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Preface

Plain concrete is a brittle material, with low tensile strength and strain capacities.
To help overcome these problems, there has been a steady increase over the past
40 years in the use of fibre reinforced cements and concretes (FRC). The fibres
are not added to improve the strength, though modest increases in strength may
occur. Rather, their main role is to control the cracking of FRC, and to alter the
behaviour of the material once the matrix has cracked, by bridging across these
cracks and so providing some post-cracking ductility.

It has been 16 years since the publication of the first edition, and an enormous
amount of progress has taken place in that time. Much work has been done in
optimizing the properties of the composite material: new fibre types and geome-
tries have been developed, and surface treatments have been employed to make
the fibres more compatible with the cementitious matrix. As a result, such com-
posites can be better ‘tailored” for specific applications for which conventional
cementitious systems are not suitable. Also, a new generation of FRC materi-
als has been developed, the so-called ‘high performance’ FRCs, which exhibit
multiple cracking and strain hardening beyond the point of first cracking, with
a concomitant increase in energy absorption capacity. Finally, there is now an
increasing use of FRC in truly structural applications, as described in the final
chapter.

The object of this book remains the same: to develop, in some detail, the funda-
mental scientific principles which govern the performance of FRC and to describe
the production processes and properties of specific systems prepared with differ-
ent types of fibres, such as steel, glass, polypropylene, natural fibres and various
types of high performance polymeric fibres. To achieve these aims, the traditional
materials science approach is used:

1 characterization of the microstructure;

2 relationships between the microstructure and engineering properties;

3 relationships between microstructural development and the processing
techniques; and

4 selection of materials and processing methods to achieve FRC composites
with the desired characteristics.
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xii  Preface

The book is divided into two parts:

1 The first part deals with the theoretical background underlying the behaviour
of FRC, including an intensive treatment of the mechanics of fibre reinforced
brittle matrices and its implications for cementitious systems, taking into
account the special bulk and interfacial microstructure of FRC.

2  The second part describes the principal types of fibre — cement composites,
from the point of view of production processes, physical and mechanical
properties, durability and applications. These characteristics are discussed in
terms of the basic principles governing the behaviour of FRC.

This book is designed not only for scientists and graduate students, but also for
practicing engineers. It includes an extensive and up-to-date reference list, and
numerous graphs and tables describing the engineering properties of the different
FRC systems. The intent is to provide the reader with information important for
engineering applications, as well as a proper background for assessing future
developments.

Arnon Bentur
Sidney Mindess
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Notations

acceleration due to energy

crack extension

cross-sectional area of fibre

cross-sectional area of matrix

amplitude of crimped fibre

proportion of fibres oriented at angle 6

Aveston Cooper Kelly model

alkali resistant (glass fibres)

brittleness ratio

beam width

or

length of debonded zone

crack (flaw) length (or 1/2 of the length)

calcium hydroxide (Ca(OH)>)

crack mouth opening displacement

calcium silicate hydrate

fibre diameter

equivalent fibre diameter

ductile fibre reinforced cement composite
densified with small particles

engineered cementitious composite

modulus of elasticity of the composite in bending
modulus of elasticity of the composite in tension
modulus of elasticity of the fibre in tension
modulus of elasticity of the matrix in tension
hypotehtical modulus of elasticity of void-free matrix
modulus of elasticity in tension

change of surface energy due to the creation of a new crack surface
the energy consumed in opening of the first crack in the multiple
cracking zone

snubbing friction factor

uniaxial compressive strength of concrete
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Notations xv

GFRC
GRC
HPFRCC

splitting tensile strength of concrete

limit of proportionality of reinforced concrete beam
residual flexural strength of a beam

average residual flexural strength of SFRC beam at the moment
a crack is expected to occur

fibre intrinsic efficiency factor

bridging load of fibre across a crack

fictitious crack model

fibre reinforced cement or concrete

critical strain energy release rate

fracture energy of the fibre—matrix interface

energy absorbed during the fracture process due to additional
deformation of the damage zone

fracture energy of the matrix

or

shear modulus of the matrix

crack tip critical energy release rate of the composite
second mode fracture energy, that is, in a shearing fracture
process of the fibre—-matrix interface

glass fibre reinforced concrete (USA)

glass fibre reinforced cement (Europe)

high performance fibre reinforced composite

beam height

value representing the surface roughness of the reinforcement
distance between tip of notch and top of specimen
pressure gradient of water flowing through a crack
moment of inertia of the fibre

toughness indices

Interfacial Transition Zone

contribution of fibre bridging to fracture energy
contribution of microcracking damage to fracture energy
total fracture energy

composite crack tip toughness

matrix foundation stiffness

curvature of non-linear hinge in a beam in bending

elastic curvature of the uncracked part of a hinge in a beam
in bending

curvature of the cracked part of the hinge in a beam in
bending

critical stress intensity factor

plain strain bulk modulus of the fibre

effective fracture toughness of the FRC matrix

fracture toughness of the fibre-matrix interface

fracture toughness of the paste
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xvi Notations

Km plain strain bulk modulus of the matrix

4 length of fibre
or

14 fibre embedded length

Le critical length = fibre length at which the fibre first breaks
instead of pulling out

A length related to critical length

£(min)  minimum value of embedded fibre length at which debonding
initiates

- fibre length at the transition between catastrophic debonding and
progressive debonding

£y charcteristic fibre length beyond which fibre fracture starts to
take place

Les characteristic length

L beam span

Lc shortest length at which fibre fracture is observed

¢/d fibre aspect ratio

LEFM linear elastic fracture mechanics
LMC latex modified cement

LOP limit of proportionality
m mass
Mcc moment of resistance at the first crack in bending
Mpc bending moment resistance in the post cracking zone
My ultimate bending moment of a beam
p void content (%)
or
p perimeter of multiple filament strand
P pull-out load
P’ load carried by fibre
pb(t) total load recorded in the striking tup during an impact event
Perit pull-out load at which debonding starts
Pe force required to start breaking the elastic fibre—-matrix bond
Peq equivalent post-peak load in a beam
Pt load generated by frictional resistance to slip

Prax maximum load reached after the first crack in a beam
P(max) maximum pull-out load

P(6) peak pull-out load for a fibre at orientation 6

Pi(t) inertial load in a beam during an impact test

Pres residual load corresponding to deflection 84 in a beam
Py breaking load of fibre

P1 first crack load of SFRC specimen

PIC polymer impregnated concrete

PMMA polymethylmethacrylate
PWcit  critical % (by weight) of fibres to just make FRC unworkable
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Notations xvii

le

fi

RPC
Rs..30
SEM
SIFCON
SIMCON
SFRC
SGe

SGt

SIC test

Vi (crit)
(Vs )ef —citr

shear flow (shear force per unit length)

rate of water flow through idealized crack

distance from the fibre = effective radius of the matrix
around the fibre

fibre radius

external radius of concrete ring

internal radius of concrete ring

reactive powder concrete

residual strength in bending test

scanning electron microscope

slurry infiltrated fibre concrete

slurry infiltrated mat concrete

steel fibre reinforced concrete

specific gravity of concrete matrix

specific gravity of fibres

strand in cement test

temperature

or

compressive toughness

compressive toughness factor

crack opening

total energy in an elastic system subjected to external loads
or

toughness of the composite due to straining of the fibres
strain energy stored in a system

energy contribution to toughness

the debonding energy due to the slip between the fibres
and the matrix

increase in elastic strain energy of the fibres after matrix cracking
increase in fibre strain energy as the result of bridging
increase in fibre strain energy as the result of fibre bridging
in the multiple cracking stage

increase in elastic strain energy of the fibres after matrix cracking
or

reduction in elastic strain energy of the matrix after cracking
energy of multiple cracking

surface energy absorbed in the creation of new crack surfaces
or

work done by frictional slip after debonding

shear resistance of a member without shear reinforcement
contribution to shear of the steel fibres

fibre volume content

critical fibre volume content

effective critical fibre volume content
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xviii Notations

Vim

Vid
w

WFpo

Vdo
¥Ym
Vs

Acrit
Ao
Ec
Ecu
&f
Efs
Efu

matrix volume content

contribution to shear by the shear reinforcement

crack width

weight % of fibres

weight of aggregate fraction

work due to applied load

weight of mortar fraction

average work done in pull-out per fibre

water:cement ratio

additional work done by applied stress

additional work on the system generated by displacement §gg
specific work of fracture

energy of fibre—-matrix debonding

total specific work of fracture

energy involved in fibre pull-out

crack spacing

distance from the neutral axis to the bottom of the beam

work done by debonding the fibre from the matrix

surface energy of the matrix

surface energy of a material

first crack deflection

or

‘misifit’ between fibre radius and radius of the hole in the ‘free’ matrix,
due to volume changes, external stresses and Poisson effects
or

deflection of a fibre projecting over a cracked surface

ultimate design deflection for SFRC beam in bending

misfit value due only to matrix shrinkage and external stresses
or

crack opening/displacement at which debonding is complete along the
full length of the embedded fibre segment

displacement

deformation in compression corresponding to a specified strain
deflection in a bean corresponding to maximum load Ppax in bending
relative slip of the fibre after pull-out debonding

deflection corresponding to first crack load P4 in a beam

in bending

slip at which debonding of a fibre starts

relative slip of the fibre at the end of pull-out debonding
tensile strain in the composite

ultimate strain of the composite

tensile strain in the fibre

free shrinkage of FRC

ultimate (failure) fibre strain
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Notations xix

&m tensile strain in the matrix

Eme strain in the fibre at the end of the multiple cracking process

Emu strain in fibre at the start of multiple cracking of the matrix
(or ultimate matrix strain)

£no normal strain associated with the misfit, §

£os free shrinkage of plain concrete

€p0 strain due to prestressing of the reinforcement

v Poisson strain of the fibre

& strain rate

Ym matrix fracture energy, Gm /2

n combined efficiency factor for orientation and length

ne length efficiency factor of fibres

ng orientation efficiency factor of fibres

Nr strength efficiency for bond

0] reinforcing bar diameter

" coefficient of friction between fibres and matrix

v kinematic viscosity

Vi Poisson ratio of fibre

Vm Poisson ratio of matrix

0 angle of fibre orientation

0 reinforcement ratio within the tension area of the cross-section

ob flexural strength of the composite

Obm flexural strength of the matrix

Occ first cracking strength of the composite

ocu tensile strength of the composite (in the post cracking zone)

of tensile stress in the fibre

of average stress in the fibre

of stress in the fibre at the first crack strain

of(maxy Maximum tensile stress in the fibre

oty tensile strength of the fibre

Omu stress in the matrix at first crack

Omu tensile strength of the matrix in the absence of fibres

on fibre—matrix normal stress (contact pressure)

Ono radial compressive stress generated by matrix shrinkage

Opc tensile post—cracking strength

ot tensile stress in FRC

oy radial stress in a restrained ring test

0p circumferential stress in a restrained ring test

OR average radial stress in the concrete in the vicinity of the
reinforcement

Ope tensile stress of a rectangular block stress distribution in a

reinforced beam in bending
deformation of the fracture zone
T shear stress at the interface
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Notations

T
Tau
Tc

Tc

Td

Tf

g (A)
Tfu

Tm

Ts

Ts
Tv
T
T(max)
7/(max)

v
§

average interfacial shear stress

adhesional bond shear strength

critical bond strength

or

average shear stress in conventionally reinforced SFRC beams
dynamic frictional resistance to sliding

shear stress at failure in RC beam

decaying frictional stress at slip A

frictional shear bond strength

bonding due to mechanical interlocking

frictional shear stress

or

static frictional resistance to sliding

shear stress at the interface at the onset of strain softening
shear stress at onset of pull-out

maximum elastic shear stress at the interface

interfacial elastic shear stress at the end of the debonded zone
along a fibre

fibre perimeter

damage coefficient

or

tortuosity factor of a crack
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Chapter |

Introduction

The use of fibres to strengthen materials which are much weaker in tension than
in compression goes back to ancient times. Probably the oldest written account of
such a composite material, clay bricks reinforced with straw, occurs in Exodus 5:
6-7:

And Pharaoh commanded the same day the task-masters of the people, and
their officers, saying:

“Ye shall no more give the people straw to make bricks, as heretofore: let them
go and gather straw for themselves.’

At about the same time period, approximately 3500 years ago, sun-baked bricks
reinforced with straw were used to build the 57 m high hill of Agar Quf (near
present-day Baghdad) [1].

The first widely used manufactured composite in modern times was asbestos
cement, which was developed in about 1900 with the invention of the Hatschek
process. Now, fibres of various kinds are used to reinforce a number of differ-
ent materials, such as epoxies, plastics and ceramics. Here we will concentrate
on the use of fibre reinforcement in materials made with hydraulic cement
binders.

Forthe purposes of this book, we will define fibre reinforced cement as a material
made from a hydraulic cement and discrete, discontinuous fibres (but containing
no coarse aggregate). Fibre reinforced concrete is made with hydraulic cement,
and aggregates of various sizes, incorporating discrete, discontinuous fibres. In
this book, when referring to the general class of these composites, regardless of
the exact nature of the matrix (paste, mortar or concrete), the term FRC (fibre
reinforced cementitious material) will be used.

Since the early use of asbestos fibres, a wide variety of other fibres have been
used with hydraulic cements: conventional fibres such as steel and glass; new fibres
such as carbon or kevlar; and low modulus fibres, either man-made (polypropylene,
nylon) or natural (cellulose, sisal, jute). These types of fibres vary considerably
both in properties, effectiveness and cost. Some common fibres, and their typical
properties, are listed in Table 1.1. In addition to their mechanical properties, fibres
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Table I.1 Typical properties of fibres

Fibre Diameter Specific Modulus of Tensile Elongation
(um) gravity elasticity (GPa) strength (GPa) at break (%)
Steel 5-500 7.84 200 0.5-2.0 0.5-3.5
Glass 9-15 2.6 70-80 24 2-35
Asbestos
Crocidolite 0.02-04 34 196 35 2.0-3.0
Chrysolite 0.02-04 26 164 3.1 2.0-3.0
Polypropylene 20400 0.9-0.95 3.5-10 0.45-0.76 15-25
Aramid (kevlar) 10—-12 |.44 63—-120 2.3-35 245
Carbon (high 8-9 l.6-1.7 230-380 2.5-4.0 0.5-1.5
strength)
Nylon 23-400 1.14 4.1-5.2 0.75-1.0 16.0-20.0
Cellulose — 1.2 10 0.3-0.5 —
Acrylic 18 1.18 14-19.5 0.4-1.0 3
Polyethylene 25-1000 0.92-0.96 5 0.08-0.60 3-100
Wood fibre — 1.5 71.0 0.9 —
Sisal 10-50 1.5 — 0.8 3.0
Cement matrix — 1.5-2.5 1045 0.003-0.007 0.02

(for comparison)

may also differ widely in their geometry. The steel and glass fibres that were used
in the early work on FRC in the 1950s and 1960s were straight and smooth. Since
then, however, more complicated geometries have been developed, mainly to mod-
ify their mechanical bonding with the cementitious matrix. Thus, modern fibres
may have profiled shapes, hooked or deformed ends, they may occur as bundled
filaments or fibrillated films, or they may be used in continuous form (mats, woven
fabrics, textiles). Here, we will deal primarily with discontinuous fibres; materials
reinforced with mats and woven fabrics will be addressed within the context of
new developments in textile reinforcement of cement and fine aggregate concrete
matrices.

Most of the developments with FRC involve the use of ordinary Portland
cements. However, high alumina cement, gypsum and a variety of special cements
have also been used to produce FRC, generally to improve the durability of
the composite, or to minimize chemical interactions between the fibres and
the matrix. Recent developments also include specially formulated mortar and
concrete matrices with controlled particle size distributions.

Plain, unreinforced cementitious materials are characterized by low tensile
strengths, and low tensile strain capacities; that is, they are brittle materials. They
thus require reinforcement before they can be used extensively as construction
materials. Historically, this reinforcement has been in the form of continuous rein-
forcing bars, which could be placed in the structure at the appropriate locations
to withstand the imposed tensile and shear stresses. Fibres, on the other hand,
are discontinuous, and are most commonly randomly distributed throughout the
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cementitious matrix. They are therefore not as efficient in withstanding the tensile
stresses. However, because they tend to be more closely spaced than conventional
reinforcing bars, they are better at controlling cracking. Thus, conventional rein-
forcing bars are used to increase the load-bearing capacity of concrete; fibres are
more effective for crack control.

Because of these differences, there are certain applications in which fibre

reinforcement is better than conventional reinforcing bars. These include:

1

Thin sheet components, in which conventional reinforcing bars cannot be
used, and in which the fibres therefore constitute the primary reinforcement.
In thin sheet materials, fibre concentrations can be relatively high, typically
exceeding 5% by volume. In these applications, the fibres act to increase both
the strength and the toughness (i.e. strain hardening) of the composite, and
can be classified as high performance FRC (Figure 1.1). A new generation of
high performance FRC is currently based on advanced formulations of fibres
and matrices to achieve strain hardening behaviour even with modest fibre
contents of ~ 2% by volume (Figure 1.1).

Components which must withstand locally high loads or deformations, such
as tunnel linings, blast resistant structures, or precast piles which must be
hammered into the ground.

Components in which fibres are added primarily to control cracking induced
by humidity or temperature variations, as in slabs and pavements. In these
applications, fibres are often referred to as secondary reinforcement. In this
case the fibres provide post-cracking ductility, but the stresses are smaller
than the first crack stress, that is a strain softening material (Figure 1.1). This
type of composite is referred to as conventional FRC.

Itis important to recognize that in general, fibre reinforcement is not a substitute

for conventional reinforcement. Fibres and steel bars have different roles to play

(c) High performance FRC

Tensile stress

(b) Conventional FRC

(a) Plain concrete matrix

Tensile strain

Figure 1.1 Typical stress—strain curves for conventional and high performance FRC
(after ACI 544 [2]).
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Figure 1.2 Industrial engineering building, Technion, Haifa, Israel, made with complex shaped
panels of glass fibre reinforced cement (ArchitectY. Rechter).

in modern concrete technology, and there are many applications in which both
fibres and continuous reinforcing bars should be used together.

In applications (2) and (3), the fibres are not used to improve the strength
(either tensile or other) of concrete, though a small improvement in strength may
sometimes result from their use. Rather, the role of fibres is to control the cracking
of FRC, and to alter the behaviour of concrete once the matrix has cracked, as
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shown by the schematic load vs. deflection curves of Figure 1.1. Thus, the fibres
improve the ‘ductility’ of the material or more properly, its energy absorption
capacity. Indeed, if an attempt is made to optimize the FRC for strength alone,
this often leads to reduced toughness and more brittle behaviour. In addition, there
is often an improvement in impact resistance, fatigue properties and abrasion
resistance.

The applications of FRC are as varied as the types of fibres that have been used.
Asbestos fibres have long been used in pipes and in corrugated or flat roofing
sheets. Glass fibres are used primarily in precast panels (nonstructural), as shown
in Figure 1.2. Steel fibres have been used in pavements (Figure 1.3), in shotcrete
(Figure 1.4), in dams and in a variety of other structures (Figure 1.5). Increasingly,
polypropylene fibres are being used as secondary reinforcement, to control plastic
shrinkage cracking, and a newer generation of ‘structural polymer fibres” may be
applied for crack control in the hardened concrete. Vegetable fibres have been used
in low-cost building materials. New fibres and new applications seem to go hand
in hand.

New production technologies have evolved as new fibres have been developed,
and new applications found. Clearly, in order to produce useful FRC, the pro-
duction techniques must be compatible with the particular fibres and matrix. This
depends not only upon the fibre type, but also on the fibre geometry. In particular,

T wed,
il

Figure 1.3 Taxiway pavement at John F Kennedy International Airport, New York, made
with steel fibre reinforced concrete. Photograph courtesy of Bekaert
Corporation.
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Figure 1.4 Vancouver Public Aquarium whale pool: artificial West Coast rockscape, made
with steel fibre reinforced silica fume shotcrete. Photograph courtesy of Amec,
Vancouver, Canada.

Figure 1.5 Dolosse made with steel fibre reinforced concrete, for use by the US Army
Corps of Engineers at Eureka, California. Each dolosse weighs about 38 tonnes.
Photograph courtesy of Bekaert Corporation.
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there is an inherent contradiction between the fibre geometry required to allow
easy handling of the fresh FRC, and that required for maximum efficiency in the
hardened composite. Longer fibres of smaller diameter will be more efficient in
the hardened FRC, but will make the fresh FRC more difficult to handle.

To overcome this difficulty, there are a number of possible alternatives:

1 modification of the fibre geometry, to increase bonding without an increase
in length (e.g. hooked fibres, deformed fibres or fibrillated networks);

2 chemically treating the fibre surface to improve its dispersion in the fresh
matrix;

3 modifying the rheological properties of the matrix, through the use of chemical
admixtures (mainly high range water reducers) and mineral admixtures (e.g.
silica fume and fly ash) as well as optimization of the matrix particle size
distribution;

4 using special production techniques to ensure that a sufficiently large volume
of fibres can be dispersed in the mix.

The production technologies that are currently available may be classified as:

1 Premixprocess Inthis method, the fibres are combined with the cementitious
matrix in a mixer. They are treated simply as an extra ingredient in the most
common method of producing a cementitious mix. However, because the
fibres reduce the workability, only up to about 2% fibres by volume can be
introduced in the mix by this method.

2 Spray-up process This technique is used primarily with glass fibre reinforced
cement. Chopped glass fibres and cement slurry are sprayed simultaneously
on to the forming surface, to produce thin sheets. With this technique, sub-
stantially higher fibre volumes, up to about 6%, can be incorporated into
the FRC.

3 Shotcreting Using a modification of normal shotcreting techniques, it has
been found possible to produce steel and polypropylene fibre shotcretes, for
use particularly for lining of tunnels, and for stabilization of rock slopes. With
this method, too, relatively high volumes of fibres can be added to the mix.

4 Pulp type processes For ashestos cement replacements (cellulose or other
fibres are used as a replacement for the asbestos), the fibres are dispersed in a
cement slurry, which is then dewatered to produce thin sheet materials. These
can be built up to the required thickness by layering. This process yields fibre
contents of typically from 9% to over 20% by volume.

5 Hand lay up In this method, layers of fibres in the form of mats or fabrics
can be placed in moulds, impregnated with a cement slurry, and then vibrated
or compressed, to produce dense materials with very high fibre contents.
This technique can also be used with glass fibre rovings already impregnated
with a cement slurry.
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Figure 1.6 Typical production methods for FRC (after [3]).
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Figure 1.7 Typical thin-walled products made from FRC (after [3]).
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6 Continuous production process Continuous production of a composite mix
using special machinery with the output being a continuous composite which
has a thin, shaped geometry. Such processes can be based on the use of
continuous reinforcement (fabrics, mats) in processes such as pultrusion or a
mix with discrete short fibres which is extruded into the desired shape.

Figure 1.6 shows the typical production methods of FRC for various types of
fibres. To illustrate the variety of applications, Figure 1.7 shows the range of
thin-walled products that can be produced using FRC.

The object of this book is twofold: to develop, in some detail, the fundamental
concepts which govern the performance of FRC, and to describe the production
processes and properties of these composites and their applicability to engineering
practice. To achieve these aims, the traditional material science approach is used:
(i) characterization of the microstructure; (ii) relationship of the microstructure
to engineering properties; (iii) relationships between the microstructural devel-
opment and the processing techniques and (iv) engineering properties and design
concepts.
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Chapter 2

Structure of fibre reinforced
cementitious materials

The properties of fibre reinforced cementitious materials are dependent on the
structure of the composite. Therefore, in order to analyse these composites, and
to predict their performance in various loading conditions, their internal structure
must be characterized. The three components that must be considered are:

1  The structure of the bulk cementitious matrix.
2  The shape and distribution of the fibres.
3 The structure of the fibre-matrix interface.

2.1 Matrix

The bulk cementitious matrix is not significantly different from that in other cemen-
titious materials, and it can be divided into two types depending on the particulate
filler (aggregate) which it contains: paste/mortar (cement/sand—water mix) and
concrete (cement-sand—coarse aggregate—water mix) [1-3].

Fibre reinforced cement pastes or mortars are usually applied in thin sheet
components, such as cellulose and glass fibre reinforced cements, which are
used mainly for cladding. In these applications the fibres act as the primary
reinforcement and their content is usually in the range of 5-15% by volume.
Special production methods need to be applied for the manufacturing of such
composites.

In fibre reinforced concretes, the fibre volume is much lower (<2% by volume)
and the fibres act as secondary reinforcement, mainly for the purpose of crack
control. The production of such reinforced concretes is carried out by conven-
tional means. Higher contents of fibres can be incorporated by relatively simple
mixing technologies, but using advanced matrix formulations which are based on
sophisticated control of the rheology and microstructure of the mix. Such formu-
lations combine dispersants and fillers (e.g. DSP, RPC and DUCTAL® [4-6]).
The dense microstructure in these composites, as well as their improved rheology
can enable the incorporation and uniform dispersion of 2-6% by volume of short
fibres, which can provide effective reinforcement.
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2.2 Fibres

A wide range of fibres of different mechanical, physical and chemical properties
have been considered and used for reinforcement of cementitious matrices, as
outlined in Chapter 1. The fibre-reinforcing array can assume various geometries
and in characterizing its nature two levels of geometrical description must be
considered: (i) the shapes of the individual fibres and (ii) their dispersion in the
cementitious matrices (Figure 2.1) [7].

The individual fibres may be subdivided into two groups: discrete monofila-
ments separated one from the other (e.g. steel — Figure 2.2) and fibre assemblies,
usually made up of bundles of filaments, each with a diameter of 10..m or less. The
bundled structure is typical of many of the man-made fibres, whether inorganic
(e.g. glass — Figure 2.3(a) and (b)) [8] or organic (e.g. carbon, kevlar), and it also
shows up in some natural fibres (e.g. asbestos). The bundled fibres frequently
maintain their bundled nature in the composite itself (Figure 2.3(c)), and do not
disperse into the individual filaments. The monofilament fibres which are used for
cement reinforcement rarely assume the ideal cylindrical shape, but are deformed
into various configurations (Figure 2.2), to improve the fibre—matrix interaction

L

N2

Figure 2.1 Classification of fibre arrangements in one, two and three dimensions and
as continuous (a,c) or discrete, short fibres (b,d) (after Allen [7]). (a) 1D
arrangement; (b,c) 2D arrangement; (d) 3D arrangement.



www.polycomposite.ir

Structure of FRC materials |5

Figure 2.2 Various shapes of steel fibres (a) deformed; (b) hooked.

through mechanical anchoring. A range of complex geometries, ranging from
twisted polygonal cross sections to ring type fibres have been evaluated, to provide
effective anchoring, while maintaining adequate workability (e.g. [9-11]).

There are two distinctly different types of fibre-reinforcing arrays: (i) continuous
reinforcement in the form of long fibres which are incorporated in the matrix by
techniques such as filament winding or by the lay-up of layers of fibre mats; and
(i) discrete short fibres, usually less than 50 mm long, which are incorporated in
the matrix by methods such as spraying and mixing. The reinforcing array can be
further classified according to the dispersion of the fibres in the matrix, as 1D, 2D
or 3D (Figure 2.1).

In the continuous form, the fibres can be aligned in a preferred orientation,
which is controlled by the production process (orientation of winding, or lay-up
direction of the mat) and the structure of the mat. This type of fibre reinforcement
bears some resemblance to ferrocement applications; it is less common in FRC
composites which are usually reinforced by discrete, short fibres, but has recently
been the focus of intense development efforts (see Chapter 13 for details). In the
case of dispersed fibres the dispersion in the matrix is more uniform, and the short
fibres tend to assume a more random orientation. However, even in these systems
the fibre distribution is rarely completely uniform, and their orientation is not
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Figure 2.3 The bundled structure of glass filaments (after Bentur [8]). (a) Strands, each
composed of 204 individual filaments grouped together. (b) Higher magnifica-
tion of (a), showing the individual filaments in a strand. (c) The structure of the
glass fibres in the cement composite, showing the bundled nature of the strand
which does not disperse into the individual filaments.
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Figure 2.3 Continued.

ideally random. If the ratio of the fibre length to the thickness of the composite is
sufficiently large, the fibres will assume a 2D distribution (Figure 2.1(b)), which
is usually the case in thin components or thin cast overlays. A preferred 2D distri-
bution can also be promoted in thick components due to vibration. This will give
rise to anisotropic behaviour.

The uniformity of volume distribution of the fibres is very sensitive to the mixing
and consolidation process, and in practice a uniform distribution is rarely achieved
(Figure 2.4). The analytical treatment of fibre distribution can be based on various
stereological models [12-15].

A geometrical parameter which is of significance in controlling the perfor-
mance of the composite is the distance (spacing) between the fibres. Assuming a
uniform fibre distribution, and using various statistical concepts, the average fibre—
fibre spacing has been calculated, and several expressions have been derived. For
cylindrical fibres, some of these equations take the form [16,17]:

K-.d
S=— 2.1)
Vf1/2

where S is the fibre spacing; K, a constant; d, the fibre diameter; Vs, the fibre
volume content; and K varies in the range of 0.8-1.12 depending on the orientation
(1D, 2D or 3D) and the assumptions made in the calculation.
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Figure 2.4 Distribution of steel fibres in concrete as observed by X-ray, showing non-
uniform distribution (after Stroeven and Shah [12]).

Toillustrate the relationship between fibre diameter and fibre spacing, Figure 2.5
[18] is a nomograph which yields either the fibre count (number of fibres per unit
volume of FRC), or the surface area of fibres per unit volume of FRC, for unit
length of fibres. If the specified volume of fibres is entered along the abscissa,
then the number of fibres (or surface area) per unit volume may be found on the
ordinate for a given fibre diameter.

Another way of quantifying the geometry of fibres is by using the denier unit
common in the textile industry. A denier is the weight in grams of a 9000 m long
staple. The relationship between fibre diameter and denier is shown in Figure 2.6
[19]. The fibre count and the surface area of fibres per unit volume of FRC can be
expressed as functions of the weight, volume, specific gravity, denier, length and
diameter as shown in the equations of Table 2.1 [19].

2.3 The structure of the fibre-matrix interface

Cementitious composites are characterized by an interfacial transition zone (1TZ)
in the vicinity of the reinforcing inclusion, in which the microstructure of the
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Figure 2.5 Number of fibres per unit volume, or surface area of fibres per unit volume,
as a function of the volume per cent of fibres and the fibre geometry [18].

paste matrix is considerably different from that of the bulk paste, away from the
interface. The nature and size of this transition zone depends on the type of fibre
and the production technology; in some instances it can change considerably with
time. These characteristics of the fibre—matrix interface exert several effects which
should be taken into consideration, especially with respect to the fibre-matrix
bond, and the debonding process across the interface (see Chapters 3 and 4).

The special microstructure of the transition zone in cementitious composites
is closely related to the particulate nature of the matrix. The matrix consists of
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Figure 2.6 Fibre diameter vs. denier relationship [19].

Table 2.1 Fibre count (FC) and surface area (SS) of
fibres per unit volume (cm?) of FRC [19]

FC = 0.077 WT/(£)(d)%(SG)
FC = 0.077 V)/(£)(d)?
FC=3.112 WT(10)°/(¢£)(D)
FC=3.112 V(10)°/(£)(D)

SS = 0.244 (WT)/(d)(SG)

SS = 0.244 V)/(d)

SS = 4828l WT/(D)'/2(5G)'/?
SS = 48381 V/(D)'/2(5G)'/?
Note

WT = weight; V = volume; SG = specific gravity;
D = fibre denier; d = fibre diameter; ¢ = fibre length.

discrete cement particles ranging in diameter from ~1 to ~100 um (average size
of ~ 10 um) in the fresh mix, which on hydration react to form mainly colloidal
CSH particles and larger crystals of CH. The particulate nature of the fresh mix
exerts an important influence on the transition zone, since it leads to the formation
of water-filled spaces around the fibres due to two related effects:

1 bleeding and entrapment of water around the reinforcing inclusion and
2 inefficient packing of the ~ 10 um cement grains in the 20-40 xm zone
around the fibre surface.
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Thus, the matrix in the vicinity of the fibre is much more porous than the bulk
paste matrix, and this is reflected in the development of the microstructure as
hydration advances: the initially water-filled transition zone does not develop the
dense microstructure typical of the bulk matrix, and it contains a considerable
volume of CH crystals, which tend to deposit in large cavities.

When considering the development of the microstructure in the transition zone,
a distinction should be made between discrete monofilament fibres separated one
from the other (e.g. steel), and bundled filaments (e.g. glass). With monofilament
fibres, the entire surface of the fibre can be in direct contact with the matrix; with
bundled filaments only the external filaments tend to have direct access to the
matrix.

2.3.1 Monofilament fibres

The microstructure of the transition zone around monofilament fibres has been
studied primarily in steel fibre reinforced cement pastes [20-25]. It was observed
that the transition zone in the mature composite is rich in CH (usually in direct
contact with the fibre surface), and is also quite porous, making it different from
the microstructure of the bulk paste. These characteristics are probably the result
of the nature of the fresh mix, as discussed above. The CH layer can be as thin as
1 um (duplex film), or it can be much more massive, several um across [23]. The
porous nature of the transition zone is the result of pores formed between the CSH
and the ettringite in a zone which backs up the CH layer. A schematic description
of the transition zone showing the different layers (duplex film, CH layer, porous
layer consisting of CSH and some ettringite) is presented in Figure 2.7(a), along
with some micrographs which demonstrate the microstructure of each of the layers
(Figure 2.7(b)—(d)). The formation of a CH rich zone at the fibre surface is probably
the result of its precipitation from the solution in the space around the fibre, with the
fibre surface being a nucleation site. The CH layer adjacent to the fibre surface is
not necessarily continuous and it contains some pockets of very porous, needle-like
material (Figure 2.7(c)) consisting also of CSH and some ettringite. The thin duplex
film can usually be observed in the vicinity of the porous zone (Figure 2.7(d)) but
not around the massive CH.

The microstructure in Figure 2.7 clearly indicates that the weak link between
the fibre and the matrix is not necessarily at the actual fibre-matrix interface;
it can also be in the porous layer, which extends to a distance of ~ 10-40 um
from the interface, between the massive CH layer and the dense bulk paste
matrix. This is consistent with characteristics of the mechanical properties of
the transition zone determined by microhardness testing [26—28], showing lower
values in the paste matrix in the immediate vicinity of the inclusion (aggregate,
fibre) than in the bulk paste away from the inclusion surface, Figure 2.8. This is
reflected in observations reported in [29] showing that during pull-out of a fibre
high shear displacements occurred in an interfacial zone which appeared to be
40-70 um wide.
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Figure 2.7 The transition zone in steel fibre reinforced cement (after Bentur et al. [23]). (a)
schematic description; (b) SEM micrograph showing the CH layer, the porous
layer and the bulk paste matrix. (c) SEM micrograph showing discontinuities in

the CH layer and (d) SEM micrograph showing the duplex film backed up by
porous material.
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Figure 2.7 Continued.
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Figure 2.8 The microhardness of the cement paste matrix in contact with a steel fibre
(after Wei et dl. [26]).

It should be noted that the interfacial zone is sensitive to the processing and
to the nature of the matrix. Intensive processing, which involves higher shear
stresses in the fresh mix will result in a denser and smaller transition zone [30]. In
the case in which the matrix is made of a well-graded mix, with fine fillers of the
size of cement grains and smaller, and the fibre cross section is sufficiently small,
the transition zone can be almost completely eliminated, resulting in a high bond
matrix [31]. This kind of a microstructure is more likely to occur in systems such
as RPC and DSP discussed previously [4-6], and in systems where the fibres are
particularly small in diameter, a few tens of microns or less. In this range, the size of
the fibre cross section is similar to that of the cement grains and fillers, and efficient
packing of the fibre in between the cement grains can take place, resulting in an
extremely dense microstructure, without any transition zone, as seen in Figure 2.9.
Fibres in this size range, which is characteristic of many of the polymer and glass
fibre filaments, are often referred to as microfibres, to make the distinction from
macrofibres with cross-section diameters of 0.1 mm and more. The potential of
getting the dense microstructure, such as the one seen in Figure 2.9, is dependent
on efficient dispersion of the microfibres in the composite, to break their original
bundled morphology.

Processing of softer fibres by special means, such as extrusion, can result in
marked interfacial changes which are associated with abrasion of the fibre and
its fibrillation, resulting in enhanced bonding [32]. Interfacial microstructural
changes can occur during the pull-out of fibres induced during the loading of the
composite, resulting in damage to the fibre or to the surrounding matrix, depending,
to a large extent, on their relative stiffness [33]. These characteristics will be given
special attention in Chapter 3. Interface tailoring is thus becoming an important
tool in the development of high performance fibre reinforced cements (e.g. [34]).

2.3.2 Bundled fibres

In fibres consisting of bundled filaments, which do not disperse into the individual
filaments during the production of the composite, the reinforcing unitis notasingle



www.polycomposite.ir

Structure of FRC materials 25

,r

P & l

S (SKp#00133

>

Figure 2.9 A dense interfacial microstructure formed around a microfibre (carbon) which
was well dispersed as monofilament in the cement matrix (after Katz and
Bentur [31]).

filament surrounded by a matrix, but rather a bundle of filaments [11,35-37] as
shown in Figure 2.3(c) for glass fibres. The filaments in the fibre bundles of
this kind are quite small, with diameters of ~ 10 um or less. The size of the
spaces between the filaments does not exceed several um, and as a consequence
it is difficult for the larger cement grains to penetrate within these spaces. This
is particularly the case with glass fibres, which have much less affinity for the
cement slurry than does asbestos. The resulting microstructure after several weeks
of hydration is characterized by vacant spaces between the filaments in the strand
or limited localized formation of hydration products in some zones between the
filaments (Figure 2.10). As a result, the reinforcing bundle remains as a flexible
unit even after 28 days of curing, with each filament having a considerable freedom
of movement relative to the others. Some stress transfer into the inner filaments
may occur through frictional effects, aided by the point contacts formed by the
hydration products and the sizing applied during the production of the glass fibre
strands. In such a bundle, the bonding is not uniform, and the external filaments
are more tightly bonded to the matrix.

The spaces between the filaments can be gradually filled with hydration products
if the composite is kept in a moist environment. This process involves nucleation
and growth stages, and the filament surfaces can serve as nucleation sites. Mills
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Figure 2.10 The spaces between the filaments in the reinforcing strand in a young (28 days
old) glass fibre reinforced cement composite (after Bentur [37]).

[38] has demonstrated the affinity of an alkali-resistant glass fibre (AR) for nucle-
ation and growth of CH crystals on its surface, when it was in contact with a
Portland cement pore solution. This affinity is evident in the aged composite, pre-
pared with high zirconia AR glass, where massive deposits of CH crystals were
observed between the filaments [35,37], cementing the whole strand into a rigid
reinforcing unit (Figure 2.11(a)). The nature of the deposited products can change,
depending on the surface of the fibre. In newer generations of AR glass fibres
(Cem FIL-2), in which the surface was treated by special coating [39], the hydra-
tion products deposited tend to be more porous, presumably CSH, rather than
the massive crystalline CH (Figure 2.11(b)). Also, the rate of deposition is much
slower [40]. This is a demonstration of the effect that the fibre surface may have
on the microstructure developed in its vicinity.

The absence of CH-rich zones in the vicinity of the fibres was reported by Akers
and Garrett [41] for ashestos—cement composites and by Bentur and Akers [42]
for cellulose FRC composites produced by the Hatscheck process. This may be
the result of the affinity of these fibres for the cement particles, and the processing
treatment which involves dewatering, both of which lead to a system with very
little bleeding, and probably reduce the extent of formation of water-filled spaces
around the fibres in the fresh mix. This is reflected in the nature of the fibre—matrix
bond failure; in ashestos composites, the cement matrix was sometimes seen to
be sticking to the asbestos fibre bundle. This suggests that a strong interface was
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Figure 2.1 1 The spaces between the filaments in an aged glass fibre reinforced cement,
showing them to be filled with massive CH crystals in the case of CemFIL-1
fibres (a) and more porous material in CemFIL-2 fibres; (b) (after Bentur [37]).
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formed, and that failure occurred preferentially in the matrix away from the fibre
bundle. The bundled nature of the asbestos fibres occasionally gave rise to another
mode of failure, which involved fibre bundle failure due to separation between
the filaments which make up the bundle [43]. This mode of failure was more
likely to occur if, during the production of the composite, the bundle was not
sufficiently opened to allow penetration of cement particles between the filaments
in the bundle. Although this bears some resemblance to the observations with glass
fibre strands, it should be emphasized that there is a considerable size difference
between the two systems: the asbestos bundle is much smaller, consisting of fibrils
of ~0.1 um diameter or even less, with a fibre bundle diameter being ~5 um; in
the glass system each filament is ~ 10 um in diameter.

Thus, although many of the FRC systems develop a transition zone which is
porous and rich in CH, this may not generally hold true for all systems. Substantial
changes in the affinity of the fibre for the matrix, combined with rheological
modification of the mix or its processing, may have a major effect on the interface,
and consequently on the fibre-matrix bond.
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Chapter 3

Fibre-cement interactions

Stress transfer, bond and pull-out

3.1 Introduction

The effectiveness of fibres in enhancing the mechanical performance of the brittle
matrix is dependent to a large extent on the fibre—-matrix interactions. Three types
of interactions are particularly important:

1 physical and chemical adhesion;

friction;

3 mechanical anchorage induced by deformations on the fibre surface or by
overall complex geometry (e.g. crimps, hooks, deformed fibres).

N

The adhesional and frictional bonding between a fibre and cementitious matrix
are relatively weak. They have however significant contribution and practical
significance in the case of composites having high surface area fibres (e.g. thin
man-made synthetic filaments such as carbon, referred to sometimes as microfi-
bres, with diameters in the range of 10 «m), and advanced cementitious matrices
which are characterized by an extremely refined microstructure and very low
porosity (i.e. water/binder ratios lower than about 0.3). In conventional fibre rein-
forced concretes, where the matrix water/binder ratio is 0.40 and above, and the
fibres are of a diameter in the range of 0.1 mm or bigger, efficient reinforcement
cannot be induced by adhesional and frictional bonding, and mechanical anchoring
is required. For this purpose a variety of fibre shapes have been developed and are
used commercially.

An additional element that should be considered is the orientation angle of the
fibre, relative to the load direction. A range of competing processes needs to be
considered here, in particular in the brittle cementitious matrix, where much of the
fibre contribution comes at the stage where the matrix has cracked and the fibre is
bridging across the crack.

These elements will be analysed in this chapter, starting with the modelling of the
pull-out and bonding of straight and smooth fibres, either aligned or oriented, going
through the modes of bonding of deformed fibres, where mechanical anchoring is
induced. In these treatments, distinction will be made between the processes prior
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Figure 3.1 Pull out geometry to simulate fibre—matrix interaction.

to matrix cracking, and in the post-cracking stage, where the fibres bridge across
cracks. The role of the fibres is particularly crucial in the latter stage.

A common element in all of these treatments is the quantification of the bonding
by the simple pull-out geometry shown in Figure 3.1. This geometry is the one
used in testing, to obtain a pull-out vs. slip relation, and in the modelling of the
fibre—matrix interactions to provide analytical simulation for these curves. Ideally,
one would like to provide a constitutive relation for the interfacial interactions by
means of a characteristic curve of interfacial shear stress vs. pull-out displacement,
Figure 3.2(a). Curves of this kind demonstrate a range of behaviours, from slip
softening to slip hardening. Many of the models assume a constant frictional
interfacial shear behaviour, Figure 3.2(b). Such relations cannot be developed by
direct testing and are obtained indirectly from pull-out tests and assumptions which
are at the basis of the analytical models applied to interpret these curves. More than
that, interpretations in terms of interfacial shear stress are only valid from a physical
point of view for well-defined geometry, such as straight and smooth fibres. As
already indicated, this treatment is of direct practical significance to the more
advanced cementitious composites, employing a dense matrix reinforced with
thin filaments. For a conventional concrete matrix, deformed fibres are usually
used, and their mechanics will be considered in Section 3.4.

3.2 Straight fibres

3.2.1 Elastic and frictional stress transfer

Qualitative and quantitative models have been developed to account for the fibre—
matrix stress transfer and crack bridging, by analysing the shear stresses that
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develop across the fibre—-matrix interface in straight fibres. The models usually
provide an analytical solution to a simulation of the fibre-matrix interaction, which
is based on the simple pull-out geometry shown in Figure 3.1. These analytical
treatments set the basis for predicting the efficiency of the fibres in the actual
composite, which is usually made with short and randomly oriented fibres.

The processes involved in the fibre—matrix interaction take place mainly in a
relatively small volume of the matrix surrounding the fibre. The microstructure
of the matrix in this zone can be quite different from that of the bulk matrix
(Chapter 2), thus invoking effects which are not always predicted by the analytical
models which assume a uniform matrix down to the fibre surface. Its influence on
the fibre—matrix interaction will be discussed in Section 3.5.

An understanding of the mechanisms responsible for stress transfer provides
the basis for prediction of the stress—strain curve of the composite and its mode of
fracture (ductile vs. brittle). Such understanding and quantitative prediction may
also serve as a basis for developing composites of improved performance through
modification of the fibre—-matrix interaction. This might be achieved, for example,
through changes in the fibre shape, or treatment of the fibre surface.

In brittle matrix composites, the stress-transfer effects should be considered for
both the pre-cracking stage and the post-cracking stage, since the processes can
be quite different in these two cases. Before any cracking has taken place, elastic
stress transfer is the dominant mechanism, and the longitudinal displacements
of the fibre and matrix at the interface are geometrically compatible. The stress
developed at the interface is a shear stress which is required to distribute the external
load between the fibres and matrix (since they differ in their elastic moduli), so that
the strains of these two components at the interface remain the same. This elastic
shear transfer is the major mechanism to be considered for predicting the limit of
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proportionality and the first crack stress of the composite. The elastic shear stress
distribution along the fibre—matrix interface is non-uniform.

At more advanced stages of loading, debonding across the interface usually
takes place, and the process controlling stress transfer becomes one of frictional
slip. In this case relative displacements between the fibre and the matrix take place.
The frictional stress developed is a shear stress, which is assumed in many models
to be uniformly distributed along the fibre—matrix interface. This process is of
greatest importance in the post-cracking zone, in which the fibres bridge across
cracks. Properties such as the ultimate strength and strain of the composite are
controlled by this mode of stress transfer.

The transition from elastic stress transfer to frictional stress transfer occurs when
the interfacial shear stresses due to loading exceed the fibre—matrix shear strength.
This will be referred to as the adhesional shear bond strength, 4. As this stress is
exceeded, fibre-matrix debonding is initiated, and frictional shear stress will act
across the interface in the debonded zone. The maximum frictional shear stress
(i.e. the frictional shear strength) that can be supported across the interface will
be called zs,. The values of 5, and 74, are not necessarily the same. The value of
Tf, IS Very sensitive to normal stresses and strains; in most analytical treatments
it is assumed to be constant over the entire pull-out range, implying the ideal
interfacial shear stress—displacement curve shown in Figure 3.2(b). However, in
practice, ts, may be reduced at advanced stages of loading (slip softening) or
increased (slip hardening), depending on the nature of the interaction and the
damage developed across the interface during the slip process (for more details
see Section 3.5).

The transition from elastic stress transfer prior to debonding, to frictional stress
transfer after debonding, is a gradual process, during which both types of mech-
anisms are effective. Debonding may even take place prior to the first cracking
of the matrix [1], and thus, the combined effect of these two mechanisms may
influence the shape of the stress—strain curve prior to matrix cracking. The occur-
rence of such a sequence of events depends upon the fibre—matrix adhesional shear
bond strength and on the tensile strength of the matrix. If the latter is high, one
may expect debonding to occur prior to matrix cracking, when the elastic shear
stress exceeds the adhesional shear bond strength. Bartos [1] has argued that in
such instances, the limit of proportionality may be reached before first cracking.
He thus questioned the commonly held concept that matrix cracking and the devi-
ation of the stress—strain curve from linearity (i.e. limit of proportionality) must
always coincide.

In composites with a low tensile strength matrix, cracking may precede fibre
debonding. In this case, fibre debonding, being the result of the interaction of
an advancing crack and a fibre placed in its path, assumes a different nature. The
analytical treatment of such an event can be based on fracture mechanics concepts,
taking into account the stress field in front of the advancing crack as it approaches
the reinforcing inclusion (fibre). In an analysis of this kind the differences in the
moduli of elasticity of the matrix and the fibre should be considered, as well as the
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special nature of the matrix properties in the vicinity of the interface, which may
be different from that of the matrix in which the crack was initiated and advanced
(Chapter 2).

The shear stresses developed parallel to the fibre—matrix interface are of prime
importance in controlling the fibre—matrix stress-transfer mechanism, as discussed
previously. Yet, one should also consider the effect of strains and stresses that
develop normal to the fibre-matrix interface. Such strains and stresses may be
the result of the Poisson effect, volume changes, and biaxial or triaxial loading.
They may cause weakening of the interface and premature debonding, and may
also induce considerable variations in the resistance to frictional slip, which is
sensitive to normal stresses.

A comprehensive approach to model the stress transfer requires simultaneous
treatment of all the above-mentioned effects: elastic shear transfer, frictional slip,
debonding, and normal stresses and strains. Unfortunately, such a unified approach
is complex. Therefore, in this chapter, each of these effects will first be discussed
separately, based on models developed for fibres of a simple shape, usually straight
fibres with a circular cross section. The stress transfer in uncracked and in cracked
composites will also be dealt with separately.

It should be borne in mind that although most analytical models were developed
for smooth, straight fibres, as outlined in this section, the fibres used in practice
have more complex shapes, such as profiled steel fibres, networks of fibrillated
polypropylene film or bundles of filamentized glass fibre strands (Section 2.2).
These complex shapes are the result of the production process of the fibres (e.g.
fibrillated glass fibres) or the need to improve the bond characteristics by providing
mechanical anchoring effects (e.g. crimped and hooked steel fibres). The latter
need is a manifestation, as noted before, of the fact that the shear bonding stresses
between the fibre and the matrix are relatively low, and are insufficient to generate
composites with reasonable mechanical properties. Mechanical anchoring is a
practical solution to compensate for the short anchorage length and low bond
strength. Thus, many of the analytical models developed for smooth, straight
fibres may not be applicable quantitatively (or even qualitatively) to the complex
shaped fibres. These characteristics are dealt with in Section 3.3. The significance
of the stress transfer in controlling the reinforcing efficiency of short fibres will
be discussed in Chapter 4.

3.2.2 Stress transfer in the uncracked composites

3.2.2.1 Elastic stress transfer

During the early stages of loading, the interaction between the fibre and the matrix
is elastic in nature. The first analytical model to describe the stress transfer in
the elastic zone was developed by Cox [2]. Later models were based on similar
concepts; they differed only in some of their numerical parameters. These mod-
els are usually referred to as shear lag theories. They are based on the analysis
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of the stress field around a discontinuous fibre embedded in an elastic matrix.
A schematic representation of the deformations around such a fibre, before and
after loading, is provided in Figure 3.3(a). In calculating the stress field developed
due to these deformations, several simplifying assumptions are made:

N

The matrix and the fibre are both elastic materials.

The interface is infinitesimally thin.

There is no slip between the fibre and the matrix at the interface, that is
‘perfect’” bond exists between the two.

The properties of the matrix in the vicinity of the fibre are the same as those
of the bulk matrix.

The fibres are arranged in a regular, repeating array.

The tensile strain in the matrix, en, at a distance R from the fibre, is equal to
the tensile strain of the composite, «.

No stress is transmitted through the fibre ends.

There is no effect of the stress field around one fibre on neighbouring
fibres.

Based on these assumptions, Cox [2] derived the following equations for the
tensile stress, o (x), in the fibre, and the elastic shear stress at the interface, 7(x),

{al X ~—]
-1 —|- |: T \ ,'rl
R II ‘ rL .4 ——+§-- 15 ) /
| 1 FIBRE 2r [) R Pl
I 1 1 / / / K
LT [/ 7] \
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o

Figure 3.3 Schematic description of a fibre embedded in a matrix, and the deformation

and stress fields around it: (a) geometry of the fibre and the deformation
in the matrix around the fibre prior to and after loading; (b) elastic shear
stress distribution at the interface (t) and tensile stress distribution in the
fibre (o).
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at a distance x from the fibre end:

. 1 —cosh B1((£/2) — X)
ot (X) = Efem [ cosh(B1,2) } (3.1)
B Gm /2 sinh B1((£/2) — x)
v () = Erém [ZEfﬂn(R/r)] cosh(B1t/2) (32)
- 26 1/2
= i 9

where, with reference to Figure 3.3(a): R is the radius of the matrix around the
fibre; r, the radius of the fibre; ¢, the length of the fibre; Ef, the modulus of
elasticity of the fibre and Gy, the shear modulus of the matrix, at the interface.
The value R/r depends upon the fibre packing and the fibre volume content of
the composite. The following equations for long fibres of circular cross section
have been derived [3]:
Square packing:

1
(nR/r =240 (x/Vr) (3.4)
Hexagonal packing:
R/r = %En [27/(3V5)Y/?] (3.5)

where V; is the fibre volume content in the composite.

The calculated shear stress distribution at the interface, and the tensile stress
distribution in the fibre are presented graphically in Figure 3.3(b). The shear stress
has a maximum value at the ends of the fibre and drops to zero at the centre. It is
in this end zone that the stress is transferred from the matrix to the fibre, gradually
building up tensile stress within the fibre. The tensile stress increases from the
fibre end moving inwards, reaching a maximum at the centre.

More detailed analyses have given similar results, and they usually differ only in
the value of 81 (e.g. [4]). Inall cases, f1, isafunction of (Gn, /Es)Y/2. Experimental
measurements [4], however, usually indicate much higher shear values at the fibre
end than those predicted by equations such as Eq. 3.2. This is due in part to stress
concentrations that may arise at the fibre ends, and in part to the difference between
the moduli of elasticity of the fibre and the matrix.

The efficiency of fibre reinforcement depends to a large extent on the maximum
tensile stress that can be transferred to the fibre. The maximum value would,
of course, be the yield strength or tensile strength of the fibre. The shear lag
theory (Eqgs 3.1-3.3) provides an analytical tool to predict the shear stresses that
will develop at the interface in order to achieve this maximum tensile stress. An
estimate of the maximum elastic shear stress developed for different levels of
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tensile stress in the fibre can be obtained by calculating the ratio between the
maximum elastic shear stress at the interface, [t(max) = 7(x = 0)], and the
maximum tensile stress within the fibre itself, [of (Mmax) = of (X = £/2)], taking
the expression in Eqs 3.2 and 3.1, respectively:

1/2 Bil

rma) ___ Cm coth 2~ (36)

of(max) | 2E¢£n(R/r) |

For long fibres, Eq. 3.6 reduces to:

tmax) [ Gp Y

of(max) | 2E¢£n(R/r) | (3.7)

For a typical steel fibre—cement composite with a 2% fibre volume, and assuming
hexagonal packing, the ratio in Eqg. 3.7 would be about 0.06. Thus, for a typical
cementitious matrix, where the adhesional shear bond strength would not normally
exceed ~ 15 MPa, the maximum tensile stress that could develop in the fibre
would be about 200 MPa. This value is well below the strengths of commercial
fibres, which usually are in excess of 700 MPa (Table 1.1). It should also be noted
that, because of the simplifying assumptions involved in the derivation of these
equations, the maximum calculated shear stress values may be considered to be
the lower bound. The ratio of ¢ (max) /o (max) would probably be larger than that
calculated from Eq. 3.7. Thus, in an FRC composite, the adhesional shear bond
strength at the interface would normally be exceeded long before a significant
tensile stress could develop in the fibre.

3.2.2.2 Combined elastic and frictional stress transfer

The earlier analysis of elastic stress transfer implies that debonding may occur at
an early stage, before the fibre has been utilized effectively. If debonding occurs
prior to matrix cracking, two alternatives should be considered:

1 Complete loss of bond and failure of the composite.
2 Slip in the debonded zone, resulting in activation of the frictional slip
resistance mechanism.

Only the second alternative, which is presented schematically in Figure 3.2, will
be discussed further, since it is most likely to occur in FRC composites. Assuming
that in the debonded zone the frictional resistance to slip results in a uniform
distribution of a frictional shear stress, z,, at the interface (Figure 3.2(b)), then
the shear stress distribution at the interface and the tensile stress distribution in
the fibre can be described by the curves in Figure 3.4. At early stages of loading,
before the maximum elastic shear bond stress, T(max), exceeds the adhesional
shear bond strength,zay (Po in Figure 3.4), the distributions are similar to those
presented in Figure 3.3. When the adhesional shear strength has been exceeded at
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Figure 3.4 Distribution of interfacial shear stresses, 7,and fibre tensile stresses, ot, in zones
of combined elastic and frictional shear stress transfer. Py, P|, P;,and P indicate
the distribution curves at increased stages of loading. aj, a3, a3 indicate the a
location of the interfacial zone where debonding occurred.

load P4, a debonded zone of length a; is formed, and the shear stress distribution
is uniform in this zone (with a shear stress value of ;). Beyond zone aj, the
interfacial shear stress decreases, following the shear lag theory relationships. As
a result, the tensile stress build-up in the fibre is linear throughout the debonded
zone (0 < X < az) and then it increases, following the shear lag theory equation.
As the external load increases (P2) so does the length of the debonded zone (ay),
and the tensile stress distribution in the fibre changes accordingly. In the extreme
case, where the debonded length is such that a tensile stress equal to the strength
of the fibre can be developed, the stress distribution becomes linear (P3).

For tyy = 11 the stress distributions presented in Figure 3.4 are similar to
those developed for fibres in a plastic matrix [4], in which a constant shear
stress develops at the interface as the matrix yields (i.e. the shear strain at the
fibre—matrix interface exceeds its yield strain). Yet, it should be emphasized that
in the case of FRC composites, in which the matrix is more brittle than the fibres,
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a different mechanism is responsible for inducing a constant shear stress at the
interface at advanced stages of loading, that is frictional slip rather than plastic
yielding.

3.2.3 Stress transfer in cracked composites

In practice, the major effect of the fibres in FRC composites occurs in the post-
cracking zone, where the fibres bridge across cracks that have propagated in the
brittle matrix, and thus prevent catastrophic failure. Whereas the stress-transfer
mechanisms described in the previous section control the stress—strain curve of
the composite prior to cracking, the mechanisms discussed in this section are the
ones which influence the ultimate strength and deformation properties of the FRC
composite and its mode of failure. The load transfer induced by the fibre which
bridges across the crack is usually simulated by pull-out tests, in which either a
single fibre or an array of fibres is pulled out of a matrix. Various pull-out test
configurations are discussed in Section 6.3.8. Because of the significance of these
aspects of fibres in brittle matrix composites, the pull-out of a fibre from such
matrices has been treated extensively, both analytically and experimentally. These
treatments can serve a double purpose:

1 They provide the basis for predicting the overall behaviour of the composite
in the post-cracking zone.

2 They provide a tool for analysing the results of pull-out tests, in order to
resolve the bonding mechanisms and to determine the relative contributions
of elastic and frictional shear stress transfer components.

An assumption implicit in most analytical models and pull-out test configurations
is that the faces of the crack across which the fibre is bridging are smooth and
straight, with single fibres protruding normal to the faces. However, in an actual
composite, the situation is much more complex:

1 The interaction of a crack, propagating in the matrix, with a fibre lying in its
path, can be quite complex, often resulting in extensive microcracking in the
vicinity of the fibre, and debonding at some distance away from the actual
fibre—matrix interface. These characteristics are dealt with in Section 3.5,
taking into account the stress field at the crack tip and the microstructure of
the matrix at the fibre—matrix interface.

2 In practice, most FRC composites are made with fibres having a more or
less random orientation, and therefore, many of the fibre bridging across the
crack assume an angle different from 90° with respect to the crack surfaces.
The pull-out mechanisms invoked with randomly oriented fibres can be quite
different from those with fibres normal to the crack. Orientation effects will
be discussed in Section 3.3.
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The subject of debonding and pull-out has been studied extensively and a variety
of models have been presented [5-14]. Many of them are based on common
concepts which were reviewed in references [1,5,6]. A significant portion of this
section will be based on these three papers.

The stress-transfer mechanisms to be considered during pull-out or bridging over
an opening crack are essentially the same as those discussed in Section 3.2.1 for the
uncracked composite: elastic bonding (shear lag theory) and frictional slip. The
main difference is that whereas in the previous case the maximum interfacial shear
stress values occur at the ends of the fibre, in the cracked composite they occur at
the point at which the fibre enters the matrix. If debonding has previously occurred
at this intersection (during interaction with the propagating crack or due to loading
in the pre-cracked zone), the shear stress distribution will be of a combined mode,
with frictional shear adjacent to the crack, and decreasing elastic shear stresses
away from it (Figure 3.5(a)). In the event that no debonding preceded cracking,
the interfacial shear stress distribution at the fibre—crack intersection will initially
be elastic in nature, following the shear lag equations (Figure 3.5(b)), and only at
advanced stages of loading will it combine frictional shear and elastic shear.

Several models (e.g. [7,11,13,14]) have analysed the pull-out of a single fibre
from a matrix, based on the shear lag theory up to debonding and frictional slip
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Figure 3.5 Interfacial shear stress distribution along a fibre intersecting a crack immediately
after cracking: (a) debonding preceded cracking; (b) no debonding prior to
cracking.
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thereafter. Assuming the configuration of Figure 3.1, Greszczuk [7] derived the
following equations:

T(X) = %[sin Box — coth(B2£) cosh(B2x)] (3.8)
2Gn 1/2
po=| | ©9)

where r is the radius of the fibre; bj, the effective width of the interface; E¢, the
modulus of elasticity of the fibre; G, the shear modulus of the matrix at the
interface and £, the embedded length.

In this treatment, no reference is made to the width of the interfacial zone, and
it is implied that it is a very thin layer of binder.

The stress distribution predicted by Eq. (3.8) is essentially similar to that of the
shear lag theory, with a maximum elastic shear stress at the point at which the fibre
enters the matrix (Figure 3.5(b)). The value of this stress is:

t(max) =t(Xx=0) = % coth(B20) (3.10)

In many simplified treatments of the stress-transfer problem, reference is made to
an average interfacial shear stress value, T, assuming a uniform interfacial shear
stress distribution along the whole fibre length; for a pull-out load P,

P

3.11
2w re ( )

T =

This value has no physical significance, especially when the shear transfer is solely
elastic. It can easily be shown that 7 is considerably smaller than 7 (max), and the
difference between the two increases with the length of the fibre. Thus, the use
of average values can be misleading. For example, the T value determined from
the pull-out test of a fibre of a specific length cannot be used to predict the load
that can be supported in a similar system with a fibre of different length, just
by multiplying by the fibre length ratio. Thus, one should avoid interpreting the
results of pull-out tests (i.e. the load required to pull the fibre out of the matrix
in a test configuration such as that shown in Figure 3.1) by calculating average
stresses.

Once the elastic shear strength has been exceeded (at the point of entry of
the fibre into the matrix) debonding will occur. Assuming that the debonding is
limited to the zone in which the elastic shear stress exceeds the adhesional shear
bond strength, then the load transfer process will be made up of frictional slip at
the debonded end and elastic shear transfer in the rest of the fibre. This implies
that when the elastic shear bond strength is exceeded, catastrophic failure will not
necessarily occur. This state of combined stress-transfer mechanisms was treated
analytically by Lawrence [8], and was later reviewed and extended by others
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Figure 3.6 Partially debonded fibre configuration and the interfacial shear stresses to
calculate combined elastic and frictional resistance to pull-out.

(e.g. [1,5,10,11,13,15]). Lawrence also considered frictional slip in the debonded
zone. The debonded fibre configuration is presented schematically in Figure 3.6,
assuming frictional slip in the debonded zone, with a constant shear stress of .
At the point at which debonding is terminated, the load, P’, carried by the fibre,
will be equal to the external load P, minus the load provided by the frictional
resistance over the debonded zone:

P'=P — 27 rb (3.12)

where r is the fibre radius and b, the length of the debonded zone;

Beyond this point, the stress distribution in the bonded zones is governed by
elastic considerations, and can be calculated by equations such as Eqgs 3.8 and 3.9,
assuming a fibre with a length of (¢ — b) and a pull-out load of P’ (Eg. 3.12).

Thus, the interfacial elastic shear stress at the end of the debonded zone is:

P'B2

e coth[B2(¢ — b)] (3.13)

7/(max) =
If b increases and t’(max) remains equal to or smaller than z,, no catastrophic
debonding will take place; that is in order to advance the debonded zone the load
P must be increased. This condition will occur when the increase in the term
coth[B2(¢ — b)] in Eq. 3.13 due to the increase in b, is compensated for by a
decrease in P’. If this compensating effect does not take place, bond failure will
occur at once without progressive debonding.
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A similar analytical model, using the same concepts but somewhat different
assumptions, was developed by Gopalaratnam and Shah [10], Naaman et al.
[11,12] and Lin and Li [14] for cement matrices and by Budiansky and Hutchinson
[13] for ceramic matrices, all of them representing elastic-brittle matrices. Naa-
man et al. [11,12] considered in their model a decay in the frictional resistance
with increase in slip. This is demonstrated in Figure 3.7 in which the characteristic
shear stress-slip diagram is presented alongside the load-slip diagram. The overall
behaviour in Figure 3.7 [16] assumes interfacial shear stresses which are elastic to
start with, with a gradual follow-up of debonding, which starts at load P where
the slip is Acrit. The gradual debonded zone is extended and at a slip of Ag the
whole fibre is debonded and the interfacial shear becomes frictional. In between
Agrit and Ag the stress transfer includes a mixed mode of adhesional and frictional
stresses. Naaman et al. [11,12] developed a model for the decaying frictional slip,
71, (A) for slip A (the subscript “d” indicates damage or decay):

e~ (A—ng)"—ge V"

T, (A) = i 1 oAty

C1—exp[—2viu(l — A+ Ao)/Esrs (1 +Vm)/Em) + (1 — vp)/Ef)]

1 —exp[—2vsul /Esrs (1 4 Vm)/Em) + ((1 — v¢ /Ef)]
(3.14)

where A is the relative slip of the fibre after pull-out debonding; Ay, the relative
slip of the fibre at end of pull-out debonding, as a first approximation it can be
taken equal to the slip at maximum load; &, the damage coefficient, a dimensionless
constant to give the analytical descending branch of the bond shear stress vs. slip
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Figure 3.7 Pull-out of aligned and straight fibres with elastic response and a decaying fric-
tional slip: (a) typical pull-out load vs. slip response for steel fibre embedded in
cement-based matrix; (b) bond shear stress vs. slip relationship with frictional
decay (after Bentur et al. [6])
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curve the same decaying trend as the experimental one; w, the friction coefficient
of the fibre—matrix interface; v, the Poisson’s ratio, with subscript f for fibre
and m for matrix and n, the coefficient describing the experimental shape of the
descending branch of the bond shear stress vs. slip curve; for smooth steel fibres,
a value of 0.2 is recommended by Naaman et al. [11,12].

The decaying frictional function (i.e. slip softening) suggested by Naaman et
al. [11,12] was based on the study of pull-out of steel fibres from a cement matrix.
In this system, the matrix interface is abraded by the higher modulus steel fibre,
and the abrasion damage accumulates with slip, leading to the decay. However,
this trend may change or even be reversed for different fibres and matrices, as
demonstrated in Figure 3.8 [17]. Behaviours of this kind can be explained on the
basis of microscopical observations and micro-compositional characterization of
the interface [18]. When the fibre is softer than the matrix (e.g. low modulus
polymer), the pull-out results in damage to the fibre, showing up as fibrillation
and peeling of its surface, leading to some mechanical anchoring between the fibre
and the matrix, with the consequence being an ascending, slip hardening pull-out
curve [19] (for more details see Section 3.4).

Lin and Li [14] modelled the pull-out resistance of a slip hardening fibre by
assuming a linear relation between the interfacial shear stress ¢ and the slip A:

=11+ BA/d) (3.15)

where: t is the interfacial shear stress after slip A; 1o, the interfacial shear at the
tip of the debonding zone where no slip occurs (A = 0); 8, the non-dimensional
hardening parameter and d, the fibre diameter.

Pullout
load

()

(b)

Displacement

Figure 3.8 Three modes of pull-out behaviour showing ideal friction (a), slip softening;
(b) slip hardening (c) (adapted from Katz and Li [17]).
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The calculated pull-out load (P)-displacement (8) relation (fibre end
displacement in pull-out, or the analogous crack opening in a fibre bridging a
crack) is given by the following equations:

1 For the fibre debonding stage (0 < § < &g)

2 2
p— 00 +m (1+ @) 1 (3.16)
w 2d

2 For the fibre post-debonding (pull-out) stage (8o < § < ¢):

2
p_ @+ [sinh <w—L> —sinh (—w((S _ 80))}
1) ds dr
+ B+ n)(S — o) [£ — (8 —b0)] (3.17)

and P = 0 for § > ¢ where

n = (VfEf)/(VmEm)

o = /41 +n)Bro/Es

2d wl
o= —|cosh|— ) -1
o= [ ()
where Vs, Vi is the volume fraction of fibre and matrix, respectively; d, the fibre
diameter; §p, the crack opening/displacement at which debonding is complete

along the full length of the embedded fibre segment; 7o, the the value obtained for
a constant shear model, for 8 — 0 in Eq. 3.16; ¢, the embedded length.

3.2.4 Frictional slip and normal stresses

The discussion in the previous section emphasized the important role of frictional
slip resistance in the stress-transfer mechanisms. The magnitude of this effect is a
function of the normal stresses that develop across the interface, and the apparent
coefficient of friction:

Tfu = MOn (318)

where 17, is the frictional shear stress; u, the coefficient of friction; and oy,
the fibre—matrix normal stress (contact pressure); the sign of oy, is negative for
compression.

The normal stresses (sometimes called clamping stresses) are generated by a
misfit, 3, between the radius of the fibre and the radius of the hole in the ‘free
matrix’, that is the matrix in the absence of the fibre [11]. A reduction in the radius
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of the matrix hole for any reason would induce normal compressive stresses which
increase the frictional resistance. The normal strain, epo associated with this misfit
would be

8
Eno = F (319)

If the value of § is negative (i.e. the reduction in the radius of the hole in the free
matrix is greater than the reduction of the fibre radius), the resulting normal com-
pressive stress will lead to enhanced frictional resistance. If, however, the value
of § is positive compressive normal stresses will not develop, and the frictional
resistance to slip will be greatly reduced. Four effects should be considered when
predicting the magnitude of the fibre—matrix misfit and the normal stresses:

1 Volume changes Drying shrinkage of the matrix is an example of matrix
contraction in excess of that of the fibres. Although this effect can be sim-
ply analysed in terms of shrinkage strains, it may involve some additional
complexities arising from cracks generated during shrinkage.

2 External stresses External pressure on the composite could generate normal
compressive stresses across the interface.

3 Poisson effects  If the Poisson’s ratio of the fibre is smaller than that of the
matrix, then under tensile loading the misfit § would be negative, resulting in
normal compressive stresses and increased frictional resistance. However, it
should be noted that the tensile strain of the fibre where it enters the matrix, in
the vicinity of a crack, is much greater than that of the matrix, Figure 3.9 [20].
This may result locally in a Poisson contraction in the fibre greater than that
of the matrix, even though the Poisson’s ratio of the fibre is smaller. In this
case, tensile normal stresses may be generated at the interface, and reduce or
even eliminate the frictional resistance to slip.

4  Plastic deformation Yielding of fibres during loading may result in a large
plastic radial contraction of the fibre, which may reduce the frictional slip
resistance.

Pinchin and Tabor [21,22] considered the first three effects, namely volume
change, external pressure and the Poisson effect. They derived a general equation
for the load build-up in a fibre, Py, at a distance x from its edge:

_ _JTFSoEf _ —2vf uX
=y {1 exp|:Efr((1+Vm)/Em+(1—Vf)/Ef):|} (3.20)

where &g is the misfit value due to matrix shrinkage and external pressure (negative
sign); &, the Poisson contraction strain of the fibre; v¢, vy, the Poisson’s ratio of
the fibre and the matrix, respectively; w, the coefficient of friction and Ez, the
modulus of elasticity of the fibre.
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- MATRIX

Figure 3.9 Representation of fibre and matrix in the vicinity of a crack. The Poisson
contractions have been grossly exaggerated for clarity (after Kelly and
Zweben [20])

For a constant embedded length, ¢, and coefficient of friction, w, the term in
brackets in Eqg. 3.20 is constant and the tensile stress in the fibre, of, can be
described simply as a function of the misfit, §o:

ot = —Kdo (3.21)
where
K= Et [1 —exp —2vept } (3.22)
rvs Efr (L + vm)/Em + (1 —v¢)/Ef)

Similar relations were applied by Beaumont and Aleszka [23] who expressed
them somewhat differently:

of = A[1l — exp(—B2)] (3.23)
where
A = —(Eono)/K

k=vru/Ef[(1 + (vm/Em)) — (1 = (v /Ef))]

where opo is the the radial compressive stress generated by matrix shrinkage.
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A detailed analysis of the Poisson effect alone was presented by Kelly and
Zweben [20]. For a simple system the normal stress across the interface can be
described by Eq. 3.24, assuming that the entire composite undergoes an axial strain
&, and using elastic relations for isotropic fibres and the matrix:

_ 2e(vi — vm)Vm
T [(V/Ks) + (V£ /Km) + (1/Gm)]

where K¢, Ky are the plain strain bulk moduli of the fibre and the matrix,
respectively.

The sign of the normal stress will depend on (vi — vpy); if vf < vy, the normal
stress will be negative (i.e. compression), resulting in frictional resistance that can
be calculated by combining Eqs 3.24 and 3.18.

The coupling between shrinkage (i.e. misfit value in Eq. 3.19) and the modulus of
elasticity, as predicted from Eq. 3.20, has been the subject of several experimental
studies to determine the frictional bond, reported by Pinchin and Tabor [21,22],
Beaumont and Aleszka [23] and Stang [24].

Pinchin and Tabor [21,22] studied the effect of normal stresses (confining pres-
sures) on pull-out specimens. The effect of the level of normal stress was evaluated,
up to a maximum of 28.5N/mm?. They calculated a fibre—matrix radius misfit
value, &g, to be about —0.2 um (Eq. 3.20), in the case of steel FRC specimens.
Obviously, this value would be sensitive to matrix shrinkage, which is dependent
on its composition and curing. The absolute misfit value was found to decrease
during pull-out, which was suggested to be the result of local matrix compaction
in the vicinity of the pulled-out fibre.

Beaumont and Aleszka [23] studied pull-out configurations with varying steel
fibre lengths, using both a plain concrete matrix and a concrete matrix impregnated
with PMMA. The values of A and B, and subsequently the values of x and oy
in Eq. 3.23, were obtained empirically, by curve fitting of the results of the char-
acteristic pull-out loads obtained for various embedded lengths. The coefficients
of friction were 0.6 for both the normal mortar and polymer impregnated mor-
tar; the oo values were —19.2 and —32.6 MPa (i.e. compression) for the normal
mortar and the polymer impregnated mortar, respectively. The —19.2 MPa value
is of the same order of magnitude as one can obtain from Pinchin and Tabor’s
results.

Stang [24] developed a novel technique to measure the clamping stresses
induced around fibres. He tested fibres of different moduli in a normal Portland
cement matrix and in a microsilica—cement matrix which underwent autogenous
curing (the microsilica matrix shrinks much more than the Portland cement matrix).
The test method and the interpretation of the results were based on the concept
of a matrix shrinking against a rigid inclusion, that is restrained shrinkage of a
matrix against a fibre core. In the calculation of the bond stress, assumptions had
to be made regarding the coefficient of friction: for steel, values in the range 0.05—
0.25 were used (based on data in studies by Geng and Leung [25], Pinchin and
Tabor [21]); for polypropylene, values in the range 0.45-0.75 (based on friction

(3.24)

On
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Table 3.1 Predicted clamping stresses and frictional bond in fibre—cement interface with
two different matrices: Portland cement (PC) and Portland cement with 10%
microsilica (MS) (after Stang [24])

Fibre Modulus 1 Clamping stress Frictional bond
(GPa) (MPa) (MPa)
PC MS PC MS
Steel 210 0.05-0.25 6.4 19  03-1.6 1-4.8
Carbon 240 0.05-0.1 5.9 17 0.3-0.6 0.9-1.7
Polypropylene | 0.3-0.5 1.1 3.1 03-0.6 0.9-1.6
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Figure 3.10 Relation between the bond strength of the surface of bundled filaments and
their modulus of elasticity (after Peled and Bentur [26]).

measurements between concrete and butyl sheets), and 0.05-0.10 for carbon. The
results of the study, shown in Table 3.1, clearly demonstrate the inherent influence
of the bulk modulus of the fibre and the shrinkage of the matrix on the bond: a
higher modulus fibre is expected to induce more restraint during shrinkage and the
expected result is higher clamping stresses for a matrix which experiences greater
shrinkage. In a recent study of the bond of various filaments, Peled and Ben-
tur [26] demonstrated a significant relation between the measured pull-out bond
strength and the modulus of the fibre (Figure 3.10) confirming the significance of
the relations between bulk properties of the matrix and the fibre in controlling the
frictional bond.

Kelly and Zweben [20] indicated that although Eq. 3.20 may predict a compres-
sive normal stress due to the Poisson effect, this may not occur in some special
cases, in which fibres are being pulled out of a matrix (i.e. a pull-out test, or fibres
bridging across a crack in the composite). In these instances, the tensile strain in
the fibre as it enters the matrix is high, while that of the matrix is low. At the
cracked composite surface (or at the matrix surface in the pull-out test) the matrix
is practically stress-free. Therefore, in these regions the normal stress across the
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Figure 3.1 1 Schematic description of the pull out curves of brittle and ductile fibres embed-
ded in a brittle matrix: (a) maximum pull-out load vs. embedded length; (b) pull
out load vs. fibre displacement. Nickel wires in cement matrix (after Morton
and Groves [27]).

interface will be tensile, resulting in debonding with no frictional resistance, that
is a localized unstable debonding failure at the interface. This may lead to irre-
producible results in pull-out tests which are carried out to determine frictional
resistance. Kelly and Zweben suggested that pull-out tests will yield consistent
results only if some matrix contraction has occurred prior to the pull-out test (e.g.
by matrix shrinkage during curing). Thus, in the pull-out configuration or in crack
bridging, the absence of residual stresses may lead to catastrophic debonding
without any frictional resistance, even though compressive normal stresses might
have been predicted on the basis of the Poisson effect (Eq. 3.20). This situation
is represented schematically in Figure 3.9, demonstrating the strains in a cracked
composite with a fibre bridging across the crack.

Kelly and Zweben extended their analysis to show that there may be significant
differences when considering an array of fibres inacomposite. In such cases, lateral
restraint may be provided under certain circumstances, preventing the debonding
that is predicted to occur when a single fibre is considered.

Morton and Groves [27] have pointed out that in considering Poisson effects,
special attention should be given to the nature of the fibre, in particular whether
it can undergo plastic deformation and yielding prior to failure. With a brittle
fibre, the maximum pull-out load vs. embedded length relation assumes the shape
shown by curve (1) in Figure 3.11. When the embedded length exceeds the crit-
ical length, fibre fracture will occur. If, however, the fibre is sufficiently ductile
it will always undergo pull-out, even with a long embedded length (curve (2)
in Figure 3.11). This behaviour can be explained in terms of the plastic yield-
ing induced in the ductile fibre, when it has a sufficient embedded length. This
fibre yielding is accompanied by a large lateral contraction. This contraction leads
to a release in the grip originally provided by matrix shrinkage. This ‘plastic
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release’ propagates along the fibre, with only its residual length (distant from
the crack) being strongly gripped. Thus, there is continuous pull-out of the
fibre under a constant force, which shows up as a horizontal line in the maxi-
mum pull-out load vs. embedded length curve (curve (2) in Figure 3.11). In a
subsequent work, Bowling and Groves [28] developed a model to account for
these effects, taking into consideration parameters such as fibre roughness and
the minimum bonded length of the fibre portion remaining in contact with the
matrix.

3.2.5 Modelling and analysis of pull-out

The analysis in Section 3.2.4 provides the basis for the modelling and interpreta-
tion of pull-out tests (Figure 3.1). The loads and displacements in the course of
the test are measured, and the analysis of the curves obtained can serve to evalu-
ate the nature of the fibre—matrix interaction (elastic, frictional or both), and the
characteristic bond strength values.

3.2.5.1 Modelling of pull-out curves

It is possible to model pull-out behaviour by predicting two types of pull-out
curves:

1 Maximum pull-out load vs. embedded fibre length obtained after testing
several specimens, each with a different fibre embedded length.
2 Pull-out load vs. fibre displacement, obtained in a single test.

Such curves can be modelled by considering three important parameters related to
the fibre geometry and fibre—matrix interfacial interaction:

1 The embedded length of the fibre, ¢
2  The adhesional shear bond strength, zq,
3 The frictional shear bond strength, 7.

The model presented here is based on the work of Lawrence [8], with further
extensions by Gray [5] and Bartos [1].

The nature of the pull-out and its quantitative behaviour will depend on the ratio
between z¢, and 4y. Thus, three different cases should be considered.

(1) tru/ta =1
After the maximum adhesional shear stress has been exceeded, debonding
will initiate and gradually develop along the entire fibre length, without
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Figure 3.12 Maximum pull-out load vs. embedded length factor for different ratios of
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Thy/Tau (after Lawrence [8]).

catastrophic failure. The maximum pull-out load will be:
P(max) =27 r 1y (3.25)

The shape of the maximum pull-out load vs. embedded length curve is linear
(Figure 3.12). The shape of the pull-out load vs. fibre displacement curve
during the test is presented in Figure 3.13(a). The pull-out load decreases
linearly from the maximum load, as the fibre is extracted from the matrix. It
is assumed that the frictional resistances before and after sliding (i.e. static
and dynamic) are the same.

0 < tfu/tau <1

In this case, after the adhesional bond strength has been exceeded, debonding
will initiate and may continue without any further increase in load (i.e. catas-
trophic bond failure). This will take place when the length of the embedded
fibre is less than a minimum value, ¢(min):

1 172
£(min) = % cosh™? (Tf—“> (3.26)
3 Tau

where B3 is the term [(27Gm /n(R - 1) (1/AsEs — 1/AmEm)1Y2; Af, Am, the
cross-sectional areas of the fibre and the matrix, respectively and Es, Ey,, the
elastic moduli of the fibre and the matrix, respectively.
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Figure 3.13 Pull-out load vs. fibre displacement for various interfacial friction conditions

(iii)

(after Gray [6]). (2) tr/Tau = 15(b) O < ¢y /Tau < 15(€) T/ Tau = 0.

The maximum load supported in this case is:

T d

£ < £(min); P(max) = tanh(B3¢) (3.27)

If the embedded fibre length is greater than ¢(min), catastrophic bond failure
will not occur, and the fibre will gradually be extracted from the matrix after
the maximum pull-out load has been reached. The maximum load supported
by the fibre in this case is:

d
¢ > e(min):  P(max) = 2%

tanh B3£(min) + 2z r [ — £(min)]
(3.28)

Once the entire fibre has been debonded, the pull-out force will drop to a
level of 2z¢,7r r¢, and will continue to decline as the fibre is extracted. These
characteristics are clearly demonstrated in Figure 3.13(b).

The shape of the maximum load vs. fibre embedded length curve for this
case is shown in Figure 3.12. The point marked m represents £ = £(min).
For shorter embedded lengths catastrophic bond failure will occur, while for
longer lengths pull-out will continue, with frictional slip gradually developing
over the entire embedded length. This is represented by the linear portion of
the curve.

Tfy/Tau = 0
In this case the only mechanism of stress transfer is an elastic one, governed
by shear lag equations, such as those of Gresczczuk [7] and Lawrence [8].
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Eqg. 3.27 applies in this case. The maximum load vs. fibre embedded length
for this condition is shown in Figure 3.12, and the pull-out load vs. fibre
displacement curve is presented in Figure 3.13(c), showing a sharp drop of
the load to zero after the maximum has been reached.

3.2.5.2 Interpretation of pull-out curves

The analysis in the previous section demonstrates the complexity of the pull-
out process. The curves in Figure 3.12 indicate, for example, that increasing the
embedded length will not necessarily result in a proportional increase in the pull-
out load. Such proportionality, which is implicitly assumed in predictions and
calculations based on average values, is only valid for the case where s, /7oy > 1.
Therefore, evaluation of pull-out tests should not be based on the determination
of a limited number of numerical parameters (maximum pull-out load, embedded
fibre length and fibre cross-sectional geometry). Rather, it should include analysis
of the curves obtained during such tests.

PULL-OUT LOAD VS. FIBRE DISPLACEMENT CURVES

The curves presented in Figure 3.13 provide a guide for the interpretation of curves
of pull-out load vs. fibre displacement. A more detailed modelling of such curves
was provided by Laws [15], who showed that the curves can assume the shapes
shown in Figure 3.14. At early stages of loading, when the stress-t