibres and their composites. identified an optimum concentration
of NaOH treatment and .treatment time, for the increased efficiency of fibre

performance.

Venkateshwaran ef al (2013) carried out a study on the effect of fibre surface treatment
on the mechanical and visco-elastic behaviour of Banana/epoxy-composite. They used
alkali (NaOH) of various concentrations (0.5 %, 1 %, 2 %, 5 %, 10 %, 15 % and 20
%) by weight for 30 minutes. They observed that 1 % NaOH treatment produced the

best tensile, flexural and impact properties.

Yan et al (2012) compared the mechanical strengths of alkali-treated and non-treated
flax, linen and bamboo fabric-reinforced epoxy composites. They concluded that 5 %
alkali-treated fibre-reinforced composites exhibited higher mechanical strength than

untreated composites, irrespective of the fibre types.

Kushwaha & Kumar (2009) carried out a study on the effect of NaOH on bamboo fibre
mat-reinforced epoxy composites. The findings identified that the mechanical
properties of the composite were enhanced by fibre treatment of 5 % NaOH.
Accordingly, 5 % Sodium Hydroxide was adopted and used in the research.

2.4 Effect of fibres on the Mechanical performance of FRC

Many research studies, (Savastano et al, 2000; Li ef al, 2006; Barros et al, 2016;
Mukhopadhyay & Bhattacharjee, 2016; Prasannan et a/, 2018; Chandramouli et al,
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2019; Elbhiery et al, 2020; Dhawan et al/, 2020), among others; have reported on the

effect of natural fibres on the mechanical performance of concrete.

Elbhiery et al (2020) analysed the performance of Banana fibre bars (treated with
NaOH) on the mechanical properties of reinforced concrete beams, Results indicated
that the compressive strength of concrete was not affected; there was however, 2 %

improvement in the flexural strength of the concrete.

(Dhawan et al (2020) investigated the mechanical properties of concrete containing
fly ash, bagasse ash and Banana fibre. Banana fibres of 40 mm length and 0 %, 2.5 %
and 5 % fibre content by weight of cement. Observations revealed that when compared
with conventional concrete; Banana fibres resulted in; 6 % and 10 % improvement in
compressive and flexural ;&engms respectively corresponding with 2.5 % fibre
content. However, reduction in strength was observed when the fibre content was
increased. Investigation on the mechanical properties of cement-lime mortar
reinforced with plantain fibres by Humphrey, (2020) where experimental samples
were cast with 65 mm fibre length and 0, 0.25, 0.5, 0.75, and 1 % fibre content;
observed, 13.80 % and 23.4 % increase in tensile and compressive strengths
respectively. The effect of Banana fibre content on the ductility properties of concrete
(compressive and split tensile strengths) were investigated (Chandramouli et al.,
2019). Samples were prepared by mixing 40 mm fibre length in different fibre contents
ranging from 1 % to 6 %. Observations showed an improvement in compressive and
split tensile strengths of concrete. A study on the performance of Banana fibre
reinforced concrete under uniaxial and biaxial tensile stress by Ellen et al. (2018) while
focusing on 0.50 % and 1.0 %, fibre concentration and 30 mm fibre length treated with
5 % NaOH; discovered an improvement in the flexural strength of concrete. Prasannan
et al (2018) investigated on the strength properties of concrete (compressive strength,
split tensile strength and flexural strength) reinforced with sisal and Banana fibres
respectively. Parameters used were, fibre content (0.5 %, 1 %, 1.5 %) and fibre length,
30mm length. Experimental outcome showed a respective increase in compressive,
flexural and tensile strengths of 0.5 %, 2.5 % and 5.2 % at 1.5 % fibre content.
Investigations into the utilisation of treated Banana fibres at (0.3 % and 0.6 % fibre
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content and 20 mm fibre length) in concrete by Mukhopadhyay & Bhattacharjee
(2016), observed an improvement in compressive strength corresponding to 0.3 %
fibre content. They further discovered that increasing fibre content, resulted in

reduction in strength and this limitation was attributed to balling effect of fibres.

2.5 Effect of fibres on the Concrete Microstructure

Concrete has a highly heterogeneous and composite structure (micro and macro); that
1s constituted by, the type, amount, size, shape, and distribution of the available phases.
The macro elements are visible to the human eye while micro elements are resolved
by the help of a microscopé; hence the term microstructure refers to the phases,
morphology (grain, particle sizes and distribution) and chemical composition of the
material which can readily be seen with the help of a microscope. Aggregates, bulk
cementitious matrix and the interfacial transition zone (ITZ-cement-aggregate) and
Fibre-Matrix Interfacial zone constitute the microstructure of "concrete (Mehta &
Monteiro, 2006). The study of microstructure can reveal the relationship between a
particular microstructural feature and a specific physical, chemical or engineering
properties of the material (Brandon & Kaplan, 2008). These properties affect the
behaviour of cementitious materials and therefore must be characterized (Bentur &

Mindess, 2007).

The Scanning Electron Microscope, (SEM) is one of the most multipurpose
instruments used to investigate and analyse microstructural characteristics of solid
objects including cement and concrete (Nemati & Stroeven, 2001). According to
Goldstein et al. (2018), the Scanning Electron Microscope is an instrument that creates
magnified images which reveal microscopic-scale information on the size, shape,
composition, crystallography, and other physical and chemical properties of a
specimen. Studies on the effect of fibres on the microstructure of materials, involving
the use of the SEM have been made available (Nemati & Stroeven, 2001; Savastano
Jr et al., 2005; Sivaraja et al., 2010).

Savastano Jr et al (2005) studied the microstructure of Sisal and Eucalyptus

composites, in terms of morphological and bonding characteristics under SEM

Page 18 of 99



(Secondary Electron (SE) and Back-Scattered Electron (BSE) imaging) and Energy
Dispersive X-ray Spectroscopy (EDS/XRD). BSE images and EDS analyses revealed

improvement in the fibre-matrix transition zone.

Sivaraja et al (2010) carried out an experimental investigation on the durability of
coconut coir and sugarcane bagasse natural fibres. The research focused on mechanical
and microstructural properties of fibres and fibre reinforced concrete. Among other
observations, microstructure (SEM and EDS) analysis confirmed excellent adhesion

between the boundary of fibre-matrix transition zone.

Tehmina et al (2014) used Field Emission Scanning Electron Microscope (FESEM) to
study the microstructure properties (Interfacial Transition Zone (ITZ) between the
aggregates and the paste) of high performance fibre reinforced concrete containing up

to 3 % Chopped Basalt Fibres. Results revealed an improvement in ITZ.

Humphrey (2020) examined the microstructural properties.of cement mortar and
plantain pseudo stem samples using scanning electron microscopy (SEM). Results
revealed that cement mortar samples had no observed cracks. Microcracks were
observed with plantain pseudo stem which were attributed to manufacturing or

handling deficiencies.

2.6 Modelling the Behaviour of BFRC and Plain concrete

Concrete is a heterogeneous composite that exist as a continuum, (a body that can be
sub-divided into infinitesimal elements) where the mechanical behaviour of materials
can be modelled as a continuous mass rather than a discrete element. On the other
hand, micromechanics by homogenization, allows detailed modelling of the internal
structural arrangement of a composite material by treating each constituent as a
continuum (Mishnaevsky Jr, 2007). Analytical approaches (such as mean field
approaches) and computational methods are available to model the behaviour of
composites. Mean field approaches are devoid of a requirement for domain
discretization. Computational homogenization approaches [finite elements, fast

Fourier transform methods, finite volumes, finite differences and boundary elements.]
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is a more direct approach (Bargmann et al., 2018). The concept of Representative
volume element (RVE) has been a widely used homogenization-based multi-scale
constitutive method in finite element analysis to study the effect of micromechanical
properties (strength, deformation and failure) on the mechanical properties of
composites (Xiong et al., 2018). A number of definitions for RVE have been discussed
(Hill, 1963; Gitman et al, 2006). Hill (1963) defined the RVE as a sample of a
heterogeneous material that is entirely typical of the whole mixture on average, and
contains a sufficient number of inclusions for the apparent properties to be independent
of the surface values of traction and displacement, so long as these values are

macroscopically uniform.

The concept of representative volume element (RVE) was introduced to relate the
macroscopic properties of materials with the microscopic properties of the constituents
and material structure respectively (Gitman et al., 2006). According to Sciegaj et al
(2020), RVEs have been applied in modeling representative samples of the material at
a haphazard scale of detail where the macroscopic loading information is defined on
each RVE while applying suitable boundary conditions. They take into considerations
of the volume fractions of the inclusions and the individual contribution from each
composite (Barbero, 2008). The definitions in general reveal that the RVE should
contain sufficient information on the microstructure but should be adequately smaller

than the macroscopic structural dimensions (Gitman et al., 2006).

Breuer & Stommel (2019) carried out a numerical modelling of short fibre reinforced
thermoplastics with discrete fibre orientation and fibre length distribution using RVE
homogenization technique. The research focused on the influence of fibre packing,
fibre shape, bonding of the fibres to the matrix, fibre length distribution and fibre

orientation.

Wang et al (2016) carried out Micromechanical finite element Modeling of Fibre
reinforced composites with statistically equivalent random fibre distribution and

developed a new algorithm for generating random representative volume elements
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(RVEs). It was found that the proposed method presented a good match with

experimental results.

Gitman et a/ (2006) analysed the concept of the representative volume element (RVE)
with a focus on its existence in different stages of loading, elastic-hardening-softening
and also proposed a method to determine the size of RVE for random three-phase

(matrix, inclusion and ITZ) quasi-brittle materials.

In the work by (Barbero, 2008) a number of examples were provided for the

determination of the RVEs of different composite materials including concrete.

Sciegaj et al. (2020) in their study on Upscaling of three-dimensional reinforced
concrete representative volume elements (RVE) to effective beam and plate models.
The response of three-dimensional reinforced concrete RVEs was homogenised to
macroscopic beam and plate models; special modified finite elements were
constructed. They observed among others that the effectivc‘.response of the RVE
followed the expected response of a reinforced concrete cross-section in tension and

bending.

2.7 Chapter Summary

Research carried out on the effect of Banana fibres on concrete properties, has either
concentrated on a single fibre length and investigated the fibre content. These include
Ellen et al (2018), Prasannan et al (2018), Chandramouli et al (2019); Dhawan ef al
(2020), and Humphrey (2020). All showed that Banana fibres improved the flexural
and compressive properties of concrete. The effect of natural fibres on microstructure
was investigated by Savastano Jr ef al (2000), Nemati & Stroeven (2001), Sivaraja et
al (2010), Tehmina et al (2014). These have mainly concentrated on Sisal, eucalyptus,
coconut, sugarcane, basalt fibres but not banana fibres. The available study on the
effect of banana fibres on microstructure by Humphrey (2020), focused on the
application of the fibres in mortar but not concrete. Finally, studies on the application

of Homogenization Techniques of Representative Volume Element (RVE) in finite
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element analysis, focused on sisal, coconut, hemp, glass and Plain concrete but not

Banana fibres.

Based on the available literature review, there are limited number of studies that
address the influence of different Banana fibre lengths and fibre contents on concrete
properties to establish the: (a) Optimum fibre length and the corresponding fibre
content; (b) Effect of Banana fibres on the microstructure of concrete; and (c)

Behaviour of Banana fibres in concrete. This was therefore the basis of the research.
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CHAPTER- 3 : RESEARCH METHODOLOGY

3.1 Introduction

This chapter presents a detailed description and explanation of the various steps that
were undertaken in this study. The independent variables of the experimental study
were: (1) Plain concrete; (2) Banana fibre reinforced concrete; (3) Fibre content; and
(4) Fibre length. The influence of these variables on the mechanical (compressive,
flexural and tensile strength) and microstructural properties of concrete was
experimentally assessed. Finally, a 3D Representative Volume Element (RVE),
micromechanical model of Banana fibre reinforced concrete was modeled in

ABAQUS software to assess the influence of fibres in concrete.

3.2 Experimental Set up (Research Design)
3.2.1 Research approach

A systematic experimental program was designed to investigate the effect of Banana
fibres on the mechanical and microstructural properties of concrete. A total of 288
samples of C20/25 concrete mix were prepared for plain concrete (reference concrete)
and Banana fibre reinforced concrete and tested to determine mechanical and
microstructural properties of concrete. Table 3.1 presents the parameters that were
tested with their corresponding sample sizes, concrete type and quantities. The

variables were, fibre length and percentage fibre content as shown in Table 3.2.

Table 3.1: Parameters Tested at 14 and 28 days

Parameter Plain concrete | Fibre reinforced | Dimension (mm)
Compressive strength 6 cubes 90 cubes 150x150x150
Flexural strength 6 beams 90 beams 150x150x350
Split tensile strength 6 cylinders 90 cylinders 2000x300
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Table 3.2: Variables for the experiment (fibre length and fibre content)

Fibre length (mm) 40 50 60
0.10% 0.10% 0.10%
0.25% 0.25% 0.25%

Fibre content 1.00% 1.00% 1.00%
1.50% 1.50% 1.50%
2.50% 2.50% 2.50%

As shown in Table 3.2, the fibre length was varied from 40 mm, 50 mm and 60 mm.
for each fibre length, the fibre content was varied from 0.10 %, 0.25 %, 1.00 %, 1.50
% and 2.50 %. For each concrete type, fibre content and fibre length, six (06) each of
cubes, beams and cylinders were cast; out of which three (03) were tested at 14 days

and 28 days respectively as shown in Table 3.3 and 3.4 .

Table 3.3: Samples cast for every Test parameter

Concrete age 14 days 28 days
Fibre length 0.0 0.0
0.0% 3 3

Table 3.4: Samples of Banana fibre reinforced concrete cast for each parameter

Concrete age 14 days 28 days

Fibre length 40 50 60 40 50 60
0.10% 3 3 3 3 3 3
0.25% 3 a 3 3 3 3
1.00% 3 3 3 3 3 3
1.50% 3 3 3 3 3 3
2.50% 3 3 3 3 3 3

3.2.2 Sample coding

To ease identification throughout the research process, samples were assigned a unique
identity code typical of the type of concrete, fibre length, fibre content, and concrete
age; for example, F5121D (F- Banana Fibres; 5 -Fibre length (cm); 1-Fibre content in
ascending order; 2- age of concrete at 2 weeks (14 days) and 1D- Casting date (1st
December, 2020)
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3.3 Data Collection

3.3.1 Materials
Banana fibres, cement, coarse and fine aggregates and water

3.3.2 Banana Fibres

a) Identification of the source of the Banana fibres

Banana fibres were obtained from Kyakyarwa village, Kibaale district; 250 km from
Kampala, the capital city of Uganda. The Banana fibres were manually extracted from

the Banana sheaths of the harvested pseudo stems. Figure 3.1 shows the Plantation of

Banana Cultivar- Yangambi kmS5 in Kibaale District

Figure 3.1: Plantation of Banana where fibres were extracted in Kibaale District

b) Manual Extraction of Banana fibres by Scraping

The procedure followed during extraction of the Banana fibres was based on some of
the exraction techniques for natural fibres presented in Mohanty et al., (2005). The

following steps were followed.
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Tools and equipment

Metallic drum (for boiling the fibres), blunt wedge-like piece of wood (to scrap the

fibres), and a wooden rod of 400 mm length and 40 mm diameter (to anchor the fibres

during scrapping).

1i.

1ii.

1v.

The cut Pseudo-stems were sliced into 600 mm maximum length (to ease
handling); and boiled for a minimum of 6 hours to soften the sheaths and ease
manual scrapping/extraction of the fibres.

Fibre extraction/scrapping platform: Three (03) platforms (for faster fibre
generation) of cut Banana pseudo-stem not exceeding 1200 mm length were
arranged for manual fibre scrapping. They were firmly secured by 40 mm
diameter piece of wooden rod, 200 mm into the ground, protruding 200 mm
from the pseudo-stem where the sheaths were tied during scrapping;

Fibre Extraction/Scrapping: Boiled sheaths were individually tied, squeezed
and scrapped continuously using a blunt piece of wood to remove the
Mesophyll/cortex layer which exposed the fibres.

Extracted fibres were washed and then spread on a Tarpaulin to dry.

Fibres were then chopped into different fibre length (40, 50 and 60 mm);
weighed and then parked. Figure 3.2, shows the extracted Banana fibres while
Figure 3.3 shows Chopped Banana Fibres

Figure 3.2: Extracted Banana fibres
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Figure 3.3: Chopped Banana Fibres

c) Treatment process of Banana fibres

Section 2.2.3 literature provides the durability performance limitations associated with
natural fibres and mitigation measures which include treatment. Therefore, in this
section, treatment was done using Caustic Soda, obtained from Sky Chem (U) LTD.
The 1000 g of the Caustic Soda was carefully dissolved in 20 liters of distilled water
to form a solution of 5 % Sodium hydroxide. Preparation of the solution was based on

the different research studies presented in section 2.3.

Banana fibres were immersed in the solution for 60 minutes at room temperature and
then thoroughly washed with tap water for a minimum of 10 minutes to remove the
non-reacted alkali until the colour of the water coming out of the fibres was clear as

shown in Figures 3.4, 3.5 and 3.6.

Figure 3.6: Washing of treated
Figure 3.4: Caustic Soda (NaOH)  Figure 3.5: Treatment of Fibres fibres using tap water
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3.3.3 Cement

ACI 544.1R-96 (2002), recommends Type I Ordinary Portland Cement (OPC) for
FRC. The cement complies with (ASTM C150/C150M - 20, 2020). Type III (high-
early strength) cement can also be used in order to reduce hardening retardation caused
by the glucose present in most natural fibre. For this research, CEM 142.5 N - OPC,

manufactured by Kampala Cement limited was used.

3.3.4 Aggregates

Crushed aggregates were obtained from the Karuma dam project. The geological
classification of the rock was predetermined at the project site and categorised as

granite-gneiss. For this research aggregates of maximum size 19 mm were used.

3.3.5 Water

Ordinary portable water was used

3.4 Material Tests
3.4.1 Tests on Banana Fibres

Fibre properties were determined in accordance with ASTM standards (ASTM
C1116/C1116M-10a, 2015; ASTM D7357, 2019). Parameters that were investigated
include, tensile strength, fibre density, average diameter, moisture content and

elongation at break (%).

Single fibre tensile test was conducted using a Universal Instron Tester. The breaking
load and breaking extension were recorded at the point of rupture. The Tensile strength
of a single fibre was calculated using the following equation 3.1.

average force _ 148.26x0.00981
L T 22 01032
4 7 4

Tensile strength for a single fibre = |———— = ———0—|...... Equation. (3.1)

The average diameter of fibres was determined using the Scanning Electron
Microscopy (SEM).
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3.4.2 Tests on Cement

Chemical and physical test certificates were provided by Kampala cement limited

(manufacture) on delivery of cement to the Karuma project site and are summarised in

Table 3.5 and Table 3.6.

Chemical composition of cement

Table 3.5: Chemical composition of CEM I 42.5N, Kampala Cement-OPC,

(Kampala Cement limited, 2019)

Chemical Si0; | CaO | Fe0; | MgO | ALOs | SO; [ LOI | IR
Specification N/A 6.0-max 3.0-max <5
Result 2286 | 65.08 | 407 | 195 | 505 [ 241 [112] 1.33
Table 3.6: Physical Tests- Results of Kampala Cement- CEM I- 42.5N (Sinohydro,
2019)
Test Item ASTM C150/C150M, ( 20, 2020) | Test Results
Blaine fineness (0.08 mm) % (m?%/g) 2.2
Specific surface Area, m*/g N/A 349.9
Consistency 27.8
Soundness, mm <10 0.5
Initial Setting Time, min >60.0 154
Final Setting Time, min N/A 293
Compressive strength, 2 days N=10.0 20.9
MPa 28 days >42.5 and < 62.5 48.1
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3.4.3 Tests on Coarse and Fine Aggregates

The physical properties that were useful for mix computations were; aggregate type,

sieve analysis, specific gravity, absorption, moisture content and unit weight.

Table 3.7: Grading Results of Fine Aggregates (Sinohydro, 2019)

Percentage Passing, (%)

Sizes Sieve size 4.75 2.36 1.18 600 300 150 75
(mm) No.4 No.8 No.l16 No.30 No.50 No.100 No.200
Results 100.0 90.8 62.1 374 19.0 83 8.0
0~4.75 | ASTM (C33/C33M-18, 95~100  80~100 50~85 25~60 5~30 0~10 0~3.0
(2018)
Table 3.8: Grading Results of Coarse Aggregate (Sinohydro, 2019)
Aggregate Percentage Passing (%)
Sizes Sieve size 19 25| 93 475 | 2.36
Test Results 100 76.2 | 444 24 0.45
4.75-19
ASTM C33/C33M-18, (2018) | 90-100 | / | 20-55 | 0-10 | 0-5
Table 3.9: Physical properties- coarse and fine aggregates (Sinohydro, 2019)
Test Item Specification Test Results
ASTM C33/C33M-18, (2018) 0-4.75 | 4.75-19
Fineness modulus, FM 2.3~3.1 2.86
Water Absorption % <3 0.61 0.37
Saturated surface dry apparent (sand) > 2.5 2.80
density, (g/cm3) (Agg.)=>2.55 2.85
Mica content (%) =2 0.00
Fines < 0.075 mm (%) = 2.74
Flakiness Index, % <25 9.50
Elongation Index, % 11.60
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3.5 Mix Design Preparation
3.5.1 Introduction

The mix design was prepared based on the philosophy that concrete should provide
both adequate durability and strength of the structure. The selection of the desired
strength was based on; the anticipated exposure conditions, the type of structure and

aggregate characteristics as explained in the following sections.

3.5.2 Plain concrete

The Nominal mix design selected for both Plain and Banana fibre reinforced concrete
was C20/25. The standard used for plain concrete was (ACI 211.1-91, 2002). Table
3.10 presents the calculated mix designs quantities. The step-by-step procedure
followed during mix design preparation is given in Appendix-A. Table 3.10 presents

the mix composition used in the experimental program;

Table 3.10: Research Mix Design-Plain Concrete

Aggregates Design Materials Quantity (kg /m3)
Sl i
Grade (mm) ump  W/C Water Coment coarse Fine
(mm) aggregates aggregates
C20/25 19 20-50 045 192 444 1166 709

3.5.3 Mix Design for the Banana Fibre Reinforced Concrete

The mix design for Banana fibre reinforced concrete was prepared in accordance with
the provisions given in ACI 544.1R-96, (2002). The quantities of Banana fibres
required in concrete were calculated based on the weight of cement. The calculated

quantities are given in Table 3.11
Quantity of fibres required for every individual batch.

Volume of concrete required for each individual batch calculated using equation 3.2:

[V; X C X Vege] X 1000 (g) = [% X 444 X 0.1272] x 1000 = 56.46g... Equation. 3.2
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Vs: Fibre content, %; C: total weight of cement, kg/m3

Vere: Volume of FRC corresponding to batches of individual length of fibers.

Table 3.11: Calculated Quantities of Banana Fibres used in the experiment

Fibre content Weight of fibres (kg/m?)
0.10 % 0.444
0.25 % 111
1.00 % 4.44
1.50 % 6.66
2.50 % 111

3.6 Conecrete mixing, Compaction, Finishing and Curing
Mixing pretocol

An electrically operated mechanical mixer with rotating pedals was used. The mixing
protocol for plain concrete complied with ACI 211.1-91 (2002) while for Banana fibre
reinforced concrete; ACI 544.1R-96 (2002), provides two methods of mixing: (1) Wet
mixing (applies to hand mixing), and (2) Dry-compacted mixing. The wet mixing

protocol was adopted for the study.
Precautions considered during Mixing operation

During mixing of Banana fibre reinforced concrete the following precautions were

considered.

¢ Mixing protocol: the mixing protocol was Aggregates-Sand-Cement-Fibres-
Water. This was to avoid balling effect (formation of balls or lumps of fibres during
mixing)

¢ Fibre dispersion: Fibres were dispersed manually in small quantities during mixing
until they were fully integrated into the mix.

¢ Mixing time: Mixing time for BFRC was increased by 90 seconds to ensure

formation of a homogeneous composite.
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Workability Tests:

Tests on fresh concrete were conducted to ensure adherence to research quality
requirements. The checks that were done include: slump, ambient temperature and
concrete temperature measurements and were carried out in accordance with ASTM
C143/C143M-20, (2020). Moulds smeared with oil were filled with concrete using a
scoop in layers and then vibrated in accordance with BS EN 12390-2, (2019).

Finishing of the top face of the cast samples in the moulds was done concurrently with

vibration to ensure that fibres do not protrude through the finished surface.
Curing

After 24 hours, samples were de-moulded and immersed in a curing tank. Curing was

done in accordance with (ASTM C31/C31M-19, 2019).

3.7 Mechanical Testing
3.7.1 Precautions taken during tests

Calibration of Test equipment reliability: The test equipment were checked to
ensure that they had the latest calibration certificates and that all systems were in
good working conditions, that is, bearing surfaces were clean from any foreign

material like loose grits or other extraneous materials.

3.7.2 Test Parameters with corresponding standards

Table 3.12: Summary of the tested parameters

Test Parameter Standard

Compressive Strength BS EN 12390-3 (2009)

Flexural strength ASTM C293/C293M-16 (2016)
Split Tensile strength ASTM C496/C496M-17 (2017)
Microstructure ASTM C1723-16 (2016)
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3.7.3 Compressive strength

Test Procedure

The Test was performed in accordance with the standard testing procedures prescribed
in BS EN 12390-3 (2009). Universal Testing Machine (UTM) of 3000 kN maximum
capacity was used. Standard cubes with dimensions 150 mm conforming to BS EN
12390-1 (2012), were tested at 14 and 28 days. Samples were tested with the loading
rate maintained within the range of 0.6 = 0.2 MPa/s, corresponding to 9 ~ 18 kN/s. The
maximum load at failure was recorded (kN) and used to calculate the compressive

strength of concrete using equation 3.3.
fe= (—) .......... Equation 3.3;

Where; f.- Compressive cube strength (N/mm?) ; P- Peak load (N), b- width, and d -
depth; all in mm.

3.7.4 Split Tensile Strength Test

Figure 3.7 shows the modified compression testing machine used to test Split Tensile
Strength Test.

Figure 3.7: Test for Split tensile strength

This Test was carried out as per the standard test procedure prescribed in ASTM
C496/C496M-17 (2017). The same UTM that was used during compressive strength

test was used to determine the split tensile strength of the cylinder samples. However,
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the bearing surfaces of this UTM were made of square dimension equivalent to 200
mm yet the dimensions of the cylinder samples were of length 300 mm and diameter
200 mm. Therefore, in order to fit the testing machine, two steel plates of similar
dimensions (400 X 200 x 50) mm were added at the top and bottom of the existing

bearing plates.

Rate of Loading: The loading rate was applied and maintained in the range of 0.7 to
1.4 MPa/min until failure of the sample. Samples at the age of 14 days were tested
normally. In order to determine the ultimate load and residual strength that could be
sustained by the fibres, samples were subjected to loading and unloading (cyclic
loading) testing till failure. The corresponding loads were recorded, and used to
determine ultimate split tensile strength and the corresponding residual strength of

samples using equation 3.4.
_ [ 2P (kN) _
= (n—ld (mmz)) .............. Equation.3.4

where; T- Split tensile strength (N/mm?) ; P- failure load (N), I- length, d- diameter,

all in mm.

3.7.5 Flexural strength Test- Beam with Third-Point Loading

Figure 3.8: Test setup for Flexural strength test

To determine the flexural strength of plain and Banana fibre reinforced concrete, beam
samples with dimensions (mm) 150 x150 x 350 were tested under third point loading.

The flexural strength test protocol was in accordance with the test procedures provided
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in (ASTM C293/C293M-16, 2016). The Universal Testing Machine of 2500 kN
capacity was used to determine the peak load at failure of the sample as shown in
Figures 3.7 and 3.8. The peak load obtained at failure was used to calculate the flexural

strength of beam samples using equation 3.5:

3PL) :
f= (zaaz) ................ Equation. 3.5;

Where; f- Flexural strength (N/mm?) ; P is the peak load (N); L- span (300 mm), b-

width, and, d- beam depth; all in mm.
3.8 Microstructural Characterization and Microanalysis

3.8.1 Introduction

ASTM C1723-16 (2016) provides guidelines on the microstructural features of
concrete which include, size and shape of individual constituents (including pores),

the spatial relationships between constituents and volume fraction of each constituent.

3.8.2 Scanning Electron Microscopy (SEM)

To determine the morphology of the Plain and Banana fibre reinforced concrete,
samples were investigated under a Variable Pressure Scanning Electron Microscope

(VPSEM), Model: Tescan Vegas- 3; and XRD machine. Figure 3.9 shows the VPSEM

equipment.
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Figure 3.9: Scanning Electron Microscope

a) Materials and Features ~

Samples were analysed at the age of 28 days and morphological features, i.e. cracks
and Voids within the composite, Paste-éggregate ITZ; according to the standard,
concrete ITZ is typically about 50 um. Examination was carried out to determine the
change in the ITZ between bulk Paste-aggregate-fibre composite. Deposition of

unreacted components (residual Portland cement particles).
b) Sample Preparation

The procedure followed in sample preparation were in accordance with ASTM- C856-
95 (1998) and ASTM C1723-16 (2016). Samples were sectioned to 10 mm square size
in order to fit on the sample holder of the SEM. The sectioned samples were then
cleaned to remove any external material that could interfere with image processing and

recording. Figure 3.10 shows the sectioning process of the samples.
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S

Figure 3.10: Sample preparation for SEM

¢) Sample Examination under the SEM

Sample examination was carried out to determine the general morphology of the
sample (change in the ITZ (refer to section 3.8.2 (a) between bulk paste-aggregate-
fibre composite and deposition of unreacted components (residual Portland cement
particles)). The SEM was adjusted and operated under the following input parameters:
Detector: Secondary Electron (SE); 15.0kV accelerating voltage; working distance:
15.

3.8.3 Energy Dispersive X-ray Spectroscopy (EDS/XRD

Figure 3.11: XRD Equipment

Samples of Plain concrete and FRC were crushed into powder and investigated under
the Energy Dispersive X-ray Spectroscopy (EDS/XRD) machine for identification of
phases within the composite (shown in Figure 3.11). XRD generally comprises the
energy-dispersive detector coupled with wavelength detector. The energy-dispersive
detector collects the entire spectrum within the sample, while the wavelength detector

acquires the spectrum sequentially. The generated data are displayed as strength
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(intensity in counts) corresponding to the position (angle). The collected data were
later plotted using Excel, a computer database program to generate micrographs with
differing relative peak intensities which were later analysed to identify phases within
the composite. The positions of the peaks are characteristic of a particular element,

identifications were made by examination of peak positions and relative intensities.

3.9 Finite Element Modelling of the Behaviour of BFRC and Plain Concrete
3.9.1 3D Representative Volume Element, RVE, Model

The concept of Homogenization Technique of 3D Representative Volume Element
(RVE) was applied in Finite Element Analysis to model the behaviour of Banana
Fibres in Conerete. ABAQUS™ version 6.14 computer software was used in the
modeling. The selection of the 3D RVE Model was based on the work presented by
Barbero, (2008) and, Mobasher, (2012).

3.9.2 Purpose of the Model

The purpose of medelling in ABAQUS computer software was to determine the
behaviour of Banana fibre reinforced concrete and plain concrete by using applicable
failure theories (like the von mises and maximum principal stress theories) that allow
to predict the failure of a material by comparing the stress state in the material being
assessed with material properties experimentally determined under uniaxial tension or

compressional loading conditions.

3.9.3 Assumptions of Banana fibre reinforced Concrete Model

¢ Fibres are embedded in an elastic mixture,

¢ Fibres are cylindrical and randomly distributed, with a random microstructure
forming a hexagonal arrangement as shown in Figure 3.12.

¢+ Fibres are Anisotropic; the elastic modulus in the X, Y, and Z directions are
different,

¢ There exists a strong bond between matrix and fibre,

¢+ The distance between fibres and matrix is short hence increased ability to allow

load sharing between fibres and the matrix.
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Figure 3.12: Formation of the 3D RVE, (Barbero, 2008)

3.9.4 Determination of the RVE Size

¢ Average fibre diameter = 102.82 pm
o taun(Z)
¢ Volume fraction of fibres; V; = Lo 2L
Ve 2ayX2azX2az
¢ The relation between a, and a3 was established by the hexagonal array pattern,
implying a; = a,tan60 (Barbero, 2008).
¢ The optimum fibre length of 40 mm and 0.10 % fibre content were selected to
model the behaviour of the fibres in concrete.

¢ The calculated size of the RVE are shown in Table 3.13.

Table 3.13: Size of RVE (40 mm fibre length and 0.10 % fibre content)

; ; Hexagonal size of RVE, um
Fibre diameter Vs 7al 2 a3
102.82 pm 0.10 % 77.43 309.70 536.42
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3.9.5 Material properties and modeling

Based on the assumptions, linear elasticity associated with the material principal
directions was defined by Engineering Constants (Elastic moduli, E11, E22 and E3;
Poisson’s ratios, v;,, V43, V23 and Shear moduli, G,5, Gy3, G3). Computation of the
engineering constants was done using PMME .xls (Barbero, 2008). Table 3.14 shows
the calculated engineering constants that were used in ABAQUS model.

Table 3.14: Engineering constants used in the FEM RVE Model

PMM micromechanics, isotropic fibre, elastic matrix

Fibre content 0.10% [2.50 %
) Elastic Modulus, E,,, (GPa) 30 (EC2)
Matrix- concrete : =
Poissons ratio, v, 0.2
; ) Elastic Modulus, E; (GPa) 348
Fibre- Banana Fibres - -
Poissons ratio, v¢ 0.3
Computed Engineering constants
Fibre B
content El E2=E3 | vi; = v13 Va3 Gi2 = Gy3 G23
0.10% | 29.974 | 29.939 0.200 0.200 12.480 12.472
250% | 29.340 | 28.523 0.201 0.207 12.011 11.819

3.9.6 Analysis type

The selection of analysis type is the very first step in any FEA work. The various
analysis types are structural analysis, thermal analysis, fluid analysis, heat transfer
analysis, electromagnetic analysis, buckling analysis, electrical analysis, and
multiphysics analysis. For this research the RVE modelled under structural static

analysis was used.

3.9.7 Boundary Conditions

The model was subjected to encastre boundary condition where
U1=U2=U3=UR1=UR2=UR3= 0. The aim was to constrain its movement during load
application and determine the resulting deformation from the applied uniaxial pressure

loads.
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3.9.8 Loading

Uniaxial Tension and compression pressure loads were defined and applied. The
design ultimate strength of concrete was C20/25. For compression, 12 MPa and 17
MPa was applied, while for tension, 1.05 MPa and 1.5 MPa was applied.

3.9.9 Solution

After all the preprocessing works of FEA of the FRC, the database file was then
solved in a finite element solver. After successful solving the finite element model,
results were then extracted from the solution model and presented in the following

chapter.
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CHAPTER-4  : RESULTS AND DISCUSSION

4.1 Introduction

This chapter presents, the results from the experiments undertaken to investigate the
effect of Banana fibres on the mechanical and microstructural properties of concrete.
To accurately interpret and describe data in order to come-up with meaningful insights;
statistical techniques were applied. The SEM images were also investigated and used
to describe the morphology of the samples. XRD data obtained were plotted in Excel
and analysed to identify the changes in phases within the composite. ABAQUS, a finite
element analysis computer software, was used to analyse the micromechanical (3D

RVE) model.
4.2 Presentation and Analysis of Results

4.2.1 Geometric, physical and strength properties of Banana fibres

The following Table 4.1, presents a summary of the Geometric, physical and strength
properties of Banana fibres test results of Banana fibres obtained using an Electronic

Single Fibre Strength Tester, and some in Appendix Table B1.

Table 4.1: Geometric, physical and strength properties of Banana fibres

Fibre Parameter Property
Stiffness, (mm) 56.8
Weight, (g) 56.8
Linear mass density, g/m 1953
Diameter, pm 102.82
Breaking Strength, (gf) 142.17
Breaking Elongation, (%) 3.22
Tensile Strength for a Single Banana Fibre, MPa 167.89
1gf = 0.001 x 9.81 = 0.00981kgm/s*=IN
Tensile strength= 142.17 x 0.00981/(0.257 x 0.10282)
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Figure 4.1: SEM Micrographs-Banana Fibre Microstructure and Fibre Diameter

4.2.2 Compressive strength

a) Compressive strength of concrete at 14 days

Figure, 4.2 presents the effect of varying fibre length and fibre content on the
compressive strength of concrete samples containing plain concrete (reference

concrete) and Banana fibre reinforced concrete at 14 days.

Test results for fibre length (40, 50 and 60 mm) and the corresponding fibre content
(0.1 %, 0.25 %, 1.00 %, 1.50 % and 2.5 %) are presented in Table B2 of Appendix B2.
The Table further shows the following parameters; mean strength, minimum and
maximum strength; standard deviation, Coefficient of Variation and Correlation
coefficients for both plain concrete and Banana fibre reinforced concrete. The

following observations were drawn;

For 40 mm and 60 mm fibre length, the corresponding fibre content of up to 1.00 %
resulted in the mean compressive strength that was higher than that of the reference
concrete. It is seen that the strength increases as the fibre content reduces from 2.5 %,
1.50 %, 1.00 %, 0.25 % to 0.10 %. The compressive strength was significantly lower
than that obtained for plain concrete at 1.50 % and 2.50 % fibre contents.
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Figure 4.2: Effect of fibre content on compressive strength of concrete at 14 days

For 50 mm fibre length: all fibre contents resulted in the mean compressive strength
that was lower than that of plain concrete. Similarly, the strength increases as the fibre
content reduce from 2.5 %, 1.50 %, 1.00 %, 0.25 % to 0.10 %. There was a general
indirect correlation between fibre content, fibre length and compressive strength
implying that higher fibre length and fibre content negatively affected the rate of
strength development. The maximum increase in strength attained compared to plain
concrete (reference concrete) at 14 days was 11.4 %; corresponding to 40 mm fibre
length and 0.10 % fibre content.

b) Compressive strength of concrete at 28 days

Figure 4.3 that follows presents the effect of varying fibre length and fibre content on
the compressive strength of concrete samples containing plain concrete (reference
concrete) and Banana fibre reinforced concrete at 28 days. Similarly, test results for
fibre length (40, 50 and 60 mm) and the corresponding fibre content (0.1 %, 0.25 %,
1.00 %, 1.50 % and 2.5 %) are presented in Table B2 of Appendix B2.
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The figure in addition shows error bars that express potential error amounts
graphically relative to each data point within the experimental data series. N- values
were also determined to forecast the trend as fibre content and length parameters were

varied. The values depict a further reduction in strength with increase in fibre content.

Effect of fibre content on the compressive strength of concrete at 28 days

29
=
g 27
-
E 25
5
g 21 &
£ «
<
Ol —39
&
17
-0.30% 0.20% 0.70% 1.20% 1.70% 2.20% 2.70% 3.20%
Fibre content (%)
—&— 40 mm — &— 50mm - ® =60mm - -@ - Plain concrete

—@&— n-value (40mm) —® — n-value (50mm) —® — n-value (60mm)

Figure 4.3: Effect of fibre content on compressive strength of concrete at 28 days

The Table further shows the following parameters; mean strength, minimum and
maximum strength; standard deviation, Coefficient of Variation and Correlation

coefficients for both plain concrete and Banana fibre reinforced concrete.

It is observed that for 40 mm and 50 mm fibre length; fibre content of up to 1.00 %
resulted in the mean compressive strength that was higher than that of the reference
concrete. It is seen that the strength increases as the fibre content reduces from 2.5,
1.50 %, 1.00 %, 0.25 % to 0.10 %. The compressive strength was significantly lower
than that obtained from plain concrete for 1.50 % and 2.50 % fibre contents.

For 60 mm fibre length: Fibre contents of 0.10 % and 0.25 % resulted in the mean
compressive strength that was higher than that of plain concrete. Similarly, the strength
increases as the fibre content reduces from 2.5 %, 1.50 %, 1.00 %, 0.25 % to 0.10 %.
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The compressive strength was significantly lower than that obtained from plain
concrete for 1.00 %, 1.50 % and 2.50 % fibre content.

The maximum increase in strength attained compared to plain concrete (reference
concrete) was 12 %; corresponding to 40 mm fibre length and 0.10 % fibre content.
There was a general indirect correlation between fibre content, fibre length and
compressive strength. The Coefficient of Variation (CV) and Standard Deviation (SD)
increased with increase in fibre length. Implying that higher fibre length make results
more volatile and dispersed. Higher fibre length and fibre content negatively affected

the rate of strength development.
¢) Discussion of Compressive Strength Test results

The results for plain concrete 7 (reference concrete) revealed normal strength
development obtained at 14 and 28 days. The increase in compressive strengths due to
the inclusion of Banana fibres, can be attributed to the reinforcing action of the fibres
which improved the compressive strength, where the loads generated were shared
between the fibres and concrete, as presented by Zhang et al (2018). Similar results on
compressive strength were reported by Mukhopadhyay & Bhattacharjee (2016,
Chandramouli ef a/ (2019), Dhawan et al (2020) and Humphrey (2020). Conversely,
the reduction in compressive strength with increasing fibre length and fibre content
can be attributed to balling effect which occurred during manual inclusion of fibres at
the time of mixing which resulted in their non-uniform distribution within the mix.
This interfered with strength development and resulted in stress localization. A study
by Mukhopadhyay & Bhattacharjee (2016) reported on the clustering of fibres in
isolated sections within the mix. Pedemeiras et al cited in Humphrey (2020),
associated the reduced compressive strength to the large quantity of fibres in the mortar
which produced voids and created non-uniform distribution within the composite. The
obtained results agree with the results previously obtained by a number of scholars
(Ellen et al, 2018; Prasannan et al, 2018; Elbhiery et al, 2020; Dhawan et al, 2020).
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4.2.3 Flexural strength
a) Flexural strength of Concrete at 14 days

In this study, the flexural strength for plain concrete (reference test) and Banana fibre
reinforced concrete was determined. Figure 4.5 presents the effect of varying fibre
length and fibre content on the Flexural strength of concrete samples containing plain
concrete (reference concrete) and Banana fibre reinforced concrete at 14 days. Test
results for fibre content (0.1 %, 0.25 %, 1.00 %, 1.50 % and 2.5 %) and fibre length
(40, 50 and 60 mm), at 14 and 28 days are presented in Table B3 of Appendix B2. The
Table further shows the following parameters: mean strength, minimum and maximum
strength; standard deviation, Coefficient of Variation and Correlation coefficients for
both plain concrete and Banana fibre reinforced concrete. The following observations

and conclusions were made for each fibre length and the corresponding fibre content.

Flexural strength (MPa)
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—8—40mm —&—50mm —a&--60mm —8—plain concrete

Figure 4.4: Effect of fibre content on Flexural strength of concrete at 14 days

It is observed that for 40 mm fibre length; only fibre content of 0.10 % resulted in the
mean flexural strength that was higher than that of the reference concrete. The
remaining values of the fibre contents were the values of the reference concrete. The

maximum increase in flexural strength was 1.82 % corresponding with 0.10 %. The
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strength increases as the fibre content reduces from 2.5 %, 1.50 %, 1.00 %, 0.25 % to
0.10 %. The flexural strength was significantly lower than that obtained from the
reference concrete for 2.50 % fibre content and 60 mm fibre length implying that the
rate of strength development was negatively affected. There was a general indirect
correlation between fibre content, fibre length and flexural strength. The maximum
increase in strength attained compared to plain concrete (reference concrete) was 1.82

%,; corresponding to 40 mm fibre length and 0.10 % fibre content.

b) Flexural strength of concrete at 28 days

Effect of fibre content on the flexural strength of concrete at 28 days
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Figure 4.5: Effect of fibre content on Flexural strength of concrete at 28 days

Findings in Figure 4.5 reveal that the Flexural strength test results for Banana fibres
containing 40 mm length corresponding with 0.10 % fibre content exhibited higher
test results than the test results of the reference concrete; implying that the inclusion
of fibres in concrete resulted in an improvement in the Flexural strength of concrete.
Conversely, the results of the remaining samples were the results of the reference

concrete, as demonstrated by an indirect correlation between the fibres and the flexural
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strength of concrete. This implies that increasing fibre content and fibre length,
negatively affected the flexural strength of concrete. Considering dispersion and
variability of the samples, 60 mm fibre length produced results that were more
dispersed and volatile than the rest of the samples. Therefore, it can be concluded that,
40 mm fibre length and 0.10 % fibre content improved the flexural strength of concrete
at 28 days.

The figure in addition shows error bars that express potential error amounts
graphically relative to each data point within the experimental data series. N- values
were also determined to forecast the trend as fibre content and length parameters were

varied. The values depict a further reduction in strength with increase in fibre content.
c¢) Discussion of Flexural Strength Test results

The Flexural strength test results revealed both an increase and a reduction in the
strength obtained at 14 and 28 days. First, the increase in strength for BFRC can be
attributed to the bridging capability of the fibres when cracks are initiated and this
prevents crack propagation due to sharing and/or redistribution of stresses between
matrix and fibres, hence improving on toughness of concrete after cracking (Mobasher,
2012). The obtained results are consistent with the results obtained by Tehmina et a/
(2014), Chandramouli et al (2019) and Dhawan et a/ (2020) that were carried out on

Banana fibres.

Conversely, some test results revealed a reduction in the flexural strength with
increasing fibre length and fibre content. This can similarly be attributed to the
difficulty during experimentation especially at the time of dispersion of fibres during
the mixing process where the fibres were manually dispersed in concrete in small
quantities during mixing. Whereas thorough mixing was done, fibres were not
uniformly dispersed and this effect was identified during sample examination after the
testing process. This is considered a general challenge encountered during mixing and
was also reported by Mukhopadhyay & Bhattacharjee (2016). The results corroborate
the findings obtained earlier by other rearchers (Ellen et al, 2018; Prasannan et al,
2018; Elbhiery et al, 2020; Dhawan et al, 2020).
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4.2.4 Split Tensile Strength
a) Split Tensile Strength of Concrete at 14 days

Figure 4.7 present the trends of varying fibre length and fibre content with Split tensile
strength. The results for plain concrete (reference test) and Banana fibre reinforced
concrete is included in Table B4 and BS in Appendix B

235
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0.00% 0.50% 1.00% 1.50% 2.00% 2.50%

Fibre content

— B 40mm —&—50mm —&—60mm —— plain concrete

Figure 4.6: Effect of fibre content on Split tensile strength of concrete at 14 days

The findings from Figure 4.7, revealed that all fibre length at 0.25 % and 1.00 % fibre
contents resulted in the mean Split tensile strength that was higher than that of the
reference concrete. 50 mm and 60 mm Fibre length had their peak length at 1.00 %;
while 40 mm length exhibited its peak strength at 0.25 %. The Split tensile strength
was significantly lower than that obtained from plain concrete for all the fibre contents.
There was a general indirect correlation between fibre content, fibre length and

compressive strength. The maximum increase in strength attained compared to the
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reference concrete was 9.8 %; corresponding to 50 mm fibre length and 1.00 % fibre

content.
b) Split Tensile Strength of Concrete at 28 days

In this study, the results for Split Tensile strength for plain concrete (reference test)
and Banana fibre reinforced concrete containing fibre content (0.1 %, 0.25 %, 1.00 %,
1.50 % and 2.5 %) and fibre length (40, 50 and 60 mm) at 28 days are presented. The
ultimate load and residual strength of the samples were determined by subjecting the
samples to loading and unloading (cyclic loading) testing till failure. Figures 4.7 and
4.8 present the Effect of different loading cycles on the residual split tensile strength
of concrete. Table B5 of- Appendix B2 presents the Split tensile strength test results
corresponding to the loading cycles. Based on Figure 4.7, the following observations

and conclusions were made for each fibre length and the corresponding fibre content.

Observations

The four loading cycles that were diametrically applied during the testing of the
samples revealed the effect of fibre inclusion in concrete as compared to plain

concrete. All the loading cycles were applied within the range of 0.7 to 1.4 MPa/min.

The 1* loading cycle resulted in ultimate split tensile strength for both plain concrete
(reference concrete) and Banana fibre reinforced concrete containing 40 mm, 50 mm
and 60 mm fibre length and their corresponding fibre content. However, the following
loading cycles revealed different behaviour for both plain concrete (reference

concrete) and Banana fibre reinforced concrete as follows.

Banana fibre reinforced concrete: The sample was examined the 1* loading cycle
and no cracks were visible. The loading cycles was then increased to 279, 3™ and 4™
loading cycles and the following observations were made. It was observed that
increase in loading cycles up to the 3™ cycle resulted in progressive reduction in split
tensile strength to the lowest strength coupled with the formation of hairy cracks which

propagated parallel to the direction of load application. When the 4™ loading cycle was
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applied, an increase in the load at failure corresponding to the failure strength was
observed coupled with the increase in the size of the formed cracks. The fibres were

observed bridging the cracks and thereby prevented the sample from splitting.

While for plain concrete: The increase in loading cycles up to the 4™ cycle resulted in
progressive reduction in split tensile strength and the formation of more than one crack

which propagated in different directions.

For BFRC, considering 40 mm fibre length and 0.10 % fibre content, the residual
strength obtained with the 4™ loading cycle was up to 1.41 MPa from 1.02 MPa
(equivalent to 38 %); while plain concrete did not exhibit any increase in strength with

increase in loading cycles.
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g == 40 mm at 1.00 %
== @== 40 mmat 1.50 %
- @ = 40 mm at 2.50 %
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Figure 4.7: Residual Strength of all Concrete samples at varying loading cycles
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Figure 4.8 Residual Strength of Concrete at varying loading cycles at 0.10 % Fibre content

c) Discussion of Split Tensile Strength Test results

The first peak strength obtained under the 1* loading cycle can be attributed to the
normal strength development of concrete. There was total reduction in split tensile
strength with increase in loading cycles for plain concrete. This behaviour can be
ascribed to the inadequate elastic behaviour, low toughness, and lack of friction within
the matrix which occurred due to the initiation of cracks that propagated within the
concrete and resulted in the splitting of the sample. This typical observation was
reported by Humphrey (2020). The obtained results are also consistent with the results
obtained by other researchers (Tehmina et al, 2014, Chandramouli et al, 2019 and
Dhawan et al, 2020).

Conversely for BFRC, there was both reduction and increase in strength which
occurred after formation of cracks. The reduction can be attributed to the performance

of normal concrete without fibres that is characterised by the lack of elastic behaviour,
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low toughness, and limited friction of the matrix. After crack formation, the presence
of fibres inside the concrete matrix were activated and therefore bridged across the
cracks and prevented further crack opening, expansion and propagation by sharing the
induced stresses due to applied loads. This therefore prevented the samples from
splitting as observed at the 4™ loading cycle where the residual strength increased
(Mobasher, 2012). The presence of fibres improved ability of the concrete and was
able to restrict and reduce the generation and development of cracks in concrete
through fibre bridging. Fibres provided adequate elastic behaviour, enhanced
toughness index of concrete by increasing on the residual strength and friction within

the matrix.

Based on the results, it can be concluded that the inclusion of fibres in concrete at
lower fibre content and fibre length can improve the residual strength and toughness
of concrete after crack initiation by preventing against crack expansion and

propagation thereby increasing the resilience and service life of concrete.

4.2.5 Results from the Microstructure of Plain and FRC
a) SEM

The following Figures 4.15 and 4.16 show the morphology of plain concrete and

Banana FRC under the Scanning Electron Microscope.
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Figure 4.10: SEM FRC Morphology
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The following observations were drawn out of the SEM images:

In figure 4.8, plain concrete demonstrates a porous morphology with varying sizes. It
exhibited normal setting, the ITZ was identified between bulk Paste-aggregate-fibre

composite. Cracks and voids within the composite were not seen

For FRC (Figure 4.9): Figure reveal that; Larger rectangular voids or pores were
observed with defined boundaries. A clear transition zone exists within concrete and

fibres.
b) Discussion of the SEM Test Results

In Figure 4.8, it can be noticed that the high porosity observed, can be attributed to the
initial water absorption which affected the rate of hydration. The results obtained are
similar to the findings from other scholars (Sivaraja et al, 2010)

c) Energy Dispersive X-ray Spectroscopy (EDS/XRD

Figures 4.10 ~ 4.13 show micrographs of Banana fibre reinforced concrete and Plain

concrete samples at different diffraction angles and intensities appearing as peaks,
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Figure 4.13: XRD- Micrographs for FRC
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Figure 4.14: XRD- Micrographs for FRC- Highest Peaks

Based on the micrographs, the following observations were drawn:

Plain concrete Figures 4.11 -aﬁd 4.12: Different peaks were obtained at different
positions combined with sharp peaks. The maximum peak intensity is 13 counts
occurring at an angle (20) of 4.28, other corresponding peaks include; (3.04, 12.00),
(3.14, 12.00), (3.28, 11.00), (3.68, 10.00), (4.14, 9.00), (6.42, 9.00).

FRC Figures 4.3 and 4.14: Different peaks were obtained at different positions Sharp
peaks were observed. The maximum peak has an intensity of 25 counts occurring at
an angle (20) of 3.04, other corresponding peaks include; (3.00, 12.00), (3.06, 18.00),
(3.16, 12.00), (3.28, 17.00), (3.82, 15.00), (3.94, 14.00), (4.26, 9.00), (4.42, 17.00),
(5.72, 7.00), (5.74, 10.00). FRC had the highest peak intensity of 25 counts occurring
at an angle (20) of 3.04, compared to plain concrete whose peak intensity is 13 counts
occurring at an angle (20) of 4.28. There were variations in the shape of the peak

intensities that were obtained
d) Energy Dispersive X-ray Spectroscopy (EDS/XRD)

Analysis of results under the Energy Dispersive X-ray spectroscopy (EDS) reveal the
following; The higher peak intensities at a lower position (angle) indicate maximum
interplanar spacing within the crystal structure. the effect was found to be almost
double in FRC when compared to plain concrete. It therefore justifies that the fibres

contributed to changes in phases of the composite structure of the FRC.
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4.2.6 Output from RVE model for BFRC and Plain concrete

a) Consideration for Loading

Uniaxial Tension and compression pressure loads were defined as tensile and
compression loads. The experimental results obtained for the ultimate tensile
and compressive strengths plain concrete and Banana fibre reinforced concrete
of fibre length 40 mm and fibre content of 0.10 % was 2.35 MPa and 2.50 MPa;
and 26.3 MPa and 29.9 MPa respectively.

To model the behaviour of banana fibres and plain concrete, lower strength
values for compressive and split tensile strength were selected and applied to
the RVE as pressure loads and applied at different loading proportions starting
from 25 %, 50 % and 75 % of the ultimate tensile and compressive strengths

respectively.
Failure criterion applied

Output from structural FEA are provided in the form of stresses. The appropriate

failure criteria was used.

Tension: Maximum Principal stress failure criterion had the highest values and
therefore used to assess the mode of failure and it states that failure of a material
is predicted to occur when the applied load results in stresses that are equal or

exceeds the ultimate tensile strength of the material.

Compression: The von mises failure criterion had the highest values and
therefore used to assess the mode of failure of the RVE under compression. The
failure criterion states that failure of a material is predicted to occur when the
applied load results in stresses that are equal or exceeds the ultimate

compressive strength of the material. The results are presented in table 4.2.
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Table 4.2:3D RVE Model under compression and tensile loading

Table 4.3: Model deformation under tension and compression loading

; PC Fibre content- 0.00% 2.35 MPa
Experimental results (UTS) I grp e Fibre content- 2.50% 2.50 MPa
Experimental results (UTS) considered in the Model 2.35 MPa
Proportion of the applied load 25% 50% 75%
Calculated load 0.5875 1175 1.7625
Concrete Type PC BFRC PL BFRC PC BFRC
Fibre content 2.50% 2.50% 2.50%
Von Mises 1.133 0.781 | 2.265 1.562 3.398 3.124
Princiial Stresses oll 1.35 0.799 | 2.701 1.597 4.015 3.195

: PC Fibre content- 0.00% 26.3 MPa

Experimental results (UCS) "RrRG | Fibwe content- 0.10% 29.9 MPa
Experimental results (UCS) considered in the Model 26.3 MPa
Proportion of the applied load 25% 50% 75%
Calculated Pressure load 6.575 13.15 19.73
Concrete Type PC BFRC g, ¥ BFRC Pe BFRC
Von Mises 12.676 8.746 | 25.652 | 17.492 | 38.028 | 34.984
Principal stresses -6.093 0.220 | -12.19 | 0.439 | -18.28 | 0.878

UTS- Ultimate Tensile Strength ; UCS- Ultimate Compressive strength
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b) Comparison between modelled and experimental outputs under Tension

Table 4.3 reveals that at 25 % and 50 % of the ultimate tensile strength (UTS), the
simulated principle stresses were less than the respective strength of both plain
concrete and BFRC. At 75 % of the UTS, the simulated principle stresses for both
plain and BFRC significantly exceed the experimental tensile strength. This implies
that failure of both plain concrete and BFRC is predicted to occur when the applied
pressure load approaches 50 % of the UTS. Conversely plain concrete failed at a much

lower pressure load than BFRC

c) Comparison between modelled and experimental outputs under compression

Table 4.3 reveals that at both 25 % and 50 % of the ultimate compressive strength
(UCS), the simulated Von Mises stresses are less than the respective strength of plain
concrete and BFRC. At 75 % of the UCS, the simulated Von Mises stresses for BFRC
exceed the experimental tensile strength for both plain concrete and BFRC. This
implies that failure of both plain concrete and BFRC is predicted to occur when the
applied pressure load exceeds 50 % of the UCS. Plain concrete failed at a much lower

pressure load than BFRC.
d) Discussion of FEM Results

The results for plain and Banana fibre reinforced concrete tested under tensile and
compression loading conditions confirm the role of fibres in bridging and preventing
further expansion and propagation of cracks through sharing and redistribution of
stresses across the matrix (Mobasher, 2012). The high strength values as seen in plain
concrete can be attributed to the presence of high shear stresses which resulted in
deformation than BFRC. It implies that the inclusion of Banana fibres in concrete can

absorb more energy and resist failure than plain concrete.
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CHAPTER-5  : CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions,

In this study, the effect of Banana fibres on the mechanical and microstructural
properties of concrete, has been studied experimentally coupled with an FEM model
of the behaviour of Banana fibres in concrete. The independent variables of the study
were: (1) Plain concrete (2) Banana fibre reinforced concrete. Fibre content (0.10 %,
0.25 %, 1.00 %, 1.50 %, and 2.50 %) and (3) Fibre length (40, 50 and 60 mm). This

chapter presents the findings and conclusions.

1. Properties of Banana fibres: Diameter, 102.85 pm, mean breaking force, 142.17
gf, Elongation at break 3.22%, while average tensile strength was 167.89 MPa.
2. Effect of Banana fibres orf concrete mechanical properties.

¢ Compressive strength: There was an increase in the compressive strength of
concrete of up to 13 % as the fibre content reduce from 2.5 %, 1.50 %, 1.00
%, 0.25 % to 0.10 %. The fibre length and fibre content that resulted in
optimum compressive strength were 40 mm and 0.10 %. The mean strength
obtained was 26.62 MPa, standard deviation, 2.71, coefficient of variation was
10.48 % and there was a negative correlation coefficient of 97.1 % for BFRC.
¢ Flexural strength: Increasing fibre content beyond the optimum fibre content
resulted in a reduction in flexural strength of concrete. The maximum increase
in flexural strength was 10 %. The fibre length and fibre content that resulted
in optimum flexural strength were 40 mm and 2.5 % respectively. The mean
strength obtained was 8.92 MPa, standard deviation, 0.869, coefficient of
variation was 9.73 % and there was a negative correlation coefficient of 82.6

% for BFRC.
¢ Split tensile strength: Concrete with fibre inclusion exhibited the ability to
absorb energy and resist cyclic loads more than plain concrete. Banana fibre
reinforced concrete exhibited the increase in residual split tensile strength at
the 4™ loading cycle of up to 42 %. Increase in fibre content positively
impacted on the split tensile strength of concrete at relatively lower fibre

dosages of up to 1 %, but the effect was more pronounced in longer fibres.
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3. Microstructural characterization: Incorporation of banana fibres in concrete
improved its microstructure through better bonding between the fibres and the
matrix as well as a reduction in the size of ITZ and consequently the porosity of
the matrix by filling its pores which ultimately resulted in improved mechanical
properties of the composite. XRD graphs revealed a higher intensity with BFRC
(25 counts occurring at an angle (20) of 3.04) than plain concrete (13 Counts
occurring at an angle (20) of 4.28) and directly resulted in improved concrete
strength.

4. FEM model predictions that was made in ABAQUS software revealed that
incorporation of fibres enhanced the strength of concrete. Plain concrete failed
faster as the loading approached 50 % of the applied load than BFRC where failure
occurred after application of 50 % of the loading rate under both tension and

compression conditions.

5.2 Recommendations- Future Investigations

For optimal purposes, addition of banana fibres should be limited to a maximum of
1% fibre content preferably using shorter fibres. Further studies should however be
carried out to establish the following;

1. Seek support from institutions and government sector agencies to extensively
explore this potential construction material (Further research, mass production,
packaging);

2. Effect of concrete mixing methods on the strength of Banana fibre reinforced
concrete

3. To explore on new technologies that can be used for fibre dispersion;

4. Equip university laboratories. For example Computer-controlled Electro-
Hydraulic Servo Universal Testing Machine (UTM) (Testometric) integrated with
Data Acquisition System to carryout mechanical strength tests;

5. Additional research on the Effect of Banana fibres on Shrinkage Cracking of
concrete (Shrinkage Moulds and strain gauges).
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APPENDICES

A- Mix design calculations

Design- DATA

Design compressive strength at 28 days

C20/25 MPa

Type of cement CEM-142.5N (OPC)
Manufacture Kampala cement company Itd
Cement density 1400kg/m?3

Specific gravity of cement, G, 3.15

Type of Aggregates Crushed- Granite Gneiss
Aggregate density 2700kg/m?

Moisture content of aggregate SSD

Nominal Maximum Size Aggregate (NMSA) 19 mm

Maximum Water-Cement ratio 0.45

Workability/Slump 25-50 mm

Bulk Specific gravity of Coarse aggregates 2.85

Bulk specific gravity of Fine aggregates 2.80

Fineness Modulus (FM) 2.86
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STEPS FOLLOWED TO DEVELOP THE MIC PROPORTIONS

Step -1

*
L4

*

¢

Choice of Nominal Maximum Size of Aggregate (mm)
Selection of Concrete Slump (mm) (Table 6.3.1)

Maximum W/C Ratio; From Table 6.3.4(a) and (b),
Estimated maximum placement temperature

Based on the available historical data at the Karuma project site; standard
deviation of 4.0 MPa and 1.65 assurhiﬁg 5 % defective was adopted. The
Mean target strength was computed as follows: =

flo. = fox + 1.655 * 0 = (25 + 1.65x4.0) = 32 MPa

The concrete was designed under moderate exposure conditions also
corresponding to XC2, (BSI, 1992).

Tests on aggregate are given in the Tables 3.7 ~ 3.8

Type of Cement: CEM-I- 42.5 N, OPC

Properties of cement, aggregates (coarse and fine) and water are given in
Table 3.5 ~ 3.9. The Tables give the sieve analysis results, bulk specific
gravities, absorptions. fineness modulus, specific gravity of cement

including physical and chemical properties

19

25-50

0.45

23°%C

¢

Table AS.8, provide the maximum permissible W/C ratio by weight for

massive sections corresponding to the exposure conditions. To obtain the

0.45
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desired average strength of 32 MPa; the designed W/C ratio was taken as
0.45, for Concrete deposited in water.

¢ Table 6.3.3, was used to determine the approximate mixing water and air
content requirements based on concrete slump of (25~50 mm) and the
selected 19 mm NMSA- crushed well-shaped angular aggregates and was
determined to be 200 kg /m?

¢ According to the standard, air content seems to apply in aggregates
ranging from 37.5 mm and above. The nominal maximum size of
aggregates considered for this research was 19 mm; based on that, air

content was not considered

¢ From Step 3, W/C = 0.45. Therefore: weight of cement in a total cement

mixture equals (C,, = 252 = 444 kg/m?)

¢ This was calculated using the equation from ACI 211 as follows;

¢ Volume of Cement:

¢ V-{(sp Mass of Cement, Gy )X 1 ]_ 444
€™ ecific gravity ofcement,G./ ~ 1000) ~ 3.15x1000

= 0.141 m®/m?

Volume of Water

Mass of Water, My, 1 } 200 "
= X 3 —3 &
Vw {(Specmcwmtyofwﬁm e vy 0.20m°/m

>

P

200

0.141

0.200
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¢ The FM of crushed fine aggregates was 2.86 while the Nominal
maximum aggregate size was 19 mm, therefore, the volume of coarse

aggregate used was obtained using Table A5.5 as 62 %

*

Total volume of aggregate
¢ 1.0-V,—-V,=10-0.200 - 0.141 = 0.659 m3/m?3

¢ Volume of coarse aggregates: 0.659 x 0.62 = 0.409 m3/m3

¢ Volume of fine aggregates: 0.659 x 0.38 = 0.250 m3/m?3

¢ The range of aggregates was; 4.75 to 19 mm

Portland Cement: 0.141 x 3.15 X 1000 = 444

*

0.62

0.659

0.409

0.250

444

Mortar content =V, + V, + Vgq + Vca
0.141+0.200+0.250+0.409=1.0-0.K

¢ Weight of fresh concrete (Table 6.3.7.1) (kg/m?)

]
¢ Water ¢ 0.200 X 1.00 x 1000 = 200 200
¢ Fine aggregates ¢ 0.250 x 2.80 x 1000 = 700 700
¢ Coarse aggregates | ¢ 0.409 x 2.85 x 1000 = 1165 1165

2348.28
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Tests indicate total moisture of 0.086 % and absorption of 0.37 % in the
coarse aggregates; and 1.29 % and 0.61 % in the fine aggregate. Adjusted

aggregate masses:
Coarse aggregate (wet) =1165 X 1.055= 1166
Fine aggregates (wet) = 700 X 1.0129 = 709 kg

Absorbed water does not become part of the mixing water and must be
excluded from the adjustment in added water. Thus, surface water

contributed by the aggregaté were calculated as follows:
Coarse aggregate (wet) =0.37- 0.086 = 0.284

Fine aggregates (wet) = 1.29- 0.62= 0.67

0.284 0.67.

=200 - (55) X 1166 — (752) X 709 = 192 192
B- Test Results
Appendix Table B.1: Results obtained from electronic single fibre strength tester
No. of Sample No.
Cycles S1 s2 3 S4 S5 S6 S7 S8 9
C1 14721 | 1472 1487 | 14849 | 14523 | 14558 | 149.03 | 148.66 | 145.67
Cc2 14891 | 143.57 | 147.72 | 14641 | 14628 | 14621 | 14954 | 14358 | 147.29
c3 148.66 | 14641 | 146.36 | 146.82 | 14492 | 146.1 | 149.67 | 144.61 |149.84
?""“‘ge 14826 | 14573 | 147.59 | 14724 | 14548 | 14596 | 106.08 | 145.62 |147.6
orce (gf)
Average Elongation (%)
323 | 31 |33 |39 | 28 [285 |28 | 389 |305
Average Tensile strength (MPa)
175.08 | 172.088 | 174.292 | 173.875 | 171.792 | 172.367 | 125.269 | 171.958 | 174.3
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Appendix Table B.2: Compressive strength Test results

| Age of concrete 14 days 28 days
Fibre length Fibre length
Fibre Content 40 50 60 40 50 60
0.10% 2713 22.6 26.8 29.9 21.5 29.6
0.25% 26.2 22 25.5 28.4 27.2 28
1.00% 244 21.8 224 212 26 23.7
1.50% 21.7 21 19.8 24.5 237 223
2.50% 20.8 20.5 19.7 23.1 224 20.6
3.00% (n-values) 18.8 20.0 16.9 21.3 203 177
Minimum 20.8 20.5 19.7 23.1 224 20.6
Maximum 23 22.6 26.8 29.9 215 29.6
Mean strength 24.08 | 21.58 | 22.84 | 26.62 | 25.36 | 24.84
Standard deviation 2.801 |.0.832 | 3.242 | 2.791 | 2.230 | 3.820
Coefficient of Variation | 11.63% | 3.85% | 14.20% | 10.48% | 8.79% | 15.38%
Correlation coefficient | -96.4% | -96.3% | -92.7% | -97.1% | -98.0% | -95.3%
0.00% 24.5 26.3
Appendix Table B.3: Flexural strength Test results
Flexural Strength
Age 14 day 28 day
2 Fibre len Fibre length
kg 20 50 60 40 50 60
0.10% 8.4 8 135 9.225 8.65 8.025
0.25% 8 1.9 72 10.2 8.775 7.8
1.00% 7.95 7.8 6.42 8.45 9.2 18
1.50% 1.5 7.35 6.3 8.85 8 7.35
2.50% 7.54 7.425 6.2 7.89 7.15 125
3.00% (n-values) 7.2 72 5.7 1.5 7.1 7.0
Minimum T3 7.35 6.2 7.89 7.15 7.25
Maximum 8.4 8 .33 10.2 9.2 8.025
Mean strength 7.88 7.70 6.69 8.92 8.36 7.59
Standard deviation 0371 | 0291 | 0.539 | 0.869 | 0.799 | 0.322
Coefficient of Variation | 4.71% | 3.78% | 8.05% | 9.73% | 9.57% | 4.24%
Correlation coefficient | -86.5% | -88.2% | -90.3% | -82.6% | -81.8% | -93.2%
0.00 % 8.25 9.26
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Appendix Table B.4: Split Tensile strength Test results at 14 days

14 day
Fibre Content Eilae loggh
40 50 60
0.10% 2.1 2.18 2.12
0.25% 2.18 2.25 22
1.00% 2.15 2:39 i
1.50% 2.02 2.1 1.87
2.50% 1.92 1.98 1.8
Minimum 1.92 1.98 1.8
Maximum 2.18 2.35 2.3
Mean strength 2.07 2.17 2.06
Standard deviation 0.105 0.141 0.215
Coefficient of variation - 5.08% 6.51% 10.44%
Correlation Coefficient -87.4% -70.3% -76.4%
0.00 % 2.14

Appendix Table B.5: Split tensile strength at 28 days under Cyclic loading

Fibre Loading cycles and the corresponding strengths at 28 days
]e:lig' Fibre content | Cycle 2™ Cycle 3 Cycle 4% Cycle
0.10% 2.18 1.31 1.02 1.41
0.25% 2.32 1.26 1.3 1.41
40 1.00% 2.38 1.05 1.33 1.68
1.50% 2.30 1.61 1.42 1.76
2.50% 2.50 1.53 1.25 1.41
0.10% 2.35 1.29 1.17 1.43
0.25% 2.39 1.11 1.01 1.22
50 1.00% 2.42 1.34 0.97 1.25
1.50% 227 1.35 1.25 LT?
2.50% 2.15 1.07 1.16 1.5
0.10% 242 1.05 0.98 1.39
- 0.25% 2.45 1.02 1.15 1.44
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1.00% 2.34 1.18 1.25 1.64
1.50% 2.16 1.03 1.03 1.59
2.50% 2.03 1.04 0.9 1.44
PC 0.00% 2.35 1.07 0.92 0.88
Appendix Figure
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Appendix CI: Residual Strength of Concrete at varying loading cycles at 0.25 % Fibre content
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Appendix C2: Residual Strength of Concrete at varying loading cycles at 1.00 % Fibre content
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Appendix C3: Residual Strength of Concrete at varying loading cycles at 2.50 % Fibre content
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Table 4.4: Concrete Sample preparation process
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