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ABSTRACT

In this study, the mechanism of crack propagation in concrete at discontinuity stress
region under uniaxial compression was investigated and an attempt was made to
determine the microcracking behavior of high-performance concrete with steel fiber
addition at 7 different fiber volume (Vs) under two aspect ratios. For this purpose,
fourteen different concrete mixes with steel fiber addition for 60 and 75 aspect ratio,
each changing in proportions from 0.5 - 2.0 % with 0.25 % intervals were designed
based on high performance concrete principles. Microcracking behavior of the
produced concretes were analyzed by selecting two stress points before the linearity,
the linearity end point, and one point after the end of the linearity using the tangent

points (deviation from linearity) of load — time diagram.

Findings revealed that in terms of workability, with increasing Vr addition and aspect
ratio, VeBe time increases exponentially; slump and compacting factor decreases
linearly, and an inverse relationship exist between yield stress and slump. It is hereby
suggested that in terms of workability for this kind of mixes, a combination of
parameters should be considered instead of a single parameter to characterize
workability. Compressive strength increases with increase in fiber addition in aspect
ratio 60, while in aspect ratio 75, the increment was up to 1.0 % fiber addition level,
but it was still higher than the reference specimens without fiber addition. Tensile
strengths in the form of splitting and flexural tensile strength increased with fiber
addition in both cases; however, the flexural strength presented results with higher
strength. Area under the load — deflection diagrams increases with increase in fiber

volume and aspect ratio, an indication of the improvement in toughness of the



composite. Fracture energy increases with increase in fiber volume and compressive
strength, an indication of high energy required in extending cracks. Characteristic

length also increases showing the increased ductility of the composite.

Residual tensile strength measured indicated that there was strain hardening behavior
due to the fiber addition resulting in tensile strength gain instead of tensile strength
loss in concrete with fiber addition. Results from the load — time diagram used to
determine the end of the linear portion of the graph indicates that the end of
ascending portion (linearity) lies within 85 — 91% of the ultimate strength, aggregate
cracking was the dominant failure mode up to the end of linearity as oppose to bond
cracks due to improvement in the matrix quality. Failure pattern similar to what is
obtained in compressive loading is applicable here at linearity end point and post
linearity with extensive damage perpendicular to the casting direction. The presence
of the steel fiber improved the extensive failure pattern of cracks observed at aspect
ratio 60 and 75 where it changes from macrocracks to a branched network of
microcracks especially at higher fiber dosage. Critical width of the cracks measured

at linearity end point was within the range of 0.01 mm — 0.07 mm.

The findings of this study will go a long way in helping our understanding of the
microcracking in concretes with fiber addition which is the next frontier in structural

concrete.

Keywords: High performance concrete; Steel fiber concrete; Uniaxial compression;
Microcracking behavior; Critical stress; Critical crack width; Residual tensile

strength



Oz

Bu calismada; ¢elik elyafli yiiksek performansli beton (HPC), tek eksenli basing
yiikii altindada ¢atlak yayilimi mekanizmasi, betona iki farkli boy orani ve yedi farkli
lif hacim (Vs) ilavesi durumlar i¢in incelenmistir. Bu amagla, yiiksek performansl
beton prensiplerine dayanarak, her biri % 0,5 - % 2,0 arasinda, % 0,25 araliklarla
degisen hacim oranlarinda, 60 ve 75 en-boy orani i¢in ¢elik lifli, on dort farkli beton
karisimi tasarlandi. Uretilen betonlarin mikro catlak davranislari; betonun basing
yik-deformasyon egrisi egim takibinden tesbit edilmis olan, 4 farkli gerilme
noktasinda (dogrusallik bitis noktasi, 2 nokta dogrusallik bitis noktasindan 6nce ve

de 1 nokta sonra) analiz edilmistir.

Bulgular, artan lif hacim ilavesi ve en-boy orani ile VeBe zamanmin katlanarak
arttigini, ¢okme ve sikistirma faktorii degerlerinin ise dogrusal olarak azaldigini
gostermistir. Akma gerilmesi ve ¢okme degerleri arasinda ters bir iliski oldugu da
gozlemlenmistir. Bu tiir karigimlarda, islenebilirligi karakterize etmek igin tek bir
parametre yerine parametrelerin bir kombinasyonu diisiiniilmelidir. En-boy orani
60'da; lif ilavesindeki artigla birlikte basing mukavemeti artarken, en- boy orani1 75’te
artt, % 1 lif ekleme seviyesine kadar devam etmistir. Fakat yine de lif ilavesi
olmayan referans numunelerden daha ylksek ¢ikmistir. Her iki durumda da lif
ilavesiyle yarma, egilme ve cekme mukavemeti gibi gerilme mukavemetleri
artmistir; Bununla birlikte, sunulan egilme mukavemeti daha yiiksek mukavemet ile
sonuclanmaktadir. Yiik altindaki alan diyagramlari, lif hacim ve en-boy oranindaki
artigla artar. Bu, kompozitin saglamligindaki iyilesmenin bir gostergesidir. Kirilma

enerjisi, lif hacmindeki artis ve basing dayanimi ile artar. Bu, catlak gelisimi i¢in



gerekli olan vyiksek enerjinin bir gostergesidir. Karakteristik boy uzamasi,

kompozitin artan siinekliligini de gosterir.

Lif ilavesiyle betonda gerilme mukavemeti kayb1 yerine gerilme mukavemeti kazanci
olusmustur. YUK - zaman diyagramindan, grafigin dogrusal kismimin (% 85 - % 91)
basing mukavemetine tekabiil ettigi gézlemlenmistir. Celik lifin mevcudiyeti ile;
ozellikle yiiksek lif dozajinda, makro catlak yerine, daha fazla sayida dallanmis
mikro catlak olugsmustur. Bu her iki en-boy oraninda (60 ve 75) da ve de artan
miktarlarda gozlemlenmistir. YUK - zaman diyagraminda, grafigin dogrusal kismina
denk gelen basing gerilmesi altinda Ol¢ilen catlaklarin kritik genisligi, 0.01 mm -

0.07 mm araliginda ol¢iilmiistiir.

Bu ¢alismanin bulgulari, lif igeren yapisal betonda mikro catlaklarin olusmasi,
yayilmasi, kritik ebat ve konuma ulagsmalar1 konusunun daha iyi anlasilmasina iyi bir

yol gosterici olacaktir.

Anahtar Kelimeler: Yiiksek dayanimli beton; Celik lifli beton; Eksenel basing
dayanimi; Betonda catlak davranisi; Kritik gerilme noktasi; Kritik catlak genisligi;

Cekme gerilmesi kayibi.

Vi
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Chapter 1

INTRODUCTION

1.1 Background

Concrete comes from the Latin word concretus meaning to grow. This is due to the
ability of concrete to continue developing strength over time as a result of products
of cement hydration present inside mimicking plants and living organism (Mehta and
Monteiro, 2014). In 1995, core samples taken from Hoover dam were analyzed and it
was found that 60 years after it was constructed, the concrete is still gaining strength
and has a higher than average compressive strength (Gromicko and Shepard, 2006).
Despite its many advantages, and being the most widely used construction material,
as a heterogeous material, it has many disadvantages such as porosity, the variability
in the position of ITZ and “bulk” paste and many more. These has resulted in many
significant changes over the years to improve its performance, from normal strength
concrete (NSC) to high-strength & high-performance concretes. Incorporation of
fiber shifted the focus to fiber reinforced concretes (FRC), to ultra-high performance
fiber reinforced cementitious composites (UHPFRCC), and the current trend is now

ductile high-performance concrete (DHPC).

In practice, high-strength concretes (HSC) are concretes with a cylinder compressive
strength at 28 days of 60 MPa and above depending on time and location that cannot
be made with conventional aggregates CEB-FIP (1990). These concretes are highly

engineered materials incorporating mineral and chemical admixtures, achieving



workable mixes with very low water contents with the addition of retarders and
superplasticizers (Gettu et al., 1990). The engineered material results in a very high-
strength matrix that is more compact, with well-bonded aggregate-mortar interfaces

(Carrasquillo et al., 1981).

High-performance concrete (HPC) on the other hand is defined in terms of durability
and strength as it’s relates to the intended application (Mindess in Shah and Ahmad,
1994). In Neville (2005 pp. 674 - 675), HPC is defined as having a compressive
strength in excess of 80 MPa with the following ingredients: good quality
aggregates; cement content in the range of 450 — 550 kg/m?; silica fume generally 5 —
15 % by mass of the total cementitious materials or sometimes fly ash or ground
granulated blast furnace slag; and always a superplasticizer, the dosage which is very
high resulting in a decrease in water content. He further opined that what makes a
concrete HPC is the low water-cement ratio that is always below 0.35. It is also the
opinion of Aitcin (1998 pp. 2) that it is not possible to make a durable HPC that does
not have a high compressive strength, and he suggested 0.40 as the boundary
condition for the low water/binder ratio. His argument that it is practically impossible
to make a concrete with ordinary Portland cement without the use of a
superplasticizer at this range. This value is closer to the theoretical value suggested

by Powers (1968) for full hydration of Portland cement.

In essence for HPC mixes, durability and intended application is always the main
idea behind the design because these mixes with low water-cementitious materials
ratio may result in higher compressive strength (Aitcin, 1998). This is enhanced by
the compactness and denser matrix impermeable to ingress of fluids or gases due to

discontinuity of the capillary pores reducing the porosity and increasing its
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homogeneity resulting from improvement in technology, use of supplementary
cementitious materials and high range water reducer (superplasticizer) for

workability and strength improvement.

Concretes that are subjected to damage or deterioration, cracks begins to manifest
according to the amount of load imposed, if the width of the crack is small, it
becomes the weakest link that results in future durability issues for the concrete as a
result of access to the internal structure provided by these cracks where absorption,
diffusion, and permeability may continuously occur. However, if the crack is large
enough, the structure may fail as a result of damage to its integrity (Li et al., 1998).
According to van Breugel (2012) cracks in concrete are not regarded as failure of the
reinforced concrete member if the crack width criterion is not exceeded since they
are always designed with the provision allowing for the occurrence of tensile cracks
due to concrete brittleness. However, problem arises when these cracks becomes
entry points for substances such as aggressive agents that inhibits corrosion of the

steel and also damaging the concrete in the process.

The need for high strength in certain construction activities which is an advantage on
one hand, and the resulting increase in brittleness on the other hand has necessitated
the need to incorporate fibers (steel, polymer, natural etc.) to reduce the brittleness.
The addition of fiber is necessitated due to the decrement in material ductility which
is a serious hindrance to the application of high strength concrete. Incorporation of
the fibers reduces microcracking and crack propagation with an improvement in
ductility and strength (Khaloo and Kim, 1996). The addition of steel fiber in HPC
helps in increasing the post-peak properties due to pull-out resistance. This fiber

addition results in the development of multiple smaller microcracking as opposed to
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large cracks in conventional concrete under loading. An increase of about 30 — 40 %
tensile strength is observed when steel fiber is used up to 1.5 % as crack propagation
control (Panzera et al., 2013). This is due to fibers suppressing the localization of
microcracks into macrocracks and as a result the apparent tensile strength of the
matrix increases. However, the workability properties of the concrete have to be
managed properly as a result of susceptibility to balling and other tendencies in the

fresh stage.

The onset of microcracking in high-strength concrete is similar to that of normal
strength concrete, however, it is much delayed and occurred beyond 75 % of the
ultimate strength. Akcaoglu et al., (2005) reported damage to interfacial transition
zone (ITZ) of HSC around 80 % of ultimate compressive strength. From this point
onward, even if the stress is removed microcracking does not cease. This ‘critical’
point or stress point is what Newman (1968) called “Discontinuity Stress,” and with
fiber addition, multiple microcracking continue to take place as a result of the
composite modification. According to Slate and Meyers (1969), when loads are
greater than 70 % of the ultimate strength, creep strains are responsible for mortar
cracks in normal strength concrete, and eventually failure of the specimens results
under constant load. For this reason, Carino and Slate (1976) argue that the
discontinuity point should serve as the failure criteria since it is similar to sustained-

loading strength.

In high-strength concretes, it is known that the linear portion of the stress-strain
curve extends up to 80 % of the ultimate strength, sometimes even more and
according to Neville (2005) cited in Afroughsabet et al., (2016), the linear portion

have been found to reach up to 85 % or even more. Berra and Ferrerra (1990) and
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Mehta and Monteiro (2014) attributed this to the non-existence of microcracking at
initial or ascending portion of the curve responsible for the explosive failure due to
very high brittleness. The significance of steel fibers manifest after matrix cracking,
and when a proper material design is employed, at the onset of matrix cracking
randomly distributed fibers arrest the crack, bridging proces takes place, as well as
pull-out mechanism, limiting the propagation of crack (Banthia and Trottier, 1995;

Kurihara et al., 2000 cited in Bayramov et al., 2004)

It is on this premise that a study investigating the mechanical (microcracking,
fracture initiation, propagation, coalescence, and localization) behavior under
uniaxial compression of a particular region where in concrete with fiber addition is
further decreased to a narrow region is important. The study also take a wholistic
look at the fresh, hardened and microcracking properties of HPC with steel fiber
addition produced. Previous studies (Meyers et al., 1969; Carrasquillo and Slate,
1983) have tried and established relationships between this point with repetitive,
sustained and short-term loadings, as well as defining microcracking failure in

normal and high-strength concretes.
1.2 Research Significance

Concrete is a heterogenous material made up of different phases forming a single
composite, and failure is mainly from microscopic flaws that forms the weakest link.
It is in light of this that the commonly held believe on the mechanism of failure in
compression is that of the discontinuity point by Newman (1968); Carino and Slate
(1976) defined as the point where there is a sharp increase in Poisson’s ratio and

volumetric strain ceased to decrease, accompanied by extensive mortar cracking.



Failure in compression at this point can either be tensile failure of cement crystals or

bond in direction perpendicular to applied load (Lea, 1960).

In this study an attempt was made to evaluate the discontinuity stress region in high-
performance steel fiber concrete using two aspect ratios (60 and 75) with a view of
further understanding the microcracking behavior under uniaxial compression.
Previous studies such as the exhaustic research by the Cornell University research
group in the 60’s — 80’s studied different mode of loading in normal and high-
strength concretes; Shah and co-workers utilized models to study crack propagations
under different loading conditions, and Akcaoglu (2003) studied the interfacial
transition zone (ITZ) using a single aggregate model. This study is a continuation on
that line of enquiry with steel fiber addition in high-performance concrete in contrast
to the rebar aggregate models which will be highlighted in Section 3.8. These models
that would be highlighted have either been used in mortar, normal or medium high-
strength concrete. However, in recent years, the application of steel fibered concrete
in concrete construction makes it imperative to undertake this study. The application
of this model to high-performance steel fiber concrete may or may not lead to a valid
conclusion however, it will map out the failure mechanism especially at this critical
region of stress in this type of concrete. Quantification of tensile strength by
Akgaoglu (2003) in normal, medium, and high-strength concrete has resulted in a
loss of strength after pre-compression with HSC having the least damage.

However, with fiber addition, it was expected that there might be strength loss but
not as much as without fiber addition, therefore, this study investigated that amount
of loss if any. Microscopic examination was conducted on the loaded specimens to
define the microcrack present and mechanism of propagation. It is expected that the

present work will contribute to the literature on this topic and further invigorate
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research in an area where interest has waned over the years, and leads towards

meaningful models that can best describe this region of stress.
1.3 Objectives of the Research

The main objectives of this PhD study can be summarized as:

i. To come up with a workable mix design for high performance concrete
utilizing steel fiber at different aspect ratios, and fiber volume (Vs
percentage.

ii.  To study the strength properties of this concrete and establish relationships
between them.

iii. To obtain concrete fracture parameters that could assist to define the
microcracking behavior.

iv.  To study the crack formation and propagation under different compression
levels at the region of discontinuity in this type of concrete.

v.  To utilize cracked specimens for microcracking behavior in this region.
1.4 Scope of the Study

This study is limited to the investigation of some mechanical properties of high
performance concrete with steel fiber addition with different volume fractions in the
ascending portion (around critical stress region) of load-time diagram only under

uniaxial compression.
1.5 Contribution

This study is a continuation of an existing line of enquiry in microcracking and
failure mechanism in concrete. Significant original contribution resulting is the
utilization of compressive stress levels relative to the ultimate, from load — time
diagram in HPC (in excess of 83 MPa with steel fiber addition) to follow the turning

points from the graph. The point of discontinuity or critical stress was mapped out



using sufficient experimental data under uniaxial compression. Damage
quantification was also done at the critical stress point taking into account the

amount and type of fiber.

Extensive study on the workability aspect of HPC highlighting the impact of steel
fiber on stiffening of the mix, where tests that characterize these kind of mixes were
used to evaluate the concrete. Regression models were used to evaluate the
experimental data, and were validated using coefficient of determination and

observed versus predicted plots.

This study has significant implication in structural design due to the increased
steepness of the ascending portion of the diagram. In the long term, this will go a
long way in providing a reliable prediction of the structural behavior especially now

that concretes in excess of 80 MPa are widely used.
1.6 Outline of the Thesis

This thesis is structured as follows: Chapter one introduces concrete as a construction
material and its weakness that necessitates the need for reinforcement to make it a
durable composite material, and what the thesis aim to achieve. Chapter two presents
the properties of concrete in fresh and hardened state especially at macro and micro
level concisely. Chapter three presents the literature studies detailing the failure
mechanism of concrete. However, this literature is based on the author’s point of
view and as such is far from being complete, but an attempt has been made to present
a very objective point of view on the topic. And since the topic is an old field, a
considerable amount of effort has been placed on the old text because it forms the

basis and foundation of the study. Chapter four describes the methodology involved



in the carrying out the experiments, from the material selection, to the methods
chosen for each particular experiment, and the procedure used. Chapter five presents
the results and discussion. Chapter six presents the conclusions and

recommendations for further studies.



Chapter 2

PROPERTIES OF CONCRETE

2.1 Introduction

In this section, a critical study of the properties of concrete in the fresh and hardened
state is undertaken where in the former, an in-depth look at the tests conducted on
concrete with low workability is presented. While in the latter, an attempt was made
to critically present the microstructure of cement, paste and concrete, and their

constituents especially at the microstructure level.
2.2 Fresh Concrete Properties

In the design of high-performance concrete (HPC) mixes, durability and intended
application should be on the designer’s mind right from the beginning. Adequate
workability results in more homogenous concrete, reduce honeycombing in normal
concrete, decreased voids and pores especially in high-strength concrete (HSC). This
is particularly important in harsh mixes such as high-performance concrete with steel
fiber addition which is difficult to achieve. Some of the parameters used in assessing
HPC have come under heavy criticism due to their inability to fully characterize the
behavior of the fresh concrete. Nevertheless, they are still useful in determining
workability especially for certain category of mixes i.e. harsh mixes. The tests that
have so far been proposed as replacement that fully describe the rheological
properties of fresh concrete are either too cumbersome, not suitable for field-based

application, or require extensive technical skill and training to be conducted.
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Workability is the property of fresh concrete that allows it to be worked, transported,
to flow, compacted and be finished. In general, it is the property of the concrete in
fresh state. A workable concrete should be able to be mixed properly in the desired
proportion; be transported by any means necessary; be able to be poured in the most
complicated structure or geometry without the fear of not flowing properly. It should
also achieve full compaction and expulsion of air decreasing possible voids in the
concrete. According to Tattersal (1991), when 5 % residual air is present, strength is
reduced by as much as 30 %, and when it increases to 10 %, strength loss increases
to more than half. Finally, a good finish should be obtained without deficiency

resulting.

The concept of water-cement ratio is very important in workability because if the
workability is very low making the concrete very difficult to work with, this can be
improved by the addition of water which has the adverse effect of decreasing the
strength at a certain level. However, the utilization of superplasticizers has
revolutionized concrete making procedure where very low workability concrete can
be produced by the addition of these substances, on the other hand, they do not come
cheap. Therefore, a trade-off has to be made regarding sacrificing strength by
increasing water content or increasing the cement content/superplasticizer addition,
in essence cost. Knowledge of the type of workability to be utilized is very

important.

An argument made by Tattersal (1991) on the basis that apart from the quantitative
description of workability (i.e. slump value, compacting factor etc.), qualitative

description (i.e. flowability, finishability etc.) should also be used to supplement
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those values usually obtained. It is on this basis that he proposed a table fully

describing those terms which is reproduced below in Table 2.1.

Table 2.1: Scheme of Nomenclature for Workability (Tattersal, 1991)

1. Class I Qualitative
Workability
Flowability
Compactibility To be used only in a general descriptive way
Stability without any attempt to quantify
Finishability
Pumpability

2. Class Il Quantitative empirical

Slump
Compacting factor To be used as a simple quantitative statement of
VeBe time behavior in a particular set of circumstances
Flow table spread

3. Class Il Quantitative fundamental
Viscosity
Mobility To be used strictly in conformity with the
Fluidity definitions in BS 5168: 1975 Glossary of
Yield Value rheological terms

Most descriptions of workability usually give a value or a certain range over which it

defines the behavior is described, the addition of qualitative information will go a

long

way in further describing the behavior of the concrete under consideration. A

best example is the Road Note 4 description of workability and compacting factor

given in Neville (1995) which is reproduced here in Table 2.2.

Table 2.2: Qualitative and Quantitative Workability Description (Neville, 1995)

Description of workability Compacting factor Corresponding slump
(mm)

Very low 0.78 0-25

Low 0.85 25-50

Medium 0.92 50 - 100

High 0.95 100 - 175
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2.2.1 Slump Test

This is one of the simplest tests for measuring workability described in BS EN 12350
— 2 and ASTM C 143 using conically shaped equipment in the form of frustum. It
has a bottom diameter of 200 mm, 100 mm diameter top and a height of 300 mm
strategically placed on a baseplate which is non-absorbent. The cone is filled in three
layers with concrete, with each layer tampered 25 times with a standard tamping rod,
and lifting the cone carefully in less than five seconds. The shape of the concrete

after lifting is the slump measured to the nearest 5 mm.

The limitation of this test is that for concretes with maximum size of coarse
aggregates in excess of 40 mm, the test is impractical. Harsh concretes are also not
suitable especially when there are few fines present; sometimes concrete having the
same slump can also show different behavior when tamped (Koehler and Fowler,
2003). It does not also show the effect of plastic viscosity, despite the fact that is
influenced by plastic viscosity and yield stress.

2.2.2 Compacting Factor

To be able to measure full compaction of concrete, this test was devised which is
essentially a density ratio and measures the ability to achieve full compaction. This
test has been standardized in BS EN 12350 — 4 and consists of a simple frame with
two steel hoppers situated above a cylinder which is smaller than the two hoppers
above. The upper hopper is larger than the lower hopper and concrete is placed in the
former and a trap-door is opened at the bottom that releases the concrete to the latter.
The trap-door in the lower hopper is also opened which deposits all the concrete into
the cylinder below. Concrete that overflows is struck-off and the mass is measured

on a balance, where it is compared with a fully compacted concrete using the same
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cylinder either with a tamping rod or a mechanical vibrating apparatus. Compacting

factor is measured as:

mass of partially compacted concrete

Compacting factor,C.F.=

(2.1)

mass of a fully compacted concrete
Among the limitations of this test is that for concretes that are very cohesive, it tends
to stick to the hoppers and the tamping rod has to be used to force the concrete down.
The apparatus is also bulky which makes it not suitable to move around, and it also
does not utilize vibration which is the most frequently used method of compaction in
the field.

2.2.3 VeBe Time Consistometer

This test is standardized in BS EN 12350 — 3 and was proposed by Bahrner (1940) to
be suitable for concrete to be placed by vibration consisting of a cylindrical container
similar to what is obtained in Slump test mounted on a vibrating table with a
frequency of 50 Hz. The cone is filled with concrete and removed, and a clear
circular plate of 230 mm diameter is gently placed on top of the concrete and
vibrated until when the whole surface of the clear plate is completely “coated” with
concrete. At the same time taking note of the time for the whole process to have
taken place with a stop watch measured in seconds. The test is attacked in many
ways such as, the exact time for the concrete to coat the clear plate is not known
because, the vibration does not start immediately, it takes time to build up. The
apparatus is not suitable for field work. The test is only suitable for a certain range of

concrete with low slump among other reasons.
2.3 Hardened Properties of Cement, Mortar, and Concrete

In most concretes and hydrated cement pastes (hcp), the hydration products formed
are mostly calcium hydroxides and calcium silicates hydrates (C-S-H) and few other

compounds such as ettringitte and monosulfate in smaller amounts (Mehta and
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Monteiro, 2014). This section introduces these products that are formed as a result of
this reaction; interfacial transition zone (ITZ), its properties and porosity is also
explained.

2.3.1 Microstructure of Cement Paste

Concrete consists essentially of the macrostructure which is visible to the human eye
which has a limitation of about 200 pm and the microstructure, the portion that can
essentially be viewed with the aid of a microscope; it is at this level that the complex
nature of concrete begins to manifest as a result of the heterogeneous composition of

the constituents.

Figure 2.1: Distinction between Microstructure (above) and Macrostructure (below)
of Concrete [Adapted from Emery et al., (2007)]

The work of Diamond (2004) studied the microstructure of hcp and concrete utilizing

Backscatter-Scanning Electron Microscope (BSEM). The investigation was only

limited to ordinary Portland cement and reported that microstructure of hcp is
15



affected by the chemistry, cement fineness, water-cement ratio, chemical admixtures,
influence of mixing procedures and changes in curing temperature at early age

among other things.

In cement paste after hydration, there are always remnants of unhydrated cement
particles, most especially the inner part of the cement and could remain in that

condition for a long period of time.

3 a
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of a 3 Month Old HCP at 0.30 W/C Ratio Cured at Room
Temperature (Diamond, 2004)
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Figure 2.2: Microstructur

It can be seen from the Figure 2.2 that the unhydrated cement grain as indicated with
a black arrow is surrounded by grey-portion of fully-hydrated cement grain, and
according to the author, the size of the unhydrated shell can ranges from 5 um - 40
um. To estimate the size of the original cement grain, it is the sum of the surrounding

hydrated portion and its unhydrated component in a given image under
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consideration. In view of the author, when concrete and pastes mature, the amount of
unhydrated portion is usually smaller than what was presented in the Figure 2.3,
however, there is always a residual component except in a situation whereby the
concrete is subjected to leaching over a considerable period. Still, some unreacted
CsAF will usually remain even in concretes and cement pastes that are fully
hydrated.

2.3.1.1 Calcium Silicate Hydrate (C-S-H)

This is not a well-defined compound, hence the reason it is called C-S-H. Diamond
(2004) opined that it is a combination of “quasi-amorphous” masses of calcium,
silica and water as a result of the hydration of C,S and CsS in cement with a
chemical composition that keeps changing from one point to the next, so also the
porosity. It makes up 50 - 60 % by volume of hcp and determines the properties of
the paste. It exacts structure still remains unresolved, but a number of models have
been proposed. Powers-Brunauer model viewed it as a layer structure with a high
surface area. Feldman-Sereda model conceptualize it as a kinked array or irregular
layers randomly arranged so as to create interlayer spaces of different sizes and

shapes from 5 - 25 angstrom (Mehta and Monteiro, 2014).

As regards to its internal structure, there are still unresolved issues, in the past it was
assumed to resemble the mineral tobermorite and it was sometimes referred to as
tobermorite gel. Regarding its calcium to silicate content, it varies from 1.5 - 2.0 %,

and the variation in water content is far more.
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Figure 2.3: Microscopic Image of Hydration Products (Mehta and Monteiro, 2014)

2.3.1.2 Calcium Hydroxide (Portlandite)

By percentage, it is about 20 - 25 % by volume in the hydrated paste and unlike C-S-
H, its definite form is Ca(OH).. Using BSEM, Diamond showed that CH could be
differentiated from C-S-H gel as a result of its gray level slightly brighter than C-S-H
upon close examination. It has been reported to appear as crystals, however, in
cement pastes it is an irregular mass of different sizes as oppose to the euhedral

crystals.
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Figure 2.4: 7- Days Old Irregular CH Crystals at 0.45 W/C Paste (Diamond, 2004)

The morphology of CH is that of a hexagonal-prism crystal and varies from non-
descript to stacks of large plates which may be affected by temperature of hydration,
availability of space and impurities present (Mehta and Monteiro, 1993). It has a
lower surface area and it is more soluble than C-S-H which is detrimental to its
durability.

2.3.1.3 Calcium Sulfoaluminates

This occupies 15 — 20 % by volume of solids in hcp, as such its role is relegated to a
minor one. During the initial phase of hydration, the ionic ratio of the sulfate/alumina
is more disposed to the formation of trisulfate hydrate (ettringite — CsAS3H32) a
needle-shaped prismatic crystals. This transforms to monosulfate hydrate C4ASH1s in
ordinary Portland cement paste (hexagonal-plate crystals) and is responsible for

exposing the concrete to sulfate attack (Mehta and Monteiro, 1993)
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Fiure 2.5: (a Ettringite Deposit in an Air Void in Concrete with its Characteristics
“Tiger Stripe” (b) Monosulfate Deposit within a Paste in a Fly Ash Concrete
(Diamond, 2004)

2.3.1.4 Residual Unhydrated Cement Grains

Studies have shown that even after hydration has taken place, unhydrated clinker
grains may be found in the microstructure. It is a fact that cement particle size ranges
from 1 — 50 pum, and on the onset of hydration process, the smaller particles dissolve
or react first followed by the larger ones. As a result of limited availability of space,
at later age, hydration of particles of clinker yields the formation of a dense product
of hydration resembling the original particle of clinker in morphology (Mehta and
Monteiro, 2014).

2.3.2 Concrete Microstructure

The work of Diamond (2004) showed that concrete microstructure is by no means
different from that of cement pastes, when he investigated a 3 — day old concrete.
Specimen with a water-cement ratio of 0.45 which was hydrated at room temperature
revealing that in terms of microstructure, it is much alike as in the case of cement

pastes with spots of unhydrated cement pastes (A), C-S-H products (B), calcium
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hydroxide (C) and an area containing porous groundmass with fully and partly
hollowed grains (D & E). however, there are some features that are also present
which are not found in cement pastes such as aggregates, air voids and interfacial

transition zone (ITZ) which shall be explained in detail.

Figure 2.6: Mcrsructure and oositi'i) of —Day Old Concre (Diamond,
2004)

2.3.2.1 Aggregates

These are the components that are missing in cement pastes, and examination is
mainly conducted using optical microscopy instead of SEM which major advantage
is color distinction of relevant mineral properties present. On the other hand, BSEM
has the advantage of chemical composition that can be assessed after the test. It can
also provide information on the type of sand present either manufactured or
otherwise. Additional information that can be retrieved includes shape and size of

grains.
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2.3.2.2 Air Voids

Most concretes are air-entrained deliberately; and contain about 15 % of non-
aggregate space (Diamond, 2004) with a size between 20 um to 1 mm making them
larger than most features of hardened cement paste. On a very low magnification

BSEM, air-voids from air-entrained cement paste is reproduced in Figure 2.7.

Figure 2.7: Typical Air-voids Size in an Air-entrained HCP on a Low Magnifiaction
(Diamond, 2004)

From the results of the examination, it can be seen that air-entrained voids are
spherical in shape and possess a “thin” lining of calcium hydroxide, however, for
concretes that are subjected to exposure in alternate wetting and drying, these air-
voids presents an internal deposit of ettringite or calcium hydroxide or a combination
of both. Such situations rarely occur, but when they do, they might fill the air voids
entirely.

2.3.2.3 Interfacial Transition Zone (ITZ)

Concrete as a composite material can be modeled as a three-phase material: matrix,

aggregate and interfacial transition zone (ITZ), and the existence of the ITZ is as a
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consequence of excess porosity (Ollivier et al., 1995). The ITZ is the portion of the
cement paste that is adjacent to sand or coarse aggregates, and this has found a
special recognition in the literature. An inner part of these zones which lies within 1
— 2 um from the aggregate has been reported to be very porous with an average
porosity of 30 % (Scrivener, 1989).

2.3.2.3.1 Properties of the ITZ

Concrete as opposed to cement paste exhibit a “quasi-ductile” behavior, which has
the ability to continue sustaining increasing load beyond the linear elastic limit. This
shows a corresponding decline in the load carrying capacity at post peak. A plot of
stress-strain behavior depicted in Figure 2.8 of cement paste and aggregate exhibit
brittle-reversible elastic behavior up to a point before failure, however, concrete on

the other hand that is a composite material exhibit a “quasi-ductile” behavior.
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Figure 2.8: Stress-Strain Curves for Different Materials Depicting the Importance of
ITZ (Scrivener et al., 2004)

This is due to the multiple microcrackings that occur in the concrete which is

attributed to taking place in the ITZ, and the main reason it is referred to as the
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“weak link” in concrete. It is also believed that the foundation of this zone is based
on what is called the “wall” effect (Figure 2.9) as a result of cement grains packing
relative to flat aggregate surface. This zone is not “definite” rather a “transition”
region which effective thickness varies with the microstructure under consideration

during the process of hydration (Scrivener et al., 2004).

Variation in the properties of hcp or “bulk” cement paste and the ITZ has been
reported to be due to a reduction of anhydrous cement in the ITZ with near absence
on the surface of the aggregate, and due to the distribution of anhydrous, porosity is
increased in the ITZ (Nemati and Gardoni, 2005). Studies by Scrivener and co-
workers suggested that packing of the cement grains that affect the thickness of ITZ
is about equivalent to the biggest particle of cement (up to 100 um, since the range of
cement particle size is 1 — 100 pm). Regions closer to the aggregate mainly contain
small grains and higher porosity as compared to the large grains that are far away

from the zone.
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Figure 2.9: A Description of the “Wall” Effect where Packing of Grains is Disrupted
to Produce a Zone of Higher Porosity and Smaller Grains in the Zone Close to the
Aggregate (Scrivener et al., 2004)
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It is also important to note that each separate region of ITZ will have different
microstructure since packing process takes place randomly. However, the distance at
which there is a substantial rise in porosity is around 35 — 45 pm (Crumbie, 1994). It
is at the same time expected that there would be a lower permeability as a result of
combination of the cement paste and aggregate as oppose to the cement paste alone

because most aggregate do have low permeability.

In the opinion of Diamond (2004), the higher content of pore is limited to an area
adjacent to the aggregate surface, which he attributed to the fact that aggregate
surface is covered by a layer of calcium hydroxide with limited or near zero porosity.
An observation he made on aggregate to cover about one-third of its surface from the

plane of observation.

Figure 2.10: (a) View of a Portion of Zone of Contact between Aggregate and Paste
with CH Covering much of the Interface (b) Area of HCP between Two Closely
Spaced Grains in a Concrete of 0.5 W/C Ratio (Diamond, 2004)
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2.3.2.3.2 Porosity inthe ITZ
The porosity and w/c ratio of the fresh concrete is increased to the surface from the
bulk paste due to rearrangement around the aggregate particles that becomes loose.
In addition, during the vibration, water accumulates beneath the aggregate particles
due to “micro bleeding.” Two techniques that have been used to quantify the porosity
of ITZ are:

i.  Back-scattered imaging using SEM of polished flat surface

ii.  Mercury intrusion porosimetry.

With the first method, porosity is measured as a function of distance to the surface of
the aggregate, a technique developed to analyze ITZ by Scrivener and Pratt (1986).
Porosity was observed to increase near the surface of the aggregate particle in
younger OPC mixture, and the porosity variation reduces with age because of the
presence of hydrates development. When there is a modification to the paste (use of
silica fume) porosity remains fairly constant as a result of decrease in packing ability

of the cement grains in the zone.

To establish the micro bleeding theory under the aggregate particles, Hashino (1988)
used dye penetrant to observe variation on cut surfaces of a modeled aggregate in a
cement paste. He reported that there is no uniformity in the dye from the cut surface,
which leads him to believe that there is an increase in water-cement ratio before
hardening under the aggregate. However, Scrivener and Pratt (1986) had a contrary
opinion in that they observe small difference above and beneath the aggregate at a
water-cement ratio of 0.4. In conclusion, porosity is generally twice as much in the

ITZ than in the bulk cement paste, and also the pre-existence of coarse pores which
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might be due to improper order or arrangement around the aggregate particles by the

cement grains (Ollivier et al., 1995).

In regards to mobility of ions in the ITZ, it follows the Le Chatelier mechanism that
the ions, which are more mobile after anhydrous compounds dissolution, travel under
the influence of gradients from the bulk to the interface. This is all because of
availability of spaces in the aggregate surroundings that can be filled with water. In
the case of OPC, the ions that diffuse faster are Ca?** Na*, K*, Al (OH)a4., and SO4*

(Maso, 1980).

Regarding the influence of mineral additions, their effects are mainly to improve the
packing of the particles by densifying the microstructure when the mineral addition
is finer than cement particles; it modifies the process of hydration. A study
conducted by Hanna (1987) which was reported by Ollivier et al., (1995) showed
that the addition of microfiller has a filling effect both in the 1TZ and the bulk, and
the process is more effective when superplasticizer is utilized. Goldman and Bentur

(1992) reported also on the use of silica fume and fine grains of carbon black.

When fly ash or slag additions is used to modify the ITZ microstructure in the first
few days, effects of these materials is mostly slow or poor because the fineness of
these material is equal or close to that of cement grains and packing in the vicinity of
the aggregate particle is not much influenced due to the stated reasons. However, C-
A-H is easily formed in the presence of a high water-cement ratio in the transition
zone as against ettringite and also there is an improvement in the calcareous filters

which leads to the formation of calcium carbonate.
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Chapter 3

FAILURE MECHANISM IN CONCRETE

3.1 Foundation of Fracture Mechanics

Fracture mechanics seeks to identify and eliminate potential failures of engineering
materials that might erstwhile be catastrophic resulting in loss of lives and damage to
properties worth millions. According to Roylance (2001), this is a vital specialization
that is a branch of solid mechanics where the existence of a crack is assumed,
thereby finding quantitative relations for crack length, material resistance to crack

extension, and stress where propagation of crack cause catastrophic failure.

In atomic structure, properties are described by the interatomic energy that holds
them together, where at infinite separation; the interaction between two atoms is
small but increases as they move towards each other. This interaction is dependent
on the shape, bonding energy as well as potential energy curve. The process of
fracture starts with nucleation of crack at stress concentration points followed by
crack growth and coalescence of voids which results in failure of the material.
Fracture is a response to imposed stress that is static (constant or slowly changing) at
a temperature that are low relative to the melting temperature of the material. It can
either be ductile or brittle fracture. The former is characterized by substantial plastic
deformation in the surrounding of the advancing crack and proceeds at a relatively
slow phase as the crack propagate with high-energy absorption. The latter on the

other hand proceeds with little or no plastic deformation with low energy absorption
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and rapidly sometimes with catastrophic failure. It is noteworthy that crack
propagation once initiated will proceed even without an increase in the applied stress.
According to Broek (1986), fracture mechanics should answer the following
questions: what is the residual strength as a function of crack size? What size of
crack can be tolerated at the service load? How long does it take a crack to grow
from a specific initial size to the critical size for failure? What size of pre-existing
flaw can be permitted at the moment the structure starts its service life? How often

should the structure be inspected for cracks?

Prior to the adoption of “safe life” design criteria that requires a longer initialization
time for crack, the basic criteria used were:
i.  Tensile strength in brittle fracture
ii.  Tresca or Von Mises criteria when it comes to yielding and
iii. In the case of fatigue, impact and cyclic loading, toughness or energy

absorption was used (Erdogan, 2000).

In the 70s, a new design criterion was developed based on the ability to monitor
cracks initiation and propagation resulting from cyclic loading, corrosion and other
causes. This ensures that there is an extended growth life for a crack, which is larger

than the pre-determined service loads accrued.

The general assumption when it comes to fracture mechanics is that all materials
contain flaws inherent in them that become the nuclei. This was the basis of Griffith
paper of 1920 where he postulated the existence of flaws in a glass where stress is
concentrated at the crack tip, breaking the atomic bonds, which ultimately results in
splitting the body in two.
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Earlier on in 1913, Inglis has presented his approach based on perfectly elastic
material to determine the stress intensity at the edge of the crack using stress
concentration factor. As this factor approach an infinite stress in a very sharp crack,
stresses induced internally approaches infinity at the sharp crack-tip which was the
paradox of his theory because it is not realistic, as no material is capable of

sustaining an infinite stress.

On the other hand, Griffith proposal based on the global energy balance and modeled
based on the second law of thermodynamics that “cracks would initiate, propagate,
or continue when the energy decreases.” At the tip of the advancing crack, a non-
linear zone exist which concentrate stress creating new surfaces that increases the
surface energy but reducing the elastic energy. It is important to note that Griffith
experiment utilize glass sheet which does not account for plastic deformation ahead
of the advancing crack tip which causes a wide variation when the same experiment
is conducted on a steel specimen. This variation is due to the plastic zone, a small
portion ahead of the crack that yielding takes place. For a small-scale yielding
condition, the size of the plastic zone is much smaller than the length of the crack or
the body. Under this condition, much of the deformation is elastic, and the crack can
attain a steady-state crack. This elastic zone varies from material to material which
may range from few nanometers in silica to few millimeters in steel. The discovery
of fracture mechanics techniques or methods and subsequent validation lead to two
important specializations:
i.  Materials engineering

ii.  Structural analysis

30



(a) (b) (c)

Figure 3.1: Plastic Zone Size in Brittle, Elastic-plastic and Quasi-brittle Materials
(Karihaloo, 1995)

3.2 Application of Fracture Mechanics to Cementitious Composites

Application of fracture mechanics is necessitated due to failure of structures resulting
from cracking out of which some might occur with disastrous consequences.
However, the ultimate goal of fracture analysis is better understanding of crack
widths and dimensions; deformations as a result of service loads; to be able to
provide safety factors for ultimate loads as well as to have a better understanding of
response of post-failure during collapse. There are three failure modes that normally
occurs as a result of fracture, however, it is worthy of mention that most crack mode

in concrete is mode | fracture.
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Figure 3.2: Crack Failure Modes (Asmaro, 2013)

In a sharp crack or notch, the stress along the crack plane is of the form:

K

V2Ix

o= +Cy + Copvx + C3x + - (3.1)

Where Cy1, Cy, Cs, ... is dependent on loading and geometry, as—=X —0 near the crack
tip. K describes the intensity of the stress in the vicinity of the crack called the stress
intensity factor, which depends on the applied stress, and is a function of the
geometry of the structure and crack length:

K, = oFVIla (3.2)
‘o’ is the applied stress, ‘a’ the crack length, and ‘F’ depends on geometry
The subscript attached to the K represents the mode of crack, where there are three
basic modes represented in Figure 3.2. There are situations where two or more modes
occur simultaneously (mixed-mode fracture), and a useful relationship for this mode

is the one relating load and structural dimension:

P
= od f () (3.3)

Where P is the applied load, b panel thickness, and d panel width. f («) is given

K;

based on the span to depth ratio for a geometry of 4:
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where o is a/d the relative crack length. From the theory of LEFM, Kc otherwise
known as fracture toughness can be determined using three point bend test as:

Kic = \/E'_Gc (3.5)
Where E "’ is the elastic modulus, and G the critical energy release rate. However, the
application of LEFM is only limited to materials such as glass, ceramics etc. where

there is small plastic deformation.
3.3 Fracture Mechanics of Concrete

Concrete structural sections may be under the influence of tension, compression,
flexure or bending, or sometimes a combination of flexure and compression which
might lead to failure of the member ultimately. It is known that concrete is weak in
tension which is about 10 — 15 % of its compressive strength; in high-strength
concretes, the brittleness increases with an increase in compressive strength. Cracks,
flaws and voids present in the concrete coalesce under tension and eventually leads
to failure perpendicular to the axis of the specimen. In essence, cracks extends
perpendicular to the applied load, on the other hand, under compressive loading,
crack extends in the same plane as the applied load. Shah et al., (1995) have
attributed the lower value of tensile strength to strain localization compared to

tension.

The mechanism of crack propagation can be explained in terms of damage
mechanics or fracture mechanics based on the above. The former characterize the
linear portion of the stress — displacement diagram up to the point where distributed
cracks forms, while the latter explains the portion where strain localization begins to
manifest with macrocracks growth due to coalesces of those multiple
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microcrackings. This coalesce of cracks eventually leads to the failure of the member
by weakening or making it unsafe for use. It was on this basis that fracture
mechanics was developed which aid in materials selection and design so as to
minimize damage or fracture. Prior to that, stress-based failure criteria was utilized
which had the demerits of not accounting for larger cracks or flaws present in the

member.

The applicability of fracture mechanics involves thorough inspection to ascertain the
presence of cracks and their geometry so as to provide remedy or repair before its
causes catastrophic failure. It is known from the concept of fracture mechanics that
linear elastic fracture mechanics (LEFM) allows infinitely large stress at crack tip,
and since at a point plastic deformation has to develop ahead of the crack. As a result
of the existence of small scale yielding, the region ahead of the crack can be
characterized by stress intensity factor, hence the load carrying capacity can be found
by the fracture toughness (Kic) and crack size of the material and maximum applied

stress becomes less than tensile strength, f:.

RILEM TC 50-FMC outlined the following points as some of the reasons why the
principles guiding the application of fracture mechanics may not be completely
suited for concrete without modifications:

i.  The fracture process zone (FPZ) in concrete may be as much as 100 mm
when at maximum load, while in the conventional approach it is assumed
small relative to the structural size.

ii.  Inthe fracture zone of concrete, stresses decrease with an increase in the load,
which is not the case in the original theory, stresses increases or remain

constant with load increase.
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iii.  The fracture mechanics principles consider an already existing crack,
however in concrete, there is strong interest in how the crack is formed and

subsequently what happens afterwards.

These points enumerated makes it imperative to develop models that can analyze
those problems highlighted; Van Mier (2010), echoed that there is no precise
agreement as to the size of the FPZ, but in some cases, the size might be bigger than
characteristic length, lch of the structure. In rocks and ice, it thus becomes a global
parameter instead of local effect. The consequence is that if FPZ size equals or is
larger than |, then size-effects and boundary conditions effects will play a dominant

role.

In general, FPZ consumes a lot of energy supplied by the applied load, and as such,
crack can propagate steadily even before the peak load is reached. Therefore, it
results in a stable crack growth before the peak load. This will result in the avoidance
of catastrophic failure; the stress start reducing gradually when the peak load has

been attained producing a tension softening stress-strain relationship.
3.4 Crack-tip Plasticity and Crack Bridging Mechanism

The existence of an infinite stress in real life materials is nearly impossible, because
no material can sustain infinite stress without failure, however, a sharp crack could

be sustained, thus converting the infinite stress to a finite value of stress.
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Figure 3.3: Stress Distribution ahead of the Crack (Shah and Ahmad, 1994)

It is note worthy that in the vicinity of the crack-tip, a plastic zone exist where large
plastic deformation can take place. This is prevalent in metals (ductile materials)
where the sharp tip of the crack is blunted to small non-zero radius to convert the
infinite value to finite. In polymers, however, this phenomenon is called “crazing”
where a craze zone exist characterized by an elongated fibrous bridging structure.
This same phenomenon in brittle materials such as ceramics is depicted by the
existence of multiple microcrackings ahead of the cracks redistributing the high
stresses that elsewhile exist near the crack-tip sending these stresses farther away

making it possible to have a finite value (Dowling, 2013).
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Figure 3.4: Crack-tip Plasticity in Different Materials (Dowling, 2013)

In concrete, due to its heterogeneity, the inelastic zone ahead of the crack is what is
called fracture process zone (FPZ) characterized by a series of complicated
processes taking place. According to Mindess and Diamond (1982) this region is
very tortous and complicated, and results in complex crack process. It has been
reported (Shah et al., 1995) that some toughening mechanism are responsible for the
fracture processes in concrete resulting from the inherent flaws in the concrete
created from shrinkage cracks, air voids, and pores. Cracks in concrete when they
initiate will continue to propagate in a random fashion along the crack path and
decrease in density with an increase in length (Krstulovic-Opara, 1993). In essence,
cracks follow path of least resistance, and might be blunted when a void is
encountered, deflected when it comes in contact with an aggregate or even split and

branch in the process.
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Figure 3.5: Microcracking, Crack Propagation, Deflection, Tortousity of Crack Path
(Karihaloo, 1995)

Regarding deflection, when the aggregate particle is more stronger and presented an
obstacle in front of the crack, going round the aggregate shows that the matrix is
weaker. In crack branching, more energy is dissipated in order to form new branches.
These processes are some of the limitations that restrict the use of LEFM in concrete,

hence the FPZ, its size and processes that occur must be determined (Shah et al.,

1995).
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Figure 3.6: Toughening Mechanisms (Shah et al., 1995)
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In crack bridging, crack propagate and pass the aggregate particle inducing stresses
up to the point of rupture dissipating high energy due to friction between the
aggregate particle in the process. The crack continue to propagate between the
matrix-aggregate interface, and when the concrete reaches peak stress, strain
localization begins leading to bridging and branching of the crack. Concretes with
fiber addition have similar processes, however, the ability of the crack to close
properly depends on the width of the crack (with smaller cracks bridging quickly as a

consequence), and the fiber bridging capacity (Babafemi, 2015).
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Figure 3.7: Fracture Processes in Uniaxial Tension (L&fgren, 2005)
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Figure 3.8: Effect of Fibers on Fracture Processes in Uniaxial Tension (L&fgren,
2005)

The action of the fiber leads to a reduction in crack-tip stress intensity factor (Singh
et al., 2004). Fiber bridging capacity is influenced by factors such as orientation of
the fiber, fiber volume, aspect ratio, geometry, the interface strength and compaction

of the matrix (Babafemi, 2015).
3.5 Concrete Fracture Parameters

Fracture of quasi-brittle materials is a complex process and many basic phenomena is
still unclear (Shah et al., 1995). The presence of FPZ in concrete also creates a
conundrum, and that means the concept of fracture mechanics cannot be directly
applied in other to fully describe the failure mechanism in concrete. Other factors
include the tortuosity of the crack path, as well as the crack bridging and other

processes in the direction of the path.

In the fictitious crack model, the most important material parameters are the tensile

strength, f;, fracture energy, Gr, and crack separation, ¢ (w - separation
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displacement). The fracture energy is the energy absorbed per unit area of crack, and
is regarded as a material fracture parameter. Higher fracture energy means increased
resistance of material to crack formation and opening. It is calculated as the total
energy consumption divided by the cross-sectional area of the ligament over the
notch. However, Gr has come under severe criticism on using it as a sole parameter
to measure fracture toughness of a material because of the inclusion of the ligament
area which consists of the FPZ and elsewhere. On the other hand, if energy
absorption outside the FPZ is assumed to be purely elastic and considering energy
absorption to take place only in the FPZ, then it will be considered that stresses are
low in substantial part of the beam. In most cases, a deep notch is applied to keep the

bending moment low, resulting in a low value of peak load.

It is known that the tensile strength of concrete is less than one-tenth of its
compressive strength, and an increase in the former, results in an increase in the
brittleness of concrete, and in the cohesive crack model resistance to crack is
evaluated by tensile strength, fi. This lead to the concept of characteristic length lcn
defined by Hillerborg (1985) as proportional to the length of the FPZ at crack
growth, and is entirely dependent on the compressive strength of concrete. This
parameter is a material property:

EGy
len = 3 (3.6)

Where E is the elastic modulus of the concrete

Typical values of Iy ranges from 5 — 15 mm in hardened cement paste, 100 — 200
mm in mortar, 55 — 200 mm in normal concrete, and 2 — 20 m in steel fiber concrete
(Hillerborg, 1983). The heterogeneity of concrete increases the values of I, an

indication that the concrete becomes less brittle due to tortuosity of the crack path.
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The maximum size of the aggregate and roughness of the fracture surfaces are some
of the factors that influence Icn (Van Mier, 1997; Beygi et al., 2014).

3.5.1 Influence of Aggregate Size on Fracture Energy, Gr

The variation in values of Gr is due to coarse aggregate present in the mix, which
increases the tortuous path of the crack. It is known that crack prefers path of least
resistance when it propagates such as ITZ and other deficiencies that may exist in the
concrete. An increase in the size of the aggregate results in high energy absorption to
create a unit crack, hence the reason for the increase in Gr. Concretes with smaller
size aggregates are subjected to less stress compared to their counterparts with larger
size due to a considerably higher specific surface, and thus would have lower G and
less tortuous path (Rao and Prasad, 2002). There is a diminished likelihood of bond
stresses at the interface making bond failure less likely to occur. And in most
concrete with silica fume addition, the interface is very strong behaving similar to a
composite. This leads to an improvement in the ITZ and porosity of the concrete in
comparison with the larger sized aggregates. Transgranular type of fracture in coarse
aggregate has been reported to be the dominant effect in concrete with silica fume
addition with the interface becoming stronger (Tasdemir et al., 1996). It has been
opined by Hillerborg (1985) that an increase in maximum size of the aggregate from
8 — 20 mm results in an increase in Gr, and this has been backed by Bazant and Oh
(1983). Also, Zhou et al., (1995) stated that the increase is accompanied by increased
stiffness. This increase in Gg with respect to Dmax is with concrete strength (Giaccio
et al., 1993). In the opinion of Rao (2001), this increase in Gr with strength in HSC,
the total energy dissipated is utilized in either to overcome the surface force, or the

cohesive forces due toughening mechanisms mentioned earlier in the FPZ.
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In general, Gr, increases with maximum size of the coarse aggregates, concrete
strength, and deceases with an increase in f;.

3.5.2 Influence of Aggregate Size on Characteristic Length, lch

In the past, characterization of concrete resistance to crack propagation was done
using a single parameter which was not enough, since the brittleness of concrete
increases with compressive strength. Concrete brittleness which is the measure of the
concrete ductility is evaluated using characteristic length which is proportional to the
length of the FPZ. The higher the value of Iy, correspond to a higher ductility in the
concrete and higher resistance to cracking. With increased concrete strength, Ich have
been shown to decrease drastically, and HSC have presented values twice lower than
NSC (Giaccio et al., 1993). This decrease has been attributed to strengthening
mechanism of the interfacial bond by the cement paste-aggregate (Rao and Prasad,
2002). In concrete with silica fume addition, lch has been shown to decrease resulting
from the increased brittleness of the concrete, and cracks traverse the aggregates as
opposed meandering round the aggregate particle due to tortuosity (Tasdemir et al.,
1996). Zhou et al., (1995) also reported a decrease in the value of Ich resulting from

an increase in f. attributed to low w/b ratio.

The effect of aggregate size on the other hand results in an increase in the value of lch
with increase in the size of the aggregate due to weakening of the ITZ and
meandering of the crack path when large aggregate particles are encountered.
Petersson (1980) reported that Ich increases with maximum size of the aggregate. The
work of Giaccio et al., (1993) also agrees well with their findings. Tasdemir et al.,
(1996) reported that Gr and I.n depends strongly on the size of the aggregate
increasing with an increase in Dmax. It has also been linked to the roughness of

fracture surfaces resulting from large aggregate particles (Beygi et al., 2014).
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However, in HSC, this roughness is virtually non-existence and is smooth especially
in concrete with silica fume addition (Sabir et al., 1997).

3.5.3 Influence of Steel Fiber on Fracture Energy, Gr

Steel fiber-reinforced concrete has found a wide range of utilization especially in
structures subjected to impact where they serve to improve the toughness resistance
of these structures. It is also known that crack resistance increases with compressive
strength, however, in the event of fiber addition, resistance of concrete to crack
increases considerably (Gettu and Shah, 1994). This is because fibers bridge the gap
between adjacent microcracks which serves to delay the initiation of cracks and limit
the propagation, producing a small crack opening displacement. They control the
opening as well as the propagation of the cracks resulting in very high fracture
energy. It has been shown that the fracture energy increases with increasing tensile
strength of the fiber (Sahin and Koksal, 2011). According to Van Mier (1997), the
fracture energy of concrete increases due to one of the following: when mixture
becomes heterogeneous, due to fiber addition in the mixture, and when concrete
strength increases. The role played by fiber in concrete is to increase the energy
needed for fracture from crack arresting mechanism, fiber pull-out, and debonding
during the fracture process by forming a bridge that results in tortuous crack path
(Bayramov et al.,, 2004). However, the behavior of the fibers during the
aforementioned mechanisms depends on the volume fraction, aspect ratio of the
fiber, orientation and distribution. It is the opinion of Kazemi et al., (2017) that V¢
has a direct influence on the fracture energy, the higher the Vs, the more the number
of fibers will intersect the fracture plane requiring more crack energy. Also, Koksal
et al., (2013) concur, and added that the tensile strength of the fibers and matrix

strength are the two most significant factors which should be considered in the mix
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design. Values in excess of 22,027 N/m have been reported by Koksal et al., (2013);
Van Mier et al., (1996) reported that in reactive powder concretes with 3 mm long
fiber, fracture energy up to 20 — 40 kN/m have been obtained; Ono and Ohgishi
(1989) which was reported in Van Mier (1997), that at 3 % steel fiber addition,
fracture energy as much as 48,670 N/m have been obtained from four-point bending
test.

3.5.4 Influence of Steel Fiber on Characteristic Length, lch

It has been highlighted that Icn becomes higher in concretes that are more
heterogeneous decreasing the brittleness resulting in an increase in the ductility and
fracture energy, transforming the concrete from quasi-brittle to ductile. The addition
of fibers in concrete results in large values of lc, especially at higher V¢ (Bayramov et
al., 2004; Aydin, 2013; Kazemi et al., 2017). Fibers with high tensile strength have
also been found to produce high values of Icn compared with their counterparts with
low tensile strength (Sahin and Koksal, 2011).

3.5.5 Fracture Toughness, Kic

From the theory of fracture mechanics, the stress intensity factor K; depends on the
magnitude of the applied load, on the other hand, fracture toughness Kic is a material
parameter that when it is unstable rapid crack propagation occurs. In other to prevent
brittle failure, Kic is used in design (Shah, 1988). When K, < Kic, the material is
stable. In concrete however, aggregate particles are stronger than the ITZ, and crack
propagation proceeds in the ITZ or within the paste. When the matrix strength is
stronger than that of the aggregate, then the crack will propagate in a transgranular
fashion into the aggregate. This happens only when K; > Kic. The implication is that
resistance to crack growth increases with increase in compressive strength, and in

concrete with fiber addition, this increase is significant (Gettu and Shah, 1994). Kc
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increases with an increase in compressive strength (Zhou et al., 1995) which is
consistent with what has been reported by Shah (1988). However, the disadvantage is

that the concrete becomes more brittle, which can be overcome by fiber addition.
3.6 Microcracking and Crack Propagation Mechanism

Concrete is known to be a brittle material with very little plastic deformation, and
failure results from microscopic flaws in the concrete according to postulation by
Griffiths (1920) where the weakest flaw will be the source of the failure. These
defects and flaws only propagate and coalesce to form large cracks when there is
stress concentration in front of the advancing cracks that results in the FPZ. This is
what is obtained in a typical normal concrete, but in HSC where the microstructure is
dense and multiple individual microcracking exists, the cracking is not as extensive
as in the former. A number of reasons are responsible such as the matrix strength, the
presence of an obstruction such as aggregate which discontinues the process, steel
fiber that arrest the mechanism or even hcp (Gettu and Shah, 1994). If the load is
increased further, the crack meander ahead of the obstruction where the possibility of
branching is increased [Van Mier (1991); Mindess and Diamond (1982); Diamond

and Bentur, (1985)].

In a nutshell, the process zone in concrete is caused by microcracking, crack bridging
and separation due to frictional effects (Gettu and Shah, 1994). However, there have
been a lot of contradictory evidence on the existence of the process zone, but
holographic interferometry by some researchers (Miller et al., 1988; Castro-Montero
et al., 1990) concluded that strains behind the tip of the crack gradually decreases to
zero, and the energy dissipation near the crack faces is most significant. They went

on to define this zone as “the region where the experimentally determined strain-field
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deviates considerably from linear elastic fracture mechanics (LEFM)”. Also, in the
view of Gettu and Shah (1994), all shielding mechanisms can be lumped into a
conceptual FPZ that lies ahead of the traction-free zone of the crack or in the wake of
the ‘actual’ crack front. This zone can also include the toughening effects of other

inelastic mechanism such as the crack-deflection and crack-bowing.

Cracks in concrete follows path of least resistance, and subsequently, are
considerably tortuous with rough crack-faces. In mortar, the crack follows the
interfaces between the sand grains and the hardened cement paste, and when cement
paste consists of silica fume, the roughness on the crack — face is less (Mindess and
Diamond, 1982). Since the weakest phase in normal concrete is the aggregate-mortar
interface, cracks tends to avoid the aggregates and propagate through the interfaces
(Hsu et al., 1963). In silica fume concrete, the interfaces and the mortar are much
stronger, and therefore cracks are less tortuous and sometimes pass through the
gravel (Carrasquillo et al., 1981; Bentur and Mindess, 1986; VVan Mier, 1990). Also,
cracks propagate through coarse aggregates that are weaker than the mortar, as in
lightweight concrete (Faber and Evans, 1983; Bentur and Mindess, 1986). The
tortuosity of the crack gives rise to a higher R (crack extension) value due a larger

surface area.

The existence of microcrack or very fine cracks in concrete is known even prior to
loading, and this can be attributed to the mismatch between the properties of the
aggregate and cement paste, as well as shrinkage and thermal movement. In terms of
size that defines microcracks, there is no agreed upon size range for the definition of
microcrack. The most widely accepted one is that of the upper limit for microcrack

proposed by Slate and co-workers from Cornell University. Also, Jornet et al.,
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(1993) proposed an upper limit of 0.1 mm, which is the smallest size that can be
visible to the human eye. When load is increased up to 30 % of the ultimate, these
cracks begins to multiply in number, length and width. This increment is dependent
on the water-cement ratio (Neville, 1995). Beyond 60 % and between 70 % and 90
%, mortar cracks manifest and subsequently continuous cracks forms. There is a
slight variation in the stress level at which this last stage occurs in HSC compared
with normal concrete, where it is relatively delayed. The beginning of continuous
rapid crack propagation corresponds to discontinuity stress point. It should be noted
that the aggregate-cement paste boundary which is the weakest link in concrete and
the place where these microcracks or flaws are concentrated, at the same time, coarse

aggregate serves as crack arrestors.

In a notched flexural specimen, when the depth of the notch is small, there is the
possibility that the advancing crack may likely meet a considerable amount of coarse
aggregates responsible for the tortuous region during crack propagation. With silica
fume addition, the porosity of the concrete is greatly reduced, improving the ITZ and
homogeneity of the concrete. On the other hand, in normal concrete, crack path
follows a direction round the coarse aggregate while in the former; it passes through
the aggregate by breaking them due to improvement in the matrix strength (Sabir et

al., 1997).

According to Hsu (1963), the amount of internal tensile stresses that build up
depends on the spacing of the aggregate, and when this distance (aggregate —
aggregate radius) is less than 0.20, there is a build up at the aggregate-matrix
interface of tensile stresses. However, in most concrete, this value is between 0.05 —

0.20. this has been confirmed by photoelasticity, it is either the shortest distance
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between the adjoining aggregate otherwise referred to as tensile hoop stress or by
hydrostatic tension resulting from the midpoint of the widest clear distance between
aggregates [McCreath, (1968); Theocaris and Koufopoulos (1969)]. It has also been
shown that as the size of the maximum size of the aggregate decreases, the bond
strength increases, and a point would be reached where the paste and the bond

strengths would be equal (Alexander and Wardlaw, 1960).

The features of the crack initiation have been shown to follow the order (i) aggregate
cracks having an inclination angle to the applied stress of 45° (ii) large aggregates
with sides bond cracks (iii) the existence of air voids (iv) the exhibition of local

segregation by large aggregates (Moavenzadeh and Bremer, 1969).

Jones and Kaplan (1957) cited in Neville (1995, pp. 292) argued that there are valid
reasons to suggest that the mechanism responsible for initial cracks in uniaxial
compression and flexure are the same. This is because cubes that were pre-cracked
and tested in compression produced what they termed “local” breakdown of adhesion
between coarse aggregates and cement, the pre-cracking process was observed not to
be the immediate source of fracture. On one hand, flexural specimens pre-cracking
was the immediate cause of the fracture, leading them to conclude that the
mechanisms are the same.

3.7 Discontinuity Stress Region in Concrete

A comprehensive study into the gradual failure mechanism in concrete began with
Richart et al., (1928; 1929) when they noticed progressive increase in concrete
volume during uniaxial compression test around 75 - 85 % of the ultimate load, and

they called this point the “critical load.” In other to develop a failure theory, they
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made the assumption that this point signifies the onset of gradual disintegration

internally of smaller sections inside the concrete (Hsu, 1984). The work of Jones

(1952) reported ““crackling noises” at about 25 — 30 % during a fracture study by

sonic means at the ultimate load, this same occurrence was heard by L’Hermite

(1954) at 50 — 75 %. Five years later, Rusch (1959) and Sell (1959) observed that

same noises at 50 % but it became more pronounced at 75 %. What all these

researchers agreed upon is that modifications to the concrete takes place up to 75 %

of the ultimate load (Hsu, 1984). Years later, at Cornell University, a study by Hsu et

al., (1963) on a sliced cylindrical specimen loaded to specified strains revealed that:

Shrinkage cracks from carbonation, hydration, and drying, exist in the
concrete that forms into bond cracks prior to loading.

With increasing strains, these bond cracks increases in size, length and
width are insignificant at about 30 % of the load ultimate which translate to
the linear portion of the graph. However, as they begin the multiply and
coalesce above 30 % to around 70 % increasing the bond cracks probably
explain the observed curvature in the stress-strain diagram.

At 70 — 90 % of the ultimate load, mortar crack patterns multiply and the
shape of the stress-strain diagram distinctly changes and approaches parallel
to the x-axis. This sudden change explain three things observed that was
highlighted above:

a. This loading level corresponds with the critical load that was
reported by Richart et al., accompanied by the volume expansion of
concrete.

b. Italso concurs with the sustained strength and lastly;

c. The elevation of noises noticed by Rusch, Sell, and Jones.
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In summary, Hsu (1984) outlined this process with a single definition incorporating
what happened as climax of ‘quasi-clastic’ behavior, long and sustained strength,
point of continuous increase in Poisson’s ratio, and continuous propagation of mortar
cracks, calling it Discontinuity Stress a term coined by Newman (1968) which
characteristics was described. However, what has been extremely difficult is the
measurement of this stress. Attempts have been made by Robinson (1967) and Vile
(1968) using acoustic measurement. Shah and Chandra (1968) found that
microcracking increases with increase in the loading as well as the duration of cyclic
loading. A series of experiments using Biaxial loading was conducted at Cornell to
measure the discontinuity stress and the ultimate strength by Buyukozturk et al.,
(1971); Liu et al., (1972); Carino and Slate (1976); Tasuji et al., (1978) and it was
established that the discontinuity stress was 76 % of the ultimate load. In zones of a
combination of compression - tension or biaxial tension, the discontinuity point was
taken as where stress versus maximum tensile strain turn, showing a significant

departure from the straight line which was 63 %.

The work of Hsu (1984) conducted a fatigue strength test using the Wohler curve
(so-called f-N curve) in other to give a measurable definition to discontinuity stress,
and he found that mortar cracks forms continuous network at low - cycle, and the
fatigue strength is above the discontinuity stress. On the other hand, microcracks
develop into bond cracks in a slow gradual process in high-fatigue cycle where the
strength is below the discontinuity stress, and on this basis a definition of
discontinuity was derived based on fatigue cycles by what he called a measurable
“kink”. This “kink™ region is an intersection point of two planes which above and
below represents discontinuity stress in high (bond cracks) and low (mortar cracks)

cycle of fatigue stress.
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3.8 Models that Characterize Crack Propagation Mechanism

Compressive failure in concrete is largely due to crack propagation that might have
been caused by factors such as thermal and shrinkage cracking, segregation of the
mix constituents as well as inherent flaws existing in the concrete at the interface
(Shah et al., 95). It is well known that the strength of concrete in compression is
much better than that in tension, and in concrete prior to loading, flaws (interfacial
cracks and matrix voids) exists within, and upon sustained loading, interfacial cracks
give rise to a major crack. Mehta and Monteiro (2014) have attributed this
phenomenon to (i) the size of interfacial crack being much larger than matrix voids;
(ii) the weak nature of ITZ which results in weak fracture resistance. Shah et al.,
(1995) summarized the failure process in uniaxial compression of concrete as:

i. Initially, there is an increasing linear relationship between stress and strain,
and at approximately 30 % of peak stress, microflaws begin to open;

ii.  This is closely followed by a point which corresponds to about 50 % of the
peak stress were interfacial flaws manifest characterized by propagation of
bond cracks in different directions as a result of aggregate shape;

iii. At about 80 % of the peak stress, those bond cracks propagate, and coalesce
into the matrix as a single crack or multiple major cracks in the direction of
the applied compressive load (strain localization);

iv.  Those multiple major cracks developed earlier, might reach a critical length
as a result of strain localization and the failure of the specimen is accelerated.
At that point, the specimen might have reached its peak compressive stress,
and beyond this point, these major cracks continue to propagate even at
decreased load, and a strain softening type of branch is observed from this

point. Shah and Chandra (1968) opined that a loaded specimen continue to
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contract up to a point before strain localization, and beyond that point the
volume of the concrete increase. However, in HSC, as a result of interfacial
bond improvement, the interfacial bond might not be the source of crack

initiation (Shah et al., 1995).

Residual stress

£5 Peak strain

o 3 -—

Figure 3.9: Stress-Strain of a Prismatic Concrete under Uniaxial Compression (Ghou
etal., 2016)

Figure 3.9 is similar to what was described by Shah et al., (1995) were the ascending
portion OC can be analyzed using Damage Mechanics, while the descending portion
CF can only be analyzed using Fracture Mechanics due to nonlinear processes taking
place. Shah and Sankar (1987) monitored concrete cylinders in uniaxial compression
and presented a stress-axial displacement relationship. They reported that there is a
uniform lateral displacement with specimen height up to 80 % of the peak load,
however the deformation was observed to be faster, an indication of strain
localization. They also used petrographic techniques to observe longitudinal and
transverse crack patterns at each deformation level that the specimen was loaded.
Observations were that up to 83 % of the peak load cracking was basically bond type

between coase aggregate and mortar matrix and were uniformly distributed in both
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directions. These bond cracks coalesces when the applied stress was increased. At
postpeak, these cracks were extensive and uniform in both transverse and
longitudinal directions. The work of Shah and Chandra (1968) reported a substantial

increase in volume of the specimen beyond 80 % of the peak load.

A number of models have been proposed for the study of stress-strain microfracture
such as Shah and Winter (1966) on a single cylindrical circular aggregate model
simulating structural response of concrete under uniaxial compression. The basic
assumption was that aggregate and matrix were linear elastic materials, while
interfacial bond was assumed to have an elastic-plastic stress-strain relationship.
They reported that the bond between the matrix and aggregate was linear from the
beginning as a result of lower strength offered by the bond layer, until the yield stress
is reached at a certain load generating a yield zone (bond crack that propagates with
an increase in loading). Beyond the yield, the stress-strain relationship becomes
linear. It is widely accepted that non-linearity of the stress-strain curve is as a result
of bond cracking. Shah and Winter’s model was capable of predicting the stress level
at which bond cracking will start and the onset of matrix cracking. Buyukozturk et
al., (1971) improved on the Shah and Winter’s model incorporating nine cylindrical
aggregates placed in three rows, and finite element analysis conducted on the
different phases; results were used in the study of coalescence of isolated bond
cracks that initiates at aggregate interfaces after strain localization. Finite element
analysis reveals the initiation of cracks occur at a weak bond layer in the vicinity of
the various aggregates at 70 % of peak load, and these cracks propagate into the
matrix. Upon further increase in loading, the major cracks multiplied and eventually
the system fails at peak stress, and predicted crack patterns correlated well with

experimental observations as they reported.
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A study by van Mier (1986) on the effect of specimen height on the stress-strain
relationship indicated that for the three specimens used (L = 20 cm, 10 cm & 5 cm
respectively), the relation was almost the same until the peak stress where shorter
specimens showed a longer strain-softening curve compared to the long ones. Shah et
al., (1995) opined that there is the possibility that some bond cracks extending into
the matrix at the onset of strain localization, and that at the aggregate interface, some
isolated bond cracks might coalesces into one or few major cracks. The validity of
the model is up to about 80 % of the peak stress, the onset of strain localization since

matrix cracking plays an important role after strain localization.

It has been reported by Ozturan and Cecen (1997), that in concrete with low w/c ratio
and a compressive strength in excess of 40 MPa, the interfacial bond is comparable
to that of coarse aggregate strength, and its full potential can be exploited thereby
improving the strength of the concrete. They reported a higher tensile and flexural
strengths in NSC incorporating limestone aggregate which was attributed to iterfacial
bonding due to surface characteristics of the coarse aggregates, improvement in ITZ
quality, and mortar strength. In their opinion, appropriate amount of silica fume and
a reduced wi/c ratio will have a significant influence on concrete tensile strength. A
30 % increase in splitting and flexural strengths were obtained when a cement of
higher strength category was utilized in their mix design at the same time keeping
other factors constant, leading to the conclusion that tensile strength is influenced by
mortar strength in HSC as opposed to compressive strength that is influenced by

coarse aggregate surface characteristics and strength.

Wu et al., (2001) investigated the effect of coarse aggregate type on properties of

high-performance concrete which was centered on compressive strength, splitting
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strength, fracture energy, characteristic length and elastic modulus. It is known that
the quality of concrete relies heavily on the properties of the mortar (quality), but
with the advent of high-performance concretes, attention has now been focused on
the contribution of the aggregate (de Larrard and Belloc, 1997). This can be
attributed to the limited amount of water in high strengths and high-performance
concretes which improves the quality of the mortar. This makes bond strength similar
to strength of the aggregate particles, on the other hand, increasing the brittleness of
the concrete. Results of fracture energy of concretes indicates an increase with an
increasing fracture energy of the aggregates. As highlighted above, low w/c ratio
results in matrix quality in high-strength concretes as well as better monolithic
concrete behavior, as such fracture in this case propagates through the coarse
aggregate particles in contrast to how it occurs in normal-strength concrete. Thus,
highlighting the effect of how influencial the fracture energy of aggregates on
fracture energy of concrete. With regards to the characteristic length, Ich, the same
effect was observed as that of the fracture energy with an increasing brittleness of

the concrete with increasing strength.

Akgaoglu et al., (2004) investigated the effect of a single coarse aggregate model on
the matrix quality of ITZ under uniaxial compression on mortars at two different
water-cement ratios. They utilized single spherical steel aggregates of different sizes,
and it was observed that the effect of aggregate smooth surface, and large variations
between aggregate and matrix moduli had a significant effect on the properties of the
ITZ. With increase aggregate size and improved matrix quality, ITZ becomes more
critical. Similarly, Akgaoglu et al., (2005) reported similar findings on microcracking

behavior through SEM analysis.
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3.9 Influence of Loading History on Residual Tensile Strength

Tensile strength and resistance to fracture can be decreased substantially under the
influence of transverse compression, this is because when compressive load is
applied distributed cracks run parallel to the direction of the loads (Gettu et al.,
1992). The direction of the cracks propagation is important because it determines the
fate of the process. According to Van Mier (1985) orientation is significant in
concrete under multi-axial loading. In Shah and Sankar (1987), microcracks tends to
have a bias towards compression, and are oriented at about 10° with the direction of

loading prior to peak.

These cracks that form as a result of the application of pre-compression results in the
decrease in tensile strength until a critical stage is these cracks localize resulting in
rapid propagation. This damage that results have been quantified and significant

losses have been reported depending on the type of concrete.

Tinic and Bruhwiler (1985) reported a 10 — 15 % loss in tensile strength from the
application of compressive stress in normal strength concrete. Liniers (1987)
observed that transverse loading is more damaging to tensile strength with losses of
up to 40 % for NSC increasing with the amgnitude and duration of applied pre-
compression. In HSC, Gettu et al., (1992) reported this loss to be around 25 %;
Oliveira (1992) tested 100 mm cubes and cylinders with pre-compression from 0.25
fc — 0.85fc and found that tensile strength reduces significantly with pre-compression
up to 25 %. Lower losses were recorded in HSC due to less flaws inherent in the
material. In Akcaoglu (2003), it is reported that microcracking is accompanied by an

appreciable loss of tensile resistance in the direction normal to the microcracks.
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Extend of damage was highest in low strength concrete and lowest in HSC at all

compressive stress levels applied.

This study is predicated on the desire to apply this technique in concrete with steel
fiber addition, and understanding the mechanism of microcrack growth subject to
loading history in HPC . This will serve to enable accurate prediction of failure
behavior of concrete, and enhancing structural performance by combining steel fiber

of different aspect ratio in concrete to monitor damage process.
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Chapter 4

METHODOLOGY

4.1 Materials

In this section, explanation is presented on the type of materials that were utilized,
the methods employed, and an attempt has been made to explanation reasons why
those materials and methods were used.

4.1.1 Cement and Silica Fume

Blast-furnace Slag Cement CEM II/B-S 42.5 N that conforms with ASTM C 595
having a specific gravity of 3.15 and silica fume with 82 % SiO> content was utilized

at 10 % of the cement content.

Literature has shown that HPC class | (50 MPa), Il (75 MPa) and Ill (100 MPa) can
all be produced with Portland cement, slag, fly ash and silica fume combination.
However, for class IV (125 MPa) and V (150 MPa), until now it has been shown that
silica fume is a must (Aitcin, 1998). The use of silica fume comes at a considerable
cost because it is 5 — 10 times that of Portland cement; therefore, it has to be really

justified before its application especially from an economics point of view.

The dosage of silica fume in other to correct all future lime liberated hydration of
CsS and C»S shall be within 25 — 30 % which is in turn might require a high dosage
of superplasticizer. However, in HPC 3 — 10 % has been successfully applied. It has

been found that in class | HPC, dosage between 5 — 10 % give a significant strength
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gain, but beyond that dosage strength increase is minimal. Aitcin suggested a range

of 8 — 10 % by mass of cement in HPC.

Table 4.1: Chemical Analysis

Property Cement (%) Silica Fume (%)
SiO2 18.72 82.20
Al203 4.04 0.50
Fe203 2.56 0.42
CaO 60.44 1.55
MgO 2.00 0.00
SO3 2.24 3.03
*Loss on ignition 10.88 5.66
**Insoluble residue 0.10 -
Fineness (m?/kg) 4,007 29,000
Specific gravity (g/cm?®) 3.15 2.2

45 pm residue 5.24 -
Consistency 0.26 -
Initial setting time (minutes) 163 -

Final setting time (minutes) 294 -

28 days fc (MPa) 41 -

*This shows the extent of carbonation and hydration of free lime and free magnesia due to exposure to
atmosphere. BS 12:1991 & ASTM C150-94 allow 3 % while 4 % is allowed for cements in the
tropics.

**This is a measure of adulteration of cement arising from impurities from gypsum. BS 12:1991
limits to 1.5 % while ENV 197-1:1992 that allows 5 % content of filler limits to 5 % of the mass of
cement exclusive of the filler.

4.1.2 Water and Superplasticizer

High range water reducer GLENIUM 27 was utilized conforming to ASTM C 494
ether brown in color with a density of 1,023 — 1,063 kg/It, color content < 0.1 % and
alkali content < 3 %. Tap water was utilized which conform to BS EN 1008-02

specification.
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4.1.3 Aggregates

4.1.3.1 Fine Aggregates

The use of coarse sand with a fineness modulus of 2.7 — 3.0 has been recommended
based on:

i.  High-strength mixtures are rich in fine particles because of their high cement
or cementitious content, so it is not necessary to use fine sand from the
workability and segregation point of view.

ii.  Italso results in a slight decrease in the amount of mixing water necessary for
a given workability, which is advantageous from a strength and economic
point of view.

iii.  The use of coarse sand results in an easier shearing of cement paste during

mixing.

However, the general rule is that it should be clean and free from clay and silt, in this
study fineness modulus of 3.22 was used.

4.1.3.2 Crushed Stone or Gravel

The significance of this section becomes paramount as the compressive strength of
HPC increases; selection process to ensure that the aggregates are strong and can
withstand premature failure when used in high-strength concrete.

4.1.3.3 Choice of Maximum Size of Aggregates

This is necessitated by the fact that when it increases, the 1TZ becomes more
heterogeneous and larger, and smaller aggregates are mostly stronger than larger
ones as in most rocks with the elimination of internal defects. In most cases, size
ranges from 10 — 12 mm is the best and safe choice for maximum size of aggregates
(Aitcin, 1998). In general, aggregates used were crushed limestone rock conforming

to the specification of ASTM C 33. Sieve analysis was conducted in accordance with
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ASTM C 136, and the result presented Table 4.2 for coarse and fine aggregates,
which was depicted graphically with the specified grading limits based on ASTM C

33 in Figure 4.1.

Table 4.2: Particle Size Distribution of Fine and Coarse Aggregates

Sieve Sizes (mm) Percentage Passing Coarse  Percentage Passing Fine
Aggregate Aggregate

12.5 100 -

9.5 100 -
4.75 9.4 100
2.36 0.2 82
1.18 0.2 48

0.6 - 29

0.3 - 17
0.15 - 7
0.075 - 3
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Figure 4.1: Particle Size Distribution of Aggregates
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In Table 4.3, physical properties of aggregates are presented for the crushed
limestone rock used. Strength property was measured by evaluating the aggregate
crushing value (ACV) where the result is less than 35 %. If it has been greater, it
would have been an indication of a weak aggregate. Toughness was measured with
aggregate impact value (AIV) which is less than 30 %, when it is greater, it is an

indication of weakness of the aggregate.

Table 4.3: Physical Properties of Aggregates

Test Standard Fine Aggregates Coarse Aggregates
Relative Density ASTM C 127 & 2.68 2.65
(SSD) 128
Absorption (%) “ 3.0 0.7
Bulk Density ASTM C 29 2083 1203
(kg/m?®)
Void Content (%) “ 25 50
Dust - 75um (%) ASTM C 117 3 -
Crushing Value (%) BS EN 1097 - 22
Impact Value (%) “ - 7.9

4.1.4 Steel Fiber

Hooked-end steel fibers based on the specification of ASTM A820 with two aspect
ratios (60 and 75) were used with a length of 30 mm and 60 mm; diameter of 0.50
mm and 0.80 mm; tensile strength of 1,250 MPa and 1,100 MPa for aspect ratio 60
and 75 respectively. Quantity of steel fiber based on the percentage addition is

presented in Table 4.4.
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Table 4.4: Volume and Amount of Steel Fibers

S/No Fiber Volume (%) Quantity (kg/m?)
1 0.50 39.25
2 0.75 58.88
3 1.00 78.50
4 1.25 98.13
5 1.50 117.75
6 1.75 137.38
7 2.00 157.01

Figure 4.2: Steel Fiber Aspect Ratio Utilized

4.2 Proportioning, Mixing Operation and Casting

In this study, the materials selected were proportioned as seen in Table 4.5, and
mixing was done using a pan mixer with a capacity of 150 liters as prescribed for
steel fiber in ACI 544.1R with fiber additions at 0, 0.50, 0.75, 1.00, 1.25, 1.50, 1.75,
and 2.00 % by volume. The fibers stacked in a fibrillated bundle of water soluble
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glue placed last by distribution in small amount to avoid balling. Immediately upon
contact with moisture they were dispersed but the mixing time was relatively longer
for high volume percentages. To ensure good fiber dispersion, visual inspection was
consistently maintained during this stage to ensure adequate dispersing fibers. Fresh
concrete mixes were casted in plastic molds and compacted with a 50 Hz frequency
(3,000 rpm) vibrating table. They were subsequently covered and placed in the
curing room based on the specifications of ASTM C192 and were stripped and

placed in the curing tank 24 hours later until testing age.

Table 4.5: Mix Design Utilized

Material Cement  Water Coarse Fine Silica HRWR
42 .5 (Dmax 10mm) (Dmax 5mm) Fume
N(Slag)
Quantity 470 165 1050 700 47 14
(kg/m®)
4.3 Methods

4.3.1 Fresh Concrete Properties

VeBe time test was conducted in accordance with BS EN 12350 — 3 and Compacting
factor to BS EN 12350 — 4. Slump determination and unit weight of concrete were
done to ASTM C143 and ASTM C 138 respectively. These tests were selected
because they best describe the behavior of the produced concrete at the fresh state as
Vs begins to increase. This is because initial tests (flow and flow table) selected have
failed in that regards.

4.3.2 Hardened Concrete Properties

4.3.2.1 Strength Determination Tests

Concrete compressive strength was tested at age of 28 days in accordance with

ASTM C39 using 150 x 300 mm cylinders at a loading rate of 0.5 MPa/s at the
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beginning, as well as splitting tensile strength using the same dimension based on
ASTM C496. However, during the splitting test with cylindrical specimens it was
observed that at lower V¢ in both aspect ratios, the results were less than 2 MPa in
concrete with fiber addition. In comparison to the prismatic specimens when tested
based on BS EN 12390 — 3 with 150 mm cubic prisms with a loading rate of 0.5
MPa/s on a 3,000 kN capacity machine for compressive strength and splitting tensile
strength of concrete to BS EN 12390 — 6 with same dimension with a loading rate of
0.4 kN/s. In light of the above, a conscious decision was made to switch from ASTM
cylindrical specimens to BS EN test based on prismatic specimens. This will have a
significant effect in the outcome of the results because in cylindrical specimens’ steel
fibers align themselves during casting in vertical direction, while in prismatic

specimens’ fibers align themselves horizontally during vibration.

Flexural strength was determined from notched beams of constant depth of 50 mm,
span of the beam was 500 mm, height and width of 100 mm; loading rate used was
0.07 mm/min with a closed loop servo-controlled device 200 kN capacity flexural
testing machine. The following formula was used to evaluate the flexural strength:

3Pmax S

Flexural Strength f(notched) = 2b(h — a)2

(4.1)

Where Pmax is the ultimate load, S, b, h and a are the span, thickness, height, and
notch depth respectively. Strength effectiveness for the compressive, splitting tensile

and flexural strengths were determined based on the following formula:

HPC with Fiber Sample — Reference Sample

Strength Ef fectiveness, fe = X 100% (4.2)

Reference Sample
4.3.2.2 Elastic Modulus Test
The modulus of elasticity was determined based on the specification of ASTM C469

Chord Modulus method using 150 mm x 300 mm cylinders after 28 days of moist
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curing. The specimens were loaded up to 40 % of the ultimate load at 0.3 MPa/s, and

the modulus calculated from:

E, =2 & 4.3
¢ & —0.000050 (4:3)

Where:

Ec = Chord modulus of elasticity (MPa)

o2 = Stress (MPa) corresponding to 40 % of ultimate load

o1 = Stress (MPa) corresponding to a longitudinal strain of 0.00005

€1 = Longitudinal strain produced by stress o2

4.3.2.3 Load-Deflection Relationship

The load — deflection relationship was determined from three-point bending test on a
series of notched beams specimens using two linear variable differential transducers
(LVDT) attached to a yoke to measure the average vertical displacement of the beam
at the point of fracture. A closed loop servo-controlled device 200 kKN capacity
flexural testing machine with a loading rate of 0.07 mm/min was used; beam
dimension is as given in Section 4.3.2.1. A 50 mm notch depth was kept constant
throughout the test to keep the maximum bending moment low for the test based on
RILEM TC 50 — FMC recommendation. The size of the beam depends on the
maximum size of aggregate (10 mm) and sawing of the notch was done under wet

condition a day before the test.

ol s

Ll

L
Figure 4.3: Notched Three-Point Bend Test Specimen (Wu et al., 2001)
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4.3.2.4 Concrete Fracture Parameters Determination
Fracture parameters were determined using Eqn. 4.4 — 4.8 from Figure 4.3 where the
area under the curve (W) for the load — deformation diagram was determined using

trapezoidal rule in excel spread sheet:

(YO+Y1) (Y1+Y2)

AUC (W,) = I[——% (X1 = X0) + —=% (X2 = X1) + -] (4.4)
The process is continued till the last data point where the summation is taken, and the
fracture energy determined from:

G = 202 (45)

Where:
W, = area under load vs deflection curve (N/m)
mg = selfweight between supports of specimen(mass in kg and g = 9.8 m/s?)
do = maximum displacement (m), in this case 1.5 mm (0.0015 m)
Alig = fracture area [d(b-a)] (m?)

b & d = height and width of the beam.

It is assumed that energy absorption takes place only in the fracture zone, this implies
that all deformations outside this zone are pure elastic and might be true if stresses
are low in the major part of the beam. The basic assumption of RILEM TC-50 is that
all the energy expanded to create a crack of unit area goes to crack intiation and
propagation; and specific fracture energy is found to vary with specimen dimension.
The characteristic length which is an indication of the brittleness of the concrete
defined as:

EGy
len (M) = —-
ch f‘tz

Where f is the tensile strength (MPa),

(4.6)

Critical stress intensity factor Kic:
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_ 3PS V(ra,) F(x)

= TN E MPavm (4.7)

1.99— x(1-)(2.15-3.93x +2.7?) S

VT (1+200) (1-)3/2 forz=3 (4.8)

F(x) =

Where o= a, /d

4.3.25 Residual Tensile Strength and Tensile Strength Loss (TSL)

Measurement

Initially, the determination of ultimate compressive strength, stress-strain diagram

(under deformation control), and splitting tensile strength were all using cylindrical

specimens mentioned in Section 4.3.2.1. However, the following problems arose:

During the stress-strain test under deformation control, the universal testing
machine could not fully plot the diagram because of the duration of the test.
The hydraulically operated machine became hot and automatically shut down
midway into the test, making the specimen unusable in the process. This
persisted from a loading rate of 0.03 mm/min — 0.08 mm/min, and it became
apparent that the stiffness of the machine is not enough to conduct the test
under deformation control. This necessitated switching to load control which
has the possibility of explosive failure and the softening branch could not be
obtained.

Secondly, during splitting tensile test with cylindrical specimens, at lower Vs
the test results were mostly below 2 MPa until at percentage of 1.5 % when
the results will pick up. However, when prismatic specimens were tested, the
results were a bit better.

Third, explosive failure of the specimens despite the presence of fibers under

load control test. In other to minimize damage to the machine and LVDT’s
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utilized, we switched to load — time diagram, and we made used of the load to

determine the stresses.

These reasons resulted in changing the testing procedure and specimen dimension,
and as such, concrete compressive strength was determined at 28 days for an average
of four cubes, and Load - Time diagram plotted to determine the linearity end-point.
The results were used to estimate the corresponding compressive strength at the point
where linearity deviated, two points before that and another point post linearity for
each of the V¢ levels from 0.50 % - 2.00 %. These corresponding values of
compressive strength were used to load the specimens in each case as presented in
Table 4.6 were at least four specimens were loaded to these points at the same

loading rate used previously.
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Table 4.6: Four Stress Levels Chosen as Percentage of Ultimate Compressive
Strength

Per cent of Compressive Strength Aspect Ratio 60

Fiber 15t Stress 2" Stress 39 Stress 4™ Stress Tensile
Volume Level Level Level Level Strength
(%) (MPa)
0.00 40 60 70 75 4.98
0.50 75 85 89 95 5.74
0.75 70 80 86 95 5.82
1.00 70 80 90 96 6.19
1.25 70 80 89 95 6.78
1.50 70 80 87 95 7.94
1.75 70 80 91 95 8.77
2.00 70 75 85 95 8.93
Per cent of Compressive Strength Aspect Ratio 75
Fiber 15t Stress 2" Stress 3 Stress 4™ Stress Tensile
Volume Level Level Level Level Strength
(%) (MPa)
0.00 40 60 70 75 4.98
0.50 70 80 88 95 3.30
0.75 70 80 85 93 4.30
1.00 70 80 88 95 4.80
1.25 70 80 90 95 5.30
1.50 70 80 85 93 7.00
1.75 70 80 90 95 10.10
2.00 70 80 87 95 11.80

Loading was applied perpendicular to the casting direction, and subsequently,
splitting tensile strength was conducted on each of the four specimens loaded earlier
at different compressive strength levels until failure of the specimens and the results
recorded. Both tests were conducted using a 3,000 kN capacity closed loop servo-
controlled universal testing machine. A total of 64 number cubic specimens were

casted for determining the loading levels for the two aspect ratios (60 and 75), while
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390 cubic specimens were casted for the determination of residual tensile strength.

Tensile strength loss (TSL) was determined using the following formula:

TSL (%) = (%) « 100 (4.9)

Where fi is tensile strength (MPa) from splitting test, and fir the tensile strength after
compressive loading (MPa).

4.3.2.6 Microscopic Examination and Crack Definition

Immediately after loading the specimens and splitting tensile test conducted on the
specimens. Microscopic examination was thereafter conducted on the split
specimens, and in the case of concrete with fiber addition, the loaded specimens were
split open using a 3 mm thick power saw under wet condition. A 150x (40.97
pixel/micrometer) magnification optical stereomicroscope with a maximum field of
view of 23 mm attached with a 10 megapixel USB digital camera was used for this
purpose. Most critical section was then selected (Figure 4.5) for critical crack width

measurement at linearity-end point.
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Figure4.4: Optical Stereomicroscope used in this Study

Casting Dhrechon

'c:[md.iﬂg Direchion

=

Figure 4.5: Depiction of the Casting and Loading Direction and Pattern on the
Specimen
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Chapter 5

RESULTS AND DISCUSSION

5.1 Introduction

In the following sections, results and discussion pertaining to workability, strength,
load — deformation relationship, fracture and microcracking mechanism in high-

performance concrete with steel fiber addition is presented.

5.2 Effect of Proportion and Aspect Ratio of Fibers on Fresh

Concrete Properties

5.2.1 VeBe Time

This test intended for concrete that cannot be properly evaluated using the slump test,
and it is known to be sensitive to change in consistency, compactability, and
mobility. It was conducted for the two aspect ratios under consideration, and the
result presented in Table 5.1. It can be seen that the addition of steel fiber in the mix
resulted in an increase in the VeBe time for all mixes. Aspect ratios 60 seem to have
a higher workability than 75. The minimum values for VeBe time with fiber addition
were 6.58 and 7.50 seconds, while the maximum values were 39.62 and 44.64
seconds respectively. In Figure 5.1 VeBe time values were plotted against Vr and it
was apparent that VeBe time increases exponentially with fiber length due to

interparticle friction.
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Table 5.1: Workability Test Results

Aspect Fiber FRI VeBe Compacting Density,
Ratio Volume Time, (s) Slump, Factor (kg/m?3)
(%) (mm)

0.00 - 4.70 150 0.90 2406

0.50 30 6.58 130 0.89 2508

60 0.75 45 9.71 110 0.85 2514

1.00 60 12.18 100 0.88 2511

1.25 75 14.07 80 0.84 2504

1.50 90 19.54 70 0.81 2550

1.75 105 33.45 60 0.75 2534

2.00 120 39.62 40 0.71 2581

0.50 37.5 7.50 95 0.88 2539

75 0.75 56.25 9.85 90 0.89 2546

1.00 75 11.45 85 0.87 2569

1.25 93.75  16.43 60 0.78 2582

1.50 1125  25.85 40 0.77 2573

1.75 131.3  32.73 20 0.69 2599

2.00 150 44.64 15 0.70 2565

FRI = fiber reinforcement index (L/d * V¥)
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Figure 5.1: Relationships between Fiber Volume and VeBe Time

5.2.2 Slump

This widely applicable test was conducted and results presented in Table 5.1. In
normal range concrete mixes, values of compacting factor are between 0.80 — 0.92,
and BS 1881: Part 103 view this test unsuitable for values less than 0.70 and above
0.98. It is evident from the results that slump decreases with an increase in Vrand
aspect ratio. This decrement is due to the shape of the hooked-end fiber and its
surface area. In this study, except in aspect ratio 75 volume fraction of 1.75 % that
was 0.69, the test proved to be efficient or useful. A plot of slump versus Vs depicted
in Figure 5.2 indicates a reduction in the flow as the Vs increases. This is due to a
decrease in the flowability as Vs increase resulting in a stiffer mix. In Figure 5.3 —
5.4, correlation between yield stress, VeBe time and slump is presented showing an

inverse relationship between yield stress and slump as well as VeBe time with slump.
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Yield stress which is the magnitude or limit before the onset of the flow defined in

Eqgn. 5.1 developed by [Hu et al., (1996)] has been used to estimate the values.

180 - y¥=-55138x+152.81
R*=0.9923

y=-52381x+
R*=0.9376

ﬂ | | | I I
0 0.5 1 15 Z 2.5

Fiber Volume (%)

# Aspect Retio 60 M Aspect Ratin 75

Figure 5.2: Relationships between Fiber Volume and Slump

P
To = ===~

= 75 (300 - 5) (5.1)

Where:

7,= Yyield stress in Pa; s = slump in mm; p = density in kg/m3
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Figure 5.4: Relationships between VeBe Time and Slump

5.2.3 Compacting Factor
This is essentially a density ratio between a partially compacted to fully compacted
concrete measuring the degree of compactibility of concrete. It is affected by
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entrapped air, shape and surface texture of the aggregates. In this study, compacting
factor test was conducted and results shown in Table 5.1, Figure 5.5. The maximum
compacting factor value was 0.90 and the minimum was 0.69. Here, the value of the
compacting factor decreases with aspect ratio and V¢, due to reduced interparticle
friction, and mobility of the concrete as was found in slump test results. Results
showed that development of cohesive forces increases shear stresses changing the
concrete mix condition from a flowable to stiff. According to Ritchie (1962), a good
measure of workability correlation can be obtained by combining VeBe test and
compacting factor. This type of correlation is presented in Figure 5.6 — 5.7, showing
a good correlation for the combination. However, it can also be seen that the
influence of fiber length is clearly visible (aspect ratio 75) where despite the higher
coefficient of determination; the lower value of the compacting factor is still evident,

moving towards very low workability mixture of less than 0.7.

R* =0.8343

Compacting Factor
=
oo
L (-]

=)
|
|

U.ES 1 1 1 1
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Fiber Volume (%)

# fAspect Retio 60 M Aspect Ratio 75

Figure 5.5: Correlations between Compacting Factor and Fiber Volume
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5.2.4 Unit Weight

In high-performance concretes, it is expected that the unit weight would be higher
than that of normal concrete due to very low water-cement ratio and higher cement
content. The unit weight difference between normal and high-performance concretes
could be as much as 100 kg/m® as was observed by (Aitcin 1998). This is an
indication of the important role proportioning plays and the increased amount of fine
aggregate content. Unit weight test results of this study shown in Figure 5.8 indicated
that trend, and values are in the range of 2505 kg/m?® — 2599 kg/m? for concretes with

fiber addition, while the reference sample was 2406 kg/m®.
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Figure 5.8: Effect of Unit Weight on Fiber VVolume

5.2.5 Regression Analysis

The most widely used regression models are of the form in Egns. 5.2 — 5.4,

y=a+bx (5.2)
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y =a+ bx + cx? (5.3)
y =a+ bx + cx? + dx3 (5.4)

Where a, b, ¢, and d represents regression coefficients and x is an explanatory item or
the independent variable. This study holds FRI as the independent variable, and
VeBe Time, Slump, Compacting Factor and Unit Weight, as the dependent variables.
For every FRI (independent variable) increment presented in Table 5.2, there is a
corresponding change in the dependent variables. It became apparent that an increase
in FRI resulted in an increase in the VeBe time, however, a decrease in both Slump
and Compacting Factor values was also observed. This could be possible due to the
harshness of the mixture resulting from fiber addition which makes it difficult for

interaction among the mixture’s constituents.

Table 5.2: Modelling of each Response

Responses  Aspect Coefficients R? Standard

Ratio a b c d error of

L/d estimate
VeBe Time 60 6.85 -0.0206  0.00062 0.000016 97.6 2.74

75 11.34 -0.2007  0.002813 - 99.6 1.09
Slump 60 185.70 -2.3700 0.01958 - 99.4 3.45

0.000082

75 30.00 3.129 -0.04368 0.000147 99.4 3.54
Compacting 60 0.8807  0.000225 - - 95.4 0.02
Factor 0.000004  0.000000

75 0.98 -0.0020 - - 90.4 0.03
Unit 60 2328.00 10.6200 - 0.000945 78.4 25.59
Weight 0.183800

75 2551.00 -1.1950 0.027930 83.0 11.90

0.000128
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Table 5.3: Fitted Model Equation for VeBe Time

Fiber . VeBe
g‘:ﬁgﬂ Volume, FRI Tir;/:Bse(E) VeBe(l'DI')lme, S Time, s
(%) : (P/E)
0.00 0 4.70 0.00 0.00
60 0.50 30 6.58 7.23 1.10
0.75 45 9.71 8.64 0.89
1.00 60 12.18 11.31 0.93
1.25 75 14.07 15.55 1.11
1.50 90 19.54 21.69 1.11
1.75 105 33.45 30.05 0.90
2.00 120 39.62 40.96 1.04
75 0.50 37.5 7.50 7.77 1.04
0.75 56.25 9.85 8.96 0.91
1.00 75 11.45 12.12 1.06
1.25 93.75 16.43 17.25 1.05
1.50 112.5 25.85 24.37 0.95
1.75 131.25 32.73 33.46 1.03
2.00 150 44.64 44.53 1.00

E = Experimental Results (Laboratory); P = Predicted Results from Table 5.2

Observed VeBe Time (s)

[
o

25
20
15

y =0.934x + 1.6693

R?=0.9676

y =0.9304x + 2.007

4

R%=0.9806

20
Predicted VeBe Time (s)

30

40

@ Aspect Ratio 60 [ Aspect Ratio

50

Figure 5.9: Observed versus Predicted Values for VeBe Time
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Table 5.4: Fitted Model Equation for Slump

Aspect Fiber R Slump, Slump, mm  Slump, mm
Ratio Volume, % mm (P) (P/E)
0.00 0 150 0 0
60 0.50 30 130 130 1.01
0.75 45 110 111 1.02
1.00 60 100 96 0.97
1.25 75 80 84 1.05
1.50 90 70 71 1.02
1.75 105 60 58 0.97
2.00 120 40 42 1.04
75 0.50 37.5 95 94 0.99
0.75 56.25 90 94 1.05
1.00 75 85 81 0.96
1.25 93.75 60 61 1.01
1.50 112.5 40 39 0.97
1.75 131.25 20 21 1.03
2.00 150 15 13 0.85
140 -
120 -
g 100 y = 0.9835x + 1.5185
o R? = 0.9944
S 80 -
(%]
g 60 -
g 40 -
o]
© 20 -
0 ; ; ; ; ; ; .
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Figure 5.10: Observed versus Predicted Values for Slump
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Table 5.5: Fitted Model Equation for Compacting Factor

Aspect VE:Brer:e R Compacting Compacting Compacting
Ratio (%) ' Factor (E) Factor (P)  Factor (P/E)
0.00 0 0.90 0.00 0.00
60 0.50 30 0.89 0.89 1.00
0.75 45 0.85 0.89 1.04
1.00 60 0.88 0.88 1.00
1.25 75 0.84 0.88 1.05
1.50 90 0.81 0.87 1.08
1.75 105 0.75 0.87 1.15
2.00 120 0.71 0.86 1.20
75 0.50 375 0.88 0.91 1.04
0.75 56.25 0.89 0.88 0.98
1.00 75 0.87 0.84 0.96
1.25 93.75 0.78 0.8 1.03
1.50 1125 0.77 0.77 0.99
1.75 131.25 0.69 0.73 1.05
2.00 150 0.70 0.69 0.98
0.95 -
S
S 09 -
u |
b0
£ 0.85 -
S g, v=10136x-0.0166 y = 4.4615x - 3.0677
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Figure 5.11: Observed versus Predicted Values for Compacting Factor
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Table 5.6: Fitted Model Equation for Unit Weight

Aspect VE;S(:nre ERI Density, Density, Density, kg/m3
Ratio (%) ’ kg/m® (E)  kg/m® (P) (P/E)
0.00 0 2406 0.00 0.00
60 0.50 30 2508 2506 1.00
0.75 45 2514 2519 1.01
1.00 60 2511 2507 1.00
1.25 75 2504 2489 1.00
1.50 90 2450 2483 1.02
1.75 105 2534 2510 1.00
2.00 120 2581 2588 1.01
75 0.50 37.5 2539 2538 1.00
0.75 56.25 2546 2549 1.01
1.00 75 2569 2564 1.00
1.25 93.75 2582 2578 1.00
1.50 1125 2573 2587 1.01
1.75 131.25 2599 2585 1.00
2.00 150 2565 2568 1.01
2620 R? = 0.8302
2600 y=1.0077x - 19.2 >
2580 - ‘

Observed Unit Weight (kg/m3)

2560 -

2540 | y=0.9931x +17.165
R?=0.7836
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Figure 5.12: Observed versus Predicted Values for Unit Weight
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5.3 Effect of Proportion and Aspect Ratio of Fibers on Mechanical

Properties

5.3.1 Compressive Strength, f.

The ultimate strength of concrete depends on the behavior of the concrete at the
region that is very close to the failure load. This is where there is rapid propagation
of multiple cracks from micro to macro by coalescing together, and these cracks
moves parallel to the direction of the loading. At this point, the fibers that are in the
direction of these cracks intercept the cracks, which results in the high carrying
capacity of the composite. However, if the fibers are aligned in the direction of the
cracks, the crack will progress parallel to the fiber, and little resistance to the crack

growth will be offered.

120

©
a 115 w»
S d
£ 110 o - _&
= .
) 105 /s 7 S
g 100 P 2 // N
& 95 // o~
o -=-3
2 90 &
2es | f
E- 7 @/@/@/@/@_\Q/N
o 75
(@]

70

0 0.5 1 1.5 2 2.5

Fiber Volume (%)

<@ » Cube Strength60 <€ @> Cube Strength 75
Cylinder Strength 60 === Cylinder Strength 75

Figure 5.13: Effect of Fiber Volume and Aspect Ratio on Compressive Strength
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In Figure 5.13 and Table 5.7 — 5.8, the strength results in compression for the
specimens incorporated with fibers at aspect ratio 60 and 75 respectively for cubic
and cylindrical specimens are presented. Results indicates that the strength in aspect
ratio 60 increases with V compared with the plain concrete from 14.4 % — 46.3 %
(cubic specimens) when strength effectiveness was considered. However, in aspect
ratio 75, compressive strength increment with V¢ was observed up to 1 %, and
beyond this point it decreased in a fluctuating manner. Strength effectiveness on the
other hand varies from 15.6 % - 34.9 % (cubic) consistent with the observation made
in fc. Results obtained in aspect ratio 75 were still better than the reference sample
despite the decline in the values, but the aspect ratio 60 results fared better. In both
cubic and cylindrical specimens, it can be seen that the same kind of trend exist; it is
reported in ACI 544. 1R that there is an increase in compressive strength with V¢ up
to 1.5 %, the same observation was made by Song and Hwang (2004). Generally, in
concrete with steel fiber addition there can either be an increase, decrease or none at
all [Traina & Mansour (1991); Barros & Figueiras (1999); Eren et al., (1999)]. This
decrease in the value of compressive strength has been attributed to difficulties in

achieving compaction of the concrete (Eren et al., 1999).

There is also the issue of flaws and deficiencies in the concrete some of whom are
inherent, while others are induced such as those resulting from the use of plastic
moulds which was used in this study. It has been reported that there is as much as a
10 % decrease in compressive strength when 150 mm plastic cube moulds is used,
compared with 7 % in 100 mm cubes (Imam et al., 1995). This can be attributed to
the surface roughness of the plastic moulds, and the inability of the moulds to

transmit mechanical vibration immediately compared with steel moulds.
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The increase in fc can be attributed to the improvement of ITZ which becomes
compatible with the aggregate in terms of mechanical properties. The increase in f¢ in
high strength concretes is due to delayed microcrack formation within the concrete
under uniaxial compression. At the onset of the microcracks, the discrete randomly
distributed fibers serves as crack arresting mechanism through crack bridging
limiting the length and width of the cracks through stress transfer. This process of
resistance offered by the steel fiber to crack growth and propagation reduces the
brittleness of the concrete and therefore increases its ductility by continuing to
sustain load even after matrix cracking by producing multiple microcracks. This
process will continue until the specimen reached critical stress, where even if the
load is removed, the crack propagation does not cease. At higher Vs, this effect of

fiber bridging is more pronounced especially at lower aspect ratio.

There is also the effect of a strong bond between the fiber and matrix interface
especially at higher Vs thereby decreasing the distance between fiber to fiber hence
improving the strength of the composite. Also, a combination of silica fume addition
and the use of Dmax 10 mm could be attributed to the improvement in the concrete
microstructure leading to the decrease in the porosity and ITZ. This is because at the

interface, bond stress is less when smaller size aggregates are used.
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Table 5.7: Compressive Strength Results for Cubes

Aspect Ratio 60 Cubic Specimens

Fiber
Volume Standard
(%) Samplel Sample2 Sample3 Average Deviation Variance
0.00 79.30 77.40 81.20 79.30 1.90 3.61
0.50 89.40 92.20 90.40 90.70 1.42 2.01
0.75 92.20 93.00 91.40 92.20 0.80 0.64
1.00 100.50 98.00 97.60 98.70 1.57 2.47
1.25 102.60 99.70 98.90  100.40 1.95 3.79
1.50 110.40 108.00 108.30  108.90 1.31 1.71
1.75 107.10 109.20 109.60  108.90 1.34 1.80
2.00 115.60 117.20 115.00 116.00 1.14 1.29
Aspect Ratio 75 Cubic Specimens
Fiber
Volume Standard

(%) Sample 1 Sample2 Sample3 Average Deviation Variance
0.50 90.90 92.40 91.80 91.70 0.75 0.57
0.75 92.90 95.00 93.40 93.80 1.10 1.20
1.00 98.30 100.90 102.30  100.50 2.03 4.12
1.25 94.30 94.60 94.20 94.40 0.21 0.04
1.50 98.00 102.00 100.30  100.10 2.00 4.03
1.75 108.30 107.00 105.70  107.00 1.30 1.69
2.00 99.80 98.00 99.20 99.00 0.92 0.84
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Table 5.8: Compressive Strength Results for Cylinders
Aspect Ratio 60 Cylindrical Specimens

Fiber
Volume Standard
(%) Samplel Sample2 Sample3 Average Deviation Variance
0.00 70.90 71.10 71.00 71.00 0.10 0.01
0.50 72.00 70.30 71.00 71.10 0.85 0.73
0.75 77.50 76.10 75.30 76.30 1.11 1.24
1.00 80.00 82.00 80.40 80.80 1.06 1.12
1.25 81.90 82.90 83.60 82.80 0.85 0.73
1.50 83.20 83.00 84.90 83.70 1.04 1.09
1.75 87.80 88.80 88.90 88.50 0.61 0.37
2.00 92.00 91.80 91.30 91.70 0.36 0.13
Aspect Ratio 75 Cylindrical Specimens
Fiber
Volume Standard

(%) Sample1 Sample2 Sample3 Average Deviation Variance
0.50 73.50 73.90 72.80 73.40 0.56 0.31
0.75 76.00 75.20 76.20 75.80 0.53 0.28
1.00 77.90 78.40 78.30 78.20 0.26 0.07
1.25 81.00 82.00 80.00 81.00 1.00 1.00
1.50 79.70 80.60 80.90 80.40 0.62 0.39
1.75 83.10 83.70 84.30 83.70 0.60 0.36
2.00 81.70 82.70 81.90 82.10 0.53 0.28

5.3.2 Splitting Tensile Strength, fs

Tensile strength which was measured using the Brazilian test and the result presented
in Figure 5.14. It can be seen that fst showed a slight increment up to 1 % V¢ however
beyond that level (from 1 — 2 %), higher rate of increment relative to the reference

sample has been observed. Strength effectiveness changed from 15.3 - 79.3 %. In
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aspect ratio 75 on the other hand, from 0.5 - 1 % Vs values obtained for fs; were all
lower than the reference sample. This could be attributed to the random orientation
of the fibers and their distribution, as well as high amount of coarse aggregate at a
lower volume fraction that serve to reduces the efficiency of the fibers in deflecting
and bridging the splitting crack. There is also the issue of unknown stress distribution
after first matrix cracking according ACI 544.2R where it is difficult to determine the
first crack. However, from 1.5 % and above, there is an astronomical increase where

the strength effectiveness was up to 136.9 % at 2.0 % fiber addition.
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Table 5.9: Splitting Tensile Strength Results

Aspect Ratio 60 fst (MPa)
Fiber
Volume Standard
(%) Sample 1 Sample2 Sample3 Average Deviation Variance
0.00 4.72 4.95 5.27 4.98 0.28 0.08
0.50 5.75 5.82 5.65 5.74 0.09 0.01
0.75 5.73 5.94 5.79 5.82 0.11 0.01
1.00 6.12 6.35 6.10 6.19 0.14 0.02
1.25 6.50 6.85 6.99 6.78 0.25 0.06
1.50 6.99 7.48 9.35 7.94 1.25 1.55
1.75 8.90 8.72 8.69 8.77 0.11 0.01
2.00 9.08 9.21 8.50 8.93 0.38 0.14
Aspect Ratio 75 fst (MPa)
Fiber
Volume Standard

(%) Sample1 Sample2 Sample3 Average Deviation Variance
0.50 3.17 3.09 3.67 3.30 0.31 0.10
0.75 3.95 4.33 4.62 4.30 0.34 0.11
1.00 4.99 4.70 4.71 4.80 0.16 0.03
1.25 5.48 5.31 5.11 5.30 0.19 0.03
1.50 7.14 6.98 6.88 7.00 0.13 0.02
1.75 10.12 10.10 10.08 10.10 0.02 0.00
2.00 11.64 12.65 11.65 11.80 0.58 0.34
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Figure 5.14: Effect of Fiber Volume and Aspect Ratio on Splitting Tensile Strength

This is due to the tensile resistance of steel fiber incorporated in concrete where
fibers in the plane of fracture resist the propagation of cracks by progressive pull-out,
building up stresses, and therefore increasing fs. It was also observed that in concrete
with fiber addition, the specimen remained intact unlike the reference specimen that
split into two. Failure in this type of concrete is not by splitting, rather by the
appearance of cracks, and upon observation of the cracked surfaces, it was observed
(Figure 5.15) that the crack passes through the coarse aggregates due to the

improvement in matrix quality.
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Figure 5.15: Transgranular Crack through the Surface of the Aggregate using a
Stereo Microscope

5.3.3 Flexural Strength, f;

This test is of special interest in pavement design. Results of fr determined from Eqgn.
4.1 is depicted in Figure 5.17. In aspect ratio 60, there was increase in flexural
strength with respect to Vs at all levels, while aspect ratio 75, the increase was up to
1.75 % fiber addition. A close examination of Figure 5.27 shows that for aspect ratio
75, there was an improvement in the toughness based on the load — deflection curve
without a corresponding increase in the Pmax. It has been argued by Neville (1995)
that during flexure test, it is expected that the maximum fiber stress could be higher
if a comparison is made with a direct tension result due to blocking of the crack
propagation path by a lesser-stressed material closer to the position of the neutral
axis. In flexural strength test, the response could either be deflection softening or
deflection hardening, and from all indications there was an increasing deflection
hardening in all the specimens with fiber addition especially at higher volume
fraction. These properties mentioned depends on the toughness characterization of

the material and geometry of the specimen. Concrete with fiber addition results in a
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significant amount of toughness, peak load and stiffness. However, regarding the
stiffness the beams did not break by multiple microcracking as assumed, but a single
crack resulted which was also not a flexural crack. In a nutshell, it is a borderline
between flexural failure and very stiff kind of concrete. Flexural failure of the
specimen was only observed at 0 % and 0.5 % steel fiber addition, subsequent
specimens remained intact. Aspect ratio 60 specimens with fiber length of 30 mm
exhibited pull-out while aspect ratio 75 with fiber length 60 exhibited fiber rupture at

the stated fiber percentage.

Flgure 5. 16 Fallure Mode of NotchedFIexuraI Specimens

A comparison made between f; and fs tensile strengths in terms of fc presented in
Figure 5.18 shows that a linear relationship exists between the two, and that for both
frand fs, aspect ratio 75 performs better. As the fc increases, the tensile strengths also
increase with fs the lowest. The same trend can be observed when the tensile strength

is compared with Vs. There was a gradual increase at the beginning followed by a
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substantial increase especially in the fr when compared to the fi. This can be

attributed to the ductility of the composite in the tensile zone.

Table 5.10: Flexural Strength Results

Aspect Ratio 60 f; (MPa)
Fiber
Volume Standard
(%) Sample 1 Sample2 Sample3 Average Deviation Variance
0.00 10.67 10.21 10.71 10.53 0.28 0.08
0.50 9.87 10.92 9.60 10.13 0.70 0.49
0.75 11.94 12.93 13.65 12.84 0.86 0.74
1.00 16.76 17.01 15.37 16.38 0.88 0.78
1.25 16.52 16.75 16.05 16.44 0.36 0.13
1.50 18.30 17.89 20.63 18.94 1.48 2.18
1.75 24.00 22.96 23.09 23.35 0.57 0.32
2.00 26.00 27.10 27.60 26.90 0.82 0.67
Aspect Ratio 75 fr (MPa)
Fiber
Volume Standard

(%) Sample1 Sample2 Sample3 Average Deviation Variance
0.50 10.86 11.53 11.06 11.15 0.34 0.12
0.75 14.17 14.89 15.07 14.71 0.48 0.23
1.00 20.02 21.37 20.38 20.59 0.70 0.49
1.25 20.13 21.68 20.23 20.68 0.87 0.75
1.50 20.62 22.18 21.07 21.29 0.80 0.64
1.75 33.05 32.60 27.71 31.12 2.96 8.77
2.00 28.63 26.10 27.23 27.32 1.27 1.61
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5.3.4 Elastic Modulus (Chord Modulus)

The response to elastic modulus indicated that there was little or no effect by the
fiber on the concrete. However, the range of values presented in Table 5.11 is from
44.95 — 50 GPa, but not in ascending order for both aspect ratios. Values obtained in
aspect ratio 75 were comparatively marginally higher than their counterparts in
aspect ratio 60 as can be seen in Figure 5.19. The inability of the fiber to have any
effect on the results on the elastic modulus to the fact that at 40 % of the ultimate
strength the specimen was loaded, the effect of the fiber has not manifested yet. In
fact, in the concrete under consideration, the linear portion of the stress-strain
diagram ended at 85% of the ultimate. It is known that the elastic modulus depends
on the density and properties of the constituent materials as well, as the 1TZ

characteristics (Mehta and Monteiro, 2014).

There is conflicting results available in the literature regarding the effect of steel
fiber in concrete. Rossi and Harrouche (1990) reported in a decrease in the elastic
modulus with respect to fiber addition which increases with an increase in Vs
compared with the reference specimen. Mansur et al., (1999) working on the
influence of fiber on the orientation of horizontal and vertical casting on prisms and
cylinders reported that fibers have practically no significant influence of elastic
modulus. In fact, for cylinders, fiber inclusion yielded a comparatively smaller value
for compared with their prismatic opponents. Marar (2000) reported an increase with
respect to fiber addition for aspect ratio 60, 75, and 83; Neves and Fernandes de
Almeida (2005), reported that young modulus of steel fiber concrete with fiber
addition up to 1.5 % decrease slightly with an increase in fiber. It was attributed to

fibers parallel to the load acting as voids and additionally due to voids in the
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concrete. In general, it is known that the elastic modulus is dependent on the type of

aggregate, loading rate, proportion of the mix constituents among other things.

Table 5.11: Chord Modulus of Elasticity Results

Aspect Ratio 60 Ec (MPa)

Fiber
Volume Standard
(%) Sample 1 Sample2 Sample3 Average Deviation Variance
0.00 43.96 45.69 45.20 44.95 0.89 0.80
0.50 46.06 46.82 47.19 46.69 0.58 0.33
0.75 47.74 47.03 47.79 47.52 0.43 0.18
1.00 47.34 47.51 48.19 47.68 0.45 0.20
1.25 47.45 47.63 47.72 47.60 0.14 0.02
1.50 48.06 50.50 48.95 49.17 1.23 1.52
1.75 48.93 50.08 48.23 49.08 0.93 0.87
2.00 49.12 50.97 49.82 49.97 0.93 0.87
Aspect Ratio 75 E; (MPa)
Fiber
Volume Standard

(%) Sample 1 Sample2 Sample3 Average Deviation Variance
0.50 46.88 46.15 48.12 47.05 1.00 0.99
0.75 46.91 47.63 49.10 47.88 1.12 1.25
1.00 47.30 48.00 47.38 47.56 0.38 0.15
1.25 47.23 47.00 49.74 47.99 1.52 2.31
1.50 48.96 49.87 50.69 49.84 0.87 0.75
1.75 49.18 49.70 50.16 49.68 0.49 0.24
2.00 49.86 50.40 49.74 50.00 0.35 0.12
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Figure 5.19: Effect of Fiber Volume and Aspect Ratio on Chord Modulus of
Elasticity

5.3.5 Load - Deflection Relationship

In Figure 5.20 — 5.27 where load-deflection diagrams are depicted, two points are of
significance. First one can be defined as the linear branch where there is absence of
cracks with the exception of the shrinkage cracks and flaws inherent in the specimen,
and second is the ultimate load (Pmax) characterized by multiple microcrackings in
the hardening branch due to the fiber bridging capacity of the composite. The point
where linearity ends up can be defined as the limit of proportionality (LOP) which
corresponds to the first crack. LOP in this case due to the addition of fibers is beyond

80 % of the ultimate load.

In Figure 5.20 — 5.21, it can be seen that the LOP extended up to the Pmax which is

similar to what is obtained in HPC without fiber addition where the ascending
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portion of the load-deflection curve keeps rising steadily at the beginning and rapidly
towards the peak load due to the brittleness of the concrete, and then a sudden failure

occurs. This failure is represented by an unannounced or sudden drop in the graph.

From Figure 5.21, limit of proportionality equals the modulus of rupture (MOR) at
fiber addition of 0.5 % (39.25 kg/m?), and from 0.75 % (58.9 kg/m?) and above, the
linear portion of the graph extended up to LOP, before first crack occurred.
Subsequently, hardening branch was observed in these specimens. An earlier study
by Barros and Cruz (2001) reported a hardening branch after the first crack with a
fiber dosage of 90 kg/m3. Specimens with 0.5 % fiber addition were the ones that
failed in flexure (with flexural crack) while the rest exhibited multiple

microcrackings up to the final deflection point of the test.

An improvement in the matrix strength due to the 10 mm maximum size of the
aggregate, addition of 10 % silica fume utilized, and the fact that the fibers are
aligned perpendicular to the direction of the loading can be said to be responsible for
the strain hardening effect observed in the specimens. Examination conducted on
split specimens with 0 % fiber addition during indirect tensile strength showed that
the propagation of the crack was transgranular, an indication of the matrix strength.
Another contributing factor is the condition of the specimens at the time of the test,
where the flexure specimens were only removed from the curing tank 20 minutes

before each test, meaning the specimens were moist.

A sudden drop is observed in Figure 5.20 which is the control specimen after
cracking, and it can be seen that there is no much difference between first crack load
and the ultimate load since unstable crack propagation leads to the drop. However,
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this effect was not observed in concrete with fiber addition. It should be noted that
fiber addition has little or no effect prior to cracking. With increase in fiber content,
the P-d curve becomes larger with higher peak load as a result of high fiber content
to carry the load during cracking. After cracking stage, only the fibers carry the load

through stress transfer at fiber-matrix interface.

In general, it can be seen that as the aspect ratio increases, the effect of reinforcement
becomes more pronounced, however at 2 % Vs the toughness effect is displayed

more compared to peak load.

Ductility index, p which is the ratio of ultimate curvature to yield curvature was
measured and is presented in Table 5.12. It can be seen that p depends on the post-
peak deformation of the concrete. From Figure 5.22 — 5.27, it is evidently clear that
aspect ratio 75 is more ductile and has more toughness characterization than aspect
ratio 60. The higher the index, the higher the energy consumption; It was also
noticed that there is a significant improvement in the Pmax in control specimens with
respect to the concrete with fiber addition. This is because the first crack stress is a

function of the matrix strength rather than the fiber.
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Table 5.12: Relationship for Deformation at Maximum Load

Aspect Fiber Pmax (KN) Deflection at  Deflection at Ductility
Ratio Volume (%) Linearity Pmax (Mm) ‘a’ Index, p

End (mm) (a/b)

‘b’

0.00 5.85 0.09 0.09 1.00

60 0.50 5.63 0.10 0.11 1.10

0.75 7.14 0.07 0.65 9.40

1.00 9.10 0.05 0.78 15.10

1.25 9.13 0.07 0.68 10.20

1.50 10.52 0.09 0.48 5.40

1.75 12.97 0.07 0.49 7.60

2.00 14.95 0.09 0.61 6.40

75 0.50 6.19 0.11 0.11 1.10

0.75 8.17 0.14 0.59 4.10

1.00 11.44 0.07 0.77 10.70

1.25 11.49 0.07 0.62 9.00

1.50 11.83 0.09 0.46 5.20

1.75 17.29 0.08 0.75 9.40

2.00 15.18 0.10 0.80 8.30

5.4 Effect of Proportion and Aspect Ratio of Fibers on Fracture

Parameters of Concrete

High strength concrete have low porosity that results in improved bond strength at
fiber — matrix interface, resulting in an increase in the density of ITZ from adequate
compaction. This strengthening effect eventually has a significant effect on the
fracture energy. In concrete with fiber addition, at higher volume fraction, the
number of fibers crossing the crack area is increased requiring a greater amount of
energy for crack propagation. Results presented in Table 5.13 indicate an increase in
fracture energy, Gr with increase in compressive strength and fiber volume at the two
aspect ratios under consideration depicted in Figure 5.28 — 5.29 respectively. The

addition of the fiber increases the heterogeneity of the concrete, and during cracking,
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the cracks is intercepted by the fibers aligned horizontally resulting from horizontal
casting with cubic specimens. There is substantial energy dissipation during fiber

pull-out and debonding mechanisms of the fiber.

A critical examination of Gr values for aspect ratio 60 and 75 indicate that the latter
was higher than the former; however, the highest G value for aspect ratio 60 was
3,921.274 N/m while that of aspect ratio 75 was 4,455.617 N/m. This small
difference regarding the two aspect ratios could be attributed to the tensile strength of
the steel fibers where the former had 1,250 MPa and the latter 1,100 MPa, which
might be the reason why they were closer despite aspect ratio 75 having a length
twice that of aspect ratio 60 and a much larger diameter. The steel fibers allow for
high energy absorption, fracture energy values, and high ductility. It has been
reported in the previous section on the type of failure resulting from three-point bend
test where only 0.5 % fiber addition failed by flexure. The difference in the fracture
energy value is due to the pull-out and ruptures process in aspect ratio 60 and 75

respectively.

With respect to the Ien, it is seen to increase with fiber addition and decreases with
increase in tensile strength. This was significant in aspect ratio 75 where the
maximum value stood at 5.9 m while that of aspect ratio 60 a mere 2.9 m. In both
cases, they are significantly higher than the reference specimen which had Ich of 0.89
m. This increase in ductility of the concrete could be attributed to the heterogeneity
of the composite. Higher values are responsible for a more stable fracture process, in
here aspect ratio 75 has a higher possibility. This means that the crack path of aspect

ratio 75 is rougher than aspect ratio 60.
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The fracture toughness also increases with increase in compressive strength and
maximum size of aggregate as it has been reported in the literature. This results in a
decrease in the brittleness associated with HSC from the heterogeneity. In Table

5.13, this increase is seen to increase with fiber addition and aspect ratio.
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Table 5.13: Calculated Values of Concrete Fracture Parameters

Fiber AUC g do Alig Gr Ec fst len fe Pmax Kic (MPa
(%) (KN/mm) | (m/s?) | (1.5mm) | (m?) (N/m) | (GPa) | (MPa) | (mm) (MPa) | (kN) a=(a/d) | F(a) m”0.5)

0 2.08 9.8| 0.0015| 0.005| 451.96 | 4495 | 4.98 819.12 | 79.30 5.85 0.5 1.42 0.11
0.50-60 5.26 9.8| 0.0015| 0.005|1088.19 | 46.69 | 5.74 |1542.20 | 90.70 5.63 0.5 1.42 0.10
0.75-60 8.69 9.8| 0.0015| 0.005|1775.10 | 4752 | 5.82 |2490.26 | 92.20 7.14 0.5 1.42 0.20
1.00-60 11.49 9.8| 0.0015| 0.005]|2335.42 | 47.68| 6.19 |2906.22 | 98.70 9.10 0.5 1.42 0.42
1.25-60 11.26 9.8| 0.0015| 0.005]|2288.47 | 4759 | 6.78 |2369.50 | 100.40 9.13 0.5 1.42 0.43
1.50-60 12.68 9.8| 0.0015| 0.005|2573.18 | 49.17 | 7.94 |2007.08 | 108.90 | 10.53 0.5 1.42 0.66
1.75-60 14,92 9.8| 0.0015| 0.005|3022.01| 49.08 | 8.77 |1928.58 |109.00 | 12.97 0.5 1.42 1.23
2.00-60 19.42 9.8| 0.0015| 0.005|3921.27 | 49.97 | 8.93 |2456.97 | 116.00 | 14.95 0.5 1.42 1.88
0.50-75 5.35 9.8| 0.0015| 0.005|1105.21| 47.05| 3.30 |4774.84 | 91.70 6.19 0.5 1.42 0.13
0.75-75 9.72 9.8| 0.0015| 0.005|1980.51| 47.88 | 4.30 |5128.11 | 93.80 8.17 0.5 1.42 0.31
1.00-75 14.13 9.8| 0.0015| 0.005|2862.26 | 47.56 | 4.80 |5907.76 | 100.40 | 11.44 0.5 1.42 0.84
1.25-75 13.46 9.8| 0.0015| 0.005|2729.62 | 47.99 | 530 |4663.68 | 94.40 | 11.49 0.5 1.42 0.86
1.50-75 12.76 9.8| 0.0015| 0.005|2589.23 | 49.84| 7.00 |2633.51|100.10 | 11.83 0.5 1.42 0.93
1.75-75 22.09 9.8| 0.0015| 0.005|4455.62 | 49.68 | 10.10 | 2169.76 | 107.00 | 17.29 0.5 1.42 2.92
2.00-75 19.91 9.8| 0.0015| 0.005|4019.95| 50.00 | 11.80 | 1443.53 | 99.00 | 15.18 0.5 1.42 1.97

AUC: Area under the curve; g: Acceleration due to gravity; Asg: Ligament length; do: Final deflection; o notch-to-depth ratio; IMN/Vm = 3.23
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Figure 5.29: Relationship between Fracture Energy and Compressive Strength

5.5 Influence of Different Compressive Loading Levels on Residual

Tensile Strength

In this section, the effect of different loading levels with respect to f. value on tensile

strength loss were studied by applying the specified compressive stresses given in
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Table 4.6, perpendicular to the casting direction and then subjecting the specimen to
fst test. In brief, splitting tensile loading was applied in the same direction as the
compressive loading to obtain residual tensile strength values presented in Table 5.15
for the different stress levels mentioned earlier for the two aspect ratios (60 and 75).
Earlier on, fs test was conducted on specimens without compressive loading to serve
as the “virgin” tensile strength on reference samples, and values were obtained and
are presented in Table 4.15. The first two stress levels selected represents
compressive loading levels before linearity, while the third stress level is the point at
which deviation from linearity is observed in the load — time diagram, which is the
critical stress point. From this point onward, continuos crack propagation takes place
even if the load is removed and is represented on a load — time diagram with a sharp
bend in the diagram. The last stress level is a point selected after the end of linearity

before failure of the specimen.

It could be seen from the results, that the linearity (third stress level) is within the
range of 85 — 91 % of fc. Tensile strength values obtained were mostly higher in the
third and fouth stress level especially at higher percentage of steel fiber addition, this

is more pronounced at 1.50 % fiber addition level and above.

In Figure 5.30, a depiction is provided on how the load — time diagram was used to
follow the turning points of the curve for determining values presented in Table 5.14
for all the samples with fiber addition. Each diagram represent three samples that the

average was taken to arrive at a single value for fc after compressive loading.

113



140 +

120 -

100 -

80 -

e S-1 704

01 S S-t 705

Stress (MPa)

40 - ..'. - + +S-t 706

20 A

0 T T T 1
0 20 40 60 80

Time (s)

Figure 5.30: Representative Sample of Stress-Time Diagram from Load-Time for
1.75 % V¢ Aspect Ratio 60

114



Table 5.14: Chosen Stress Levels as Percentage of Compressive Strength for TSL
Determination

For Aspect Ratio 60
Fiber Compressive  fc (%0 of  fe2 (% of  fe3 (% of  fesa (% of
Volume  Strength, fc fc) fc) fc) fc)
(%) (MPa)

0 79.30 40 60 70 75
0.50 90.70 75 85 89 95
0.75 92.20 70 80 86 95
1.00 98.70 70 80 90 96
1.25 100.40 70 80 89 95
1.50 108.90 70 80 87 95
1.75 109.00 70 80 91 95
2.00 116.00 70 75 85 95

For Aspect Ratio 75

Fiber Compressive fei(% of  fo(%of  f3(%of  fea (% of

Volume Strength, fc  fc) fc) fc) fc)
(%) (MPa)

0 79.30 40 60 70 75
0.50 91.70 70 80 88 95
0.75 93.80 70 80 85 93
1.00 100.40 70 80 88 95
1.25 94.40 70 80 90 95
1.50 100.10 70 80 85 93
1.75 107.00 70 80 90 95
2.00 99.00 70 80 87 95

fci = percentage of fc loading where i =1, 2, 3, and 4
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Table 5.15: Residual Tensile Strength (f;,-) after each Chosen Compressive Stress
Level fg

Aspect Ratio 60
Fiber Tensile  fypafterfa fioafterfe, fusafterfcs  fug after fos
Volume Strength, loading loading loading loading
(%) fst (MPa) (MPa) (MPa) (MPa) (MPa)
0 4.98 4.79 4.43 3.45 3.43
0.50 5.74 3.87 2.44 4.01 4.58
0.75 5.82 3.53 3.31 1.91 5.14
1.00 6.19 5.37 3.48 3.88 1.32
1.25 6.78 3.27 5.60 474 5.22
1.50 7.94 5.38 8.56 5.92 6.80
1.75 8.77 7.84 8.71 8.00 8.14
2.00 8.93 4.85 3.62 8.46 10.26
Aspect Ratio 75
Fiber Tensile  fipafterfa  fioafterfe,  fisafterfcs  firg after fos
Volume  Strength, loading loading loading loading
(%) fst (MPa) (MPa) (MPa) (MPa) (MPa)
0 4.98 4,79 4.43 3.45 3.43
0.50 3.30 4.55 3.52 3.40 4.53
0.75 4.30 4.40 4.15 2.79 5.27
1.00 4.80 2.18 7.12 4.10 4.32
1.25 5.30 2.57 4.48 3.56 3.52
1.50 7.00 2.12 7.71 7.20 6.58
1.75 10.10 4.56 10.21 7.64 10.63
2.00 11.80 5.48 7.69 8.00 10.33

firi = residual tensile strength after percentage of fc loading where i =1, 2, 3, and 4

Tensile strength loss (TSL) values calculated from Eqgn. 4.9 shows a percentage
change (decreament or increament) in fs in the specimen subjected to different fc
loading levels, and results are compared with the reference specimen depicted in
Figures 5.31 — 5.32 for the two aspect ratios under consideration. Specimens with
aspect ratio 60 shows no definite trend, however, in aspect ratio 75, there was a lot

of fst gain which is represented with the bars in the negative direction (below zero

116



point — Figure 5.32). This could be attributed to the effect of the fiber addition, and
it’s resistance to crack propagation. Resulting from improvement in bridging
capacity of the concrete, greater pull-out behavior with teething process in high
aspect ratio, and fiber addition level. This sum up the advantage of using the fiber in
HPC. Resistance offered by the fibers depends on the interface bond between fiber
and matrix, at the same time a weak zone in the matrix. Correlating the results with
that of the three-point bend test, it is evident that because of the pull-out in lower
aspect ratio and rupture in higher aspect ratio at 0.5 % volume fraction, the resistance
is very high in aspect ratio 75. This brings to fore the advantage of fiber length where
a critical length is required which is restricted by fiber-matrix bond. It is seen that the
higher aspect ratio results in higher tensile strength especially at higher volume

fraction, increasing the ductility.

The aim of the fiber addition is to limit the crack propagation by stress transfer
especially after the first crack by enabling the concrete to sustain very high strain
compared with the reference concrete without fiber addition. It could be seen in
Figure 5.31 — 5.32 that the TSL for the reference specimens increased with an
increase in f; loading at 40, 60, 70 and 75 % of f;, however, the same cannot be said
of concretes with fiber addition due to what has been highlighted. Looking at these
same figures under consideration, we could also attribute the lack of trend in the
results especially at aspect ratio 75 to pseudo-strain hardening effect where the
material is characterized by multiple microcracking and high stiffness. Though,
multiple microcracking was not observed in the flexural specimens, failure was by a
single crack as seen in Figure 5.16. It has been mentioned earlier that the flexural
specimens failed not by flexural failure apart from 0 — 0.5 % fiber addition,

subsequent specimens failed by a single small cracks which indicates an
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improvement in stiffness of the concrete. Though, there was improvement in ductility
and strength, aspect ratio 75 exhibited the possibility of more strain hardening effect

from Figure 5.32 compared with aspect ratio 60 due to longer fiber length.

Correlating the results with the literature in Section 3.9 where we learned that TSL is
highest in NSC and lowest in HSC due to improvement in the matrix and limited
amount of flaws in the concrete. This study showed a continuing trend and more

significant in aspect ratio 75 due fiber addition.

The improvement in the aggregate — matrix interface due to the utilization of small
Dmax aggregates could also makes the likelihood of bond stress failure much less
likely, which improves the aggregate — matrix — fiber interaction resulting in higher
toughness and ductility of the composite. As can be seen the larger the aspect ratio,

the more the effect of tensile strength gain is observed than in lower aspect ratio.

80 1
70 7
60
50 7
40 1
a0 7
20 7
10 1

Tensile Strength Loss (36)

10 10 0.5 0.75 1 1.25 15 175 2

-21:| -
Fiber Volume (%) Aspect Ratio 60

Figure 5.31: Effect of Fiber Volume of 60 Aspect Ratio Fibers on TSL for each
Specified fc Loading.
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Tensile Strength Loss (36)

_Eﬂ -
Fiber Volume (%) Aspect Ratio 75

Figure 5.32: Effect of Fiber Volume of 75 Aspect Ratio Fibers on TSL for each
Specified fc Loading Levels.

5.6 Effect of Proportion and Aspect Ratio of Fibers on Failure

Mechanism

In this section, crack formation and propagation of the split surfaces of the specimens
loaded up to certain stress level (Table 5.14) and subjected to splitting tensile
strength were examined. In each of the fibered concrete test series, there are five
observation levels with at least three test specimens. This consist of 0 % level
compressive loading where the specimen was only subjected to splitting tensile test,
two points before the linearity, the linear point itself, and one more point post-
linearity. However, the control or reference specimens were loaded at 0, 40, 60, 70,
and 75 % of fc.

5.6.1 Microcracking Behavior of Control Specimens

It was observed that the matrix was dark grey in color which is typical of HSC with

silica fume addition, and the aggregate was light grey with some colored aggregates
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in between, features of crushed limestone aggregates, and distinguishable. From 0 —
60 % of fc loading levels, the matrix and aggregates were relatively stable with no
noticeable cracks in the former or latter with exception of a few microcracks on the
surface of the aggregates. However, upon close examination, some of the aggregates
especially the colored ones had deficiencies inherent in them, such as holes, crevices,

as well as spalling on their edges.

As can be seen in Figure 5.27, at 70 - 75 % of fc which was the highest level of
loading the control specimens were subjected to, it was observed that there were no
failure patterns or cracks in the matrix. However, it was seen that there was distinct
line of separation round the aggregate particles from the matrix that delineates the
two components. Unfortunately, we could not load the specimen any further; as such
we can only speculate that the end of the linear portion of the graph was not closer
because the matrix and the aggregates were still a monolithic component. At 75 % of
fc about 60 MPa, and the test was discontinued, but the matrix was still intact, and the
reason why the linear portion of the load — time diagram was still linear up to this
level is due to the existence of small amount of microcracks in the specimen that

have not reached critical width to cause a deviation in the curve.
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(b) 75%
Figure 5.33: Control Specimens under the Microscope at Different Percentages of fc
Loading (A=Aggregate; M= Matrix)

5.6.2 Microcracking Behavior of Concretes with Fiber Addition
With the knowledge acquired from the reference specimens without fiber addition
loaded up to 75 % of fc, we therefore decided to do the same for the fibred concrete

loading compressively to 70 %, 80 %, the linearity end point, and the post-linear
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portion. In light of this, discussion has been subdivided into 0 — 70 %, 70 — 80 %, the
linearity end point, and the post-linearity.

5.6.2.1 First Linear Portion (0 — 70 %)

In this segment, observation regarding the stability of the matrix is still valid. The
matrix and aggregate were still bonded monolithically up to this point with no
separation, delamination or cracking resulting in the matrix. This is an indication of
the quality of the matrix; however, delamination was noticed at the interface between
the matrix and the steel fiber as well as matrix spalling at the mouth of the fiber. This
could be attributed to the mismatch between the tensile strength of the fiber given in
Section 4.1.4, and that of the matrix. Close examination shows the existence of gaps
between the matrix and the smooth surface of the fibers. Also, crevices appear at the
mouth of the fiber with spalling which was responsible for the gap noticed. There
was also matrix debonding and sliding in the presence of the fiber, where at lower
percentages this was minimal but at high fiber addition level, this became
pronounced. Matrix cracking was also present at the tip of the hooked-end of the

fiber creating a hole or depression that concentrate spalling zone.
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M ¢

Aspect Ratio 75

Figure 5.34: Compressive Loading at 0 % Compressive Loading and 0.5 % Fiber
Addition

Where: A: Aggregate; F: Fiber; M: Matrix; P: Porosity.

In general, with respect to this particular loading level, apart from what was
highlighted, matrix was relatively stable. However, that does not eliminate the
existence of microcracks that develop as a result of the accumulation of loading
accompanied by mechanisms that dissipate energy, even though they are small, but
the mismatch between the fiber and matrix is the prominent feature that causes some
of the damages at this stage.

5.6.2.2 Second Linear Portion (70 — 80 %)

This is the portion that is just around the peak region where in normal concrete is
characterized by propagation of bond cracks in multiple directions from aggregate
shape. However, there was limited or no propagation of matrix cracks in most of the
specimens. On the other hand, what was observed was the continuation of the matrix
spalling seen earlier at around 0 — 70 % accompanied by debonding from the matrix,

and at the fiber hooked - end. At this stage, these processes became extensive.
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. $ RE 3
(a) Matrix Spalling at Fiber Mouth under Compressive Loading of 75 % Aspect
Ratio 60

y ' : 4 W
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(b) Compressive Loading at 70 % Aspect Ratio 75
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(c) Matrix Stability at 80 % Compressive Loading Aspect Ratio 60
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(d) Compressive Loading at 80 % Aspect Ratio 60

Figure 5.35: Bond and Matrix Cracking Prior to Peak (70 — 80 %)
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It was also observed from Figure 5.35c that the shape of the aggregate becomes
distinct and distinguishable from the matrix. Defects presents in the aggregates begin
to manifest, and cuts from production process became pronounced. Sparsely
distributed matrix cracks appear and coalesces, and sometimes proceed until they are
blunted or intercepted by pores present in the specimens where they terminate. These
cracks were more prominent in concrete with aspect ratio of 60 than aspect ratio of
75, and this could only be attributed to the crack arresting mechanism of the fibers.
The frequency of this cracks diminished with increase in V+.

5.6.2.3 Linearity End Point (80 - 91 %)

This region is characterized by strain localization where the bond cracks coalesce
into the matrix as a single crack or multiple cracks as the case may be. This is why in
Figures 5.31 — 5.32 tensile strength gain was observed in some cases which became
significant in aspect ratio 75 specimens. However, the most significant observation in
this region is the propagation of extensive networks of multiple branched
microcrackings that extends to other quadrants (Figure 4.5). There was severe
spalling and cracking of the matrix as seen in Figure 5.36; transgranular fracture of
the aggregate particles was also observed. Spalling was seen to occur at the edges of
the specimen, with perpendicular cracks appearing to the direction of the casting.
The intensity of these cracks decreases with fiber addition and aspect ratio, where it
is more extensive in aspect ratio 60. Aggregate — matrix interface had severe bond
cracks that at times cause separation between the two components. These cracks
extend into voids where they are intercepted, and continue at times. However, the
severity of the cracks was extensive at the edges of the specimen and begins to

decline as it moves towards the center of the specimen. These distributed networks of
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cracks weaken the concrete, and this shows that the specimen is weaker at the

extreme end compared to the center.

! .. 'w‘ Y.
(b) Compressive Lo

ading at 87 % Aspect Ratio 75

Figure 5.36: Severe Damage Occurring at Linearity (80 — 91%)

5.6.2.4 Post - linearity End Point (91 % and above)
In normal concretes, multiple cracks highlighted in the previous section reach critical
width and length, and results in accelerated propagation and failure. Observations

presented in Figure 5.37 — 5.38 for aspect ratio 60 and 75 showed upon surpassing
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the linear portion of the curve, the damage zone begins to expand from the initial
localized position. Bond cracks multiply and rapidly begins to coalesce with one
another leading to matrix debonding from the aggregate. Severe spalling was
noticeable on the surface of the specimen and it was extensive at the matrix - fiber
interface especially at the mouth of the contact point between the two. Cracks extend
into pores and voids, and propagate further, where the voids did not serve as a crack
blunting measure. Severe cracking was observed at the edge of the specimen
perpendicular to the casting direction, and depending on the aspect ratio. The
severity decreases with increase in Vr levels, due to the amount of fiber per unit area,
an indication that the fiber addition suppresses the severe damage in the weak zone
of the specimen, and it was more effective at higher volume and at larger aspect
ratio. Aggregate — matrix interface and transgranular damage was clearly observed

with severe spalling round the aggregate particle.
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Figure 5.37: Compressive Loading of 95 % Post-linearity at Aspect Ratio 60
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Figure 5.38: Compressive Loading of 95 % Post-linearity Damage Cracks at Aspect
Ratio 75
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5.6.3 Effect of Proportion and Aspect Ratio of Fibers on Microcracking
Definition

In Figure 5.39, the processes described in Section 5.6.2.1 — 5.6.2.4 are depicted in
graphical manner itemizing them under the influence of compressive loading prior to
the ultimate stress. It is seen that the pre-existing microcracks in the concrete are the
ones that under the influence of load propagate from the ITZ, initiating the failure
process under uniaxial compression where the tensile directions are free of any
influence. This reinforces the notion that tensile strength is a criterion for crack
initiation when it is exceeded resulting from stress concentration in the vicinity of a

pore or aggregate particles.

o A

100

Damage zone expansion \
91

Extensive microcracking & bond cracks, plus
transgranular fracture

/

80
/ Sparsely distributed matrix cracks & spalling at fiber

70

Pre-existing cracks prior to loading, delamination at matrix-
fiber interface with spalling at fiber mouth

0 >

Figure 5.39: Crack Propagation under Different Compressive Sﬁess Loading
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These cracks highlighted have to attain “critical” length, width, depth,
interconnectivity, and volume. When this occurs, matrix cracks begin to propagate

couple with spalling at fiber — matrix interface noticed.

In the present study, the existence of sparsely distributed microcracks at 70 — 80 % of
fc at the interface could be attributed to the maximum size of the aggregate which
was limited to 10 mm. whereas, if the size has been larger, the interface cracking
would have dominated this region. Hence, the reason for the existence of limited
bond cracks. Also, these bond cracks would have concentrated around the larger

aggregates if they were present at increased stress loading.

In the third zone (80 — 91 % of f), the presence of the steel fiber aggravated the
concentration of the extensive microcracks seen at the fiber — matrix interface
especially at the fiber mouth which noticed extensive spalling. In normal concrete,
this region harbor distributed cracks that manifest and metamorphosized into
continuous cracks due to coalesce, but the presence of voids and entrapped air
underneath the fibers and aggregates from horizontal casting increases the density of
these cracks. Beyond this region (91 % and above), the localized damaged zone
expands with rapid propagation of those cracks resulting in an explosive failure of
the specimen under load control test despite the presence of the fibers.

5.6.4 Effect of Proportion and Aspect Ratio of Fibers on Critical Crack Widths
(Linearity End Point)

It has been highlighted earlier that the linearity ended between 85 — 91 %, and this
region was critically examined using the shaded quadrant (Figure 4.7) where

extensive damage was observed at these loading levels. The total length of the crack
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was constant covering the unit length of the quadrant (50 mm), however, the width of
the crack varies based on the aspect ratio and Vi level. The most critically damaged
quadrant was selected, and estimate of the critical width using the measurement

application inbuilt in the microscope was made.

From Figure 5.34, wider crack sizes were observed at aspect ratio 60 and low Vs
level due to the amount of fiber per unit area. Narrow crack widths were observed at
aspect ratio 75 especially at higher Vs level. In some instances, measurement could
not be obtained because the failure patterns were mostly branched network of
microcracks beyond the capacity of the microscope; others were a combination of
aggregate spalling, multiple microcracks, and degradation in the matrix. In general, it
could be said that higher aspect ratio is more effective in mitigating the effect of
major cracks. In light of the above, the measured crack widths were within the
proposed crack width by Slate and Hoover (1984) of between 100 um and 6 pm for

upper and lower limits.
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Figure 5.40: Influence of Aspect Ratio and Fiber Addition on Critical Crack Width
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Chapter 6

CONCLUSIONS AND RECOMMENDATION

6.1 Conclusions

A wholistic investigation on HPC with steel fiber addition was conducted on fresh,

hardened, and microcracking properties was conducted. The effect of uniaxial

compressive loading on microcracking behavior was conducted, and the following

conclusions have been drawn:

Steel fiber addition at higher Vs results in an increase in the viscosity of the
mix, decreasing the flowability, and increasing the unit weight.

An Increase in V¢ values results in an increase in the VeBe time; decrease in
the Compacting factor and Slump; and increasing the tendency for balling to
occur, in essence the workability decreases significantly. Above compacting
factor of 0.8 which approximately correspond to 1 % Vs (78.50 kg/m?), this
type of concrete will be difficult to implement in the field.

There is a good correlation existing between fiber volume and the workability
parameters for VeBe, compacting factor and slump respectively as seen from
the coefficient of determination. Increasing the Vs results in low workability
for compacting factor and density compared with VeBe time and slump.

In general, a combination of two or more workability parameters should be
used to evaluate the performance of a mixture.

For small proportions of V¢ addition (up to 1 %), fc of aspect ratio 75

specimens are higher than those of aspect ratio 60; but beyond 1 %, fc of
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Vi.

Vii.

viii.

aspect ratio 60 specimens increases significantly. At 2 % fiber addition, the
strength effectiveness of aspect ratio 60 is greater than 75 (46.3 % and 34.9 %
respectively). Higher Vs in lower aspect ratio results in significant increase in
fc compared with higher aspect ratio.

In the same vain, for small proportions of Vs addition (up to 1.5 %), f; of
aspect ratio 60 specimens are higher than those of 75; but beyond 1.5 % (1.5
% - 2 %), fi of aspect ratio 75 specimens becomes higher. At 2 % fiber
addition, strength effectiveness of aspect ratio 75 is greater than 60 (136.0 %
and 79.3 % respectively). The higher the Vs and aspect ratio, the more
significant is the increase in f:.

Effect of steel fiber on f; is about 2 — 3 times greater than on f. depending on
aspect ratio and proportions of fiber, it is also significant in f; compared with
fe.

TSL for the specimens with aspect ratio 60 shows no definite trend, however,
in aspect ratio 75, fi gain is observed. TSL for the reference specimen
increased with fc loading levels, but the same cannot be said of concretes with
fiber addition. The larger the aspect ratio, the more the effect of tensile
strength gain compared with the lower aspect ratio.

Fiber volume addition especially at higher percentages results in a significant
increase in flexural strength; linear portion of the ascending phase of load —
deflection diagram is steeper, and strain hardening response is the dominant
characteristics of the curve in the descending phase from 58.9 kg/m?® V+.
Fracture parameters increases with fiber volume addition and with

compressive strength.
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Xi.

Xii.

Xiii.

Xiv.

XV.

XVi.

XVil.

In terms of failure mechanism, fewer bond cracks were observed prior to
linearity, however, it cannot be said that they do not exists, probably the
capability of the microscope did not capture them at that level.

In control specimens (without fiber); at 70 — 75 % of fc loading, no failure
patterns or cracks formed in the matrix however, there were distinct lines of
separation round the coarse aggregate particles from the matrix that
delineates the two components.

At 70 — 80 % of fc loading, processess observed in the previous stage at
matrix — fiber interface became extensive. These cracks were more prominent
in concrete with aspect ratio 60 than 75. The frequency of the cracks
diminished with increase in V.

The end of linear portion of the graph varies from 85 - 91 % of f;, an
indication of the quality of the matrix, resulting from delay in the formation
of the microcracks that causes a deviation in the linearity.

At linearity end point (85 - 91 % of fc), there was severe spalling of the
matrix, and transgranular fracture of the aggregate particles. The intensity of
these cracks decreases with Vs and aspect ratio, where it is more extensive in
aspect ratio 60. The linearity end point increases with fiber addition.

At post — linearity point (91 % and above), at aggregate — matrix interface,
transgranular damage was clearly dominant with severe spalling round the
aggregate particle. Bond cracks is delayed, an indication of the quality of the
matrix.

Failure pattern of the specimens after compressive loading were such that
long concave cracks perpendicular to the direction of the casting were

prominent. The intensity and concavity of the cracks diminishes with increase
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in Vs and aspect ratio due to number of fibers per unit area, this reduces the
damage cracks observed to branched networks of smaller cracks. Thereby
suppressing the severity of the damage in the weak zone of the specimen.
xviii.  Critical crack width sizes measured at critical compressive stress levels
increases with increasing Vr and aspect ratio. Higher aspect ratio is more

effective in mitigating the effect of major cracks.

6.2 Recommendation for Future Research

Future study should focus attention on the investigation of microcracking at the ITZ
using scanning electron microscope as well as investigating the depth of microcracks

and their effect on the durability of HPC with steel fiber addition.
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Appendix A: Concrete Mix Design

S/No Item Result
1 Target mean strength 70 MPa @ 28 days
2 Cement strength class 42.5 N (Slag)
3 Free water-cement ratio 0.31
4 Slump 80 mm (1 hour after batching)
5 Water content 145 kg/m?®
6 Cement content 467.74 kg/m?®
7 Relative Density of Coarse Aggregate 2.68
(Dmax 10 mm)
8 Silica fume content 10 % of Cement (46.7 kg/m®)
9 Water — cementitious ratio 145/(470 + 47) = 0.28
10 Superplasticizer 2 % of Cement (9.35 kg/m?3)
11 Volume of Coarse Aggregate 1050 kg/m?®
12 Fine Aggregate 2/3 * 1050 = 700 kg/m?®
13 Adjusted water content after trial mixes 145 + 20 = 165 kg/m?®
14 Adjusted superplasticizer content 10 + 3.55 = 13.55 kg/m?®
15 Superplasticizer (HRWR) content 13.55/470 = 0.0288 = 3%
16 Adjusted water — cementitious ratio 165/(470 + 47) = 0.319 =0.32
17 Steel Fiber addition 0.50-2.00% @ 0.25 %

Cement Water Coarse Fine Silica HRWR
(kg/m®) (kg/m®)  Aggregate  Aggregate Fume (kg/m?®)
(kg/m®) (kg/m®) (kg/m®)
470 165 1050 700 47 14
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