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Abstract

Cementitious materials have been used for construction since ancient times
and their properties are well documented and understood. The main limi-
tation in these materials is their low tensile strength and inherently brittle
type of failure which occurs due to cracking under tensile stress systems or
impact loading, primarily due to the propagation of internal flaws. This has
conventionally been compensated for by the use of steel reinforcement at
the macro-level, and short discrete fibres at the micro-level. By appropriate
addition of fibres to cementitious compounds, discrete cracks may be suffi-
ciently bridged thus providing for some control to the fracture process and
hence increasing the fracture energy.

Within the last decade, a new class of civil engineering materials re-
ferred to as High Performance Fibre Reinforced Cementitious Composites
(HPFRCC) has been developed. As a subset in this new field, additions of
polypropylene (PP) fibres, in the form of woven textile fabrics, have proved
most successful as reinforcement to cementitious matrices, leading to the de-
velopment of a novel composite material: so called “Textile Concrete” (TC).
Although the strength and modulus of PP are not very high, careful design
through the appropriate placement and high fibre volume fraction of a textile
format, has led to sufficient strength and stiffness, while at the same time
high toughness has been achieved. In particular the development of a fibril-
lated core fibre to which is attached an outer layer of ultrasonically welded, or
bonded “fluffy” PP fibres, has been most successful, and is a unique feature.
These outer fluffy layers provide excellent physical bonding characteristics

to the cement matrix, thus overcoming the intrinsic hydrophobic nature and
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otherwise weak matrix bonding of PP fibres.

In South Africa where TC has found ready application, the composite is
produced from a fine grained cementitious matrix and a PP textile commer-
cially known as CemForce. TC is not solely a South African concept and is
gaining popularity in other parts of the world.

For long-term use and wide acceptance in the market place, a better
understanding of durability and degradation susceptibility of TC is needed.
Indeed, if ageing and the long-term performance of TC could be understood
and accounted for in design, the composite could be a possible replacement
for other forms of fibre cements. This aspect of durability performance of
TC is the focus of this research.

This thesis contributes to the understanding of the effects of ageing on
the mechanical performance of TC, and evaluation of the processes affecting
its behaviour after exposure to different environments. This was achieved
through mechanical characterisation of the matrix, fibres and their interface
as well as the composite tensile behaviour. Parallel studies were undertaken
on specimens aged under controlled laboratory conditions for specified pe-
riods, and samples weathered under a reasonable range of “ambient” sur-
roundings commonly encountered in service. Further, the effects of ageing
were assessed by undertaking observations of fibre and interface features us-
ing a scanning electron microscope (SEM). An attempt was made to relate
any changes in mechanical behaviour to the microstructure.

The specific objectives of the research were:

e To choose suitable mix proportions and hence produce mortar of good
workability and flow characteristics.

e To assess any changes in mechanical behaviour over several months of
ageing.

e To develop a dedicated accelerated ageing facility for assessment of
long-term performance of TC.

e To establish the linkage between the mechanical behaviour and the

microstructure at a phenomenological level.
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e To develop a prediction model of multiple cracking of TC based on the

analysis of the mechanical behaviour.

The main findings of the research were that cyclic Hot/Cold (HC) con-
ditions were the most damaging to plain fibres, and carbonation densifies
the matrix and makes it brittle. The results further indicated that direct
exposure to sunlight of bare fibres caused loss in strength and embrittle-
ment. The damage was ascribed to ultraviolet (UV) radiation but this was
not tested. However, by embedding the fibres in the matrix, these effects
were substantially reduced. On TC itself, this research showed that the fi-
bre/matrix bond strength improves with ageing, and the composite exhibits
“pseudo-ductility” due to multiple cracking with minimal strain softening
and remarkable toughness.

It was concluded that Textile Concrete is tolerant to a range of expo-
sure regimes. To elaborate this finding, limited exposure of TC samples to
typically encountered natural environments was undertaken with no adverse
effects being observed on the tensile behaviour of the weathered composites.
It was further deduced from analysis of the results of mechanical tests that
the following were the dominant mechanisms operating at the microstructural
level: matrix embrittleness, matrix microcracking, changes in fibre strength
and stiffness, and increase in fibre/matrix bond strength with ageing. These
mechanisms were not always complementary but were sometimes competing
and contributed to the mechanical behaviour of TC.

This research was limited to a single mortar mix which was suitable for
production of TC using hand lay-up techniques. Therefore the influence of
mortar mix proportions on the mechanical properties was not investigated.

For wider acceptance of TC in the market place, there is need for stan-
dardising the mix design, its production process, and incorporation of an
environmental factor in the design. Thus the prediction of the engineer-
ing performance, such as strength and toughness may be possible leading to

design of “fit for purpose” Textile Concrete products.
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The following notation has been used in this thesis. These are the basic
symbols and they are defined in Chapters where they first occur. Unless

otherwise defined in the local area of the text, the definitions for the symbols

apply throughout the whole text.

Composite

Fibre diameter
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Chapter 1

Introduction

1.1 Introduction

This Chapter is an introduction of the contents of the thesis which covers
the following: a brief introduction to the technological advancements in the
field of Fibre Reinforced Cementitious Composites (FRCC), the motivation
of the study, objectives of the study, and the structure of the thesis.

Over the last century, there has been growing interest in the performance
of fibres, and recently, of woven textiles in cementitious matrices. The main
reason for such interest is the need for an increase in toughness and tensile
properties of the composite.

Since the early 20" century, asbestos fibres have been most successful as
fibre reinforcement to cement pastes in thin element applications, mainly due
to the excellent chemical bond existing between the fibres and the cement-
based matrices (Hannant 1978). However, due to problems related to the
supply of asbestos in the long term, and also because of possible health
hazards associated with handling of the fibres (Takahashi, Case, Dufresne,
Fraser, Higashi & Siemiatycki 1994), the search for suitable replacements for
asbestos fibre products has been on the increase. The possibilities for substi-
tutes for asbestos in cement-based products range from natural to synthetic
fibres.

Within the last decade, a new class of Civil Engineering materials re-
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ferred to as High Performance Fibre Reinforced Cementitious Composites
(HPFRCC) has emerged in the Industry with Textile concrete (TC) and
Engineered Cementitious Composites (ECC) being sub-classes of HPFRCC.

TC is essentially a multi-layered laminate produced by casting textile
fabrics in cement paste, mortar, or fine grained concrete. The mesh fabrics
are commonly produced from Polypropylene (PP) because PP offers a com-
bination of very attractive properties, namely resistance to chemical attack
in the highly alkaline cement medium, resistance to degradation under moist
environments, high elongation at break with low specific gravity, and no ma-
jor handling difficulties (Hibbert & Hannant 1982). Thus, in South Africa
for example, PP textiles, locally referred to as CemForce, have been specially
manufactured for application in cementitious matrices.

Due to a wide range of applicability, this new material has found many
uses especially in thin element formats such as: architectural and indus-
trial cladding, simulated rock features for gardens, waterproofing, permanent
shuttering forms which create superior products when used in conjunction
with steel reinforcing bars, non-pressure pipes and many more. Figs. 1.1 to
1.5 illustrate the diversity in applications of Textile Concrete.

Being a relatively new product, TC technology is still at its infancy with
sparse information, particularly on its mechanical performance under differ-
ent environments. However, there is growing interest in mechanical char-
acterisation of TC and in the recent past, the flexural and direct tensile
behaviour of the laminates have been characterised (Tait & Guddye 2002),
(Mumenya, Tait & Alexander 2003), (Mumenya, Tait & Alexander 2006). An
extension of the research in the area of Textile Reinforced Concrete (TRC)
has focussed in modelling of the material properties (Kabele 20035). How-
ever, the durability, or long term performance of this new material is still a
major concern and there is need for the establishment of a reliable method

for assessment of its long term behaviour.
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In essence, there are two aspects of mechanical behaviour of TC that are
investigated in this thesis: the interfacial bond property characterisation,
and the tensile behaviour. In conventional FRC, these two properties have
been the subject of research in the recent past (Banholzer, Brameshuber &
Jung 2005).

The current understanding of the fibre-matrix interfacial mechanics is
based on the response of an embedded fibre to a pull-out force, which is
commonly investigated using so-called single “fibre pull-out” tests. Although
it is sometimes believed that the mechanism of single fibre pull-out from a
cementitious matrix is different from the bulk fibre behaviour in the compos-
ite (Banthia & Trottier 1994), the test is, nevertheless, a suitable means of
initially assessing the effectiveness of the fibre as a medium of stress trans-
fer. In the fibre pull-out test, the slip between the fibres and the matrix
is monitored and the response expressed as a function of the applied load.
The load-displacement relationship is then used in characterisation of the
fibre/matrix interfacial properties.

The fundamental difference between HPFRCC and the conventional Fi-
bre Reinforced Cementitious Composites (FRCC) is the behaviour in tension.
In FRCC, fracture localisation occurs immediately after formation of the first
crack, whereas in HPFRCC, the process of fibre bridging causes a second and
subsequent matrix cracks to develop elsewhere thus preventing localisation
of the first crack. This process results in propagation of multiple cracks
as the stress increases. This process is commonly referred to as macroscopic
“pseudo- strain-hardening”. In TC, this phenomenon is accompanied by high
ductility, hence TC has presented a new range of thin element applications
in the construction industry.

Research work on the topic of TC in the literature clearly shows that
there is a gap in knowledge regarding standard guidelines on composite test-
ing procedures (Naaman & Reinhardt 2006), long-term durability, service
life performance, and property specifications. In this research study, a pre-

liminary attempt is made to characterise mechanically the matrix and the
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individual fibres as well as the composite itself. Secondly, the study is ex-
tended into investigations of the changes that occur to the mechanical behav-
iour after exposure to different environments but representative of a range
of ambient conditions. A better understanding of these changes is gained
by undertaking limited microscopic studies under a scanning electron mi-
croscope (SEM). If ageing and the durability of this new material could be
understood and accounted for at the design level, the composite is a possible

replacement for asbestos cement.

1.2 Objectives of Thesis

The first objective of the research was to initially choose suitable mix pro-
portions in order to produce a mortar mix of good workability and flow
properties. The mix consisted of ordinary Portland cement (OPC), a reason-
able proportion of the mineral additive Ultra-fine Fly Ash (UFFA), and a fine
aggregate. For production of TC laminates with strain hardening properties,
and robust enough to withstand experimental handling, it was necessary to
carefully choose the number of CemForce layers to be cast in the mortar.
After several trials using bending tests, six layers of CemForce were chosen
for this research study.

The second objective was to assess any variation in mechanical behav-
iour of the matrix and the composite over several months. This was achieved
through characterisation of the uni-axial tensile behaviour of the compos-
ite but it was necessary to firstly develop an appropriate specimen geometry
suitable for the test, and thereafter refine the specimen production technique.
Tensile testing involved loading the specimens to rupture and thus charac-
terisation of the whole range of the stress-strain (o-¢) behaviour. From the
tensile tests, the beneficial effects of CemForce in reinforcing the inherently
brittle cementitious matrix (at the micro level) were demonstrated.

The third objective was to develop and run an extensive testing pro-
gramme for the assessment of the durability of TC. Five different environ-

mental regimes were studied, three of which involved accelerating the ageing
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of specimens by cyclic hot/cold, wetting/drying and continuous carbonation
regimes. Although freeze-thaw is important in northern climates, the regime
was not considered critical in moderate and tropical climates and was there-
fore not investigated in the scope of this thesis. Limited exposure to natural
environments in moderate and tropical climates was also undertaken. Dura-
bility was evaluated from a comparison in the mechanical behaviour of the
weathered specimens and samples previously aged under controlled labora-
tory conditions for the same time periods. Any changes in the mechanical
behaviour of TC after exposure to different environments were attributed to
ageing and durability performance.

The fourth objective of this study concerned an attempt to link the me-
chanical behaviour with the microstructure. This was achieved through car-
rying out parallel studies involving examination of individual fibres and the
fibre/matrix interfaces under a scanning electron microscope (SEM).

The fifth objective of this research study was to develop a model of
mechanical behaviour of Textile Concrete and use it in prediction of the
multiple cracking behaviour of TC. The predictive capability of the model
was tested on experimental data of a tensile TC specimen and acceptable

correlation between the data and theoretical values was observed.

1.3 Structure of Thesis

This thesis is presented in seven chapters as follows:

i. Introduction
ii. Background and literature review
iii. Theoretical framework
iv. Experimental techniques
v. Results and analysis of mechanical tests
vi. Discussion

vii. Conclusions and recommendations
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A brief background to Fibre Reinforced Cementitious Composites, ce-
ment and concrete, and development of Textile Concrete technology are pre-
sented in Chapter 2, the emphasis being on the review of the published
research on FRCC.

The theoretical framework of Fibre Reinforced Cementitious Compos-
ites (FRCC) is outlined in Chapter 3. This essentially covers a description
of fibre/matrix bonding property and the quasi-ductile tensile behaviour of
FRCC materials. The development of theoretical models of the fibre pull-
out mechanism are also given (Wang, Li & Backer 1988), (Naaman, Namur,
Alwan & Najm 1991b), (Alwan, Naaman & Guerrero 1999), (Lin & Li 1997).
A brief introduction to Aveston Cooper and Kelly (ACK) model (Aveston,
Cooper & Kelly 1971) for fibre reinforced composites is also presented as well
as theoretical models that describe the tensile stress-strain behaviour of the
so called Textile Reinforced Concrete (TRC).

A brief overview of preliminary characterisation of Textile Concrete is
firstly given in Chapter 4, and secondly, the experimental programme and
the methods used for data acquisition are described. The main highlights
of the experimental programme are: choosing of suitable mix proportions,
characterisation of constituent materials, characterisation of the matrix, and
characterisation of the composite behaviour using fibre pull-out and compos-
ite tensile tests. The studies were carried out over a period of approximately

24 months under the following environments:

e Controlled laboratory conditions
e Accelerated ageing simulating hot/cold (HC), wetting/drying (WD),
and carbonation (C.)

e Limited exposure to natural environments

The temperature in the laboratory environment was controlled at approxi-
mately 21°C and the Relative Humidity was 53 percent. Different temper-
atures and Relative Humidities existed in the facilities used for accelerating
the ageing of samples. As is to be expected, natural environmental conditions

varied over the entire exposure period.
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Analysis and discussions of the results of the mechanical tests on the
matrix, fibres, and the composite are dealt with in Chapter 5. The discussion
covers the mechanical behaviour of the matrix, fibres, fibre pull-out, and the
composite itself, as a function of age and weathering.

From the analysis in Chapter 5, the physical and chemical processes
that affect the mechanical behaviour of TC, due to exposure to different
environments, are synthesised.

Chapter 6 is structured in two parts. The first part is an investigation
of the mechanisms of ageing affecting the properties of the matrix, fibres,
and the fibre/matrix interface, and linkage of the macro behaviour to the
microstructure. The second part is an analytical framework that is used in
development of a prediction model for multiple cracking of Textile Concrete.
Conclusions and recommendations of the research are presented in Chapter
7.

Many analytical investigations on the bond between fibres and cemen-
titious matrices have been undertaken but the studies have mainly been
limited to mechanical characterisation under controlled laboratory condi-
tions (Currie & Gardner 1989), (Naaman, Namur, Alwan & Najm 1991a),
(Naaman et al. 19916). It is believed that this thesis contributes to the body
of knowledge by focusing on the durability aspects of Textile Concrete. In
addition, the thesis attempts to address the difficulties inherent in direct
tensile testing of thin cementitious materials. The possibility of testing thin
TC laminates to fracture in direct tension is considered useful contribution
to the understanding of mechanical behaviour of HPFRCC.

Microstructural investigations contributed to a better understanding of
the mechanisms of weathering of TC. Although the study was limited to
qualitative identification of different phases in the microstructure, it never-
theless made a useful contribution to the understanding of the mechanisms

of weathering of TC.
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1.4 Summary

In this Chapter, the background to new innovations in the field of fibre
cements and concretes was given, the motivation for the research spelt out,
and the gap in current knowledge in the field of Textile Concrete identified.

Five specific objectives for undertaking the research were stated, and a
brief overview of the research approach contained in seven Chapters outlined.

Finally, the research output was given in form of contribution to knowledge.

11



Chapter 2

Background and Literature
Review

2.1 Introduction

In this Chapter, the technological advancements in cement-based materials
are discussed. A major development within the cement and concrete industry,
which is the focus of this research, is a class of materials commonly referred
to as Fibre Reinforced Cementitious Composites (FRCC). Over the last three
decades, these products have continued to draw increasing interest, motivated
by the need for a substitute to hazardous asbestos fibre cement products,
resulting in rapid growth in a variety of FRCC applications.

Among the developments highlighted in this Chapter is the increasing use
of supplementary cementitious materials (SCMs) and chemical admixtures
that modify the properties of cementitious products. The utilisation of these
products as a partial replacement of ordinary portland cement (OPC) in
concrete is well established and a wealth of information is reported in the
literature.

The role of supplementary cementitious materials and chemical admix-
tures in modifying the properties of cementitious matrices is highlighted. A
distinction is made between the effects of SCMs on the properties of con-
ventional concrete and on FRCC, focussing more on the flow characteristics

since these are the properties linked to workability of the mix in the fresh

12



2.2. BACKGROUND: COMPOSITE MATERIALS

state. Based on information obtained from this literature survey, a choice
is then made of the supplementary cementitious material considered most
suitable for the purposes of this research.

The advancements that have taken place in materials science and meth-
ods of production of Fibre Reinforced Cementitious Composites are reviewed.
In particular, the underlying principles of the mechanics of fibre/matrix inter-
faces are described. This leads to a survey of literature on current advance-
ments in mechanical characterisation of the new material, Textile Concrete
(TC), which is the subject of this research. TC is a development of FRCC,
and past works on ageing, long-term performance, and durability of FRCC
are briefly reviewed. Finally, some of the industrial successes in fibre cement

composites are mentioned.

2.2 Background: Composite Materials

The concept of combining two or more constituent materials to form a com-
posite with new properties has been known since materials were first used.
However, since the early 1960s, the understanding and development of the
properties of composite materials have been the subject of intense interest
as reported in treatises by Brautman and Krock (Broutman & Krock 1975)
and also by Hannant (Hannant 1978). The treatises contain a wide repre-
sentation of contributions on the subject of composite materials technology
and its transfer to industrial and consumer applications.

The basis for development of composite materials is to achieve a combina-
tion of properties not possessed by the constituent materials acting alone. In
situations where the constituent materials were incapable of satisfying par-
ticular performance requirements, composites were developed to meet this
need (Broutman & Krock 1975). A classic example is plain concrete which is
essentially a particulate composite material with cement as the basic binder
constituent, modified with coarse and fine aggregates.

Hardened cement paste itself is brittle, has low tensile strength and poor

fracture toughness. However, when combined with aggregates and used in
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compression, it forms a hard and strong cementitious composite, and when
produced using modern technology, compressive strengths of up to 100 MPa
or more are easily achievable (Neville 2002).

Conventional concrete is ideal for compression members in structures,
but for bending and tension members, it is, like cement paste, brittle, and
prior to failure, exhibits a low tensile strength of typically between 1 and 4
MPa. This tensile strength is an order of magnitude lower than its potential
compressive strength, thus imposing numerous design constraints.

In view of the low tensile strength of plain cement and concrete, the con-
ventional approach has been to provide appropriate reinforcing with materi-
als of adequate mechanical properties in regions subjected to tensile stresses.
On a macro scale, steel in the form of bars or mesh has been employed as
tensile reinforcement, and on the meso scale short fibre additions provide the
required reinforcement for thin cementitious products. In these composites,
the fibres interact with the cementitious matrix, resulting in an improvement
in properties such as toughness, impact and moisture resistance, although
handling and installation are sometimes compromised (Gilbert 2004).

The improvement in mechanical properties of cementitious products af-
ter fibre inclusions is attributed to the ability of the fibres to modify the
failure mechanisms of the composite through interaction with cracks at the
micro and macro levels. Due to these benefits, Fibre Reinforced Cementi-
tious Composites (FRCC) are finding a wide range of potential applications,
and therefore are receiving increased attention (Xu, Magnani, Mesturini &
Hannant 1996), (Hegger, Schneider, Sherif, Molter & Voss 2004).

2.2.1 Fibre Reinforced Cementitious Composites

The use of fibres in their natural state for reinforcement to cementitious
matrices has been known since ancient civilizations in which vegetable and
animal fibres were added to clay blocks and lime mortars to obtain greater
strengths, or to reduce shrinkage cracking during setting (Moropoulou, Bako-

las & Anagnostopoulou 2005). This technology was common in early Egyptian
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civilisation (Moropoulou et al. 2005).

During early civilisations, fibres were used in their natural state but the
technology suffered major drawbacks owing to durability problems. The
alternative to natural fibres for application in cementitious composites was
mineral fibres which offered a solution to durability problems. In this regard,
the commercial merit of asbestos fibres in thin sheet cementitious products
became known during the mid-nineteenth century (Hein 2001) (Klos 1975).

Asbestos cement sheeting was undoubtedly the most successful develop-
ment of fibre cement composites in the twentieth century, and was exten-
sively used for roofing, cladding and pipe manufacture all over the world.
The unique nature of this product owes much to the favourable dimensional
and chemical stability of the fibres and strong interaction between the fibres
and the cement particles. However, the various health problems associated
with the handling, fabrication, and use of the fibres and its products, have
led to the demise of the widespread use of asbestos fibres, and initiated wide
ranging studies for alternative reinforcing elements for thin sheet applications
(Swamy & Hussin 1989).

Within recent decades, great demand has developed in the search for
a suitable substitute. This demand is accelerated by the rising awareness
among workers, researchers and journalists, of the hazardous effects of as-
bestos fibres. Indeed, a lot of pressure has been put on various Govern-
ment bodies to ban asbestos cement trading. In India for example, there is
mounting pressure for the Government to place a ban on asbestos fibre trade
(Browne, Varadarajulu, Lewis-Michla & Fitzgeralda 2005), (Subramanian &
Madhavan 2005).

As the asbestos cement industry was grappling with the mounting pres-
sure to have the use of asbestos fibres banned, other industries found ready
opportunity and market for their new products. Within the cement compos-
ites industry, natural fibres in short strand form, for example, sisal and cel-
lulose based fibres became possible substitutes for asbestos (Vittone 1986),
(Agopyan, Savastano, John & Cincotto 2005). Despite these fibres being
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widely available, especially in most developing countries, and therefore po-
tentially convenient materials for brittle matrix reinforcement, they present
limited long-term durability performance due to elevated permeability and
lack of resistance to crack growth (Swift & Smith 1978), (Savastano, Warden
& Coutts 2003), (Agopyan et al. 2005).

The possibility of using discrete ductile fibres such as steel, or mineral
fibres like glass, carbon, or boron, to reinforce brittle matrices has been the
subject of extensive research (Gopalaratnam & Shah 1987b), (Wang, Li &
Backer 1990), (Bentur & Mindess 1990), (Banthia & Trottier 1994) (Gilbert
2004). However, there have been major concerns about degradation of glass
fibres and placement of particulate steel fibres in the highly alkaline cement
environment. The high cost of carbon and boron fibres militates against their
more widespread use. Therefore, these fibres do not offer an ideal solution
to asbestos fibres replacement in the cement industry, particularly from a

toughness and placement viewpoint.

2.2.2 Developments in Fibre Reinforced Cementitious
Composites

In an effort to overcome the mixing and fabrication difficulties associated with
reinforcing cementitious matrices with synthetic fibres, research has taken
several forms ranging from the use of short discrete fibres, to fibrillated and
continuous forms (Hannant, Zonsveld & Hughes 1978). At the same time,
the search for alternative production techniques for FRCC has been on-going.

Since polypropylene (PP) fibres are readily available and have a rela-
tively low cost, high extensibility and adequate strength, the fibres in short
fibrillated films and monofilaments have in the past found various commercial
applications. For example, a lightweight cement and coal fly ash composite
reinforced with waste PP fibres from a carpet manufacturing plant had by
1983 been developed for architectural applications (McGovern 2001). The
product was then known as Syndecrete.

Syndecrete was an alternative to limited or non-renewable natural materi-
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als, and found many applications such as kitchen counter tops, sinks, bathtub
surrounds, tile flooring, and furniture items. Along similar lines, the incor-
poration of polypropylene fibre mats proved to be a viable and economical
reinforcement in precast low density cementitious applications (Hannant &
Hughes 1986). In these applications, the presence of fibres, and addition of
micro filler, modifies the microstructure and improves tensile strength of the
composite.

In the recent past, specially formulated types of High Performance Polyvinyl
Alcohol Engineered Cementitious Composites (PVA-ECC) for structural ap-
plications have been developed (Li & Stang 1997), (Li & Mobasher 1998),
(Wang & Li 2003). By tailoring the fibre, matrix, and interface microstruc-
tures and micromechanical properties, the pseudo strain-hardening behaviour
in tension is satisfied with a minimum amount of fibres. In Engineered Ce-
mentitious Composites (ECC), the fibres are oil coated to achieve controlled
pull-out and high toughness. While the technique is unique, and indeed
pseudo strain-hardening behaviour is satisfied, tailoring the interface in or-
der to attain strain-hardening with a minimum amount of fibres is faced with
processing and cost constraints. This is in contrast to using polypropylene
textiles where the pseudo strain-hardening condition is easily satisfied at a
relatively lower cost.

Research at Columbia University was recently undertaken to identify an
appropriate type of fibre mesh for thin sheet cement-based products (Mu,
Meyer & Shimanovich 2002). Two types of fibre meshes were compared:
Alkali Resistant (AR)glass and polypropylene. In terms of flexural perfor-
mance, AR-glass fibre mesh was found to be much more efficient as rein-
forcement than polypropylene fibre mesh, primarily because of its stronger
and stiffer yarns. However, it was also about 10 times as expensive by mass
or 30 times by volume. AR-glass fibres were also found to undergo a loss
in strength and ductility and subsequently embrittlement after exposure to
humid environments over long periods.

The high cost of AR-glass fibre mesh and the potential ageing problem

17



2.2. BACKGROUND: COMPOSITE MATERIALS

provide incentives to improve the performance of polypropylene fibre mesh,
for example, by enhancing its bond properties.

The use of thin FRCC continues to grow rapidly in a variety of construc-
tion applications. In a recent symposium organised by the American Con-
crete Institute (ACI), current state-of-the-art and recent advances in material
science,manufacturing methods, and practical applications of thin reinforced
cement-based products and construction systems were explored by different
authors.

In one of the reports of the ACI symposium, developments in glass fibre
reinforced concrete (GFRC) over a thirty year period were reported (Gilbert
2004). In the report, different production methods are related to industrial
applications. The report underscores the importance of protection of fibres
from calcium hydroxide (Ca(OHy)) as key to addressing durability problems
in GFRC.

By describing material properties at macro, meso and micro levels (Hegger,
Schneider, Sherif, Molter & Voss 2004), and by applying the properties in ap-
propriate models to simulate mechanical behaviour, a better understanding
of the performance of FRCC is gained. The study by Hegger et al. (Hegger,
Schneider, Sherif, Molter & Voss 2004) illustrates that the load-bearing be-
haviour of TRC depends on the combined effect of the interaction between
filaments (fine fibres) and the matrix at the micro level, and bonding between
a roving (fibre bundle) and the matrix.

RILEM Committee TC 201-TRC that deals with Thin Fibre Reinforced
Cementitious Products has compiled contributions of research in Textile Re-
inforced Concrete (TRC) in which theory, applications, bond characteristics,
production technologies, material properties and bonding behaviour are in-
vestigated.

There are possibilities of using textiles in repair and rehabilitation of re-
inforced concrete structures as shown in a study by Bruckner et al.(Bruckner,
Ortlepp & Curbach 2006). The study investigated the additional strength-

ening that was observed when textiles are bonded to the tension face of a
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concrete beam. In a different study (Banholzer, Brockmann & Brameshuber
2006), the matrix mechanical and fracture properties were reported to make
a significant contribution to the final failure of a composite.

Theoretical investigations in load-displacement behaviour of damaged
reinforced concrete elements rehabilitated with textile meshes (TRC) have
made use of mechanical tests results as the input parameters in simulations
of the composite behaviour (Hegger, Will, Bruckermann & Voss 2006). These
parameters are: textile and rovings orientation, fibre cross section, and ulti-
mate strength of the fibres. Based on the simulations, a method for design
of TRC is suggested.

A collaborative research project at RWTH Aachen University in Ger-
many involved studies on the load carrying and failure mechanisms of TRC at
micro, meso, and macro levels (Konrad, Chudoba, Butenweg & Brukermann
2003). Fibre pull-out behaviour of TRC was conceptualised as being a func-
tion of bond distribution across yarn at the micro level, which was charac-
terised by the initial slope of fibre pull-out curves.

The results by Konrand et al. and also by Hegger et al. (Hegger, Sherif,
Brukermann & Konrad 2004) illustrate that micro-mechanical models con-
tribute significantly to the understanding of the macro behaviour of TRC.
The experimental and theoretical investigations were carried out to deter-
mine and study the mechanisms of fibre/matrix interaction manifested in
fibre/matrix bonding, fibre debonding, fibre damage and rupture, and ma-
trix cracking. From the work by Hegger et al., (Hegger, Sherif, Brukermann
& Konrad 2004) the application of AR-glass Textile Reinforced Concrete as
exterior cladding panels in a pilot project was demonstrated. Although the
thin walled panels were an efficient and economical alternative for conven-
tional reinforced concrete or natural stone facades, the long-term durability
was still considered a major concern.

The RILEM committee on High Performance Fibre Reinforced Cemen-
titious Composites (HPFRCC) has proposed guidelines on characterisation

of the tensile response of strain-hardening of Fibre Reinforced Cementitious
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Composites (FRCC) (Naaman & Reinhardt 2006). The study focusses on the
practical aspects of the performance of strain hardening composites. Three
properties were considered as key to characterisation of the strain-hardening
of FRCC. These properties were: tensile strength of composite after crack-
ing, o,c, tensile strain capacity of the composite, €,., and elastic modulus
E.. Recommendations were made by Naaman and Reinhardt (Naaman &
Reinhardt 2006), which included: setting limits of maximum tensile stress
and strain capacity, and setting the minimum modulus of elasticity. Varia-
tions in test results were attributed to size effect and a standard specimen
size for tensile testing was proposed (Naaman & Reinhardt 2006).

In order to advance the widespread use of strain-hardening FRCC partic-
ularly in large scale structural applications, the test standards and procedures
still need to be addressed. In addition, a comprehensive analysis would be
needed to ascertain how different types of FRCC influence the performance
of structural members. Theory of mechanical behaviour of FRCC is dealt
with in Chapter 3.

The future of FRCC depends largely on the ability of these materials
to compete cost effectively with similar products made using other materials
such as metals and plastics. Since polypropylene fibres are more cost-effective
in comparison with other fibres such as carbon, AR-glass and PVA, it is
appropriate to examine PP fibres in more detail, which is dealt with in section
2.3.

2.2.3 Summary: Composite Materials

The relationships between conventional Fibre Reinforced Cementitious Com-
posites (FRCC) and the newly developed cementitious composites described

in the previous sections is illustrated schematically in Fig. 2.1
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Figure 2.1: Main classifications of Fibre Reinforced Cementitious Composites

The main findings reviewed in the previous sections are:

e In the recent past, FRCC has received increasing attention due to the
ability of fibres to modify failure mechanism of a brittle matrix through
interaction with cracks at micro and macro levels.

¢ Rapid developments in FRCC were highlighted, which are motivated by
the need for a substitute for asbestos fibres in cementitious composites.

e Some of the ways of improving the performance of synthetic fibres in
cementitious matrices were briefly described as: modifications to fibres
(in ECC), and by using fibres in textile formats (in TRC and TC).

2.3 Background: Polypropylene Fibres

Polypropylene (PP) is a thermosetting plastic obtained by polymerisation
of propene (CH3CH=CH,) to form a linear polymer in which the structural
units are connected one to another in linear sequence. PP has the following
molecular formula: -CH-CHj3-CH,- which has strong covalent bonds between

carbon and hydrogen atoms.
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PP materials grew out of the the discovery by Natta of “Ziegler-type”
catalysts capable of producing high molecular weight PP with linear struc-
tures (Moore 1996). The main driving force in the PP industry has been the
ability to achieve the polymerisation process as a result of improvements in
the catalysts. Depending on the degree of regularity of the -CH3 groups,
PP is classified according to molecular structure as: isostatic, syndiotactic or
atactic, the major production being in isostatic PP (iPP) which has a linear
monomer structure.

The regularity of iPP allows it to display substantial crystallinity al-
though the degree of stereoregularity (and consequent crystallinity) among
conventional PPs varies considerably (Moore 1996), (Azapagic, Emsley &
Hamerton 2003), (Campell 2000). These variations are usually due to the
effectiveness of the polymerisation catalyst, but the production process also
can have some effect. PP is manufactured either in molded (or nonoriented)
forms, or as intentionally oriented formats such as thin films and fibres.

Depending on the end-use, fibre manufacture essentially involves process-
ing of the PP resin into: staple, bulk continuous filaments, melt-blown, spun-
bonded fibres and a variety of other applications. An important stage in this
process is stabilisation against weathering. The following are the typical

end-use properties that define the major characteristics of PP (Moore 1996):

e Maximum temperature at which PP can be put to practical use

e Modulus of elasticity

Tensile strength

Impact strength

Hardness.

The melting point of PP is approximately 169°C and it is fairly resistant to
chemical agents such as acid, alkalis, and salts.

Like all polymers, the mechanical state of polypropylene varies according
to how close the temperature is to its glass transition temperature, T, above

which deformation may occur by relative sliding between chain molecules.
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Indeed, an increase in temperature of the order of 10°C near T, results in
reduction in the modulus of elasticity by several orders of magnitude (Dhir,
Jones, McCarthy, Zheng, Chittirattnakorn & Scorey 2002). The mechani-
cal state ranges from brittle-elastic at low temperatures, through plastic to
viscoelastic or leathery, to rubbery and finally to viscous at high tempera-
tures. Each mechanical state covers a certain range of normalised tempera-
ture T/T, (in Kelvin). The glass translation temperature of polypropylene
is -16°C (257°K) (Campell 2000) and therefore T/T, at room temperature
is approximately 1.1 in Kelvin terms.

Fig. 2.2 shows the way in which Young’s modulus E for a linear polymer
changes with temperature for a fixed loading time (From (Ashby & Jones

1986) p. 218). The dynamic mechanical properties of polymers are described
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Figure 2.2: Schematic of variation of Young’s Modulus E for linear polymer
changes with temperature

in terms of “loss modulus”, which measures the rheological response of a

polymer within a temperature range. Loss modulus is determined according
to ASTM standard (ASTM D4065-93 1993). For polypropylene itself, the

variation of loss modulus with temperature (for PP having various amounts
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of 3 crystalline phase) is illustrated by Fig. 2.3 (Labour, Gauthier, Seguela,
Vigier, Bomal & Orange 2001). The figure (in which the vertical scale refers
to the lower curve whereas the other curves are arbitrarily shifted upwards)
illustrates a sharp change in loss modulus within the vicinity of the glass

translation temperature of approximately -16°C.
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Figure 2.3: Loss modulus versus temperature of polypropylene

In tensile deformation of a plastic, it elongates to some degree, depend-
ing on the conditions. With PP, elongations of several hundred percent are
normal at room temperature and slow extension rates, and much of the de-
formation is irreversible (Moore 1996). As the temperature is lowered (or the
extension rate is increased), the glass transition temperature is approached,
and the molecular chains are incapable of accommodating the deformation
and fail in a brittle manner. In that case, there is very little extension of
PP since the deformation is elastic in nature. In brittle failure, the energy
is about an order of magnitude less than that absorbed in ductile failure
(Moore 1996).

A polymer in use interacts with the environment and degrades (or ages)

over time. Degradation is any process by which the original polymer struc-
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ture is changed and failure results from that physical or chemical change.
Degradation is differentiated from ultimate failure phenomena such as ten-
sile failure or abrasive wear. It is also differentiated from failures which result
from changes in properties due to increased temperature which in effect alter
the ultimate properties. Degradation results in a change in the molecular
structure, usually molecular weight or composition.

All polymers are susceptible to various degradation processes depending
on their composition and the environment in which they are used. There
may be imposition of energy in the form of heat, or by mechanical action
(including ultrasonic or sonic energy), radiation such as gamma rays, X-rays,
visible light, ultraviolet light, infrared radiation, or electrical in the form of
dielectric effects. There may also be chemical effects such as non-abrasive
wear, oxidation, hydrolysis, “yellowing”, chemical attack by solvents and de-
tergents (Wiliams 1975) (Brydson 1975), (Azapagic et al. 2003). Often, more
than one agent of degradation may be active under given conditions such as
during weathering or exposure to corrosive environments. The mechanisms
of chemical degradation which bring about any of the above changes are: loss
of portions of the polymer molecule, crosslinking between molecular chains,
scission of the molecular chains, or changes in side chains. Depending on the
temperature, the degree of cross-linkage affects the modulus of elasticity of
polymers as illustrated in Fig. 2.4 (from p. 227, (Ashby & Jones 1986)).
The figure shows that stiffness and strength are increased by causing some
crosslinking (also referred to as vulcanisation) to occur. It is also illustrated

that high temperatures lead to failure.

2.3.1 Mechanisms of Degradation in PP

Ageing (or degradation) in PP is any process by which the original polymer
structure is changed. Therefore, the following mechanisms result in degra-

dation:

e Volatilisation or leaching of stabilisers

e Rotation of segments of molecular chains
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Figure 2.4: Schematic of the effect of degree of cross-linking on the elastic
modulus E of a polymer

e Changes in bonding nature of the basic polymer structure (-CH-CHjs-
CHy-)
e Addition of different ions to the basic polymer structure

e Modifications in cross-linking

The agents of degradation are elevated temperature, oxygen from the envi-
ronment, hydroxide ions (OH™), gases from the atmosphere (such as carbon
dioxide (COy), and sunlight (i.e. UV).

When considering a simple polymer, the glass transition temperature

T,) often governs the maximum temperature at which a polymer may be
g g
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used. At temperatures beyond T, the polymer experiences rotation of seg-
ments of the molecular chains and the degree of cross-linking is substantially
reduced. At macroscopic scale, rotation of segments of the molecular chains
accounts for softening of the polymer. T, for PP is -16°C so it is used sub-
stantially above its T|.

Linear polymers are usually cross-linked with sufficient number of side
chains between the macromolecules to form three-dimensional networks that
impart special properties to the primary linear polymer such as reduction
in solubility and improvement in strength. Cross-linkages in PP are easily
destroyed after exposure to warm moist environments (Mills 1986).

To partially neutralise the intermolecular forces and thus prevent the
polymer molecules from slipping past each other when the material is stressed,
stabilisers are commonly added. However, changes in temperature and en-
vironment can induce volatilisation or leaching of the stabilisers leading to
chemical disintegration, which is a change in the basic composition (or mole-
cular weight) and structure of the polymer.

Chemical disintegration of the polymer structure, referred to as depoly-
merisation, is the destruction of hydrogen bonds or chemical cross-links be-
tween polymer chains (Azapagic et al. 2003). This leads to loss of strength.

When most polymeric materials are exposed to elevated temperatures
in aerated conditions, the basic molecular structure is destabilised due to
formation of an oxide. Therefore, the polymer loses the initial properties
and embrittles. Although there is still some dispute about the details of
the embrittlement mechanism in oxidised plastics, the most obvious changes
include reduction in the elongation at break in a tensile test (Mills 1986).

When solid polymers are stored under hot damp conditions, OH™ groups
from water react with the polymer molecule leading to random chain scission
and reduction in the average molecular mass (Mills 1986). This mechanism,
which is referred to as hydrolysis, causes a modest drop in molecular mass.
At the macro level, hydrolysis reduces the performance of the polymer to a

level that brittle failure occurs in a tensile test.
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If there is a thin layer of brittle material deposited on the surface of a
relatively tougher material, for example the formation of a brittle outer layer
on PP due to strong surface absorption of the ultraviolet part of the sun’s
rays, the tensile failure strain of the outer surface layer will be lower than
that of the substrate so that it will fail first. The final failure depends on
the toughness of the substrate. If the substrate layer is tough, the cracks
will stop, but if it has a low resistance to the fast propagation of cracks, the
cracks will continue and brittle failure results (Mills 1986).

PP is considered fairly resistant to gaseous degradation at atmospheric
pressures. However, at pressures in excess of 5 atmospheres, the polymer
is susceptible to CO, ingress and chemical changes occur in the molecular
structure (Mills 1986). The main change in the mechanical properties that
is attributed to carbonation at high pressures is embrittlement.

Prolonged exposure of PP to light and heat in an environment of high
humidity modifies cross-linking in the molecular structure and causes “yel-
lowing” or loss of glaze. When cross-linking is increased in a process whereby
the broken bonds reform between adjacent molecules, the polymer undergoes
hardening and eventual embrittlement (Azapagic et al. 2003).

When plastics are used outdoors they are exposed to solar radiation and
the polymer molecule absorbs the most energetic photons at the short end
of the spectrum thereby raising the energy level. PP has a strong absorption
capacity of wavelengths of 370 nanometres (Mills 1986). If the energy level of
the excited state is high enough, it can transfer energy to a bond dissociation
reaction. The whole process of photon absorption and the subsequent bond

breakage is referred to as photodecomposition.
2.3.2 Effects of Cyclic Heating and Cooling on Polypropy-
lene

The progress of ageing of PP strongly depends on the difference between
ageing temperature (T) and glass transition temperature (T,). Thermal

effects are evidence of the changes in the elastic modulus that occur within
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interfacial bonding for polymeric fibres, particularly polypropylene, which
was improved by using fibrillated formats of the fibre rather than discrete
forms (Hannant et al. 1978). In this context, fibrillated fibres are regarded
as continuous open networks created by micro-slits in PP tapes thus creat-
ing an expanded surface area for effective interaction and bonding with the
cementitious matrix.

The concerns with poor fibre/mtrix interface bonding were aggravated by
the resistance by manufacturers to change composite production techniques
from the conventionally established Hatschek process that was originally de-
veloped specifically for asbestos cement production. This inhibited the devel-
opment of alternative fibres for use in cementitious matrices (Vittone 1986).

The chemical and mechanical properties of the alternative fibres are en-
tirely different from asbestos, and their bonding characteristics are also of
a different nature (Akers, Tait & Hourahane 2003). Therefore, the con-
ventional Hatschek composite production technique would be unsuitable for
most of the alternative fibre types. Moreover, mixing steel, glass or poly-
meric fibres, particularly in short strand form, in a conventional Hatschek
plant would be faced with the common difficulty of workability, mixing, and
placement. Achieving high fibre volume fractions (V) (in excess of 3 per-
cent) would be problematic mainly due to clumping and the hydrophobic
nature (resistance to wetting) of synthetic fibres and it would be difficult
to attain effective reinforcement, load transfer, required mechanical strength
and toughness property performance without causing severe fibre bundling

and clumping.

2.3.4 Reinforcing Action of Polypropylene Fibres

The reinforcing action of PP fibres in cementitious matrices is well docu-
mented and this is illustrated by long term studies by Hannant (Hannant
1998) and other researchers (Galloway, Williams & Raithby 1981). However,
the reinforcing action of cementitious matrices with polypropylene fibres has

not been as successful as asbestos fibres mainly due to difficulties associated
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with interface bonding, and problems in working with the material in short
strand form.

Short polypropylene fibres have fairly low strength and modulus, and
when placed in cementitious matrices have low interfacial bond strength but
have high toughness. These fibres therefore pull out of the concrete matrix
at relatively low stresses (Gray 1972). Moreover, when these fibres are used
as reinforcement to concrete in the short strand form, there is a lack of
control over fibre dispersion as well as location and orientation within the
matrix. This is because the typical batch plant storage and weighing hoppers,
as well as discharge systems employed in concrete mixing, are unable to
handle such fibre inclusions. Consequently, the difficulties in the use of short
polypropylene fibres as concrete reinforcement have led to the search for other
long-term solutions.

Polypropylene fibres are intrinsically hydrophobic, and whilst this prop-
erty confers the advantages of not affecting the water:cement ratio particu-
larly when short, distinct fibres are employed in a cement matrix, the result-
ing lack of adequate physico-chemical bond in the hardened state, combined
with three dimensional orientations, do not contribute to the best perfor-
mance characteristics in thin section applications. Continuous fibre forms
are therefore particularly attractive in such sections, from bond and rein-
forcing considerations. Therefore extensive research has been carried out in
which fibrillated open networks are incorporated in cement-based matrices,
and the engineering properties and durability effects assessed (Gardner &
Currie 1983), (Gardner, Currie & Green 1983).

Although the strength and modulus of PP are not very high, as the mod-
ulus is in the vicinity of 1 GPa, careful design through appropriate placement
and high fibre volume fraction (V;) would lead to strength and stiffness in
the composite sufficient to meet specific requirements, while at the same time
achieving high toughness.

In general, the properties of concrete reinforced with fibres depend not

only on the fibre type, but also on fibre volume fraction V¢, a parame-
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ter affecting the strength of the fibre-matrix bond (Gray 1972). A balance
between V; and concrete workability is key to achieving the desired perfor-
mance. However high volumes of fibre in the composite lower the workability
of plastic concrete (Owens 2002).

Loss of workability could be compensated for by increasing water, which
increases the water: cement ratio (w:c) if cement content is constant, but
this is not recommended since it lowers the strength and durability of the
composite (Neville 1971). One way of overcoming the difficulties associated
with placing PP fibres in cement-based mixes is using fibres in fibrillated or
woven fabric or textile forms rather than in short discrete form.

The possibility of using woven polypropylene mesh fabrics for thin cement
sheet reinforcement commenced in the early 1980’s in independent studies at
the Universities of Sheffield and Ulster in the United Kingdom whereby open
networks of fibrillated polypropylene films proved successful in meeting the
performance demands of Fibre Reinforced Cementitious Composites (FRCC)
(Hannant 1980), (Vittone 1986).

The early research (Vittone 1986) initially appeared to indicate that open
networks of polypropylene films gave better performance in FRCC than wo-
ven meshes. However, subsequent work demonstrated that proper use of the
meshes would not only produce excellent flexural properties, but also a wide
range of products, and product shapes could be successfully manufactured
(Swamy & Hussin 1986),(Swamy & Falih 1985). The main advantage of wo-
ven fabrics is convenience in their handling, and relative ease in placement
and orientation either manually or in factory productions. In addition, by
careful use of woven meshes the difficulty encountered in attempting to choose
the fibre volume fraction (V) and workability of the mix during composite
production are sufficiently addressed.

When a load is applied to a polymeric fibre embedded in a cement matrix,
the fibre undergoes radial contractions due to Poisson’s effect. The effects
were reviewed by Wang et. al (Wang, Li & Backer 1988) based on perfect

fibre alignment and smooth fibre surfaces. In theory, Poisson’s effects would
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cause unstable debonding of concrete reinforced with polypropylene, and in
fibre pull-out tests, unstable load drop would be expected. However, in prac-
tice, fibres have slight misalignments and the fibre surfaces have asperities,
which offset the Poisson’s effect significantly. Indeed, multiple cracking of
Fibre Reinforced Cementitious Composites (FRCC) has been observed in di-
rect tensile tests (Mumenya et al. 2006) indicating that radial contractions
did not cause significant effects in fibre pull-out behaviour. In addition, no
unstable load drop has been observed in fibre pullout tests of polypropylene
fibres (Wang, Li & Backer 1988). Therefore, radial contractions due to Pois-
son’s effects in polypropylene fibres embedded in cementitious composites are
considered insignificant.

In the search for a possible replacement of asbestos fibres cement, and in
an attempt to deal with the difficulties associated with placement of fibres
with high V; and fibre orientation, a new technology has emerged within the
last decade in the thin element cement-based industry, namely Textile Con-
crete (TC) technology. In this new technology, woven textiles are specially
made for application in cement-based matrices. This has created great enthu-
siasm among researchers, engineers and contractors (Aspiras & Manalo 1995),
(Callec 2003).

2.3.5 Summary: Polypropylene Fibres

The essential findings in section 2.3 were:

e The glass transition temperature T, of polymers is related to mechan-
ical properties. T, of PP being approximately -16°C means that sig-
nificant changes occur in the molecular structure of the polymer at
ambient temperatures.

e Polymers easily deteriorate in hot and damp conditions, elevated tem-
peratures, and when exposed to ultraviolet (UV) irradiation.

e PP is resistant to gaseous degradation at atmospheric pressures, but

above 5 atmospheres, the polymer is susceptible to carbonation. PP
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is inert to alkaline environments, which makes it a suitable fibre rein-
forcement for cementitious matrices.

e The reinforcing action of PP is improved by use of fibres in fibrillated
form, continuous fibre formats, or as textiles.

e Textile Concrete (TC) technology is described as a new development
in Fibre Reinforced Cementitious Composites (FRCC).

2.4 Background: Cement-Based Products

In its most basic form, plain concrete comprises portland cement, water,
fine and coarse aggregates. Concrete has a long history that can be traced
back to ancient civilisations. Indeed, evidence of its use in the form of gyp-
sum mortar in construction of the great pyramids of Egypt has been docu-
mented. In a study on the elemental composition of samples obtained from
a historical site in Egypt (Demortier 2004), it is suggested that the ancient
Egyptian pyramids were constructed using materials similar to concrete as
opposed to the use of hewn blocks. By using physico-chemical analysis, the
elemental composition of the samples was studied from which evidence of
the presence of limestone aggregates was demonstrated (Demortier 2004). In
addition, the study showed that the blocks used in the ancient constructions
were held together with a binder containing sodium carbonate (NayCO3),
alumino-silicates, and water. The composition of binders used in ancient
constructions were comparable to the compounds in the raw materials used
for the manufacture of portland cement which are rich in lime (CaO) and
silica (SiOq) (Stutzman 2004).

A form of concrete probably was known in the pre-Roman times. The use
of pozzolanic mortars and plasters in ancient Greek and later in Roman build-
ings is reported in a study by Moropoulou et al. (Moropoulou et al. 2005).
The study gives a background of the use of concrete in the ancient structures
of the Mediterranean basin, and reports the results of thermal analysis on four
hundred samples. The results of the study indicated that the ancient Greek

and Roman mortars and concrete were of high quality probably due to good
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workmanship and careful selection of raw materials for use in mixing, bedding
or moulding, compaction, and maintenance (Moropoulou et al. 2005). The
studies on ancient mortar and concrete (Moropoulou et al. 2005) contribute
to the understanding of the physico-chemical and mechanical characteristics
of the composites used in the past. This knowledge could be useful in defin-
ing specifications for restoration mortars, which would preferably be similar
in properties to the original composites employed in the ancient structures.

The basic ingredient in all concretes is a binder, portland cement being a
specific case whose production has shown an uninterupted and steady growth
trend as reported by Szabo et al. (Szabo, Hidalgo, Ciscar & Soria 2006). The
study gives an overview of the global cement production and consumption for
1997. By using a prediction model, the future trends in cement production
are analysed. The model is based on cement production processes namely:
population, consumption by volume, international trade, carbon emissions
among others. An increasing trend in world cement production is predicted
from 1550 metric tons in 1997 to 2800 metric tons in 2030, illustrating that

a high demand for cement-based products is expected in the future.

2.4.1 Cement

Concrete owes its essential binding property to the hydraulic action of ce-
ment. Conventionally, cement is used either as the sole binder in concrete,
or is blended with other hydraulic, pozzolanic, or non-pozzolanic materials.
The development of cement evolved from natural binders to the manufactured
form commonly known as portland cement. Natural binders are essentially a
mixture of ash or clay with lime, which harden when in contact with moisture

to produce reaction products that are cementitious in nature.

2.4.1.1 Cement Chemistry

Portland cement is produced by fusion of raw materials which are rich in lime
and silica, typically shale or clay, and limestone. The five principal compo-

nents present in the raw materials are oxides of calcium (CaQO), magnesium

35






2.4. BACKGROUND: CEMENT-BASED PRODUCTS

standards (EN197-4 2004). Calcium sulphate controls the rate of set and
strength development. By varying the chemical and mineralogical composi-
tion, portland cement is produced with formulations designed to meet market
demands.

Conventional portland cement is categorized according to its composition
as follows: general purpose cement, blended cements, blast furnace cement
and pozzolanic cement, which are designated CEM I, II, III and IV respec-
tively (EN197-4 2004). Portland cement continues to be the major binding
material in concrete, with a world-wide annual production in the vicinity of
1 billion tons (Dhir, McCarthy, Zhou & Tittle 2004).

Over the years, portland cement has essentially been used in the same
state but in the recent past, significant technological advancements have been
made particularly in the area of supplementary cementitious materials and
chemical admixtures. These materials are added to cement mixtures in order
to modify the rheology and improve the early age strength and durability of
concrete, among other benefits (Dhir et al. 2004).

The commercial production of the manufactured form of cement known
as portland cement did not take place until after 1824 when Joseph As-
pdin of Leeds registered the first patent for its manufacture. The chemical
composition of cement could then be controlled and the properties could be
pre-determined. The properties of this artificial form of cement have gradu-
ally been improved over the years to the quality of portland cement that has
found a wide application today (Hein 2001), (McGovern 2001).

To achieve sufficiently high strength levels at early ages and thus maintain
fast construction schedules, increases have been made in the fineness and C3S
content of portland cement (Metha & Burrows 2001). However, this may
impact negatively on durability since the high strength although beneficial

also increases risk of concrete cracking (Burrows 2007).
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2.4.1.2 Hydration of Cement

Hydration of cement is mainly characterised by the two calcium silicate con-
stituents (C3S and C3S). When cement is mixed with water, an exothermic
reaction takes place and an alkaline solution (pH ~ 13) is produced by the dis-
solution of calcium, sodium and potassium hydroxides. The high pH-value
in the pore solution is a favourable condition for the hydration reaction.
There are two chemical reactions in cement hydration: (a) addition of water
molecules (H20) and (b) hydrolysis involving splitting of a bond in a water
molecule and releasing hydrogen cations (H*) and hydroxide anions (OH™).
Soon after addition of water to cement, calcium and sulphate ions react
with tricalcium aluminate to form short, hexagonal needle-like crystals (et-
tringite) at the surfaces of clinker particles. The other hydration products
are calcium silicate hydrates (C-S-H) which usually contain small amounts
of ions of aluminium, iron, magnesium, and other ions. The hydration prod-
ucts formed soon after water is added are too fine to completely cover the
clinker particles. Consequently the mobility of the cement particles in rela-
tion to one another is only slightly affected, and therefore the consistency
of the cement paste undergoes only slight stiffening (Scrivener, Cabiron &
Letourneux 1999). Cement hydration takes place in different stages as fol-
lows:
Stage 1: Initial C3A hydration generating heat and possibly early stiffening.
This stage lasts for a few minutes.
Stage 2: CzA hydration products cover cement grains and limit access of
water and slow reactions. This is a dormant period which lasts for a few
hours.
Stage 3: Calcium becomes supersaturated in solution and shells around ce-
ment grains break open. Silicate reactions start, causing heat, setting and
initial strength gain. During this period, C-S-H continues forming on the
clinker surfaces and the microstructure densifies. These reactions start af-
ter approximately one to three hours and continue for approximately three

hours.
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Stage 4: Hydration products start to fill space and surround cement grains,
again slowing reactions. The reactions continue up to 24 hours after mixing.
Stage 5: This is a long term slow hydration and densification which continues

for years.

After the dormant period, an intense hydration of clinker phases takes
place. During this period the basic microstructure of cement paste is formed,
consisting of needle-shaped (and platy) C-S-H particles, platy calcium hy-
droxide and ettringite crystals growing in longitudinal shape. The microstruc-
ture also contains unhydrated cement particles, and voids or pores.

As hydration progresses, crystals continue to grow, bridging the gap be-
tween unhydrated cement particles. The hydrated particles bond firmly to
the un-reacted cement causing hardening of cement paste. Hydration causes
the density of the microstructure to increase and pores get filled with hy-
dration products. The filling of pores causes strength gain and the cement
forms a hardened paste (HCP) (Richardson & Cabrera 2000), (Scrivener
et al. 1999), (Stutzman 2004).

C-S-H contain less calcium oxide than the calcium silicates in cement
clinker. Calcium hydroxide is formed during the hydration of portland ce-
ment, which is available for reaction with other cementitious materials such
as ground granulated blast furnace slag and pozzolans such as fly ash and
silica fume (Addis & Owens 2001).

Pozzolans are materials rich in reactive silica and sometimes alumina, and
react with lime (CaQ) in the presence of moisture to produce cementitious
compounds. Since calcium hydroxide (hydrated lime) is produced during
cement hydration, pozzolans are often combined with portland cement in
which the pozzolanic reaction is driven by the cement’s normal reactions

with water (Stutzman 2004).
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2.4.1.3 Microstructure of Hardened Cement Paste

Cement paste in a plastic state is a network of particles of cement in water

which after setting has the following microstructure:

e Poorly crystallised hydrates of the various compounds, referred collec-

tively as gel

Voids in the gel referred to as gel pores
CH (CaOHa,) crystals
Unhydrated cement particles

Residue of water-filled spaces referred to as capillary pores

e Some minor components

The microstructure of hardened cement paste continues to change as
it undergoes (initially) setting, followed by hardening and drying. In the
presence of water, cement continues to hydrate over a long period leading
to densification of the microstructure, which is caused by the formation of
CH crystals and other hydration products of different physical and chemical
structures (Salicimen, Shameem, Barry, Ibrahim & Abbasi 2003).

The microstructure of a 100-day old sample of cement paste prepared
with water:cement (w:c) ratio of 0.30 and cured at room temperature is
shown in Fig. 2.7 (Diamond 2004).

The microstructure in Fig. 2.7 shows a residual cement grain with a hy-
dration rim of C-S-H products (labeled A), a partially hydrated C,S particle
(labeled B), and a fully hydrated grain with no visible cement core (labeled
C).

2.4.1.4 Microstructure of Hardened Concrete

Concrete is a composite material produced by mixing cement with fine ag-
gregate (sand), coarse aggregate (gravel or crushed stone), water, and often
small amounts of admixtures to control setting time and plasticity. Stiffen-
ing, setting and hardening are caused by accumulation of hydration products

of varying rigidity which fill the interstitial spaces originally filled with water.
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merization) of silicates in cement paste progressively increases with time, a
process that is accelerated by increase in temperature. Hydration of cement
at high temperatures is known to coarsen the pore structure, and to increase

the density of C-S-H in the microstructure (Neville 1971).

2.4.2 Summary: Portland Cement

A summary of the findings on portland cement that was dealt with in section

are:

e Basic cement chemistry comprises, a series of oxides, with the main con-
stituent compounds of portland cement being tricalcium silicate C3S,
dicalcium silicate C,S, tricalcium aluminate C3A, tetracalcium alumi-
noferrite C4AF, magnesium oxide (MgQO), sulphates (SO3), and free
calcium oxide CaO.

e Cement hydration is the reaction in which water is chemically combined
with anhydrous phases in the grains of cement to form hydrated com-
pounds. The hydration products are calcium silicate hydrates (C-S-H),
calcium hydroxide (Ca(OH),), and ettringite.

e As hydration progresses, the microstructure of hardened cement paste
changes as hydration products form around the cement particles. The
paste transforms from a fluid state, when the particles remain separate,
to a fixed form after the layer of hydration has bridged the particles.

e Increased hydration results in an increase in the degree of polymerisa-
tion and high curing temperatures are associated with densification of
C-S-H around unhydrated cement grains as well as coarsening the pore

structure.

2.4.3 Advances in Cement-Based Materials

Due to high concrete demand and changing needs, the construction industry
has taken considerable strides forward over the last two to three decades.
Advancements in new techniques of concrete production have led to the de-

velopment of High Strength Concrete (HSC) which is part of the general
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class of concrete products known as High Performance Concrete (HPC) as
illustrated schematically in Fig. 2.9. At the same time, alternatives to con-
ventional concrete to meet specific needs have been the subject of research in
the recent past. Fig. 2.9 illustrates the main classifications of cement-based

products.The following notation is used in Fig. 2.9:

OC: Ordinary concrete

SCC: Self Compacting Concrete

HPC: High Performance Concrete

HSC: High Strength Concrete

FRCC: Fibre Reinforced Cementitious Composites

HPFRCC: High Performance Fibre Reinforced Cementitious Composites
ECC: Engineered Cementitious Composites

TRC: Textile Reinforced Concrete

TC: Textile Concrete

CONCRETE

Figure 2.9: Main classifications of cement-based products

TC

A group of cementitious composites that has been progressing rapidly

and has attracted considerable interest within the last three decades is Fibre
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Reinforced Cementitious Composites (FRCC). However, FRCC is not an
entirely new concept as natural fibres have been employed as reinforcement
to brittle materials since ancient times and indeed, their use traces back to the
early Egyptian fibre composites technology (Broutman & Krock 1975). These
early civilizations employed natural fibres for brittle matrix reinforcement,
with the advantages of their availability, renewability, and low cost.

Fibrous materials were commonly used to obtain greater strengths or
to avoid cracks during setting (Moropoulou et al. 2005). However, the use
of natural fibres as reinforcement to brittle cementitious matrices is often
faced with difficulties associated with long-term fibre shrinkage and deleteri-
ous effects of the strongly alkaline cement environment on the fibres, which
impacts on the long term performance of the composite. This need has mo-
tivated the search for alternative fibres which would be more suitable for
reinforcing cementitious matrices.

The Fibre Reinforced Cementitious Composites (FRCC) industry has
made major strides in recent years, due on the one hand, to technological
developments in the choice of the matrix properties, fibre volume fraction
(V¢), and the interfacial properties (Miguel & Amparo 1997). New innova-
tions in the composite production process have also contributed to a better
understanding of the fundamental mechanisms controlling the mechanical
behaviour of FRCC (Konrad et al. 2003), (Kabele 2003).

By an appropriate choice of the properties of the constituent materials
and the interfaces, the following properties are achieved: quasi-strain hard-
ening behaviour, improved strength, toughness, energy absorption capacity,
stiffness, durability, and corrosion resistance. These properties characterise
a good engineering material. For FRCC to meet the performance demands
listed here, it is usual to modify the binder properties by the addition of sup-
plementary cementitious materials and chemical admixtures at its production
stage (Dhir et al. 2002).
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2.4.4 Supplementary Cementitious Materials and Ad-
mixtures in Cement-Based Products

Supplementary cementitious materials (SCMs) are finely divided latent hy-
draulic or pozzolanic materials that exhibit cementitious properties when
added to normal concrete mixtures. The beneficial role of SCMs, either as
additions or as partial replacements for portland cement or the fine aggre-
gate in cementitious products, is well documented (Addis & Owens 2001),
(Sahmaran & Yaman 2005), (Park, Noh & Park 2005). These additions can
be used to achieve desired performance. Therefore, where available, sup-
plementary cementitious materials are becoming widely accepted as routine
ingredients in concrete mixtures.

In FRCC production, SCMs are beneficial in improving workability and
flow properties, which often become compromised by fibre inclusion. Most
SCMs are by-products of the power generation or metal smelting industries,
and among them, Fly Ash (FA), Condensed Silica Fume (CSF), and Ground
Granulated Blast Furnace Slag (GGBFS) are most common. In the recent
past, a new product known as Ground Granulated Corex Slag (GGCS) has
become available in the cement industry of the Western Cape Province of
South Africa. GGCS is similar to GGBFS but has more ultra-fine particles
than conventional blast-furnace slag. It also has higher proportions of cal-
cium, magnesium, and aluminium oxides and therefore, possesses a higher
hydraulic activity than GGBFS.

Elsewhere, rice husk ash, which is a by-product of agro-based industries,
with pozzolanic properties has been shown to have potential for application
in cementitious products (Nehdi, Duquette & Damatty 2003), (Ajiwe, Okeke
& Akigwe 2000). In the South African cement industry a relatively recent
entrant is Ultra Fine Fly Ash (UFFA), commercially referred to as “Super-
Pozz”. Due to the above benefits the use of alternative binders to partially
replace ordinary portland cement or the fine aggregates has also become com-
mon practice in FRCC production. The properties of UFFA are dealt with

in the section that follows.
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2.4.4.1 Ultra-fine Fly Ash in Cementitious Products

The early age strength of concrete has assumed considerable significance in
the modern construction industry due to the need for striking forms and
transferring loads in a short time. The strength is achieved in various ways
and among them, the use of Ultra-fine Fly Ash (UFFA) has been accepted
in recent years as one of the effective techniques in producing high early-
strength concrete (Baoju, Youjun, Shigiong & Jian 2001).

Studies carried out recently by Isaia et al. (Isaia, Gastaldini & Moraes
2003) have addressed the issue of physical and pozzolanic action of min-
eral additions in cement-based materials. Although the studies have not
been directly focussed on the use of UFFA, it is clear that the presence of
conventional Fly Ash (FA) in cementitious materials has beneficial effects
particularly on the compressive strength as the material ages. It has also
been shown that substitution of cement by 15 percent FA causes an increase
in the compressive strength of concrete mixes by over 100 percent between
28 days and 180 days (Pala, Ozbay, Oztas & Yuce 2005). Similar effects
would be expected in UFFA mixes as well. Indeed, UFFA is credited with
highly reactive silicate activity. Therefore, as a partial replacement, it finds
wide application in high performance concrete products such as grouts, repair
mortars, and sprayed concretes.

The main feature of UFFA that renders it highly pozzolanic is a unique
particle size distribution and spherical shape. The mean particle diameter of
UFFA typically ranges between 3.9 and 5.0 pym with over 90 percent of the
material having a particle diameter of less than 11 gm. Whilst silica fume is
finer, it is predominantly single sized compared to UFFA, which by contrast
typically has a variable particle size distribution modes as shown in Fig.2.10.
UFFA particles are spherical and act like ball bearings within the concrete
microstructure. Therefore, the water requirement for a given workability is

reduced substantially leading to a less permeable material (Kayali 2004).
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Sakai 1995).

SMF-based superplasticizer has been successfully employed in the pro-

duction of Fibre Reinforced Cementitious Composites without causing ma-

jor workability problems (Hannant 1998). However, a commercially available

polycaboxylate was selected for this work to improve flow.

2.4.5 Summary: Advances in Cement-Based Materials

Technological advancements in concrete production have contributed to
a better understanding of behaviour of Fibre Reinforced Cementitious
Composites (FRCC).

In order to meet performance demands in FRCC such as quasi-strain
hardening, improved strength, and toughness, properties of binders are
modified by addition of supplementary cementitious materials (SCMs)
such as fly ash (FA), condensed silica fume (CSF), ground granulated
blast furnace slag (GGBFS), and ground graduated corex slag (GGCS).
The benefits of ultra fine fly ash (UFFA) as a supplementary cementi-
tious material are attributed to spherical particles which act like ball
bearings within the concrete microstructure leading to a substantial
reduction in water requirement for a given workability, which results in
reduction of permeability.

Chemical admixtures impart special properties to conventional fresh
mixes or hardened concrete such as; workability, strength enhancement,
and durability.

Superplasticisers are high range water reducing admixtures which are
added in concrete for viscosity modification, which has led to develop-
ment of self-compacting concrete (SCC) for special applications. Su-
perplasticisers have also been successfully employed in production of
FRCC.
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2.5 Ageing and Degradation of Concrete

Degradation in concrete refers to reduction in quality and essential proper-
ties over time. Normally, concrete undergoes degradation with age but the
minimum required quality is not expected to be reached before the end of
the design service life. The nature of degradation of concrete depends on:
(i) internal factors such as; permeability, binder type, binder content, and
water:binder ratio, and (ii) physical or chemical factors associated with the
environmental exposure. Physical attack is due to mechanisms of abrasion,
erosion, cavitation, or expansive reaction such as freeze-thaw. On the other
hand, chemical attack is driven by dissolved gases and liquids, which cause
sulphate attack, alkali-silica reaction, and carbonation (Rendell, Jauberthie
& Grantham 2002). Chemical degradation depends on the nature and con-
centration of aggressive fluids and increases with increasing temperature and
humidity (Addis & Owens 2001).

This thesis is mainly concerned with degradation related to the mois-
ture state of FRCC, the role of temperature in the degradation process, the
mechanical effects of cyclic wetting and drying, and degradation associated

with carbonation; therefore, these are dealt with in the sections that follow.

2.5.1 Effects of Moisture and Temperature

The microstructure of concrete is characterised by capillary pores, voids,
and discontinuities at the macro level, and minute gel pores at the micro
level. These features provide paths for gases and liquids to penetrate the
microstructure. The rate of movement of gases and ions through the pore
structure is influenced by the amount of moisture in the pores (Addis &
Owens 2001). The rate of ingress of fluids into concrete increases with in-
creasing temperature.

Moisture may dissolve cement hydration (for example CH) products
which if leached out of the concrete lead to efHorescence and eventual destruc-

tion of calcium silicate hydrate (C-S-H), causing loss of concrete strength.
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Similarly, when acids react with products of hydration as well as unhydrated
cement, corrosion of the concrete matrix ensues.

Cyclic action of temperature and moisture that is common in some tropi-
cal environments has been attributed as the course of leaching of concrete and
subsequent propagation of microcracks (Savastano et al. 2003). The physical
effects of thermal changes are volume movements which induce stresses in the
microstructure leading to increase in microcracking in concrete. Gases and
fluids are absorbed and retained within the microcracks where they cause

physical and chemical expansive reactions.

2.5.2 Effects of Carbonation

Atmospheric carbon dioxide (COg) combines with water in the pores and
capillaries of cement-based products to form carbonic acid, which in turn
reacts with Ca(OH), and hydrated calcium silicate to form CaCOj3 and water.
Carbonation reactions are described by Egs. 2.1 to 2.3 (Rendell et al. 2002).
The common carbonation reaction is described by Eq. 2.2, and a more severe
form of carbonation (resulting in the formation of a silica gel) is described
by Eq. 2.3.

COQ + HQOHHQCO3 (21)
HQCO?, + CQ(OH)Q—)CCLCO3 + QHQO (22)

The ingress of CO, into a cementitious matrix of medium humidity is
associated with reduction in pH and increase in the tendency of hydration
products (Ca(OH), and C-S-H) to dissolve. The product of carbonation

ol



2.5. AGEING AND DEGRADATION OF CONCRETE

(CaCOs) is subsequently transported to more porous zones where it is de-
posited (Bentur & Akers 1989). CaCOj; occupies a greater volume than the
replaced Ca(OH),) and therefore carbonation causes a volume change and
reduction in the average pore size in the microstructure. The production of
CaCOj3 results in reduction in pH of concrete from 12 to about 8 (Rendell
et al. 2002), which leads to depassivation of reinforcing steel.

When concrete carbonates, CaCOs crystals are deposited in the voids
thereby increasing the density of cement paste (Neville 1971). The increase in
density causes an increase in surface hardness and strength, reduced surface
permeability and moisture movement. The rate of carbonation depends on
concrete quality, water:cement ratio and compaction. Optimum carbonation
rate of concrete occurs at relative humidities of between 50 and 70 percent
(Neville 2002). Therefore, carbonation rate is lower for concrete that is
continuously exposed to high humidity, or alternatively very low humidity.

With regard to Fibre Reinforced Cementitious Composites, the partic-
ular concern is that whereas carbonation is accompanied by reduction in
porosity of the matrix, chemical changes occur in fibres after exposure to
COg-rich environments. For example, carbonation has been found to cause
a breakdown of molecular chains of cellulose fibres, which negatively affects

the long-term reinforcing potential of the fibres (Akers & Studinka 1989).

2.5.3 Swelling and Shrinkage of Concrete

At early age, concrete undergoes moisture loss which is commonly accom-
panied by volume change. Shrinkage in cementitious materials is a vol-
ume change that is dependent on temperature and environmental conditions
(Addis & Owens 2001). When concrete is restrained, shrinkage causes tensile
stresses to be induced leading to cracking.

During cyclic wetting/drying of cementitious materials, capillary forces
are created which cause swelling and shrinkage. Swelling occurs during a
wetting cycle whereas shrinkage occurs when the capillary forces are created

in the microstructure due to the effects of drying. The changes in relative
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humidity induce dimensional changes in C-S-H which introduce local high
stress regions in the microstructure leading to localised creep (Addis & Owens
2001).

The movement of water in and out of hydrated particles affects the par-
ticle spacing. During a drying cycle, water is lost from the paste, first from
the larger pores such as capillaries and then from the smaller gel pores. Wa-
ter inside the pores is in a state of tension which is normally balanced by
compressive stresses in the surrounding gel, causing a reduction in particle
spacing. Reduction in particle spacing with time leads to a decrease in total
energy of the system and new bonds are formed between hydrate layers. This
mechanism results in shrinkage (Addis & Owens 2001). On the other hand,
wetting creates a free-water layer within the microstructure, which hinders
adsorption resulting in disjoining pressure or swelling.

Carbonation causes reduction in volume referred to as carbonation shrink-
age. This form of shrinkage in concrete is optimum at intermediate humidities
(between 50 and 70 percent) when there is sufficient water in the pores within
the cement paste for CO, to form carbonic acid. The mechanism of carbona-
tion shrinkage involves changes in the basic structures of CH as well as C-S-H.
Cement paste undergoes temporary increase in compressibility resulting from
dissolution of CH from regions under compressive stresses created by capil-
lary tension in the liquid (Neville 1971). While this mechanism may account
for the individual contribution of CH to shrinkage, a dimensional change in
cement paste due to the removal of calcium ions (decalcification) is largely
responsible for carbonation shrinkage (Chen, Thomas & Jennings 2006).

Carbonation shrinkage was recently investigated and interpreted as a
special case of a more general decalcification shrinkage (Chen et al. 2006).
Decalcification occurs in cement pastes due to processes of leaching by soft
and acid waters, and carbonation. Below Ca/Si of approximately 1.2, an
increase in polymerisation of silicate molecules in C-S-H occurs (Chen et al.
2006). This finding is consistent with an earlier study that was carried out

on carbonation shrinkage in autoclave aerated concrete (AAC) (Matsushita,
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Aono & Shibata 2004).

Studies by Matshushita et al. were undertaken on AAC at carbonation
levels ranging from 25 to 65 percent. It was found that the structure of
tobermorite, which is the principal binding mineral in AAC, changed due
to dissolving of calcium ions from calcium oxide layers causing the struc-
ture of C-S-H to undergo reorganisation by polymerising to a silica gel struc-
ture. These microstructural changes in C-S-H largely account for carbonation

shrinkage in concrete.

2.5.4 Summary: Ageing and Degradation of Concrete

e Degradation of concrete is caused by physical and chemical processes
at macro and micro level, which are driven by either internal factors or
exposure conditions.

e Moisture provides the medium for gases to dissolve, and cracks, cap-
illaries, and pores form the paths for the dissolved gases and fluids to
diffuse into the microstructure and react with hydration products.

e High temperatures accelerate chemical reactions such as sulphate at-
tack, alkali-silica reaction, chloride ions diffusion, and carbonation.

e Cyclic wetting and drying leads to shrinkage and swelling which result
in cracking.

e (CaCOj3 which is produced after carbonation reaction occupies a greater
volume than the replaced Ca(OH)s which causes a reduction in the pore
size, hence densification of the matrix.

e Carbonation causes changes of the C-S-H structure after decalcification

resulting in carbonation shrinkage.

2.6 Benefits of Fibres in Performance of FRCC

The mechanical theory of reinforcing action of fibres in cementitious matrices
is dealt with in Chapter 3. The beneficial effects of fibres in cementitious

matrices are that tensile cracking of the composite is controlled and delayed

94



2.6. BENEFITS OF FIBRES IN PERFORMANCE OF FRCC

so that unstable and uncontrolled tensile crack growth is transformed into
slow controlled crack growth. Therefore, fibres modify post-cracking behav-
iour of the composite to give increased strain capacity and enhanced energy
absorption (Swamy 1980). The fibres’ performance in controlling cracking
and maintaining toughness of FRCC is dependent on the fibre volume frac-
tion V. The relationship between composite stress-strain behaviour and Vy
is illustrated schematically in Fig. 2.11, which is according to the following
classification by Perrie and Butler (Perrie & Butler 1994):

e If the fibre volume content is below a critical value V., the composite
will fail suddenly by fibre breakage after first matrix crack (A).

o If V¢, is exceeded but the bond strength and aspect ratio are such that
the stress in the composite is not sustained when the matrix cracks,
the composite will not undergo multiple cracking. Failure will be by
fibre pull-out in a gradual manner with a falling stress tail, a behaviour
referred to as strain softening (B).

o If the fibre content exceeds V., fibre strength is low, and the fi-
bre/matrix bond is strong, a plastic deformation after first crack will
occur, indicating the ability of the composite to continue deforming
without either losing or increasing in load. The composite will fail by
fibre damage followed by rupture (C).

e If the fibre content, strength and bond are all sufficient, then the load
in the composite is transferred onto bridging fibres and a rising stress-
strain curve results. The composite will exhibit fibre stretching between

cracks prior to failure (D).

For a given fibre volume, the typical tensile stress-stress behaviour of a
composite changes according to the matrix microstructure, fibre type, and
environmental conditions, factors which affect the mechanisms of ageing in
FRCC. The benefits of fibres in the behaviour of FRCC are dealt with in the

sections that follow.
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Figure 2.11: Idealised stress-strain curves for FRCC

2.6.1 Role of Fibres in Weathered FRCC

In wet /dry environments where there is adequate hydration, cement hydra-
tion products develop around embedded fibre surfaces. For cellulose fibres
which are naturally hollow, the hydration particles cause embrittlement to
the hollow fibres. If the products migrate to the fibre lumen and fill the
pores, they cause the fibres firstly to be brittle and secondly the fibres be-
come petrified (Bentur & Akers 1989). Brittle hollow fibres are essentially
weak and they break prematurely leading to loss in composite strength and
toughness (behaviour type C).

Petrification of cellulose fibres is commonly found in carbonated compos-
ites, which develop higher strength, stiffness, and dimensional stability than
un-aged composites (Bentur & Akers 1989). Dimensional stability means
that there is less tendency for the embedded fibres to shrink away from
the matrix following carbonation shrinkage. The changes in fibre proper-
ties together with a denser matrix after carbonation accounts for increase
in strength and reduction in toughness in carbonated composites (Bentur &
Akers 1989), (Akers & Studinka 1989).

Cyclic action of temperature and moisture increases porosity (leading
to leaching), and propagation of microcracks which weaken the matrix at
the vicinity of the fibres (Savastano, Warden & Coutts 2005). When the

matrix is weak, but the fibres retain satisfactory bonding with a matrix, the
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composite toughness is improved because the microstructure allows greater
energy dissipation through microcracking (in the vicinity of fibre surfaces),

as well as enhancing the mechanism of fibre pull-out.

2.6.2 Role of PP Fibres in Weathered FRCC

Polypropylene (PP) fibres do not easily absorb water from a wet environment
nor give it up to a drier one (they are hydrophobic), hence the fibres do not
undergo swelling and shrinkage like concrete does during wet/dry cycling.

In Fibre Reinforced Cementitious Composites (FRCC), PP fibre surfaces
provide additional sites for deposition of cement hydration products, which
are not easily removed in concrete during swelling and shrinkage. Deposition
of hydration products on the fibres contributes to an increase in fibre/matrix
bonding with age (Hannant 1978).

The beneficial effects of PP fibres in cementitious matrices is that they
control cracking and alter the post-cracking behaviour of the composites in
the short-term. In the long-term, the composite performance is evaluated
from mechanical tests on samples aged under different environments.

Durability studies were undertaken using fibrillated films to enable easy
penetration of cement mortar and promote bond with the cement paste
(Hannant 1998). The studies involved evaluation of the durability of the
polypropylene fibers subjected to natural weathering, storage in laboratory
air, and storage under water for periods of up to 18 years. For samples stored
under water, a reduction of about 19 percent in polypropylene film strength
after 18 years was reported, which was considered a satisfactory strength re-
tention. Long-term toughness was also reported in the study (Hannant 1998).

Evaluation of fibre/matrix bond strength was undertaken from crack
spacing which showed that the bond strength remained constant at about
0.4 MPa regardless of time, or exposure conditions (Hannant 1998). This im-
plied that the bond strength depended on the intermolecular shear strengths
of the aligned polymer chains, which were time stable and did not depend

on the matrix microstructure.
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2.6.3 Summary:Benefits of Fibres in Performance of
FRCC

e The main benefits of fibres in FRCC is increase in toughness. Densi-
fication of the matrix around the fibres contributes to lowering of the
composite toughness by reducing the flexibility and deformation ca-
pacity of the fibres. Depending on the fibre type, and environmental
exposure, matrix densification can be accompanied by reduction, or
increase in composite strength.

e The prevailing behaviour in aged cellulose fibre cement composites is
loss of toughness, due to changes in fibre properties and matrix mi-
crostructure at the fibre/matrix interface.

e Extended surfaces of PP fibres that are used in cementitious matrices
are additional sites for deposition of hydration products, which reduces
adverse effects of swelling and shrinkage in the matrix.

e Bond strength between polypropylene and cement was relatively unaf-
fected by exposure condition, and long-term toughness over many years

is documented.

2.7 Textile Concrete Technology

In the past, South Africa has adopted the use of fibres in cementitious prod-
ucts and applications, driven by the need for cost-effective and innovative so-
lutions to unique problems associated with mining. Therefore, fibre cement
applications in South Africa were developed largely for the mining industry.
Over the last 10 years, Textile Concrete (TC) technology has been employed
in some of these applications (Taylor, Mostert & Hourahane 1997).
Polypropylene (PP) has been in use as plain fibres for more than 50 years
and as non-woven textiles in concrete for approximately 30 years. Therefore,
the behaviour of PP fibres is well understood making a PP a commonly

chosen polymer for reinforcement of cementitious matrices.
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2.7.3 Advances in Textile Concrete Technology

Despite being a relatively new concept, Textile Concrete technology is grad-
ually gaining acceptance, not only in South Africa, but also in other parts of
the world, notably, the United States of America, New Zealand, and Europe.

In Germany, a special research project based at the Technical Univer-
sity of Aachen is dealing with different levels and scales of textile/matrix
interaction (Hegger, Sherif, Brukermann & Konrad 2004). For example, a
multi-level approach to visualisation of textile concrete structures was re-
cently proposed (Konrad et al. 2003) leading to the development of a consis-
tent material model. Using this approach, a better understanding of damage
and failure mechanisms of TC is gained.

At a micro level, the loading mechanism is visualised as the interaction
of firstly, the individual fibrils, and then of a matrix-fibrils system. The
assembly of fibrils, spanning around the central core, together with their
interaction with the matrix represents a structure at the meso level. At
meso and micro levels, the physical and mechanical properties of the fibre and
matrix as well as the nature of the interfacial bond influence the composite
material properties.

Other mechanisms playing a key role in loading and failure mechanics
of TC are the cracking mode and the fibre end slippage. These mechanisms
have been modeled by unifying the micro-mechanics and fracture mechanics
effects with the fibre/matrix bond properties (Wang, Li & Backer 1988).

The fracture mechanics-based factors that adequately describe the me-
chanics of fibre/matrix interface are: the flaw size, crack initiation, crack
alignment, crack tip and fibre bridging toughness. These fracture mechanics-
based parameters have been numerically related to material properties by
various researchers (Kanda, Lin & Li 2000a), (Kabele 2003b).

At the macro level, the material structure is visualized as composed of
the woven textile interacting with the bulk matrix structure. At this level,
failure is characterised by multiple cracking, which is normally modeled by

the relationships between the bridging stress (o) that is provided by the
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Figure 2.17: Multiple cracking in HPFRCC

reinforcing fibres, and the extent of crack opening displacement (d) (Kabele
2003b).

2.7.4 Mechanism of Multiple Cracking

Fibre reinforced cementitious composites that exhibit multiple cracking and
strain hardening, as illustrated schematically by Fig. 2.17, have traditionally
been referred to as the High Performance Fibre Reinforced Cement Compos-
ites (HPFRCC) (Jasper, Bush & Henrick 1989). During the multiple cracking
and strain hardening stage, a large amount of energy is absorbed by the ma-
terial, hence the high energy absorption capacity or toughness (stresses of
the order of 3 MPa) of HPFRCC materials.

A micro-mechanics-based approach to the analysis of the mechanical
behaviour of High Performance Fibre Reinforced Cementitious Composites
(HPFRCC) has advanced the understanding of matrix micro-cracking. Crack-
ing in HPFRCC is influenced by: slippage at the fibre end, the counteracting

actions of frictional slip resistance at the fibre-matrix interface, fibre bridg-
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ing traction oy, and crack opening displacement (COD) (Lin & Li 1997).
COD and o, are conventional fracture mechanics-based concepts which are
essentially competing mechanisms in that the tendency of cracks to open is
counteracted by the stresses in the fibres bridging the cracks. In the past,
these mechanisms have been modelled in order to characterise the mechani-
cal behaviour of Engineered Cementitious Composites (ECC), which include:
mechanics of crack initiation, debonding, decaying fibre/matrix interfacial
frictional stresses (Li, Wang & Backer 1991b), (Kabele 2003b).

It is recognised that a suitable cementitious composite for bending and
impact loading applications should have sufficient tensile strength and stiff-
ness, as well as high toughness. In addition, the composite should exhibit
strain hardening after the first crack rather than strain softening (described
earlier in section 2.6), as commonly found in low fibre volume and strong
fibre cementitious composites (Wang & Li 2003).

Strain softening in FRCC was recently addressed in polyvinyl alcohol
(PVA) fibre-cement composites by locally lubricating the fibres to reduce the
fibre/matrix interfacial bond (Wang & Li 2003). These products are referred
to as Engineered Cementitious Composites (ECC). Using such an approach
it has been possible to achieve strain hardening characteristics and adequate
strengths (=4 MPa) in the composites (see Fig. 2.18), and “ductile” strain
(~4%), for single fibre pullout tests.

-- N W s RO
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Figure 2.18: Tensile stress-strain curve of composites from (Wang & Li 2003)

Similar high toughness results have been achieved by Tait and Guddye
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2.7.5 Summary: Textile Concrete Technology

e The developments in PP fibres for use in cementitious matrices is at-
tributed to the work by Hannant (Hannant 1978) on fibrillated PP films
as alternative to asbestos fibres.

e In South Africa, the key to development in textile production tech-
niques for use in cementitious matrices is the development of a “hybrid
fibre” consisting of a polymeric fibre tape as the core, over which a
flufty layer is spun to form a sheath. To prevent separation, the sheath
is intermittently ultrasonically welded to the core.

e Specialised textiles commercially known as CemForce are woven from
“hybrid fibres” and tapes and are suitable for production of Textile

Concrete (TC) using a hand lay-up technique.

2.8 Tensile Testing

Among the early works on direct tensile testing of cementitious compos-
ites, the stress-strain response of a concrete tensile specimen was predicted
(Maage 1978). The prediction was based on an approach whereby constituent
material properties at micro level were smeared into the uni-axial tensile be-
haviour of the specimen at the macro level.

More recently, a general broad overview on the subject of uni-axial ten-
sile testing of cement-based products was given by Swaddiwudhipong et al.
(Swaddiwudhipong, Lu & Wee 2003). The study investigated the tensile
strain capacity of concrete (a brittle specimen) from direct tensile tests. A
description of the testing technique is given which includes: fabrication of
special moulds which are durable and easily demountable, modifications to
conventional gripping systems so that load eccentricity and non-uniformity of
stress and strain are sufficiently addressed, and the design of a self-centering
joint connecting the testing machine with the specimen in order to eliminate
bending moments during the test, hence ensure purely axial loading. The

results (Swaddiwudhipong et al. 2003) showed that strain values up to ap-
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proximately 70 percent could be monitored, and most of the samples (100
out of 117) failed in the middle section as desired.

Elsewhere, a concise summary of the critical elements in the tensile test
set-up for determination of fracture parameters of concrete has been com-
piled (Van Mier & Van Vliet 2002). Specific problems of the uni-axial tensile
test are discussed, which include: analysis of closed-loop testing, and the
specimen shape in relation to the prevention of premature failure. The im-
portance of using an appropriate gripping system is discussed, which was also
addressed by Swaddiwudhipong et al. (Swaddiwudhipong et al. 2003). The
studies show that uniaxial tensile test is a fundamental test to determine the
fracture properties of a material.

The work going on in different research laboratories in the area of direct
tensile testing of the so called Ductile Fibre Reinforced Cementitious Com-
posites (DFRCC) was recently coordinated by RILEM technical commitee
TC 182 HFC and the tensile characteristics of these materials evaluated in
a round robin test. In one of the studies on evaluation of tensile charac-
teristics of DFRCC (Kanakubo, Shimizu, Katagiri, Kanda, Fukuyama &
Rokugo 2005), uni-axial tensile tests were performed on polyvinyl-alcohol
Engineered Cementitious Composite (PVA-ECC) using specimens of four
different shapes. Using “dog-bone” shaped specimens, tensile stresses and
strains of 4.10 MPa and 1.89 percent respectively were reported. The study
illustrates the benefits of tensile tests as a means of evaluating other tests
such as bending tests. The value is demonstrated from the results of the
study by Kanakubo et al. in which values of the ultimate tensile stress and
strain which were calculated using a proposed bending moment-based model
showed good agreement with tensile test results. From the evaluation, a
standard for the test was proposed (Kanakubo et al. 2005).

Part of the round robin tests by RILEM involved characterisation of
the tensile mechanical properties of High Performance Fibre Reinforced Ce-
mentitious Composites (HPFRCC) as reported by Yang and Fischer (Yang
& Fischer 2005). The micromechanical behaviour of PVA-ECC samples,
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which had been cured for different time periods (14 days, 28 days, and 9
months) was investigated using uni-axial tensile tests, and the behaviour
characterised by stress-crack opening displacement (COD). The tensile test
results were utilised in a model that simulated the micromechanical proper-
ties of PVA-ECC composites, namely, interface bond characteristics, matrix
flaw size, and fibre bridging behaviour. The particular contribution of the
study (Yang & Fischer 2005) was in creating a better understanding of the
effects of micromechanical properties to the stress-strain behaviour of PVA-
ECC composites such as: fibre bridging stress-crack opening relationship of
the composite, and the distribution of the matrix flaw size.

Despite many trials of experimental tensile testing and published re-
sults, there is no comprehensive agreed upon a tensile test standard for
FRCC. Therefore, there is need for a standard test method for characterisa-
tion of the strain hardening response of Fibre Reinforced Cement Compos-
ites(FRCC). Naaman and Reinhardt (Naaman & Reinhardt 2006) proposed
a performance-based classification of HPFRCC using two points on a tensile
stress-strain curve: (a) stress and strain at the first crack (o1,¢;) and (b)
stress and strain at the peak point (o3,65) as shown in Fig. 2.20.

It was further proposed by Naaman and Reinhardt (Naaman & Reinhardt
2006) that the following information would be required for design: strength
classification, minimum strain capacity at peak stress, minimum modulus (at
90 percent confidence level for experimental data), specimen size, and limit of
the post-cracking strength. It is illustrated from the literature that uni-axial
tensile testing is considered the basis for understanding different aspects of
mechanical behaviour of FRCC. These aspects range from theoretical simu-
lations to practical aspects such as design of structural elements.

From the fore-going, it is illustrated that despite the complex nature of
tensile testing of cementitious materials, the possibility of standardising the
test is within reach. Indeed, uni-axial tensile tests were recently carried out
on thin Textile Concrete specimens and the behaviour characterised by the

author (Mumenya et al. 2006). Of concern however, is the aging performance
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Figure 2.20: Information on tensile stress-strain of FRCC needed for design

of TC and how this behaviour changes with time and environmental factors.
The aspects of the ageing phenomenon in cementitious materials in general

are briefly dealt with in section 2.9.

2.8.1 Summary: Tensile Testing

e Preliminary mechanical characterisation of TC has been undertaken
by the author, and it is shown that TC exhibits strain hardening in
flexure, and is capable of achieving high toughness.

e Research developments in Textile Reinforced Concrete (TRC) have
taken new dimensions such as: theoretical modeling of the tensile stress-
strain behaviour, efforts towards standardisation of tensile test and

performance classification for design of FRCC.
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2.9 Ageing of Fibre Reinforced Cementitious
Composites

When cementitious composites are exposed to different environments, the
microstructure is modified due to the physical and chemical processes of
ageing. These changes affect the mechanical properties of the material as
shown by studies on cellulose fibre cement composites (Akers & Studinka
1989).

Akers and Studinka (Akers & Studinka 1989) evaluated the mechanical,
physical, and chemical properties of composite samples after exposure to
a COs-rich environment, and after natural exposure for five years. Matrix
densification and gain in strength were reported, which was attributed to
carbonation. Samples exposed to natural environments underwent a general
increase in flexural strength and E-modulus, which were also attributed to
carbonation of the matrix. An increase in fibre/matrix interface bond, and
chemical changes in the fibre were also reported.

In the study by Akers and Studinka (Akers & Studinka 1989), ageing
in the cellulose fibres was in the form of breakdown in the molecular chains
(causing embrittlement) which was attributed to a decrease in the degree of
polymerisation. The studies showed that the increase that was observed in
fibre/matrix bonding after carbonation compensated for fibre embrittlement,
hence the increase in flexural strength and E modulus. However, in the
long-term, carbonation had a negative effect in the reinforcing potential of
cellulose fibres due a reduction in composite toughness.

Among the important properties of FRCC are curing, and environmen-
tal exposure such as relative humidity and temperature, which influence the
micro-mechanical interactions in cementitious materials. Studies were car-
ried out (Tait & Akers 1989) on the mechanism of strength development
and composite failure in freshly prepared synthetic and cellulose fibre ce-
ment materials as well as composites subjected to natural weathering. The

study found that failure occurred due to interactions of microcracking, stress
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redistribution, fibre debonding, fibre pull-out, and fibre failure.

Ageing of FRCC is dependent on the fibre properties which may be mod-
ified by exposure conditions. For example, when glass reinforced cement
(GRC) is exposed in hot and humid climates over a long time period, the
alkalinity of pore water in the matrix embrittles the composite (Bergstrom
& Gram 1984). On the other hand, the reinforcing action of polypropylene
fibres is not affected by alkalinity of cement-based matrices (Hannant 1998).

Micromechanical interactions in HPFRCC have been measured from crack
growth studies by Yang and Fischer (Yang & Fischer 2005). The study
utilised a notched spetimen which was loaded in uniaxial tension and the be-
haviour characterised by the stress-crack opening displacement (stress-COD)
relationship. It was found that the characteristics of interfacial bonding be-
tween fibre and matrix play a significant role in the shape of the stress-COD
curve. In addition, the fibre properties influenced the bond characteristics
(frictional or chemical bond). The study (Yang & Fischer 2005) also showed
the post-cracking deformation mode to be characterised by fibre bridging,
which was influenced by the interfacial bond together with fibre orientation
and length.

A direct relationship between coefficient of thermal expansion («) and
humidity has been reported (Bazant 1979). For young cement pastes, « is
maximum at a relative humidity of approximately 70 percent, but as the
cement hydrates and the material ages, the coefficient of thermal expansion
drops to approximately 50 percent (Neville 2002). On the other hand, the
modulus of elasticity of cementitious materials (E) is not affected so much by
the state of temperature as by the variations thereof (Bazant 1979). Cyclic
temperatures induce volume changes in the composite which result in mi-
crocracking and reduction in stiffness. It is also shown that microcracking
progresses faster under cyclic thermal changes than under constant temper-
atures (Bazant 1979).

Modifications of material properties is manifested in changes in mechan-

ical behaviour. For instance, carbonation exposure together with tempera-
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ture and humidity variations has in the past been shown to lead to matrix
densification and cellulose fibre embrittlement which affect the mechanical
properties of Fibre Reinforced Cementitious Composites (FRCC) (Akers &
Studinka 1989). Similar effects have been observed on synthetic and cellu-
lose fibre cement composite materials aged by natural weathering (Tait &
Akers 1989). Ageing causes an increase in fibre bond which increases the
propensity for fibre failure as opposed to fibre pull-out. Therefore, the long-
term performance of the composite is dependent on the ageing characteristics.

As it is not feasible to wait several years for ageing to occur naturally,
an approach for assessing the long-term performance of FRCC has been to
accelerate the environmental degrading agents in laboratory-controlled tests
and then subject the degraded materials to mechanical tests.

An accelerated ageing protocol, developed by Akers and Studinka (Akers
& Studinka 1989), and later adopted by Kim and co-workers (Kim, Wu, Lin,
Li, deLhoneux & Akers 1999), was particularly interesting. In that work,
which essentially involved durability studies on cellulose cement composites,
the combined effects of wetting/drying, and carbon dioxide exposure were
shown to quite accurately simulate the effects of long-term natural weathering
of cellulose composites.

Environmental degrading agents are essentially synergetic and a better
insight into their individual effects would be gained by separating the differ-
ent exposure regimes rather than using a combined universal test. In any
case, incorporating all the environmental factors would be difficult to devise
and would be faced with major operational constraints as illustrated in the
literature (Kim et al. 1999), (Hannant 1998).

Ageing of Fibre Reinforced Cementitious Composites (FRCC) involves
chemical and physical changes in the matrix, fibres, and the fibre/matrix
interface. Changes in the matrix phase affect the nature of bonding due to
accumulation of hydration particles in the fibre vicinity. In a study by Bentur
and co-workers on the development of bonding of polypropylene fibres on a

cementitious matrix (Bentur, Mindess & Vondran 1989), it was shown that
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there is an increase in interfacial adhesion as the composite ages. It was
suggested that the increase was due to the development of intimate contact
between the fibres and the dense matrix, that is, development of hydration

products around fibres.

2.9.1 Synergetic Effect of Hot/Cold, Wet/Dry, and
Carbonation

Volume changes in FRCC are influenced by temperature cycling, which leads
to cracking. The cracks commonly develop along aggregate surfaces, reflect-
ing the differences in coefficient of linear expansion between cement paste
and aggregates (Rendell et al. 2002).

The combined effect of high temperature and moist conditions is that
microcracking can develop rapidly thereby providing further sites for cement
hydration products in a process of self healing. In addition, concrete with
excessive permeability (due to microcracking) provides secondary paths for
ingress of CO4 other than a diffusion process.

In environments where concrete is exposed to cyclic wetting and drying,
CH, a soluble product of hydration, precipitates in the voids within the
microstructure (Taylor 1997a). Wet/dry environment combined with with
CO; exposure induces carbonation shrinkage which contributes to crazing of

exposed concrete (Neville 1971).

2.9.2 Accelerated Ageing Versus Natural Weathering

In the past, accelerated ageing tests have been used for prediction of natural
ageing of glass fibre concrete samples in two different natural environments:
tropical climate in Nigeria and Swedish climates (Bergstrom & Gram 1984).
In the study, laboratory samples were conditioned for periods varying be-
tween seven days and two years in water at a temperature of +50°C. The
ages of the laboratory samples were correlated with natural ages in tropical
and Swedish environments. In this context, the ratio of the time taken in

a natural climate (t,) to result in similar ageing effects in a sample weath-
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ered in the laboratory for a time t,, is referred to as the factor of correlation
(). In the study by Bergstrom and Gram (Bergstrom & Gram 1984), the
average factors of correlation were 14 and 215 for tropical and Swedish envi-
ronments respectively. Using these age correlation factors, it was shown that
it was possible to make a prediction of the long-term performance of Fibre
Reinforced cementitious composites.

Establishing correlations of accelerated ageing with natural exposure re-
quires some limited time-based data from behaviour in exposure sites. This
means that different environments will have different correlation factors.
Studies on accelerated ageing and natural exposure (Akers & Studinka 1989)
illustrated the potential of time-based data in prediction of durability of
cellulose fibre cement composites. The natural exposure carried out in the
research provided a set of time-based data for carbonation exposure only. To
be able to correlate accelerated tests with natural environments, more data
needs to be taken for other exposure regimes such as: hot/cold, wet/dry,

ultra/violet irradiation, and freeze/thaw.

2.9.3 Summary: Ageing of Fibre Reinforced Cementi-
tious Composites

e The mechanical behaviour of FRCC varies with fibre type, matrix
microstructure, and the physical and chemical conditions at the fi-
bre/matrix interface.

e Ageing of FRCC involves chemical and physical changes in the matrix,
fibres, and fibre/matrix interface, factors which are a function of the
environmental exposure conditions.

e Carbonation exposure leads to matrix densification and embrittlement
of cellulose fibres. This results in brittle composites with increased
flexural strength but reduced toughness.

e Polypropylene fibres have demonstrated stability in cementitious ma-

trices after long-term exposure to a natural environment.
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e Environmental degrading agents are synergetic with the main effect
being volume changes which leads to increase in matrix cracking.

e Accelerated ageing tests are useful for evaluation of long-term durabil-
ity but there is need for establishing correlations between the tests and

natural ages for different environments.

2.10 Industrial Successes of Fibre Cement Com-
posites

Asbestos and steel fibres have being used in concrete since the end of the
19%* century. Asbestos fibres enabled thin rigid sheeting to be made whereas
steel fibre concrete was used to fabricate machine bases and frames. By
1965, the harmful effects of asbestos fibres were known and pressure groups
in the United States of America and other parts of the world sought a ban
on asbestos trading. This motivated the search for alternative fibres for
cementitious applications.

Polypropylene fibres (in form of “cut tape”) were first used to reinforce
concrete in the 1960s. Between 1965 to 1975 many changes took place in
the fibre cement and concrete industry. For example, in the United States of
America, Fibre Reinforced Shotcrete was developed at Battelle Institute by
adopting a technology that was developed for production of slurry infiltrated
steel fibre concrete (SIFCON). Shotcrete found many applications in safes,
vault doors, explosion proof chambers, and bullet proof buildings in security
areas. Shotcrete was also used in heavy duty floor panels.

In the 1970°s Hannant of Surrey University in the United Kingdom devel-
oped an alternative product to asbestos fibre cement for use mainly as roof
sheeting. The product, then known as Netcem, was a fibrillated polypropy-
lene mesh that created an open mesh suitable for use with cementitious mixes.
Surrey University sold Netcem to Montecatinni of Italy, where it was mar-
keted as Retiflex. This product was used in Europe, New Zealand and South

Africa, where the major application was in mine drain channels (World Wide

77



2.10. INDUSTRIAL SUCCESSES OF FIBRE CEMENT COMPOSITES

Web 2006d).

In the late 1990s, “cut tape” PP fibres as well as steel fibres for use in
cement matrices were produced in South Africa. The production of PP fibres
was undertaken on traditional textile looms. Experiments by Textile Con-
crete Consultants (World Wide Web 2006d) led to innovation in production
of woven PP textiles. After refining, this technology was patented in 2001.
The PP fibres have been used in many cement-based applications such as
architectural cladding, permanent forms, amphorae, and many more.

James Hardie Industries Ltd. was first listed on the Australian Stock
Exchange in 1951. The industry specialises in fibre cement products such
as lightweight pipes which are beneficial during transportation and installa-
tion. James Hardie autoclave technology was developed in Australia in 1981
and successfully introduced in many parts of the world especially in the USA
where its use has spread widely. This technology has particularly contributed
to standardisation of low pressure fibre cement pipes. James Hardie Indus-
tries Ltd restructured and relocated to Netherlands in 2001 from where it
continues to advance the fibre cement industry (Coutts 2005).

In Switzerland, air cured technology was developed and used for manu-
facture of micro concrete roofing (MCR) and fibre concrete roofing (FCR).
This technology has been on the market since 1983 and has found wide ap-
plication in developing countries such as India (World Wide Web 2007).

Evolution of cellular fibre concrete for reinforced precasts in South Africa
is documented by Taylor et al. (Taylor et al. 1997). The development is
traced back to 1987 when a fire destroyed Kinross Mine in South Africa killing
180 mine workers. Since the fire was propagated by polyurethane foam which
had been used for insulation, the search for alternative insulation material
ensued. In an effort to provide an alternative material, Grinaker-Duraset
introduced cellular fibre concrete (CFC) technology which was employed in
manufacture of drainage channels in the mining industry. Since its introduc-
tion, CFC technology has been successfully employed in other applications

such as building blocks.
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The success of CFC mixes in the mining industry has stimulated devel-
opment of other applications, including lightweight blocks and panels for use
in housing construction. Research by Textile Concrete Consultants (World
Wide Web 2006d) led to development of CemForce, which is a polypropy-
lene textile formulated for use in cementitious matrices which is used for
Textile Concrete (T'C) production. Mechanical evaluation of the effect of

environmental exposure on this new product is the focus of this research.

2.11 Summary

This Chapter dealt with the background to conventional concrete and Fibre
Reinforced Cementitious Composites (FRCC). From a historical perspective,
it has been illustrated how technological advancements in cement and con-
crete, conventional construction materials, have changed since ancient civi-
lizations. Similarly, technological advancements that have taken place in the
area of FRCC since the mid-nineteenth century were outlined.

The role of supplementary cementitious materials (SCMs) and chemical
admixtures in modifying the properties of cementitious mixes and in the pro-
duction of High Performance Cementitious (HPC) products, was elaborated
on. It was illustrated from the literature that with the advent of high range
water reducing agents, performance demands of cementitious materials have
been achieved without consuming additional cementitious materials.

The performance of FRCC is mainly dependent on the fibre/matrix in-
terfacial properties, in particular the fibre/matrix bonding nature and fibre
pullout properties which are discussed in Chapter 3. It was pointed out that
the motivation for FRCC research is the need for a suitable replacement for
asbestos cement particularly for thin element applications.

Among the preferred substitutes for asbestos fibres, polymeric fibres have
been the most popular due to their cost effectiveness, availability, and stabil-
ity in the highly alkaline cement environment. However the alternative fibres
have serious limitations especially when applied in short discrete forms. This

has led to rapid growth in the use of fibrillated polypropylene fibres in cement-
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based applications, and recently to a new innovation: Textile Concrete (TC)
technology.

For a better understanding of the mechanical properties of FRCC and
indeed of TC, the fibre pull-out and composite tensile behaviour were iden-
tified as the two aspects of mechanical properties that are particularly key.
The mechanics of the behaviour is governed by the process of load transfer
across the fibre/matrix interface, visualized at micro and macro levels of the
material structure. From the work reviewed in this Chapter, it was illus-
trated that mechanical characterisation of TC is on-going and the literature
on the material is not complete. Despite being a relatively new product,
it has found many thin element applications. Of concern however, is the
long-term performance and durability of this new composite.

The effect of time, age, and environmental factors on the mechanical
properties of Textile Concrete is the main focus of this research. To gain
a better understanding of these effects, firstly it was necessary to identify
the degradation processes that are likely to lead to ageing of cementitious
materials. These are; variation of temperature and moisture condition, and
carbonation exposure. The need to accelerate these effects under laboratory
controlled conditions was highlighted. The mechanical behaviour of FRCC
in general including TC is reviewed within a theoretical framework described

in Chapter 3.
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Chapter 3

Theoretical Framework

3.1 Introduction

The literature reviewed in Chapter 2 dealt with the mechanical behaviour of
Fibre Reinforced Cementitious Composites (FRCC), and general background
of cement and concrete. A key factor in characterising fibre composites bond-
ing is based on single fibre pull-out and tensile behaviour of the composite.
A commonly used approach in characterisation of the single fibre pull-out be-
haviour has been by use of load-displacement ( P-§) curves whereas for the
tensile tests, stress-strain (o-€¢) curves are utilised. Theoretical and math-
ematical models describing these two aspects of mechanical properties of
FRCC are the focus of this Chapter.

The mechanisms interacting at three loading stages during the fibre
pull-out process are described. The micro-mechanical models on interfacial
debonding and fibre pull-out in FRCC are reviewed from the literature. The
load-displacement behaviour is used to describe the over-all fibre pull-out
behaviour.

The fibre/matrix interface bonding and debonding properties are firstly
dealt with. Fibre debonding prior to attainment of the peak load is described
using stress-based and energy-based debonding models. Secondly, the overall
load-displacement behaviour characterising the fibre pull-out test is described

using models from the literature. The models are referred to by the name
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of the first cited author followed by a brief discussion. The discussion covers
the general aspects of the bonding action of the fibres that are commonly
employed in cementitious composites with more emphasis on polypropylene
(PP) fibres.

The theory governing uni-axial tensile behaviour of Fibre Reinforced Ce-
mentitious Composites is reviewed based on the micro-mechanical properties
of the fibre/matrix interface. The theory is in form of mathematical mod-
els, starting with the theory by Aveston, Cooper and Kelly (ACK) (Aveston
et al. 1971), which was originally developed to describe an idealized stress-
strain behaviour of polymer-based composites and later adapted for conven-
tional FRCC.

The limitations of ACK theory are illustrated showing that the post-peak
strain-hardening behaviour, and multiple cracking exhibited by High Perfor-
mance Fibre Reinforced Cementitious Composites (HPFRCC), was not ade-
quately accounted for. In this Chapter, the way this shortcoming is addressed
is illustrated from different mathematical models which have been developed
in the recent past in order to account for the “pseudo-ductile” behaviour
exhibited in HPFRCC and in particular, in Textile Concrete. Finally, the
mechanisms of ageing and damage in FRCC due to different environmental

degradation agents are briefly outlined.

3.2 Overview

The mechanical behaviour of fibre reinforced cementitious materials is in-
fluenced to a large extent by the fibre-matrix interfacial properties. This
is demonstrated from the work by Bentur and Mindess (Bentur & Mindess
1990) which mainly focussed on the micro-structure of polypropylene (PP)
fibres-cementitious systems. The study indicated that bonding strength is
influenced more by the mechanical anchoring of fibres into the cementitious
matrix, than by interfacial adhesion. This view was supported later in in-
dependent studies by Li (Li 1992) in which the strength of the fibre/matrix

bond was linked to the fibre bridging stress across the matrix crack, which
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Figure 3.1: Effect of bonding nature on mechanical behaviour

partly accounted for strain-hardening observed in HPFRCC.

The influence of interfacial bond properties and their effects on the load-
displacement (P-6) behaviour of FRCC is illustrated schematically in Fig.
3.1. The fibre/matrix interactions at micro level are described by the bond
strength, interfacial shear stress, and critical energy release rate, the key
parameters that characterise the load transfer mechanics across the interfacial
zone. The work required to separate a fibre from the matrix is dependent
on the energy required to propagate a steady crack growth at the interface,
characterised by the critical energy release rate, which is a material property
(Kelly 1995).

When a tensile load is applied to a composite, the load is transferred from
the matrix to the fibres, and shear stresses are set up at the fibre/matrix inter-
face. The tensile load increases until the critical load P..; when the matrix
cracking strength is attained. The shape of the load-displacement behav-

iour after P is governed by the fibre volume fraction (Vy), fibre/matrix
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bond strength, and the elastic moduli of the fibre (E;) and the matrix (E,,).
For composites with fibre volume fraction beyond a critical value (V.), the
load will be carried entirely by the fibres before final failure occurs. The
load-displacement behaviour of different composites is therefore described as
follows (Perrie & Butler 1994):

e Slip softening characterises composites with low V; and Ef<E,.
o Constant friction characterises composites with low V¢ and E;>E,,.

e Slip hardening characterises composites with high V¢ and Ef>E,,.

3.3 Fibre Pull-Out Behaviour

In a typical fibre pull-out test, the load-displacement curve is used in char-
acterising the fibre pull-out behaviour and the curve is described by four

regions corresponding to the following stages in behaviour:

i. Initial linear pre-peak slope corresponding to an intact fibre/matrix
interface in which the shear stresses are elastic in nature.

ii. A second slope, also preceding the peak load, which corresponds to an
interface undergoing microcracking, which might influence initiation of
debonding. Load drops are due to matrix cracks and opening up before
the fibre takes load. During this partial debonding stage, the load is still
increasing (the rate depending on E modulus for the fibre) indicating
a mobilisation of interfacial friction with associated damage (Bentur &
Mindess 1990). This second stage prevails until the fibre completely
debonds from the matrix and the peak load (Ppq,) is attained.

iii. The third slope corresponding to the region beyond F,,,,. This stage
is characterised by a change in gradient from positive to negative. At
this post-peak stage, the fibre is fully debonded and thus progressively
pulls out of the matrix. At this stage of the load-displacement curve,
the stresses within the interfacial microstructure are frictional in na-

ture and this causes the cracks to propagate in an unstable manner.
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The magnitude of this negative gradient depends on the nature of the
microstructure.

iv. As loading progresses, fibre slippage and pull-out take place thus caus-
ing substantial damage to the microstructure. Therefore, cracking at
the interfacial zone stabilizes. This region, which is the final stage on
the load-displacement curve, is therefore characterised by a negative

slope that is asymptotic to the horizontal.

Before the fibre fully debonds from the matrix, the load-displacement rela-
tionship remains independent of the interfacial bond properties. However
after full debonding, the behaviour is mainly governed by the material prop-
erties illustrated by Fig.3.2.

During the last loading stage, and depending on the fibre type, the load-
ing mechanism involves progressive fibre pull-out, fibre rupture, or a mech-
anism between these two extremes. In situations where the embedded fibre
length is greater than twice the critical length [, defined later by Eq.3.2, the
failure mechanism is characterised by fibre rupture.

If the embedded fibre length is less than twice the critical length (21.),
the fibres are pulled out with maximum amount of work without failing. As
the loading progresses, the fibre is rigidly displaced from the matrix and the
pull-out resistance is fully supplied by decaying interfacial stresses between
the fibre and the matrix up to failure. Polypropylene fibres undergo necking
before pull-out occurs. The different mechanisms of the loading process are
represented schematically in the idealised P-6 curve of a typical fibre pullout

response in Fig.3.2.

3.3.1 Mechanisms of Fibre Pull-out

A common method of fibre-matrix interfacial properties characterisation is
through fibre pull-out tests. In the tests, the fibre bridging-crack opening
phenomenon is simulated during the fracture process. The typical output of
the test is the load-displacement curve which provides the following infor-

mation: the elastic bond strength, the characteristics of fibre debonding and

85



3.3. FIBRE PULL-OUT BEHAVIOUR

fibre end slips at Pmax

T Perit. -+ full debonding

softening
unstable frictional stage
sliding

stable frictional
sliding

partial debonding
stage

end shp, s©)
Displacement, §

Figure 3.2: Stages in fibre pull-out on idealised load-displacement curve

fibre end slippage, the maximum pullout load, residual frictional bond, and
fibre rupture load. Fig.3.3 shows a schematic diagram of the key parameters
describing a typical fibre pull-out test.

At the early loading stages, particularly regarding polypropylene fibres
in cementitious matrices, a frictional bond is developed. With additional
loading, the interfacial shear stresses reach the critical shear strength and
additional energy is supplied to the material at the interface. At this stage,
the debonding criteria are met and therefore the debond zone advances and
the fibre undergoes frictional sliding at a constant shear stress, 7;. The
debonding point is identified by a “kink” on the load-displacement (P-§)
curve, which corresponds to the critical load P,.;.

The post-peak P-§ relationship that was shown earlier in Fig. 3.2 as
the partial debonding region is nonlinear due to progression of debonding
with increasing load. Complete debonding is achieved after attainment of
the maximum load P,,,, (Gopalaratnam & Shah 1987a).

The bond strength for carbon and steel cementitious composites has been
modeled using an average bond shear stress 7. It is estimated from equi-

librium considerations and is related to P,,,, and the material properties
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were necessarily more comprehensive mainly because the pull-out problem
took into account the fibre end slippage §; or d, rather than the total dis-
placement of the system §. Naaman model has been used in the past to

describe the pull-out load P in the pre-critical and partial debonding stages.

3.3.1.3 Lin Model of Fibre Pull-Out Problem

A micro-mechanics based load-displacement model has been proposed by Lin
and Li (Lin & Li 1997). The model relates the load P to the displacement §
instead of the fibre end slip s in Naaman model (Naaman et al. 19915). Up to
the time of complete debonding, the fibre end slip is usually small, therefore,
the load at the maximum load P,,., is an estimate of the interfacial bond
stress 7,. O corresponds to the displacement at which the entire embedded
fibre segment debonds from the matrix. The slope of the pull-out curve after
Pz is described using an empirical parameter characterising the damage
processes at the fibre/matrix interface and accounting for slip hardening on

the interface shear stress.

3.4 Models of Tensile Behaviour

Different approaches have been adopted for theoretical treatment of ten-
sile loading and the mechanisms of failure in conventional Fibre Reinforced
Cementitious Composites. Theorettcal models describing the properties of
the fibre, matrix, and the interface in relation to the composite strength
have been suggested. These models are typically based on the cracking
phenomenon and are categorised in the literature as: continuum compos-
ite models, interface micromechanics models, and fracture mechanics models
(Gopalaratnam & Shah 1987b).

The mechanics of the tensile behaviour of “pseudo-strain hardening” ma-
terials reinforced with textiles is not well established. However, the area has
attracted the attention of researchers in recent years because of the numerous
potential applications of these materials especially as thin elements (Hegger,
Sherif, Brukermann & Konrad 2004).
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Figure 3.6: ACK model of idealized tensile stress-strain relationship

3.4.1 Aveston, Cooper, and Kelly (ACK) Model

The basic theory, which represents the tensile behaviour of FRCC was devel-
oped by Aveston, Cooper, and Kelly and is commonly referred to as the ACK
model (Aveston et al. 1971). The model applies an energy balance approach
to predict the degree of multiple cracking in the composites, and a frictional
bond is assumed to exist in a system of cementitious matrix reinforced with
continuous aligned polymer fibres. In addition, ACK theory idealises the
tensile behaviour with the stress-strain (o — €) curve which is schematically
illustrated in Fig.3.6. The input parameters in ACK model are derived from
the law of mixtures for composite materials, concepts of fracture mechanics,
and the mechanisms of multiple cracking.

Prior to attainment of the cracking strength (o.) when the first matrix
crack is formed, the Young’s modulus of elasticity of the composite (E,) is
determined from the simple law of mixtures which is described by Eq.3.5 as

follows:
E.=E,Vy, + EfV; (3.5)

where V,;, and V; are fibre volume fractions of the matrix and the fibre re-

spectively. At this loading stage, the tensile behaviour is described by the
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following linear elastic stress-strain relationship:
o= FE.e (3.6)

The relationship between the critical fibre volume fraction (Vy.) for aligned
and fully bonded fibres of strength (of,) in a weak brittle matrix of direct
tensile strength (oy,) is approximated from Eq. 3.7:

Umu
Viers 2 (3.7)

By assuming a constant frictional shear stress distribution at the inter-
face, the ACK model gives a prediction of the matrix fracture strain resulting

due to the presence of fibres by:

1270, V2]

E.E27V,,

- (3.8)

Umu

where ' and V represent Young’s modulus and the volume fraction respec-
tively; subscripts m, f, and ¢ represent the matrix, fibre, and composite
respectively, and 7 is the interfacial shear strength. The surface fracture
energy of the matrix is described by Eq. 3.9.

(KIC)2

Am = 0.5 E,

(3.9)

A major limitation of the ACK theory is that it is applicable to compos-
ites whereby the matrix and fibre are characterised by a linear elastic failure
behaviour. This condition is not always obeyed in FRCC. Moreover, the
law of mixtures does not fully address the strain hardening response exhib-
ited by a large group of FRCC including Textile Concrete. These materials
are characterised by non-uniform matrix failure strains beyond the elastic
region and cracks are formed progressively rather than the steady cracking
assumed in the ACK model. Essentially, these materials exhibit the so called
“pseudo-strain hardening” behaviour.

Failure in “pseudo-strain hardening” materials is further complicated by

the instantaneous load reduction as each crack is formed. In addition, the
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ACK model is based on the assumption that the matrix has a single valued
cracking stress over the multiple cracking region, as shown in Fig. 3.6, which
does not account for the strain-hardening behaviour in High Performance
Fibre Reinforced Cementitious Composites (HPFRCC).

Recently, formulations of multiple cracking in FRCC were proposed, pro-
viding solutions to steady-state matrix cracking problems. The formulations
applied the principles of fracture mechanics, energy theories, and various

fibre-matrix interfacial properties (Kabele 2003a), (Kanda et al. 2000a).

3.4.2 Aveston Model of Crack Quantification

The principles behind quantification of crack spacing and crack widths for
the simplified case where the bond between the fibres and the matrix is
purely frictional and the matrix has a well defined single valued breaking
stress was developed by Aveston et al. (Aveston et al. 1971) and has been
comprehensively reviewed by Hannant (Hannant 1978). It is assumed in
developing the theory that after the matrix has cracked there is a linear
transfer of stress from the fibres bridging the crack back into the matrix.
For long fibres with frictional bond, the crack spacing (z’) is calculated
from a simple balance of the load (0., V) needed to break unit area of
matrix and the load carried by N fibres of radius r across the same area
after cracking. This load is transferred over a distance z’ by the limiting
maximum shear stress (7). The relationship is represented as follows:

’_ ﬁ Omul
Vf' 27’

N =Vi/nr?, 2rnrN7ta' = 0piVin, or 3.10
f

The theory is modified to predict the properties of cement reinforced with
short fibres.

3.4.3 Kabele Model of Multiple Cracking

Studies by Bentur and Mindess (Bentur & Mindess 1990) on the interfacial
property characterisation of polypropylene fibre cementitious matrix com-

posites suggested that prior to fibre rupture, increasing the interfacial bond
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Figure 3.7: Approximation of composite behaviour during multiple cracking

accounted for an increase in the composite strength and toughness, a theory
supported later by Li et al. (Li et al. 19915). Based on such a premise,
and also taking into account the progressive multiple cracking characterising
HPFRCC, constitutive models of the tensile behaviour have been developed
(Kabele 2003a),(Kanda, Lin & Li 20000).

After the composite achieves the first cracking stress oy, it enters the
so called “pre-saturated” region when multiple cracking progresses, and the
stress-strain curve is approximated by a linear function defined by the points;
(0sc/Ec,€) and (e5,0s) in Fig. 3.7. A linear approximation of the upper
envelope indicated in Fig. 3.7 has been suggested (Kabele 2003a).

3.4.4 Lin Model of Multiple Cracking

Mathematical models of the load-displacement relationship of Fibre Rein-
forced Cementitious Composites are based on a clear understanding of the
micro-mechanics of crack initiation, debonding, and the decaying interfacial
frictional stresses. These are conventional fracture mechanics concepts which

serve in advancing the understanding of matrix crack opening and sliding dis-
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placement relationships (Lin & Li 1997).

Matrix cracking is influenced significantly by the fibre end slippage, which
induces a frictional slip resistance at the fibre-matrix interface. At the same
time, the frictional slip resistance contributes to the fibre bridging action.
These different mechanisms are related by a fibre bridging stress, o, versus
the crack opening displacement, § relationship (0,-9), which characterizes
the mechanical behaviour of the composite (Lin & Li 1997).

The 03-6 relationship is one of the most crucial links between the prop-
erties of fibre and the matrix, the interface, as well as the overall composite
behaviour. This relationship defines the ultimate stress and strain in the
tensile test, and also gives the energy consumption due to the fibre bridging
action. The strength, ductility and fracture toughness of the composite also
depend on the energy consumption during loading.

For the model by Lin and Li (Lin & Li 1997) to be applicable to FRCC,
the crack length and opening displacement need to be accurately measured.
However, even in modern materials research laboratories, there is currently
no straightforward experimental procedure suitable for such measurements,
and hence determine the bond stress versus slip relationship of a fiber-matrix
system and the corresponding stress distribution at the interface (Lin &
Li 1997).

Despite the difficulties associated with measurement of crack lengths and
opening displacements, there is growing recognition among researchers that
for a better understanding of the composite’s overall behavior and perfor-
mance, these interfacial properties need consideration. Therefore analytical
and numerical models have been developed aimed at yielding the bond stress
versus slip relationships (7-0), most of which are based on different types of
single and multi-fiber pull-out tests (Lin & Li 1997). This aspect of mechani-
cal characterisation is outside the scope of the current research and therefore

the related models will not be explored further.
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3.4.5 Integration of Theories into This Thesis

The theories described in this Chapter provide a better insight into the micro-
mechanical behaviour of the composite material based on the following prop-

erties:

i. Modulus of elasticity of the matrix F,, and fibres Ef
ii. Fibre-matrix interfacial bond stress 7
iii. Embedded length of fibre in the matrix [,
iv. Relationship between the interfacial bond stress, 7 and the fibre end

slippage, 8

Exposure to natural weathering processes, or accelerated ageing in the
laboratory, results in modifications to these basic material properties. The
theories therefore form the basis for setting up of an experimental programme
aimed at inducing changes to the material properties described in the mod-
els. For example, by exposure of TC to cyclic hot/cold, wetting/drying, and
carbonation environments, the stiffness of the matrix, E,, and the fibres, E;
may be modified accordingly, and from the theories presented here, it is ap-
parent that the mechanical behaviour would then vary in a similar manner.
Similarly, modifications in the fibre/matrix interfacial properties will be in-
vestigated from changes in bond strength 7 resulting from exposure to these

different environments.

3.5 Summary

The governing theories of conventional Fibre Reinforced Cementitious Com-
posites (FRCC) were briefly reviewed from a micro-mechanics and fracture
mechanics perspectives. Theories of fibre/matrix bonding and debonding
were firstly described and secondly, it was highlighted that the main prop-
erty characterising the balance of shear stresses at the fibre/matrix interfacial
zone is the bond property 7, which is essentially the shear stress at the fi-

bre/matrix interface. It was also shown from the literature how the usage of
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the peak load P,,,,, and the interface bond 7 varied according to different
theories.

Many experimental techniques have been proposed for determination of
the fibre/matrix bond property. Among them, the fibre pull-out test is the
most popular mainly due to its simplicity in terms of the test set-up. It has
been illustrated in this Chapter that there are four clearly distinct mech-
anisms in the classical fibre pull-out test which describe different loading
stages illustrated by the load-displacement curve. These mechanisms are re-
lated to the bonding character of the system 7 and vary with the loading
stage.

The fibre/matrix bond changes from being predominantly elastic at the
pre-peak stage, to frictional at complete fibre pull-out and failure stage. From
the theories described in this Chapter, the contribution of individual fibres
and the matrix in the composite action, and the interaction of the fibres with
the matrix at the interface zone, have been shown to play a key role in the
overall fibre pull-out behaviour.

The theory governing the tensile behaviour of conventional FRCC com-
posite materials is based on the principles of the theory described by the
classic ACK model. The theory was described and its main limitation of
not adequately addressing the “pseudo-strain hardening” behaviour unique
to Textile Concrete (TC), highlighted.

More recent theories on “pseudo strain-hardening” behaviour of Fibre
Reinforced Cementitious Composites (FRCC) were reviewed. Finally inte-

gration of the theory into the thesis was briefly described.
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Chapter 4

Experimental Techniques

4.1 Introduction

This Chapter describes the experimental work carried out in this research and
the methods used for data collection. The Chapter is divided into two main
parts. The first part gives a brief description of the preliminary investigations
that were carried out in order to select appropriate matrix materials and the
number of textile layers, based on trial tests, that would provide specimens
to be most representative of Textile Concrete (TC).

The second part of this chapter describes the experimental process of
characterisation of TC and the weathering techniques employed.

The initial stage of characterisation involved determination of the physi-
cal and chemical properties of the binders: cement and the mineral additive
Ultra-Fine Fly Ash (UFFA), which was employed to enhance the workability
of mortar. The analysis of the binders: cement and UFFA was carried out
at the Pretoria Portland Cement (PPC) laboratories in Cape Town and the
results are presented in this Chapter. The experimental work forming the
second part of this Chapter involved a series of experiments categorised as

follows:

i. Determination of suitable mortar mix proportions
ii. Characterisation of the flow characteristics and cube crushing strength

of mortar
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iii. Determination of density and tensile strength of polypropylene (PP)
fibres
iv. Solution of suitable TC specimen geometry and sample preparation
- techniques
v. Mechanical tests on mortar, fibres and the composite
vi. Development of the accelerated weathering facility

vii. Quantification of cracks developed on TC specimens after tensile testing

To be able to link the information from mechanical tests with the microstruc-
ture, images of fractured TC surfaces were observed in a scanning electron
microscope (SEM) and analysed physically thereafter. The SEM technique
is described in more detail in this Chapter, along-with the results obtained

from the studies.

4.2 Characterisation of Textile Concrete

In the past, studies on the durability of Fibre Reinforced Cementitious Com-
posites (FRCC) have focussed more on mechanical, and to a lesser extent
on the chemical aspects (Hannant 1998) (Salicimen et al. 2003). A chemical
approach concerns an investigation into the processes involving rearrange-
ment in the material structure, whereas a mechanistic approach deals with
the effects of a physical nature including application of forces and weather-
ing. In this thesis, a mechanistic approach was adopted as it was believed
that it would lead to a better understanding of the fibre/interface bonding,
which for PP fibres in cement-based matrices, is more of a mechanical than
chemical nature.

Fibre pull-out tests were employed as the means of quantifying the fi-
bre/matrix bonding property of TC, whereas for the macro composite behav-
iour, tensile testing was employed for investigating the mechanical properties
and multiple cracking behaviour (Wang, Li & Backer 1988).

The mechanical properties of Fibre Reinforced Cementitious Compos-

ites (FRCC) are complex due to fibre/matrix interactions at different levels.
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Therefore, it would be inaccurate to use a single parameter to fully describe
the mechanical properties of the material, but rather a combination of dif-
ferent factors to describe the behaviour is more appropriate. As it was not
possible to investigate all the material parameters within the scope of this re-
search, the main properties influencing the mechanical behaviour were firstly
identified and then investigated experimentally. The physical properties of
the fibres plays a key role in the fibre/matrix interface bonding properties.
Indeed, this was of special interest in this work and was part of preliminary
investigations carried out in the recent past (Tait & Guddye 2002).

The PP fibres used for production of the textile material known as “Cem-
Force” had a unique surface in form of an outer “fluffy” sheath of PP fibres
illustrated earlier by Figs. 2.14 in Chapter 2. In one form of CemForce, the
flufty layer is held more firmly to the central core by further intermittently
bonding it using ultrasonic welding to the central core forming a “hybrid
fibre”. This feature is unique and enhances the mechanical bonding of PP to
the cementitious matrix. In this research, the bonded format of CemForce
was employed in preliminary investigations and in individual fibre characteri-
sation. However, for production of large volumes of the composite specimens
required for the research, nonbonded (i.e. non ultrasonically welded) Cem-
Force was employed, because it was more readily available in large quantities.

Preliminary studies were carried out in order firstly, to perfect the hand
lay-up method as the laminate production technique. The process under-
went several trials before the technique was refined sufficiently for specimen
production. The number of CemForce layers that was most suitable for
specimens for use in this experimental work needed to be established. After
several trials involving three-point bending tests on thin laminates, a six-
layered TC composite was found to be suitable for the work because it could
easily be produced using hand lay-up techniques, and the specimens thus pro-
duced were robust enough to withstand the experimental handling. Indeed,
six layers of textiles have been employed in production of thin cementitious

specimens and found to produce specimens with consistent results (Kenai &
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Brooks 1993).

Thin TC laminates of nominal thickness of 10 mm were produced and
tested in three-point bending, which showed that for the composite rein-
forced with the “ultrasonically welded” fibres, higher fibre/matrix bonding
was achievable and was manifested in bending forces that were higher than

in the non-bonded type as shown in Appendix A (Mumenya et al. 2003).

4.2.1 Textile Material Development

Textiles specially specified for use in cement-based products are manufac-
tured in conventional mills with the yarns being specified in D’Tex or d’tex
terms. The definition is such that one d’tex of yarn implies 10 kilometres
weigh 3 grammes (or D’tex definition refers to the fibre weight in grammes
per kilometer). During the last decade, the textiles have been customised
for application in cementitious mixes. However, because PP is a hydropho-
bic polymer, hydraulic matrices do not readily adhere to its surfaces, but
by spinning fibres as a sheath around a fibrillated PP core yarn, and where
necessary by bonding the fibres to the core, this problem has been overcome.
A factory where the technology is employed is Standerton Mills, a local tra-
ditional textile manufacturing factory in South Africa where the textile for
this research project was sourced.

The key development in the textile production process was to use a fib-
rillated form of polymeric fibre as the core. The core usually consists of two
strands of fibrillated PP fibres of 110 D’Tex each. To this core, an outer fluffy
layer composed of fine 3 d’tex PP filaments has been spun to form a sheath
as illustrated in Fig. 2.12 in chapter 2. The spinning process arranges the
fine fibrils helically as well as extending them lengthwise along the core. The
sheath is further secured onto the core by providing overlaps of approximately
40 mm. To prevent separation of the outer fluffy layer from the inner core,
it is intermittently ultrasonically welded to the core at approximately 6 mm
centres to form a “hybrid fibre”. Figs. 2.12 and 2.13 show the ultasonically

welded, and non-welded fibres.
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4.2.2 Physical Properties of the Fibres

A description of the textile material employed in this research was given ear-
lier in section 2.7 in Chapter 2. By use of micrographs, it was illustrated
that the PP fibres used in weaving of the textile were essentially an ensemble
of fine fibrils spun round a cental core to form a yarn. The commercially
quoted density of 0.91 g/cm? for the fibrillated polypropylene fibres needed
to be verified experimentally. Therefore, an experiment was devised to de-
termine the density of the yarn as described in Appendix A. The method was
essentially a displacement technique in which the volume of a known mass of
yarn was determined by firstly casting it in silicone of a known density, and
subsequently determining the volume of silicone, from which the fibre density
was computed. A more detailed description of the experimental technique is
given in section A.2 in Appendix A.

The density of the yarn (pf) was approximately 0.94 g/cm?, which was
slightly higher than the quoted density of 0.91 g/cm® for conventional PP
fibres. The discrepancy could have been due to trapped dust particles in the

interstices of the fibres, which increased the fibre mass.

Table 4.1: Physical properties of fibre

Fibre type
Non-bonded Bonded
Property Standard Standard
Value deviation Value deviation
Mass per metre length 0.286 g 0.005 g 0.349 g 0.007 g
Cross-sectional area 0.303 mm? [0.005 mm? [0.370 mm? |0.007 mm?
Mass of woven textile 125 g/m? 125 g/m?

The average cross-section area of the fibres was computed directly from
ps and the mass per metre length of fibre was determined. The cross sec-
tional areas for nonbonded and bonded fibres were 0.303 mm? and 0.370 mm?
respectively. The slight increase in mass per metre length of the bonded fi-
bres was attributed to closer packing of the fluff to the central core after

ultrasonic welding. The physical properties of the fibres are summarized in
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Table 4.1. While these values appear significantly different, this is due to
closer packing of the fluff to the central core after ultrasonic welding, and is

a real effect.

4.2.3 Mechanical Properties of the Fibres

The mechanical properties of fibres are conventionally described by the Young’s
modulus of elasticity Ef, and the ultimate tensile stress of,. The Poisson’s
ratio v of fibres is also commonly specified but it was not considered critical
in this research. oy, was obtained from tensile tests performed on individual
fibres form which E; was computed. To determine the tensile properties of
the fibres, the gripping system was firstly standardised.

A suitable gripping system was designed with special features to hold
the fibre in position and at the same time be compatible with the standard
fixtures of ZWICK Universal Testing Machine (UTM). A grip was devised
as shown in Fig. 4.1. A fibre specimen from the polypropylene textile was
carefully removed. The fibre was wrapped three times round the bracing
device on the grip and was held in position by tightening the screws on the
metal strip. The grip was attached to the load cell of the UTM through
coupled pinned connections. The main features of the upper grip with the
fibre in position are shown in Fig. 4.1.

The fibre was wrapped three times round a 12 mm diameter dowel pin
which was inserted through a circular mounting piece (Figs. 4.1. Both fi-
bre ends were then taken back to the upper fibre grip so that the test was
effectively double-fibre tensile test and for evaluation purposes the load was
halved 4.2). The mounting piece which closely fitted the standard fixtures
of the UTM was fixed to the fixed crosshead using rigid pinned connections
in order to eliminate parts movement during the test. The lower fibre grip is
shown in Fig.4.2.

The grip to grip separation was measured to the nearest mm and the
force set to zero. The UTM was programmed for a ramp rate of 10 mm per

minute and a maximum displacement of 100 mm. The crosshead position
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shown in Fig. 5.6(a) in Chapter 5. The test was repeated on bonded fibres
for comparison purposes as well as on weathered fibres that had experienced

various regimes of environments.

4.2.4 Selection of the Binders

The role of mineral additives and chemical admixtures in cementitious ma-
trices has been elaborated earlier in the text. In the field of Fibre Reinforced
Cementitious Composites (FRCC), which is the main focus of this work, the
common difficulty associated with the presence of fibres is the resulting re-
duction in workability caused by an increase in the internal resistance to flow
especially at high fibre volume contents (V).

By incorporation of an appropriate supplementary cementitious material
(SCM) or superplasticizer, this difficulty is adequately addressed. However,
the choice of the SCM needs to be made carefully to ensure that it suits
the research purposes. Firstly, the mortar mix should be designed to be
workable and to have minimum segregation and secondly, the mortar should,
on the one hand, possess an early age strength in order to withstand the
experimentation process, and on the other hand, be permeable enough to
gasses and moisture during durability studies. In this particular case the
mix comprised of a fine grained dune sand with maximum nominal size of
600 p, fineness modulus (FM) of 1.8, aggregate:cement ratio of 1.1, and
water:cement ratio of 0.5.

Preliminary trials were undertaken on the suitable mix proportions us-
ing a fine graded dune sand with a maximum nominal size of 600 pm and
a fineness modulus of 1.8. The aggregate/cement ratio was 1.1 and the wa-
ter/cement ratio was 0.5. The preliminary studies showed that although the
incorporation of 1 percent of the superplasticizer, “Sikament-NN” in the mix
produced a workable mortar, the early age strength was much lower than in
mortars with mineral additives. Therefore, the mineral additive option was
explored further.

Despite major advancements in the role of supplementary cementitious
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materials and chemical admixtures in High Performance Concrete (HPC),
optimization and production of engineered pozzolanic products intended for
use in specific portland cement-based formulations is not well established. In
addition, there are no clear guidelines on selection of the most appropriate
type of additive for Fibre Reinforced Cementitious Composites, therefore,
an elimination approach was adopted in this research, based on the flow
characteristics of the mix and the early age strength development.

Due to the availability of Condensed Silica Fume CSF, Ground Granu-
lated Blast Furnace Slag (GGBFS), and Ultra-fine Fly Ash (UFFA), these
were the only additives that were considered. UFFA was preferred to the
other mineral additives due to its unique particulate nature.

Particles of Ultra Fine Fly Ash effectively fill the void spaces between
the fine aggregates in cementitious mixes and create a “fine filler effect” in
that the spherical shape of UFFA minimises the particle’s surface to volume
ratio, resulting in low fluid demands (Ferraris, Obla & Hill 2001). Mortar
of good workability is therefore produced, at the same time, a high early
age strength is achieved. This feature is particularly beneficial in this study
where the mortar needed to be self compacting and of high consistency in
order to sufficiently impregnate the fibre surfaces and thus develop good
fibre/marix bonding.

The performance of CSF is equally satisfactory and indeed, higher matrix
densification is achieved in CSF mixes. Although this is considered advan-
tageous, for the purposes of this research dense matrices are undesirable due
to associated difficulties of gas and moisture permeability during durability
studies. On the other hand, UFFA facilitates the production of cohesive
mortar mixes with reduced bleeding and segregation, at the same time, the
matrix density is not excessive. Therefore, UFFA was preferred to other

mineral additives in this research.
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4.2.5 Characterisation of the Binders

Ordinary portland cement (OPC) designated CEM1 (EN 197-1 2000) is read-
ily available and is commonly employed in ordinary concrete works in South
Africa. Therefore, OPC type CEM1 42.5 was chosen for use in this research.
Five bags of cement were used in the research and were obtained from the
PPC cement factory in Cape Town. In order to minimise experimental scat-
ter due to variations in cement composition, the cement used for this work
was produced in a single batch that was obtained consecutively from the
same production run. The bags of cement were labeled and protected from
moisture until required for mixing.

Approximately one kilogramme of cement was sampled from each of the
five bags, it was thoroughly blended and sent to the Pretoria Portland Ce-
ment (PPC) laboratories in Cape Town for physical characterisation and
oxide analysis. The oxide analysis was carried out using x-ray diffraction
techniques. One kilogramme sample of the mineral additive Ultra-Fine Fly
Ash (UFFA) was also sent for similar analysis. The physical properties and

oxide analysis of the powders are shown in Table 4.2.

4.2.6 Fine Aggregate

The most widely used sands in Cape Town area of South Africa are alluvial
pit sand that is locally referred to as “Klipheuwel”, and a finer grained dune
sand. These two types of sand are commonly used in civil engineering works
and were therefore the sands that were considered for this research. The
actual choice was based on a balance between the mortar properties in the

wet and dry states.
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Table 4.2: Characterisation of the binders

Quantity
Property CEM1 42.5 Ultra-fine Fly Ash
Specific gravity 3.12 2.25
Particle size Blaine fineness: 395 m?/kg Surface area: 13000 cm?/g
and fineness Malvern Mastersizer:
Top cut, 90% passing: 11pm
Top cut, 99% passing: 25pum

Particle shape Spherical Spherical
Colour Light grey Light grey
Setting time Initial: 145 min. N/A

Final: 275 min. N/A
Compressive strength 1 day:17.2 MPa N/A

3 days: 27.3 MPa N/A

7 days: 32.1 MPa N/A

28 days: 38.8 MPa N/A
Calcium oxide (CaO) 64.4% 5.3%
Silicon oxide (SiOs) 20.5% 50.4%
Aluminium oxide (Al;O3) 4.2% 34.1%
Ferric oxide (FeqO3) 3.13% 3.41%
Silicon trioxide (SO3) 2.41%
Silicon dioxide (SO3) 50.4%
Magnesium oxide (MgO) 0.9% 1.5%
Manganese trioxide (MnO3) 0.05%
Titanium trioxide (Ti03) 0.29% 1.80%
Phosphorous oxide (P>O0s5) 0.12% 0.80%
Chlorine (CI) content 0.01% 0.01%
Potassium oxide (K0) 0.55% 0.67%
Sodium oxide (Na20) 0.11% 0.20%
Loss on ignition (LOT)
at 1500°C 3.01% 1.37%

Mortar consistency was a major consideration since hand lay-up tech-
niques were to be employed for production of composite specimens. There-
fore, preliminary trials were run to determine the workability of the mortar.
The results indicated that the performance of the coarser grained sand did
not compare well with the finer dune sand because “Klipheuwel” sand pro-
duced less workable mortar in comparison with dune sand. In addition, the
penetration of mortar into the textile material during the composite casting
process was more easily achievable with the finer sand than the coarser va-
riety. The finer grained sand was therefore the more preferred sand and was
adopted for the study.

To further enhance the performance of dune sand, the nominal maximum

grain size was limited to 600 pm, the same upper limit to grain size of sands
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employed in previous studies (Kenai, Brooks & Dalton 1987), (Kenai 1994),
(Akers et al. 2003).

Sand was characterized by density, grading and fineness modulus (FM)
in the dry state. The density of the sand was 2.60 g/cm3. The particle
size distribution of dune sand was determined in accordance with ASTM
standard test method (ASTM C136-01 1993). The results of sieve analysis

were used in determination of the fineness modulus.

Table 4.3: Sieve analysis for dune sand

Sieve size, ym

Cumulative % passing

Cumulative % retained

600

100

0

300 27.17 72.83
150 1.83 98.17
75 0 100
Pan 0 100

Fineness Modulus (FM) = 1.71

Materials retained on sieves coarser than 600 ym were discarded and the
finer fraction weighed according to the sizes. The analysis was performed
on three samples taken from different batches and the average grading com-
puted. The sieve analysis involved determination of the the average propor-
tions of sand retained on each sieve as shown in Table 4.3.

The cumulative percentage of materials retained on sieves of aperture
sizes 150 pum and coarser was computed. The value thus obtained, divided
by 100, described the FM of the sand (Neville 2002). FM was found to
be 1.71 which indicated a fine sand (Fulton & Crawfold 1982). While this
sand grade would not be ideal for conventional concrete, it was satisfactory
because it could be easily worked into textile material used in this research
study.

The grading of the sand was described by using a graph of the sieve
analysis plotted with the cumulative percentage retained on each sieve on
the vertical axis, and the sieve sizes (on a logarithmic scale) on the horizon-
tal axis. The grading of dune sand is shown in Fig.4.3. Sand was stored

in a moist-proof environment in which it maintained a dry environmental
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by the manufacturers that a minimum dosage of 10 percent and a maximum
of 30 percent mass replacement of CEM1 42.5 be added to the mix. The
sand content was similarly varied to yield mortar of different consistencies.

Mixing of materials was carried out in an environmentally controlled
room. The ambient temperature and the relative humidity in the room were
monitored throughout the test period. The temperature variations were be-
tween 20° C and 24° C, and the relative humidity between 65 and 75 percent.
These environmental conditions were not expected to cause significant vari-
ations in mortar properties. The mixing water was kept in the control room
for 24 hours prior to mixing to allow it to equilibrate to approximately 19°C,
which was within 2°C of the average temperature recorded in the mixing
room.

The materials were mixed in a motorized mechanical mixer in order to
ensure uniformity of the mixes. A Hobart A120 model mixer, with a stirring
hook that moved in a planetary motion and a 10 litre capacity bowl, was
used in mixing of materials. By choice of gears on the mixer, the hook could
run at speeds of 1.20, 1.25 and 2.27 revolutions per second about the bowl
axis, and 2.7, 2.8 and 5.0 revolutions per second about the hook axis. The
speed of the mixer was determined from the time taken for the bowl or the
hook axes to make 100 revolutions. The revolution times are recorded in
Tables A.1 and A.2 in Appendix A. The mixing time was arrived at after
several trials, and a time of two minutes with an average mixer speed of 2.7
revolutions per second about the hook axis was adopted. To reduce the loss
of the fine powders out of the mixing bowl, water was added first, followed
by the powders while sand was added last.

Although there are standard guidelines for mix design of mortar for use in
Fibre Reinforced Cementitious Composites, the same can not be said for use
in FRCC. The proportions appropriate for this research were determined from
trial tests in which nine batches were employed. The weight of all materials
per batch was limited by the capacity of the mixer. Therefore, a maximum

of 0.750 of a kilogramme of the binder was used for each batch, and the sand
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content was varied between 0.690 kg and 0.870 kg, and the water:binder (w:b)
ratio between 0.45 and 0.54. In two of the mixes, 0.1 percent of the chemical
admixture “Sikament NN”, referred to earlier in section 2.4.4.2, was added
to the mix instead of UFFA. By combining different mix proportions, nine
types of mortar mixes shown in Table 4.4 were produced.

Highly plastic mixes were aimed for and therefore several trials on mortar
consistency were undertaken. A dosage of 10 percent of UFFA was developed
from trials. Similarly, trials were undertaken in order to determine the ap-
propriate mixing time for each batch of materials. The mortar was examined
for signs of excessive bleeding and segregation after standing undisturbed for
approximately 15 minutes in the mixing bowl. Bleeding was not a problem
in this mix. The plasticity and consistency of the mixes to be used with
textile concrete specimens was also evaluated by means of flow tests (ASTM
C1362 1997).

It was found necessary as a part of choosing a suitable mix to test the
properties of hardened mortar (ASTM C 109/C 109M-05 2005). Therefore,
50 mm cubes were cast and after setting, they were water cured at 21°C.
The cubes were used in the determination of the early age strength of the
hardened mortar, which was done after three, seven, and 28 days of water
curing (for cube crushing strength procedure see section 4.2.8). The trials
indicated that a mixing time of 120 seconds was optimum for production of
mortar without excessive bleeding. Therefore, the materials were mixed for

120 seconds for each mix type given in Table 4.4.
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Table 4.4: Mortar mix specifications

Sand , Cement (c), UFFA (u), Water, Sand/binder | Water/binder |u/c%
Mix kg kg kg ml ratio ratio
type  |(9) (b) (w) (/) (w:b)
1 0.750 0.690 0 375 1.09 0.54 0
2 0.675 0.750 0.075 375 0.82 0.45 10
3 0.690 0.750 0 375 0.92 0.50 0
4 0.750 0.675 0.075 375 1.0 0.50 10
5 0.870 0.600 0.150 375 1.16 0.50 20
6 0.750 0.750 0 375 1.0 0.50 0
7 0.870 0.675 0.075 375 1.0 0.50 10
8 0.750 0.750 0.75 ml 375 1.0 0.50 0.1%
Admixture admixture
/cement
9 0.870 0.750 0.75 ml 375 1.0 0.50 0.1%
Admixture admixture
/cement
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The trial tests showed that the mixes with water:binder ratio of 0.5 pro-
duced mortar of good consistency and strength of more than 10 MPa after
three days. The tests also showed that despite mixes with the chemical
admixture comparing well with UFFA mixes in terms of workability and
consistency, the early age strengths of UFA mixes were much higher. For
example, after 7 days, mix type 4 had an average cube crushing strength of
10 MPa compared with 5 MPa for mixes with the chemical admixture, and
therefore the use of the chemical admixtures was not pursued further.

Preliminary trials showed that mix Types 1 to 5 were of good consistency
and workability, but of these mixes, the actual choice for use in the research
was based not solely on workability and high early strength, but on the setting
time as well. This criterion ensured that the consistency of the mortar was
such that it facilitated enough time for the specimens to be cast, which was
found to be a two hour period between mixing of materials and casting of
the specimens. To characterise the setting times, flow tests were carried out

on the five mixes as described in the section which follows.

4.2.7.1 Flow Test

The value of the flow test lies in assessing the cohesiveness of very high work-
ability or flowing cementitious mixes, and is an indication of the consistency
of the mix and its susceptibility to segregation (Neville 2002). The higher
the flow, the lower the viscosity of the cement paste component of the mix.
Ordinarily, low viscosity is undesirable because of easy downward movement
of the aggregates within the mortar leading to segregation. Therefore, for
conventional cementitious materials, low flow mixes are usually targeted.
However, despite the advantages of low flow mixes, a high flow is normally
considered where the specimen production techniques require the mix to be
highly workable. A simple means of assessing the cohesiveness of mortar was
employed by measuring the spread of a freshly mixed pile of the mortar on
a table subjected to jolting.

The mortar flow test was in accordance with ASTM standard (ASTM
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A. Figs. 4.5 and 4.6 are typical graphs representing the flow characteristics of
different types of mortar investigated. It was clear from these curves that a
mixing time of 120 seconds was suitable as it yielded mortars of flow greater
than 130 percent in the all the mixes, even after standing for approximately
45 minutes. Mix type 2 exhibited the highest flow which was attributed
to low cement:binder ratio (w:b) of 0.45. However, such a low w:b is not
representative of mortar mixes in common use and w:b of 0.5 would be more
realistic. Mix type 3 exhibited slightly higher flow than type 4 especially
at higher mixing times which was due to the lower sand content in mortar
type 3. However, this mix had a harsher consistency compared with type 4
as illustrated by a very low flow at a shorter mixing time, although the mix
gained flow as the mixing time was increased to 120 seconds. To determine
the optimum mix for use in the research, further investigation was undertaken

on the hardened mortar strength as described in the section that follows.

4.2.8 Characterisation of Hardened Mortar

Within 30 minutes from the time of mixing of materials, cubes were cast into
50 mm cubical steel moulds in accordance with ASTM standard for concrete
(ASTM C192/C192M-00 2000). 30 cubes were cast for testing after 3, 7 and
28 days. The cubes were covered with a plastic sheet to prevent moisture
loss and stored in an environmentally controlled room of approximately 24°C
for 24 hours.

After setting, the cubes were struck off from the moulds and water
cured for 28 days to allow hydration of cement and strength development
to progress under optimum conditions. The curing water was maintained at
a temperature of approximately 21°C. Three cubes were weighed and tested
after three days of curing, and similarly, after 7 and 28 days. The cube
crushing test was carried out in accordance with ASTM standard specifi-
cations (ASTM C 109/C 109M-05 2005) with the exception that the cubes
were tested in a dry state rather than the wet state recommended in the

Standard. This was a necessary condition in the current research because a
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part of ageing under investigation was the effects of wetting/drying cycles on
samples under a controlled environment, therefore wetting samples prior to
mechanical testing would vary the ageing cycle time, and the extent of this

variation was not easily quantifiable.

4.2.8.1 The Cube Test

The cube crushing test procedure was in accordance with ASTM Standard
(ASTM C 109/C 109M-05 2005). The early age cube crushing strength for
different mortar types cured under different conditions were compared and
the results are given in Table A.4 in Appendix A.

The nine mortar mixes has a water/cement ratio of 0.5. From the results
of the cube crushing tests, mix type 2 exhibited the highest strength of 38.4
MPa after 28 days of curing. This was however only marginally higher than
the corresponding strength of mix type 3 (38.0 MPa). The high strength
exhibited by these two mixes could be attributed to the lower sand:binder
ratios of 0.82 and 0.92 in mix type 2 and 3 respectively. The presence of a
mineral additive in mix type 2 also enhanced its 28 days strength. On the
other hand, mix type 4 had an average density of 2.20 g/cm3 and the average
cube crushing strength was 38.20 MPa after 28 days. The strength:density
ratio for mix type 4 (17.27) was slightly lower than for mix type 2 (19.70)
with average density and strength of 2.00 g/cm® and 38.40 MPa respectively.
The disadvantage of low strength of mortar type 4 was compensated for by
better flow characteristics of the mix relative to type 2.

When the flow properties and workability were evaluated against the
cube crushing strength and the performance of mortar types 2, 3 and 4, type
4 was found to be more preferable to types 2 and 3 because it exhibited
satisfactory workability and minimal bleeding, and therefore mix type 4 was
chosen in this research. To assess the compressive strength of the matrix
component in the composite, porosity tests were carried out on plain mortar

and trial composites subsequently produced.
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4.2.8.2 Porosity

After the cubes were water cured for 28 days, 10 mm thick specimens were
sliced from three cubes. Porosity of the specimens was determined in accor-
dance with ASTM standard (ASTM C642-97 1997), utilising the Principal
of Archimedes which relates the weight of a suspended body to the upthrust
as illustrated by Eq. 4.1.

Upthrust = Volume of solid x Density of water x g (4.1)

where with ¢ is the acceleration due to gravity.

The slices were vacuum saturated for five hours which was carried out in
Calcium hydroxide (Ca(OH),) solution in order to avoid leaching the speci-
mens, which were thereafter submerged in water and the mass of each spec-
imen taken, M,,;. The specimens were then oven dried for three hours at
105°C and the dry mass also taken, Myyengry- The specimens were left stand-
ing for 18 hours to relax any residual stresses induced during the drying
process. After relaxing, each specimen was suspended on a thin string below
a weighing scale and submerged in water and in this position, the suspended
mass, Mg,, was taken. Porosity was thus determined on eight specimens cho-
sen at random. From the different masses of each specimen, the upthrust on
the specimen was then determined. Egs. A.1 to A.9 in Appendix A illustrate
how the porosity was computed from the masses taken, and Table 4.5 gives

the porosities of eight representative mortar specimens.

Table 4.5: Porosity of mortar

Specimen | Massgq, g MasSovendry, 8 Mass;sup, g Porosity
1 21.59 19.93 10.90 0.16
2 21.04 19.01 10.90 0.20
3 19.92 17.89 10.30 0.21
4 18.32 16.73 9.20 0.17
5 17.43 15.96 8.60 0.17
6 23.79 21.57 11.50 0.18
7 17.90 16.12 9.00 0.20
8 20.68 18.90 10.30 0.17

Mean porosity: 0.18 + 0.02
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Table 4.6: Porosity of the matrix component of the composite

Specimen | Massgqt, g MasSovendry, | Masssub, g Porosity Volume, ml
g
1 51.43 46.51 28.10 0.21 22.0
2 60.25 54.50 33.66 0.22 29.5
3 52.61 47.46 28.86 0.22 23.0
4 52.99 47.90 29.06 0.21 24.5
5 48.92 44.00 26.77 0.22 23.5
6 46.47 42.12 25.67 0.21 22.0

Mean porosity: 0.21 + 0.005

Similarly, specimens were cut from the trial textile concrete specimens
and their porosities determined. Table 4.6 gives the porosities of the matrix
component of six representative specimens.

The porosity of the matrix component of the trial composite was approx-
imately 17 percent higher than plain mortar, which was regarded as a minor
increase considering the presence of fibres in the specimen. From the poros-
ity test, it was concluded that hand lay-up could reliably be employed as
the composite production technique. This information was necessary before
development of an appropriate specimen geometry for tensile testing, and
the gripping system described later in subsection 4.4.1 could be designed.
Thereafter, the production of Textile Concrete (TC) specimens was initiated
but it is in order, firstly to discuss the fibre pull-out specimens.

Ordinary Portland cement (OPC) CEM I 42.5 (ASTM C150-07 2007)
was used in production of the mix type 4, with proportions shown in Table
4.4, which was then used for production of all specimens used in this research.

The mixing of the materials was as described earlier in section 4.2.7.

4.3 Fibre Pull-out Specimen

The following are the criteria for fibre pullout specimens:

e The loading on the fibre to remain unaffected by the grip system (Currie
& Gardner 1989).
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e Different lengths and orientations of fibres to be embedded in the ma-
trix

e The specimen geometry to allow for variation of matrix mix propor-
tions.

e The method should be repeatable.

e The whole fibre should be encapsulated in the matrix.

e Be able to measure both the interfacial bonding strength and friction.

A “one-sided” model of fibre pull-out specimen is a popular approach to
studying the fibre/matrix property mainly due to its simplicity. However,
a “two-sided” configuration comprising of a fibre embedded in the shape of
“figure eight” , or the more commonly used term, “dog-bone” specimen, is
the preferred geometrical model due to its robustness.

The specimen in “figure eight” geometry comprising of a symmetrical
mortar briquette, with a fibre at the middle crossing a matrix crack, simulates
the fibre bridging action encountered during the composite’s fracture process.
This specimen model was originally developed by Maage (Maage 1978) and
later adopted by Wang and co-workers in studies involving brittle fibres of
microscopic diameters (Wang, Backer & Li 1988). A similar geometry was
later used by Currie and Gardner (Currie & Gardner 1989) but the test was
faced with fibre brittleness and alignment problems and was therefore, mod-
ified and later used successfully to provide more comprehensive information
on the fibre/matrix interfacial properties (Katz et al. 1995).

By using fibres of a much higher diameter than in the test by Wang
et al. (Wang, Backer & Li 1988), fibre orientation was more accurate and
better control of the matrix surrounding the fibre was possible. The “two-
sided” (or “figure eight” shape) geometry was adopted in this thesis not only
because of its simplicity during preparation and testing, but because it met
the criteria specified above. Fig.4.7 is schematic illustration of the “figure

eight” geometry of the briquette used for fibre pullout studies.
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debonding (or separation) sheet and separate it into two identical sections,
thus creating in the hardened specimen, an effective crack plane. The fibre
was thereafter carefully threaded through this debonding sheet at mid-height
so that it was positioned horizontally on the fresh mortar. The layer of mortar
together with the acetate sheet provided support for the fibre to remain in
place at the middle of the mould. The mould was then filled up with mortar,
at the same time gently shaking it sufficiently to infiltrate the fibre surfaces.
The top mortar surface was troweled flush with the edge of the mould thus
giving the specimens a uniform thickness of approximately eight millimetres.

15 specimens were cast for each batch, which were thereafter covered
with an impervious sheet for moisture control and kept under controlled
environment with temperature of approximately 23° C for 24 hours to set.
After setting the specimens were water cured at approximately 21°C for
28 days. Different batches of specimens were cast in an environmentally
controlled room for different exposure environments. All samples were cast
in the same environmentally controlled room in order to minimise variability

across batches.

4.4 Uniaxial Tensile Specimen

The reinforcing action of fibres in cementitious matrices is most beneficial in
the tensile mode. Indirect methods such as splitting tensile tests, and bending
tests have conventionally been employed to determine the tensile properties
of cementitious materials (Neville 2002). These tests are ordinarily simple
to perform. However, there is no straight-forward correlation between the
tensile stress-strain (o — €) characteristics and the corresponding deflection
behaviour and this is a major limitation on the use of these indirect methods.

Since the precise position of the neutral axis is indeterminate during
the bending test, uni-axial tensile testing (UTT) was chosen as it provides
more rational and reliable information on the tensile mechanical behaviour
of cementitious materials (Keer & Hannant 1986). In addition, UTT enables

objective distinction between the material parameters; tensile strength and
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fracture energy, or toughness, thanks to the nominally uniform tensile stress
distribution, unlike in bending or other indirect tensile tests. By using a self-
centering specimen gripping device for the tensile test, the effects of bending
induced by misalignment were minimised.

In this research, the geometry of the tensile specimen and the gripping
system were customised to be adaptable to the standard fixtures of the testing
machine. Since the specimens were intended for use in durability tests, it was
important that they were thin enough to be permeable to gases and moisture
during the tests. However, the thickness of the specimens was limited by the
practical situation, considering that hand lay-up production techniques were
to be employed for their production.

Preliminary trials, referred to earlier in section 4.2, indicated that six
layers of CemForce could easily be worked into thin mortar layers, and with
sufficient pressure application, specimens with a nominal thickness of 8 mil-
limetres could easily be produced for tensile tests. Trials indicated that 8
millimetre thick specimens were robust and capable of withstanding exces-
sive manual handling without being damaged during the experimentation
process. The moulds used in casting of the specimens similarly had to with-
stand repeated wetting and laboratory curing conditions. When all these
factors were taken into account, a thickness of 8 millimetre thickness was

adopted for all specimens for this research.

4.4.1 Specimen Geometry for Tensile Testing

The specimen geometry for tensile tests was a major consideration based on
the need for the facilitation of easy production of the laminates. Firstly, the
gripping areas were based on the lateral pressure likely to be exerted on the
edges of the specimen by the grips during the test as shown in Fig. tensilegrip.
Parallel tests on mortar cubes indicated that for specimens previously water
cured for 28 days, the compressive stress which could be withstood by the
specimens without local crushing was 35 MPa. This information was useful

in designing the gripping sections of the specimens.
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53+2 percent for a minimum of one month in order to equilibrate and dry
the surface moisture. Control specimens remained in the laboratory under
controlled conditions comprising of temperature of approximately 214+2°C
and relative humidity of 5342 percent. Thus control samples were differ-
entiated from weathered samples. The other batches of cured samples were
weathered under the same environmental conditions with the cubes, fibres,
and pull-out specimens. The environmental regimes in which the samples

were weathered are described in the following section.

4.5 Environmental Regimes

Different batches of specimens were aged in the following environments:

i. 100 hot/cold cycles: Maximum temperature was 50+1°C, minimum
temperature was 23+1°C, RH was 20+2 percent, temperature was
raised from 23+1°C to 50+1°C in 30 minutes and cooling time was
45 minutes.

ii. 100 Wetting/Drying cycles: Maximum temperature was 35+1°C, mini-
mum temperature was 23+1°C, RH varied between 52 percent and 100
percent over a 24 hour period.

iii. Continuous carbonation exposure for 6 months at a temperature. of
approximately 30+1°C and relative humidity varied between 50 and 70
percent.

iv. Natural exposure in a moderate climate for 11 months.

v. Natural exposure in a tropical climate for 11 months.

vi. Natural exposure in a tropical climate for 16 months.

vii. Control samples at 21+1°C and 53+5 percent Relative Humidity for
periods ranging from 28 days to 20 months.

The accelerated ageing protocol that was adopted in this research involved
subjecting samples to different exposure regimes in order to simulate the
following environments separately: so called “hot/cold”, “Wetting/Drying”,
and continuous carbonation exposures. The integrated hot/cold and Wet-

ting/Drying facility formed a semi-automated environmental facility. The
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Figure 4.15: Block diagram of the integrated facility showing direction of
water flow

A system of a timer and relays controlled the hot/cold cycles by syn-
chronizing the change-over between the heating and cooling regimes. The
system was adaptable to the Wetting/Drying system as illustrated by the
block diagram in Fig. 4.15.

Carbonation exposure was carried out separately from the hot/cold and
Wetting/Drying facility in a dedicated research-based incubator. The weath-
ering processes of each of these three ageing facilities is discussed further in

the sections that follow.

4.5.1 The Hot/Cold Facility

The hot/cold facility is shown in Figs. 4.14 and illustrated in the block
diagram in Fig. 4.15. The main features of the hot/cold system was a 650
x 650 x 100 mm tray capable of holding five mortar cubes, ten fibre pull-out
and five tensile samples in a single batch. The tray formed the top covering
lid to a smaller tray with a size of 600 x 600 x 300 mm, thus providing a 25
mm overhang over the lower tray. Samples were held on the smaller upper
tray. The heating source for the system was 500 Watt halogen light bulbs
positioned directly above the top tray.
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Preliminary trials were carried out to select the suitable number of bulbs
required for effective heating of the system, and to determine their position
above the specimens. By use of thermocouples attached to the surfaces of the
specimens, the temperature was monitored over a 1 hour period on the top
surfaces of specimens. The number of bulbs and their position above the top
tray were varied until average temperatures of 50°C and 23 °C in the heating
and cooling modes respectively were achieved. This temperature range was

chosen since it was what was commonly experienced in local environments.

500 W <~ Stand
halogen
To mains bulbs
s Q} Hot /
/ Cold
environment
Control
valve L ' Stainless
VY] stool tray
- 1_\ ]
Copper
pipe
perforated
on top Stainless
steel
cooling
1 ¢ water
From basin
centrifugal To water
pump reservoir

Figure 4.16: Schematic of hot/cold components of environmental facility

With three bulbs positioned at 100 mm above the trays, the environ-
mental temperature could be raised from 23°C to 50°C in approximately 30
minutes and then reduced to 23°C in approximately 45 minutes, thus the
hot/cold cycle time was 75 minutes.

A 15 mm diameter copper pipe with 1 mm wide perforations at 25 mm
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Figure 4.17: Two hot/cold cycles in semi-automated facility

spacing along its top surface traversed the lower tray at a height of 100 mm.
By use of a 0.5 HP (0.373 kW) centrifugal pump, cold water was pumped
through the perforated pipe from a 10 m?® capacity ground water reservoir. As
the water flowed through the pipe under pressure, a fine mist of cold water
was sprayed to the undersurface of the top tray thus cooling the system.
Excess water was drained through a 15 mm diameter opening at the bottom
of the lower tray and drained back into the ground water reservoir.

The heating cycle was characterised using temperatures measured at the
top and bottom surfaces of four specimens which were placed at the middle
of the tray. By use of thermocouples, the temperatures were taken at five
minute intervals over a 75 minute period and measurements were repeated
six times and the average temperature computed. Fig. 4.17 shows the char-
acteristic hot/cold cycle in the semi-automated facility. All the specimens
were weathered by exposure to eight hot/cold cycles over a 10 hour period.
At the end of this period, a nominal increase of 2°C in the water temper-
ature was noticed but the effect was not cumulative since the system was
stopped for the following 14 hours to cool off completely and for the water
in the reservoir to equilibrate to approximately 21+1°C. 100 hot/cold cycles
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were run continuously over a two week period after which the specimens were
sealed and kept in the control room at 234+1°C and 5145 percent relative

humidity until required for mechanical testing.

4.5.2 Wetting/Drying Facility

The Wetting/Drying chamber facilitated wetting of specimens and draining
of excess water. By use of an electrically heated Incoloy tape that was wound
round a coiled copper tubing inside the chamber, the inside temperature of
the chamber was controlled between 23 +1°C and 35 +1°C. Preliminary
wetting and drying studies were carried out to determine the effectiveness
of a typical Wetting/Drying cycle, the procedure is given in section A.7 in
Appendix A.

The preliminary studies showed that the specimens could be sufficiently
wetted after 15 minutes of submersion in water and subsequently vacuum
dried to an equilibrium moisture content after approximately 5 hours. This
indicated a significant difference in the hot/cold and Wetting/Drying cycle
times. Therefore, a fully automated integrated environmental system that
had been originally envisaged could not be made fully self-actuating but
rather, the ageing cycles were run independently in a “semi- automated”
state.

The Wetting/Drying environmental system consisted of a 600 x 600 x 600
mm stainless steel chamber capable of holding and effectively weathering five
mortar cubes, ten fibre pull-out and five tensile samples in a single batch, at
the same time withstanding a vacuum in the vicinity of 10 millimetres of mer-
cury. Any vacuum-induced damage on the samples was not quantified and
indeed, this is acknowledged as one of the research limitations. Future work
to create a better understanding of the nature of vacuum-induced damage in
accelerated ageing tests is suggested.

The chamber was braced with two non-corroding metal frames at the top
and mid-height. A stainless steel angle plate was welded long the top edges

of the chamber to form a 25 mm wide flange which facilitated a close fitting
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coupling between the chamber and a removable lid. The lid was a square
piece of 650 x 650 x 20 mm thick “Perspex” plate.

The Wetting/Drying chamber was evacuated using a 0.75 HP (0.563kW)
pump through a 15 mm diameter opening at 540 mm height on one face of
the chamber. The system was connected to the vacuum pump by a 15 mm
diameter rubber tubing. To protect the vacuum pump from damage from the
exhaust moisture, the exhaust air was passed through a dessicator containing
one kilogramme of silica gel crystals to dehydrate the exhaust air.

The water supply for the Wetting/Drying facility, which was integrated
with the supply to the hot/cold system, consisted of a 0.5 HP (0.373 kW) cen-
trifugal pump through a 15 mm copper inlet pipe connection to the chamber.
As a means of regulating the temperature of water flowing into the chamber
a section of approximately 2.5 metres of the inlet pipe was formed into a coil
that passed through an urn filled with water at controlled temperature of
approximately 60°C.

The water supply pipe-work was connected to one side of the chamber
at a height of approximately 480 mm through a 15 mm copper pipe and was
extended inside the chamber to transverse the width. Inside the chamber, the
lower surface of the pipe had 1 mm diameter perforations at 25 mm spacing
that extended over a 0.5 m length. The perforated copper pipe was extended
downwards, then bent horizontally into an “m” shaped pipe-work system of
a total length of approximately 6 m at the middle of the chamber. The pipe
was supported horizontally on the non-corrosive metal frame. The pipe-
work system of the semi-automated Wetting/Drying facility is illustrated
schematically in Fig.4.18. During the wetting cycle, the inside temperature
of the chamber was approximately 35°C while the relative humidity was at
a maximum value of approximately 99 percent.

In order to control the environmental temperature inside the chamber
an Incoloy heating element was taped on the non-perforated section of the
copper piping. The element was powered from the mains supply and main-

tained the average temperature of 39°C during the drying period. To prevent
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in Table 4.8 for South African Weather Service and the Kenya Meteorological
Department (World Wide Web 2006a), (World Wide Web 20065).

4.5.4 Carbonation Exposure

Accelerating the aging of cementitious composites in a carbon dioxide (CO,)
rich environment simulates natural ageing as shown in studies on durability
of cement-based cellulose fibre composites (Kim et al. 1999). The natural
carbonation level is approximately 0.2 percent which is considered not high
enough to cause a significant effect to cement-based materials. Therefore, to
effectively weather the specimens by carbonation, the process was accelerated
by increasing the CO; level. In this research this was achieved by using a
commercially available LEEC model of research incubator, which was set for
automatic CO, and temperature control.

The CO, system in the chamber was factory calibrated and the “Zero”
or “Baseline” set for high humidity incubation at 30°C. Initially, the COs
concentration was controlled to a pre-set level of 1 percent and carbonation
depth in a sacrificial specimen monitored over a three month period as de-
scribed later in section 4.5.4.1. However, CO, level of 1 percent was not
effective in carbonating the samples. Therefore the level was increased to 10
percent for the subsequent six month period.

The optimum carbonation rate in cementitious materials occurs at RH of
between 50 and 70 percent (Papadakis, Vayenas & Fardis 1991). Therefore,
the humidity inside the chamber was monitored from time to time and was
manually controlled by using distilled water to increase the RH, or placing
silica gel crystals inside the chamber to desiccate the environment in the
chamber to the required level. An average RH of 65 percent was measured
during the ageing period. The specimens were loosely arranged on a stainless
steel rack inside the chamber, and the samples were continuously carbonated
for six months. During this period, carbonation depth was periodically mon-
itored. Figure 4.22 shows the carbonation chamber with samples arranged

on racks and silica gel crystals at the bottom of the chamber.
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Table 4.8: Mean environmental conditions of NM and NT environ-

ments

Cape Town (NM)

Nairobi (NT)

Mean Mean Sunshine,
temperature, °C temperature, °C Mean RH, % average
Daily Average hours

Month Highest Maximum | Minimum | Lowest Maximum | Minimum | Average ]9.00 AM |3.00 PM |per day
January 39 26 16 7 26.8 13.1 13.7 79 45 8.9
February 38 27 16 6 28.0 134 14.6 74 37 9.5
March 41 25 14 5 27.4 14.4 13.0 82 43 8.7
April 39 23 12 2 24.6 14.3 10.3 86 53 7.0
May 34 20 9 1 24.1 14.2 9.9 85 55 5.7
June 30 18 8 -1 23.1 12.6 10.5 85 59 5.8
July 29 18 7 -1 22.3 11.5 10.8 83 53 4.4
August 32 18 8 0 22.7 11.8 10.9 85 53 4.2
September 33 19 9 0 25.3 12.2 13.1 82 50 5.9
October 37 21 11 1 26.2 13.7 12.5 80 47 7.0
November 40 24 13 4 23.6 14.4 9.2 36 57 7.0
December 35 25 15 6 25.1 13.6 11.6 83 5 7.9
Yearly
average 41 22 11 -1 24.9 13.3 11.6 78 46 6.8
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4.6 MECHANICAL TESTING

Early age tests on specimens water-cured for three, seven and 28 days
were undertaken within approximately 15 minutes of removal from the curing
water bath. These specimens were therefore tested wet. However, after water
curing for 28 days, specimens to be tested at later ages were removed from
the water bath and conditioned in a dry state under laboratory conditions in
which the temperature and RH were 20+3°C and 53+2% respectively. The
samples were kept under these controlled conditions for the periods specified
in Fig. 5.3 prior to testing. These specimens were therefore effectively tested
“dry”.

4.6 Mechanical Testing

The ageing and testing programme for the samples studied in this research
is outlined in Table 4.9.

Table 4.9: Specimen ageing regimes

Age at time

Weathering | Exposure of test, months
condition period Cubes Fibre pull-out sam- | Composite

ples
100 hot/cold
cycles 2 weeks 8 5 11
100 Wet-
ting/Drying
cycles 3 months 10 8 14
Carbonation |6 months 12 12 16
Moderate 11 months 12 12 12
Temperate |11 months 20 12 12
Temperate |9 months N/A 16 N/A

4.6.1 Fibre Pullout Testing Procedure

The fibre pullout test rig was designed to be adaptable to the standard fix-
tures of 100 kN capacity ZWICK Universal Testing Machine (UTM) but with
special 10 kN load cells. The boundary conditions of the frame were a fixed
lower section and a self-centering fixture which was connected to the load

cell but the actual grip connection to the specimen was facilitated through
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paired connections with pins in order to minimise any bending component,
which would shift the neutral axis of the sample from the middle during the
test, leading to erroneous results. The main features of the rig were two “C”
shaped aluminium grips, each weighing approximately 465 grammes. The

fibre pull-out test rig is schematically shown in Fig. 4.27.
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Figure 4.27: Schematic of fibre pull-out test rig

The specimen was centrally mounted between the two grips and aligned
in the rig as shown in Fig. 4.28. Preliminary trials were carried out to
determine the critical embedded fibre length (1.) that would cause failure
by pull-out as opposed to breaking. A length of 22 mm into each side of
the sample was found satisfactory. The preliminary tests also served as a
check to the performance of the aluminium grips. The tests were carried

out on specimens cured for different time periods as shown by representative
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should have a close-looped control system. By using the ZWICK Universal
Testing Machine (UTM) described in section 4.6.1, these conditions were
sufficiently addressed. In addition, the test train and grip system needed to
be sufficiently self aligning and free of bending, so use of rotational and fixed
ends at the boundaries above and below the specimen respectively (and both
pinned self aligning units) facilitated such a pure tensile loading (free of any
bending component).

The tensile testing rig, with a mounted specimen is illustrated in Fig.4.30.

The performance of the loading train was tested in preliminary trials on a
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Figure 4.30: Schematic of tensile test rig

14 day old specimen. Loads were measured using a 10 kN load cell with
an accuracy of 0.5 percent and the crosshead travel was used to measure

displacements. The specimen was loaded in tension at the rate of 10 mm
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creased beyond 1950 N, multiple cracking (several macro cracks) propagated
into the widened gripping areas, which caused the embedded fibres to pull
out of the matrix, causing serious alignment problems in some specimens.
As the test progressed, these effects lead to crushing of the gripping areas
of the specimens. The test could therefore not be progressed to failure. To
contain the crack propagation within the gauge areas and hence overcome
the gripping difficulties, the widened gripping sections of the specimens were
modified in order to withstand the crushing forces. In the process, testing of
the specimens to failure was facilitated.

Specimen modification involved firstly stripping of mortar within the grip
regions to a maximum length of 50 mm from the edges thus exposing the
textiles at the same time avoiding pre-cracking the specimens. By use of
the original casting moulds, the gripping regions were then re-cast in epoxy
resin ensuring full impregnation of the fibres. The specimens were thereafter
left to harden for three days. The edges of the hardened specimens were
sand-papered to closely fit the grips and were then ready for tensile testing.

The epoxy-remoulding process used for specimen modification was an
aggressive process with the potential of pre-cracking the inherently brittle
specimens and thus reduce the expected accuracy of the tensile tests. There-
fore, diligent effort was put to minimise the damage to practical levels after
which representative samples were tested to failure.

The testing machine was programmed for a ramp rate of 10 mm per
minute. In order to capture the whole range of the stress-strain curve, failure
recognition was set at 100 percent drop from the maximum load. The gauge
length of the extensometer was adjusted to 25 mm for the short specimens
and increased to 40 mm for the longer ones.

The extensometer essentially comprised two clip-gauges that made phys-
ical knife-edge contact with the specimen in an attempt to avoid problems
associated with the machine compliance. Fig. 4.32 shows the clip-gauges
of the extensometer and a sample in place, and Fig. 4.33 shows the load-

displacement behaviour for long specimens at low strain levels before the
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The load-displacement curves were characterised by an initial linear part
as the specimens underwent micro-cracking. This state progressed until de-
velopment of macro-cracks, which was marked by a reduction in the slopes
of the curves. As loading progressed, further reduction in the slopes and per-
turbations of the stress-strain curves were observed. This occurred at loads
in the vicinity of 1000 N (stresses between 3 MPa and 5 MPa) as shown
in Fig. 4.33. A key feature of the load-displacement (o-€) curves, which is
characteristic to the so-called High Performance Fibre Reinforced Cemen-
titious Composites (HPFRCCC) was a characteristic strain hardening and
multiple cracking (propagation of several cracks), which lead to the achieve-
ment of very high strains in excess of 20 percent. The specimen modification
technique of strengthening the gripping areas was therefore adopted and all
specimens were modified accordingly. It was then possible to capture the

whole range of the o-¢ behaviour up to fibre rupture at failure.

4.6.2.2 Limitations in Strain Measurement Techniques

While the extensometer was effective in measuring extensions up to the early
stages of strain hardening, the rough surfaces that developed on the spec-
imens, and the subsequent opening up of these cracks especially as failure
was approached, caused serious interference with the physical contact be-
tween the specimens and the clip-gauges of the extensometer as illustrated
in Fig. 4.34. When a clip-gauge wedges in a macro-crack, free movement
of the clip gauges gets impeded making extension measurements problem-
atic. This made the use of the extensometer problematic and therefore it
was only used to measure strains on three specimens from each batch, and
then the readings were correlated with similar measurements also on three
samples using the cross-head travel of the testing machine. Due to equipment
constraints, these measurements were taken on two independent test runs.
For all the tests, the machine was set for a pre-load of 40 N which effec-
tively took up the slack due to machine compliance particularly during the

initial stages of the test. Due to equipment constraints, it was not possible to
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4.7 Crack Quantification

The mechanical behaviour of the specimens was defined by the cracking be-
haviour after tensile testing. The cracks that developed after tensile loading
were quantified according to age and weathering history. For each batch
of samples, the average crack spacing, average crack density and average
crack width were measured on five representative specimens. The crack den-
sity was a measure of the amount of cracking within the gauge sections of
the specimens and crack spacings were obtained from direct linear measure-
ments. Crack widths were measured with the aid of an attached (Vickers
hardness type) scale on a light microscope with a resolution of 1 ym. For
each specimen, crack widths were measured at five locations that were chosen

at random over the gauge sections of representative samples.

4.8 Scanning Electron Microscopy:Overview

Microstructural studies involved firstly observing the specimens at 50 times
magnification in order to have a general view of the microstructure, and
subsequently progressively increasing the magnification up to a maximum of
200 times to get detailed features of the fibre/matrix interface. Fine fibrils
of diameters ranging from approximately 15 to 20 um were visible.

Due to the inhomogeneous nature of the internal structure of the textile
material that consisted of fibrils spun over a fibrillated tape, an accurate
description of the mechanical behaviour observed at the macro level was a
non-trivial task. One way that the load-carrying capacity and the failure
process of the so-called “Textile Reinforced Concrete” (TRC) has been ad-
dressed in the past is by conducting investigations at the micro-, meso- and
macro-levels (Hegger, Sherif, Brukermann & Konrad 2004).

The macro-level investigations are comprised of mechanical testing while
at the micro-level, investigations cover the factors that influence the interac-
tion of single fibrils with the cementitious matrix. This multi-level approach

is adopted in this thesis in an effort to gain an understanding as to why Tex-

158



4.8. SCANNING ELECTRON MICROSCOPY:OVERVIEW

tile Concrete (TC) responds to loading in the manner observed during the
experiments. Towards this end, microscopic studies were undertaken, firstly
on individual fibres, and then on the fracture surfaces of the composite.

The nature of the interface between a fibrillated polypropylene fibre and
hardened cementitious matrix has in the past been observed in optical and
scanning electron microscopes in which the fibre/matrix interaction at the
micro level was found to be characterised by interfacial adhesion and mechan-
ical anchoring effects (Bentur et al. 1989). The mechanical anchoring of the
fibres to the matrix that was also observed on aged composite was attributed
to a combination of mechanisms at the microstructural level involving inter-
locking of the fibres with the matrix. An increase in the interfacial bond
that is associated with ageing was accredited to increase in hydration prod-
ucts of cement that progressively become attached to the fibres (Banholzer
et al. 2005).

In studies carried out by Banholzer (Banholzer et al. 2005), microstruc-
tural changes in FRCC, which were associated with ageing, were attributed
to an increase in adhesional and frictional interfacial bond strength, inter-
face stiffness and toughness. In TC that is under this research study, the
interaction of a two-dimensional textile mesh that is cast in a cementitious
matrix is expected to further enhance the fibre/matrix bonding properties
due to additional mechanical anchoring caused by the extended fibrous area
of the fine fibrils. The cross fibres (warp) did not have a fluffy outer layer
and therefore the contribution to bonding of warp fibres was not considered
to be significant. The role of the cross fibres was to hold the main fibres in

position.

4.8.1 Scanning Electron Microscopy Technique

Microstructural studies involved firstly observing the specimens at 50 times
magnification in order to have a general view of the microstructure, and then
progressively increasing the magnification up to a maximum of 2000 times in

order to get detailed features of the fibre/matrix interfacial microstructure.
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Fine fibrils of diameters ranging from approximately 15 to 20 um were visible,
which was an indication of the extent of variability of the fibril diameter.
Fibres were selected at random from CemForce fabric and cut to sizes of
approximately 10 mm suitable for studies in the SEM. The basis for a suitable
TC sample for microscopic studies was that the state of the fibre/matrix sur-
face remained undisturbed in order to be a good representation of the effects
of ageing and weathering. The surfaces of the composite samples were not
sufficiently conductive and charging of the surfaces occurred within the SEM.
The accumulation of surface charges on specimens in the SEM appeared as a
bright surface and also caused image distortion. It was therefore not possible
to carry out meaningful studies with samples of the tensile composites due to
the charging problems, hence fibre pull-out specimens were chosen for studies

on the composite.

4.8.1.1 Specimen Preparation

The specimens were firstly notched on one of their surfaces in the direction
of fibre orientation as illustrated in Fig. 4.36, and then fractured by appli-
cation of a nominal bending force. This technique was employed in order to
expose the fibre/matrix interface, with the fibres still intact and bonded to
the matrix, at the same time minimising damage to the surface under inves-
tigation. Samples were then reduced, by sawing off the edges which were not
under investigation (but not the fibre/matrix interface), to practical sizes of
approximately 10 x 5 x 5 mm in order to fit into the specimen chamber of
the SEM.

Soon after fracturing the surfaces, the specimens were glued onto mount-
ing stubs using carbon/glue mixture in order to provide a conductive medium
and thus reduce the charging problem. The surfaces were thereafter sputter
coated with a thin layer of palladium gold to facilitate electron imaging which
was carried out in high vacuum conditions (of 10~7 millimetre of mercury)
of the SEM. The specimens were mounted in a chamber which could hold up

to eight specimens at a time.
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4.9 Summary

This Chapter essentially described the experimental programme and the
methods used for characterisation of Textile Concrete, which included firstly
the analysis of constituent materials, selection of materials and testing tech-
niques within practical limits, that is, choice of the mix proportions, mortar
flow characterisation, and cube crushing strength. Subsequently, the meth-
ods used for specimen preparation and production for mechanical testing
were described.

The sample preparation process was described, which involved: casting
techniques, curing conditions, and labeling system. In addition, the ageing
conditions were described which were: controlled laboratory environment,
accelerated ageing conditions, natural climates.

In this Chapter, a description of the experimental set-up was given in-
volving the development of a semi-automated environmental system capable
of simulating the different exposure conditions. The techniques employed in
the design, fabrication and calibration of the dedicated accelerated ageing
facility were elaborated.

The techniques used in mechanical testing to characterise the fibre/matrix
interfacial property, and uni-axial tensile behaviour were dealt with. The in-
vestigations carried out on Textile Concrete samples after weathering and
mechanical testing were described. These post-testing investigations were
essentially crack quantification in terms of crack density, crack spacing and
crack widths.

The limitations of the experimentation was underlined. In particular,
the need for appropriate adaptations of the customised specimen gripping
system to the fixtures of the locally available testing machine was reiterated
in the Chapter. The difficulties associated with tensile testing pointed out
and the way they were addressed was described.

The crack quantification technique was limited in scope in that it was not
possible, using this method alone, to fully gain an understanding of the link

between the mechanical properties of TC and the microstructure. Therefore,
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4.9. SUMMARY

the study was extended to microscopic examination of the specimen surfaces
in a scanning electron microscope (SEM). The technique was described in
this Chapter.

A schematic illustration of the programme showing the scope of work,
the specimen types and ageing regimes is shown in Fig.4.41. The results of
the mechanical tests and microstructural studies are dealt with in the next

Chapter.
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Figure 4.41: Experimental programme
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Chapter 5

Analysis of Results of the
Mechanical Tests

5.1

Introduction

In this Chapter, the results of the mechanical tests are discussed together-

with uncertainties and errors in the physical and mechanical measurements.

Results include cube crushing tests on plain mortar; tensile tests performed

on single fibres; pull-out and tensile tests on the composite, all as a function

of environmental exposure. The following are the objectives for each of the

four major sets of tests discussed in this Chapter:

Determination of density of the matrix and cube crushing strength of
mortar specimens.

From individual fibre tests, determination of the tensile strength and
the stiffness of the fibres after exposure to different environments.
Characterisation of the fibre pull-out behaviour and determination of
the mechanisms at each of the following four stages on the curves: pre-
peak stage, peak point, debonding stage, and final fibre pull-out stage.
Evaluation of the interfacial bond and its variation with ageing and
environmental exposure conditions.

Characterisation of the tensile stress-strain behaviour of Textile Con-
crete (TC) and attempt to identification of the underlying mechanisms

that contribute to the observed behaviour.
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5.2 Overview

The labeling system used to identify different batches of specimens is consis-

tent with the exposure conditions described earlier in Chapter 4 and defined

as follows:

HC 100 hot/cold cycles

WD 100 wetting/drying cycles

C. Six months of carbonation exposure
NM Natural exposure in a moderate climate
NT Natural exposure in a tropical climate

Textile Concrete specimens, hereafter referred to as TC, were produced
under controlled laboratory conditions. In all these laboratory-produced
samples, mortar designated “Type 4” with a water/binder ratio of 0.5 and
sand/binder ratio of 1.0 was employed. The tensile behaviour of the laboratory-
produced samples was compared with specimens cut from a four-layer board,
also made of TC, produced under conditions in Industry that were different
from the laboratory-controlled environment. The TC board had previously
undergone natural weathering for approximately 24 months in a factory yard
in Johannesburg. The samples were cut into 50 mm long by 25 mm wide
samples, the gripping edges were cast in epoxy-resin for adaptation to tensile
testing and then labeled “I” for identification.

Damage to all specimens before and after testing was visually examined
and the crack patterns quantified. The crack widths were measured using
an optical microscope which had a resolution (using the Vickers eyepiece
system) of 1 ym. This aspect of TC forms a major part of discussions in this
Chapter.

The crack quantification method, which involved measurements of non-
uniform crack widths and spacings, was limited in that characterisation of the
physical condition of the damaged specimens using this method is essentially
subjective and therefore not conclusive. This was because the total strain
was measured on loaded specimens whereas crack widths were measured af-

ter loading when cracks had closed slightly. The information is nevertheless
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5.3. RESULTS OF MORTAR CUBE TESTS

useful for comparison purposes. By carrying out limited microscopic studies
in a scanning electron microscope (SEM), it was possible to obtain supple-
mentary information about the behaviour of TC with ageing. The SEM
technique was dealt with in the previous Chapter.

In this Chapter, the results of the mechanical tests are discused and
variations existing between the behaviour of control and weathered samples
are assessed. The interpretation of these results and investigation into the
link between mechanical behaviour and the microstructure of TC are also
dealt with. Further discussions of the microstructure and an assessment of

the effects of ageing on the performance of TC are dealt with in Chapter 6.

5.3 Results of Mortar Cube Tests

The objectives for mortar cube tests were:

e Determination of the effects of different environments on the physical
and mechanical properties of the matrix, that is: density and cube
crushing strength.

e Investigation of the variation of cube crushing strength with time.

e Identification of the effects of ageing and degradation on the matrix.

Results of the average crushing strength for cubes made from the same mix
but exposed to different ageing environments are shown in Table 5.1. 42
cubes of size of 50 mm were cast for the tests and three were tested after
curing for three days. The test was conducted after seven and 28 days of
water curing. The average of these three tests was calculated in accordance
to the standard requirements of cube crushing tests of cementitious materials
(ASTM C 109/C 109M-05 2005). The results are shown in Table 5.1.
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Table 5.1: Average cube crushing strength

% Change
Strength, Coeflicient of due to
Exposure No. of | Density, MPa variation, % weathering
condition tests |g/em® (£lo) |(%lo) density strength density strength
3 Days Control 3 2.060£0.020 10.8 £1.1 1.0 9.8 N/A N/A
7 Days Control 3 2.090+0.020 [20.8 +2.0 1.0 9.6 N/A N/A
28 Days Control 3 2.060+0.023 35.2 £2.9 1.1 8.2 N/A N/A
8 Months Control 3 2.000£0.040 36.9 +£1.4 2.0 3.8
HC Weathered 3 1.93640.023 30.8+2.9 1.2 94 -3.2 -16.5
10 months Control 3 2.080£0.023 44.44+2.8 1.1 6.3
WD Weathered 3 2.136+0.101 64.8+3.9 4.7 6.0 +2.7 +45.9
12 months Control 3 2.064+0.023 | 48.0+4.3 1.1 9.0
C. Weathered 5 2.072£0.023 64.4+4.5 1.1 7.0 +0.39 +34.2
12 months Control 3 2.093+£0.023 49.6+4.4 1.1 8.9
NM Weathered 3 2.147+0.083 56.8 £7.9 3.9 13.9 +2.6 +14.5
20 months Control 3 2.040+0.070 62.1+7.6 3.4 12.3
NT Weathered 4 2.050£0.030 66.0+6.4 1.5 9.7 +0.49 +6.3

Note: All control samples were water-cured for 28 days at 23°C; thereafter at 20°C and 53 % RH

“Weathered” refers to exposure in the stated environment
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5.3. RESULTS OF MORTAR CUBE TESTS

was observed. The compressive strength of control mortar cubes increased
by approximately 88 percent between 28 days and 20 months. The increase
was attributed at least partly to the 10 percent replacement of cement by
Ultra-Fine Fly Ash (UFFA), which leads to densification of the mortar and
changes in the paste microstructure. These changes are related to reduction
in the porosity caused by pozzolanic reaction. At later ages, the contributory
effects of drying result in higher strengths as illustrated in Fig. 5.4.

The increase in mortar cube crushing strength that was observed between
the ages of 28 days and 20 months was not surprising because ordinarily this
trend is consistent with the effects of mineral additions (e.g. Fly Ash) to

cementitious materials.

5.3.2 Cube Crushing Strength of Weathered Mortar
Cubes

Fig. 5.5 illustrates that cyclic wetting/drying and carbonation exposure re-
sulted in significant increase in cube crushing strength. Conversely, the vari-
ation in matrix strength after exposure to cyclic heating and cooling was
not significant, and a similar observation was made for naturally weathered
samples.

In this research, Wetting and Drying exposure was carried out at an
average temperature of 37+2°C, which was a conducive environment to ce-
ment hydration and matrix densification. Therefore, at the end of 100 wet-
ting/drying cycles, a significant increase in strength was observed as illus-
trated in Fig. 5.5 and Table 5.1.

Carbonation was carried out under conditions of medium humidity with
an average RH being 65 percent. The exposure was for a continuous period
of six months and at the end of this period, the entire depth of samples
had been COs-penetrated. Control samples were similarly conditioned under
dry conditions with RH of approximately 51 percent but conversely, the
control samples were not fully carbonated at the end of the exposure period.

Therefore, the increase in cube crushing strength after carbonation exposure
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was attributed to carbonation rather than drying. This was because despite

control samples being conditioned under a less humid environment, and hence

they were at a drier state than the carbonated samples, the cube crushing

strength of carbonated samples was approximately 35 percent higher than

for control samples (Fig. 5.5).

5.3.3 Summary of the Results of Mortar Cube Tests

The following is summary of the results of mortar cube tests:

Cement hydration is age-dependent and it is well known that this leads
to reduction in porosity of the microstructure, densification of the ma-
trix, and increase in strength.

The basic mechanism attributed to UFFA in the mix is pozzolanic re-
action which enhances early as well as long-term strength development
(Lewis, Sear, Wainwright & Ryle 2003).

At later ages, the effects of drying of the microstructure, which is more
pronounced after approximately eight months, contributes more to the
strength than normal increase due to hydration.

A Wetting/Drying environment was a favourable condition which led
to good cement hydration and significant increase in strength.

In a COy-rich environment, the underlying mechanism was interpreted
as deposition of carbonate species in the pores within the microstruc-
ture thereby increasing the strength of cement paste, hence the marked

improvement in the matrix strength (Neville 2002).

5.4 Results of Fibre Tensile Tests

The objectives of single fibre tensile tests were:

To characterise the tensile strength and stiffness of non-bonded and
ultrasonically bonded polypropylene (PP) fibres
To determine the effects of different environments on the tensile prop-

erties of the fibres
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as ultimate rupture is approached, a change in failure mechanism is observed.
The failure mode changes from predominantly brittle, after failure of the
central core, to more ductile behaviour illustrating the contribution of the fine
fibrils in load carrying capacity. At low load levels in the vicinity of the failure
strains, it was observed that the fine fibrils underwent significant ductility
before final failure. A possible cause of the change in failure mechanism was
thermally induced damage in the fibres.

Being a thermo-plastic polymer, PP is heat sensitive and although its
melting temperature is in the range of 169 °C, cyclic heating to a temperature
of 50°C and subsequent cooling to approximately 23°C has softening effects
on the fibre properties, which was manifested by limited ductility near peak
conditions. The ductility that was observed near final failure was attributed
to “fine fibrils’ effect”. The thermally induced fibre softening resulted in a
reduction of approximately 47 percent in the modulus E; as shown in Table

5.2 indicating this is a permanent effect.

5.4.2.2 Effects of Cyclic Wetting and Drying

Ageing by cyclic wetting and drying (WD) at a slighted elevated temperature
of 35°C did not affect the failure load of non-bonded fibres significantly.
However, minor ductility of the fine fibrils occurred near final rupture, which
was clearly observed during the test, again demonstrating the influence of
the fine fibrils in load bearing capacity of the weathered fibres. The observed
behaviour varied from control fibres indicating a form of bonding of the fine
fibrils to the central core after the weathering process. There was an increase
in the fibre stiffness and reduction in toughness indicating that the fibres

underwent some minor hardening as a result of this type of weathering.
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Table 5.2: Characteristics of average load-strain parameters for the

fibres
Average Average Coeflicient of Modulus of | Area under
Exposure No. of | peak failure variation elasticity the curve,
Fibre type |condition tests |load+o, N [straindo, % |Load Strain Ef, MPa J/m
Non-bonded | Control 7 77.3+1.9 26.7+2.1 2.5 7.9 1077 10.32
Bonded Control 8 77.0+2.0 22.0+0.9 2.6 4.1 1213 8.47
100 Hot/Cold
cycles at
Non-bonded |23°C<t<50°C 6 60.8+3.8 36.1+£2.9 6.3 8.0 566 10.97
100 Wet-
ting/Drying
cycles
Non-bonded |at ~ 35°C 73.41+6.8 22.4+1.1 9.3 4.9 1123 8.22
Non-bonded | Wet fibres 6 80.44+3.1 30.24+1.3 3.9 4.3 878 12.18
Carbonation
at 30°C and
Non-bonded |~55% RH 7 62.1+4.8 33.3+1.7 7.7 5.1 612 10.34
Natural
Non-bonded | moderate (NM) 11 76.514.1 16.5+0.9 5.4 5.5 1678 6.31
Natural
Non-bonded |tropical (NT) 8 40.0+6.2 9.6+1.4 15.5 14.6 1292 1.92

The results presented in this Table are interpreted in section 5.4.3

Results are reported to an accuracy of approximately 15 percent
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PP fibres are known to be hydrophobic and hence drying, rather than
wetting, was considered as having modified the fine fibrils-central core bond-
ing nature. Since drying was undertaken by exposure for five hours to vacuum
conditions after-which the environmental chamber was left open for approx-
imately 18 hours under dry conditions, a modification of the fibre nature by
the mechanism of hydrolysis was to be expected. It was also observed that
the fibres had undergone “yellowing” after exposure to 100 wetting/drying
cycles.

To validate the assumption that it was not the wetting regime but rather
the drying condition that caused a change in the microstructure, non-bonded
fibres which had been soaked in a cold water bath for a period of 3 months
were tested as well. The behaviour was comparable to control samples in that

the "near-rupture” ductility was not observed as shown in i.e. Fig. 5.8(a).

5.4.2.3 Effects of Carbonation Exposure

The stiffness of fibres exposed to a carbonation environment was reduced by
approximately 43 percent after weathering, and a brittle failure was exhib-
ited as shown in Table 5.2 and Fig. 5.8(b) respectively. It was understood
that polypropylene does not carbonate under atmospheric pressure, as was
the case inside the carbonation chamber (Mills 1986). However, the fibres
were already contaminated with cementitious particles before carbonation ex-
posure, which accounted for the pink colouration after the phenolphthalein
test. After exposure the particles on the fibres were carbonated sufficiently
as shown in Fig. 4.23(b).

However, the effect of exposure to the fibres was contamination with
calcium carbonate (CaCOj) particles from other concrete specimens in the
chamber after the prolonged exposure in a COs-rich environment. The par-
ticles attached to the fine fibrils are clearly evident in micrographs in Fig.
6.5 in Chapter 6.

The reduction in fibre stiffness after carbonation was similar to thermally

induced fibre softening after hot/cold exposure that was described earlier
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in section 5.4.2.1 and necking of the central core is manifested by minor
ductility at the peak conditions. Final rupture in carbonated samples was
brittle rather than the ductile failure that characterised the tensile behaviour
of HC weathered fibres. These contrasting failure modes are shown in Figs.
5.7 (a) and 5.8(b).

The tensile behaviour of carbonated fibres is interesting. The carbonation
regime included significant thermal effects up to 30+1°C which could have
led to softening and reduction in stiffness. In addition, the other weathering
mechanism in the COs-rich environment was possibly the carbonation of the
particles contaminating the PP fibres, which are seen in the micrograph in
Fig. 6.5 in Chapter 6. At the end the exposure, the carbonated particles were
more firmly attached to the softened fibre surfaces, and it is believed that
this created stress concentration points leading to a lower peak stress. This
mechanism contributed to the brittle failure observed in the failure mode
while the bulk fibre behaviour was dominated by the thermo-related effects.
Despite continuous exposure to a temperature of 30+1°C, localised scorching

of the fibres was not evident from visual observation.

5.4.2.4 Effects of Exposure to Natural Environments

While accelerated ageing environments simulated controlled exposure con-
ditions, the natural environment samples were exposed to direct sunlight
and other conditions such as rain, dust and environmental moisture, and no
protection from environmental degradation agents was provided.

Information about the natural climates was extracted from World Wide
Web pages for South African Weather Service and the Kenya Meteorological
Department (World Wide Web 2006a), (World Wide Web 2006b), which was
shown earlier in Table 4.8. From the information about the natural climates,
it was clear that Ultra-violet (UV) irradiation of PP fibres was significant
considering that the fibres were continuously exposed for approximately 12
months.

The deterioration of PP fibres as a result of UV irradiation has been
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studied in the past by Segre et al. (Segre, Tonella & Joekes 1998). The dete-
rioration was attributed to irreversible changes in composition and structure
of polymer molecules. Therefore, in this study, UV effects were presumed to
have played a role in the tensile behaviour of PP fibres.

After the fibres were weathered by exposure to natural moderate (NM)
and tropical (NT) climates, an increase in stiffness and a reduction in the
failure strain characterised the tensile behaviour of the weathered fibres as
shown in Table 5.2 and Figs. 5.9(a) and 5.9(b).

Fibres weathered in the two natural environments manifested remarkable
differences in strength and toughness as illustrated by Fig. 5.9. While there
was a significant loss in strength and toughness for NT weathered samples,
the main change that was attributed to weathering in NM climate was minor
reduction in failure strain and toughness, resulting in a behaviour similar
to that observed in bonded fibres in Fig. 5.6 (b). The fine-fibrils’ effects
were not observed on the tensile load-strain curves of NM-weathered fibres
implying that embrittlement was more pronounced in the fine fibrils than in
the main tape.

This behaviour of NM-weathered fibres was not surprising considering
that although the inner tape and the fine fibrils were made of polypropy-
lene, they had different specifications (World Wide Web 2006¢). While the
inner tape was fibrillated PP specified as 110 D’Tex (grammes of fibre per
kilometre of yarn), the outer fluffy layers were specified as 3 d’tex (10 kilo-
metres of one d’tex of yarn weighs 3 grammes) ( see section 2.7 in Chapter
2). Since the outer fluffy layers were made of a much finer PP and hence,
had a higher surface volume ratio than the central core, it was deduced that
the effects of UV irradiation were more severe in these layers than the core
fibre. An increase in stiffness and a brittle tensile failure at a reduced strain
characterised the tensile behaviour of NM-weathered fibres.

Severe fibre damage in NT-exposed fibres was accredited to consider-
able amount of sunshine in Nairobi where the specimens were weathered,

as shown earlier in Table 4.8 in Chapter 4. A higher rate of UV irradia-
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tion in a tropical climate than in a moderate environment was considered a
major deterioration factor (Segre et al. 1998). It was further deduced from
the loss in failure strength that in addition to embrittlement of the outer
fluffy layer, the inner PP tapes had also undergone significant damage after
continuous exposure for approximately 12 months. Contamination of fibres
could also have contributed to further embrittlement and weakening of the
NT-weathered fibres.

From the results of tensile tests on naturally-exposed fibres, it was in-
ferred that the UV radiation rate was lower in Cape Town than in Nairobi.
It was further assumed that UV rate accounts for the differences in the ten-
sile performance of NM and NT fibres that is illustrated by Figs 5.9(a) and
5.9(b) respectively. This assumption was however not validated in this re-
search, since other causes (such as acid rain, pollutants etc.) could have
contributed to the behaviour, but further investigations in this regard are

suggested.

5.4.3 Interpretation of Results in Table 5.2

The key parameters in the behaviour of the fibre tensile tests are summarised
in Table 5.2. Stiffer fibres (WD and naturally weathered) have relatively
lower toughness (areas under the curves), which is related to the influence of
the fine fibrils in the load-bearing capacity and fibre flexibility. Thermally
softened fibres (HC and carbonated) are less stiff than the control fibres but
the toughness is higher.

Since carbonation was carried out at atmospheric pressure, no chemi-
cal reaction involving CO, took place. The main effect of carbonation was
thermally-induced fibre softening considering that the temperature in the
carbonation chamber was 30°C. Under these conditions, the physical nature
of the fibres was modified in that the surfaces of fine fibrils were covered by
particles as shown in Fig. 6.5 in Chapter 6. Despite the presence of this
outer layer, the carbonated fibres were characterised by thermally-induced

ductile failure.
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5.4.4 Summary of Results of Fibre Tensile Tests

The effects of exposure of fibres to different environments and the associated

mechanisms of degradation are summarised as follows:

e The fibres softened substantially after exposure to a hot/cold environ-
ment ascribed to thermally-induced rotation of segments of molecular
chains.

e A Wetting/Drying environment exposed PP fibres to light, warmth,
and high humidity with OH™ ions. This is believed to have induced
modifications in the cross links within the molecular structure, causing
“yellowing” or loss of glaze which was observed. As broken bonds re-
formed between adjacent molecules, the fibres hardened and eventually
underwent embrittlement.

e A COgy-rich environment (at an elevated temperature) resulted in the
formation of occasional lumps of carbonate species on the surface of
a relatively tougher substrate. Since carbonation was undertaken at
atmospheric pressure, a chemical reaction involving CO, did not take
place but rather, thermally induced rotation of molecular chains was
manifested in a ductile tensile behaviour.

e In natural environments, a strong absorption of the ultraviolet part of
the sun’s rays may have resulted in formation of a thin brittle layer
on the fibre surfaces. The tensile failure strain of a fibre depended on
the relative failure strains of the brittle outer layer and the substrate.
The results indicated that the effect of UV irradiation in Nairobi (a
moderate altitude in the tropics) was more severe than in a moderate

climate.
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Table 5.3: Environmental effects on tensile behaviour of fibres

Exposure condition

Influencing factor |Hot/Cold (HC) | Wetting/Drying (WD) | Carbonated | Moderate (NM) Tropical (NT)
(Ce
Temperature 50°C-23°C 45°C-38°C for 5 hours |30°C 22°C-11°C 25°C-13°C
23°C for 18 hours
Relative Humidity |Dry 90%-55% 65% 70-80% 78%-46%
(average monthly)
Access to oxygen | Open Open for 18 hours 10% CO2 Open Open
Evacuated for 5 hours
Exposure to light | Halogen light Limited Dark 7 sunshine hours
(average per day)
Mechanism(s) Softening Oxidation/hydrolysis, |Softening, Low rate UV damage | High rate UV damage
yellowing, hardening encrustation | minor embrittlement |major embrittlement
with
carbonate loss of strength
layer
*Changes in mechanical properties
Failure load Decrease No change Decrease No change Decrease
Stiffness, E; Decrease Increase Decrease Increase Increase
Toughness Minor increase |Decrease Minor in- | Decrease Decrease
crease

*Changes are shown in Table 5.2

SISAL ATISNAL AHLId 40 SLTTASTAH T8















5.5. RESULTS OF FIBRE PULL-OUT TESTS

The possible cause of this behaviour was thermo-related micro-cracking in
the matrix which counteracted the beneficial effects of elevated temperatures.
It was also presumed that the mortar adequately protected the fibres from
the damaging effects of hot/cold environment. Indeed, on rare occasions
where fibres happened to be exposed during handling, then elongation was

not consistent and the fibre broke before complete pull-out.

5.5.2 Effect of “Wetting/Drying” Environment

Samples exposed to 100 cycles of “Wetting/Drying” were tested at the end of
the “Drying” (WD) cycle. As shown earlier in Fig. 4.21, the moisture content
in a sample at the end of a Drying cycle was approximately 1.5 percent,
compared with a “saturated” condition of 8.2 percent, which meant that in
the WD environment, moisture was readily available for cement hydration
and matrix densification. In the absence of any other physical degradation,
an improvement in fibre/matrix bond after 100 WD cycles was therefore to
be expected. The results of the control and weathered samples are are shown
in Fig. 5.16.

The control samples were tested after 8 months in controlled conditions
of temperature and moisture content, which was lower than in weathered
samples. The fibre pull-out test results did not indicate a significant increase
in peak load values that could be attributed to weathering. This was because
again, there were competing effects: a wetting cycle in which the tempera-
ture was elevated and moisture was readily available caused progression of
hydration and increase in bonding, cyclic drying conditions were detrimental
to mechanical properties due to microcracking.

The results shown in Fig. 5.16(b) were a combined effect of the competing
mechanisms of cement hydration and wetting, which were not easily separable
in the study. Assessment of the degree of hydration is normally done through

microscopic studies but this was not dealt with in this research.
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5.5.3 Effect of Carbonation

A high CO; environment resulted in matrix densification due to deposition
of carbonate species around the fibre as revealed in the micrograph in Fig.
6.6 in Chapter 6. Independent tests using phenolphthalein in dilute alcohol
confirmed that samples were fully carbonated down to the fibre. The car-
bonate species deposited on the fine fibrils increased the inter-fibril as well
as fibre/matrix interaction resulting in higher peak loads as shown in Fig.
5.17.

5.5.4 Effect of Natural Environments

Samples weathered naturally in a moderate climate (NM) had very poor
load-displacement behaviour which was markedly different from the behav-
iour of the fibres and the matrix. Whereas the fibre stiffness and rigidity
increased after weathering (see Table 5.2), the composite was characterised
by significant decrease in peak loads. These results are therefore not included
in this discussion.

Samples weathered naturally in a moderate climate had very poor load-
displacement behaviour which was remarkably different from the behaviour
of the fibres and the matrix. Whereas the fibre stiffness and rigidity in-
creased after weathering (see Table 5.2), the composite was characterised by
significant decrease in peak loads.

The results shown in Fig. 5.18(a) demonstrated good repeatability. Al-
though NM-weathered fibre pull-out behaviour seemed to be atypical or un-
usual, good repeatability demonstrates that the results are legitimate. It was
therefore, not fully understood why the NM environment caused such a poor
performance. More tests were performed on NM-weathered samples and the
results, shown in Fig. 5.21 were consistent with the original results shown in
Fig. 5.18(a).

Exposure of individual fibres to a tropical climate caused embrittlement
due to UV irradiation as illustrated earlier (Fig. 5.9). By casting the fibres

in mortar, they were adequately protected and this is demonstrated by an
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to cement hydration whereas at later ages, the effects of drying play
a major role. Densification of the microstructure at the fibre/matrix
interface increases interfacial friction and improves bonding.

e Fibre softening that occurred after cyclic heating and cooling (HC)
together-with loss in strength had an adverse effect on the fibre/matrix
bond strength. In addition to fibre damage, the HC environment in-
duced microcracking in the matrix, further weakening the interfacial
bond. This was a thermally-induced competing mechanism that coun-
teracted the beneficial effects of matrix densification.

e Moisture at the critical interfacial region acts as a lubricant and causes
a reduction in the interfacial frictional bond. A wetting/drying cycle
did not dry this critical zone sufficiently for the benefits of matrix
densification to be seen.

e Deposition of carbonate species within the microstructure further den-
sifies the matrix and improves bonding. This counteracts the effects
of thermally-induced softening that was observed in individual fibres.
The cumulative effect of microstructure densification and deposition
of carbonate species was that carbonated samples clearly manifested a

significant improvement in bonding.

The average peak loads shown in Figs. 5.22 and 5.23 are discussed more fully

in the section that follows.

5.5.5.1 Discussion of Figs. 5.22 and 5.23

The average curves in Fig. 5.22 envelop the overall behaviour of each set of
samples. Although the initial slope, designated slope (i) in Fig. 5.1 is not
obvious in the figure, the other four slopes are distinct for each set of sam-
ples. The variations in the pre-peak gradients illustrate how microcracking
at the fibre/matrix interfacial region changes with ageing. At early age, spec-
imens are relatively weaker and are therefore more prone to microcracking as
clearly shown by reduced pre-peak gradients. Similarly, a stronger interface

is relatively more brittle and is associated with a steeper post-peak gradient
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process. The variations were shown in the bar chart in Fig. 5.23. Low vari-
ability in the results was an indication of uniformity in weathering across
specimens in the same batch (e.g. HC environment) as opposed to relatively
higher variability in samples weathered by carbonation in which COs pene-
tration rate seemed to be less uniform. However, as the mechanisms in HC
and carbonated environments were of very different nature, the variations in

the two sets of results were not surprising.

5.5.5.2 Pre-Peak Gradients of the Load-Displacement Curves

The fibre pull-out load-displacement behaviour in cementitious materials has
been studied in the past and the mechanisms of the pull-out process docu-
mented (Balaguru & Shah 1992). The general load-displacement behaviour
observed in this research, which was illustrated earlier in Fig. 5.1, is similar
to the behaviour reported in past studies (Balaguru & Shah 1992), (Wang,
Li & Backer 1988). Therefore the discussions carried out here are based on
theories and hypotheses from the literature.

The gradients used in the analysis of load-displacement behaviour were

defined earlier using Fig. 5.1. The gradients were identified as:

e Initial steep linear gradient before mobilisation of the interfacial fric-
tion. Low displacement of the order of 1 mm characterise the slopes.

e In the region of 1-2 mm, the slope reduces at an increasing load indi-
cating mobilisation of interfacial friction and microcracking.

e A steep post-peak negative slope with fibre debonding and pulling out
of the matrix. The slope depends on the extent of damage to the fibre
and the matrix.

e A final low negative slope that approaches asymptotic to the horizontal.
This is due to stable crack propagation and final fibre pull-out of the

damaged matrix.

The pre-peak gradients were obtained by taking the average of the tangents

of the load-displacement curves at five points between the origin and the 2
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Table 5.4: Environmental effects on individual fibres, and the pull-
out behaviour

Characteristic Exposure condition
behaviour hot/cold (HC) |Wetting and Drying|Carbonated | Moderate (NM) Tropical (NT)
(WD) (Ce
Fibre tensile behaviour
Fibre failure load Decrease No change Decrease No change Decrease
Fibre stiffness E; Decrease Increase Decrease | Increase Increase
Fibre toughness Increase Decrease Increase Decrease Decrease
*Fibre pull-out behaviour
Bond strength No change No change Increase Decrease Decrease
Toughness Decrease Decrease Increase Decrease Decrease
Weakening Fibre softening | More brittle Fibre soft- | More brittle More brittle
ening

mechanisms Matrix  micro- | fibre/matrix interface fibre /matrix interface | fibre/matrix interface

cracking

Other  mechanisms
not fully understood

Strengthening Compliant Matrix densification Compliant | Protection from Protection from
mechanism(s) fibre/matrix fibre/matrix| UV radiation UV radiation

interface interface

Increase in Favourable hydration |Matrix Densification

hydration rate |conditions densification Further hydration

*A summary quantitative Table giving the key parameters is shown in Table 5.5
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Table 5.5:  Characteristics of average fibre pull-out load-
displacement curves

602

Peak Bond Slope of the curve: Area under
No. of Load £20, |strength Second, Third, Fourth, Fifth, the curve,

Sample tests N Tmaz s MPa | N/mm N/mm N/mm N/mm J (x1073)
8 days 4 8.08+1.30 0.18 4.02 3.39 -1.0 -0.17 49.9318.00
6 weeks 8 9.08+1.89 0.21 16.18 9.08 -0.23 -0.33 57.51+14.31
4 months 8 18.0+2.26 0.42 18.4 7.21 -1.12 -0.54 133.55+16.82
5 months 4 18.72+2.72 (0.44 17.63 9.35 -1.55 -0.32 131.41+19.11
8 months 13 35.92+6.46 |0.84 33.91 17.46 -2.48 -0.99 271.554+48.79
12 months 7 35.86+4.64 |0.84 32.11 17.93 -3.37 -0.57 252.53+13.68
16 months 5 38.86+1.84 |0.91 38.56 19.28 -3.59 -0.76 262.424+12.40
hot/cold
(5months) 4 18.56+£3.20 10.43 18.76 18.56 -2.80 -0.30 120.02+20.70
wetting/drying
(8 months) 6 34.224+4.60 |0.78 30.6 17.12 -2.75 -0.608 252.744+34.02
Cabonation
(12 months) 5 42.48+7.98 [0.99 31.78 14.16 -3.53 -0.98 384.64+72.31
Moderate (NM)
(12 months) 6 11.93+3.86 |0.24 10.03 4.10 -0.74 -0.34 62.944-20.41
Tropical (NT)
(12 months) 5 34.68+5.62 |0.81 32.54 17.84 -2.75 -1.24 297.124+38.90
Tropical (NT)
(16 months) 6 42.2444.00 |0.98 37.80 21.16 -4.93 -0.89 282.214+26.69

* The calculation of 7y, Was explained earlier in Chapter 3
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RESULTS OF FIBRE PULL-OUT TESTS

These values are comparable to the values of bond strengths shown in
Table 5.5 ranging from 0.18 to 0.99 MPa. It is therefore clear that the results

of this research are largely consistent with literature in terms of fibre pull-out

bond strength. In addition, the various stages in fibre pull-out behaviour are

consistent with the findings in the literature (Gopalaratnam & Shah 1987a),
(Li & Chan 1994), (Li & Stang 1997).

There are typically five main gradients on the load-displacement curves

described earlier in section 5.1; the corresponding mechanisms were identified

as follows:

i

1.

iii.

v,

. At the initial loading stage, the shear stresses at the fibre/matrix in-
terface are elastic in nature resulting in a steep positive linear slope
indicating that at this stage, the interfacial friction is not yet mobilised
(Bentur & Mindess 1990).

As loading progresses, the interface undergoes microcracking and the
interfacial friction is mobilised (Bentur & Mindess 1990). The load is
resisted by elastic shear stresses and interfacial friction, which is marked
by a reduction in pre-peak slope.

The peak load (Ppeqx) is attained when the whole embedded fibre length
debonds from the matrix.

Beyond F,eqtx as the fibre progressively pulls out of the matrix, the
stresses within the interfacial microstructure are frictional in nature.
The interaction of a damaged matrix and fibres causes cracking to prop-
agate in an unstable manner. The magnitude of the negative gradient
at the post-peak stage depends on the nature of the microstructure
with a steeper slope corresponding to a more brittle interface.

As fibre slippage and pull-out progress and the microstructure has un-
dergone substantial damage, cracking at the interfacial zone stabilizes.

Therefore, the final slope is asymptotic to the horizontal.

Composite toughness represented by area under the curve in Table 5.5 is

composed of: pre-peak microcracking, post-peak debonding, and fibre pull-

out.

The three processes are illustrated schematically and in bar-chart format
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peak loads after exposure of specimens to 100 hot/cold cycles, which was not
considered significant. Similarly, although cyclic Wetting and Drying of the
specimens was effective in matrix densification, it did not cause a significant
change in the average peak loads.

The main mechanisms at the post-peak and failure stages on the load-
displacement curves were the combined effects of complex processes involving
interactions within the matrix particles (a degree of internal fracture) and
fibre/fibre frictional effects at the micro level. These processes caused sub-
stantial fibre/matrix interfacial damage that was manifested in failure that
always occurred by pull-out from one side of the specimen. Due to the inter-
face damage, the proportion of specimen toughness that was due to the final
fibre pull-out was much lower than the debonding part as illustrated ear-
lier in Fig. 5.35. Samples underwent minor embrittlement after exposure to
cyclic hot /cold and wetting/drying which was manifested in minor reduction
in toughness.

Carbonation exposure caused matrix densification giving strength gain
of approximately 18 percent in the bond. In addition, an improvement in
toughness, which was more than what was observed in the other acceler-
ated ageing mechanisms, characterised the fibre pull-out of specimens aged
in a COy-rich environment. The change was attributed to deposition of
carbonates in the matrix pores, and possibly due to a change in interface
densification. It could be argued that CO. penetrated up the fibre/matrix
interface relatively easily. Indeed, from the SEM images shown in Fig. 6.6 in
the subsequent Chapter, carbonate species were observed all along the fibre
interface. A phenolphthalein test (see section 4.5.4 in Chapter 4) similarly
indicated a fully carbonated specimen after a six month exposure. An obvi-
ous observation is that the beneficial effects of carbonation are in the matrix
and not in the fibres.

Specimens weathered naturally in a moderate climate (NM) suffered sig-
nificant loss in strength as illustrated in Fig. 5.19, despite increased matrix

densification. The weather in Cape Town during the exposure period was typ-
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ically moderate but strong winds with wet and dry seasons were experienced
throughout the year. The yearly average minimum and maximum tempera-
tures were 11 °C and 41 °C respectively as shown in Table 4.8 in Chapter 4,
and thus the samples were subjected to an average of 30°C temperature dif-
ferential for the exposure period of close to one year. These conditions were
comparable to the hot/cold (HC) cycles in the ageing facility. Therefore, the
poor fibre pull-out performance observed in NM-weathered samples was not
well understood and further investigations are to be suggested.

The load-displacement behaviour of specimens weathered by natural ex-
posure in a tropical (NT) environment showed a different trend from NM-
weathered samples, and this difference is clear from Fig. 5.20. A similar trend
was observed for NT exposed specimens that were tested after 16 months of
exposure in which an increase in the average peak load of approximately 10
percent was observed. The fibre pull-out behaviour of NT weathered speci-
mens illustrated the ability of the matrix to sufficiently protect the embedded
fibres against a medium altitude climate in Nairobi (in the tropics), which
was attributed to an improvement in the fibre/matrix interaction despite se-
rious embrittlement in the individual weathered fibres. From the results of
the fibre pull-out test, no signs of embrittlement were observed in the pull-out

specimen that was attributable to loss in fibre strength.

5.6.3 Effect of Weathering on Slopes of Load-Displacement
Curves

The slopes referred to as “Third” and “Fourth” in Table 5.5, which corre-
spond to slopes labeled C and D respectively in Fig. 5.13, are used for the
discussion that follows.

The “Third” slope leading to the peak load (C) represents the pre-peak
stage when interfacial shearing stresses are being mobilised along the fi-
bre/matrix interface. At this stage, although the interface is undergoing
significant micro-cracking, the fibre is still bonded to the matrix. The results

shown in Table 5.5 indicate that cyclic heating and cooling in a dry environ-
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ment increased the shearing stresses slightly along the interfacial zone. This
phenomenon was not observed in the other accelerated ageing environments
in which the presence of moisture acted as a lubricant within the interface
microstructure and hence reduced the interfacial shear stresses. Conversely,
accelerated ageing caused embrittlement to the samples and this was indi-

cated by a general increase in the post-peak (“Fourth”) slopes.

5.7 Summary of the Results of Fibre Pull-out
Tests

There have been many characterisations of single fibre pull-out behaviour and
the results of this research are largely consistent with literature particularly
in the load-displacement curves, and bonding in polypropylene-cementitious
matrix systems. What is new in this work is the influence of ageing on the
physical and chemical processes that govern the fibre pull-out behaviour of
Textile Concrete. The knowledge gained from fibre pull-out tests is presented

in form of a “key summary” as follows:

o The mechanisms of cement hydration at early ages, and drying shrink-
age at later ages influence fibre pull-out bond strength in a similar
manner to mortar strength. A denser and stronger matrix means higher
fibre/matrix bond strength.

o The mechanical behaviour of embedded PP fibres is different from the
plain fibres, and varies according to the environmental conditions. The
most significant change that was observed was the reduction of the
effects of sunlight on fibre pull-out tests. The fibres are sufficiently
shielded by the matrix from the damaging effects of UV irradiation .

e Various slopes on a load-displacement curve represent the effects of
different mechanisms: initial slope represents an intact interface, second
slope represents microcracking and mobilisation of shearing stresses

along the interface, fibre debonding and interface damage is manifested
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by a negative post-peak slope, and the slope at final failure represents
pulling out of a fibre from the damaged matrix.

e The mobilisation of interfacial friction that takes place at the pre-peak
stage is associated with microcracking of the fibre/matrix interface,
which influences the bond.

e The more brittle the microstructure, the steeper the post-peak slope.

e During ageing, the following competing mechanisms contribute to the
fibre pull-out behaviour: densification of the matrix and the fibre/matrix
interface, microcracking of the microstructure, embrittlement, lubrica-
tion of the interfacial shearing stresses.

e A cyclic hot/cold environment induces drying shrinkage, embrittlement
and microcracking of the matrix resulting in reduction in bonding.

e Moisture at the interfacial zone act as a lubricant resulting in reduction
in the interfacial shearing stresses and fibre/matrix bonding.

e A COy-rich environment causes the highest increase in densification
of the microstructure and gain in the interfacial bond strength due
to deposition of carbonate species and subsequent densification of the
microstructure.

e In general accelerated ageing causes matrix embrittlement.

e Fibre pull-out behaviour is governed by different competing mecha-
nisms depending on the environmental conditions. For example, whereas
matrix embrittlement occurred after exposure to all regimes under
study in this research, it did not cause a loss in bond strength in car-
bonated samples implying that there was a contributory effect of other

competing mechanisms.
5.8 Results of Tensile Tests on Composite Tex-
tile Concrete Specimens

The objectives of tensile testing of composite specimens were:

e To provide the basic generalised description of stress-strain behaviour.
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5.8.1 Key Regions on Stress-Strain Curves

Stresses and strains at key points on the o-¢ curves were a useful means of

characterising the overall tensile behaviour of TC. The average values of the

key parameters for samples of ages ranging between eight and 24 months are
shown in Table 5.6.
The stress-strain curve is characterised by six stages (with reference to

Fig. 5.36) as follows:

i.

il.

iii.

iv.

The initial linear stage prior to matrix cracking. Since the strains at
this stage are too low (below 0.02 percent), they are not shown on a
typical o-€ curve.

A steep ascending linear stage up to about 2 percent strain that is
characterised by microcracking, which is essentially the development of
fine superficial cracks characterising composite behaviour rather than
a simple matrix property.

The region beyond about 2 percent strain is marked by a deviation
of the o-e¢ curve from linearity due to development of macro cracks.
A macro crack is a crack that transects the specimen as opposed to
microcracking which is fine superficial cracking (Naaman & Reinhardt
2004).

After the first macro crack, a specimen typically undergoes strain hard-
ening due to propagation of more macro cracks as the material exhibits
“pseudo-ductility”.

The end of pseudo-ductility is marked by peak stress and strain without
an appreciable amount of “fibre pull-out” being observed. There are
two types of composite properties at peak conditions: (a) composites
that attain a high peak stress with no further increase in strain before
failure, which is referred to as “composite failure”, (b) achievement
of relatively lower peak stress but a subsequent increase in strain at
constant stress, or a progressively decreasing slope of the o-¢ curve up
to final failure. This behaviour characterises composites that achieve

the “full capacity” of multiple cracking.
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vi. Final failure was caused by the opening up of a critical crack (crack
localisation) and fibre rupture. This mechanism differed from pull-out
tests in which the mechanism at failure was fibre pull-out implying
that it was only the pre-peak behaviour of fibre pull-out tests that was

relevant to the composite tensile behaviour.

5.8.2 General Description of Tensile Behaviour

As it was not possible to achieve saturated crack densities in Short samples,
Long specimens were chosen for the analysis of the tensile behaviour of TC,
and the behaviour of only Long specimens is dealt with subsequently.

Typically each curve had a linear portion up to matrix cracking, followed
by a strain-hardening branch where multiple cracking developed.

An initial linear stage in cement-based materials occurs at low strains of
less than 0.02 percent (Neville 2002), which was too low to be represented
on the overall o-¢ curves in Fig. 5.36. Therefore, only the micro-cracking
and multiple cracking stages will be considered in the analysis that follows.
The translation between microcracking and multiple cracking stages will be
referred to here as the “end of linear region”.

Multiple cracking accounted for the strain hardening behaviour of the
composite. An important feature of the o-€ curves at this stage was the
gradient both during multiple cracking and also just before final rupture.
The key regions on the tensile stress-strain curve, and a general description
of the mechanisms in these regions are illustrated in Fig. 5.37.

Samples that achieved the full multiple cracking capacity were charac-
terised by curves which were asymptotic to the horizontal just before final
failure. On the other hand, specimens exhibiting the so called composite fail-
ure exhibited steep o-€ curves up to final failure (Naaman & Reinhardt 2006),
(Kabele 2003b). The gradients of the curves at the multiple cracking stage
varied with ageing and the environmental conditions. These variations and
their relationships to other properties of the o-¢ curves form the basis of the

discussions to follow. The key parameters on the o-€¢ curves are shown in
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Post-peak stage

]

Peak point

End of linear
(microcracking stage)

Fibre stretching
stage

Stress, ¢

Composite

multiple % Crack localisation

cracking and fibre rupture
Failure point

D Microcracking stage

Strain, €

Figure 5.37: General description of the stress-strain behaviour

Table 5.6.

The strains at failure were fairly similar for all samples apart from the
16 month and Industry sample in which failure strains exceeding 30 percent.
The high failure strain in the 16 month old sample, which seemed anomalous
to other age specimens, was due to development of fine branching-off cracks in
the vicinity of the major cracks which contributed to further extension of the
specimens. On the other hand, a high failure strain in Industry samples was
due to development of several closely spaced cracks that were fairly evenly
distributed over the gauge length of the specimens.

The other key observation from Table 5.6 was that for control samples,
there was an increasing trend in toughness with ageing. However, weather-
ing under different environments causes embrittlement and loss in pseudo-

ductility.

5.8.3 Effect of Hot/Cold Environment

Specimens weathered by cyclic heating and cooling demonstrated some in-
crease in ductility and minor decrease in strength. There was also greater

variability in failure strains as shown in Fig. 5.38(b).
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The matrix in samples from Industry (“I”) had different properties from
the laboratory-produced samples as illustrated by a relatively low strain at
the end of the linear portion shown in Table 5.6. This low value was indicative
of a higher level of microcracking in “I” samples than in the laboratory-
produced samples.

The matrix in “I” samples was different from the mix used in this re-
search work. The Industry utilises a premix (locally referred to as Cemcrete)
specially manufactured for use in Textile concrete. The mix proportions
together-with refined laminate production techniques contributed to the ex-
cellent pseudo-ductility observed in Industry samples. The role of the matrix
composition in development of a “compliant” microstructure came out clearly
from the results of the Industry samples.

The results illustrate the potential for production of TC composites with
performance designed to suit a desired demand. The observations in Table
5.6 bring out certain key issues. Firstly, the stresses at the end of the linear
region, marking the formation of the first macro crack, were remarkably
similar and did not demonstrate much sensitivity to ageing or weathering.
This could be explained by the fact that at the end of the linear stage, all
composites had undergone substantial microcracking and the stress at this
first “through” crack depended on the degree of microcracking rather than
on the matrix strength. On the other hand, the strain at the end of the linear
region reduces with age and weathering indicating hardening of the matrix

and reduction in composite ductility.

5.8.8 Analysis of Results of Composite Tensile Tests

Typical o-e curves for control and weathered samples were obtained from
averages of the curves in Figs. 5.38 to 5.42 and are presented as sets of
“Composite curves” in Figs. 5.43 and 5.44.

From the results shown in Figs. 5.43 and 5.44, the following criteria were

used in describing the failure of the specimens:

e Achievement of maximum composite strength (o.) but without the at-
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by fibre rupture.

The mechanism of crack localisation involves widening of an existing
macro crack due to fibre debonding at the crack plane (depending on
bond strength) and/or stretching of the fibres bridging the crack. This
mechanism accounts for the decreasing stress level that is observed after
the full multiple cracking capacity is attained.

The post-peak composite behaviour is characterised by either (a) full
development of multiple cracking or (b) brittle failure upon attainment
of the composite failure strength.

The full development of the multiple cracking capacity is a strain
hardening behaviour that is aimed for. It is characterised by minor
post-peak ductility and/or stress reduction before final failure. This is
consistent with the behaviour of High Performance Fibre Reinforced
Cementitious Composites (Kabele 2003a), (Li, Wang & Wu 2001) de-
scribed earlier in section 2.7.4 in Chapter 2

Exposure to hot/cold, wetting/drying environments, and a high alti-
tude climate in the tropics yield Textile Concrete specimens that ex-
hibit multiple cracking behaviour.

The strong fibre/matrix bonding and densification of the matrix ob-
served after exposure of TC samples to to a COs-rich environment
translates into loss in post-peak ductility (over the region shown as
“Post-peak stage” in Fig. 5.37) before final failure. Carbonated sam-
ples exhibited high failure stresses and brittle failure.

Moderate climatic conditions resulted in brittle composite failure, and
the full multiple cracking capacity was not achieved.

The results of samples from Industry illustrate the potential for pro-
duction of TC composites with performance designed to suit a desired
requirement.

In all the samples studied in this research, final failure was by crack
localisation and rupture that is illustrated earlier in Fig. 5.47. The
failure strains were related to mechanisms of crack opening and the

fibre bridging across the localised crack.
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e The maximum failure load for a typical composite was approximately
2500 N, implying a stress of approximately 941 MPa, which was in the
range of the total load-carrying capacity of 39 core fibres which crossed
a crack in a typical specimen. The failure mode was consistent with

the fibre rupture illustrated earlier by Figs. 5.6 to 5.9 in section 5.4.

5.9.1 Summary of the Results of Mechanical Tests

In this section, linkages and relationships are built up by drawing together
the “key summaries” of the results of tests on mortar cubes, fibres, fibre
pull-out, and composite tensile tests.

It was found that the matrix effects on fibre pull-out and composite
tensile tests were more consistent than fibre effects because after the fibres are
embedded in the matrix, the mechanisms that influence the tensile properties
are modified substantially.

The mechanical behaviour of Textile Concrete is affected by the physical
and chemical processes that take place within the microstructure. These
processes were found to vary with ageing and the environmental conditions.

The mechanisms that influence the tensile behaviour of TC were found to
vary with different stages of loading: ranging from intact matrix behaviour
at strains below approximately 0.02 percent, to final failure by fibre rupture
which occurs at strains in the range of 20 percent. The behaviour between
these two extremes was dependent on the properties of the fibre/matrix bond-
ing. Similarly, the mechanisms that govern the fibre pull-out behaviour are
load dependent ranging from the intact matrix properties, to microcracking
and mobilisation of shear stresses, fibre debonding and matrix damage, and
failure by complete fibre pull-out.

The following is the consolidated summary of the results of the mechan-

ical tests.

e The effects of ageing and weathering on the mechanical behaviour of
Textile Concrete are best understood firstly from analysis of the mech-

anisms governing the various slopes of fibre pull-out load-displacement
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curves. Secondly, an understanding is gained from analysis of different
stages of stress-strain behaviour of composite Textile Concrete. These
effects are subsequently related to matrix and fibre properties.

The slopes of the fibre pull-out load-displacement curves are: initial
slope representing an intact interface, second slope representing mi-
crocracking and mobilisation of shearing stresses along the interface, a
negative post-peak slope that is manifested during fibre debonding and
interface damage, and the slope at final failure representing pulling out

of a fibre from a damaged matrix.

Mobilisation of interfacial friction that takes place at the pre-peak stage
is associated with microcracking of the fibre/matrix interface, which
influences the bond. On the other hand, the gradient of the post-peak
slope during fibre debonding and interface damage is related to matrix
brittleness. The more brittle the microstructure, the steeper the slope.
The mechanisms governing different stages of a typical composite ten-
sile stress-strain behaviour are: pure matrix tensile behaviour at low
strains of less than 0.02 percent, matrix microcracking up to strains
of approximately 2 percent, development of first macro crack which
traverses the sample depth and subsequent transfer of loading from
the matrix to the bridging fibres, propagation and widening of macro
cracks up to peak conditions, crack localisation, and final failure by
fibre rupture.

Densification and reduction in porosity of the microstructure was caused
by cement hydration at early ages. At later ages, the effects of dry-
ing influenced the material properties. These two mechanisms were
responsible for embrittlement of the matrix that was common in all
samples investigated in this research work. Matrix embrittlement re-
sulted in microcracking at low loading levels that characterised the
pre-peak stages in both fibre pull-out and composite tensile tests.
Densification in composite T'C specimens is extended into the interfacial

zone. Carbonation results in deposition of calcium carbonate (CaCOj)
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crystals in the microstructure, which is associated with a reduction in
the average pore size of cementitious materials (Rendell et al. 2002).
The effect of deposition of CaCQj3 in the fibre/matrix interface is that
there is an increase in mechanical interaction between the fibres and
the matrix. This mechanism accounts for an increase in bonding of
approximately 18 percent which was observed in carbonated samples.
Similarly, the extent of densification depends on ageing and exposure
conditions, the greatest effect, of approximately 0.4 percent, was ob-
served in carbonated samples. A denser matrix and a higher bond
resulted in embrittlement of the composite manifested in post-peak
brittle behaviour.

e In a Wetting/Drying environment, the products of hydration, calcium
hydroxide (CH) and calcium silicate hydrates (C-S-H) are deposited in
the microstructure which accounted for an increase of approximately
0.3 percent in matrix densification. For un-weathered samples, ma-
trix densification leads to an increase in fibre/matrix bonding. How-
ever, a minor reduction of approximately 5 percent was observed in
bonding after Wetting/Drying cycles indicating that the density of the
microstructure at the fibre/matrix interface reduced after weathering.
The reduction in density was possibly due to leaching of hydration

particles at the fibre/matrix interface during Wetting.

From the composite stress-strain behaviour, it was found that a Wet-
ting/Drying environment was suitable for good hydration and suitable
fibre/matrix bonding that resulted in excellent multiple cracking be-
haviour in the composite.

e The pre-peak behaviour in a fibre pull-out test is influenced by the ma-
trix properties namely microcracking at the interfacial zone, and mo-
bilisation of these cracks as the fibre debonds. This behaviour, rather
than the post-peak behaviour, is relevant to composite tensile behav-
iour at the microcracking stage.

e The natural environment weathering of Nairobi (moderate altitude in
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the tropics) combined the effects of hot/cold, Wetting/Drying and to a
minor extent, carbonation. By embedding the fibres in the matrix, they
were adequately protected from UV irradiation effects, which were ac-
credited to loss of fibre strength and embrittlement. This environment
resulted in multiple cracking behaviour in TC composites.

e Fibres weathered in a moderate environment exhibited minor loss in
ductility without loss in strength whereas the pull-out samples ex-
hibited markedly poor performance but the mechanisms contributing
to this behaviour were not fully understood. Conversely composites
weathered in a moderate climate had low post-peak ductility and fail-
ure was by fibre rupture.

e Exposure of Textile Concrete to the environment in Industry demon-
strated excellent mechanical behaviour in terms of strain hardening and
achievement of the full multiple cracking capacity. The behaviour was
attributed to a suitable selection of the mix proportions and production
techniques using customised machinery. This behaviour is an illustra-
tion of the potential for production of TC composites with performance

designed to suit a desired requirement.

To substantiate the multiple cracking behaviour described here, the crack-
ing patterns which developed on TC specimens after tensile testing are analysed

in the section that follows.

5.10 Crack Features and Quantification

Firstly, specimens were visually examined soon after weathering for signs
of damage and apart from the naturally weathered (NT) samples on which
minor surface crazing was observed prior to mechanical testing, there was no
significant damage in other samples. Fig. 5.49(a) shows surface crazing on a
specimen after weathering.

Microcracking was characterised by fine cracks of the order of 20 ym as
illustrated in Fig. 5.49(b). Although these cracks did not traverse the full
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DISCUSSION OF CRACK QUANTITIES SHOWN IN TABLE 5.7

Cracking on the Textile Concrete (T'C) is a function of loading level,
age and the environment. On rare occasions, weathering induced mi-
crocracks in the absence of load application (as shown by a single crack
on NT samples before test).

A controlled environment resulted in relatively uniform crack distribu-
tion over the gauge length. At early age (2 months), multiple cracking
readily occurred but with ageing and strength increase, less multiple
cracking was observed (see control 2 and 12 month old loaded up to
elastic stage).

The more mature samples exhibited more non-uniformity in crack widths
(see control samples at ages 15 and 16 months in Table 5.7). In some
of the samples, a major crack developed at one section over the gauge
length but there were also several finer cracks traversing the specimen.
This accounted for a higher value of crack spacing (and low values of
crack width) for 16 month old control samples than was expected.
Hot/cold (HC) exposure was characterised by fine multiple cracking
at close spacing, which was consistent with the effects of HC-induced
damage (softening) of Textile Concrete that has been highlighted as
one of the main findings of this thesis.

Whereas multiple cracking on samples weathered by Wetting/Drying
were consistent with typical control samples at comparable age, car-
bonation resulted in a fewer but wider cracks accounting for the lower
crack density shown in Table 5.7.

Samples weathered in a natural environments developed several wide
cracks interspersed by finer cracks thus accounting for high variation
in crack widths. Conversely, fine closely spaced cracking characterised

samples from Industry.
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Table 5.7: Crack quantification data sheet

Crack quantities
at end of test
Load and Average | Average |Average

strain crack crack crack
Exposure Age, {No. of at failure density, |[spacing, |width,
history monthg tests |Load,N [% Strain |/mm mm um
Control* 2 5 901 2.4 0.12 8.6 141
Control 2 6 2900 25.7 0.12 8.5 202
Control 7 5 2670 20.4 0.18 5.5 124
Control 8 5 2670 23.8 0.18 5.8 141
Control 12 5 2550 22.3 0.19 5.7 141
Control* 12 5 901 1.7 0.08 12.2 33
Control 14 5 2921 22.0 0.16 6.7 147
Control 15 5 2969 25.0 0.21 4.9 152
Control 16 6 2848 30.1 0.07 14.6 86
Hot/Cold 12 5 1951 20.0 0.20 5.8 77
Wetting/Drying | 14 5 2988 21.0 0.18 6.1 139
Wetting/Drying™ 12 5 903 1.0 0.06 15.9 142
Carbonated 16 5 3331 18.0 0.10 10.8 167
Moderate 12 5 2696 18.0 0.20 4.9 198
Tropical 12 5 2475 21.0 0.22 4.8 108
Tropical 16 6 0 0 single single 364**
(before test) crack crack 364**
Tropical 16 6 2980 21.0 0.05 20.7** 444**
Industrial 24 5 3020 30.2 0.21 4.8 130

* Samples were loaded up to elastic range
** There were several wide cracks interspersed by finer cracks hence the high values
See Table 5.8 for coeflicients of variation

Due to the complex nature of the mechanism of cracking, the quantifica-
tion process was inevitably characterised by high variability as illustrated in
Table 5.8.
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Table 5.8: Variability of crack quantities

Coefficient of variation

Exposure Age, of crack quantity, % Loading
condition months | Density Spacing width state
Control 2 9.67 29.07 14.18 elastic
Control 2 44.44 30.91 30.64 failure
Control 8 44.44 39.66 41.84 failure
Control 12 47.37 36.84 21.99 failure
Control 12 11.22 22.95 42.42 elastic
Control 14 45.45 31.34 26.53 failure
Control 15 45.83 30.61 30.92 failure
Hot/Cold 12 45.00 39.66 32.89 failure
Wetting/Drying | 12 75.00 62.89 54.76 elastic
Wetting/Drying | 14 50.00 34.43 28.78 failure
Carbonated 16 45.45 59.26 27.54 failure
Moderate 12 44.44 26.53 51.52 failure
Tropical 12 45.45 31.25 42.29 failure
Tropical 16 23.33 28.50 58.78 failure
Industry 24 47.62 29.17 16.15 failure

Table 5.7 illustrates a trend in crack spacing with ageing for control
samples. However, a deviation from this trend is seen with 16 month old
control samples in which the average crack widths were lower than expected.
This was because of the development of fine cracks that were branching
off from the major cracks accounting for lower average crack widths. In
addition, the additional microcracking accounted for a higher failure strain
than expected.

It was observed that the samples weathered in a tropical climate de-
veloped several wide cracks interspersed by finer cracks at closer spacings
hence the high values shown for these samples in Table 5.7. This behaviour,
together-with the results of 16 month old control samples, was attributed to
a dense microstructure and strong fibre/matrix bonding that was manifested
by embrittlement of the microstructure in the vicinity of the widening cracks.

For a better insight into the trends of the results in Table 5.7, crack

widths were analysed as a factor of loading and environmental conditions.
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hydration which causes an increase in brittleness of the matrix.

The behaviour shown in Figs. 5.53 and 5.54 is consistent with fibre
pull-out and composite tensile behaviour in that the composite stiffness, rep-
resented by the slope of the multiple cracking zone, increased with bonding
(and hence with ageing). It is also argued in the “model” developed in Chap-
ter 6 that for composites evaluated after failure by crack localisation beyond
the multiple cracking phase, the post-peak properties in the tensile stress-
strain behaviour are a function of the fibre/matrix bonding. Therefore, the
wider the crack widths (e.g. later age samples, Cc and NM samples), the
closer the post-peak behaviour is to brittle failure. Conversely, finer cracking
(e.g. HC and I samples), characterises samples that exhibit multiple cracking

behaviour that is aimed for.

5.11.1 Synthesis of Separate Effects of Fibre, Matrix,
and Composite

In an attempt to gain a better understanding of the mechanical behaviour of
Textile Concrete, the “key summaries” of the results of mechanical tests are
drawn together and represented in a Matrix Analysis format as shown in Ta-
ble 5.9. On the figure, Fibre and Matrix Effects represent brief classification
of effects of the main mechanical parameters; strength, slopes of the curves,
and ductility. The effects are further elaborated in Table 5.10.

Table 5.10 is an attempt to link the different mechanisms that were de-
scribed in this Chapter namely: bond strength, composite toughness, and

cracking to the mechanical behaviour of TC.
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Table 5.9: Synthesis of effects of fibre and matrix on the composite

FIBRE EFFECTS

HC WD C. NM NT
Loss in strength, | Minor loss | Thermo- Minor embrit- |severe loss of
gain in ductil-|in strength, | induced increase | tlement, and | strength and
ity, increase in |increase in|in ductility, loss |loss in strength, | embrittlement,
toughness stiffness, minor |in strength, | minor decrease | decrease in
embrittlement |increase in }in toughness toughnes
toughness
HC| Microcracking |Minor loss in
due to a dry]bond, reduction
environment in pre-peak fibre
during a heat- | pullout slope,
ing cycle major loss
in  toughness,
achievement of
full multiple
cracking
WD Strength in- Minor reduction

crease due
to favourable
hydration con-
ditions

in bonding and
pre-peak  fibre
pullout  slope,
minor loss
in  toughness;
achievement of
full multiple
cracking

Continued on Next Page...
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FIBRE EFFECTS

HC WD C. NM NT
C. [Matrix densifi- Gain in bond
cation and em- strength,
brittlement due strength  gain,
to deposition of major increase
carbonates in  toughness,
full multiple
cracking capac-
ity not achieved
NM]| Strength  gain Loss in bond
due to combined (not fully un-
effects of HC, derstood), loss
WD, and to a in  toughness,
minor  extent, full multiple
C. cracking not
achieved
NT|Strength  gain Increase in bond

due to combined
effects of HC,
WD, and to a
minor  extent,
Cec

with ageing, full
multiple crack-
ing achieved
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Table 5.10

: Linkage between constituent mechanical behaviours

Characteristic Exposure condition
behaviour Hot/Cold (HC) “Wetting/Drying (WD) [Carbonated Moderate (NM) | Tropical (NT)
(Cc
Fibre tensile behaviour
Fibre failure load decrease minor loss decrease minor loss decrease
Fibre stiffness E decrease increase decrease increase increase
Fibre toughness increase decrease increase decrease decrease
Fibre pull-out behaviour
Bond, 7 minor loss minor reduction increase decrease increase with age
Toughness decrease decrease increase decrease minor increase
with age
Composite tensile behaviour
Hot/Cold Weakening features | locally damaged fibrils; thermo-softening of fibres; matrix microcracking

Effects on behaviour

Competing features

inter-fibril bonding, higher cement hydration rate
minor loss in bond strength and stiffness, toughness decreases

Wetting/Drying

Effects on behaviour

Weakening features
Competing features

fibres weathered by hydrolysis and hardening, increased Ef
favourable hydration conditions
no significant change in bond strength and stiffness, toughness decreases

Carbonation

Effects on behaviour

Weakening features
Competing features

thermo-softening of fibres
encrustation of fibres, favourable hydration conditions
significant increase in bond strength and stiffness, toughness increases

Moderate Weakening features | no clear understanding on mechanisms causing pre-mature debonding
climate Competing features | fibres protected from UV irradiation by the matrix

Effects on behaviour significant loss of bonding and stiffness, toughness decreases

Tropical Weakening features | combined effects of Hot/Cold and wetting/drying conditions

climate

Effects on behaviour

Competing features

fibres protected from UV irradiation by the matrix
decrease of bonding and stiffness, composite toughness decreases

*Refer to Tables 5.3 and 5.4 in Chapter 5 for degradation mechanisms
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5.12. CONSIDERATION OF ERRORS IN EXPERIMENTAL
MEASUREMENTS

5.12 Consideration of Errors in Experimental
Measurements

The reliability and accuracy of the results of this research depended on the
level of diligence during experimentation, and the precision of the equipment
employed. Ordinarily, systematic errors are not detected by statistical analy-
sis. Therefore, an attempt was made to minimise the effects of these errors
from the outset. This was accomplished by careful design of the equipment,
precise calibration of the instruments and employment of refined experimen-

tal techniques such as:

e Minimising variability in properties by uniformity of batching, mixing
and curing.

e Specimen casting moulds which were made demountable thus ensuring
minimal damage to the specimens

o Use of customised grips that were adjustable to the local testing con-
ditions. The fibre grip had a special bracing device round which the
fibres were wound and held in place without slippage or stress concen-
tration. The composite specimen grips were modified according to the
observed specimen response to the mechanical tests.

e The edges of the gripping areas of the tensile specimens which were
smoothed with a fine sand-paper in order to eliminate stress concen-
trations at irregularities. The gripping areas were then re-cast in epoxy
resin in order to arrest crack propagation in the gauge section and hence
carry out the test to failure.

e Setting the testing machine input parameters specifically for each spec-

imen tested.

These measures were carried to the limit of practicability. Any remaining
sources of systematic errors were removed by selecting the specimens and
the order of their preparation and testing on a random basis. Operator

errors during experimentation were reduced by adequate training and super-
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vision by skilled personnel. Therefore, the statistical measures stated here

are considered to be related to random errors.

5.12.1 Uncertainties in the Measuring Equipment

Errors can be propagated from direct measurements into calculated values.
Where the calculated value was the product or quotient of two measured
quantities, the fractional uncertainty in the final value was obtained from the
sum of the fractional uncertainties in the individual measurements (Taylor
1997b). Table 5.11 shows the uncertainties in the measuring equipment, and

Table 5.12 shows the possible propagated errors in calculated quantities.

5.12.2 Limitations in Data Acquisition

The experimentation process involved taking measurements on several spec-
imens, and therefore there were uncertainties due to random errors that are
inherent in such measurements. The uncertainty was quantified by the stan-
dard deviation from the mean.

There was a possibility of other gross errors that were not necessarily
related to the precision of the measuring equipment. These errors emanated
from limitations in data acquisition particularly during the accelerated age-
ing process. Apart from the carbonation chamber which had a calibrated
system of monitoring and controlling the environment, the Hot/Cold and
wetting/drying systems were limited in this aspect, and the rate of progres-
sion of the damage was not quantified.

The experiment was carried out with the assumption that the extent of
ingress of the damaging mechanisms was uniform for all specimens weathered
in the same batch. However, it was likely that deterioration was variable
within and between the specimens and this was a possible source of gross
errors. Non-uniform weathering could have significant effects in material
properties, and indeed did contribute to the scatter observed in the results
of mechanical tests.

The consequences of the errors described here varied according to the
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source. For example, batching errors were considered minor and could be
neglected whereas errors in strain measurements had greater impact on the
tensile test results and indeed were the main source of uncertainties in this
research. Similarly, uncertainties in carbonation rate were negligible since the
focus of the experimentation was more on complete penetration of specimens
by CO, rather than the carbonation rate. On the other hand, errors in
accelerated wetting and drying facility had a considerable impact on the
results mainly due to the dependence of the weathering mechanisms on the
effectiveness of moisture movement within the specimens. The other errors
described in Tables 5.11 and 5.12 were minimised by repeating measurements

and using mean values in the analysis of experimental data.

5.12.3 Use of Statistics in the Analysis

The experimental data presented in this Chapter was processed into a form
that was representative of typical samples and then by use of the conventional
statistics of mean values (T)and standard deviation (o), it was possible to
assess the significance of variations in behaviour that could be accredited to
exposure conditions. A change was considered significant if it exceeded o of
the mean. For example, the average cube crushing strength of mortar that
was shown earlier in Fig. 5.1 was considered to be significant.

A statistical approach was found particularly useful in computing the
peak load (Ppeqr) from the fibre pull-out test results. The peak loads, which
were essentially “pseudo” average peak loads by virtue of having been com-
puted as the averages of many samples, were used in computation of the

fibre/matrix interface bond strength (7).
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Table 5.11: Uncertainties in measuring equipment

Measurement Relative Risks/
Measuring Random affected by uncertainty consequences
instrument error, + error % of errors
Weighing Mix quantities, batching 2 Cube density
scale 5g & crushing
strength
Linear 1 mm Spread 0.5
scale of wet Mortar flow
mortar
Vernier 0.02 mm Diameter 0.2 Fibre
callipers of silicone density
moulds
Thermometer |0.5°C Conditions 2.5 Mortar
in the mixing flow
room
Universal Source: Load Loads up to:
Testing Table A.5 measurements 0.35 40 N
Machine extracted in mechanical 0.33 50 N
from calibration |tests 0.23 100 N
certificate of 10 0.12 4000 N
kN
(UTM) ZWICK load cell
Extensometer | UTM Variable: Strain Stiffness
similar to 0.35 of the
measurements composite
Microscope 1 um Crack 2 Crack
widths quantification
Research- Temp.: 0.1°C Carbonation 0.33 Extent of
based CO; level: 0.1% |rate 1 superimposed
carbonation |Source: LEEC thermal
incubator Technical manual effects
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Table 5.12: Uncertainties in calculated values

Random Relative
Measurement error, =+ uncertainty, %
Mass 5g 0.71
of mix materials
Flow of mortar 1 mm 0.67
Specimen 0.04 mm? 0.02
cross-sectional
area
Force, P: Based on Individual
machine error + load fibres: 6.39
error due to measurements Fibre pull-out
repeated using UTM peak loads: 14.75
measurements (see Table 5.11) Composite: 5.43
Strain, € Machine error+ Fibres: 6.3
error due to Composite: 5.86
repeated
measurements
Crack widths 0.001 mm 2

The other key load-deflection parameters, which the statistics of standard
deviation (&) was useful, was in assessing the variations in the pre-peak and
post-peak gradients illustrated earlier in the quadri-linear representation in
Fig. 5.1.

The tensile stress-strain (o-€) curves were statistically treated in a similar
manner to the P-d curves generated from the fibre pull-out tests. The stan-
dard deviation was used in testing for significance in the differences between
results, based on the premise that variations in the measurements were of a
random nature and thus resulted in a normal distribution. For example, to
test the significance in differences between two results x; and zo with stan-
dard deviations 7, and 7, respectively, the average standard deviation &4
for the two values was firstly computed. Using &,ye, the number of standard
deviations ¢ by which the two results, x; and x, differed was then used as

the measure of significance in the differences. This is described in Eq. 5.1.

_ z =z

t (5.1)

Uave
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At the 95 percent confidence level, 1.967,,. was therefore the lower boundary
for two results to be significantly different, that is, ¢ = 1.96. This formed the
basis for using a rounded value of £27 (¢ = 2) to enclose 95 percent of fibre

pull-out test results. The statistical analysis was implemented in EXCEL.

5.13 Summary

The conclusions from Chapter 5 were that plain polypropylene (PP) fibres are
damaged by exposure to “ambient” temperatures as illustrated in Table 5.9.
The fibres suffered loss of strength and increase in ductility after exposure to a
Hot/Cold (HC) environment. Similarly, carbonation at elevated temperature
of 30°C induces thermo-related increase in ductility of the fibres.

The effects of Wetting/Drying (WD) to PP fibres was hydrolysis and
“yellowing” which accounted for the minor embrittlement manifested in the
tensile tests. It was further concluded that ultraviolet irradiation (UV) was
a possible cause of severe loss of strength and embrittlement of the fibres
exposed to a tropical climate.

By embedding PP fibres in a cementitious matrix they are sufficiently
protected from environmental damage, and the performance of the composite
is influenced more by the properties of the matrix and the less damaged
embedded fibres as indicated in Table 5.10.

Ongoing cement hydration was beneficial in that it led to improvement
of the fibre/matrix bond. The effects of different environments on the matrix
were that whereas HC environment causes matrix microcracking, carbonation
densifies the matrix and makes it brittle, and WD environment is a favourable
condition for good cement hydration.

The composite behaviour after exposure to natural environments com-
bined the effects of HC and WD but carbonation was not an influencing
factor in these environments.

A major insight to new knowledge was that the mechanical properties
of TC improve with ageing, and the new material is tolerant to a range of

“ambient” surroundings without showing much degradation. In addition, the
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important role of the matrix in composite behaviour was evident from the
results of Industry samples. These results pointed to the need for design of
mixes to meet specific applications and exposure conditions.

This Chapter has discussed the various aspects of the results of mechani-
cal tests and associated information. The results were found to be repeatable
within statistically accepted limits.

Arguments were developed around observed behaviour of four main sets
of tests on the matrix (cube tests), fibres, fibre pull-out, and composite tensile
tests. Similarities and consistencies in behaviour were sought with the aim
of linking them to fundamental mechanisms. This was essentially a synthesis
of the chemical and physical processes that affect the mechanical behaviour
of Textile Concrete.

A “composite” behaviour was built up from the contributory behaviour
of the constituents, which were not always complementary and contributory.

Based on the synthesis of the different tests, a better insight into the the
mechanism of multiple cracking was gained and substantiated using crack
patterns which were formed on TC samples after tensile testing. Using crack
widths and spacings, the effect of ageing and weathering on the mechanical
behaviour of TC was assessed. The results indicated that the behaviour was
similar to so-called High Performance Fibre Reinforced Cementitious Com-
posites (HPFRCC), is more likely to be found in composites with sufficiently
weak fibre/matrix bonds. Conversely, strong bonding encourages reduction
in post-peak ductility and failure before achievement of the full multiple
cracking capacity.

For clarity, the interaction of the various mechanisms at the multiple
cracking stage are linked in a flow chart format as shown in Fig. 5.56.

It was then possible to transform the information from experimental
data into a more useful form and attempt to draw valid conclusions from the
research. In addition, the data accorded a better insight into the effects of
ageing on the performance of Textile Concrete. Micrographs from the SEM

studies are presented in the subsequent Chapter.
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Chapter 6

Discussion

6.1 Introduction

This Chapter is presented in two parts. The first part discusses the various as-
pects of mechanical properties of Textile Concrete (TC) that were presented
in Chapter 5 namely; fibre/matrix interfacial bonding, strain hardening, and
multiple macro-cracking (hereafter referred to as multiple cracking).

The mechanisms that influence strain hardening and multiple cracking
behaviour, and the competing roles played by these mechanisms in the macro-
mechanical behaviour, form the main part of the discussion. The mechanisms
are categorised as either contributing to strengthening or having a weakening
effect.

In the second part, to further elucidate the discussions in Chapter 5, an
attempt is made to link the macro-mechanical behaviour to the microstruc-
ture. Topographic images of specimen fracture surfaces that were obtained
from scanning electron microscopy (SEM) were used to present an indepen-
dent perspective. The microstructures revealed the interaction of fine fibrils
(defined as “fluffy layers” in section 2.7.1) with the matrix.

At the micro level, the key microstructural features relating to environ-
mental exposure such as fibril damage and matrix microcracking are inves-
tigated. Although the SEM studies were essentially only exploratory, the
critical regions between the fine polypropylene (PP) fibrils and the matrix
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were clear. The key microstructural features characterising the interfacial
region are linked to the macro-behaviour and to mechanisms that were hy-
pothesised in Chapter 5.

The discussion in the first part of this Chapter forms the basis of the
subsequent “model” of the mechanical behaviour of Textile Concrete. The
second part of this Chapter provides a description of the model within an an-
alytical framework. The analysis focusses on variations in bonding, cracking,
stiffness, and toughness as a function of ageing and environmental exposure.
The model is developed further into mathematical formulations that describe
the tensile behaviour, leading to a prediction of a generalised stress-strain (o-
€) relationship for TC.

The terminology used in the discussion includes “compliant microstruc-
ture” (non-linear stress-strain behaviour), which refers to a microstructure
related to a matrix that easily mobilises full multiple cracking. Similarly,
the term “shrinkage” refers to volume changes in the matrix that result from
moisture movement during the process of cement hydration, which may im-

prove bonding.

6.2 Fibre and Matrix Properties Affecting Per-
formance of the Composite

The results of the composite tensile behaviour presented in Chapter 5 illus-
trate that the performance of Textile Concrete is a function of several factors
namely: fibre properties, matrix strength and toughness, microstructure den-
sification, and fibre/matrix bonding. The influencing factors were age and
exposure conditions.

Fibre strength and stiffness were sensitive to weathering conditions. In-
deed, significant variations were observed in fibre stiffness after exposure to a
range of “ambient” surroundings commonly encountered in service. The stiff-
ness varied from softening (e.g. after Hot/Cold and carbonation exposures)

as shown earlier in Table 5.2, to increase in stiffness and embrittlement (e.g.
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after exposure to a tropical environment). Embrittlement was attributed to
ultraviolet (UV) irradiation.

By embedding the fibres in the matrix, the effects of weathering of the
fibres were substantially reduced. Direct physical assessment of fibres and
their interface characteristics, once embedded in the matrix, was not easily
studied. Rather their effect was inferred from the mechanical tests results as
described in Chapter 5 (i.e. fibre strength, fibre pull-out and tensile charac-
teristics of the laminate composite). Together with the mechanical tests, an
attempt to correlate fibre and interface features with mechanical behaviour
was undertaken using SEM observations of the fibre composite area broken
open and exposed for observation. This technique of SEM sample prepa-
ration was chosen because it caused minimal damage to the fibre/matrix
interface.

A trend of increasing matrix strength was observed with ageing (as illus-
trated in Fig. 5.4 in Chapter 5) and was attributed to progression of cement
hydration. This was beneficial to fibre/matrix bonding and was consistent
with theoretical expectations.

A dry environment (in the Hot/Cold chamber) induced microcracking in
the matrix. The major roles played by the microcracks associated with a dry
environment are a decrease in elastic properties and a decrease in the mortar
failure strength (Skoczylas, Burlion & Yurtdas 2007). In a Wetting/Drying
(WD) environment, the Wetting regime counteracted the effects of drying
(microcracking). Indeed, an increase in mortar failure strength was observed
in WD weathered samples, contrary to a reduction of strength after Hot /Cold
cycles.

Minor local debonding of fibres from the matrix was observed after tensile
testing of the composite (see Fig. 5.47 in Chapter 5) but its effect in the strain
hardening behaviour of the composite was not evaluated. All samples failed
by fibre rupture at a localised macro crack.

Improved fibre/matrix bond was attributed to microstructure densifica-

tion due to on-going hydration. Drying shrinkage was considered as causing
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modifications in the physical state of the fibre/matrix interfacial zone, which
improved the mechanical interaction (bonding) between the fibres and the

matrix.

6.2.1 Strain Hardening and Multiple Cracking

The gradual strength increase that characterises the strain hardening phase
(see Fig. 5.37 in Chapter 5) in a typical stress-strain relationship of TC is
attributed to the following phenomena: matrix multiple cracking, opening of
existing cracks and formation of new ones (multiple cracking), and stretching
of fibres across the cracks (bridging action). During the application of a
tensile load, the intact composite between cracks undergoes some straining,
further increasing the overall strain. This behaviour is typical of TC and
the general class of cementitious composites referred to as High Performance
Fibre Reinforced Cementitious Composites (HPFRCC) (Kabele 2003b).

In HPFRCC, crack bridging action and fibre/matrix bonding are consid-
ered as the main mechanisms influencing strain hardening (strengthening)
of the composites. Conversely, fibre debonding, elastic stretching of fibres
between cracks, and fibre pull-out are the main softening (weakening) mech-
anisms in the multiple cracking phase (Naaman & Reinhardt 2006).

In the Textile Concrete composites investigated, the central core of PP
fibres is longer than the critical embedment length (1) of 22 mm which was
applicable for this research. Therefore fibre pull-out at failure was not a dom-
inant factor but rather the effects of localised damage at the fibre/matrix in-
terface and at the crack planes. These effects counteract strain hardening and
cause reduction in composite stiffness at the multiple cracking phase leading
to final failure, which is by brittle fibre rupture. Since the major influencing
factor at failure was fibre strength, the failure loads for the composites (with
approximately 39 fibres) were comparable to plain fibres. Composites failed
at loads between 2200 N and 3000 N, which was consistent with the measured
tensile strength of single fibres which ranged between 60 N and 80 N.
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6.2.2 Microstructure of Typical Fibre Matrix Interface

SEM images provide useful information on the critical fibre/matrix interfacial
region. Sample preparation, condition, and coating for SEM studies was
described earlier in section 4.8.1.1 in Chapter 4. The preparation essentially
involved notching (illustrated by Fig. 4.36) fibre pull-out samples on one
of their surfaces in the direction of fibre orientation and by application of
a nominal bending force, the fibre/matrix interface was sufficiently exposed.
This technique of sample preparation caused minor damage to the interface
due to minimal debonding of fibres from the matrix. However, the method
sufficed for these preliminary investigations. Practical specimens of sizes of
approximately 10x5x5 mm were prepared, and the specimens were coated
with a thin layer of gold/palladium in order to reduce charging problems
in the SEM chamber. The electron beam used to scan the specimens was
operated with an accelerating voltage of 20.00 keV from a tungsten source.
Typical views of the critical fibril/matrix region are shown in Figs. 6.1
and 6.2. The figures illustrate typical microstructures of 16 month old sam-
ples, the first a control sample cured under laboratory conditions, and the
second, sample weathered in a medium altitude in the tropics, respectively.

The following features are illustrated in the images:

i. Fig. 6.1 illustrates fine cement hydration products partially covering
“whisker-like” fibrils which are still embedded in the matrix. The fibrils
in the micrograph are approximately 20 ym in diameter. The matrix
is homogeneous consisting of closely packed hydration products, with
no signs of microcracking or macro porosity.

ii. Fig. 6.2 shows a fibril covered with cement hydration products and
embedded in the matrix. The discontinuity in the figure marks out the
boundaries of a sand particle (of diameter approximately 160 um), and

the matrix is solid.
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6.2.2.2 Linkage of Fibre Pull-out and Composite Cracking

A close link exists between the fibre pull-out properties and composite crack-
ing behaviour in that the factors that influence the fibre pull-out, that is ma-
trix properties and fibre/matrix bonding, also affect the cracking behaviour.
In addition, fibre pull-out and composite cracking behaviour are influenced
by age and exposure conditions.

As discussed in the preceding section, since the fibres were sufficiently
protected from severe damaging effects of the environment, the matrix had
a bigger influence on fibre pull-out behaviour than the fibres. This was man-
ifested in the variation between individual fibre behaviour and fibre pull-out
in carbonated and naturally weathered (NT') samples. In these environments,
the effects of exposure in the mechanical behaviour were more distinctive in
plain fibres than in pull-out or composite behaviour. As expected of cement-
based products, the common feature in all the environments was matrix
densification with on-going hydration.

The five environmental regimes investigated in this research, and the
controlled laboratory environment, had different effects on the matrix which
impacted on bonding and cracking behaviour. It is understood that in-
creased hydration reduces compliance of plain cementitious matrices (Bazant
& Gettu 1992), however, the presence of fibres modified the fibre/matrix in-
terface, and quantification of cracks after final rupture accounted for the
composite behaviour observed in this research. A brittle matrix and a strong
bond (similar to carbonated samples) causes fewer wider cracks whereas a
microcracked matrix (HC), and well hydrated matrix (WD), both of which
result in “compliant” matrices that mobilise the full multiple cracking.

The behaviour of composites with a “compliant” matrix is consistent with
High Performance Fibre Reinforced Cementitious Composites (HPFRCC)
because they achieve the full multiple cracking capacity, which is an im-
portant consideration in design (Naaman & Reinhardt 2006). On the other
hand, microstructures that are not “compliant” may be characterised by high

strength, but failure occurs prior to achievement of full multiple cracking ca-
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pacity. This aspect of multiple cracking in relation to different environmental

exposures, is further discussed in the sections that follow.

6.3 Environmental Effects on Mechanical Be-
haviour

The effects of exposure to five environmental regimes is dealt with in this sec-
tion, from a microstructural perspective. These regimes are: cyclic Hot/Cold
(HC), cyclic Wetting/Drying (WD), carbonation (Cc), natural weathering in
moderate (NM), and tropical (NT) climates. For each regime, a brief discus-
sion is given on the mechanisms of degradation of polypropylene (PP) fibres,
the matrix, and the composite. A linkage between the features observed in
the microstructure and the mechanical behaviour is the main subject of the

discussion.

6.3.1 Effects of Cyclic Heating and Cooling

Cement hydration being a chemical reaction means that elevated tempera-
tures normally accelerate the cement hydration reaction resulting in matrix
densification within a relatively short time. However, the effect was not con-
sidered significant in this work since by the age of approximately 4 months
when HC weathering was initiated, cement hydration was substantially well
advanced. Moreover, the inclusion of Ultra-Fine Fly Ash enhanced early-age
strength (up to approximately 28 days) development. The effects of HC expo-
sure are investigated by studying the extent of microcracking in a weathered
matrix exemplified by Fig. 6.3.

The microstructure of the weathered sample in the figure shows a ho-
mogeneous matrix with a few microcracks. Well dispersed cement hydration.
products of different sizes can be seen in the microstructure. A damaged
fibril are also revealed in Fig. 6.3. The matrix is traversed by a discontinuity
which was attributed to flaking of the specimen during sample preparation.

Considering that all samples were prepared under similar conditions, flaking
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The effects of fibre/matrix interface bonding on the tensile behaviour
together-with the cracking patterns that developed after mechanical testing
were dealt with earlier in section 5.11. To be able to correlate the cracking
patterns in HC-weathered composite samples with the microstructure, the
following competing mechanisms are considered: thermally-induced mecha-
nisms of strengthening (matrix densification due cement hydration at ele-
vated temperature, which will be limited due to drying out), and weakening
mechanisms (matrix microcracking and localised fibre damage).

The microstructure of HC-weathered samples could perhaps best be de-
scribed as composed of ductile fibres embedded in a microcracked matrix.
These are the main properties characterising the so called “compliant” or
“flexible” microstructure as opposed to a homogeneous matrix/stiff fibre
TC composite. The tensile behaviour as well as the cracking patterns of
HC-weathered samples were consistent with the consequences of dimensional
movements in the microstructure, and ductile fibres. Fine cracks formed at
close spacings and the full multiple cracking capacity of the composite was
achieved. Increased microcracking of the microstructure due to weathering
resulted in lower loads than in control samples, and reduction in toughness.
Fibre ductility was manifested by high variability in the failure load of the
composite (see Fig. 5.38 in Chapter 5).

6.3.2 Cyclic Wetting/Drying Environment

Polypropylene (PP) fibres undergo chemical degradation in a moist envi-
ronment due to the mechanisms of oxidation and hydrolysis of molecular
groups in the microstructure. This form of degradation takes place in aer-
ated conditions (Moore 1996), (Azapagic et al. 2003). Most Polypropylene
manufacturers use thermo-stabilisers to counteract softening. It was there-
fore inferred that physical changes related to hydrolysis occurred after WD
exposure but this was not conclusive since no investigations were specifically
undertaken in this regard.

In this research, the extent of degradation of the fibres after exposure to
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the moisture movement as well as other “ambient” environments was evalu-
ated from tensile tests. The results were presented in Fig. 5.7(b) in Chapter
5. The results indicated a modest increase in stiffness after approximately 3
months during which time the fibres were exposed to a warm damp environ-
ment and were aerated sufficiently during the wetting cycles.

At the end of Wetting/Drying, the fibres had discoloured due to degrada-
tion by “yellowing” (see section 2.3). This was consistent with the literature
since it is known that degradation in PP by “yellowing” is mostly accelerated
by exposure to light (Moore 1996).

Analogous to a typical solid polymer, PP undergoes loss in toughness
after prolonged storage under hot damp conditions (Mills 1986). This was
confirmed from a slight increase in stiffness observed in the weathered fibres.
It is therefore argued that samples were fully penetrated by moisture at
the end of each wetting cycle, and also after approximately 100 WD cycles,
the fibres underwent a form of physical change. The fibre pull-out results
indicated a minor reduction in bond (see Table 5.5 in Chapter 5) which
meant that the mechanical properties of the composite were not affected
significantly by the increase in fibre stiffness.

Favourable cement hydration conditions existed in the WD environment
which enhanced cement hydration and consequently, matrix densification.
The nature of physical changes in the fibres and the matrix can be suggested
from the microstructure of the composite shown in Fig. 6.4.

Fig. 6.4 shows a typical microstructure of TC composite after cyclic
Wetting/Drying. The porosity that appears in the foreground of the mi-
crostructure resulted from damage by minor fibre debonding at the sample
preparation stage. Fine fibrils of diameter approximately 25 pym and with
rough surfaces are clearly seen. The fibrils are covered with fine cement
hydration products indicating good bonding, and the well dispersed matrix
particles of variable sizes. In the background of Fig. 6.4 where the fibrils are
still intact in the matrix, good fibril/fibril interaction as well as fibril /matrix

bonding is evident. No visible damage was observed on the surfaces of the
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ing from the presence of moisture and slightly elevated temperatures that
were above 30°C (on average) in the WD environment, and a “compliant”

microstructure that mobilised full multiple cracking.

6.3.3 Effects of Carbonated Environment

Carbonation was carried out at a COy level of 10 percent with the cham-
ber at a slightly elevated temperature of approximately 30° C. Although 10
percent was a relatively high CO; level considering that the normal level in
the atmosphere is much lower at approximately 0.2 percent, a COs-rich en-
vironment was motivated by the need to accelerate the weathering process.
As a result, thermally-related effects could not be fully eliminated but were
superimposed on the carbonation mechanism.

The relative humidity in the chamber was manually controlled to vary
between 50 and 70 percent making it a suitable environment for accelerating
carbonation. Exposure was carried out continuously for a six month period
in a dark chamber with limited oxygen supply, and the inside pressure of the
carbonation chamber was atmospheric.

While a moist and warm environment would cause some moisture-related
degradation of fibres as described in section 6.3.2, lack of adequate supply of
oxygen would minimise the chances of degradation by hydrolysis, as would
a relatively dry environment. On the other hand, exposure of PP fibres to a
temperature of approximately 30° C over an extended period of six months
had thermally-related effects. Indeed, the fibres became more ductile after
carbonation exposure as illustrated earlier in Fig. 5.8(b) in Chapter 5.

After carbonation exposure, no physical damage was observed in the
fibres as illustrated in Fig. 6.5. The figure illustrates SEM images of fine
fibrils of diameter of approximately 20 pm. The fibril surfaces have trapped
particles from the environmental chamber but there are no signs of cracking
or flaking on the fibrils. Some of the particles on the fibre surfaces were likely
to be carbonates from other concrete samples in the chamber. The presence

of carbonates and possibly other species (such as silicates or aluminates) was
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to densification of the matrix. At the fibre/matrix interface, the particles
get deposited on the fine fibril surfaces leading to an improvement in the me-
chanical interaction of the fibres with the matrix. This mechanism improves
the fibre /matrix bond.

Strong fibre/matrix bonding due to carbonation accounted for high en-
ergy consumption which was consistent with a high pull-out load illustrated
earlier in Fig. 5.17(b). The composite strength increased due to development
of a strong bond, and a dense matrix increased brittleness of the matrix.

Due to strong bonding and brittle matrix in the carbonated samples, high
peak stresses were attained but the development of full capacity of multiple
cracking was impeded. The strong fibre/matrix bonding and a brittle matrix
accounted for wide cracks and non-uniformity in crack spacings. The mode
of final failure, as in specimens exposed to HC and WD environments, was

by fibre rupture.

6.3.4 Effects of Exposure to Moderate Climate

Exposure to direct sunlight is known to cause degradation and embrittlement
of PP fibres due to UV irradiation. Tensile strength decreases with the time of
exposure according to Fig.6.8 (Joseph, Rabello, Mattoso, Joseph & Thomas
2002). The reduction in properties is due to chain scission and degradation
occurring to PP molecules as a result of photo-oxidation promoted by UV
irradiation.

Cape Town experiences a moderate climate (NM) with average tempera-
tures of 7°C in winter and 30°C in summer and an annual average humidity of
about 78 percent making it a favourable environment for cement hydration
and matrix densification particularly during the winter season. The sam-
ples were exposed to weathering soon after curing for 28 days and therefore
cement hydration took place under favourable conditions.

Minor reduction in stiffness was observed in NM-weathered fibres imply-
ing that the samples did not get enough exposure to sunlight for any UV

effects to cause embrittlement and major loss in strength.
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Figure 6.8: Loss of strength in PP (and PP composites) with exposure to
UV irradiation (from Joseph et al. (2002))

The moderate climate caused an increase in cube crushing strength as
shown in Fig. 5.5 in Chapter 5. The increase was attributed to combined
effects of Hot/Cold, Wetting/Drying, and the beneficial effects of Ultra-Fine
Fly Ash. Carbonation was not considered as having a major role in matrix
densification because the fibre depth was not penetrated at the time of test,
as illustrated by Fig. 4.25 in Chapter 4.

Low peak loads characterised the load-displacement behaviour in the fibre
pull-out tests, contrary to performance of individual fibres, matrix and the
composite. Additional tests which were carried out on the NM-weathered
fibres confirmed the poor performance. Since it was not clear, from the
fibre pull-out behaviour, what caused the apparent poor performance, further
investigations into the possibility of environmentally-induced debonding is
suggested. However, these results demonstrate that the mode of failure after

composite tensile testing was not influenced significantly by fibre pull-out.
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Microstructures of NM-weathered samples are shown in Fig. B.1 to B.4
in Appendix B.

Since the mode of composite failure did not allow for fibre pull-out, any
environmentally induced debonding was not manifested in the composite ten-
sile tests. The important properties were the matrix properties; strength, and
brittleness. Due to a dense brittle matrix, the composite tensile behaviour
of NM-weathered specimens (Fig. 5.41(a) in Chapter 5) was characterised
by strain hardening with a brittle post-peak region, with failure occurring
before attainment of full multiple cracking capacity.

NM-weathered composite samples developed major wide cracks inter-
spersed by minor cracks due to a brittle matrix. The cracks were not uni-
formly spaced along the specimen’s gauge length as illustrated earlier in Fig.
5.52. The composite failure mode was typical of microstructure that is not
“compliant”; failure by by brittle fibre rupture which occurs before achieve-
ment of the full multiple cracking capacity.

In view of the performance of the NM-weathered samples discussed here,
a great deal of understanding is still required with regard to environmentally

induced debonding that caused the poor pull-out performance.

6.3.5 Effects of Exposure to Tropical Environment

In contrast to a moderate climate whereby individual fibres stiffened after
weathering, a tropical (NT) climate caused a significant loss in fibre strength
and embrittlement despite a notable increase in stiffness (see Fig. 5.9(b) in
Chapter 5). The fibres exhibited significant degradation after approximately
12 months of continuous exposure to the tropical environment. A possible
cause of the embrittlement was ultraviolet (UV) irradiation but this aspect
was not tested in this research.

The other possible cause of damage to NT-weathered fibres was contam-
ination as illustrated by the SEM images in Fig. 6.9. The figure shows fine
fibrils of diameters of approximately 12 ym. Fine particles are seen on the

fibril surfaces.

278









6.3. ENVIRONMENTAL EFFECTS ON MECHANICAL BEHAVIOUR

mechanisms of HC and WD environments. These effects were competing in
that HC environment induced microcracking whereas WD environment was
well hydrated, which minimised shrinkage. Carbonation was not considered
as having a significant influence in the mechanical behaviour because the
specimen was not carbonated to the fibre depth level at the time of testing
(see Fig. 4.26 in Chapter 4).

The cracking patterns that developed on the specimens after tensile test-
ing illustrated that the combined effects of Hot/Cold and Wetting/Drying
environments in a tropical environment were beneficial to the mechanical
behaviour. The matrix microstructure was “compliant” in that it easily
transferred the applied stresses across the interface resulting in attainment

of full multiple cracking capacity.

6.3.6 Summary of Environmental Effects on Mechani-
cal Behaviour

From the discussions presented here, the following evidence was put forward

for the mechanisms of degradation of Textile Concrete:

e Good fibre/matrix interaction exists in mature Textile Concrete sam-
ples that have previously been water-cured for 28 days and aged under
controlled laboratory conditions. Bond shear strengths of more than
0.40 MPa (see Eq. 3.1 in section 6.1 and also Table 6.1) are developed
in these samples.

e The effect of exposure of PP fibres to a HC environment is manifested in
localised fibril damage. The environment causes matrix microcracking.

e WD environment stiffens the fibres whereas in the matrix itself, this en-
vironment induces favourable hydration and subsequently, “compliant”
microstructure.

e Carbonation results in deposition of carbonates and/or other species
on the fibril surfaces, densification, and embrittlement of the matrix.

e Bond strength is a function of: fibril/fibre interaction, fibril/matrix

interactions, and the physical condition of the matrix microstructure.
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e The main property influencing strain hardening and multiple cracking
properties of Textile Concrete is the fibre/matrix interaction. For mul-
tiple cracking to be described as similar to HPFRCC (e.g. HC, WD,
and NT samples), the microstructure needs to mobilise full multiple
cracking (to be “compliant”).

e Full multiple cracking is induced by the following mechanisms:(a) when
the applied stresses are transferred across the fibre/matrix interface
(b) when the microstructure is accommodates the ensuing dimensional
changes (c) fibre debonding at the crack planes is easily facilitated.
These mechanisms result in sufficient crack propagation.

e There is still understanding needed regarding the apparent environmentally-
induced debonding that was observed in NM-weathered fibre pull-out

samples.

An attempt to relate different mechanisms of degradation in plain fibres,
fibre/matrix bond, and the cracking patterns of TC composites is illustrated
in Table 6.1.

These inter-relationships are used in describing strain hardening and mul-
tiple cracking behaviour of TC and are the subject of the discussions in the

subsequent sections.

6.4 Analytical Behaviour

Based on the synthesis of the different mechanical tests described in Chapter
5, a “model” of the mechanical behaviour of Textile Concrete is developed.
The mechanical behaviour of TC is characterised by distinct slopes on the
tensile stress-strain (o-€) curves (as illustrated in Fig. 5.2 in Chapter 5). The
following are the main features of a typical curve: initial linear (uncracked)
stage, microcracking stage, strain hardening (multiple macro-cracking), peak

point, post peak and final failure stages.
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Table 6.1: Linkage of mechanical behaviour to the microstructure

Change In Bond strength Cracking
Exposure Age, stiffness 7, MPa behaviour Microstructure
history months Fibre Matrix | Absolute [ % (qualitative) Fibrils Matrix Fibril/matrix inter-
Ef, MPa | Em*, change face
MPa
control, smooth, | well hydrated, good bonding,

Control 8 control 0 0.84 +48f control no clustering uniform and dense
more crack dense matrix, Increase 1n matrix
wider hydration volume and more

Control 12 control +33.7 0.84 448 crack spacings control particles distinct interaction
more cracks, matrix clearly no clear difference
wider spacing, dense and in densification

Control 14 control +43.0 no test no test | and sizes control and homogeneous | with age
a few major cracks, signs of a excellent bonding,
several fine dense matrix more matrix/fibril

Control 16 control +14.1** 10.91 +52 cracks control interaction
dense cracking, Tocalised uniform, fine- | clustering of

grained
fine cracks at damage, microstructure, fibrils,
5 (pull-out) low failure scorching with signs of otherwise

Hot/cold 12 (composite) |-511.50 [+9.6 0.43 -aft loads and flaking microcracking ood bonding
ewer and wider yellowing, Tumps of dense fibrils in good
at reduced roughened matrix, sand grains { contact with

Wetting/ |8 (pull-out) spacing surfaces are visible, matrix,

Drying 14 (composite) +46.10 448.1 0.78 -7 debonding porous matrix
few wide cracks, carbonation blocky hydration |[strong fibril/
interspersed and/or other | particles, matrix bonding

species
12 (pull-out) by fine cracks trapped on homogeneous

Carbonated | 16 (composite) |{-465.50 [+77.8 0.99 +18 fibril surfaces matrix
fewer and wider a few particles a mould mark good Interaction
cracks, at trapped to on surface, | voids in matrix

debonded
wide spacings surfaces but no damage microstructure

Moderate |12 +600.20 | 457.5 0.24 =71 obvious damage | matrix crystals wide voids
dense, fine contamination good hydration good interaction
cracking at reduced | signs on fibril porous matrix minor porosity
spacing surfaces, rough around interface at interfacial

Tropical 12 +214.80 |+59.4 0.81 -4 surfaces porosity zone

*Em was computed from stresses and strains at the end of the linear region (see Fig. 5.6)
**This reflects a non-linear rate of increase in matrix stiffness

t Values for control samples were based on the minimum value of 0.4 MPa
t1 Values for weathered samples were based on control samples of comparable age
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The effects of ageing and exposure of TC to different environments are
manifested most clearly in the strain hardening and post-peak regions of the
o-€ curves. At the strain hardening stage, the behaviour is defined by the
coordinates at the end of the linear microcracking region (o1,6;), and the
peak point (gy,€2).

While (01,6;) is a function of the matrix properties, (o2,e2) is depen-
dent on ageing (t), environmental exposure of the composite, and the fibre
stiffness (Es). The rate of strain hardening is described by the slope of the
stress-strain curve (42), which is a function of age and factors related to
environmental exposure {%=f(t)}.

At the post-peak stage, the behaviour is characterised by either minor
post-peak ductility manifested by reduction in the slope of the o-€ curve
(22 <0), or brittle failure (92—-00). The post-peak behaviour is influenced
by the microstructure in that the less “compliant” the microstructure, the
less the post-peak ductility and the material will fail before the full multiple
cracking capacity is exhausted.

Conversely, a “compliant” microstructure results in sufficient fibre/matrix
interfacial load transfer and crack propagation. These mechanisms enhance
the development of a dense cracking patterns on TC composites, a behaviour
that characterises High Performance Fibre Reinforced Cementitious Compos-
ites (HPFRCCQ).

The specific mechanisms for each of the different stages on the o-€ curve

are:

e At the initial linear uncracked stage, the behaviour is influenced by the
elastic behaviour of the matrix.

e At the microcracking stage, the tensile behaviour is due to the com-
posite action of the fine fibrils interacting with the matrix. Stresses are
transferred from the matrix to the fibrils as the microcracks propagate.

e At the strain hardening stage, the existing cracks open up, the central
cores of polypropylene fibres transfer the load to the matrix which

cracks after attainment of the ultimate tensile stress.
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e At the post-peak stage before final failure, the fibres stretch between
the cracks thereby widening the existing cracks.

e The final failure occurs due to fibre rupture.

To further extend the understanding of the complex process of mechanical
behaviour of Textile Concrete, an analytical framework is developed and
subsequently used in proposing a prediction model of multiple cracking of
TC.

The discussions in Chapter 5 illustrated that the underlying influencing
factors in the stress-strain behaviour of Textile Concrete are: age, expo-
sure and weathering, and the properties are fibre stiffness, matrix density,
fibre/matrix interface bond, composite stiffness, composite failure stress and
strain. A better understanding of the effects of the properties and influenc-
ing factors on the mechanical behaviour of TC are gained after the following

inter-relationships are determined:

e Correlation between bond strength and toughness of the composite
e Cracking behaviour as a function of the applied stress level

e Effect of ageing on composite toughness

e Variation of composite stiffness with loading

e Variation of composite stiffness with ageing

These inter-relationships are used in describing strain hardening and multi-
ple cracking behaviour of TC and are the subject of the discussions in the

subsequent sections.

6.4.1 Correlation of Bond Strength With Toughness

Studies by Bentur and Mindess (Bentur & Mindess 1990) on interfacial prop-
erty characterisation of polypropylene Fibre Reinforced Cementitious Com-
posites (FRCC) indicates that prior to fibre rupture, increasing the interfa-
cial bond 7 accounts for an increase in the composite strength and tough-

ness. These concepts were adopted later by Li et al. (Li et al. 1991b) in
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As loading progresses, some micro cracks extend and open up (becoming
macro cracks) while at the same time new cracks are formed at different
locations along the gauge section.

The third region on the ¢ — € curve characterises the strain hardening
phase when existing macro cracks, which are essentially perpendicular to the
loading axis, widen and new ones form and propagate along the specimens
as shown in Fig. 6.12(b). During this stage, the crack density increases until
either: the multiple cracking capacity of the material is achieved and material
strains increase rapidly at very low stresses, or stress increases and failure
occurs before full multiple cracking capacity is exhausted. The condition
when the full multiple cracking capacity is attained is commonly referred to
as crack “saturation” which characterises HPFRCC (Kabele 2003a). Strain
hardening is not unique to the uniaxial loading mode as it has also been
reported in thin TC laminates loaded in flexure (Tait, Mumenya, Alexander
& Hourahane 2004).

The mechanism of multiple cracking in HPFRCC was described earlier
in 2.7.4 in Chapter 2 where multiple cracking was shown to be influenced
by the counteracting actions of fibre bridging traction o3, and crack opening
displacement (COD) (Lin & Li 1997). Since the composite toughness takes
into account the effects of crack opening, which in turn are related to the final
failure strains, toughness is therefore investigated as a function of ageing in
the section that follows, in an attempt to gain more insight into the multiple

cracking behaviour of TC.

6.4.3 Effect of Ageing on Toughness

The area under the o-¢ curve represents the energy required to firstly, crack
a specimen and secondly, to ultimately fracture it into blocks. A distinction
is made between toughness in the multiple cracking zone (see Fig. 5.50),
which is the zone where the composite can perform adequately, to the overall
toughness obtained beyond this stage, when energy is consumed by the local

opening of a localised single crack, as seen for example in Fig. 5.47. The
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discussion in this research refers to the overall toughness because samples
were tested to final rupture.

The capacity to develop a bigger block of matrix is an indication of brit-
tleness. On the other hand, toughness of the composite is influenced not only
by the crack spacings, but by the crack widths, which are a function of local
debonding and extension of the fibres bridging the cracks. Conversely, loss in
toughness is indicative of reduction in the fibre/matrix bonding capacity im-
plying that less energy would be required for cracking the specimens. Based
on this premise, it is expected that composites with wider and more frequent
macro cracks would also exhibit high toughness.

Toughness is defined as the area under a o-¢ (or load-displacement) curve.
When the areas under the o-¢ curves were investigated in this research, an
increase in toughness of approximately 38 percent over an eight month period
of ageing under controlled conditions was observed.

The increase in toughness was attributed to multiple cracking and sub-
sequent opening of the cracks. Fig. 6.13 shows the variation of toughness
of fibre pull-out samples (see area under the curve in Table. 5.5) with the
average crack spacing of a composite specimen of comparable age. The trend
shown in Fig. 6.13 illustrates that samples could have few cracks, but if
these cracks open up sufficiently (under loading), the composite is able to
sustain loads at strains well beyond those at which cracking first appears
in the matrix, hence manifest high toughness. Higher crack spacing gives a
higher toughness because of wider crack opening. As would be expected, the
variation of bond strength with cracking followed a similar trend and this
was substantiated in Fig. 6.14. These observations were consistent with the

theoretical expectations.

6.4.4 Variation of Composite Stiffness

The initial gradient of the o — e curve (strains <0.02 percent) is a measure
of the matrix stiffness. At this stage, the matrix is still intact until the

first-crack strength is exceeded and microcracking is initiated.
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which are lower than a plain matrix E,, of 10 GPa proposed by Naaman
and Renhardt (Naaman & Reinhardt 2004) for use in design of HPFRCC
mixes. The low E,, values measured in this research were believed to be due
to a heavily microcracked matrix but further testing is required before such
materials are employed in building design.

Stiffness of HPFRCC at the microcracking stage is a composite property
that takes into account the matrix and fibre properties. Therefore, it is at
this stage that the fibre volume fraction (V) is addressed. The composite
stiffness E, at this stage has conventionally been described by the simple law

of mixtures (Aveston et al. 1971) which incorporates V; according to Eq. 6.2.

1V
vV

B = () B + 1) (6.2

The polypropylene fibres employed in this research had fine fibrils surround-
ing the central tape implying that while at the microcracking stage, V; was
essentially the volume fraction of the fine fibrils, the central tape influenced
the composite behaviour at multiple cracking and final failure stages. Due
to equipment constraints, it was not possible to quantify the actual V; of
the fine fibrils in this research. Therefore, the composite stiffness (E.) at
the microcracking stage was estimated from the average tangent modulus up
to the end of the linear region of the ¢ — € curves. E. varied between 0.2
GPa and 0.5 GPa depending on the environmental conditions. It was also a
function of the applied load as illustrated by the o — € behaviour of a typical
curve in Fig. 6.15.

6.4.4.1 Variation of Composite Stiffness with Loading

To determine the variation of composite stiffness with loading at the multiple
cracking stage, an empirical approach was adopted. Firstly the experimental
data for each exposure condition were used to determine a relationship by
curve fitting using a second order polynomial as exemplified in Fig.6.16.

Typical hypothetical curves were thus obtained.
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composite, which would be required for design, the hypothetical maximum
Stress Opmqy also needs to be determined (as illustrated by Eq. 6.3).

The parameters described in sections 6.4.1 to 6.4.4 illustrate that com-
posite stiffness is a function of ageing (time related) and loading. In addition,
an important parameter in the analytical predictions is the loading rate of

the composite specimens.

6.4.5 Simulation of Tensile Behaviour of Textile Con-
crete

The relationships described in the first part of this Chapter, and the mathe-
matical formulations developed in the previous section, are simplified into a
prediction model of the tensile behaviour of Textile Concrete.

At the multiple cracking (strain hardening) stage, the general form of
the model is described by Eq. 6.3 with E, ., and o, as the boundary
conditions, which are computed from Egs. 6.4 and 6.5 respectively. For a
known age of the sample, ¢ in months, the tensile stress-strain (o-¢) behaviour
at the multiple cracking stage is obtained by integrating Eq. 6.3.

To solve Eq. 6.3, a MATLAB/SIMULINK Programme was utilised. The

main steps in the solution were:

i. Input of the boundary conditions which were essentially E,,q, and 0,40

ii. Input of the constant which in the model was the strain rate (snr) used
in the composite tensile test.

iii. Linking the boundary conditions with the constant in a logical manner

that represents Eq. 6.3.

Eq. 6.3 and the strain rate were translated into a Block Diagram from which
stress-strain (o-€) values were simulated. The SIMULINK Block Diagram
used in simulation of the muitiple cracking stage is shown in Figs. 6.21.
The predictive capability of the model was tested on experimental data
of a typical TC specimen that had been aged under laboratory conditions

for eight months. The input values for the model were:
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6.5 Summary

It was illustrated from a mechanical behaviour as well as microstructural
perspective that apart from good fibre/matrix interaction, there are other
competing mechanisms that influence the fibre/matrix bond strength. These
mechanisms influence the manner in which fibres pull-out from the matrix.
Among these mechanisms, the nature of the matrix microstructure at the
interfacial zone was found to play a key role in the fibre pull-out behaviour.
The microstructure at the critical interfacial zone also influences multiple
cracking and post-peak behaviour of TC.

It was clear from the discussions that full multiple cracking was not
achieved in all TC composites used in this research study. Samples with
strong fibre/matrix bonds and a dense microstructure at the critical interfa-
cial zone failed at high stresses after attainment of the composite strength
but without having achieved the full multiple cracking capacity. On the
other hand, composites with relatively lower interfacial bonds but with more
“compliant” microstructures at the interfacial zone, failed at relatively lower
stresses but with the full multiple cracking capacity being achieved. The
post-peak behaviour of composites was characterised by minor ductility be-
fore final failure.

In the second part of this Chapter, correlations between the mechanisms
that influence strain hardening and multiple cracking behaviour of TC were
discussed. An analytical framework was developed and used in formulation
of a prediction model of multiple cracking of Textile Concrete. The predictive
capabilities of the model were tested against experimental data of a typical

sample and the two sets of data were found to have a good agreement.
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Chapter 7

Conclusions and
Recommendations

7.1 Conclusions

This thesis has been concerned with a mechanical evaluation of environmen-
tal weathering of Textile Concrete. To facilitate this, investigations were
undertaken on the mechanical behaviour of polypropylene (PP) fibres, the
matrix, fibre pull-out, and Textile Concrete (TC) composites, as a function
of various environmental regimes.

An experimental programme was developed involving subjecting sam-
ples to “ambient” environments which are commonly encountered in service.
These environments were: cyclic Hot/Cold (HC), Wetting/Drying (WD),
carbonation (C.), and natural environments (tropical (NT) and moderate
(NM) climates). Parallel investigations involving ageing of samples under
controlled laboratory conditions (C) for several months, as well as tensile
testing of Textile Concrete samples obtained from Industry (I). The effects
of ageing on strength and toughness were complemented by undertaking ob-
servations of fibre and interface features using a scanning electron microscope
(SEM).

The tensile behaviour of plain PP fibres was found to be influenced by
different environmentally-related mechanisms, the following being the main

eflects:
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e Thermal-related softening and loss of strength in HC-weathered and
carbonated fibres.

e Minor loss in toughness after exposure to a warm, damp WD environ-
ment.

e Embrittlement and loss of strength after exposure to sunlight in a trop-

ical climate.

For the cementitious matrix itself, it was found that on-going cement hydra-
tion densifies the matrix but there were other environmentally-related factors
which were manifested at the microstructure level. These effects were: em-
brittlement of the matrix due to carbonation, minor microcracking after HC
exposure, increased hydration in WD environment which counteracted mi-
crocracking of the matrix.

The following were the main findings of mechanical characterisation of

the fibre/matrix interfacial properties, and composite tensile behaviour:

e The main contribution to knowledge was that despite exposure to a
range of “ambient” surroundings, TC does not show much degrada-
tion. Although this may not be surprising, mechanical evaluation of
the effects of exposure to five different environmental regimes has not
been documented in the past.

e By embedding the fibres in the matrix, the effects of environmental
exposure of plain PP fibres were substantially reduced.

e The fibre/matrix bond strength increased with ageing. Among the en-
vironmental regimes investigated, carbonation caused the highest gain
in bond strength whereas no significant variation occured due to HC,
WD, and NT exposures. Poor performance in NM-weathered fibre
pull-out was not well understood but was considered as an outlier.

o Textile Concrete exhibits a “pseudo-ductile” (strain hardening) non-
linear stress-strain tensile behaviour due to multiple cracking with load
softening and significant toughness. In the range tested, TC exhib-

ited two modes of strain hardening (see the summary in Table 7.1):
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(a) achievement of the maximum composite strength (o), but failure
occurring before the full multiple cracking state is attained, and (b)
achievement of the full multiple cracking capacity due to a “compliant”
microstructure. This type of composite behaviour was characterised
by minor post-peak ductility prior to final failure. The performance of
composites with “compliant” microstructures is similar to High Perfor-
mance Fibre Reinforced Cementitious Composites (HPFRCC) in that
they are tough and strong enough for their application.

A dense matrix and strong fibre/matrix bond (similar to carbonated
samples) mitigated against mobilisation of the full multiple cracking

capacity.

Table 7.1: Failure modes in samples weathered under different con-
ditions

Strength> 10 MPa Strength < 10 MPa

Full multiple

Full multiple Full multiple Full multiple

cracking capacity

cracking capacity
achieved

cracking capacity
not achieved

cracking capacity
achieved

not achieved

16 months control
Industry
Wetting/Drying

Carbonated
14 months control

8 months control
Hot/Cold
Tropical climate

12 months control
Moderate climate

Table 7.1 illustrates that full multiple cracking capacity was achievable
at different stresses, and apart from 16 month old control samples, which
were considered as outliers, achievement of the full multiple cracking was

more common in the earlier-age control samples.

conclusions from the findings of this research:

e The matrix used for the study was effective in protecting polypropylene

(PP) fibres from ultraviolet (UV) irradiation.

e For TC composites, the beneficial effects of “compliant” microstruc-

The following were the

tures due to the combined effects of Hot/Cold and Wetting/Drying
environments were realised in a tropical environment (NT) but not in

a moderate climate (NM).
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e The satisfactory weathering performance of TC composite from this
research suggests that potential for production of TC composites with
performance designed to suit a desired demand is achievable. Already
the South African Textile Concrete Industry has gone a long way in
optimising mix proportions and production techniques.

e The mechanical performance of Textile Concrete is, by and large, not
adversely affected by “ambient” environmental exposures. However,
if the prediction of its engineering performance, such as strength and
toughness is to be possible, there is need for a suitable choice of material
that should include an environmental parameter. The factor would be
useful in design if incorporated in the composite stiffness (E.q.) and
the predicted maximum failure stress (pmaz)-

e An analytical framework that was developed and used in formulation
of a prediction model of tensile behaviour of Textile Concrete had good
predictive capabilities. The possibility of such a prediction would then

lead to the design of “fit for purpose” Textile Concrete products.

7.2 Research Limitations

e A single mortar mix was optimised (customised) to suit sample produc-
tion for this research study. Therefore it was not established how the
microstructure was related to the mix composition, and subsequently
how the mechanical behaviour would change with matrix composition.
If the prediction of the engineering performance of Textile Concrete,
such as strength and toughness is to be possible, choosing of a suitable
matrix through a standardised mix design process is necessary.

o The facility used for accelerated ageing was operated in a semi-automated
manner. This was mainly because a discrepancy existed between the
Hot/Cold and Wetting/Drying cycle times. The next step in develop-
ment of the facility is to modify the design with the aim of synchro-
nising Wetting/Drying with the Hot/Cold cycle times, and thus run

the system as a fully automated facility. Potential for modification of
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the facility is by improving its drying capabilities at room tempera-
tures rather than Drying at elevated temperatures. In addition, since
the accelerated ageing facility comprised of relays and timer, there is
potential for computer interfacing and the possibility of running the
integrated facility as a Programmable Logic Controlled (PLC) system.
The mechanical characterisation undertaken in this research was lim-
ited to the behavioral level with no attempt being made to model the
mechanics of load transfer, fibre/matrix interaction, and final compos-
ite failure. Numerical modeling, would provide a better insight into
the composite behaviour and the information, particularly the limiting
crack widths for multiple cracking, would be useful in material and
structures design. Although it is acknowledged that this is certainly a
current international focus area which is essential for introduction of
new materials into the industry, numerical modeling was not under-
taken in this research study.

The evaluation of how mechanical properties of Textile Concrete change
with the effects of fatigue and creep were not undertaken in this study.
However, for a better insight into the long-term behaviour and struc-
tural performance of this new material, a better understanding of these

aspects of mechanical properties of TC are to be recommended.

7.3 Recommendations

Due to equipment constraints in this research, it was not possible to carry

out independent mechanical tests on fibres in their embedded state and hence

observe the direct effects of ageing on the fibres. Investigations into this

aspect of fibre properties are therefore suggested.

The level of interaction of fine fibrils with the matrix could not be quan-

tified within the scope of this research. Therefore the fibre volume fraction

V) at the microcracking stage could not be stated precisely. Independent
f

tests to establish V¢ of CemForce in the matrix are suggested.
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As a means of improving the ageing performance of Textile Concrete, it
is suggested that design mixes be branded to suit different environments.

It was not clear from the fibre pull-out behaviour, or the microstructure
of the matrix, how different weathering mechanisms affect the frictional shear
forces at the fibril/matrix contact surfaces. In addition, the mechanisms of
fibre debonding and the subsequent crack initiation and propagation were
not directly investigated in this research. Extension of the study into these
two aspects of fibre/matrix interfacial mechanics is suggested.

The tensile specimen production technique that was developed in this re-
search was labour intensive thus posing serious limitations on the sample size
that could be produced in a single batch. Future improvements to mechanise
the production process and hence increase the sample size for a given set are
suggested. This way, a robust statistical analysis of the experimental data
would be possible leading to a broader and more representative contribution
to knowledge.

The gradients of the composite stress-strain curves at the micro-cracking
stage (strains of less than 2 percent) represented the modulus of the com-
posite (E.). The average values of E. were in the vicinity of 0.5 GPa, which
were very low in comparison with the modulus of a “pure” matrix (E,,) that
typically varies between 5 GPa and 10 GPa (Hannant 1978), (Naaman &
Reinhardt 2006). The low values of composite modulus indicate substantial
microcracking at low strain levels up to 2 percent. This aspect of TC tensile
behaviour would be worthy of further study.

A limitation in the method of crack quantification adopted in this thesis
was that the quantification was undertaken on specimens in the unloaded
state after final specimen fracture. However, at the end of composite tensile
test, the cracks had undergone substantial “healing” and had subsequently
closed up considerably after unloading at the end of the test. Therefore the
measured crack widths did not strictly represent the specimens’ stress state
meaning that the stated crack quantities had inherent uncertainties which

were not determined. An improvement in the accuracy of crack quantification
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technique is suggested possibly taking the measurements during multiple
cracking of the specimens at pre-determined loading intervals.

The techniques employed for composite tensile testing did not facilitate
clear observations and evaluation of the extent of local matrix debonding at
the crack planes to be made. For a better insight into the nature of crack
initiation and propagation, future investigations into this aspect, possibly
utilising ultrasound-based techniques, are suggested.

Severe fibre damage in NT-exposed fibres was accredited to the amount
of sunshine in a medium altitude in the tropics (Nairobi) where the specimens
were weathered. Ultra-violet (UV) irradiation was considered as playing a
key role in the damage to plain PP fibres. However, UV damage to the
fibres was not as severe in a moderate climate in Cape Town indicating that
UV irradiation rate could be lower in Cape Town than in Nairobi. This
was however not validated in this research but is recommended for further
investigations.

Microstructural studies were undertaken up to a preliminary level only
which involved topographic images of fracture surfaces observed under a scan-
ning electron microscope (SEM). The study needs to be extended to cover “in
situ” observations of the mechanisms of fibre/matrix interactions, debond-
ing, and crack propagation during loading. To gain a better understanding of
the chemical processes that lead to changes in mechanical properties of TC
after exposure, an extension of microstructural studies to differential thermal
analysis (DTA) would be useful.

Further evaluation of mechanisms of fibre/matrix bonding, and cracking
behaviour in Textile Concrete composites, possibly using numerical tech-
niques, is to be suggested. The evaluation would then lead to quantification
of the damage that occurs at the interfacial microstructure during fibre pull-
out and debonding and hence quantify more fully the changes that occur
after different environmental exposures. In addition, a numerical approach
would create a better understanding of the bond quality distribution along

the embedded sections of fibres. This way, advancements in Textile Con-
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crete technology could be significantly advanced. The key to the next step
is testing of bonded (i.e. welded) fibres.
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A.2. DENSITY OF POLYPROPYLENE FIBRES

the average mass obtained from the masses of ten pieces. The average mass
for the non-bonded types of fibres was approximately 0.286 g, and for the
bonded type, the average mass was 0.349. The masses for the non-bonded
and bonded types of fibre had standard deviations from the mean of 0.005g
and 0.008 g respectively.

The contribution of the fibres to the specimen density was determined
from the weight of composite silicone rings that were cast with inclusions of
fibres of pre-determined length and mass. For each specimen, three fibres
were found to be optimum for casting the composite “silicone-fibre” speci-
mens mainly due to the small volume of the specimens. In addition, for a
significant difference between the two specimen types, it was important that
the embedded mass of the fibres be as high as possible.

To cast the composite specimens, the plastic moulds were carefully lined
with three fibres of total length of three metres and mass of approximately
0.858 g. The moulds were then filled with the silicone/accelerator mixture us-
ing a syringe while gently tapping the sides for the moulds to ensure effective
infiltration of the fibres with the silicone mixture. The composite was there-
after allowed to set for 24 hours, and since the cast-in mass of non-bonded
fibres was known, its contribution to the density of the specimen could easily
be estimated. Any differences in the masses of the two types of specimens
was attributed to the presence of fibres and not due to statistical errors. Fig.
A.9 shows the composite “silicone-fibre” specimen before removal from the
mould.

After setting, the mass and volume of each specimen was taken. For
five “silicone-fibre” specimens, the average mass and volume were 15.801 g
and 15.095 cm?® respectively, hence the density of the composite specimen
was 1.047 g/cm?® with a standard deviation from the mean of 0.047 g/cm3.
As would be expected, the presence of fibres reduced the density of the
control specimen by approximately 0.030 g/cm®. Since the densities of the
“silicone-only” (ps;) and “silicone-fibre” (psits)were known from the test,

the volume and density (pg)of the fibre were calculated. ps was evaluated as
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A.3. CALIBRATION OF THE MECHANICAL MIXER

A.3 Calibration of the Mechanical Mixer

Table A.1: Mixer rotating about the bowl! axis

Test No. For each speed range time taken in seconds,
per 100 revolutions about the bowl axis

Position 1 | Position 2 | Position 3

1 86 81 44

2 82 73 44

3 86 82 45

4 82 81 45

5 82 81 44

6 83 81 44

7 81 81 45

Average time, s 83 80 44

Average speed,

revolutions/second | 1.20 1.25 2.27

Table A.2: Mixer revolving about the hook axis
Test No. For each speed range time taken in seconds,
per 100 revolutions about the bowl axis

Position 1 | Position 2 | Position 3

1 31 32 o7

2 41 43 76

3 35 36 65

4 38 39 70

5 38 39 70

6 38 39 70

7 38 39 70

Average time, s 37 38 69

Average speed,

revolutions/second | 2.7 2.8 5
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A.4. FLOW OF FRESH MORTAR

A.4 Flow of Fresh Mortar

Table A.3: Flow of mortar

Mix type
Time
Mixing | Time at
time, s | test, min. [ 1 2 3 4 ) 6 7 8 9
0 144 |1 172 | 140 | 155 | 150
30 15 127 1149 | 114 | 124 | 124
30 121 | 143 | 108 | 119 | 116
45 116 | 140 | 105 | 115 | 110
0 140 | 143 | 147 | 147 | 145 | 143
60 15 120 | 124 | 137 | 137 | 115 | 120
30 110 | 118 | 132 | 132 | 109 | 112
45 105 | 115 | 125 | 125 | 105 | 105
0 165 | 172 | 160 | 155 | 150 | 149 | 150 | 158 | 149
120 15 143 | 152 | 149 | 145 | 138 | 137 | 139 | 146 | 136
30 136 | 148 | 143 | 140 | 133 | 134 | 136 | 142 | 133
45 132 | 145 | 140 | 136 | 130 | 127 | 132 | 132 | 130
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Table A.4: Early age cube crushing strength of mortar

3 Days 7 Days 28 Days
Test Density, | Strength, | Density, | Strength, | Density, | Strength,
Mortar No. g/cm? MPa g/cm3 MPa, g/cm? MPa
1 2.16 14.4 2.16 20.8 2.20 40.0
1 2 2.12 14.4 2.16 23.6 2.16 40.0
3 2.16 14.0 2.24 22.8 2.20 40.0
Average 2.14 14.4 2.18 22.4 2.18 40.0
1 2.08 7.2 2.16 17.2 2.00 36.4
2(air cured) 2 2.04 6.4 2.16 17.2 1.92 32.4
3 2.04 7.2 2.04 15.6 1.92 32.4
Average 2.06 6.9 2.11 16.7 1.94 33.6
1 2.16 13.2 2.00 25.2 2.08 24.8
2(water cured) 2 2.22 14.0 2.04 24.8 1.92 32.0
3 2.22 12.0 2.00 26.0 2.00 284
Average 2.18 13.1 2.04 25.3 2.00 284
1 2.12 20.0 2.12 28.0 2.16 50.0
3 2 2.08 18.8 2.12 30.0 2.16 49.6
3 2.12 18.8 2.16 34.0 2.16 45.6
Average 2.14 19.2 2.14 30.8 2.20 47.2
1 2.04 10.4 2.08 18.8 2.04 36.0
4 2 2.04 10.0 2.08 20.8 2.08 32.0
3 2.08 12.0 3.12 22.8 2.08 37.6
Average 2.05 10.8 2.09 20.8 2.06 35.2
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A.6. DETERMINATION OF POROSITY

A.6 Determination of Porosity

Up thrust = Wy — Wy (A.1)
From Eq. A.1,
Wiat — Ways = Volume of solid x Density of water (A.2)

But for a suspended body,

Wsat“wsus (A3)

also quantifies the total volume of the submerged body:

Wsat‘Wsus = V7 = Vgp (A4)

Therefore, for a given body suspended in water,
Msar-Mgys = pr (A5)

where, g=acceleration due to gravity, V= volume,p=density of the fluid

and p,,= density of water. Porosity, 7 is defined as:

Vjvoids (A6)

n= 0
1/total

Mo Moy — M,
BU-t,V;;oids _ voids _ sat dry :
Pw Pw

and (A.7)

Msa - Msus
Vi = = (A.8)

Therefore, porosity,
%oids — Msat - Mdry . Msat - Msus

B ‘/total Puw Pw
A9
_ Msat - Mdry ( )
Msat - Msus
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