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ABSTRACT
This study presents the results of a combined experimental and theoretical study of the strength,
fracture toughness and interfacial properties of natural fiber-reinforced earth-based composite
materials. The composites, which consist of mixtures of laterite, clay and straw, are stabilized with
controlled levels of Portland cement. The compositional dependence of compressive, flexural/bend
strength and fracture toughness are explored for different proportions of the constituent materials
using composites and crack-tip shielding models. The underlying crack-microstructure
interactions associated with Resistance-curve behavior is studied using in situ/ex situ optical
microscopy. This reveals evidence of crack bridging by the straw fibers. The measured resistance-
curve behavior is also shown to be consistent with predictions from small- and large-scale bridging
models. The study also presents an experimental investigation on pullout tests of natural fiber
(straw) from earth-based matrices. A specially designed single fiber pullout apparatus is used to
provide a quantitative determination of interfacial properties that are relevant to toughening brittle
materials through fiber reinforcement. The parameters investigated includes a specially designed
high strength earth-based matrix comprising of 60% laterite, 20% clay and 20% cement. The
mediums from which the fibers are pulled includes a control mortar mix without fibers and a mortar
mix with 5, 10 and 20 percent fibers by volume. The toughening behavior of whisker-reinforced
earth-based matrix is analyzed in terms of a whisker bridging zone immediately behind the crack
tip and interface strength. This approach is consistent with microscopy observations which reveal
that intact bridging whiskers exist behind the crack tip as a result of debonding of the whisker-
matrix interface. The implications of the results are then discussed for potential applications in the

design of robust earth-based building materials for sustainable eco-friendly homes.
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MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

TABLE OF CONTENTS

DT [or: {010 DO TSP PR TR PR TPPPRP I
AADSTFACT. ... b bttt bbbt ii
PIETACE ...ttt bbb IX
ACKNOWIBAGEMENTS. ... .ttt e st et e e e e e e sraesteenaesreenteeneesraenrs X
Peer REVIEW PUBIICALIONS ..o Xi
List Of CONTErence PreSENTAtIONS ........cvciviiiiiiitiiteiti et Xiii
LIST OF FIQUIES ...ttt bbbt bttt et et bbb bbb ene s Xiv
LISE OF TADIES ..ot b bbb XVii
CHAPTER ONE: INTRODUCTION. ..ottt 1
IS R = - Yo 1 (0T o OSSR 1
1.2 Problem SatemMeNt ..o s 2
1.3 SCOPE OF WOTK ..ttt 2
RETEIENCES ... bbbttt bbbttt bbb n s 4
CHAPTER TWO: LITERATURE SURVEY ... 6
2.1 Earth-based MaterialS ... 6
211 LAEEIIEES ettt 6

y 0 2 o1 -\ 2SO 7
2.1.3  Straw (ANArOPOgON SPP.)..eeueeueeereriesiesiestesieaseesiessessestesbesiessessessesssessessessessessessessens 9

2.2 Cement and Cement REACTIONS ........ccueiviriiiiriiiiiieiee et 10

Kabiru Mustapha (70054)



MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

2.2.1  Properties of the major cement Minerals ..o 11
2.2.1.1  Tricalcium SIlICAtE (C3S)..viiiiiiiiiiieieieiee et ena e 11
2.2.1.2 Dicalcium Silicate (C2S) .ocvvevererieiiiirisieeee e 12
2.2.1.3  Tricalcium AIUMINGALE (C3A) .ouiiiiiiiiiiieiee e 12
2.2.1.4  Tetracalcium Aluminoferrite (C4AF) ... 13

2.2.2  Types of Portland CEMENT......c.ooiiiiiii s 14

2.2.3  The Hydration rACTIONS ........cceieiuiriiriirieiisiieieie ettt 15
2231 Hydration of calcium silicate mineral (CsS and C2S) .......coovveivieiininienne 16
2.2.3.2 Hydration of calcium silicate aluminate/ferrite mineral (CsA and C4AF) ......17
2.2.3.3 Reaction with additional sulphate i0NS...........cccceeiiieiieie i 19

2.3 COMPOSITE CONCEPLS ..ttt ettt sttt bbbt n ettt b e enes 20
2.4 Natural Fiber-reinforced Composites (NFRC) .......cccoviiiiiiniiiiiieceec e 22
2.5 Mechanical Properties of Natural Fiber-reinforced COMpPOSIteS ........cccovvvenverenineninnn 25
2.5.1  Strength and fracture toughness of NFRC ... 26
2.5.2  ReSIStanCe-Curve MEASUIEMENT. ........eiueiruireeeeiertereresi ettt 27
2.6 Rule-of-Mixture and Short FIDer Theory.........cccevveiiiicie e 28
2.6.1  Rule-0f-miXture (ROM)......ccooiiiiiiiiiieiieeee s 28
2.6.2 Short fIDEr tNEOIY (SFT) . 29
2.7 Toughening MEChANISIMS .......cciiiiiiieie s 30
A R O - Tox 1 = 4T [0 1 T PSSP 31

Kabiru Mustapha (70054)



MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

2.7.1 FIDEr PUHTOUL ..., 34

R OGRS ..o 36

CHAPTER THREE: STRENGTH AND FRACTURE TOUGHNESS OF EARTH-BASED

NATURAL FIBER-REINFORCED COMPOSITES.........coiiiieeee e 51
3.1 INEOTUCTION ...t b bbb 51
3.2  Materials and COMPOSItE PrOCESSING ....ccvveivieieiiieiiieie et eiesee e sre e sie e sae e 53

321 IMAEEIIAIS ..t 53
3.2.2 PIOCESSING .ttt ettt bbbttt b bbbttt bt b 54
Bh  IMOGEIS ...t 58
3.4.1  Rule of MiXtUre (ROM) ......ooiiiiiie ettt 58
3.4.2  Short fiDer theOrY (SFT) oo 58
3.4.3  Toughening due to Crack Bridging .........ccccceourieiiiiiiniiisisieee e 59
3.5 RESUILS AN DISCUSSION. ......cciuiiiiiieiieiieieie sttt bbbttt bbb 60
3.5.1  Materials and MICIOSIIUCTUIE........couiiuiiiiriiiiieieie e 60
3.5.2  Compressive/Flexural Strength ..o 64
3.5.4  Comparison of Modeling and Experimental ReSUltS............ccccceeveiieiecic e, 71
3.7 Summary and Concluding REMAIKS .........cccoceiieiiiiiiic e 75
RETEIENCES ...t bbbttt bbbttt bbb b beere s 76

CHAPTER FOUR: RESISTANCE-CURVE BEHAVIOR OF NATURAL FIBER-

REINFORCED EARTH-BASED COMPOSITES........ccoiiieieeie e 79

Kabiru Mustapha (70054)




MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

A1 INEFOTUCTION ...ttt bbbt bbbttt sb bbb 79
4.2  Materials and COMPOSITE PrOCESSING ......ccverveiuiriiriiiieieie et 82
B4.2.1  MALEITAIS ... 82

A o (01001511 | T SRS 82
4.3 ReSIStanCce-CUrVe EXPEIIMENTS ......ciieiieieseerie sttt sbe e sre e 83
4.4  Toughening Due to Crack Bridging........cccooeririiiiiinieieriesie s 84
4.5  RESUILS AN DISCUSSION. .....cvitiitiriiitieiieiieie ettt bbbttt se b b 88
4.6  Summary and Concluding REMAIKS ........c.coiiiiiiiiiiiee e 92
RETEIEICES ...ttt b bbbt b e 93

CHAPTER FIVE: PULLOUT BEHAVIOR OF NATURAL FIBER FROM EARTH-BASED

MATRICES ...ttt ettt e b e e s st e e b e e s re e e be e s be e e reennne e 95
5.1 INTOTUCTION ...ttt ettt bbb 95
5.2 MaLErIAlS USEA ...t 96
5.3 SAMPIE PreParatiOn ........c.oiiiiiiiiiiiieieie ettt bbb 97
5.5  Modeling of Fiber Pull-out (Debonding with Constant Friction)...........c.cccccccevvevieennne. 99
5.6  RESUILS aNd DISCUSSION......cuiiiiiiiieiiitiiteieesie ettt 103

5.6.1  Single FIDEr PUH-OUL.........cooiiiiiie e 103
5.6.2  Composite Toughening due to debonding and pull-out ............cccooevivevviieiiennns 107

5.7  Summary and Concluding REMAIKS ...........cociiiiiiiiiiese e 109
RETEIENICES. ...ttt bbbt b bbbttt bbb 110

Kabiru Mustapha (70054)



MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

CHAPTER SIX: TOUGHENING BEHAVIOR IN NATURAL FIBER-REINFORCED EARTH-

BASED COMPOSITES ...ttt ettt bbbt e b neeas 113
6.1 INEFOTUCTION ... bbbttt bbb ene e 113
6.2  Toughening Due to Crack Bridging........ccoevveriiiiieiieie e ese e 116
6.3  Toughening Due to FIber PUI-OUL ...........cccviiieiicc e 116
6.4  Model for the estimation of shielding due to crack bridging and fiber pull-out .......... 117
6.5  RESUILS AN AISCUSSION .....ouviiiiiiiieiieieie ettt 118
RETEIENCES ...t bbbttt bbb bbb bbb 122

CHAPTER SEVEN: IMPLICATION, CONCLUSION AND FUTURE WORK .........ccceuee.e. 124
% T [ 0] o] [ Tox: LA o] SRRSO 124
7.2 CONCIUSTONS ...ttt bttt b bbb 125
7.3 FULUIE WOTK ...ttt bbbt 127
RETEIBNICES ...t bbbttt bbb bbbt bbb bt 128

Kabiru Mustapha (70054) Viii



MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

PREFACE

This dissertation is an original intellectual property of Kabiru Mustapha containing work done
from the period of January 2012 to November 2015 for the fulfillment of doctorate of philosophy
degree in the Department of Materials Science and Engineering at the African University of

Science and Technology, Abuja-Nigeria.

| was the lead investigator in this work, responsible for all major activities: experiments, data
collection and analysis including manuscript composition while Prof. Winston Oluwole Soboyejo
was the supervisory author who was involved in the early stages of the concept formation and

manuscript composition.

The mechanical properties of natural fiber reinforced earth-based composites are presented in this
work. Locally earth-based materials were sourced to design fiber-reinforced composites for
affordable and sustainable building. Strengths and fracture toughness of the composites are
presented as well as the toughening mechanisms involved to provide scientific and engineering

bases for the design.
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CHAPTER ONE: INTRODUCTION

1.1  Background

The choice of materials for building is greatly influenced by the cost, properties (mechanical and
chemical) and availability [1]. Industrialized societies have developed various materials which are
applied in all works of construction (including buildings). Unfortunately, developing countries,
such as Nigeria, where alternative materials exist have failed to explore such opportunities even,
when there is the possibility of producing such materials locally. There is therefore, a need to

explore new ways of producing robust building materials from locally available materials.

Such needs have stimulated recent efforts to develop affordable building materials that are
strengthened and toughened by locally available natural fibers [2] and matrix materials that are
available in developing countries. However, in most cases, the matrix materials utilize cement,
which is a relatively expensive synthetic material and associated with ~5% of the global carbon
dioxide emissions [3] that are thought to contribute to global warming. This has made it relatively
difficult for poor people to afford durable homes in most developing countries. However, in most
of these countries, there are large deposits of industrial, agricultural and human wastes that can be
recycled into robust building materials that could make homes more affordable for a significant

fraction of the world’s rural and urban poor [4].

In contrast, earth-based materials are readily available materials that could be used as matrix
materials in building composites. They can also be stabilized by the use of binders, such as dung
or cement, to produce materials that are strong and tough enough for applications in buildings [1].

They can also be reinforced with natural fibers (such as sisal and straw) [5-11] while the matrices

Kabiru Mustapha (70054)
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can be optimized by the use of industrial wastes, such as blast furnace slag and crushed charcoal

from the burning of wood [12].

1.2 Problem Statement

There has been great progress in both the production and application of reinforced materials
(except little for earth-based materials). In most cases where high strength and toughness of earth-
based materials are required, the materials are stabilized with cement or dung [3]. Some local
people have also used straw, and other natural fibers, to strengthen earth-based materials that are
used in local construction of earthen homes. However, the scientific and engineering bases for
such applications are very limited. There is, therefore, a need to develop the scientific
understanding that can provide the necessary basis for the design of novel earth-based materials

that can be used in rural and urban construction.

1.3 Scope of Work

This study examines the effect of processing, composition and natural fiber reinforcement on the
mechanical properties of natural fiber-reinforced earth-based composites. The study includes:
The processing of local (earth-based) materials with different compositions;
The material characterization of local materials and processed materials with:

i.  Scanning electron microscopy (SEM);

ii.  Energy Dispersive X-ray Spectroscopy (EDS).
The mechanical characterization of natural fiber-reinforced earth-based composites. These
include:

i.  Compressive and Flexural strength.

Kabiru Mustapha (70054)
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Ii.  Fracture toughness and resistance-curve behavior

iii.  The determination of compositional dependence of constituents’ materials (laterite, clay,
cement and straw) on the mechanical properties of the composites.

iv.  The study of resistance-curve behavior of natural fiber-reinforced earth-based composite
to determine the contribution of fiber-reinforcement to composite toughness.

v.  Comparison of experimental results with those obtained from mechanistic models (rule-of-
mixture, short fiber theory, crack bridging, fiber pull-out, etc.).

vi.  Pullout behavior of natural fiber (Straw) from earth based matrices and its contribution to

toughening of earth-based composites.

Following the background and introduction in chapter one, chapter two presents a review of current
literature on composites and cement and earth materials. The effects of composition and composite
structure on the strengths (compressive and flexural) and fracture toughness of natural fiber-

reinforced earth-based composites are examined in chapter three.

In chapter four, we explored the resistance curve behavior of natural fiber-reinforced earth-based
composites. The pullout behavior of straw fiber from earth based matrices is presented in chapter
five. In chapter six, we elucidated the overall toughening behavior of natural fiber-reinforced earth-
based composites resulting from the multiple toughening mechanisms in fiber-reinforced

composites.

Lastly, chapter seven presents the conclusions arising from the current study along with some

suggestions for future research.
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CHAPTER TWO: LITERATURE SURVEY

2.1 Earth-based Materials

Earth-based materials are naturally occurring materials found on the earth. They are vital resources
(raw materials) that provide the basic component of life, agriculture and industry. These materials
include minerals, rocks, soil and water. These studies focus on soils (locally available and
affordable), which can be used as alternative building materials. The earth-based materials to be

studied include laterite, clay and straw.

2.1.1 Laterites

Laterites (figure 2.1) are soil type rich in iron and aluminum [1]. They are formed in hot and wet
tropical areas [2]. Nearly all laterites are rusty-red because of the iron oxide contained in them.
They develop by intensive long-lasting tropical weathering of the underlying parent rocks.
Tropical weathering (laterization) is a prolonged process of mechanical and chemical weathering
which produce a wide variety in the thickness, grade, chemistry and mineralogy of the resulting
soils [3]. Laterites cover about one-third of the earth’s continental land area, with the majority of

that in the land areas between the Tropics of Cancer and Capricorn [4].
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Figure 2.1: Photograph of laterite

Francis Buchanan Hamilton first described and named laterite formation in southern India in 1807.
He named it laterite from the Latin word “Later”, which means a brick. Thick rock can be easily
cut into brick-shaped blocks for building [5]. Historically, laterite was cut into brick-like shapes
and used in monument buildings. When moist, laterites can be easily cut into regular-sized blocks.
Upon exposure to air, it gradually hardens as the moisture between the particles evaporates and
the larger iron salts lock into a rigid lattice structure and become resistant to atmospheric
conditions [6]. The act of quarrying laterite material into masonry is suspected to have been

introduced in the Indian sub-continent.

After 1000 CE, construction at Angkor Wat and other south-east Asian sites changed to rectangular
temple enclosures made of laterite bricks and stones. Since the mid-1970s, trial sections of
bituminous-surfaced low volume roads have used laterite in place of stones as base course [7].
Thick laterite layers are porous and slightly permeable, so layers can function as aquifers in rural
areas. Locally available laterites are used in an acid solution, followed by precipitation to remove

phosphorous and heavy metal at sewage treatment facilities [8].

2.1.2 Clay

In simple terms, clay is seen as a naturally occurring earth material composed primarily of fine-
grained particles (minerals) [9]. It differs from other soils by difference in size and mineral content.
Clay (Figure 2.2) is typically formed over long period of time, by the gradual weathering (chemical
or physical) of rocks [10]. In addition to the weathering process, some clays are formed by

hydrothermal activities [11]. Clay deposits may be formed in places as residual deposits in soils,
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but thick deposits usually are found as a result of secondary sedimentary deposition process after
they must have been eroded and transported from their original location of formation [12]. With
respect to location, clay soils can be classified as either primary or secondary. Primary clay
(Kaolin) is located at the site of formation, while secondary clay deposits have been moved by

erosion from their primary location [13].

Figure 2.2: Photograph of clay

Elemental compositions of clay minerals are same as that of hydro aluminum phyllosilicate with
variable amount of iron, magnesium, alkali metals, alkali earth and other cations. Structurally, they
are composed of two dimensional sheets of corner sharing SiO4 and AlO4 tetrahedra. The resulting
tetrahedral sheets give a chemical composition of (Al, Si)30a4. The tetrahedral sheets are always
bonded to octahedral sheets formed from small cations, such as aluminum or magnesium,

coordinated by six oxygen atoms [14].

Clay soils exhibit plasticity, when mixed with water in certain proportions. When dried, clay
becomes firm and when fired in a Kiln, permanent physical and chemical reactions occur which

cause it to be converted into ceramic materials. Clays also serve as binders, when used in matrices.

Kabiru Mustapha (70054) _




MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

As a result of these properties, clay is used for making pottery items, both for utilization and
decoration. Bricks, cooking pots, art objects, dishware, etc can all be shaped from clay, before
being fired. Recent studies have investigated clay’s absorption capacities in various applications,
such as the removal of heavy metals from waste water and air. Also, clay finds application in

medicine and agriculture [15].

2.1.3 Straw (Andropogon spp.)

Straw (Figure 2.3) is the dry stalk of cereal plants. It is an agricultural by-product obtained after
the grain and chaff have been removed. Straw makes up about half of the yield of cereal crops
such as barley, oats, rice, and wheat. It has many uses, including fuel, livestock bedding and fodder,
thatching and basket-making. Straw can also be used to bind clay and concrete in the production
of building materials. Mechanically, straw filament breaks, when subjected to a force of about 0.25

kg/mm? by which it extended 4% of its original length [16].

Figure 2.3: Photograph of straw (Andropogon spp.)
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2.2 Cement and Cement Reactions

Cement is a substance that sets and hardens independently via hydration, and can bind other
materials together [17]. It is made by heating a mixture of limestone and clay or other materials
of similar bulk composition and sufficient reactivity, ultimately to a temperature of about 1450°C
[18]. Partial fusion occurs, and nodules of clinker are produced. The clinker is mixed with a few
per cent of gypsum and finely ground to make the cement. The gypsum controls the rate of set and
may be partly replaced by other forms of calcium sulphate [19]. Some specifications allow the
addition of other materials at the grinding stage. The clinker typically has a composition in the
region of 67% CaO, 22% SO, 5% Al,O, 3% Fe,O, and 3% of other components. It normally
contains four major phases. These are called alite, belite, aluminate phase and ferrite phase [20].
Several other phases, such as alkali sulphates and calcium oxide are normally present in minor

amounts.

In cement chemistry, the term ‘hydration' refers to the totality of the changes that occur when
anhydrous cement, or one of its constituent phases, is mixed with water [21]. The chemical
reactions that occur are generally more complex than simple conversions of anhydrous compounds
into the corresponding hydrates. A mixture of cement and water in such proportions that setting
and hardening occurs is called a paste, the meaning of this term being extended to include the
hardened material. The water-cement (w/c) or water/solid (w/s) ratio refers to proportions by
weight; for a paste, it is typically 0.3-0.6 [22]. Setting is stiffening without significant development
of compressive strength, and typically occurs within a few hours. Hardening is significant

development of compressive strength, and is normally a slower process.
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2.2.1 Properties of the major cement minerals

About 90-95% of a Portland cement is comprised of the four main cement minerals, which are
CsS, CoS, C3A, and C4AF, with the remainder consisting of calcium sulphate, alkali sulphates,
unreacted (free) CaO, MgO, and other minor constituents left over from the clinkering and
grinding steps [23]. The four cement minerals play very different roles in the hydration process
that converts the dry cement into hardened cement paste. The C3S and the C»S contribute virtually
all of the beneficial properties by generating the main hydration product, C-S-H gel. However,
the C3S hydrates much more quickly than the C,S, and are thus responsible for the early strength
development [24]. The CsA and CsAF minerals also hydrate, but the products that are formed
contribute little to the properties of the cement paste. Although the crystal structures of cement

minerals are quite complex, some important features are presented below.

22.1.1 Tricalcium Silicate (CsS)

CsS is the most abundant mineral in Portland cement, occupying 40—70 wt% of the cement, and it
is also the most important [25]. The hydration of C3S gives cement pastes most of its strength,
particularly at early times. Pure Cs3S can form with three different crystal structures. At
temperatures below 980°C, the equilibrium structure is triclinic. At temperatures between 980°C
— 1070°C, the structure is monoclinic while above 1070°C, it is rhombohedral [26]. In addition,
the triclinic and monoclinic structures, each have three polymorphs, so there is a total of seven
possible structures. However, all of these structures are rather similar and there are no significant
differences in the reactivity. The most important feature of the structure is an awkward and

asymmetric packing of the calcium and oxygen ions that leaves large “holes” in the crystal
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lattice. Essentially, the ions do not fit together very well, causing the crystal structure to have high

internal energies. As a result, CsS is highly reactive [27].

2.2.1.2 Dicalcium Silicate (C2S)

As with CsS, C,S can form with a variety of different structures. There is a high temperature o
structure with three polymorphs, a f structure that is in equilibrium at intermediate temperatures,
and a low temperature y structure [28]. An important aspect of CS is that y-C»S has a very stable
crystal structure that is completely unreactive in water. Fortunately, the B- structure is easily
stabilized by the other oxide components of the clinker and thus the y form is never present in
Portland cement [29]. The C,S in cement contains slightly higher levels of impurities than
CsS. According to Taylor [30], the overall substitution of oxides is 4-6%, with significant amounts

of Al>O3, Fe;0O3 and K;0O.

2.2.1.3 Tricalcium Aluminate (CsA)

C3A comprises between zero and 14% by volume of a Portland cement [25]. Like CsS, it is highly
reactive, releasing a significant amount of exothermic heat during the early hydration period
[31]. Unfortunately, however, the hydration products that are formed from CsA contribute little
to the strength or other engineering properties of cement paste. In certain environmental
conditions (i.e., the presence of sulphate ions), C3A and its products can actually harm the concrete

by participating in expansive reactions that lead to stress and cracking [32].
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Pure C3A forms only with a cubic crystal structure [33]. The structure is characterized by Ca®*
atoms and rings of six AlO4 tetrahedra. As with CsS, the bonds are distorted from their equilibrium
positions, leading to a high internal energy and thus a high reactivity. Significant amounts of CaO
and the Al2Os in the CsA structure can be replaced by other oxides, and at high levels of
substitution, this can lead to other crystal structures. The C3A in Portland cement clinker, which
typically contains about 13% oxide substitution, is primarily cubic, with smaller amounts of
orthorhombic CzA. The C3A and C4AF minerals form by simultaneous precipitation as the liquid
phase formed during the clinkering process cools, and thus, they are closely intermixed. This
makes it difficult to ascertain the exact compositions of the two phases. The cubic form generally
contains ~4% substitution of SiO2, ~5% substitution of Fe>Os, and about 1% each of Na2O, K20,
and MgO. The orthorhombic form has similar levels, but with a greater (~5%) substitution of K>O

[34].

22.14 Tetracalcium Aluminoferrite (C4AF)

A stable compound with any composition between C2A and C>F can be formed, and the cement
mineral termed C4AF is an approximation that simply represents the midpoint of this
compositional series [35]. The crystal structure is complex, and is believed to be related to that of
the mineral perovskite [36]. The actual composition of C4AF in cement clinker is generally higher
in aluminum than in iron, and there is considerable substitution of SiO, and MgO. Taylor [30]
reports a  typical  composition (in  normal  chemical notation) to  be
Ca>AlFe0.6Mg0.2Si0.15Ti0.50s. However, the composition will vary somewhat, depending on

the overall composition of the cement clinker.
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2.2.2 Types of Portland cement

The ASTM has designated five types of Portland cement, designated Types I-V [37]. Physically
and chemically, these cement types differ primarily in their content of C3A and in their fineness. In
terms of performance, they differ primarily in the rate of early hydration and in their ability to

resist sulphate attack. Table 2.1 presents the general features of the main types of Portland cement.

Table 2.1: General features of the main types of Portland cement.

Classification Characteristics Applications
Typel  General purpose Fairly high CsS content for General construction (most
good early strength buildings, bridges, pavements,
development precast units, etc)
Type Il Moderate sulphate  Low C3A content (< 8%) Structures exposed to soil or
resistance water containing sulphate ions
Type 111 High early strength  Ground more finely, may Rapid construction, cold
have slightly more C3S weather concreting
Type IV Low heat of Low content of C3S (< 50%) Massive structures such as
hydration (slow and C:A dams. Now rare.
reacting)
Type V  High sulphate Very low C3A content (< 5%) Structures exposed to high
resistance levels of sulphate ions
White White color No C4AF, low MgO Decorative (otherwise has

properties similar to Type I)
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The differences between these cement types are rather subtle. All five types contain about 75 wt%
calcium silicate minerals, and the properties of mature concretes made with all five are quite
similar. Thus, these five types are often described by the term “Ordinary Portland Cement”, or

OPC.

2.2.3 The Hydration reactions

The hydration of cement can be thought of as a two-step process [38]. In the first step, called
dissolution, the cement dissolves and releases ions into the mix water. The mix water is thus no
longer pure, but an agueous solution containing a variety of ionic species, called the pore solution.
The gypsum and the cement minerals C3S and CsA are all highly soluble, meaning that they
dissolve quickly. Therefore, the concentrations of ionic species in the pore solution increase
rapidly, as soon as the cement and water are combined. Eventually the concentrations increase to
the point that the pore solution is supersaturated, meaning that it is energetically favorable for some
of the ions to combine into new solid phases, rather than remain dissolved. The second step of the
hydration process is called precipitation. A key point, of course, is that these new precipitated solid
phases, called hydration products, are different from the starting cement minerals. Precipitation
relieves the super saturation of the pore solution and allows dissolution of the cement minerals to
continue [39]. Thus, cement hydration is a continuous process by which the cement minerals are
replaced by new hydration products, with the pore solution acting as a necessary transition zone
between the two solid states [40]. The reactions between Portland cement and water have been
studied for more than a hundred years, and the fact that hydration proceeds by a dissolution-

precipitation process was first elaborated by the famous chemist Le Chatelier [41].
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Each of the four main cement minerals reacts at a different rate and tends to form different solid
phases when it hydrates. The behavior of each of these minerals has been studied and presented in
several papers [42] by synthesizing it in its pure form and hydrating it under controlled conditions.
During the actual cement hydration process, all the minerals dissolve into the same pore solution,
and thus the solid hydration products are associated with the pore solution as a whole, rather than
a particular cement mineral. However, the individual reactions provide a good approximation of

the overall hydration behavior of cement [43].

2.2.3.1 Hydration of calcium silicate mineral (CsS and C:S)

Tricalcium silicate (C3S) is the most abundant and important cement mineral in Portland cements,

contributing most of the early strength development. The hydration of C3S can be written as [44]:
C3S+ (1.3 + x)H - C, ,SH, + 1.3CH (2.1)

where 1.7C-S-Hy is the calcium silicate hydrate (C-S-H) gel phase and CH is calcium hydroxide,
which has the mineral name Portlandite. The variable x in equation 2.1 represents the amount of
water associated with the C-S-H gel, which varies from about 1.4 to 4, depending on the relative
humidity inside the paste and on how much of the water associated with the C-S-H is considered
to be part of its actual composition. The kinetics of hydration of C3S is substantially similar to
those of Portland cement as a whole. Much of the reaction occurs during the first few days, leading
to substantial strength gains and reduction in capillary porosity. The dicalcium silicate phase (C2S)

reacts according to [45]:

C,S + (0.3 + x)H - C, ,SH, + 0.3CH (2.2)
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The hydration products are the same as those of CsS, but the relative amount of CH formed is
less. C»S is much less soluble than CsS, so the rate of hydration is much slower. C»,S hydration
contributes little to the early strength of cement, but makes substantial contributions to the strength

of mature cement paste and concrete.
2.2.3.2 Hydration of calcium aluminate/ferrite mineral (C3A and CsAF)

The hydration of the aluminate and ferrite minerals is somewhat more complex than that of the
calcium silicate minerals, and the reactions that occur depend on whether sulphate ions are present
in the pore solution [46]. CzA is highly soluble, even more so than CsS. If C3A is hydrated in

pure water, calcium aluminate hydrates form. The reaction sequence is [47]:
2C3A + 21H - C4AH,¢ + C,AHg — 2C3AH, + 9H (2.3)

where the first reaction is very rapid and the second reaction occurs more slowly. The final
reaction product, C3AHg, is called hydrogarnet. The initial reaction is so rapid that if it is allowed
to occur in a Portland cement paste it would release large amounts of heat and could cause the
paste to set within a few minutes after mixing, an undesirable condition known as flash set. The
purpose of adding gypsum (CSH2) to Portland cement is to prevent this from happening. The
gypsum is also highly soluble, rapidly releasing calcium and sulphate ions into the pore solution
[48]. The presence of the sulphate ions causes the C3A to undergo a different hydration

reaction. The reaction of C3A and gypsum together is [49]:
C3A + 3CSH, + 26H — C4AS;H;, (2.4)

where CsAS 3H32 is the mineral ettringite. Since all Portland cements contain gypsum, equation

2.4 is the main hydration reaction for C3A. Small amounts of hydrogarnet formed by equation 2.3
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can sometimes be found in cement pastes. However, if the gypsum in the cement reacts completely
before the C3A, then the concentration of sulphate ions in the pore solution decreases drastically

and the ettringite becomes unstable and converts to a different solid phase with less sulphate [50]:
2C3A + C4AS3Hs, + 4H — 3C,ASH,, (2.5)

where the new reaction product, C4ASHA12, is called monosulfoaluminate. Most cement does not
contain enough gypsum to react with all of the C3A, and as a result, most or all of the ettringite is
converted to monosulfoaluminate within the first day or two of hydration via the reaction of

equation 2.5.

Reactions 2.4 and 2.5 are both exothermic and contribute to the heat of hydration of cement. The
early hydration of C3A to form ettringite via equation 2.4 is quite rapid. The ferrite phase (C4AF)
reacts in a similar fashion to the CsA (equations 2.1-2.5), but more slowly. One important
difference is that some of the aluminum in the reaction products is substituted for iron. The amount
of substitution depends on many factors, including the composition of the C4AF and the local

conditions in the paste. A convenient way to represent these reactions is [41]:
C,AF + 3CSH, + 21H — C4(4, F)S3Hs, + (F, A)H, (2.6)
C4AF + C4(A, F)S3H3, + 7H — 3C4 (4, F)SH;, + (F, A)H, (2.7)

where (A,F) indicates aluminum with variable substitution of iron, and (F,A) indicates iron with
variable substitution of aluminum. The (F,A)Hs is an amorphous phase that forms in small
amounts to maintain the correct reaction stoichiometry. Due to the substituted iron, the main
reaction products are not pure ettringite and monosulfoaluminate, although they have the same

crystal structure [51]. Instead, cement chemists have given them the names AFt and AFm,
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respectively, where the m indicates monosulphate (one sulphate ion) and the t indicates trisulphate
[52]. In aPortland cement paste where the C3A and CsAF are intimately mixed together, it can be
safely assumed that the aluminum-bearing reaction products are never completely free of iron, and
so the terms AFm and AFt are more correct [53]. However, as with the terms alite (impure C3S)
and belite (impure C2S), this is a bit more confusion than many people are willing to deal with,
and thus the terms ettringite and monosulfoaluminate are commonly used to refer to these phases

in cement pastes [51].

2.2.3.3 Reaction with additional sulphate ions

As noted above, most Portland cements do not contain enough added gypsum to fully hydrate the
C3A and C4AF via reactions 2.4 and 2.6 to form ettringite. Once the gypsum is consumed, the
ettringite reacts with the remaining C3A and C+AF to form a new lower-sulphate phase called
monosulphate (reactions 2.5 and 2.7). Thus in a mature Portland cement paste it is normal to find
monosulphate and little or no ettringite. However, if a new source of sulphate ions becomes
available in the pore solution, then it becomes thermodynamically favorable to form ettringite

again, just as it was initially. This will occur at the expense of the existing monosulphate [53]:
C,ASH;, + 2CSH, + 16H — C4AS;Hs, (2.8)

where it is understood that the A sites will contain some F. The gypsum on the left side of equation
2.8 represents the equivalent amount of dissolved ion, as no solid gypsum need form in the paste.
Reaction 2.8 is more than just a theoretical point: in fact, it is all too common for sulphate ions
present in ground water, sea water, and soil to diffuse into concrete, allowing the reformation of

ettringite to proceed [51]. This occurs primarily, but not exclusively, in concrete below ground
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level, such as building foundations. The problem with this phenomenon is that reaction 5.8 is
expansive, meaning that the ettringite occupies a larger volume than the monosulphate it replaces.
Thus, expansive stresses are created that can cause cracking and other deterioration. Unfortunately,
this is actually only the first step in the sulphate attack process, as once all of the monosulphate is
consumed other chemical reactions can occur that further weaken the cement paste (assuming a

continued ingress of sulphate ions) [54].

2.3 Composite concepts

A composite material is made by combining two or more materials to give unique combination of
properties. This definition is found to be more general and can include metal alloys, plastic co-
polymers, minerals and wood. One of the most unique composites is fiber-reinforced. They differ
from the earlier mentioned materials in that their constituent materials are different at molecular
level and are mechanically separable. The constituent materials together provide the desired
properties but remain in their original forms. The final properties of the composite materials are

often better than the matrix materials properties [55]. This study focus on fiber-reinforced

+ ]

Fibers Matrix Composite

composites.

Fig. 2.4: Formation of a composite material
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The main concept of a composite is that it is made up of matrix materials. Most composites are
formed by reinforcing fibers in a certain matrix resin, as illustrated in Figure 2.4. The
reinforcements can be fibers, particulates or whiskers and the matrix material can be metals,
plastics or ceramics. Figure 2.4 shows a schematic diagram illustrating the formation of a

composite.

In a composite, the fibers can be continuous, long or short. All these or only one form can be used
in a composite. Most importantly is to note that the fiber carries the load and its strength is greatest

along the axis of the fiber. Figure 2.5 shows the fiber forms in a composite.

Continuous fiber composite Shorter fiber composite

Figure 2.5: Fiber forms in a composite

Long continuous fibers in the direction of the load results in a composite with properties far better
than the plain matrix. The same is obtainable with the shorter fibers except that it provides
improved properties less than that offered by the continuous fiber composites. The fiber form is

selected, depending on the application and manufacturing method.
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2.4 Natural Fiber-reinforced Composites (NFRC)

The main purpose of reinforcement in composites is to increase their mechanical properties
(strengths and fracture toughness), which literarily means to improve on the material’s resistance
to cracking by control of crack initiation and propagation. The reinforcement increases the
composite material mechanical properties, if fiber reinforcement is sufficiently effective. For
instance, the tensile strength of a given matrix may be low; much higher composite tensile strength
can be obtained via various systems of reinforcement, including systems reinforced with natural
fibers.

The classification of fibers was proposed by Gram et al. [56] as shown in Figure 2.6. This research
is focused on only natural vegetal fibers. These are considered in more detail because of their
importance and applications as reinforcements in brittle matrices. Natural fibers are prioritized
because of their low cost and availability for local applications. They are also efficient as

reinforcements.

Kabiru Mustapha (70054)



MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

FIBERS
|
| |
NATURAL FIBERS MAN-MADE FIBERS
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Figure 2.6: Classification of organic fibers, adapted from Gram et al. [56]

Composites produced with fiber reinforcement are expected to show increased strength and post-
cracking resistance, sufficient fatigue strength and energy absorption at fracture. The influence of
volume fraction on composite strength and fracture toughness will also be considered in this
research. Various structural elements for low cost houses and non-structural elements can be
achieved with earth-based materials reinforced with natural fibers. A short review of the

application of vegetal fibers in cementitious composites is given by Brandt [57].

Several problems may arise in connection to fiber reinforcement of earth-based composites. One
of such is durability. The durability of the fibers and of composite materials is endangered by
biological attack (e.g. bacteria, fungus). The fiber’s instability appears in high humidity and flow
of moisture. All these factors are particularly significant in tropical climates. Hence, the effect of
degradation on the composite mechanical properties will also be considered in this study. Another

problem is the fiber-matrix bond, which is based mostly on mechanical interlocking. This study
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will also elucidate the effect of fiber pull-out on the mechanical properties of natural fiber

reinforced earth-based composites.

The amount of fibers in a cement matrix may vary from 0.1% to 0.9% of mass of cement [58, 59].
The dispersion of fiber properties is usually rather large because of natural variations in the plant
population and simple production techniques. This also increases the variability of composite
material properties. Vegetable fibers are also used to replace asbestos fibers, which are expensive
and dangerous to health [57]. Coconut fibers were tested for that purpose and their strength and
deformability, as well as thermal and acoustic properties, and were proved comparable with those
of asbestos fibers [60]. Similar tests on specimens reinforced with flax fibers from New Zealand
and Australia also showed their ability to replace asbestos in thin cement sheets [61]. Vegetable
fibers are used mostly in developing subtropical and tropical countries in Africa and South-East
Asia. They are used as reinforcement for concrete elements for housing. The application of cheap

and locally available fibers may help considerably in the building of low-cost houses [62].

Wood fibers are produced in the form of chips, which is usually a waste material in the wood
industry [63]. Wood chips mixed with cement paste have been used since the 1920s for the
production of sheets applied for thermal insulation in housing. The chips are subjected to chemical
pre-treatment to avoid any disturbance of cement hydration by organic acids. The application of
wood-origin fibers as a reinforcement for minor structural elements has been developing at a local
level [64]. Bast fibers (also known as phloem or skin fibers) are obtained from a few kinds of
plants, for example, bamboo, hemp, flax, jute and ramie. The fibers are longer, stronger and stiffer
than other vegetal fibers; jute fibers, for example, may be 3.0 m in length [65]. For reinforcement
of brittle matrices the jute fibers are chopped for sections of 12-50 mm. Bamboo fibers have low

Young’s moduli and tend to be used in the form of woven meshes [66].
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Leaf fibers are mainly obtained from agave plants and are called sisal. Sisal is planted on an
industrial scale in a few countries — the most important producers are Indonesia, Tanzania and
Haiti [67]. Sisal fibers are chopped or used as continuous fibers up to 1.5 m in length for making
non-woven mats. Their maximum strain to failure is 2—4% [68]. Sisal fibers are also used as twine
and spun with short chopped fibers and a small amount of steel fibers. Such a hybrid reinforcement

has proved to be cheap and efficient [69].

Seed and fruit fibers are limited mostly to coconut coir applications as reinforcements [70]. The
fibers are usually considered as waste in the production of copra from the coconuts. The fibers are
extracted from the space between the external shell and the seed inside [71]. The maximum length
of the fibers is about 300 mm, with a maximum strain to failure of around 30%. The fibers are also
used to produce ropes and mats. Other plants with fibers applicable for reinforcement are:

sugarcane bagasse, akwara, elephant grass, water reed, plantain and musamba [72].

2.5  Mechanical Properties of Natural Fiber-reinforced Composites

The literatures on natural fibers that are used in cement composites have increased recently [73-
75]. The results suggest some advantages of natural fibers when used in cement-based composites.
Among them is increased flexural strength, post-crack load bearing capacity and impact toughness
[76, 77]. Natural fibers generally improve the mechanical properties of composites, when
compared to the matrix materials [78-85]. When compared with synthetic fibers, natural fibers also
offer significant cost reductions [86, 87]. They are therefore, being considered as replacements to

synthetic fibers [88].
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2.5.1 Strength and fracture toughness of NFRC

During last two decades, a number of papers have appeared in which wood fibers are the sole
source of fiber reinforcement. These studies have included chemical and mechanical pulps of
softwoods and hardwoods in air-cured and autoclaved matrices [89-91]. In most developed
countries, Wood fiber reinforced cement (WFRC) products are well known and are commercially
used with a high acceptance for building purposes because the reinforcement provides improved
strengths and toughness [92]. In a related study, Agopyan and John [93] showed that natural fiber-
reinforced cement-based materials (NFRC) prepared with low alkali cements; provide an

alternative for low cost buildings.

Brazilian agricultural wastes such as sisal and banana fibers, have been studied as possible
reinforcement materials in cementitious matrix materials [94]. They compared the results with
similar materials reinforced with chopped strands of vegetable fibers. Although vegetable pulp-
reinforced cements present superior mechanical performance, the incorporation of 12% by weight
of Brazilian waste fiber pulps in cement produced composites with modulus of rupture values of

about 20 MPa and toughnesses in the range of 1.0-1.5 kJm-,

A report by Al-Oraimi and Seibi [95] revealed that the use of low percentage of natural fibers
improved the mechanical properties and the impact resistance of concrete. The composites also
had similar performance, when compared to synthetic fiber-reinforced concretes. In another paper
[96], it was reported that concrete reinforced with natural fiber increases impact resistance 3-18
times than when no fibers were used. The use of small volumes (0.6-0.8%) of Arenga pinata fibers

show capacity to increase the toughness in cement based composites [97]. Hemp fiber-reinforced
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concrete leads to an increase of flexural toughness by 144%, and an increase in flexural toughness

index by 214% [98].

Reis [99] showed that the mechanical properties of fiber polymer concrete can be influenced by
the type of fiber. Their studies revealed that coconut and sugar cane bagasse fibers increases
polymer concrete fracture toughness but banana pseudo stem fiber does not. Li et al. [100] reported
that flexural toughness and flexural toughness index of cementitious composites with coir fiber
increased by more than 10 times. In a study by Silva et al. [101], the addition of sisal fibers to
concrete showed that compressive strength was lower than concrete samples without the fibers.

The explanation given for such mechanical behavior was related to low concrete workability.

Savastano et al. [102] compared the mechanical performance of cement composites reinforced
with sisal, banana and eucalyptus fibers. They found that blast furnace slag and ordinary Portland
cement-based pastes reinforced with non-conventional Kraft pulps exhibited initiation fracture
toughness levels between ~ 0.6 and 1.9 MPa+/m, respectively. When compared to a report by
Nelson et al. [103], this fracture toughness was considered significantly greater than that of the
plain cement paste (0.2-0.3 MPaym). The possibility of replacing steel reinforcement with
bamboo was explored by Khare [104]. He reported that the ultimate load capacity of bamboo was

about 35% of the equivalent reinforced steel concrete beams.
2.5.2 Resistance-curve measurement

The need for robust, sustainable and affordable housing has stimulated considerable research on
natural fiber-reinforced composites consisting of cementitious matrices with natural fibers such as
sisal [102, 105, 106], bamboo fibers [107, 108], eucalyptus fibers [94, 102, 109] and coconut fibers

[110, 111]. Similarly, there have been several studies that have explored the use of steel fibers

Kabiru Mustapha (70054)




MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

[112-114] in the design of steel fiber-reinforced concrete. These studies have shown that both
natural fiber-reinforced composites and steel fiber-reinforced cementitious composites results in

resistance-curve behavior due to crack bridging.

Eissa and Batson [115] have studied the resistance-curve behavior of steel fiber-reinforced
concrete with hooked-end and crimped fibers with fiber volume percentages between 1.0 and
1.5%. Their studies showed that the crimped fibers result in higher toughening than equivalent
volume percentages of hooked-end fibers. Similar studies of resistance-curve behavior have been
carried out by Savastano and co-workers [102] on cementitious composites with natural fibers
[116]. These studies, which were carried out on composites with matrices produced from recycled
blast furnace slag and ordinary Portland cement, have been used to explore the role of small- and
large-scale bridging on the toughening of natural fiber-reinforced composites reinforced with

pulped fibers of sisal, banana fibers and bleached eucalyptus pulp.

2.6 Rule-of-Mixture and Short Fiber Theory
2.6.1 Rule-of-mixture (ROM)

For a two phase whisker/fiber-reinforced composite, the strength may be estimated from rule of
mixture. The constant strain rule of mixture assumes that the applied load is parallel to the fiber

direction. This gives [117]:
0c = Vinom + Veornsn, (2.9)

where V;,, and V, are volume fractions of the matrix and fiber, respectively while o,,, and of are

matrix and fiber strengths, respectively. The parameters n corresponds to a fiber length efficiency,
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while n, corresponds to the fiber orientation efficiency that will be discussed in the next sub-

section.

2.6.2 Short fiber theory (SFT)

In the case of short fibers/whiskers, the average fiber stresses are less than those associated with

long fibers. Under such condition, the average fiber stress is given by [117]:

7= @ (2 0

This expression for the average fiber strength can be substituted into the simple rule of mixture

theory for very short fiber lengths. Hence, the average fiber strength for very short fibers is given

by:
_ l

where the term i is known as the fiber efficiency factor (7 ) for short fibers, and [, is the critical

c

fiber length. For fibers of intermediate lengths, the fiber efficiency is given by [118]:

=l &) @12

where [ is the fiber length, and [ is the critical fiber length. In this case, the average fiber strength

IS now given by:

G = [1-%|op = ns0; (2.13)
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Finally, the orientation efficiency factor (n,) accounts for the decrease in composite strength due
to random orientations of the fibers. When this is taken into consideration, the average fiber

strength is now given by [119]:

OF = NoNf 0 (2.14)

where 7, have values of 0.375 and 0.2 for random two-dimensional and three-dimensional

orientation respectively [220]. The composite strengths are given by equation 2.9.

2.7  Toughening Mechanisms

In order to improve the low intrinsic toughness of materials, extrinsic toughening techniques that
provide crack-tip shielding mechanisms are often developed [221]. Such mechanisms, which
include crack bridging via ductile or brittle reinforcements, primarily act behind the crack tip and
locally shield the crack from the applied driving force. During toughening of materials, it is
apparent to note that the source of the toughness in the material is associated principally with the
crack-tip shielding that result from the bridging in the wake of the crack [222]. Quantitatively, the
contribution to the toughness as a result of the crack bridging can be obtained by calculating the
reduction in the near-tip intensity Ky, caused by the appropriate crack surface traction stress
distribution. Another mechanism which contributes to toughness of brittle matrix is fiber pullout.

This is achieved via frictional bond stress between the fiber and matrix.
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2.7.1 Crack Bridging

The toughening due to crack bridging by the straw fibers can be modeled and added to the initiation
fracture toughness to predict the resistance-curve behavior [221]. This need to be done for small-
scale bridging (SSB) [223] and large-scale bridging (LSB) [224]. A small scale bridging model
was proposed by Budiansky et al. [223] for modeling the initial stages of stable crack growth

(bridge length < 0.5 mm) [225].

Under SSB conditions, the shielding due to crack bridging AKsg is given by [221]:

2 rL
AKssp = aVy \/; J, %dx (2.15)

where a is the constraint/triaxiality factor (theoretically between 1 and 3 and taken as ~ 3 in this

study) [225], V is the volume fraction of the reinforcement phase, L is the bridging length (the
distance from the crack-tip to the last unfractured reinforcement), o,, is the uniaxial yield stress,

and x is the distance from the crack face behind the crack-tip as described by Savastano et al.

[226].
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traction function, o(x)

— 11—

Figure 2.6: Schematic representation of a large scale bridging model [24]

For large-scale crack bridging (LSB) conditions, the contribution to composite toughness due to
crack bridging [224, 227] can be modeled. The model uses a weighting function by Fett and Munz
[228] to estimate the weighted distributions of bridging traction across the reinforcements as
shown schematically in Figure 2.6. The shielding from large scale bridging, AK;,p, is given by

[224]:
AKigp, = Vy [, aoyh(a,x)dx (2.16)

where o is the constraint/triaxiality factor (theoretically between 1 and 3 and taken as ~3 in this
study) [225], V¢ is the volume fraction of the reinforcement phase, L is the bridging length, oy is
the uniaxial yield stress and x is the distance from the last unfractured fiber to the crack-tip. Also,

h(a, x) is the weighting function given by Fett and Munz [228] to be:
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h(a,x) = \/%/%_ [1 + z(v,u)%(%%; (1- §)V+1l 2.17)

where a is the crack length and w is the specimen width. The coefficients (A,,,) are given in Table

2.2 for the SENB specimen.

Table 2.2: Summary of Fett and Munz [228] parameters for SENB specimen

v u

0 1 2 3 4
0 0.4980 2.4463 0.0700 1.3187 -3.067
1 0.5416 -5.0806 24.3447 -32.7208 18.1214
2 -0.19277 2.55863 -12.6415 19.7630 -10.986

Hence, the expression for the estimation of the composite fracture toughness:

where Ky is the composite fracture toughness characterized by the resistance-curve and AKg is the
shielding due to crack bridging. Note that AKg = AKggg for small-scale bridging and AKg =

AK sp for large scale bridging.
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2.7.1 Fiber Pullout

The interfacial property (bonding) between matrix and fibers is key to composite behaviors and
properties in fiber-reinforced composite [229]. Best toughening conditions for ceramic matrix
composites may require debonding at the interfaces and frictional sliding between the fibers and
the matrix [230]. These essential conditions have motivated the studies of interfacial properties of
composite materials. The mechanics of debonding have been studied by an appreciable number of

authors [231].

Fiberbreak
and Pullout Bonded Fiber

o

Debonding
|1 Interface

PopTTaeY
5

25

1
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Figure 2.7: Schematic of fiber debonding and pullout

The study of interfacial properties of fiber-reinforced composites using fiber pull-out test has
provided significant results [232]. During fiber pull-out test, the initial debonding requires an
applied stress greater than the bonding between matrix and fiber. Subsequent stress will then be

required to overcome the interfacial frictional stress along the fiber embedded length [233].

In brittle-matrix composites, interface properties are significant in determining their mechanical

behavior. This has motivated several researchers to study the fiber/matrix interface properties in
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such composites. An investigation by Marshall et al. and other authors was focused at
determination of the force required to slip a fiber through a matrix [234, 235]. Other efforts
centered on measuring interfacial strength via fiber pull-out tests [236, 237]. For cement matrix
composites, there have been considerations of load-deflection behavior in fiber pull-out process
[238-239]. When the fiber and matrix surfaces are loaded by a constant frictional stress T and slides

but not lose contact, the variation of K, is approximated as [240]:

Kz/(rrfl/z) =(1- p)‘l/z(l/rf) (2.19)
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CHAPTER THREE: STRENGTH AND FRACTURE TOUGHNESS OF EARTH-BASED

NATURAL FIBER-REINFORCED COMPOSITES

3.1 Introduction

Although the choice of building materials is influenced by the cost and availability of robust
materials [1], most developing countries have focused largely on the application of relatively
expensive cementitious building materials that have been associated with ~5% of the global carbon
dioxide emissions [2]. This has made it relatively difficult for poor people to afford durable homes
in most developing countries. However, in most of these countries, there are large deposits of
industrial, agricultural and human wastes that can be recycled into robust building materials that

could make homes more affordable for a significant fraction of the world’s rural and urban poor

[3].

In the case of industrial wastes, such as blast furnace slag, Savastano et al. [4] have shown that
wastes can be mixed with cements to produce robust materials that reduce the amount of cement
that is needed to ensure adequate strength and fracture toughness in building materials. Similarly,
natural fibers, such as sisal, eucalyptus fiber, bamboo fiber, coconut fiber and banana fiber have
been incorporated into cementitious matrices to produce durable composites that are resistant to
crack growth and fracture [5]. Such composites are now being used in eco-friendly housing that

includes: roofing elements [6] and building blocks [7] that reduce the cost of building materials.

Recently, composite building materials have undergone various forms of optimization, with most
attention being focused on the introduction of different types of reinforcements. A report reference

[8] suggests that most developed countries have adopted wood fiber-reinforced cement products
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for buildings. Hence, in an attempt to provide an alternative for low cost building materials,

Agopyan and John [9] reported the use of natural fiber-reinforced cement based materials.

Savastano et al. [10] also studied the possibility of using Brazilian agricultural waste as fibers for
reinforcement in cement-based composites. In their work, they used different types of Brazilian
fibrous residues to reinforce cementitious matrices. These include: banana pseudo-stem fibers;
waste Eucalyptus grandis pulp, and sisal field by-products. Using specimens with fiber mass
percentages from 4% to 12%, they studied the dependence of strength and fracture toughness of
these materials after 28 days of exposure to the laboratory air with a relative humidity of ~ 80%.
Their results showed that composites reinforced with ~ 8% fiber had strengths that were ~ 65%
greater than those of the unreinforced matrix materials. In a related study, Banthia and Sheng [11]
predicted the effects of polymer fiber used as reinforcements in cement based matrix using

resistance-curve approaches. At about 3% by volume of fibers, they were able to improve the

matrix fracture toughness to levels of ~1.9 MPaym .

Most recently, there was a study of the mechanical fracture and fatigue behavior of natural fiber-
reinforced cement-based materials [12]. Their results showed that the reinforced composites had
fracture toughness values between 1.6 and 1.9 MPav/'m. This is significantly greater than values
reported for unreinforced plain matrix (0.2 — 0.3 MPay/m). They also showed that the fracture
toughness is enhanced in natural fiber-reinforced composites via crack-bridging that results from

the crack growth process [12, 13]

There has been considerable progress in our understanding of ecomaterials for sustainable

buildings; much of the effort has focused on the study of cement based composite materials [14-
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16]. In contrast, earth-based materials of laterite and clay have not been modeled using the

mechanistic models that have been applied to the study of cementitious matrix composites.

This chapter presents the results of a combined experimental and theoretical study of the strength
and fracture toughness of earth-based composites reinforced with straw fibers. It explores the
strength and fracture toughness of earth-based matrices produced from laterite and clay mixtures.
The effects of straw reinforcement are also elucidated using composites rule-of-mixtures and
crack-tip shielding fracture mechanics models. The measured strength and predicted strengths are
compared with those of control samples obtained from fired clay bricks. The implications of the

results are then discussed for the design of robust earth-based building materials.

3.2  Materials and Composite Processing
3.2.1 Materials

The earth-based materials used in this work were obtained directly from their deposition sites in
Abeokuta, Ogun State, South-West Nigeria. One of which is laterite (lateritis) [17], a soil type that
is rich in iron and aluminum. The name originate from the Latin word “Later (brick)” [18].
Laterites in the moist state can be cut without difficulty and reshaped but it gradually hardens when

exposed to air [19].

Clay obtained from Abeokuta, Ogun State, Nigeria, was used as a stabilizer. The fine-grained, clay
(consisting primarily of hydrated silicates of aluminum with traces of iron oxide) also serves as a
binder in the predominantly lateritic matrix [20]. Straw (Andropogon virginicus) [21] was used as

a reinforcing agent. Straw is a dry stalk of cereal plants. It is an agricultural by-product obtained
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after the grain and chaff have been removed. Lastly, Type | Ordinary Portland cement (composed
of high calcium silicate) was procured from Lafarge cement factory, Ewekoro, Ogun state, Nigeria.

The Ordinary Portland cement compliments the fine-grained clay as a binder.
3.2.2 Processing

Chemical and physical characterizations of the raw materials used were carried out. The former
was achieved via energy dispersive X-ray spectroscopy (EDS) analysis and the later via particle
size distribution measurement. Laterite, clay and Ordinary Portland cement of maximum particle
sizes of 250 microns, 150 microns and 74 microns respectively were used in this study. These
particle sizes were obtained by measuring and converting mesh sizes of the sieves to microns.
Straw of average diameter of 1.85 mm was cut into whiskers of average length 10 mm. This was

used as reinforcement (randomly oriented) in the predominant earth-based matrix.

Bricks of different material compositions (matrices and reinforcements) were produced from the
materials acquired. Macro-mechanical characterizations of the specimens were carried out to
obtain compressive strength, flexural strength and fracture toughness. The cementitious materials
were dry mixed manually with the aid of a hand trowel for about 2 minutes for homogenization.
Samples were prepared in varying dimensions in a mold using a hydraulic press at a pressure of 2
MPa for 5 minutes. This pressure was chosen after optimization. The samples were cured for 28

days in air at average temperature of 23°C with average relative humidity of 80%.

Fired clay (control samples) was also obtained by firing of molded clay at ~800°C for 6 hours in a
kiln. Samples of dimensions 25 x 12.5 x 100 mm? were used for compression and flexural

strength test while 12.5 x 25 x 100 mm? specimens were for Single-edged notched bending
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Different matrix compositions (Tables 3.1 and 3.2) were produced to serve as the control samples.
The matrices were prepared by direct mixing of dry constituent material(s) followed by addition
of water at approximate water-cement ration of 0.5. The mixtures were then molded to the required
sample shapes. The material composition in the matrix preparation was based on percentage
composition by volume of laterite, clay and cement. The matrix compositions were 100% laterite,

fired clay and laterite-cement (combined in different proportions by volume).

Table 3.1: Percentage composition by volume of laterite and cement in the matrix samples.

Samples Volume percentage of Volume percentage of
laterite used (%) cement used (%)

I 80 20

I 90 10

I 95 5

Table 3.2: Percentage composition by volume of laterite, clay and cement in the matrix
samples.

Samples Volume percentage Volume percentage Volume percentage

of laterite used (%) of clay used (%) of cement used (%)

I 70 10 20
I 60 20 20
i 50 30 20
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Natural fiber (straw)-reinforced composites were produced with volume percentages of fiber
ranging from 5% to 20%. These volume fractions used was determined based on the volume ratios
of the initial solid raw materials. Two matrix compositions were considered in this study. The first
matrix contained 80% of laterite and 20% of cement, while the second contained 70% laterite,
10% of clay and 20% of cement. These proportions of the constituent materials were chosen based
on the results obtained from preliminary tests. In both cases, the samples were prepared with

composite (matrix and fiber) compositions as shown in Table 3.3.

Table 3.3: Percentage composition by volume of matrix and fiber in the composite samples.

Samples Volume of matrix (%) Volume of fiber (%)
I 95 5)
[ 90 10
Il 80 20

3.3  Experimental Methods

An Instron 3360 series (Norwood, MA, USA) with a 50kN load cell was used for the determination
of strengths and fracture toughness of earth-based composites. The samples were tested at room
temperature with average relative humidity of 65%. In the determination of compressive strength,
the compression specimens were deformed at a loading rate of 3.3 N/s until fracture occurred by
separation of specimens into two or more pieces. A curve of compressive load (kN) versus

compressive displacement (mm) was used to estimate the peak load, F,. The compressive strength

Kabiru Mustapha (70054)
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o =F,/A, 3.1)

where F, is the peak load at the onset of fracture and A, is the initial cross-sectional area. A total

of five compression tests were conducted for each condition.

A three-point bend loading configuration was used to estimate the flexural/bend strengths and
fracture toughness values of the samples. A loading span of 80 mm was used for the entire three-
point bend test. The mechanical properties were measured 42 days after the fabrication of the
specimens. The specimens were loaded monotonically at a loading rate of 3.3 N/s. For each matrix
and composite formulation, five specimens were tested. The flexural/bend strength, of, was

obtained from:
of = 3FL/2BH? (3.2)

where F is the maximum load, L is the loading span, B and H are the specimen breadth and height,
respectively. Fracture toughness, K., was estimated using a single edge notch bend (SENB) test
approach. This was appropriate for earth samples, in the same way that it applies to other ceramic
matrix composite materials (CMC). However, the specimen sizes were chosen to be sufficient to
enable the crack-tip fields to sample the heterogeneous microstructures of earth-based materials.

The fracture toughness was obtained from [22]:
K. = F(a/w)oVma (3.3)

where F(a/w) is a compliance function, oy is the flexural stress at the peak load and a is the crack

length. The compliance function for the single edge notched bend (SENB) specimen can be

obtained in the ASTM E399-90 [23]:
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f (g) _ 3(a/w)%s x[1.99 — (a/w)(1 —a/w)(2.15 - 3.93 a/w + 2.7 a*/w?)]

T 2(1+2a/w)(1-a/w)L5

(3.4)

The morphology of the matrix and composite samples were observed using a Carl Zeiss MA-10
Scanning Electron Microscope (SEM) equipped with an Oxford Energy Dispersive Spectroscopy

(EDS) system for elemental analysis.

3.4 Models
3.4.1 Rule of mixture (ROM)

For a two phase whisker/fiber-reinforced composite, the strength may be estimated from rule of
mixture. The constant strain rule of mixture assumes that the applied load is parallel to the fiber

direction. This gives [22]:
0¢ = Vinom + Vrornen, (3.5)

where V;,, and V, are volume fractions of the matrix and fiber, respectively while o,,, and of are
matrix and fiber strengths, respectively. The parameters n corresponds to a fiber length efficiency

while n,, corresponds to the fiber orientation efficiency that will be discussed in the next section.

3.4.2 Short fiber theory (SFT)
In the case of short fibers/whiskers, the average fiber stresses are less than those associated with

long fibers. Under such condition, the average fiber stress is given by [22]:
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ar = (1/2)ar(l/1,) (3.6)

where the term [/21, is known as the fiber efficiency factor () for short fibers, and [, is the

critical fiber length. The critical fiber length (lc) is given by [22]:

lc =o0rd/21 (3.7)

where oy is the fiber strength, d is fiber diameter and 7 is the fiber-matrix bond strength. This

expression for the average fiber strength can be substituted into the simple rule of mixture theory

for very short fiber lengths. Hence, the average fiber strength for very short fibers is given by:

An additional parameter known as the orientation efficiency factor (n,), is needed to account for
the decrease in composite strength due to random orientations of the fibers. When this is taken into

consideration, the average fiber strength is now given by [25]:

Of = NoNfOr (3.9)

where 7, have values of 0.375 and 0.2 for random two-dimensional and three-dimensional

orientation respectively [26]. The composite strengths are given by equation 3.5.

3.4.3 Toughening due to Crack Bridging
A toughening model proposed originally by Budiansky et al. was used to study the toughening due

to crack bridging by the straw fibers. This small-scale bridging model gives [27]:
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L
K, =K, +AK, =K +aV,2/x o [xdx (3.10)
0

where K, is the matrix fracture toughness, K, is the composite fracture toughness, x is the

horizontal distance from the crack-tip, « is the constraint factor [27], V is the volume fraction of

bridging phase and L is the bridge length. In this case, the fracture toughness is taken to correspond
to the point of instability on the resistance-curve, which is approximated by the peak loads in the

fracture toughness experiments.

35 Results and Discussion
3.5.1 Materials and Microstructure

The Scanning Electron Microscopy (SEM) images of the matrix and composite samples (Figures
3.1a and 3.1b) show the surface morphologies of the specimens. They also reveal the fiber
morphologies in the composite structures. The images of the composite samples reveal that the
straw fibers are all bonded to the matrix materials. Such good bonding is consistent with the
relatively high strengths of the straw fiber composites with fiber volume percentages of 20%. The
bright region observed in Figure 3.1b resulted from electron charging effect due to non-conducting

nature of the samples.
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Figure 3.1: SEM micrograph of: (a) Laterite + Clay + Cement (Mag. 500x) and (b) Matrix
(L-C) + Fiber (Mag. 100x)
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The energy dispersive X-ray spectroscopy (EDS) analysis shows the elemental composition of the
samples. For pure laterite samples (Figure 3.2a), the EDS analysis revealed the presence of
structures consisting of Al, Si, O, Ti and Fe. Further analysis revealed additional Ca, Mg and K
precipitated by the cement-laterite and cement—laterite-clay interactions (Figures 3.2b and 3.2c).
These correspond to the by-products (calcium silicate hydrate and calcium hydroxide) of hydration
reactions that result in the binding of laterite particles by hydrated cement ligaments [28].
Depending on the strengths (compared to those of laterite ligaments), such ligaments could affect
the strength and fracture toughness levels of the cement-stabilized laterite matrices. This will be

discussed in the next section.
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Figure 3.2: EDS analysis of matrix samples: (a) Laterite (b) Clay (c) Ordinary Portland
Cement (d) Laterite + Cement and (e) Laterite + Clay + Cement.
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3.5.2 Compressive/Flexural Strength

The introduction of cement into the matrix resulted in the presence of calcium to the composition
(Figure 3.2d and 3.2e). The resulting hydration reactions and the increased bonding of laterite
particles (by the cement) are expected to increase the matrix strength and fracture toughness of the
laterite. However, this was not the case in the current work in which the laterite matrix was found

to exhibit higher strengths than the cement-—stabilized laterite materials (Figures 3.3 and 3.4).

The results show that the compressive strengths of composite samples are increased to a maximum
at a fiber volume fraction of 20 vol. %. For such high fiber contents, the compressive strength was
as high as 2.91+0.14 MPa. The results also show that clay in the matrices and the composites
contributed to the enhancement of strengths. This suggests that clay ligaments bind the laterite
particles together; just as hydrated cement ligaments bind sand particles together in cement mortar

and blocks.

The compressive strength of 3.03+0.15 MPa obtained for the 100% laterite samples is fascinating.
This is greater than the strength of the straw fiber-reinforced cement-stabilized matrix, but below
that of the fired clay (compressive strength of 4.95+0.24 MPa). However, for composites
reinforced with natural fibers, the compressive and flexural strengths increased with increasing
fiber volume fraction, for fiber volume fractions between 5 and 20 vol. %. The observed effects of
fiber volume fraction are comparable to the results from prior work by Savastano et al. [29] on

natural fiber-reinforced cementitious composites.

The relatively high compressive strengths are due to the combined effects of the high strength of
the laterite matrix and strengthening effects of the straw fibers. The high strength of the laterite

matrix is illustrated clearly by the mechanical properties of the plain laterite sample. Furthermore,
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the current results show that the strengthening effects of the straw fibers improve the composite
strength with increasing fiber volume fractions up to 20 vol.%. However, the effects of defects
and voids (introduced during composite processing) and fiber touching reduce the composite

strengths for fiber volume fractions above 20 vol.%.
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Figure 3.3: Compressive strengths obtained for: (a) stabilized laterite (Matrix = 80%
Laterite + 20% Cement) composites and (b) stabilized laterite-clay (Matrix = 70%
Laterite+ 10%Clay + 20% Cement) composites. [M = Matrix, F = Fiber and L = Laterite]
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Figure 1Figure 3.4: Flexural strengths obtained for: (a) stabilized laterite (Matrix = 80%
Laterite + 20% Cement) composites and (b) stabilized laterite-clay (Matrix = 70%
Laterite+ 10%Clay + 20% Cement) composites. [M = Matrix, F = Fiber and L = Laterite]
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3.5.3 Fracture Toughness

The results of the fracture toughness tests are presented in Figure 3.5, revealing that fiber volume
fraction results in increased fracture toughness. Similar observations have also been reported in
prior work by Savastano et al. [10, 29] and Agopyan [9], whose studies used vegetable fibers
reinforced cementitious matrices that resulted in composite fracture toughness values between 0.5

MPaym and 1.0 MPav/m. In the current work, high fracture toughness values (between 1.0 and

1.4 MPay/m) were obtained for the natural fiber (straw) toughening of a matrix consisting of a

mixture of clay, cement and laterite.

The increase in fracture toughness attained as a result of fiber-reinforcement can be attributed to
shielding of the remote loads by bridging fibers [27] as seen in figure 3.6. This can be modeled
using the crack bridging model presented in section 4.3. It is also interesting to note that debonding

can result in frictional energy losses that can add to the fracture toughness [8].

Kabiru Mustapha (70054) m



MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

2.5 -

0 T T T T T

100% M 95% M +5% 90% M+  80% M + 100% L Fired Clay

[EEN
1

Fracture Toughness (MPam/2)

F 10% F 20% F
Compositions
(a)

2.5 -

1.5 4

mnl

0.5
100% M 95% M +5% 90% M+  80% M + 100% L Fired Clay
F 10% F 20% F

Compositions

[
1

Fracture Toughness (MPam/2)

(b)

Figure 3.5: Fracture toughness obtained for: (a) stabilized laterite (Matrix = 80% Laterite
+ 20% Cement) composites and (b) stabilized laterite-clay (Matrix = 70% Laterite+
10%Clay + 20% Cement) composites. [M = Matrix, F = Fiber and L = Laterite]
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(a) (b)

(©)

Figure 3.6: Optical microscopy images showing crack bridging by fibers for: (a) fiber
volume fraction of 0.05, (b) fiber volume fraction of 0.1 and (c) fiber volume fraction of 0.2.
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3.5.4 Comparison of Modeling and Experimental Results

The results obtained experimentally were compared with mechanistic model for flexural strength
and fracture toughness. Figure 3.7 and 3.8 shows comparison between experimental results and
mechanistic model (rule-of-mixtures and short fiber theory) of compressive and flexural strengths
measured. Figure 3.7 shows that the results for compressive strength are not consistent because
the rule-of-mixture theory failed. This may be attributed to the complex nature of composite failure
under compressive loading (i.e. via shear and fiber buckling at an angle to the loading direction).
However, the results are consistent for the flexural strength measurements, affirming the effects

of fiber and orientation efficiency factors.
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Figure 3.7: Plots showing comparisons of experimental results and predictions of
Compressive strength from mechanistic models (rule-of-mixture and short fiber theory)
for: (a) stabilized laterite composites and (b) stabilized laterite-clay composites.

Figure 3.9 shows comparison between experimental results and toughening model (crack bridging)
of fracture toughness measured. The plots obtained from crack bridging models are consistent with
those from experiments. From these observations, it is apparent that the source of improved
toughness in the fiber reinforced specimens can be attributed primarily to the crack-tip shielding
that result from crack bridging. The contribution to toughness can be obtained from equation 11

as explained in section 4.3.
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Figure 3.8: Plots showing comparisons of experimental results and predictions of flexural
strength from mechanistic models (rule-of-mixture and short fiber theory) for: (a)
stabilized laterite composites and (b) stabilized laterite-clay composites.
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Figure 3.9: Plots showing comparisons of experimental results and predictions of fracture
toughness from crack bridging models for: (a) stabilized laterite composites and (b)

stabilized laterite-clay composites.
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3.7 Summary and Concluding Remarks

Composites consisting of earth-based materials reinforced with natural fiber (straw), and plain
matrices were prepared. The mechanical properties of the various compositions (in both matrices
and composites) were determined. The results were compared to measure the effects of

reinforcement.

Fiber-reinforcement resulted in an increase in compressive strength from 2.57+0.12 MPa to
2.91+0.14 MPa at maximum compressive strength. Interestingly, pure laterite had a compressive
strength of 3.03+0.15 MPa. This value was the closest to that of fired clay (4.95+0.24 MPa).
Samples reinforced with straw fibers had increased flexural strengths and fracture toughness.
Composites with fiber volume percentage of 20% had the highest flexural strengths and fracture
toughness values of up to 8.99+0.45 MPa and 1.41+0.07 MPay/m , respectively. These values

exceed the respective values obtained for the matrix material (6.76+0.34 MPa and 1.08+0.05

MPay/m).

The measured strengths and fracture toughness levels are consistent with predictions from
mechanistic models studied. The rule-of-mixture and short fiber theory strength predictions
account for the effects of whiskers and random orientation to provide reasonable estimate of
flexural strength. Furthermore, the modelling of crack shielding by crack bridging provides
adequate estimates of toughening in the straw-reinforced earth-based composites that were

examined in this study.
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CHAPTER FOUR: RESISTANCE-CURVE BEHAVIOR OF NATURAL FIBER-

REINFORCED EARTH-BASED COMPOSITES

4.1 Introduction

Fracture resistance is a non-unique process which depends on the crack-growth history. The
history dependence of the fracture resistance can be characterized by a Resistance curve (Figure

4.1), which relates the resistance, K, to the extent of crack growth, Aa [1].

PROCESS ZONE
WAKE

FRONTAL
I~ CRACK PROCESS ZONE

CRACK GROWTH RESISTANCE, K

Aa

Figure 4.1: Schematic diagram of a crack growth resistance curve

Recent studies have shown that substantial efforts have been made to develop natural fiber-
reinforced cementitious composites for affordable and sustainable infrastructure including housing

[2]. To improve the low intrinsic toughnesses of brittle matrices, extrinsic toughening techniques
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that invoke crack-tip shielding mechanisms are often used in composite design and development.
Such mechanisms, which include crack bridging via ductile or brittle reinforcements, primarily act
behind the crack tip and locally shield the crack from the applied driving force [3, 4]. This
additional energy to fracture the bridging ligaments is typically exhibited in the form of resistance-
curve (R-curve) behavior, where the toughness increases with crack extension, commensurate with
the development of a bridging zone in the crack wake [5]. The toughening can also be described
in terms of stress intensities, where the steady-state toughness, Kss, can be modeled by superposing
the reinforcement toughening contribution with the intrinsic fracture toughness of the composite,

Ko (i.e., the matrix or crack-initiation toughness) [6, 7].

Savastano et al. [8] also studied the possibility of using Brazilian agricultural waste as fibers for
reinforcement in cement-based composites. In their work, they used different types of Brazilian
fibrous residues to reinforce cementitious matrices. These include: banana pseudo-stem fibers;
waste Eucalyptus grandis pulp, and sisal field by-products. Using specimens with fiber mass
percentages from 4% to 12%, they studied the dependence of strength and fracture toughness of
these materials after 28 days of exposure to the laboratory air with a relative humidity of ~ 80%.
Their results showed that composites reinforced with ~ 8% fiber had strengths that were ~ 65%
greater than those of the unreinforced matrix materials. In a related study, Banthia and Sheng [9]
predicted the effects of polymer fiber used as reinforcements in cement based matrix using

resistance-curve approaches. At about 3% by volume of fibers, they were able to improve the

matrix fracture toughness to levels of ~1.9 MPaym .

Most recently, there was a study of the mechanical fracture and fatigue behavior of natural fiber-

reinforced cement-based materials [10]. Their results showed that the reinforced composites had
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fracture toughness values between 1.6 and 1.9 MPav/m. This is significantly greater than values

reported for unreinforced plain matrix (0.2 — 0.3 MPay/m). They also showed that the fracture
toughness is enhanced in natural fiber-reinforced composites via crack-bridging that results from

the crack growth process [10, 11].

Eissa and Batson [12] have studied the resistance-curve behavior of steel fiber-reinforced concrete
with hooked-end and crumped fibers with fiber volume percentages between 1.0 and 1.5%. Their
studies showed that the crimped fibers result in higher toughening than equivalent volume
percentages of hooked-end fibers. Similar studies of resistance-curve behavior have been carried
out by Savastano and co-workers [10] on cementitious composites with natural fibers [13]. These
studies, which were carried out on composites with matrices produced from recycled blast furnace
slag and Ordinary Portland cement, have been used to explore the role of small- and large-scale
bridging on the toughening of natural fiber-reinforced composites reinforced with pulped fibers of

sisal, banana fibers and bleached eucalyptus pulp.

This chapter presents the results of a combined experimental and theoretical study of the
resistance-curve behavior of affordable earth-based composites with a cement-stabilized laterite
matrix and straw fibers. It explores the effects of fiber reinforcement in composite. The single-
edge notched bend specimens (SENB) were used in the present work. The toughening and
resistance curve behavior of the matrix and composite materials are studied using resistance-curve
experiments and small-/large-scale bridging models. The measured resistance-curves are
compared with predictions from theoretical fracture mechanics models. The implications of the
results are then discussed for the design of robust, affordable and sustainable building materials

from natural fiber-reinforced earth-based composites.
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4.2 Materials and Composite Processing
4.2.1 Materials

The earth-based materials used in this work were obtained directly from their deposition sites in
Abeokuta, Ogun State, South-West Nigeria. One of which is laterite (lateritis) [14], a soil type that
is rich in iron and aluminum. The name originate from the Latin word “Later (brick)” [15].
Laterites in moist state can be cut without difficulty and reshaped but it gradually hardens when

exposed to air [16] Clay obtained from Abeokuta, Ogun State, Nigeria, was used as a stabilizer.

The fine-grained, clay (consisting primarily of hydrated silicates of aluminum with traces of iron
oxide) also serves as a binder in the predominantly lateritic matrix [17] Straw (Andropogon
virginicus) [18] was used as a reinforcing agent. Straw is a dry stalk of cereal plants. It is an
agricultural by-product obtained after the grain and chaff have been removed. Lastly, Type |
Ordinary Portland cement (composed of high calcium silicate) was procured from Lafarge cement
factory, Ewekoro, Ogun state, Nigeria. The Ordinary Portland cement compliments the fine-

grained clay as a binder.

4.2.2 Processing

Chemical and physical characterizations of the raw materials used were carried out as explained
in chapter three. Bricks of different material compositions (matrices and reinforcements) were
produced from the materials acquired. A macro-mechanical characterization of the specimens was
carried out to obtain resistance-curve measurements. The cementitious materials were dry mixed

manually with the aid of a hand trowel for about 2 minutes for homogenization. Samples were

Kabiru Mustapha (70054)




MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

prepared in varying dimensions in a mold using a hydraulic press at a pressure of 2 MPa for 5
minutes. This pressure was chosen after optimization. The samples were cured for 28 days in air
at average temperature of 23°C with average relative humidity of 80%. Samples of dimensions
25 x 25 x 100 mm?3 specimens were prepared for Single-Edged Notched Bending (SENB) to

study their resistance curve behavior.

Matrix composition of 70% laterite, 10% of clay and 20% of cement was considered in this study.
The matrices were prepared by direct mixing of dry constituent material(s) followed by addition
of water at approximate water-cement ration of 0.5. The material composition in the matrix
preparation was based on percentage composition by volume of laterite, clay and cement. Natural
fiber (straw)-reinforced composites were then produced with volume percentages of fiber ranging
from 5% to 20%. These volume fractions used was determined based on the volume ratios of the
initial solid raw materials. These proportions of the constituent materials were chosen based on
the results obtained from preliminary tests. The mixtures were then molded to the required sample

shapes.

4.3  Resistance-curve Experiments

Samples with dimensions of 25 x 25 x 100 mm?® were molded by pressing mixtures of laterite,
clay, cement and straw fibers to produce composites with compositions as explained in section
4.2. This was achieved by the use a hydraulic press at a pressure of 2 MPa for 5 minutes. Single
edge notched bend (SENB) specimens were produced by creating notch (with notch length to
width ratios of 0.40-0.45) into the samples. After molding, the SENB specimens were air dried at

room temperature (~ 25°C) with average relative humidity of 80% for 28 days. The samples were
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then tested in a dual column universal testing system (Instron 3360 series 50 kN, Norwood, MA,

USA) that was operated under load control at a loading rate of 2 N/s.

The resistance-curve measurements were obtained by loading in incremental steps until stable
crack growth was initiated. The crack extensions were then measured using an in-situ optical
microscope (model AY11336, manufactured by BARSKA, United States). The underlying
crack/microstructure interactions were also elucidated via optical microscopy. The resistance-
curve experiments were continued until steady-state conditions were achieved. The stress intensity
factors in the resistance-curve were obtained from equation 3.3. Under three-point bend loading,

the remote stress o was taking as the flexural strength and obtained from equation 3.2.

4.4  Toughening Due to Crack Bridging

The toughening due to crack bridging by the straw fibers was modeled and added to the initiation
fracture toughness to predict the composite fracture toughness and resistance-curve behavior [19].
This was done for small-scale bridging (SSB) [20] and large-scale bridging (LSB) [21]. A small
scale bridging model proposed by Budiansky et al. [20] was used for modeling the initial stages of
stable crack growth (bridge length < 0.5 mm).

Under SSB conditions, the shielding due to crack bridging AKgp is given by:

2 L
AKgsp = aVy \E J, %dx (4.1)
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where a is the constraint/triaxiality factor (theorectically between 1 and 3 and taken as ~ 3 in this
study) [22], V; is the volume fraction of the reinforcement phase, L is the bridging length (the
distance from the crack-tip to the last unfractured reinforcement), o,, is the uniaxial yield stress,
and x is the distance from the crack face behind the crack-tip as described by Savastano et al. [23].
For large-scale crack bridging (LSB) conditions, the contribution to composite toughness due to
crack bridging [21, 24] can be modeled. The model uses a weighting function by Fett and Munz

[25] to estimate the weighted distributions of bridging traction across the reinforcements as shown

schematically in Figure 4.2.

ﬁ traction function. o(x)

L

Figure 4.2: Schematic representation of a large scale bridging model [21]
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The shielding from large scale bridging, AKg,,, is given by [21]:

AKyg, = Vs [, aoyh(a,x)dx (4.2)

where a is the constraint/triaxiality factor (theorectically between 1 and 3 and taken as ~3 in this
study) [22], V¢ is the volume fraction of the reinforcement phase, L is the bridging length, oy, is the
uniaxial yield stress and x is the distance from the last unfractured fiber to the crack-tip. Also,

h(a, x) is the weighting function given by Fett and Munz as [25]:

h(a,x) = \/% ﬁ l1 + Zwt—g%))(l - §)V+1l (4.3)

where ‘a’ is the crack length and ‘w’ is the specimen width. The coefficients (Aw) are given in

Table 4.1 for the SENB specimen.

Table 4.1: Summary of Fett and Munz [24] parameters for SENB specimen

v 1

0 1 2 3 4
0 0.4980 2.4463 0.0700 1.3187 -3.067
1 0.5416 -5.0806 24.3447 -32.7208 18.1214
2 -0.19277 2.55863 -12.6415 19.7630 -10.986
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Hence, the expression for the estimation of the composite fracture toughness/resistance-curve

behavior is given by equation 4.4:

KR = Ki + AKB (44)

where Ky is the composite fracture toughness characterized by the resistance-curve and AKg is the
shielding due to crack bridging. Note that AKg = AKgsg for small-scale bridging and AKg =
AK;sp for large scale bridging. The R-curves can therefore be predicted from the measured

bridging parameters and material properties in Table 4.2.

Table 4.2: Bridging toughness and parameters used in the toughening model

Volume percentages of v, L (mm) a  AK,(MPavm) AK,(MPavm)

reinforcement Models Experiments
5 vol% Fiber 0.050 4.5 3 0.25+0.01 0.24+0.01
10 vol% Fiber 0.075 4.5 3 0.38+0.02 0.3040.02
20 vol% Fiber 0.100 4.5 3 0.50+0.03 0.42+0.02

Vb = Fiber volume fraction in the bridge zone, L = Length of the bridge zone, o= Triaxiality factor, AK» = Bridging
toughness.
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45 Results and Discussion

The resistance-curve obtained for natural fiber (straw) reinforced earth-based cementitious
composites is presented in Figure 4.4. This was done for fiber volume fractions of 5%, 10% and
20%. Stable crack initiation occurred in the composites at matrix toughness of ~ 1.0 MPay/m. The
initial resistance curve was steep during the early stages of crack growth(Ax < ~0.5 mm). A
gradual transition to nearly-steady-state condition was observed during the final stages of crack
growth. The measured resistance-curve can be attributed to the interactions of the crack with straw
that bridged the crack faces (Figure 4.3). This suggested that the measured resistance-curve was

largely due to shielding effects of crack bridging.

The toughening was also modeled using resistance-curve behavior involving the small-scale and
large scale bridging models (equations 4.1 and 4.2 respectively). The predicted resistance-curve is
shown alongside the experimental measurement in Figure 4.4. The bridging toughness and
parameters used in the predictions are presented in Table 4.2. Note that the predictions and the

measured resistance-curve curves showed that the trend of improved toughness was retained.

Kabiru Mustapha (70054)



MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

Figure 4.3: Crack/Fiber interaction in stabilized laterite matrix.
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Figure 4.4: Resistance-curve measurement of stabilized laterite-clay reinforced with (a)
5%, (b) 10% and (c) 20% volume fractions of straw with calculated curves from small and
large-scale bridging models (SSB and LSB respectively).
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4.6

Summary and Concluding Remarks

The resistance-curve behavior of natural fiber-reinforced earth-based composites has been studied

within a combined experimental and theoretical framework. The following conclusions have been

reached:

Toughening occurs via small- and large-scale bridging mechanisms. These give rise to
strong resistance-curve behavior during the early stages of crack growth, and a gradual
transition towards a near steady-state in the large-scale bridging region.

Evidence of crack-bridging and fiber pull-out was observed on the fracture surfaces of the
resistance-curve specimens. The strong interaction between the cementitious matrix and
the straw can be inferred from mineralization by cementitious hydration products.

The measured resistance-curve behavior was compared with the predicted based on the
micromechanical model presented. Small-scale bridging (SSB) was presumed to occur for
crack growth, Aa, less than 0.5 mm, and large-scale bridging (LSB) was assumed for Aa
greater than or equal to 0.5 mm.

The modeling of crack shielding by crack bridging provides adequate estimates of
toughening in the straw-reinforced earth-based composites that were examined in this
study. This is evident in the trends of resistance-curve behavior obtained from small- and
large-scale bridging models.

The trends in the predictions of resistance-curve behavior obtained from the bridging
models are in agreement with the corresponding experimental measurements. Specifically,
the resistance-curve curves showed that the trend of improved toughness in the predicted

and the measured values were retained.
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CHAPTER FIVE: PULLOUT BEHAVIOR OF NATURAL FIBER FROM EARTH-

BASED MATRICES

51 Introduction

The toughening provided by fibers in fiber-reinforced composites via crack bridging depends
significantly on the mechanical properties of the matrix, the fibers, and the fiber-matrix interface
[1]. The interfacial strength between the matrix and the fibers is often the key to composite
toughening and fracture properties [2]. Prior work has also shown that the best overall toughening
of ceramic matrix composite may require debonding and frictional sliding to occur at the interfaces

between the fibers and matrix [1].

The mechanics of interfacial de-bonding have been studied by number of authors [3-5]. These
studies have shown that the initial elastic deformation is truncated by load drops, corresponding to
the onset of interfacial debonding. This is followed by fiber pull-out, during which frictional
stresses and residual clamping stresses resist the pull-out of the fibers from the matrix materials
[6]. In brittle-matrix composites, the interfacial strengths are often characterized by the debond
stress or the frictional pull-out stess [7]. The interfacial strengths also have a strong influence on
composite strength and composite fracture toughness [8]. This has motivated several researchers
to study the fiber/matrix interface properties in such composites. An investigation by Marshall et
al. and other authors was focused at determination of the force required to slip a fiber through a
matrix [9, 10]. Other efforts centered on measuring interfacial strength via fiber pull-out tests [11,
12]. For cement matrix composites, there have also been considerations of load-deflection

behavior in fiber pull-out process [13-15].
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During the fiber pull-out process, Kelly and Tyson [2] showed that the force required to pull out a
stiff fiber from a softer metal matrix is a linear function of the embedded length of the fiber in the
matrix. In a related study, Greszczuk [16] developed a relationship between interface strength as

a function of the embedded length of the fiber.

In modeling fiber pullout, characterization of fractional stress of fiber embedded in a matrix has
been an open issue for a long time [17]. Most studies focus directly on measuring frictional stresses
using theoretical models that are guided by experimental observations and measurement. Hence,
depending on experimental results, most authors assume either a constant friction stress or
coulomb friction [18]. A review of prior work on the modeling of fiber pull-out behavior, can be

found in Ref. [19].

However, there have been no prior studies of the interfacial strengths of earth-based natural fiber
composites that are being developed for structural applications in affordable housing. This will be
explored in this study, using a combination of experiments and analytic models. These will be
used to study the fiber pull out behavior of earth-based composites. The toughening due to fiber
pull-out will also be modeled using crack-tip shielding concepts. The implications of the models

will then be discussed for the design of robust/sustainable housing.

5.2 Materials Used

Natural fiber-reinforced earth-based composites were produced from locally sourced materials
obtained directly from their deposition sites in Abeokuta, Ogun State, South-West Nigeria. These
included: laterite (lateritis) [20], clay (which was used as a stabilizer) and straw fibers

(Andropogon virginicus) [21]. The clay was obtained from Abeokuta, Ogun State, Nigeria. The
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fine-grained, clay (consisting primarily of hydrated silicates of aluminum with traces of iron oxide)
also serves as a binder in the predominantly lateritic matrix [22]. Type | Ordinary Portland cement
(composed of calcium silicate) was procured from Lafarge cement factory, Ewekoro, Ogun State,

Nigeria. The cement was also used as a binder.

5.3  Sample Preparation

The fiber pull-out specimens had a prismatic shape of 25 mm x 25 mm x 100 mm. Matrix materials
were dry mixed manually with the aid of a hand trowel. This was done for about 2 minutes (for
homogenization), followed by the addition of water at water-cement ratio of 0.5. The mixtures
were then molded to the stipulated shapes. The surfaces of the fibers were cleaned and embedded
at the center of the specimen. The natural fibers were then aligned with a fixture, without any
significant pre-tension, prior to molding. The samples were then prepared in a mold using a
hydraulic press at a pressure of 2 MPa for 5 minutes. This pressure was chosen after optimization.
The samples were cured for 28 days in air at average temperature of 23°C and an average relative

humidity of 80%.

4. Experimental Procedures

The stages of the experiments are presented schematically in Figure 5.1. This shows a schematic
diagram required for the study of the interfacial strengths of natural fiber-reinforced earth-based
composites. The effects of fiber embedment length and fiber volume fraction (on the fiber pull-out

characteristics) were considered. Three different fiber embedment lengths: 15 mm, 20 mm and 25
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mm were tested. Three different fiber volume fractions (5%, 10% and 20%) were used within the

matrix.

&

L ocading direction

Load cell

&

Tenzion wedge

M /‘ grips

Matural fiber

&

4——— Specimen

Figure 5.1: Schematic diagram of the pullout specimen.

An Instron 3360 series (Norwood, MA, USA) electro-mechanical testing machine was used to
obtain plots of load versus displacement of the embedded fiber. This was done at a loading rate
of 3.3 N/s. The samples were tested at room temperature with average relative humidity of 65%.
The other ends of the embedded fibers were held firmly by tension wedge grips attached to a 2 kN
load cell, while the specimen was fixed securely to the Instron with the aid of G-clamps, as shown

in Figure 5.2. The fiber displacement was monitored using an in-situ optical microscope.
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Figure 5.2: Experimental setup for pullout of natural fiber from earth-based cementitious
matrix

55  Modeling of Fiber Pull-out (Debonding with Constant Friction)

The choice of the model for this study is motivated by the experimental observation of the frictional
bond stress obtained relative to fiber embedment lengths. The results (Figure 5.7) show a constant
friction stress, 1, between the fiber and the matrix and the radial component of stress at the interface

is greater than zero (o, > 0).
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A model proposed originally by Hutchinson and Jensen [23] was used in this study. This model,
which assumes a constant friction stress between fiber and matrix, was adopted to model the effects
of fiber pull-out on the toughening of earth-based composite. In the model, the fiber-matrix system
was modeled by a cylindrical composite (Figure 5.3 and 5.4), comprising a fiber (radius 7)

surrounded by matrix with a circular cylindrical outer boundary of radius r. The area fraction of

the fiber is taken as p = (ry/7)".

Fiberbreak
and Pullout Bonded Fiber

Debonding
™ Interface

2%

i OO0 T i

N— ,/IE

Figure 5.3: Schematic of fiber debonding and pullout in a cylindrical cell model [20, 21]
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In the model adopted, the average stress in the fiber (below the debond crack tip) varies according

to:
dog/dz = (Z/rf)‘r (5.1)

where oy is the average axial stress in the fiber, 75 is the radius of the fiber and 7 is friction stress

between the matrix and the fiber.

I I
L
: :d—— Bonded Interface
| |
| |
| |

_________ l___ - Mode 2 debond crack

&

Frictional sliding zone

Zero-friction zone

1
*

i

i

i

i

1

1

:

'

F Y

- i

Figure 5.4: Conventions and definitions of fiber debonding and pullout in a cylindrical cell
model [23]

The Equation is a valid approximation, provided that 7 is small compared to . Also, another
essential approximation that was made in the analysis of the model, is that the axial and radial

stresses in any section transverse to the z-axis are characterized by a Lame problem.
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For0 <z <,

of = 0" + ZT(Z/rf) (5.2)
while

Om = 0m" —2p(1 — p)~1(2/75) (5.3)

where a;" and a,,," are the respectively fiber and matrix strengths, just below the debond crack tip.

If the zero-friction zone shown in Figure 5.4 exists, then:

of=0c/pando, =0forl, <z<lL

When g < g,

thenos =o/pand o, = 0 at z = [,,.

In either case,

Lo/1s = (G/p — 05")/ (20) (5.4)

where o is the average axial stress ando,, is the maximum value of . To determine o¢* and o,,",

the fracture condition G = G, (where G and G, are energy release rate of debond crack and mode
Il toughness respectively) at the debond crack tip is imposed. This is done using result from a

model of the steady-state energy release rate. This is given by:

G = (rf/Em)[p(l —p) ey (af‘ — af+)]2 (5.5a)

G = (17/Em)[c1(0 — 30 )2 EmeT]? (5.5b)
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where

€1 = (Zp)_l(l - pal)(bz + b3)1/2

C2 = %az (b + b3)'/?
c3=1-p)/A—pay)
and a;, b; and c; are non-dimensional coefficients [23].

For an isotropic fiber, the relationship between the mode 2 stress intensity factor, K,, and the

energy release rate is given by [22]:

— 2 _
G = 1(1 i +%) K,? (5.6)

2\ Ey Em

When the fiber and matrix surfaces are loaded by a constant frictional stress t and the fiber slides

but does not lose contact with the matrix, the variation of K, is approximated by [23]:

K,/(xrs'/?) = (1 — p)~V2(1/77) (5.7)

5.6 Results and Discussion
5.6.1 Single Fiber Pull-out

The results of the single fiber pull-out tests are presented in Figures 5.6, 5.7 and 5.8. The pullout
curves obtained in this study can be divided into three stages, as obtained in prior work on other
ceramic matrix composites in the literature [32-34]. These include: (i) a linear elastic deformation
stage; (ii) a partial fiber debonding stage, and (iii) a frictional pull-out stage [34]. This is shown

schematically presented in Figure 5.5. Frictional bond strength values were also calculated by
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dividing the maximum pullout load by embedded fiber surface area. The value obtained will be

used to predict the maximum contribution of the fiber pull-out load to the composite fracture

toughness in section 5.6.2.

PARTIAL DEBONDING

COMPLETE
DEBONDING

Pullout load

Displacement

Figure 5.5: Schematic diagram showing load-displacement relationship for embedded fiber
during fiber pullout test [24].

All specimens tested failed by fiber debonding and pullout. Figure 5.6 shows the effect of
embedment length on peak pullout load. A significant increase was observed in the peak fiber pull-
out load (while keeping other parameters constant) with increasing fiber embedment length (from

15 mm to 25 mm). This is attributed to the increase in the fiber/matrix contact area that occurs

with increasing fiber embedment length.
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Figure 6: (a) Effect of embedment length on the pullout behavior of natural fiber from
earth-based cementitious matrices and (b) Effect of fiber embedment length on peak

pullout load.
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Meanwhile, Figure 5.6b shows that the peak fiber pull-out load does not appear to be directly
proportional to the fiber embedment length. This is because the onset of fiber debonding
corresponds to the condition at which the interfacial crack driving force is equal to the interfacial
fracture toughness at the local mode mixity. Since this will depend non-linearly on the internal
crack lenths and elastic properties of the materials, the fiber pull-out loads are unlikely to exhibit

a linear dependence of the fiber embedment length.

The results (Figure 5.7) obtained show that fiber pull-out occurred with a constant frictional bond
stress at the interface between the fiber and earth-based cementitious matrices. An average
frictional bond strength of about 0.34+0.02 MPa was obtained for earth-based cementitious matrix.
Other results obtained for composites (with vary fiber fractions) will be used in the next section to

predict the toughening due to debonding and fiber pull-out.

09t .
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0.4} -

K] e
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Frictoral Bond Stress (MPE)

0.1} .

| | | I

| L
10 12 14 16 18 20 22 24 26 28 30
Embediedlength (mm)

Figure 5.7: Effect of fiber embedment length on frictional bond strength for earth-based
cementitious matrices.
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Figure 5.8 shows the fiber pull-out strengths obtained for fiber volume fractions between 0 to 20
%. While keeping other parameters constant, the result shows that increasing the fiber volume
fraction resulted in increasing peak pullout load. This increase in the pull-out load can be attributed
to the increase in fiber bundle/composite ligament strength that occurs with increasing fiber
volume fraction. Hence, the increase in the volume fraction of fibers provides increased shielding

due to crack bridging and fiber pull-out.

ED T T T T T T T T T

50

Fullout Load )
[ o
= =

]
[==]
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D | | | | L |
O 2 4 & 8 10 12 14 16 18 20

DEplacement (mm)

Figure 5.8: Effect of fiber volume fraction on the pullout of natural fiber from earth-based
cementitious matrices.

5.6.2 Composite Toughening due to debonding and pull-out

Using data summarized in Table 5.1, the shielding contribution from fiber pull-out model
described in section 5.5 are presented. The results primarily show that increasing fiber volume

fraction results in increased toughening. This increase in fracture toughness attained as a result of
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fiber-reinforcement can be attributed to shielding of the remote loads by interfacial strength and
bridging fibers.

The results also revealed that a positive mode Il exists along the matrix fiber interface. This implies
that debonding, sliding and pull-out contributes to toughness. The sliding resistance that exist in
this study is governed by the frictional characteristic of the debond interface provided by the rough
morphology of the fiber [17]. Also, for fibers that debonded without fiction, they primarily
contribute to toughness via crack bridging. Lastly, the toughness resulting from the combined

mechanisms will be discussed in the next chapter.

Table 5.1: Parameters used in the toughening due to fiber pull-out model

Volume percentages 7 (MPa) 1y (M) r (m) p AK (MPavm)

of reinforcement

5 vol% Fiber 0.39+0.02 0.001 0.002 0.25 0.13+0.01
10 vol% Fiber 0.40+0.02 0.001 0.002 0.25 0.17+0.01
20 vol% Fiber 0.44+0.02 0.001 0.002 0.25 0.29+0.01

T = friction stress between the matrix and the fiber, 7 = radius of the fiber, 7 = radius of cylindrical outer boundary
of matrix, p = area fraction of the fiber, AK = Pull-out toughness.
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5.7  Summary and Concluding Remarks

The interfacial strengths and fiber pull-out characteristics have been studied in earth-based
composites reinforced with straw fibers. Salient conclusions arising from the combined
experimental and theoretical study are as follows:

I.  The fiber pull-out strengths increase with increasing fiber embedment length and fiber
volume fractions up to 0.2. The measured improvements are consistent with predictions
from composites and interfacial fracture models.

Il.  Following the onset of debonding, a regime of constant frictional pull-out stress was
observed. This suggests that the friction stress was not significantly affected by the degree
of pull-out.

I1l.  The predicted toughening obtained from the fracture mechanics analyses is consistent with
the experimental resistance curves. These predictions are also consistent with the ranges
in the toughening/resistance-curve behavior obtained for the earth-based composites with

different volume fractions of fibers between 0 and 20 vol. %.
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CHAPTER SIX: TOUGHENING BEHAVIOR IN NATURAL FIBER-REINFORCED

EARTH-BASED COMPOSITES
6.1 Introduction

Recent studies of whisker-reinforced ceramics reveal that substantial improvements in fracture
toughness and resistance to slow crack growth are achieved via the incorporation of strong, small-
diameter whiskers into ceramic matrices [1, 2]. The toughening behavior of fiber-reinforced earth-
based cementitious composite was analyzed in terms of a bridging zone immediately behind the
crack tip and fiber pullout. These approaches are consistent with microscopy observations which
reveal that intact bridging whiskers exist behind the crack tip in addition to debonding of the
whisker-matrix interface. The experimental and theoretical results based on both the stress
intensity and the energy change introduced by bridging whiskers reveal the dependence of
toughening upon the composition and matrix, interface, and whisker properties. The analytical
models of whisker bridging accompanied by limited pullout will accurately describe experimental
observations of the toughening behavior in the natural fiber-reinforced earth-based composites.
Such analytical descriptions as described in previous chapters indicate that fiber, matrix and

interface properties will result in further increases in toughness by whisker reinforcement.

In this study, the mechanisms responsible for such whisker toughening include both whisker
bridging and whisker pullout within a zone immediately behind the crack tip. Compared to some
continuous-fiber-reinforced ceramics in which extensive fiber pullout occurs, whisker pullout is
more limited. This is, in part, a result of the short whisker lengths, and hence small pullout lengths
as compared to those that can be obtained in continuous-fiber-reinforced composites [3]. Increases

in toughness by extensive fiber or whisker pullout require minimization of the shear strength of
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the fiber-matrix interface [4]. Fiber bridging requires at least modest interfacial strength to transfer
load to the fiber and high fiber tensile strength to sustain the applied stress within the wake of the
crack tip [5]. Activation of these processes during fracture of fiber-reinforced composites is
indicated by the observed increase in toughness with increase in the whisker volume content and
when the crack plane is oriented normal versus parallel to the plane containing the longitudinal
axes of the whiskers [1]. Evidence of whisker bridging (Figure 3.6) and pull-out (Figure 6.2) are
noted in fracture surface observations using optical and scanning electron microscopy (SEM)

respectively.

accelerating voltage = 15.0 kV 13.2mm

(@)
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Figure 6.1: SEM images of fracture surfaces showing evidence of debonding and fiber
pullout.

This chapter examines the failure of natural fiber-reinforced earth-based composites using single
edge notch bend test. Mechanical test carried out indicated that failure occurs in several stages
(similar to other brittle matrix composites): multiple matrix cracking, followed by fiber fracture
and pullout. The application of conventional fracture mechanics to describe failure has been
elucidated individually in previous chapters. The in situ observations provide direct indication of
the importance of bridging and frictional bonding between the matrix and fibers. Some novel

methods for measuring the frictional forces and residual stresses are investigated.
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6.2  Toughening Due to Crack Bridging

The natural fiber-reinforced earth-based composite considered in this study belong to the family
of ceramic composite systems toughened by whiskers which involve matrix and reinforcing phases
with modest toughness. The whisker reinforcement alters the conditions required for crack
extension in the matrix, and this can occur by formation of a zone of bridging whiskers behind the
crack tip. In order to establish a zone behind the crack tip in which the whiskers remain intact, we

then address how the crack tip propagates through the matrix without fracturing the whiskers.

Bridging of the crack surfaces behind the crack tip by a strong discontinuous reinforcing phase
imposes a closure force on the crack and is, at times, accompanied by pull-out of the reinforcement.
This section concentrates on the toughening due to crack bridging by the reinforcing phases, where
the reinforcement simply bridges the crack surfaces and effectively reduces the crack driving force.
This increases the resistance to crack extension. The bridging contribution to the toughness is given

by equation 4.1 and 4.2.

6.3  Toughening Due to Fiber Pull-out

Prior studies have shown that the mechanical behavior of fiber-reinforced composites is also
influenced by interfacial properties of the fiber-matrix system [6]. The toughening of a ceramic
composite is primarily due to bridging of the crack surfaces by intact fibers when the composite is
subjected to some loading condition. While the bridging stresses in the fibers contribute to the
toughening, the relative displacements in the loading direction between the fibers and the matrix

at the crack surface are required to accommodate the crack-opening displacement. Subsequently,
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optimal conditions for toughening of ceramic composites also require debonding at the fiber-

matrix interfaces via fiber pull-out, and frictional sliding between the fibers and the matrix [7, 8].

The fiber pull-out test was adopted to study the interfacial properties of natural fiber-reinforced
earth based composite (Chapter 5). During fiber pull-out, interfacial debonding initiates at the
surface, where the fiber enters the matrix and where the interfacial shear stress is a maximum. At
initial debonding, the applied stress on the fiber overcomes the bonding between the fiber and the
matrix. Residual clamping stresses often exist at the interface and result in interfacial friction for
the debonded interface during fiber pull-out. Hence, after initial debonding, further debonding
requires the applied stress to overcome the Interfacial strength of the debonded interface, and the
bond strength at the bonded interface. The toughening contribution due to debonding and fiber

pull-out can be obtained from equation 5.7.

6.4  Model for the estimation of shielding due to crack bridging and fiber pull-out.

The expression for the estimation of the composite fracture toughness based on the toughening
mechanisms observed in the failure of natural fiber-reinforced earth-based composite is given by

[9, 10]:
Kr = K; + AK [11]

where Ky is the composite fracture toughness and AK is the shielding due to crack bridging and
fiber pull-out. For toughening due to fiber pull-out at constant frictional stress, AK = AKy and for

bridging toughening, AK = AKp (for a combined small- and large- scale bridging).
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In this study, multiple toughening mechanisms operate; therefore, the total toughening has to be
estimated from the sum of the contributions due to each mechanism. A linear superposition models
which neglect the possible interactions between individual mechanisms is used. These synergistic
interactions between the toughening mechanisms provide a more realistic estimation of toughening
than the individual toughening components [11]. For toughening by crack bridging and fiber

pullout with constant fractional stress, the overall toughening is given by [12]:

AK = AAKy + (1 — D)AK; [12]

where AK is the total toughening, 4 is the toughening ratio due to crack bridging, AKz and AKg

are the shielding due to crack bridging and fiber pull-out respectively.

6.5 Results and discussion

This study revealed that when a composite (natural fiber-reinforced earth-based) is subjected to
residual stress at the interface, a mode Il fracture exist along the debond and shielding of crack-tip
via bridging. Debonding and sliding resistance as well as bridging contributed to toughness of the
composite. Using data summarized in Table 6.1 and 6.2, the shielding contribution from fiber pull-
out and crack bridging models described in chapter 5 and 4 respectively are presented. The
predictions for toughening due to fiber pull-out only, crack bridging only and the shielding due to

both crack bridging and fiber pull-out are presented in Table 6.3.
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Table 6.1: Parameters used in the toughening due to fiber pull-out model.

Volume percentages 7 (MPa) 17 (M) r (m) p AKp(MPavm)

of reinforcement

5 vol% Fiber 0.39+0.02 0.001 0.002 0.25 0.13+0.007
10 vol% Fiber 0.40+0.02 0.001 0.002 0.25 0.17+0.009
20 vol% Fiber 0.44+0.02 0.001 0.002 0.25 0.29+0.010

T = friction stress between the matrix and the fiber, 7 = radius of the fiber, 7 = radius of cylindrical outer boundary
of matrix, p = area fraction of the fiber, AKy = Bridging toughness.

Table 6.2: Parameters used in the toughening due to crack bridging model.

Volume percentages of v, L (mm) a AKg(MPavm)

reinforcement

5 vol% Fiber 0.050 4.5 3 0.21+0.010
10 vol% Fiber 0.075 4.5 3 0.29+0.010
20 vol% Fiber 0.100 4.5 3 0.43+0.020

Vb = Fiber volume fraction in the bridge zone, L = Length of the bridge zone, o = Triaxiality factor,
AKs = Bridging toughness.
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Table 6.3: Toughening due to combined effect of fiber pull-out and crack bridging.

Volume percentages  AKy (MPaym) AKp (MPavm) AK (MPavm)
of reinforcement

5 vol% Fiber 0.13+0.007 0.21+0.010 0.17+0.009
10 vol% Fiber 0.17+0.009 0.29+0.010 0.23+0.010
20 vol% Fiber 0.29+0.010 0.43+0.020 0.36+0.020

AK = AAKy + (1 — D)AK, L=0.5

The results primarily show that increasing fiber volume fraction results in increased toughening.
Similar observations have also been reported in prior work by Savastano et al. [9, 10] and Agopyan
[13], whose studies used vegetable fiber-reinforced cementitious matrices. This increase in fracture
toughness attained as a result of fiber-reinforcement can be attributed to shielding of the remote

loads by interfacial strength and bridging fibers.

The measured toughness of natural fiber-reinforced earth-based composites is presented in Figure
6.2. This shows comparison between results obtained experimentally and those from analytical
models. The effect of fiber reinforcement is evident as fiber volume fraction is increased. The
results also confirm that multiple toughening mechanisms operate and the total toughening can be
estimated from the sum of the contributions due to each mechanism. The synergistic interactions
between individual toughening mechanisms represent a better estimate of toughening than the

simple individual toughening components.

Kabiru Mustapha (70054)



MECHANICAL PROPERTIES OF NATURAL FIBER-REINFORCED EARTH-BASED COMPOSITES) | 2015

1.6 -
1.4 -

1.2 -

B Experiment
Bridging Model
M Pull-out Model

B Synergistic Model

Fracture Toughness (MPam1/2)

0.4 -

0.2 -

0.05 0.1 0.2

Fiber Volume Fraction

Figure 6.2: Comparison between experimental results and toughening models.
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CHAPTER SEVEN: IMPLICATION, CONCLUSION AND FUTURE WORK

7.1  Implications

The implications of the current research are very significant for the design of composite materials
for sustainable and affordable housing. Most of the research carried out recently has focused on
the development of natural fiber-reinforced cement-based composites for affordable housing [1-
3]. This work has shown an improvement in the mechanical properties of earth-based matrices
when they are reinforced with straw. The mechanistic models revealed that the contribution of
fibers to the improvement of composite mechanical properties is very important. This is evident in
the increased composite mechanical properties as volume fractions of fiber are increased

considerably.

Specifically, toughening of the composites was enhanced via crack bridging and fiber pull-out [4-
8] precipitated by fiber (straw) reinforcement. The application of fracture toughness testing to the
materials used in this study is based on the ceramic (brittle) matrix composite resulting from the
cementitious matrix formed. The fracture toughness test measures material resistance to crack
propagation and is directly applicable to fracture control in describing the material property for
crack growth resistance. The results from the test procedures in this study can serve as a basis in
micro-mechanical characterization, performance evaluation and quality assurance for sustainable

and affordable construction (building) products.

Hence, sustainable and low cost housing can be achieved using locally sourced materials
expounded in this work. Finally, CO2 emissions associated with conventional building materials

can be reduced using earth-based materials.
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7.2

Conclusions

The Strength and toughening (crack bridging and fiber pull-out) characteristics have been studied

in earth-based composites reinforced with straw fibers. Salient conclusions arising from the

combined experimental and theoretical study are as follows:

Composites consisting of earth-based materials reinforced with natural fiber (straw), and
plain matrices were prepared. The mechanical properties of the various compositions (in
both matrices and composites) were determined. The results were compared to measure the
effects of reinforcement.

Microscopy studies reveal that cracks in whisker-reinforced ceramics can propagate in the
matrix and leave intact whiskers which bridge the crack immediately behind the crack tip.
Whisker bridging occurs as the whisker-matrix interface debonds when the crack tip
approaches the interface. Further behind the crack tip, the whiskers are pulled out of the
matrix as the crack-opening displacement increases.

Fiber-reinforcement resulted in an increase in compressive strength from 2.57+0.13 MPa
to 2.91+0.15 MPa at maximum compressive strength. Interestingly, pure laterite had a
compressive strength of 3.03+0.15 MPa. This value was the closest to that of fired clay
(4.95£0.25 MPa). Samples reinforced with straw fibers had increased flexural strengths
and fracture toughness. Composites with fiber volume percentage of 20% had the highest
flexural strengths and fracture toughness values of up to 8.99+0.45 MPa and 1.41+0.07

MPay/m , respectively. These values exceed the respective values obtained for the matrix

material (6.76+0.34 MPa and 1.08+0.05 MPaym).
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Vi.

Vii.

viil.

The measured strengths and fracture toughness levels are consistent with predictions from
mechanistic models studied. The rule-of-mixture and short fiber theory strength predictions
account for the effects of whiskers and random orientation to provide reasonable estimate
of flexural strength.

The modeling of crack shielding by crack bridging and fiber pull-out provide adequate
estimates of toughening in the straw-reinforced earth-based composites that were examined
in this study. This is evident in the trends of resistance-curve and single fiber pull-out test.
The toughness of a brittle material has been shown to increase in the presence of a process
zone of micro cracks. The influence of the wake is manifest in R-curve behavior, wherein
the fracture resistance increases continuously with crack growth.

The results of the bridging models are in agreement with the corresponding experimental
measurements. Specifically, the resistance-curve curves showed that the trend of improved
toughness in the predicted and the measured values were retained.

Fiber pull-out strengths increase with increasing fiber embedment length and fiber volume
fractions up to 0.2. The measured improvements are consistent with predictions from
composites and interfacial fracture models.

Following the onset of debonding, a regime of constant frictional pull-out stress was
observed. This suggests that the friction stress was not significantly affected by the degree
of pull-out.

The predicted toughening obtained from the fracture mechanics analyses is consistent with
the experimental resistance curves. These predictions are also consistent with the ranges in
the toughening/resistance-curve behavior obtained for the earth-based composites with

different volume fractions of fibers between 0 and 20 vol. %.
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7.3 Future work

This study presents motivation for further studies of mechanical properties of earth-based
composites. The stability and degradation of earth-based composites was not considered in the
present study, future research is needed to test the durability of earth-based composites under a
range of weathering conditions. There is also need to explore actual performance of earth-based

composites in sustainable building.
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