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RESUMO

O betdo ¢ o material de construgdo mais utilizado no mundo apresentando, entre outras caracteristicas,
uma elevada resisténcia a compressdo. Contudo, tem um comportamento a tragdo e a flexao mais fraco,
influenciando negativamente a sua durabilidade. O reforgo com barras de ago tem sido, ao longo dos
anos, a solugdo encontrada pelos projetistas para resolver estes problemas. Mais recentemente, fibras de
varios materiais, como o ago, tém sido adicionadas ao betdo de forma a complementar ¢, em alguns
casos, substituir completamente as barras de ago, criando assim o betdo refor¢ado com fibras de aco.
Face ao anterior, o betdo de alta performance refor¢ado com fibras de aco apresenta como principal
diferenca uma matriz com uma maior resisténcia & compressdao e um maior volume de fibras.

Neste estudo ¢ feita uma revis@o da literatura relacionada com este material para compreender melhor
como funciona, que variantes tém efeito no seu desempenho, como ¢ que o seu comportamento pode ser
avaliado e qual o seu papel e utilidade na comunidade cientifica ao longo dos anos e nos dias que correm.

Foi testado o comportamento deste compoésito em ensaios de arrancamento de uma Unica fibra com
gancho (as fibras Dramix® 4D). Com o objetivo de perceber a influéncia do comprimento de
embebimento e da inclinagdo da fibra neste processo, foram feitas seis combinagdes diferentes na
betonagem dos provetes: trés com um comprimento de embebedamento igual a metade do comprimento
da fibra e trés com um quarto do comprimento da fibra; para cada comprimento foram utilizadas trés
diferentes orientagdes iguais a 0°, 30° e 60°.

Além disso, de forma a tentar entender melhor a influéncia direta que as fibras t€ém no comportamento
a tragdo do material, foram também realizados ensaios WST em betdes com 1% de volume de fibras
usando trés tipos de fibras: as ja mencionadas fibras 4D, as fibras Dramix® 5D e fibras curtas sem
gancho.

Outra importante questdo ¢ a defini¢do de uma lei constitutiva do material: foi discutido e aplicado o
método de analise inversa usando os resultados dos ensaios WST.

Com o trabalho experimental realizado, percebeu-se que o comprimento de embebimento tem pouca
influéncia na carga maxima e no respetivo deslocamento da fibra comparado com a inclinagdo da fibra:
a maxima for¢a diminui e o seu deslocamento cresceu com o aumento da inclina¢do. Apenas trés fibras
foram arrancadas (as restantes romperam) pelo que € concluido que para matrizes de alta resisténcia sdo
necessarias fibras mais fortes ou com uma geometria do gancho diferente. Os ensaios WST mostraram
que as fibras influenciam apenas o comportamento apés a fissuragdo: a adi¢ao das fibras curtas permitiu
uma rotura mais ductil do betdo; as fibras 4D e 5D permitiram obter um comportamento “strain-
hardening” apesar das fibras 4D terem resultado numa rotura mais brusca. Os resultados da analise
inversa mostraram que o modelo ¢ mais adequado ao betdo corrente ou a betdes com fibras que criem
um comportamento “strain-softening” (as fibras curtas) do que a betdes que mostrem um “strain-
hardening” (as fibras 4D e 5D).

PALAVRAS-CHAVE: betdo de elevado desempenho reforcado com fibras ensaios de arrancamento,
analise inversa, comportamento a tracdo, fibras de ago.



Tensile behaviour characterization of a high performance fiber reinforced concrete



Tensile behaviour characterization of a high performance fiber reinforced concrete

ABSTRACT

Concrete is the most used material around the world, namely due to its high compressive strength.
However, its flexural and uniaxial tensile behaviour are much weaker, negatively affecting its durability.
Reinforcement with steel rebars has been, throughout the years, the solution found by designers to solve
these weaknesses. More recently, fibres of different types of materials, like steel, have been added to
concrete in order to complement or, in some cases, completely replace the traditional reinforcement,
creating the fibre reinforced concrete. High performance fibre reinforced concrete can be distinguished
by its matrix with higher compressive strength and higher fibre content.

In this study, a literature review related to this material is presented in order to try to better understand
how it works, to identify the main factors which affect its performance, how its behaviour can be
evaluated and what is its role and utility in the scientific community throughout the years and nowadays.

The behaviour of the composite was tested in single fibre pull-out tests (the 4D Dramix® fibres). In
order to understand the influence of the embedded length and the fibre’s inclination angle, six different
combinations were studied: three with embedded length equal to half of the fibre’s length and three with
one quarter of the fibre’s length; for each embedded length, three different inclinations equal to 0°, 30°
and 60° were tested.

Also, in order to better observed the direct influence of the fibre on the tensile response of the material,
Wedge Splitting Tests were performed with 1% fibre content using three different fibre types: the
Dramix® 4D fibres, and 5D fibres and smooth short fibres.

Other important issue is the definition of a constitutive law of the material: the inverse analysis method
was discussed and applied using the results of WST’s.

With the experimental work performed it was understood that the embedded length has little influence
in the maximum pull-out load and respective slip when compared to the fibre’s inclination: the
maximum force is lower and its displacement is higher for higher inclinations. Only three fibres were
pulled-out (the others ruptured) and so, stronger fibres or fibres with a different hook geometry are more
adequate for high strength matrixes. The WST showed that the fibres only influence the post-peak
behaviour of plain-concrete: the addition of short fibres allowed a more ductile failure; the 4D and 5D
fibres allowed a strain-hardening behaviour even though the rupture of the samples with 4D fibres
showed a more brittle failure. The results of the inverse analysis showed that the model is more adequate
for plain concrete or for materials with fibres that create a strain-softening behaviour (the short fibres)
than to materials that show a strain-hardening behaviour (the 4D and 5D fibres).

KEYWORDS: high performance fibre reinforced concrete, pull-out tests, inverse analysis, tensional
behaviour, steel fibres.
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SYMBOLS, ACRONYMS AND ABBREVIATIONS

Symbols

lf— Fibre’s length

dr— Fibre’s cross-sectional diameter

V¢ — Fibre volume or content

Ar— Area of the fibre’s cross-section

o —Stress at the first crack

opc — Post cracking stress

or— Tensile strength of the fibre

omu — Tensile strength of the matrix

E — Young’s Modulus

T — Bond strength

€. — Elongation at the stress of first crack

€pc — Elongation at the post-cracking stress
Dmax — Maximum aggregate size

Dave — Average aggregate size

S — Fibre’s spacing

fem,284 - Compression strength tested at the age of 28 days
n — Number of fibres in a cross-section

o — Fibre orientation factor

b — Width of the mould’s section

h — Length of the mould’s section

z — Fibre’s centroid distance to the crack plane
Mo — Average fibre’s efficiency factor

dc — Deflection at the first crack’s load

du — Deflection at the post-crack load

fec — Load of the first crack

f; — Post-crack load

or — Equivalent bending stress of the first crack
op — Post-crack equivalent bending stress

vy — Fibre’s perimeter

fe.cure — Compressive strength of a cubic specimen
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fem,cube — Average compressive strength of the cubic specimens

fe,sp — Tensile splitting force of cylindrical specimens

fem,isp - Average tensile splitting force of cylindrical specimens

fox cube — Characteristic value of the compressive strength of cubic specimens
An— Notched cross-section’s area

5 —Recorded displacement in the uniaxial tensile test

5, — Average displacement at the peak-stress in the uniaxial tensile test

w- Crack width

L — Specimen’s length in the three-point bending test

y — Distance between the bottom of the specimen and the line of measurement in the three-point bending
test

hy, — Distance between the top of the notch and the top face of the specimen in the three-point bending
test

0 — Deflection

Fr — Load at the limit of proportionality

fu — Tension stress at the load at the limit of proportionality

Fj 5=1,2,3,4) - Load applied for CMOD values of 0.5, 1.5, 2.5 and 3.5 mm

f:; — Residual flexural tensile stresses correspondent to each F;

Fsp — Splitting force in the wedge splitting test

F,— Vertical force applied in the wedge splitting test

p — Coefficient of friction

frix — Strength correspondent to CMOD1 (=0.5) in the three-point bending test
frak — Strength correspondent to CMOD1 (=2.5) in the three-point bending test
fix — Load at the limit of proportionality

lsc— Characteristic length

wy — Ultimate crack strength

€ — Ultimate compression strain in FRC

€ — Ultimate tensile strain in the steel

eru — Ultimate tensile strength in FRC

vr — Safety factor

K — Fibre orientation factor in the fib Model code 2010

f; — tensile strength of concrete

a; — slope of the first branch in the bilinear stress-crack width relationship

Gy - Area beneath the force-CMOD curve resultant of the WST

X1X
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m - Mass

ay - Initial notch length

an - Mean width of groove

b - Distance from bottom of specimen to line of CMOD-measurements

b - Mean width of specimen on each side of groove

d; - Horizontal coordinate of the load point measured from line of symmetry
d> - Vertical coordinate of the load point measured from bottom of specimen
h - Height of ligament

L - Outer horizontal and vertical dimensions

Acronyms/ Abbreviations

NSC — Normal Strength Concrete

MSC — Medium Strength Concrete

HSC - High Strength Concrete

FRC — Fibre Reinforced Concrete

HPFRC — High Performance Fibre Reinforced Concrete
UHPFRC — Ultra High Performance Reinforced Concrete
UHPM - Ultra-High Performance Mortar

FEUP — Faculdade de Engenharia da Universidade do Porto
MIEC — Mestrado Integrado em Engenharia Civil

DEC — Departamento de Engenharia Civil

WST — Wedge Splitting Test

Ref — Reference

SLS — Service Limit State

ULS — Ultimate Limit State

FIER - Fibre Intrinsic Efficiency Ratio

CMOD - Crack Mouth Opening Displacement

Fig. — Figure

Tab. — Table

Eq. - Equation
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1

INTRODUCTION

1.1 Motivation

All around the world it is possible to view that concrete is the most common material used in all types
of constructions. It is estimated that 1m? of concrete is produced per person per year in the entire planet
Earth (Coutinho, 2011). This makes it the second most used material in world, after water. Its usage has
been growing since the nineteenth century (Kirby e Laurson, 1932).

Concrete, when applied with no reinforcement, has well-known weaknesses such as its low tensile
strength and limited ductility. Finding a solution to these problems is of highly importance. The addition
of fibres as a mean to reinforce a weaker matrix goes back to the early-age construction methods where
natural fibres were added to clay to produce bricks. However, the first study using steel fibres as a
reinforcement of a cementitious matrix was in the early 60’s by Romauldi and Batson (Htut, 2010). In
their work, the advantages of fibres were clearly noted in the ductility and tensile response when a good
volume and distribution were accomplished.

Fibre Reinforced Concrete (FRC) is a mixture of concrete with randomly distributed and orientated
fibres mixed in the bulk that can be made of different types of materials and have different lengths and
shapes. Although the compressive strength is practically not affected, the addition of fibres enhances
other mechanical properties of the matrix such as the tensile/ flexural strength, its ductility and resolves
the brittle failure, which is characteristic of the concrete and increases the fracture energy contributing
to the material’s durability.

FRC are mainly used to complement the traditional reinforcement. It is seen as a solution to non-
structural elements or to control early thermal cracking, and plastic or drying shrinkage cracking.
However, more recently, high performance fibre reinforced concrete (HPFRC), which has enhanced
mechanical properties compared no normal FRC has been seen as good way to give a structural role to
the fibres, combining them with steel rebars or, in some cases, to fully replace them. In this case, it
would reduce the man-labour costs related to placement of steel rebars (Abrishambaf, 2015).

This work aims to discuss the behaviour of HPFRC, focusing mainly on the influence of steel fibres
parameters on the bending/tensile behaviour of HPFRC. Pull-out tests were carried out to better
understand the pull out mechanism that develops when the fibres are bridging the cracks. The wedge
splitting test was selected to assess the influence of different types of fibres in the tensile behaviour of
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plain concrete. Finally, an inverse analysis was carried out to find a constitutive law that can characterize
the material.

In Figure 1 we can see some examples of modern structures in which steel fibres were adopted as a
solution to complement steel rebars.

Figure 1 - Examples of structures with FRC
a) CCTV Tower, Beijing, China; b) Oceanographic Park, Valencia, Spain

1.2 Experimental work and objectives

The biggest contribution of the fibres is in the cracked state. Instead of a sudden downfall in the load
supporting capacity, a much smoother reduction occurs. This is due to the bridging effect of the fibres
in the cracks. The efficiency of this process depends on the fibre’s resistance to the pull-out mechanism
in the cracks. The pull-out resistance of the matrix depends on various factors. In the experimental
programme carried out in this work, the influence of the fibre’s embedded length and inclination angle
will be studied in single fibre pull-out tests using the Dramix® 4D fibres in plain concrete. Two
embedded lengths were use: /42 and [/4, where I/is the fibre’s length. Each embedded length was tested
with three different inclination: 0°, 30° and 60°. For each combination 6 tests were made. At the same
age, eight cubes were tested in compression tests and three splitting tensile tests were performed in
cylindrical specimens. Both had short fibres added to the mixture.

Moreover, WST tests were performed in order to understand the influence of different types of fibres
(short smooth fibres and the Dramix® 4D and 5D hooked-end fibres) in the tensile response of plain
concrete. 1% of each type were added to separate mixtures creating three different types of samples.

The different tests and their details are shown in Table 1.
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Table 1 - Laboratory tests performed

Fibres added Embedded Inclination Number of
Test . .
to the mixture length angle (°) specimens
0 6
/4 30 6
: 60 6
Pull-out test No fibres
were added 0 6
I+/2 30 6
60 6
Compression )
Short fibres - - 8
test
Spl.|tt|ng Short fibres - - 3
tensile test
Short fibres - - 7
Wedge .
Splitting Test 4D fibres i i 4
5D fibres - - 5

1.3 Organization of the thesis

In this dissertation, in Chapter 2, a literature review is presented, with reference to HPFRC mix-design,
properties, testing methods and main applications , providing theoretical background on the various
subjects discussed in the following chapters.

Chapter 3 is dedicated to the pull-out behaviour of the steel fibres in a cementitious matrix. After an
initial part consisting of a dedicated literature review, the experimental program developed under the
current MSc is presented and the corresponding results are presented and compared to previous studies.

In Chapter 4, some direct and indirect tests used to characterize the tensile behaviour of HPFRC are
presented and its procedures are described. Finally, the behaviour of three HPFRC mixtures is compared
in the current study, using the wedge splitting test.

Finally, Chapter 5 presents the inverse analysis of the WST results with reference to the three HPFRC
mixtures analysed in Chapter 4.

Chapter 6 presents the main conclusions regarding the acquired knowledge throughout the execution of
this work and recommendations for future research.
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2

HIGH PERFORMANCE FIBRE REINFORCED CONCRETE

2.1 Introduction

Concrete is one of the most common structural materials used in today’s construction but, even though
its compressive strength is high, its ductility is low meaning that after the first crack appears, the crack
widen and propagate very fast resulting in a brittle failure, proportional to the compressive strength
applied. Also, its tensile strength is low resulting in the appearance of cracks and affecting its durability.
Because of that, concrete is commonly reinforced with, for example, steel rebars. In recent years, steel
fibres, which in the past have been used mainly to improve the ductility and to control shrinkage’s
cracking, are being used for structural issues as well.

In this chapter, some literature review about the High Performance Fibre Reinforced Concrete will be
presented. Its advantages and composition will be explained as well as its response to different types of
solicitations. Some important precautions to guarantee the best possible performance and which factors
influence it are also studied and presented here.

2.2. Definition

The fibre reinforced concrete (FRC) is a mixture of concrete, which mainly consists of cement paste
(matrix) and aggregates, reinforced by randomly distributed fibres (Fig 2). The fibres are able to turn
the brittle concrete into a cementitious composite with improved mechanical properties. The most
significant advantages are related with tensile and flexural behaviour (Ruano et al., 2014).

CEMENT PASTE: AGGREGATES: OTHERS:
= C\;’:{Z‘:‘ coarse (gravel); recycled waste;
- Additives and pozzolanic cement replacement fine (sand, microsand); unwanted materials;
fly ash, silica fume, ground slag, polymers, clay, etc. e organics; voids;
- Admixtures: superplasticizers; viscosity agents;
accelerators: retarders; air entrraining agents;
- Unwanted pores, micropores, ..

[ FIBER J ( MATRIX ]

COMPOSITE

Figure 2 - FRC Composition (Naaman, 2008)
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The relation between the fibre volume, the compressive strength of the concrete and the classification
of the different types of fibre reinforced concrete is shown in Figure 3. When the fibre volume is between
1 and 2% and the compressive strength goes from around 100 to 200 MPa, the fibre reinforced concrete
is classified as High Performance Fibre Reinforced Concrete (HPFRC) which is the focus of this study.

fiber content [Vol.-%]

A
25 1
UHPFRC
20 T
gEEEEEEEESR e
LS T : HPFRC :
10 —— sPeclal :llllllllllllllllll=
applications
0.5
T. fibre concrete
| | | L »
50 100 150 200

compressive strength [MPa]
Figure 3 - Different types of fibre reinforced concretes (Blazy et al, 2020)

The main objective of adding fibres to concrete is to control the crack propagation and to create a more
stable crack spreading by a bridging mechanism: the load applied in the composite is transmitted to the
fibre by the matrix through a bond connection which then redistributes the load back into the matrix and
the process repeats itself. This allows the composite to support the load, instead of the concrete alone,
creating a more ductile response (Li and Wu, 1992).

In conventional concrete, when loading is applied a linear elastic branch develops until the critical tensile
stress is reached. Here, a brittle failure is experienced due to drastic reduction in the concrete’s resistance
as seen in Figure 4.
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Figure 4 - Tensile response of conventional plain concrete (Wille, EI-Tawil and Naaman, 2014)
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Depending on the fibre volume fraction, HPFRC can show strain-hardening or strain-softening
behaviour in the post-peak response after the linear elastic branch. Strain-softening behaviour means
that when subjected to loading (Fig. 5a Phase I) after the concrete’s tensile strength is reached and the
first crack appears (Fig 5a, Point A), the stress-strain curve shows a smooth softening branch with a
loading reduction corresponding to the pull-out of the fibres from the matrix. (Fig 5a, Phase III). This
allows a higher energy absorption and a more ductile behaviour than normal concrete.

If the fibre volume is high enough, the post-crack strength is higher than first-crack strength. This
characterizes the strain-hardening response, a desirable characteristic for HPFRC. When the first crack
appears in the concrete (Fig 5b, Point A), instead of the smoothing branch described before, a multi-
cracking process develops in the concrete where the fibres bridges the macro-cracks (Fig 5b, Phase II)
increasing the tensile strength of the concrete (Naaman and Reinhardt, 2006). In the end of the strain-
hardening branch, one crack becomes critical (Fig 5b, Point B), no more cracks develop, and only the
critical one will continue to open. Then, other cracks start to unload — this corresponds to the softening
branch (Fig 5b, Phase III) (Naaman, 2008). At this point, the fibres are pulled out — if the bond strength
is overcome — or rupture — if the tensile strength of the fibre’s steel is reached - or usually a combination
of both failure modes (Abdallah and Fan, 2017) .

Coventional FRC Smgl:ngrack
i s
wn Behavior
A 4
Gl & st
(@) Rl/‘L E T e Softening
g% 2 Branch
X C _
Wy e, W
Strain "f"f—» Crack Opening
HPFRCC !: - >
‘ Strain-Hardening L2
Behavior Multiple
- O pe = B Cracking and
2] Localization
(ON-~ A Multiple Cracking w
E e (strain-hardening) Softening L
(D) Branch [——|
Sl Elasti =
#—Slope = Elastic C:) [
D Modulus Epelb, C g
o B
e STRAIN <+——» CRACK OPENING
(Material and Structural Ductility) (Surface Energy, Material Ductility)
L2 |
ELONGATION

Figure 5 -Tensile responses of fibre reinforced concrete: a) strain-softening behaviour; b) strain-hardening
behaviour (Naaman, 2008)

Besides the improvement of the tensile and the flexural behaviour of the concrete, the application of
fibres in concrete improves ductility, durability and toughness. Also has economic advantages compared
to typical reinforcement, mainly because the execution is much simpler and requires less workmanship
(Naaman and Reinhardt, 2003). The compressive behaviour also improves but not as significantly when
compared to tensile behaviour (Hamiruddin et al., 2018). On the other hand, the workability of the
concrete decreases with the increase of the fibre content (Abbass, Khan and Mourad, 2018). The
influence of the fibres in the concrete will be discussed in the next sections
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2.3 Mix design

A composite material is usually made of one continuous and one, or more, additional discontinuous
material, fixed or randomly distributed in order to improve the properties of the continuous material.
HPFRC is composed by concrete (a continuous material resultant of other materials but that it will be
assumed as one part) and randomly distributed fibres (discontinuous material).

The properties which mainly influence the efficiency and performance of the composite are the
physical/chemical properties of both matrix and fibres, fibre content/orientation and the bond connection
between fibre and matrix (Lofgren, 2005).

2.3.1 Cementitious Matrix

Some studies on HPFRC mixtures are shown in Table 2. For most of the cases, the fibre volume fraction
goes from 0,5% to 1,5% which is the most common in HPFRC. Also, most of them uses hooked end
fibres because they show an improvement in the pull-out behaviour which leads to an increased fracture
energy in the composite.

Table 2 - Different HPFRC compositions adapted from (Blazy et al, 2020)

Binder lt,d,geometry
(Abbass, Khan ASTM Type 1 0,25 10 0,5%;1%,1,5% 40/0,62; 1THE 88;90;93
and Mourad, cement (w/c) 0,5%;1%,1,5% 50/0,62; 1HE 87;91;93
2018) 0,5%;1%,1,5% 60/0,75 1HE 87;92;94
(Okeh et al., CEM1525R 0,27 10a 0,75%(HE) + 0%(S) 60/0,9;1HE+13/0,2;S 88
2019) (w/c) 0,562%(HE)+0,188%(S) 84
0,375%(HE)+0,375%(S) 83
0,188%(HE)+0,562%(S) 88
0%(HE)+0,75%(S) 98
1%(HE)+0%(S) 89
0,75%(HE)+0,25%(S) 60/0,9;2HE+13/0,2;S 89
0,5%(HE)+0,5%(S) 87
0,25%(HE)+0,75%(S) 91
0%(HE)+1%(S) 98
(Jang, Jeong and PC+SF+FA 0,25 13 1,25% 30/0,5;1HE 94
Yun, 2018)
(Ruano et al., Cement CPN50 0,3 10 0,76% -i- 95
2014) (w/c)
(Mousavi, Ranjpbar PC 42.5 Type | 0,24 12,5b 0,2% 28/0,4;1HE 102
and Madandoust, + SF (w/c) 0,4% 100
2019) 0,6% 102
1% 103
(Gholampour and OPC+SF 0,295 10c 1% 13/0,18;S 103
Ozbakkaloglu, 2% 114
2018)
(Deeb, Karihaloo CEM+mS+LP 0,24 10b 0,5% 30/0,55;C 100
and Kulasegaram,
2014)
(Yoo and Shin, OPC+Zsf+FA 0,195 10d 0,5% 30/0,5;1HE 93
2018) 1% 108
(Kazemi et al., PC Type II+LP 0,4 12,7 1,6% 36/0,7;1HE 91
2017) (w/c)
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(Skazli¢, Serdar
and Bjegovic,
2008)

CEMII/B-M (S- 0,2 11e
V)42,5N +SF 0,18 8e

0,18 11e

0,5%+0,5%+0,5%

13/0,2 + 30/0,6 109
13/0,2+30/0,6+50/0,1 122
13/0,2+30/0,6+50/0,1 95

(Piérard, Dooms CEM1424R 0,32 8c 6/- 30/- 130-140
and Cauberg, HSR LA+SF (w/c)
2013)
(Li, Yu and CEM 1425 0,2 8c 13/0,2;S 164

Brouwers, 2018)

R+mS+LP (w/p)

(O)PC: (ordinary) Portland cement; (z)SF: (zirconium) silica fume; mS: micro silica; FA: fly ash; LP: limestone powder; w/b:
water to binder weight ratio; w/c: water to cement weight ratio; w/p: water to powder weight ratio;, Dmax: maximum diameter
of coarse aggregate; Vr: fibre content; If fibre length; df: fibre diameter fcm,28d: mean compressive strength at 28 days;
1HE: simple hooked-end; 2HE: double hooked-end; S: straight; C: crimped ends; nature of coarse aggregate: (a) flint, (b)
limestone, (c) basalt, (d) granite, (e) diabase

Kooiman (2000) considered that adding fibres to the concrete without making the proper adjustments
and alterations in the matrix results in the decrease of the workability, making it impossible to fully
profit from the fibres benefits. Therefore, some issues and some precautions should be considered.

If the matrix structure around the fibres is not homogeneous, the bond connection between the two
constituents is not well made. Therefore, the mixture should show a proper workability. A better solution
is self-compacting concrete. Self-compacting is flowable and needs no extra compaction after casting
like in conventional concrete (Markovié¢, 2006). It has a proper and improved granular composition with
a higher amount of small aggregate, which results in less porosity and better workability. This makes it
possible to achieve an appropriate fibre orientation and uniform distribution through the concrete and,
therefore, to increase the efficiency of fibres in the mixture (Griinewald and Walraven, 2000). The
ductility and flexural stress are, as so, enhanced (Griinewald and Walraven, 2002).

It is also essential to avoid segregation as the water next to the fibre can create voids after it is evaporated,
thereby compromising the good function of the bond between the fibre and the aggregates.

Another important factor which affects the well-functioning of the fibres is their distribution and
orientation. Markovi¢ (2006) described the perfect fibre’s arrangement as a triangular or a square array
with equal spacing, S, and with the fibres aligned with the principal stresses. Both cases are represented
in Figure 6.

e ’/\ ..... &

SSOiELEY:
. ol o R M
EI 0 A S S sl S L o st X

S S S S S S

a) b)

Figure 6 - Perfect fibre’s arrangements a) Square array; b) Triangular array (Markovi¢, 2006)

To achieve this scenario, the author established two conditions should be satisfied:
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e The grains with maximum aggregate size (Dnqy) should fit between the fibres (Fig 7a);

e The grains with average size (Dav.) must be arranged in order to be in contact with each other
(Fig 7b).

fibores  grain S

a) b)

Figure 7 - Conditions to achieve ideal fibre arrangement: a) Dmax based on S; b) Daver based on S (Markovié,
2006)

The spacing between the fibres is a factor which cannot be controlled due to the fibre’s random
distribution and orientation. Therefore, D, should be chosen based on the intended spacing. Many
authors studied this subject (Mckee, 1969; Romualdi and Mandel, 1964; Kobayashi and Cho, 1976).

2.3.2 Fibre Reinforcement

Fibres can be classified according to four parameters (Naaman, 2003):

e Material: natural organic, natural mineral, or man-made;
e Physical/chemical properties: density, roughness, reactivity, chemical stability;
e Mechanical properties: stiffness, ductility, elastic modules, tensile strength;
e Geometry and shape (Fig 8):
o Diameter;
Length;
Perimeter;
Cross-section: circular, triangular, rectangular...;

o
o
o
o Shape: flat, straight, twisted, hooked, etc. (Fig 8)

10
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Smooth surface (round, flat or of any shape)

Indented, etched, roughened surface

Round with end paddles

B ==
Round with end buttons

O O

'=\\ Round with hooked ends Y/

Crimped (round, flat or of any section)

Polygonal twisted

Figure 8 - Various Fibre’s shapes (Naaman, 2008)

Table 3 shows some examples of fibre’s materials and its properties. The most common one widely used
in the production of HPFRC is steel and, therefore, will be the focus of this research.

Table 3 - Fibre’s materials and some of its properties adapted from (L6fgren, 2005

Ultimate
Diameter  Specific Gravity Tensile Elastic Modulus
Type of fiber elongation
(um) (g/cmd) Strength (MPa) ((CI3E)) %)
0
Metalic
Steel 5-1000 7.85 200-2600 195-210 0.5-5
Glass
E glass 8-15 2.54 2000-4000 72 3-4.8
AR glass 8-20 27 1500-3700 80 2.5-3.6
Synthetic
Acrylic (Chupanit) 5-17 1.18 200-1000 14.6-19.6 7.5-50
Carbon (high modulus) 7-18 1.7-1,9 1500-4000 200-800 1.3-1.8
Nylon (polyamide) 20-25 1.16 965 517 20
Polyester (PET) 10.8 1.34-1.39 280-1200 10-18 10-50

Natural Organic

Cellulose (wood) 15-125 1.5 300-2000 10-50 20
Coconut 100-400 1.12-1.15 120-2000 19-25 10-25
Bamboo 50-400 1.5 350-500 33-40 -

Natural Inorganic

Asbestos 0.02-25 2.55 200-1800 164 2-3

Wollastonite 25-40 2.87-3.09 2700-4100 303-530
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Naaman (2003) defined some conditions for an effective fibre reinforcement, as seen in Figure 9: (i) the
tensile strength of the fibre should be significantly higher than the tensile strength of the matrix; (ii) the
elastic modulus of the fibre should be higher than the elastic modulus of the matrix; (iii) a bond strength
between the matrix and the fibres should be at least within the same order as the tensile strength of the
matrix; and (iv) the Poisson’s ratio and the coefficient of thermal expansion of the matrix and the fibres
should be within the same order.

FIBERS versus MATRIX
(key mechanical properties for a
successful cementitious composite)

Tensile Strength: Elastic Modulus: Bond 7 : Ductility:
hgh, ductile preferably ductile
O fu == Omu E;>E, (adhesive, frictional, fiber for a brittle
[ A mechanical) cement matrix)
( f s T N 4 T \
2to 4 orders At least vat least of the High fracture
of magnitude 3 times same order as toughness
\ L ) AL Tmu Y \ J

“' Slip hardening bond stress versus slip )
L response highly desirable

Figure 9 - Conditions for an effective fibre reinforcement (Naaman, 2003)

2.3.2.1 Fibre’s length

Usually, fibres’ length varies from 6 to 60mm. Léfgren (2005) divides them in two groups:

e The micro fibres: The fibres that have the length smaller than the maximum aggregate size and
have its cross-section’s diameter of the same order as the diameter of the aggregate’s grains.
These can bridge the micro cracks;

e The macro fibres: The fibres which have a length bigger than the maximum aggregate size, and
a cross-section diameter bigger than the aggregate grain’s diameter and an aspect ratio (the ratio
between the fibre’s length and the fibre’s diameter) below 100. These fibres can bridge the
macro cracks.

Each group has a different role and Rossi, Acker and Malier (1987) were the firsts to come up with a
clarification: the first cracks that start to appear in the concrete are the micro-cracks and the short fibres
are the most adequate to bridge them (Fig 10). The reason is that there are much more small fibres than
larger fibres in the same volume fraction as they are smaller and weight much less. In the case of using
high volume fraction, these fibres will improve the tensile strength of the composite and will also
increase matrix cracking strength. When the micro-cracks start to agglomerate and to form a macro
crack, the smaller fibres start to be pulled out from the matrix or ruptured. Then the macro-fibres will
be activated, to not only improve the tensile response, but also to increase the ductility and fracture
energy of the concrete.
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Figure 10 - Role of short and long fibres (Markovi¢, 2006)

2.3.2.2 Fibre’s shape

In order to enhance and strengthen the mechanical connection of the fibre to the matrix, it is usual to
transform the classic straight fibre. Recently, Dramix® company developed hooked end steel fibres with
different lengths and geometries. These fibres can be of three types: 3D, 4D or 5D. Their nomenclature
is related to the number of segments that compose the hook, as seen in Figure 11.

Figure 11 - Hooks of the 3D, 4D and 5D Dramix® fibres (Bekaert, 2012)

The mechanical properties increase accordingly to the hook type, as seen in Figure 12.

30D

Tensile strength

Wire ductility

Anchorage strength

Figure 12 - Characteristics of Dramix® fibres (Bekaert, 2012)
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According to the Bekaert catalogue:

e 3D fibres can have an aspect ratio of 45, 65 or 80, length of 35 or 60 mm and a tensile strength
between 1160 and 1550 N/mm?. They are mainly used in flooring, tunnel applications, precast
and residential applications;

e The 4D and 5D fibres have an aspect ratio of 65, length of 60 mm and a tensile strength of 1500
and 2300 N/mm? respectively. 4D fibres can solve service limit state (SLS) issues while 5D
fibres can be used for structural applications in ultimate limit state (ULS) problems.

The hook allows to raise the amount of absorbed energy because of the anchorage mechanism: in order
to pull out the fibre, not only the connection between the matrix and the fibre needs to be ruptured (the
chemical debonding), but also the anchorage mechanism needs to be overcome (the mechanical
debonding) by straightening the hook. Moreover, the steel which composes the fibres has high ductility
and strength, and so the resistance to fibre rupture and the ductility are also enhanced (Fig 13).

2500

Strain (%)
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2000 / ‘
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E 1500 - ; tensile [ 4D fibres
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8 1000 . ittt i it
[ - .
3 ! ' B 3D fibres
500 —| . ;
g —— [ I | — I
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A
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Ductile wire

Figure 13 - Tensile strength of Dramix’s fibres (Bekaert, 2012)

2.3.2.3 Fibre’s orientation and distribution

The bridging mechanism (that characterizes the effect of the fibres on the concrete) is based on a
homogeneous redistribution of stresses. Therefore, a good distribution and orientation of the fibres is
needed (Dupont and Vandewalle, 2005). Van Gysel (2000) has proven a direct proportional relationship
between the toughness of the composite and the number of effective fibres counted in a cracked cross-
section. Effective fibres are defined as the ones with a straightened hook through the fracture section.

The ideal situation would be to have the fibres aligned with the principal stresses, but that situation
cannot be achieved if the fibres are randomly distributed. Krenchel (1975) proposed a relationship
between the number of fibres in a cross-section and the total volume of fibres added to the concrete (
see Equation 1). n is the number of fibres in a cross section, « is the orientation factor, V;is the fibre’s
volume fraction and Ay the cross section area of the fibre:
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To obtain the value of the orientation factor, Dupont and Vandewalle (2005) suggest that three different
zones in mould should be identified as showed in Fig 14:

e zone 1: when there are no boundary conditions so the fibre can rotate freely (bulk zone);

e zone 2: when there is one boundary condition (wall effect) affecting the orientation of the fibre;

e zone 3: when there are two boundary conditions (wall effects) affecting the orientation of the
fibre.

I \
3| 2 | 3 bz,
| \
R e
\ |
l |
\ |
2 1 |2 h
| \
l \
I ]
] |
30 2 |3 q
\ |
b

Figure 14 - Different zones in the mould (Dupont and Vandewalle, 2005)

The overall orientation factor will then be calculated using the orientation factor in the three zones
(Dupont and Vandewalle, 2005) as explained in Equation 2:

_ aux(b=lp)(h=lp)+a|(b=Lp)lp+(h=ty)lp|+assls®
- b+h

)

where b and 4 are the dimensions of the mould, //is the fibre’s length, o is the orientation factor in zone
1, a is the orientation factor in zone 2 and a; is the orientation factor in zone 3. a;=0,5 and a,=0,6 and
05=0,84. They are independent of the fibre’s length.

Seven assumptions were made:

e The orientation factor is not influenced if the fibre is hooked. The fibres are all considered
straight;

e When there is a long vibration time or the concrete has high workability, the fibres will
align in a horizontal plane (Griinewald and Walraven, 2002). Barragan et al. (2000) stated
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that, in order to simplify the effects previously mentioned, these should not be considered
if the vibration time is less than 1 or 2 minutes and the concrete has low workability;
o Each fibre is represented by its gravity centre. Each point of the concrete specimen’s cross
section is considered to have an equal probability of being the fibre’s centre of gravity;
In zone 1, the boundary conditions do not affect the orientation of the fibre;
In zone 2, only one side of the cross-section influence the orientation of the fibre;
In zone 3, two sides of the cross section influence the orientation of the fibre;
The top of the section is assumed to have the same boundary conditions as the sides of the
mould. After casting, this surface is levelled so there are no fibres sticking out which could
lead to a higher number of fibres. This effect is not considered here;
e The embedment length is //2.

More details about the equation’s derivations can be found in Dupont and Vandewalle (2005).

(Dupont ¢ Vandewalle, 2005) proposed this method in order to determine the orientation factor of the
fibre based on the assumption that the fibre’s embedded length is /s/2 to simplify calculations. However,
this assumption is not always true.

Figure 15 - Fibre in crack plane (Li, Wang and Backer, 1991)

Li, Wang and Backer (1991) also studied the case where the embedded length is not fixed as 1¢/2. Instead,
the centroidal distance, z, (shown in Figure 15) is also a variable.

Kooiman (2000) determined that if the dimensions of the mould exceed five times the fibre’s length, the
effect of the boundary conditions is reduced. Therefore, Soroushian and Lee (1990) suggested a
calculation of an average fibre efficiency factor, 7, based on the dimensions of the mould, fibre’s length
and the boundary conditions in case of a 2D distribution. Their results for fibres with a length of 35mm
are showed in Figure 16.
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Figure 16 - Values of n for I=35mm (Soroushian and Lee, 1990)

Where % and b are the dimensions of the moulds.

In order to determine the real fibre orientation and distribution in a hardened concrete, other methods
can be used. Mainly, they are divided into two categories: destructive and non-destructive methods
(Barnett et al., 2010)

Some examples of destructive methods are the washout test which is performed when the concrete is in
the fresh state, and for composites with metallic fibres: it consists in collecting a sample of the mixture
and separate the fibres from the concrete using a magnet. The ratio between the number of fibres and
the volume of concrete gives the average fibre concentration (Vandewalle and Dupont, 2003). In the
hardened state, another current method is to count the fibres in a single cross-section of concrete. It can
be performed after mechanical tests (Barros et al., 2005). Other destructive methods are the CT-scan
(computerized tomography scan) (Stdhli, Custer and van Mier, 2008), image analysis (Ferrara, Ozyurt
and Di Prisco, 2011) and the x-ray method (Barnett et al., 2010).

As for non-destructive methods, the most common are the electrical resistivity method (Barnett et al.,
2010), ultrasounds, quantitative acoustic emission technique (Reinhardt, Grosse ¢ Weiler, 2001) and the
magnetic approach method (Faifer et al., 2010; (Nunes, Pimentel e Carvalho, 2016; Nunes et al., 2015;
Pimentel et al., 2015)).

2.4 Workability

The addition of fibres to a concrete matrix enhances its tensile response by controlling the cracking
process and resolving the brittle failure and lack of ductility. The higher the fibre’s volume fraction, the
more improvement in the concrete mechanical properties can be achieved (Figueiredo and Ceccato,
2015). However, the increase in fibre content is also proportional to the reduction in the workability in
the fresh state. This can compromise the fibre distribution and the bond to the matrix (due to the
inadequate quality of matrix around the fibres) and, therefore, reducing fibre efficiency in the composite.
One explanation is that, compared to the same aggregate volume, fibres have a much higher specific
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surface and require more paste to lubricate. Also, the fibres constrain the mobility of coarse aggregate
particles.

This contradiction creates the need to solve the loss in workability without reducing fibre content.
Johnston (2004) concluded that by decreasing the aggregate in the mixture, higher volume fibres could
be added without a big loss in workability. Also, the author reported that the strong presence of fine
aggregates in the composite had a positive effect on the workability and allowed more fibres to be added.

Other measure that has been answering this need is Self-Compacting Concrete with the use of strong
superplasticizers. This type of concrete has high flowability and cohesiveness (Sahmaran, Yurtseven
and Ozgur Yaman, 2005) and also contributes to the improvement of the fibre’s distribution, making it
more uniform.

Okeh et al. (2019) concluded from slump-flow testing that the decrease of the ratio of macro/micro
fibres reflects negatively on the workability. The author explained the negative effect of micro-fibres in
the workability: the interfacial zone of cement and aggregates in wet state is altered due to the presence
of high amount of micro-fibres and its high aspect ratio. This alteration is due to the large surface area
of the micro-fibres which increases the bond and adhesion between particles and, this way,
compromising the spread.

2.5 Mechanical properties
2.5.1 Compression behaviour

The compression behaviour of plain concrete is characterized by a linear elastic branch followed by a
non-linear behaviour until the first crack appears. This is followed by a sudden loss of strength, as seen
in Figure 17, resulting in a brittle failure. Vonk (1992) studied the reasons for this behaviour and
concluded that the sliding friction in pre-existing flaws in the aggregate-paste interface leads to tensile
cracks which start to align in the direction of principal stresses. In normal strength concrete, aggregate
is much stronger than the paste, and therefore the cracks can be formed in the paste or in the interface
between the aggregate and paste. Conversely, in the high strength concrete, the weakness is the
aggregate’s resistance itself. This allows a higher compression resistance but leads to a much more
brittle failure (Darwin et al., 2001).

The fibres are able to solve this brittle failure, allowing a much smoother strain softening behaviour
after the peak load (Glavind, 1992). The pre-peak behaviour and the compressive strength are not
affected, only the response of the composite after the first crack is improved as seen in Figure 17.
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Figure 17 - Strain-stress curve of different types of concrete under compression (Léfgren, 2005)

2.5.2 Elastic Modulus

Although in many studies about the elastic modulus it has been observed that the addition of fibres to
the concrete has real small influence on the elastic modulus (Lee, Oh and Cho, 2015; Mansur, Chin and
Wee, 1999; Rossi and Harrouche, 1990) a slight decrease when the fibre volume is increased was
observed. (Almeida and Neves, 2005) explained this phenomenon by stating that the fibre’s which
aligned parallel to the principle stresses act like voids. Also, the fibres difficult the consolidation of
concrete negatively affecting the elastic modulus (Suksawang, Wtaife and Alsabbagh, 2018). In
Noushini, Vessalas and Samali (2014) study, it was observed that long fibres have a more notorious
effect than short fibres.

2.5.3 Behaviour in bending/tension

Naaman and Reinhardt (2006) stated that the tensile behaviour of composite can be classified as strain-
hardening or strain softening and the bending behaviour as deflection-hardening or deflection-softening.
If a strain-hardening behaviour is observed in tension, the composite will show a deflection-hardening
behaviour when subjected to bending. On the other hand, if the FRC demonstrates a strain-softening
response with tension loads, then both deflection-hardening or deflection-softening can be observed in
bending tests, as explained in Figure 18.
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Figure 18 - Tensile and flexural responses of FRC (Naaman and Reinhardt, 2006)

As can been seen in Figure 19, the stress-strain curve starts with a linear elastic branch until it reaches
the point concrete’s tensile strength (0. &) and the first crack appears (this depends mainly on the
matrix tensile strength). Note that, until this point, the concrete’s behaviour is not significantly influence
by the fibres. The main advantage of the fibre’s addition comes after the peak load when, instead of a
sudden downfall of the curve and a brittle failure, a much smoother softening branch and a ductile failure
are observed. Here, the fibres are supporting the load while are being gradually pulled out of the
concrete. (Naaman e Reinhardt, 2006). This strain-softening behaviour is characteristic of the HPFRC.
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Figure 19 - Strain softening behaviour (Wille, EI-Tawil and Naaman, 2014)

20



Tensile behaviour characterization of a high performance fiber reinforced concrete

For high fibre volumes, HPFRC can present a strain-hardening behaviour. This means that when
subjected to tension and the tensile limit is reached, its resistance not only does not decrease but
increases to a post cracking strength, o, higher than the matrix tensile strength, o... The addition of a
sufficient number of fibres allow the development of multi-cracking process where the fibres bridge
several cracks, supporting the load that is being applied in the concrete and distributing the stresses in
the crack to uncracked zones enhancing its ductility. At the peak, a critical crack forms and no more
cracks will develop. In the softening branch that follows, this crack will increase its width and then other
cracks, in which the fibres are being pulled out, will start to unload as well.
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Figure 20 - Strain-hardening behaviour (Wille, EI-Tawil and Naaman, 2014)

When plain concrete is being subjected to bending and the critical load is reached, the part in tension
will crack and there’s a drastic reduction in the load carrying capacity. According to Yoo, Yoon and
Banthia (2015), for low fibre volumes (<0,5%), deflection-softening can be observed where, even
though the flexural strength is not influenced, the post-peak ductility is higher. After the peak load, the
fibres bridge the appearing crack controlling the propagation of other cracks. This results in a smother
reduction of the load carrying capacity of the concrete. (Fig 21) The post-peak ductility increases with
the increase in fibre content.
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Figure 21 - Deflection-softening behaviour (Wille, EI-Tawil and Naaman, 2014)
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Also according to Yoo, Yoon and Banthia (2015), for a higher fibre content (>1%), deflection-hardening
behaviour can be observed (Fig 22). After the peak load is reached, the fibres allow a multi-cracking
process to happen (similar to strain-hardening) and increasing the flexural strength to a post-cracking
peak (or). This ascending branch is then followed by a descending branch where all the cracks start to
slowly unload.
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Figure 22 - Deflection hardening behaviour (Wille, EI-Tawil and Naaman, 2014)
2.6 Applications of HPFRC

Fibres have been used in construction for almost three millenniums, but they were only combined with
cement matrices around 1874. The last four decades mark the growth in its popularity, market
penetration and modern investigation worldwide. Such a success is due, in part, to significant evolution
in the fibre reinforcement, the characteristics of the cementitious matrix, the bond connection between
fibre and matrix, more studies about the mechanics of the composite and improved cost-effectiveness
(Naaman, 2007a). The developments that are related to the increase of this type of materials in
construction today, according to the same author, are:

e The increasing offer of different types of fibres with different characteristics which can add
strength, ductility and toughness;

e The introduction to new types of superplasticizers which allows to improve the mechanical
properties of concrete without loss of workability;

e The use and better understanding of the effect of different types of micro-fillers such as silica
fume and fly ash on the matrix porosity, strength and durability;

e The more efficient bond between the fibre and matrix provided by the addition of polymer;

e The innovation in production processes such as self-compacting mixtures which allow to mix
high fibre volumes with small effects in the porosity of the matrix.

The main range of applications for steel fibres is shown in Figure 23. They can be used in stand-alone
applications in light structural elements such as cladding, cement boards or slabs on grade and
pavements. Also, they can be combined with other types of supporting materials of reinforcement and
be used in impact seismic resistant structures, jacketing for repair and strengthening of beams and
columns, and, in the case of steel, encased beams and trusses to improve ductility and fire resistance.
They have also been used in repair and rehabilitation works (Naaman, 2007b).
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Due to economic reasons, fibres are not used in the whole structure of a building. In fact, they are most
commonly applied only in specific zones (Figure 24). Examples include punching shear zone around
columns in two-ways slab systems, end blocks and anchorage zones in prestressed concrete beams, beam
to column connections in seismic resistant frames, beam to shear wall connections, coupling beams for
seismic-cyclic resistance, out-rigger beams; in-fill damping structural elements, lower end of shear
walls, tension zone of RC and PC beams to reduce crack widths and improve durability, compression
zone of beams and columns to improve ductility (Naaman, 2007a).
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Figure 24 - Applications of FRC in specific zones of a building (Naaman, 2007a)
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The main purpose of adding fibres to the concrete is to control the cracking and micro-cracking progress,
improve the tensile and bending post-peak response and ductility. However, they are also a solution to
improve the structural functioning. They enhance the bond and the bond versus slip response between
reinforcing bars and concrete under monotonic and cyclic loading preserving the cover of concrete under
large deformations, This helps to maintain the integrity of the structure by keeping reinforcing bars
from buckling in columns (Naaman, 2007a).

As stated in EC EN1998, concrete buildings which use flat slab frames as primary seismic elements are
not completely covered. This comes from the lack of knowledge of the stiffness of the slab-column
connection, the behaviour of flat slabs under seismic actions, the resistance under cyclic and dynamic
loading as well as the brittleness of the punching failure. High and ultra-high performance fibre
reinforced concrete (HPFRC, UHPFRC), compared to normal strength concrete (NSC), have enhanced
mechanical resistance and durability and allow to create slender and lighter structures. However, the
lack of legislation and design rules regarding these materials makes it harder to use them as a structural
solution. Being more costly materials, one of the objectives of the HiperSlab project is to apply these
materials in localized areas of slab-column connections while the rest of structure is designed with NSC.
This allows the designer to take advantage of the improved properties of HPFRC and UHPFRC in a
rationalized way in order to lower their economic impact. This project has two different phases: first,
some punching tests under monotonic loading will be performed to study different structures layouts
with localized used of both material which will then be followed by tests with cyclic horizontal actions
performed until failure to better understand the structure’s behaviour under earthquake induced
deformations. This project aims to improve the information about these materials and to create design
recommendations for including the two materials in structures under seismic loading.
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3

PULL-OUT BEHAVIOUR OF STEEL FIBRES

3.1 Introduction

Among other advantages, fibres improve mainly the tensile response of concrete. Although its
mechanical properties in elastic phase can be also improved with the addition of small-fibres to bridge
micro-cracks (Stang, Li and Shah, 1990), its effect is much more notable in the post-cracking stage. This
is due to the bridging effect performed by fibres in the cracks, redistributing the stresses, supporting the
loads and enabling more energy to be absorbed (Naaman et al., 1991). Therefore, it is of highly
importance to understand the fibres’ pull-out mechanism in order to evaluate their ability to transfer
stresses between two laps of a crack.

Although there is no standardized testing method to characterize this aspect (Guerrero and Naaman,
2000), the pull-out test is an usual option. The fibres’ pull-out test can be made with a single fibre or
with multiple fibres. However, the single-fibre pull out test has a good degree of precision and it’s much
easier to be performed (Abrishambaf, 2015). Some examples of its configurations are presented in
Figure 25.

IRSE '

Figure 25 - Various configurations of single fibre pull-out test (Cunha, Barros and Sena-Cruz, 2007)

The transmission of stresses between the fibres and the matrix is made through a bond connection (Fig
26) where three mechanisms can be distinguished (Markovi¢, 2006):
e Debonding of the fibre from matrix, when the chemical bond (the adhesion between the fibre
and matrix) is destroyed;
e Mechanical debonding, when the deformed part of the fibre (if it exists) starts to be straighten;
e Pull-out of the fibre, when the fibre moves in its matrix channel.
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The first to be mobilized is the adhesion/chemical bond, which is the bond between the fibre and the
concrete that surrounds it. Bentur and Mindess (2006) describe the debonding process as micro-fractures
occurring in the interface zone of the fibre and the matrix. The interface zone is a more porous zone due
to an insufficient particles’ packing and to water accumulation around the fibre (an inhomogeneous
component of the composite). This zone is represented in Figure 27.

bulk matrix
porous layer
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Figure 27- Interface zone (Markovi¢, 2006)
When the chemical bond is destroyed, the mechanical bond can be mobilized by fibre’s mechanical

deformations. Afterwards, friction stresses are generated as the fibre is sliding along its length in the
matrix channel (Homrich and Naaman, 1987).
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3.2 Factors which influence the fibre’s pull-out behaviour
3.2.1 Fibre geometry

The geometry of the fibre has great influence on its pull-out behaviour. Although there are many
different types of shapes, in this work only straight and hooked-end fibres will be compared.

The pull-out response of the fibre can be represented in a load-slip curve. Cunha, Barros and Sena-Cruz
(2007) studied this curve and concluded that, for straight fibres, there are only two bond mechanisms:
the adhesion and friction. The pull-out process starts with the linear increase of the slip with the load.
This corresponds to the elastic behaviour of bond (Fig 28, Phase 1). Then, a non-linear branch develops,
which corresponds to the formation of micro-crack in the interface zone and, consequently, the
debonding of the fibre (Fig 28, Phase 2) until the peak load (critical crack length). After the peak, the
stage of fully debonding of the fibres occurs (Fig 28, Phase 3): a sharp reduction in the load is observed,
until the fibre is completely debonded and starts to slide. The fibre will then start to slide. This stage is
mainly governed by the friction resistance. The load continues to decrease because the frictional
resistance is decreasing as well: the sliding of the fibre results in gradually less surface area in contact
with the concrete (Fig 28, Phase 4). The energy absorbed by the system (or pull-out work) corresponds
to the area beneath the curve. Note that, during the loading process, if the tensile strength of the fibre is
reached before the bond’s strength, the fibre will rupture; the strength will decrease drastically and less
energy will be dissipated. This phenomenon won’t allow to take full advantage of the bridging process.
As such, it is very important to choose a suitable fibre (considering geometry and tensile strength)
according to the concrete compressive strength to increase the its effectiveness in the composite.

PA Phase 1 Phase 3

|
S

Figure 28 - Pull-out mechanism of smooth fibres (Abrishambaf, 2015)

For hooked-end fibres, the bond has three mechanisms (instead of two like straight fibres): the adhesion
bond, the mechanical bond and the friction bond. Similar to the smooth fibres, the load-slip curve also
starts with a linear ascending branch (Fig 29, Branch OA) corresponding to the elastic deformation of
the bond, followed by a non-linear branch corresponding to the debonding process (Fig 29, Branch AB)
until the fibre is completely debonded (Fig 29, Point B). At this point, the mechanical resistance,
corresponding to the deformation of the hook, is mobilized originating an ascending branch (Fig 29,
Branch BC). This resistance is highly dependent on the fibre’s geometry as more energy is needed to
deform the fibre if the cross-section has a larger diameter. When the first hook is straightened, the sliding
of the fibre occurs, mobilizing the friction resistance (Fig 29, Branch CD). The second curvature
corresponds to the deformation of the second hook (Fig 29, Branch DE) until the fibre is completely
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straighten and the final sliding occurs also with the resistance of the residual friction stresses. Due to the
hooked end, the fibre will not be completely straightened so the friction stresses will increase in
comparison to the smooth fibres originating more resistance also in the final phase of the process. As
shown in Figure 29, with the hooked-end fibres, there is a larger area beneath the curve.

AB - Partly debonded DE - Pullout
N 2 1 N
s s

BC - Fully debonded EF - Pullout

) A N 2] 1 N
— Hooked-end fibre =

Straight fibre €D - Pullout

Figure 29 - Pull-out mechanism of hooked-end fibres (Abrishambaf, 2015)

Naaman (2003) studied a new technology in order to improve the adhesion, the bond and the frictional
resistance. First, the author concluded that the post cracking strength of the fibre is dependent on the
Fibre Intrinsic Efficiency Ratio (FIER):

Py

FIER =—1 3)

Where, v is the fibre’s perimeter, /;is the fibre’s length and 4 is the cross-sectional area.

So in order to improve the post-cracking strength, he followed the line of thinking showed in Figure
30:

Substantially

Circular Fiber (A) Triangular Fiber (B) Triangular Fiber (C)

Reference circular fiber of | Triangular fiber of side a, Substantially triangular

diameter d, area A, and has same area as circular fiber has about same
perimeter md fiber of diameter d, but a | perimeter as circular fiber
perimeter 28% larger. of diameter d, but an area

only 45% of A.

Relative FIER = 1 Relative FIER = 1.28 | Relative FIER=2.2

Figure 30 - Improvement of original round cross-section: A) Circular; B) Triangular; C) Substantially Triangular
Fibre (Naaman, 2003)
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These modifications improve the adhesion and the friction bond of the fibre to the matrix.

Naaman (2003) also proposed that, in order to improve the mechanical bond, twisted fibres creating ribs
along its length were the best solution. The pull-out response of the new Torex fibres (twisted fibres
with polygonal cross-section) compared to smooth and hooked-end fibres is presented in Figure 31.
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Figure 31 - Pull-out response of straight, hooked and Torex fibres (Naaman, 2003)
As proved by experimental results, the use of new Torex fibres allow higher stresses in the fibre with
wider cracks and a higher absorption of energy than hooked fibres. It is important to note that when the

maximum pull-out load is reached, it can remain high for big slips. In order to support these high stresses,
the fibres are made with high strength steel.

3.2.2 Fibre material

The fibre material is very important in the pull-out response of the fibres because the tensile strength of
steel needs to be adequately chosen according to the stresses that the composite will have to support.
The steel needs to endure high stresses without rupture, always within economic viability.

3.2.3 Cementitious matrix

The quality and characteristics of the cementitious matrix also has high influence on the pull-out
response of fibres.
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Wei, Mandel and Said (1986) determined that for low values of water/binder (w/b) ratio, the matrix has
higher density and higher microhardness in the fibre-matrix interface zone. Therefore, a better response

is expected.

The presence of fine filler materials (e.g., silica fume, fly ash, limestone filler, metakaolin or polymer
additions) allows the empty spaces between the cement particles and the fibre in the interface to be filled
as their particles are much smaller than the cement particles. This results in a higher packing density in
the interfacial zone between fibre/matrix (Cunha, Barros and Sena-Cruz, 2007). Also, the addition of
silica fume enhances the concrete’s shrinkage, resulting in higher clamping pressure of the fibre, which
improves the debonding and the frictional resistance (Li e Stang, 1997).

Abdallah and Fan (2017) studied the influence of the matrix compressive strength in the fibre’s pull-out
response with 3 different types of fibres (Dramix®, 3D, 4D and 5D) using Normal Strength Concrete
(NSC), Medium Strength Concrete (MSC), High Strength Concrete (HSC) and Ultra-high Performance
Mortar (UHPM) with compressive strengths of 33MPa, 52 MPa, 71 MPa and 148 MPa, respectively.
The results are presented in Figure 32.
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Figure 32 - Pull-out response of 3D, 4D and 5D Dramix fibres a) NSC (33MPa) b) MSC (52 MPa) c) HSC
(71MPa) d) UHPM (148MPa) (Abdallah and Fan, 2017)

As expected, the maximum pull-out load and pull-out work (energy absorption which corresponds to
the area beneath the curve) increases from 3D to 4D and from 4D to 5D fibres (Fig 32). This is due to
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the higher mechanical resistance provided by the better anchorage mechanism of the hooks and to the
more resistant steel, which requires more energy to be deformed and can support higher stresses without
rupture.

For all fibres, the maximum pull-out load and the pull-out work are expected to increase with the
compressive strength of the matrix due to the higher deformation of the hook. This is due to the better
matrix properties which makes the bonding between the fibre and the matrix more resistant. However,
the pull-out work is higher for HSC than for UHPM for 4D and 5D fibres. This relates to the fact that
only for higher tensile strengths it is possible to fully straight the 5D fibres and in lower strength
concrete, there are still deformations and irregularities in this type of fibres, which creates more friction
stresses when they are sliding.

In the HSC and UHPM, both the 3D and 4D fibres are fully straight. However, in UHPM fibre rupture
is experienced (Fig 33). This can be seen in Figure 32d in the sudden reduction of strength in both
curves. Also, even after the fibre’s rupture, stresses continued to be supported by the fibres until they
are completely pulled out: their hooks are not completely straightened in NSC and MSC even though
the deformation is clearly higher for MSC (Fig 33).

3DH-UHPM

4DH-NSC - 4DH-MSC 4DH-HSC 4DH-UHPM
SDH-UHPM

Figure 33 - Pulled out fibres (Abdallah and Fan, 2017)

For 5D fibres, the hook deformation also grows with the compressive strength of the matrix and it’s
only fully deformed in the UHPM (Fig 33). This is also visible in Figure 32d as the residual energy
corresponding to the frictional stresses is much smaller than in the other concretes because the hook is
completely straighten: 5D fibres can only be completely efficiently in UHPM reinforcement, as they can
only take full advantage of their total mechanical deformation of the hooks in this type of matrixes .This
fibre did not experience rupture in any of the matrixes due to its ultra-high tensile strength.

3.2.4 Fibre Orientation

Fibres are, commonly, randomly distributed in the concrete. In a certain crack, although few fibres may
be aligned with the principal stresses, they usually form an inclination angle which influences their pull-
out behaviour (Robins, Austin and Jones, 2002).

When a fibre that forms a certain angle different from 0° with the plane parallel to the crack is being
pulled-out, it tends to align perpendicularly to the cracks plane (as a consequence of the increasing of
the crack’s width). This causes the fibre to bend and to require more load in the pull-out process due to
a snubbing effect (Fig 34) (Dupont, 2003).
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—

Snubbing Effect

Closed Crack Opened Crack

Figure 34 - Snubbing effect (Dupont, 2003)

Van Gysel (2000) concluded that the maximum pull-out load increased with inclinations up to 10° due
to the snubbing effect. For larger angles, it decreases due to the spalling effect (Fig 35). The influence

of those two parameters is showed in Figure 36.

Situation after
Cencrete Spalling

Situation before
Concrete Spalling

Pullout Force

Concrete Spalling

(This part breaks off) Bending effect

Figure 35 - Concrete spalling (Dupont, 2003)

Snubbing effect
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Pullout force
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Figure 36 - Effect of snubbing and spalling in the maximum pull-out load (Van Gysel, 2000)
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Naaman and Shar (1976) determined that the pull-out load increased with inclination angles up to 45°.
For angles of 45° and 60°, both Van Gysel (2000) and Banthia and Trottier (1994) witnessed fibre rupture
caused by the high stresses in the fibre’s exit point.

Robins, Austin and Jones (2002) also studied the effects of the fibre’s inclination on the pull-out load
with an embedded length of 15mm (Fig 37).
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Figure 37 - Fibre’s orientation influence in the pull-out response of a single fibre with embedment length of 15mm
(Robins, Austin and Jones, 2002)

It was experienced that the maximum pull-out load increases up to the inclination of 10°. For higher
inclinations there is no significant alteration.

In all the cases, the slip at maximum load increases with the orientation angles because of the concrete
spalling at fibre exit point, as already explained.

For a 60° angle, the fibre was completely pulled-out. Here, the concrete spalling is so drastic reducing
snubbing effect making the slide of the fibre much easier. In fact, the slip correspondent to the maximum
pull-out load is so big that it becomes irrelevant.

For angles of 30°, 40° and 50° fibre’s rupture was experienced because of the high concentrated stresses
in the point that the fibre exits the matrix.

The different conclusions and test results discussed in previous studies are justify with the variance in
other parameters like the matrix strength, the fibre’s strength, cross-section, embedment length and
anchorage mechanism (Cunha, Barros and Sena-Cruz, 2007). In conclusion, the optimal range of fibre’s
inclination is between 0 and 20° degrees. For larger angles, the pull-out load usually decreases.

3.2.5 Embedment length

Robins, Austin an Jones (2002) determined that, in order to fully mobilize the anchorage of the hook,
the embedment length must be enough to cover all the fibre’s hook. If not, the potential fibre’s pull-out
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strength cannot be fully mobilized. Fibres with deformations along its length are even largely influenced
by the embedment length: the friction resistance caused by the mechanical deformations is the most
significant bond to the matrix in this fibres and its influence grows with the contact area between the
two constituents.

Increasing the fibre’s embedment length almost always increases the pull-out resistance due to the
increase of the surface area of the fibre in contact with the matrix enhancing its frictional stresses. This
is mainly observed for straight fibre (Li and Stang, 1997). However, in the pull-out mechanism of
hooked-end fibres, the dominant bond is the mechanical bond provided by the anchorage mechanism of
the hook. Because of this, there is a decrease of the influence of larger embedment lengths in the pull-
out resistance since they mainly influence the adhesion and friction bond (Naaman and Najm, 1991).

Figure 3.14 shows the influence of fibre’s embedded length in both maximum pull-out force and slip at
the maximum load for hooked-end and smoothed fibres. The maximum pull-out force grew with the
embedded length for both fibre’s types in all inclination. However, its effect was stronger in the smooth
fibres. Regarding the slip correspondent to the maximum pull-out force, only for align fibres it was
possible to establish a connection: for both smooth and hooked-end fibres, the slip increased for the
larger embedded length.
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Figure 38 Influence of fibre’s embedded length in a) Maximum pull-out load; b) Slip at maximum load (Cunha, 2010)

3.3 Pull-out tests on single fibres: test set-up and parameters
3.3.1 Matrix composition

In the pull-out tests, one matrix composition was made (Mix A) and is presented in Table 4. No fibres
were added to this mixture used in the casting of the pull-out specimens since the only parameter that is
being studied in these pull-out tests is the bond between fibre and concrete. However, in order to
characterise the mechanical properties of the mixture, 1% fibre volume fraction was added to the
specimens used in the mechanical tests to prevent the explosive failure of the specimens during testing.
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Table 4 - Mix A composition

Mix A (kg/m?)

Cement (kg) 531.86

Limestone powder (kg) 203.72
Superplasticizer (Viscocrete 20HE) (kg) 12.548
Sand (kg) 811.82

Coarse aggregate (kg) 721.43
Silica-fume (kg) 53.19

Water (kg) 147.85

Short fibres 13/0.2 (%) 78.50

The mixing procedure is presented in Figure 39. First, sand, one quarter of the water and coarse
aggregate where mixed for 150 seconds. After a waiting period for absorption of 150 seconds, cement,
limestone powder, silica fume, the remaining water and superplasticizer were added and mixed with
cement paste for 300 seconds. The resulting concrete was scraped off the material and mixed again for
180 seconds. There was no need for vibration or compaction in both processes because the concrete is
self-compacting.

Sand Cement Scrape

0,25 of water ‘ waiting Limestone powder  Eul*(al«[ll off N Fibres ___>
—> —>

Coarse agregate ‘

150s Silica Fume 30s material 180s

(mixing 150s) 0,75 of water

Superplasticizer

Figure 39 - Mixing procedure of Mix A

3.3.2 Fibre characteristics

The fibres used in this study were the Dramix® 4D 65/35BG. The nomenclature tells us the hook type,
followed by the aspect ratio/length. B stands for Bright and refers to the finishing, while G stands for
glued and refers to the way that the fibres are packed when sold. The main mechanical and geometrical
characteristics of the fibres are presented in Table 5.
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Table 5 - 4D Dramix® fibre’s characteristics

Characteristics 4D 65/35BG

Aspect Ratio (//dy) 65
Length (mm) (k) 36
Diameter (mm) (df) 0,55
Hook 4D
Tensile Strength (N/mm2) 1850
Young Modulus (MPa) 200

3.3.3 Specimens

Using Mix A with the addition of the fibres, eight cubes of 100*100*100 mm? (Fig 40a) and three
cylinders with 100mm of diameter and 200 mm of height (Fig 40b) were casted to be tested at the age
of the pull-out tests to characterise the compressive strength and the tensile strength.

a) b)

Figure 40 - Casting of the specimens for the mechanical tests: a) cubic specimens; b) Cylindrical specimens

The specimens used in the pull-out tests were cast without the addition of short fibres to the matrix since
the parameter which is being studied in those tests is the bond to plain concrete. Tests were carried out
after 81 days of wet curing, in a chamber with controlled temperature (20 °C). The moulds for the pull-
out test specimens were made using PVC tubes sliced into smaller tubes with 70 mm of diameter and
70 mm of height. Before casting, the fibres were embedded into a polystyrene foam plate with the desired
orientation angle, 8, and different embedded lengths, /.. Table 3.3 shows every combination of those
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parameters used. Then, the moulds were glued to the polystyrene foam with hot glue with the fibre
located in its centre (Fig 41).

a) b)

Figure 41 - Preparation of the moulds for the casting of the pull-out specimens: a) PVC tubes glued to the
Styrofoam board with the fibres fixed in the centre of the moulds b) Moulds prepared for casting

Table 6 - Specimens produced for the pull-out tests

Embedded length Inclination  Number of

Fibre type  l(mm)  dr(mm) Matrix (mm) angle (°)  specimens

112 (17,5) 30 6

4D 65/35BG 36 0,55 Mix A 60 6
0 6

144 (8,75) 30 6

60 6

After the glue dried out, each mould was lubricated with oil using a brush. Special care was taken in this
stage as the fibres must not be oiled because it would compromise their adherence to the concrete. When
casting the specimens, special care was taken to not pour concrete on the fibre, which can disturb its
embedded orientation angle: a spoon was used until the fibres were fully covered by concrete (Fig 42a).
Afterwards, the rest of each mould was filled (Fig 42b)
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a) b)

Figure 42 - Casting of the specimens for the pull-out tests: a) Carefully covering the fibre with concrete
using a spoon; b) moulds completely filled

3.3.4 Test set-up

The pull-out test isn’t standardized and therefore many set-ups can be adopted. In Figure 43, the test set-
up used in this work is presented. The test consists in pulling a fibre out of an immobilized concrete
specimen through a direct tensile force. The specimen is fixed to the machine through a metallic plate
attached to the machine by screws and the fibre is hold by a clamp. The load was measured by installing
an external load cell on the top plate of the machine with the maximum load capacity of 50 kN. In order
to record slip during the test, an LVDT was installed on the back side of the grip. The free end of the
fibre was clamped in the grip as near as possible to the fibre exit point to neglect the fibre’s elastic
deformation contribution to the slip measurement. The test was performed under a close-loop
displacement control with a displacement increment of 0,003mm/s up to 1,5mm; and then it increases
to 0,06mm/s till the end of the test (Table 7). The test is terminated when the fibre is completely pulled-
out or ruptured.

Table 7 - Pull-out test's velocity

Velocity (mm/s) Displacement (mm)

0,003 0-1,5

0,06 1,5-40
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Figure 43 - Pull-out test set-up

3.4 Results and discussion
3.4.1 Concrete mechanical properties

Mechanical tests were made to characterize the compressive strength and tensile splitting strength of the
matrix. The tests and their respective age are shown in Table 8.

Table 8 - Normative and age of the mechanical tests

Test Normative Age of the test (days)
Tensile splitting test NP EN 12390-6:2011 81
Compressive test NP EN 12390-3:2011 81

A compressive test was performed on the eight cubes with the same matrix of the fibre pull-out tests
with the addition of a small percentage of the steel fibres in order to avoid the explosive failure mode of
the specimens. The results are presented in Figure 44 and Table 9. An average compressive strength,
Sem,cuve » Of 143.4 MPa was recorded for the proposed mixture.
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Figure 44 - Results of the cubes compressive tests

Table 9 - Results of the cubes’ compressive tests

Specimen xf:;n(]:,\rr) ggj zn (’Ic\c/’lcFL;t:) :‘a;:; dset:\r/]i:f::)dn I\/I(agjs I(Dkzr;:?)/
(mm?2) (MPa)
P1 1432,18 143,2 2551 2551
P2 1478,65 147,9 2540 2540
P3 1415,74 141,6 2539 2539
P4 1389,04 10000 138,9 143,4 3,3 2545 2545
P5 1442,98 144,3 2557 2557
P6 1406,99 140,7 2519 2519
P7 1481,75 148,2 2557 2557
P8 1424,23 142,4 2579 2579

Furthermore, using the same mixture for the compressive strength test, three cylinders, were also tested
to determine splitting tensile strength. The results are shown in Table 10. An average splitting tensile
strength, fem,sp , of 8.8 MPa was obtained for this mixture.

Table 10 - Results of the cylinders’ splitting tensile test

Standard Densit
Mas

Specime Height Diamete = Maximum fet, sp fetsp Desviatio v
n (mm) r (mm) force (kN) (MPa) (MPa) n (MPa) S i)
C1 236 103 3491 9,1 5055 2571
Cc2 235 103,5 324,2 8,5 8,8 0,3 4994 2526
C3 225 102,5 319,6 8,8 4788 2579
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The fib Model Code 2010 proposes a classification of the concrete based on the characteristic value of
its compressive strength in cubical specimens Equation 4 (adapted from fib Model Code 2010) gives the
characteristic value, fex cuse, based on its mean value, fom cuse. Both values are in MPa.

ﬁk, cube:ﬁm, cube — 8 (4)

USing fumeuse=143.4 MPa, £ cune=135.4 MPa.

According to the mentioned classification, this concrete belongs to class C110, the second highest. For
this class, a splitting tensile force, f..,=5.4 MPa is expected. When comparing this value with the
obtained value in this work (8.8 MPa), it is possible to see that the second is higher. This happens
because of the introduction of short steel fibres in the mixture.

3.4.2 Pull-out tests

3.4.2.1 Overview of the results

The results of the pull-out tests are shown in Figure 46 in the form of load-displacement curves. The
maximum force and respective slip of each specimen are presented in Table 12. Moreover, the fibres
after the tests are shown in Figure 45. Table 11 shows the validation of the specimens after the fibre
pull-out test. In some cases, the fibres were either ruptured inside the grip or slipped from the grip. These
series of the specimens were considered as invalid specimens and were excluded. This is common in
performing fibre pull-out test specially if the griping system is based on the clamping system (which is
the case of this study) instead of the wedge type griping system which is more suitable to perform pull-
out tests on hooked end fibres. In a few specimens, LVDT was not connected properly, therefore, it was
not able to measure slip in the elastic phase (e.g. //4-0°-6 and [/4-30°-5 specimens), in which the slip
values were negligible. These specimens were considered as the valid specimens, however, for these
specimens, only the maximum force was considered.

In all curves, the ascending branch can be divided in a linear branch and a non-linear branch. The linear
branch corresponds to the elastic phase of the bond. Then, the non-linear branch corresponds to the
permanent rupture of the adhesion between the fibre and the surrounding matrix. When the curve is
close to the peak, the hook starts to be mobilized. After the peak, a smooth decay of the load is registered
until the hook is fully mobilized. In the next phase, the fibre pull-out behaviour is mainly governed by
the friction in which the fibre starts to move inside its matrix channel. By increasing slip, fibre pull out
from the matrix and a gradual reduction in the load was observed.

Across all specimens, the main fibre failure mechanism was fibre rupturing. The only exception were
the specimens with aligned fibres and embedded length of //2 where three fibres were pulled-out
(Specimen 2, 5 and 6). In these fibres, the hooked part was fully mobilized. However, for the same
orientation angle but with less fibre embedded length //4, no fibre pullout was observed. The only reason
can be due to different quality of the matrix and to difference in the grip’s force. The rupture of the
majority of the fibres is related to the high strength of the matrix, in which the fibre tensile strength is
not enough to pull-out the fibre from the matrix. It should be mentioned that the tests were performed
after 81 days of curing, which resulted in an even stronger matrix. Therefore, for this type of matrixes,
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steel fibres with higher tensile strength are recommended which lead to a better performance in the
composite level.
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Figure 45 - Fibres after testing
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Table 11 - Fibre's failure mechanisms

1 Valid Valid Valid Valid Valid * Invalid
2 Invalid Valid Invalid Valid Invalid Valid
3 Invalid Valid Valid Invalid Invalid Valid
4 Valid Valid Valid Invalid Valid * Valid
5 Invalid Valid * Valid Valid Invalid Valid
6 Valid * Valid Valid Valid Valid Valid

* There is a problem in LVDT connection.
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Figure 46 - Pull-out load vs slip curve: a) If/4 and 0°; b) If/4 and 30°; c) If/4 and 60°; d) If/2 and 0°; e) If/2 and 30°; f)
If/4 and 60°

Table 12 Pull-out tests results for maximum force and respective slip

Average
o . Slip at the Average = slip at the
ErTbetjtied Incllr;atloon e Maxm:lilnforce maximum force maximum  maximum
= angle () (k) (mm) force (kN) force
(mm)
1 0,45 0,48
0 4 0,36 0,50 0,41 0,49
6 0,44 —
1 0,34 1,01
2 0,33 0,5
3 0,37 0,41
s 30 0,36 0,67
4 0,35 0,76
5 0,37 -—
6 0,39 0,67
1 0,31 2,15
60 0,31 1,9
3 0,29 2,18
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4 0,29 1,11
5 0,31 2,31
6 0,37 1,77
1 0,36 0,61
0 2 0,39 0,56 0,37 0,57
5 0,327 0,56
6 0,40 0,54
1 0,327 -
W2 30 4 0,327 - 0,35 0,71
6 0,3488 0,71
2 0,29 3,04
3 0,25 2,99
60 4 0,26 1,63 0,28 2,38
5 0,29 2,44
6 0,29 1,80

3.4.2.2 Influence of the embedded length

Average maximum force (kN)
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Figure 47 - Influence of fibre's embedded length for 0°, 30° and 60° inclinations angle in: a) maximum force; b)
slip at the maximum force

In all inclination angles, the maximum pull-out force is not influenced significantly by the fibre
embedded length as seen in Figure 47a. Unlike what is expected, the maximum force slightly increases
by increasing the fibre embedded length. This is expected since the fibre rupturing was the main failure
mode in the pull-out tests performed in this study rather than fibre pull out which make it difficult to
derive out a clear conclusion. In general, for the hooked end fibre types, the mechanical debonding (hook
mobilization) component has a more significant contribution on the maximum pull-out load than the
chemical debonding which is affected by the fibre embedded length. However, from the previous results,
it was reported that, in the case of the hooked end fibres, the maximum pull-out load slightly improved
by increasing the fibre embedded length. (Abrishambaf, 2015) .

As seen in Figure 47b, the slip at the maximum force increases by raising the fibre embedded length
from /74 to [/2. This influence maximizes for the fibres with 60° inclination angle. As expected, by
increasing the fibre orientation angle, the risk of matrix spalling at the fibre exit point increases which
leads to register a larger slip at maximum pull-out load.

3.4.2.3 Influence of the inclination angle
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Figure 48 - Average results of the pull-out tests: a) maximum force; b) slip at maximum force

Usually, in the case of hooked end fibres, the maximum pull-out load slightly increases from the aligned
to inclined fibres. It is reported that the pull-out load maximizes for the fibres with the orientation angle
about 45° (Abrishambaf, 2015). However, in this study, for both embedded lengths, the maximum pull-
out force decreases when increasing the inclination angle as seen in Table 12 and, more clearly, in Figure
48a. This is expected since the main failure mode during the pull-out test was fibre rupturing: by
increasing the fibre orientation angle, due to the bending effects, the fibres are expected to be ruptured
in a load lower than the one corresponded to the fibre tensile strength. For both embedded lengths, the
aligned fibre were able to support more load (compared to the inclined fibres) because there is no
snubbing effect. The load decreases when the inclination grows to 30° due to the stress concentration at
the fibre exit point. The snubbing effect is higher when increasing the inclination angle, which justifies
the decrease in maximum load from fibre orientation angle 30° to 60°.

The slip at maximum force is higher for fibres with higher inclinations (Table 12 and Figure 48b). The
initial branch of the aligned fibres is steeper compared to other inclination . In other words, for the same
load a higher slip is registered. This is due to the concrete spalling in the fibre’s exit point. So, the slip
at the maximum force is smaller for aligned fibres in both embedded lengths because there was no
concrete spalling. The difference in slip between the two embedded lengths increases with the fibre
inclination and this growth is even more marked when raising the inclination from 30° to 60°. The higher
slip at maximum force is seen in the fibres with 60° of inclination and embedded length of //2, which
are the specimens where the spalling of the concrete was more evident.

3.4.2.4 Influence of matrix strength

In the work of Pocas (2017), pull-out tests with same configuration as the one used in this study were
performed on the specimens with the same fibre orientation angles and using an embedded length of //4
(15 mm). The matrix shows a lower compressive strength, about 93.2 MPa, compared to the one used
in this research. Two types of fibres were used. The comparison between the different specimens are
presented in Table 13.
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Table 13 - Specimens used in (Pogas, 2017) and in this work
4D 65/60BG (Pogas, 5D 65/60 BG (Pocas, 4D 65/35 BH (This

2017) 2017) work)
Ir(mm) 60 60 35
dy (mm) 0,9 0,9 0,55
Fibre’s aspect ratio 65 65 65
Fibre’s g?iﬁ;trength 1500 2300 1850
Fibre’s hook 4D 5D 4D
Embedded length (mm) 15(//4) 15 (1/4) 17,5 (1/2)
Jemcuve (MPa) 93,2 93,2 1434

The average force-displacement curves for 4D fibres and each orientation angle is shown in Figure 49.
It is shown that the influence of the fibre inclination angle is the same as in this work: the maximum
force decreases and the respective slip increases by raising the inclination angle; the ascending branch
is steeper in the align fibres compare to the inclined ones.
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Figure 49 - Average force-displacement curve for 4D fibres and for 0°, 30° and 60° (Pogas, 2017)

Since the fibres are different in terms of the diameter and in order to make a fair comparison between
the results of this study and the ones reported by Pocas (2017), the pull-out load was converted to the
fibre tensile stress by dividing it by the fibre’s cross-section area. Figures 50 shows the comparison
between the average maximum fibre’s tensile stress for both works, respectively. For all fibre orientation
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angles, a higher tensile stress was registered in this work. In fact, for a 0° inclination, the fibres in Pogas’s
(2017) work were all pulled-out from the matrix with smaller stresses compared to the tensile strength
of the fibres. This is expected since the matrix used in the Pogas’ work shows a lower compressive
strength compared to the matrix of this study. In the work of Pogas (2017), some inclined fibres were
pulled out from the matrix while in this study all inclined fibres were ruptured. This is due to the lower
compressive strength of the matrix used by Pogas (2017) which increase the probability of matrix
spalling at the fibre exit point to overwhelm the snubbing effect.

1,8

1,6

Average maximum fibre's tensile stress
dMPa)

0 30 60

Inclination (2)
—Pogas (2017) This work

Figure 50 - Comparison between the average fibre’s maximum tensile stress of both works (4D fibres) for 0°, 30°
and 60°

Due to the different diameters of the fibres used in both works, it is not possible to do a fair comparison
between the slip at the maximum force.

3.4.2.5 Influence of fibre type

The average curves for the three different inclinations of both fibre types (4D and 5D) used in Pogas’
(2017) work are presented in Figure 51.
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Figure 51 - Comparison between the average curves of the three different inclinations a) 4D fibres; b) 5D fibres
Adapted from (Pocas, 2017)

The failure mode of the 5D fibres are approximately the same as the 4D fibres: all the aligned fibres
were pulled-out and the 30° fibres ruptured (although one fibre was pulled-out for this inclination). The
only difference regarding the failure modes comes in the 60° inclined fibres: the 5D fibres were all
pulled-out.

2,5

1,5

0,5

Average maximum fibre's tensile stress (MPa)

L] 30 60
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Figure 52 - Comparison between the average fibre’s maximum tensile stresses of both fibre types used by Pocas
(2017)
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Figure 52 shows the average maximum tensile stress in both fibres’ types used by Pogas (2017). In 5D
fibres’ testing, it was registered an increase of the average maximum stress in the fibres, compared to
the testing of the 4D fibres (which can be seen in all orientations) due to a better anchorage mechanism
of their improved hook. This stronger bond (which originated higher stresses in the fibre) was supported
with a higher tensile strength steel allowing the aligned fibres to be pulled-out with higher loads, the 30°
fibres to absorb more energy until rupturing and all the 60° fibres to be pulled-out.
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Figure 53 - Comparison between the average slip at maximum force of both fibre types used by Pogas (2017)

Figure 53 shows a comparison between the average slip at maximum force for 4D and 5D fibres. As
seen, the difference between the slip at the maximum force of both fibre types is small mainly because
this parameter is mostly dependent of the spalled concrete which varies with the inclination angle and
the matrix strength but not with the fibre type. The slip at the maximum force of the 5D fibres increases
when the inclination angle grows from 0° to 30°, similar to the 4D fibres. However, when the inclination
raised to 60°, the slip of 5D fibres did not grow like in the 4D fibres because less concrete spalling than
expected was observed.

Furthermore, in the case of 5D fibres, the hook was not fully straightened (due to the more resistance
steel) which enhanced the frictional stresses between the fibre and the concrete.

3.4.2.6 Final remarks

Concerning the results presented before, it is concluded that:

e The embedded length has very small influence on the maximum pull-out force of hooked-end
fibres because the most significant contribution comes from the anchorage mechanism of the
hook. In fact, it was expected that the more embedded fibres would have a slightly higher pull-
out load but it was not confirmed since the main failure mode was fibre rupturing. Regarding
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the influence of embedded length on the slip at the maximum force, specimens with higher
embedded lengths presented a higher slip;

e A reduction in the maximum force by increasing the fibre inclination angle is clear in both
embedded lengths. This is because of the snubbing effects which cause to the fibre’s rupturing
in a tensile stress less than the fibre’s tensile strength. On the other hand, by increasing the fibre
orientation angle, a higher portion of the concrete spall at the fibre exit point which leads to an
increase in the slip at maximum force resulting in a more steeper branch in the aligned fibres
compared to the inclined fibres;

e  When comparing the results of this work with the results of Pogas (2017), the influence of the
matrix strength was clear: in this work, a higher level of stress was applied to the fibres which
increase the probability of fibre rupturing. The difference is more noted in the aligned fibres
because in the inclined fibres the most common failure mode was fibre rupturing.

e In Pogas’s (2017) work, the 5D fibres created a stronger anchorage bond in the concrete
compared to the 4D ones. Since the 5D fibres show a higher tensile strength, many fibres were
pulled-out from the matrix, particularly in the case of the 60° inclined ones. The slip at the
maximum force is not significantly influenced by the fibre type since it mainly depends on the
concrete spalling which depends mainly on the matrix resistance and fibre inclination. However,
when raising the inclination of the 5D fibres from 30° to 60°, the slip only slightly increased.
Moreover, the hooked in the 5D fibres were not completed straightened which created higher
frictional stresses creating a less inclined post peak branch when compared to the 4D fibres.
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4

MECHANICAL TESTING

4.1 Introduction

The addition of fibres to concrete has the main objective of improving its mechanical properties (di
Prisco, lorio and Plizzari, 2003). Even though its compression behaviour can be slightly improved with
the presence of steel fibres, the tensile behaviour is the characteristic that is most enhanced (Hamiruddin
et al., 2018). In order to analyse the efficiency of the fibres, both the tensile and flexural response must
be tested. In this chapter, two major types of methods will be presented for studying the behaviour of
the concrete under tension stresses — the direct and indirect methods.

4.2 Characterization of tensile behaviour of HPFRC
4.2.1 Direct methods

The most common test to obtain the relationship between the tensile stress and the crack width (o-w) is
the uniaxial tensile test. However, many difficulties arise with this test. It’s of highly importance to
perform this test under extremely controlled conditions in order to obtain good results (@Dstergaard,
2003).

One important factor to take into account is the specimen’s geometry. The influence of this parameter
was studied in FRC (Barragan, 2002) and in plain concrete (Carpinteri, Chiaia and Cornetti, 2002). Also,
among other variables, it is important to underline: the perfect manufacturing and alignment of the
concrete specimen with the loading actuator, in order to avoid undesired secondary bending; the adopted
attachment between the specimen and loading platens; the performance of the testing control system-
(Abrishambaf, 2015).

Also, a key issue of the test is the rotational conditions of the specimen’s boundaries. Some studies show
that the specimen should be free to rotate (Van Mier, 1996; Van Mier and Van Vliet, 2002) while others
suggest that the rotation should be constrained (Hillerborg, 1980; Ostergaard, 2003). Although this test
in non-standardised, RILEM-TC162-TDF (2001) recommendations suggest that the boundary
conditions should be enough to prevent the specimen’s rotation.

Regardless of the boundary conditions, the crack propagation starts at one end of the notch tips
(introduced in order to create a more stable crack propagation) (Fig 54, Point 1). If the specimen is able
to rotate freely (Fig 54a), the crack will develop only from one side (Fig 54a, Points 1, 2, 3 and 4).
Therefore, in this case, the cracking process is highly non-symmetric. This is why, according to
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@stergaard (2003), the o-w should not be obtained from the load-displacement curve since the averaging
displacement is not representative of the crack opening process in plain concrete. For FRC, due to fibre’s
bridging effect, the stress in the cracks are much more significant than in plain concrete making the error
of the displacement averaging process even higher (Cunha, 2010). Therefore, the rotation should be
eliminated. However, it is difficult to do it completely and in some cases the rotation is only partly
constrained (Fig 54b). In this case, the rotation also starts from one tip of the notch (Fig 54b, Points 1
and 2). Then, at same stage of the process, since the rotation is constrained, the equilibrium is no longer
guaranteed and the crack plane starts to rotate back into the direction perpendicular to the load. So, a
second crack starts to develop from the other side of the notched cross-section (Fig 54b, Point 3)
coalescing to the first one (Fig 54b, Point 4). This explains the “bump” in the load-deflection curve,
since the crack will experience some rotation to attain equilibrium (Hillerborg, 1989). In point 4 of
Figure 54b, the cracks will not be aligned perfectly due to the concrete’s heterogeneity, resulting in a
higher absorbed energy (Van Vliet, 2000). For this reason, it is important to have an efficient gripping
which prevents any rotation in order to have more realistic values. If this is the case (Fig 54c), the
second crack will start to propagate much sooner (Fig 54¢, Points 2 and 3) and both cracks will merge
into one crack more rapidly (Fig 54c, Point 4). This crack will experience similar opening through the
width, resulting in a correct o-w relationship (Zhou, 1988).

clamped boundary conditions "
2

Figure 54 - Load-crack width curve of uniaxial tensile test with different boundary conditions: a) free rotation; b)
partly constrained; c) completely constrained (Cunha, 2010)

According to RILEM-TC162-TDF (2001), in uniaxial tension, the o-w relationship can be obtained by
equations 5 and 6.

g=— (5)
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Where P is the load recorded in the test, 4, is the notched cross-section area, § is the recorded
displacement and §,, is the average displacement at the peak-stress.

4.2.2 Indirect methods
4.2.2.1 Three point bending test (according to EN 14651:2005)

The three point bending test has its nomenclature related to the two points where the beam is supported
plus one point where the load is applied (in mid-span). This test analyses the post-cracking behaviour
of the FRC. Its objective is to analyse the tensile behaviour under bending through a load-deflection
curve or a load-CMOD (Crack Mouth Opening Displacement) curve. The procedure consists of applying
a force at the midpoint of a simple supported notched beam imposing a certain deflection (Fig 55).

Figure 55 - Test set-up: 1) supporting rollers; 2) loading roller; F) applied force

According to EN 14651:2005, the specimen should be a beam with a cross-section of 150mmx150mm
and a length, L, between 550 and 700mm. The mixture, the casting, the used devices, among other
specifications about the test can also be found in this standard.

The width of the notch should be of Smm or less and the distance /g, should be 125+ 1mm (Figure 56)
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Figure 56 Notch specification: 1) Top surface during casting; 2) Notch; 3) Cross-section of the tested specimen
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When the CMOD is measured, the displacement transducer should be installed along the longitudinal
axis at the mid-width of the specimen, in a way that the distance, y, between the bottom of the specimen
and the line of measurement is 5 mm or less (Fig 57).
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Figure 57 - Test set-up when measuring the CMOD: 1) Cross-section AA; 2) Displacement transducer; 3) Knife
edge

When y is different from 0, the following correction should be applied (Eq 7):

CMOD = CMOD, » = )

where CMODy is the measured CMOD and # is total height of the specimen. It is also possible to relate
the CMOD and the displacement, &, as follows in Equation §:

6 =0,85+CMOD + 0,04 (8)

When the deflection is measured, a displacement transducer is mounted on a rigid frame that is fixed to
the test specimen at mid-height over the supports. One end of the frame should be fixed to the specimen
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with a sliding fixture and the other end with a rotating fixture (see Fig 58). Since the transducer should
measure the deflection, a thin plate fixed at one end can be placed at mid-width across the notch mouth
at the point of measurement, as seen in Figure 59.

.

150 | hep

Figure 58 -Test set-up when the displacement is measured: 1) sliding fixture; 2) rotating fixture; 3) rigid frame
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Figure 59 - Cross-section AA: 1) 1mm thick aluminium plate; 2) transducer; 3) spring shaft

There are two tension stress values which can characterize this test, both measured at midspan. One is
the maximum tension stress measured in the elastic range during the elastic phase. The second one is
the residual flexure tensile stress.

The load at the limit of proportionality, F7 , is the highest load value measured at midspan for a deflection
or a CMOD between 0 and 0,05mmm (Fig 60). Then, assuming a linear elastic stress distribution along
hyp, the corresponding tension stress can be obtained from Equation 9:

3*Fp*L
fi = —=— 9
L 2*b*h5p2 9)

where L is the span’s length, b is the width of the beam.
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Figure 60 - Value of FL for different load-CMOD curves

The residual flexural tensile stresses, f; (with j=1,2,3,4), which correspond to 4 different values for the
CMOD where the tension stress is evaluated, characterize the post-cracking behaviour. F; is the

corresponding applied load for each CMOD (Fig 61).
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Figure 61 - CMOD values in which Fj should be registered

Then, the resulting stresses can be obtained similarly to f; (Eq 10).

f 3*F]-*L
Lo 2*b*hsp2

3,5

(10)
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4.2.2.2 Wedge Splitting Test (WST)

The Wedge Splitting Test (WST) was first proposed by Linsbauer and Tschegg (1986) and later
developed by Brithwiler and Wittmann (1990). It’s a simple test without sophisticated equipment, which
determines the energy necessary to split the specimen while measuring the applied force and CMOD.

In figure 60, some types of used specimens are presented. The most commonly used is the cubic one

(Fig 62a).
(b) (c) (d

(@ )

Figure 62 - Examples of specimens used in the WST: a) cubic; b) horizontal cylinder; c) vertical cylinder; d)
irregular (Brihwiler and Wittmann, 1990)

According to Zandi Hanjari (2006), the main advantages of this test are:

e Light and compact specimens, as seen in Figure 63 where the WST specimen (full dash) is
compared to the three-point bending test specimen (dashed);

o The ratio between the fracture area and the volume of the specimen is 5.2 times higher than in
the three point bending test;

e The specimens can be easily cast during construction or extracted from the existing structures;

o The use of wedges to apply the loading enhances the stability and toughness of the test, allowing
less rigid machines to be used;

e The self-weight of the specimen is negligible.

+

Figure 63 - Size of the WST specimen compared to the three point bending test specimen (Shah and Carpinteri,
1991)

On one hand, the specimens should have small dimensions in order to lower the load necessary to initiate
and develop the fracture process (Chupanit, 2005). On the other hand, they should be big enough to not
interfere with the cracking process. With that in mind, RILEM (1990) suggests that the specimen’s
dimensions in the cracking direction should be, at least, three times higher than the maximum aggregate
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size. The outer dimensions of the specimen should be, at least, 3 times the fibre length and/or 5 times
the maximum aggregate size in order to reduce the wall effect (Kooiman, 2000; Soroushian and Lee,
1990). Also, the length of the ligament should be at least 1.5 times the fibre length and/or 5 times the
maximum aggregate size to obtain a large fracture surface which will reduce the scatter (Kooiman,
2000).

Although this method has proven to be successful in many applications with plain concrete (Lofgren,
Stang and Olesen, 2008), its application with fibre reinforced concrete has much fewer references
(Lofgren, 2004; Meda, Plizzari and Slowik, 2001; Nemegeer, Vanbrabant and Stang, 2003).

Lofgren, Stang and Olesen (2008) studied the application of the WST in determining the mechanical
properties of FRC. A guide notch (Fig 64) was successfully used to prevent horizontal fractures, even
though an increase of 5-15% of the fracture energy was registered.

casting surface

[~ Buide notch casting surface
" :ﬂl
g g
_ I
Specims with - Specimens without
guide notch guide notch
Top view Top view

Figure 64 - Specimens a) with guide notch b) without guide notch (Léfgren, Stang and Olesen, 2008)

In Figure 65, the WST test set up adopted in the mentioned study is presented. A cubic specimen was
used. It is equipped with a groove (where the load will be applied) and a notch (to localise the crack
propagation). Two steel devices with roller bearings are placed partly on top of the specimen, partly into
the groove, and through a wedging device the splitting force, Fp, is applied. The specimen is equipped
with two LVDT which measure the CMOD.

cube specimen =
= actuator

starter notch
(cut-in)

") steel loading
4" device with

roller bearings
—

o
linear support

(a) . (b)

Figure 65 - Test set up: a) relevant parts; b) all parts assembled inside the testing machine (Léfgren, Stang and
Olesen, 2008)
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The applied vertical force, F,, is also recorded and is transformed into horizontal force. The energy
necessary to split the specimen is the area beneath the obtained F,-CMOD curve. The horizontal splitting
force can be calculated using the vertical force applied as seen in Equation 11 and illustrated in Figure
66 (Lofgren, 2005).

F, 1—-uxtan a
F.‘S'p = *
2xtan(a) 1+u*cota

(11)

Where a is the wedge angle (commonly a=15%) and u is the coefficient of friction for the roller bearing.
The coefficient of friction normally varies from 0.1% and 0.5%. If the friction is neglected, F,=1.866*F),
with an estimated error of 0.4 and 1.9% respectively.

N =

I
v

Figure 66 - Force transmission in WST (Fs=Fsp) (L6fgren, Stang and Olesen, 2008)

They compared the results of this test with the uniaxial tensile test and the three point bending test. The
variation of results in the WST was non-significant and the scatter was smaller than in the other two
tests. Also, compared to the three point bending test and the uniaxial tensile test, WST has the most
fibres per unit area of the cracked cross-section (indicative of the fibre’s efficiency). The specimen’s
size had no influence in this parameter.

4.3 From material to structural behaviour

Although many experimental studies have been carried out in the last 50 years, FRC’s structural
response only started to be deeply investigated 15 years ago. There is still a lack of international building
codes for the structural design of FRC elements, just a few guidelines were recently introduced. This
explains the limited use of FRC among designers (di Prisco, Colombo and Dozio, 2013).

In the United States, ACI (544, 1999) proposed some design considerations. RILEM TC162-TDF (2001)
also introduced some guidelines for structural FRC elements (Vandewalle and Dupont, 2003;
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Vandewalle et al., 2003) which were followed by other recommendations in several countries such as
France, Sweden, Germany, Austria, Italy, Japan and Spain.

More recently, the fib Model Code 2010 added two new sections related to FRC — section 5.6 regarding
the material behaviour and section 7.7 focusing on the structural behaviour - based on the
recommendations mentioned in the previous paragraph. This chapter will analyse the fib Model Code
2010 and the work of di Prisco, Colombo and Dozio (2013).

The material classification of plain concrete is based on its compressive strength. However, since in
FRC the compression strength is not significantly influenced (excluding those with high fibre volumes),
the proposed classification is based on the post-cracking properties where the fibre has its most
important contribution. These properties are determined through a standardized test according to the EN
14651, the three point bending test (already described in chapter 4.2.2.1). The classification is based on
two post cracking residual strengths corresponding to two different CMOD values. For CMOD;=0,5mm,
its correspondent strength, frix, is used for service limit state characterization while for ultimate limit
state, characterization is based on fz3 measured for CMOD;=2,5mm. From these two values, two
parameters are used: the first one is a number used for classifying the fz; class ( 1.0; 1.5; 2.0; 2.5; 3.0;
4.0;5.0; 6.0; 7.0; 8.0 [MPa]) ; the second one is a parameter classifying the frs/fri« ratio into five classes:

o a)if 0,5 <fr/frix <0,7,
o b) 0,7 <frs/frix <0,9;
o ¢)if 0,9 <frse/frix <1,1;
o d)if 1,1 <frsw/frie <1,3;
o ¢)if 1,3 < fraw/frir

Fibres can only replace, even if partially, steel rebars at ULS if:

Sfri/fu=0,4 (12)
fr3i/fri>0,5 (13)

Where fi is the stress correspondent to the load at limit of proportionality (4.2.2.1). This is to prevent a
brittle failure.

In order to relate stress-strain law (o-¢) and stress-crack opening (o-w), a new concept is introduced —
the characteristic length, /. The characteristic length is defined as the crack spacing when a multi-
cracking process takes place or as the beam depth when a plane section approach is used (Fig 67)

Figure 67- Isc (sm in the figures) definition (di Prisco, Colombo and Dozio, 2013)
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This parameter relates the strain, ¢, and crack width, w, as seen in Equation 14:

£=— (14)

The ultimate crack length, w,, is then defined (see Eq 15)

wy, = min(lg, * gpy; 2.5mm) (15)

Where ¢r, takes the value of 2% when the neutral axis is inside the cross-section and 1% when the
neutral axis is external to the cross-section. 2.5mm is a limit value based on the market availability
regarding the fibre length.

The need for this definition, independent from the tensile behaviour of FRC (strain-hardening or strain-
softening), is justified because sometimes the same composite can show different responses depending
on the direction (Ferrara, Ozyurt and Di Prisco, 2011).

In order to determine the o-w relationship in uniaxial tensile tests, two basic models can be used, as
shown in Figure 68.

cll GJL
frwl- n_glfi P @s_tncﬂ hardening L
" _ -~ IF
fru ; fra|< - -
: softening
;Nu %V Wu w
a) b)

Figure 68 - o-w relationship: a) rigid-plastic model; b) linear model (di Prisco, Colombo and Dozio, 2013)

The first one, the rigid-plastic model, only identifies one parameter, the fr,. By assuming that the
compressive stresses are concentrated in the top fibre (Fig 69), the equilibrium equation between the
internal and external moment can be written (Eq 16)

fr3*brhep®  fprurbrhey” _ fr3
A = > S fro = = (16)

Mu,ext = Mu,int g
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Figure 69 Stress distribution in bending of an FRC’s cross-section (di Prisco, Colombo and Dozio, 2013)

The linear model uses two parameters, fr and frs (Eq 17 and 18). More details on their calculation can
be found in (di Prisco, Colombo and Dozio, 2013)

freu = fres — #51)3 * (fpes — 0,5fr3 + 0,2fg1) =2 0 (17)

fres = 0,45fRq (18)

A more developed constitutive law, which takes into account the peak stress was then created (Fig 70).
Up to point B where the peak strength, /-, is localized, the same constitutive relationship used for plain
concrete can be adopted. In the post-cracking behaviour, a bilinear relationship is assumed. The pull-
out mechanism can be translated by the second post-peak branch and is defined by two points, D and E.
Also, in some situations, point C can be shifted to the first post-peak branch assuming a value of k. *fz/,
where k, is a factor depending on the Young Modulus, £, and the characteristic length, /. (Fig 71).

&> & G <fq
£ =& G =[fq
B
fd A __ Plain Concrete
.| |. s\C
f Fis o‘. D
f Fru ".‘ E
0,2f., Q
>
8,,8(. g() é‘Slj a‘l (A &

Figure 70 - Constitutive-law of FRC under uniaxial tension (di Prisco, Colombo and Dozio, 2013)

66



Tensile behaviour characterization of a high performance fiber reinforced concrete

0.38 -y

0376~

0372 N

0 388 — ~,

0.384 S

036 - . r . 1 +

20000 30000 40000 50000
E [MPa]

Figure 71 Relation between ka and E for Isc=h (di Prisco, Colombo and Dozio, 2013)

Experimental tests were made and compared this constitutive law and a finite elements method approach
and the results were very encouraging (Figure 72).
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Figure 72 - Comparison between uniaxial tensile test results, the constitutive law and non-linear finite element
analysis results: a) no zoom; b) with zoom in the smaller displacements (di Prisco, Colombo and Dozio, 2013)

Also, using finite element analysis and a plane section approach, a constitutive law o-w obtained from
bending tests was plotted and compared to many experimental results and the results were also very
promising for both methods.

After comparison with many experimental tests, fib Model Code 2010 suggested that a value of the
characteristic length, /i, equal to the height of the cross-section, #, is a reasonable choice.

As explained before in this work, fibre orientation and distribution have serious influence in the
mechanical characteristics of FRC and are highly affected by casting procedures. The elements which
are suggested to be employed in the standardized tests (150%150mm beams) have different casting
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procedures compared the thin elements in which FRC are mainly used in construction. Also, the
standardized specimens are notched which alters the cracking process. For these reasons, it is
recommended to use unnotched specimens with the same casting procedures and thickness of the
structural element. French and Italian guidelines first suggested to use these specimens and called them
“structural specimens”.

Chapter 7.7 of fib Model 2010 addresses the concrete’s uniaxial tensile behaviour with the use of both
fibres and traditional reinforcement.

< 6‘«:u f;'d ,7 'ful
X
Jru
A, g
<E,
¢ L I
S&, hardening softening Srua

Figure 73 - ULS for bending moment and axial force: use of simplified stress-strain relationship (di Prisco,
Colombo and Dozio, 2013)

The bending failure stage is supposed to be reached when one of the following conditions applies (Fig 73):

e ultimate compressive strain in the FRC, &, is reached;
e ultimate tensile strain in the steel (if present), &g, is reached;
e ultimate tensile strain in the FRC, ¢p,, is reached.

The safety factors, yr for designing FRC elements are shown in Table 13. For SLS, a safety factor of 1
should be used.

Table 13 - Safety factors for FRC design

Material VF

FRC in compression Same as plain concrete

FRC in tension (limit of linearity) Same as plain concrete
FRC in tension 1,5

The choice of the safety factors is based on:

e the representativeness of the specimens used to characterize the mechanical response of the
material, in relation to the structure considered;

e the number of specimens for mechanical characterization;

o the stress redistribution capacity of the structure under consideration;

o the fracture volume involved in the failure mechanism;
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Another coefficient, K, is introduced. For isotropic fibre distribution, the fibre orientation factor, K, is
equal to 1. In Equations 19 and 20, for favourable and unfavourable effects, K takes a value smaller than
1 and higher than 1, respectively,

thsd, mod:thsd/K (1 9)
thud, mad:thud/K (20)

FRC is more adequate for structures with diffused stresses applied, whether for structures with both
localized and diffused stresses, a combination of rebars and fibres is suggested. A minimum degree of
redundancy is required for structural elements using only fibres. Moreover, FRC with hardening
behaviour in uniaxial tensile tests can use fibres as the only reinforcement.

Equations regarding shear, punching, torsion solicitations as well as suitable equations for slabs and
walls as well as specific equations to compute crack distance and crack opening regarding fibre
contribution, are also included in chapter 7.7. Designing FRC structures is then possible according to
these principles.

4.4 Flexural behaviour of HPFRC developed at FEUP
4.4.1 Applied concrete mixture

WST testing campaign was carried out at FEUP. The applied mixture across all the specimens is the
same mixture used in the specimens for the pull-out tests (Mix A).

Many different fibre combinations were tested, keeping the fibre content constant and equal to 1%. In
this work three of them will be analysed. The details about the fibres can be seen in Table 14.

Table 14 - Fibres used in the WST

I Short fibres 13/0,2 4D 65/35BG 5D 65/60 BG

Ir(mm) 13 35 60

dr (mm) 0,2 0,55 0,9

Fibre’s aspect ratio 65 65 65
Fibre’s tensile strength (N/mm?) 2500 1500 2300

Fibre’s hook no hook 4D 5D

Also, the fibre volume of the different specimens is showed in Table 15.
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Table 15 - Specimens produced for the wedge splitting tests

Short fibres 13/0,2 (%) 4D 65 /35 BG (%) 5D 65/60 BG (%) Specimens produced

WST1 1 0 0 6
WST4 0 1 0 6
WST6 0 0 1 6

4.4.2 WST testing procedure

The geometry of the specimens used in the wedge splitting tests performed in FEUP is presented in
Figure 74. As the figure shows, specimens with a guided notch were chosen in order to obtain a more
stable crack propagation. They were chosen based on other studies.
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Figure 74 - Geometry of the specimens used in the wedge splitting tests in FEUP

The load is applied in a groove in the specimens. Also, there are two steel devices with roller bearings
attached to the specimens and to the groove. The CMOD is measured by two LVDT devices installed
in the specimen. The vertical force applied is measured by a load cell and is then transformed into a
horizontal splitting force. The test set-up is illustrated in Figure 75.
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Load Cell
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Figure 75 - Test set-up used at FEUP

The average force-displacement curves of each type of specimen is presented in Figure 75 together with
the respective maximum and minimum curves.
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Figure 76 - Average horizontal force (Fs)-displacement curves of a) WST1 b) WST2 c) WST3

In Figure 76a we can see that the specimens with short fibres presented a strain-softening post-peak
behaviour: after the initial ascending linear branch, the concrete reaches its tensile strength and the first
crack appears. This corresponds to the small descending branch after the peak. The fibres bridge this
crack and allow a strain-softening branch with a smooth load reduction, instead of a brittle failure. In
this phase, the fibres were mainly pulled-out from the concrete.

The use of 4D and 5D fibres (Fig 76b and 76c) did not change the elastic behaviour and matrix cracking
strength, as expected. However, the post-cracking behaviour was different: the specimens showed a
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strain-hardening response in the WST. After the matrix cracking, a small load decaying correspondent
to the first crack was observed. Then the load starts to increase up to the peak value. In this stage, the
specimens containing 5D fibres shows a higher peak value compare to the ones with 4D fibres. This is
in accordance with the fibre pull-out test results discussed in previous chapter. This ascending branch
ends with the localization of a critical crack. After that the fibres start to be pulled-out or to rupture and
a smooth descent branch is observed. However, it is worth mentioning that, unlike specimen with 5D
fibres, a sharper reduction of the load in the softening phase is observed in the specimen containing 4D
fibres which means many fibres were ruptured. The specimens containing short and smooth fibres show
higher residual forces than specimens containing 4D fibres.
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Figure 77 - Comparison of the average curves of the WST1, WST4 and WST6

From the analysis of Figure 77 one can see that the pre-peak branch is similar in the WST4 and the
WST6. In the WST]1, although the inclination is the same (it only depends on the Elastic Modulus of the
matrix), the cracking strength is a bit higher.

The WST4 and WST6 present a strain-hardening behaviour in the WST test because of their hook-type
shape which provides an additional mechanical bond between the fibre and the matrix that the smooth
fibres of WST1 don’t. The post-peak stress is higher and occurs for a higher displacement in the WST6
compared to the WST4 because the 5D fibres have an improved hook which provides a stronger
anchorage and a more resistant and ductile steel which is able to endure more stresses.

The softening branch of the WST1 and WST6 have similar inclinations because the majority of the
fibres are being pulled-out. In the WST4, the branch is much more inclined, compared to the previous
two, because the fibres have a smaller tensile stress and the majority are rupturing instead of being pulled
out.

4.4.4 Summary and concluding remarks
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From the obtained results we can clearly see the influence of fibre type in the tensile response of the
concrete, even though the tensile strength and the pre-peak branch is not influenced. The addition of a
sufficient volume of strong fibres can solve the lack of ductility and the brittle failure, which are the
main weaknesses of the concrete. Moreover, the strain-hardening behaviour can even add extra load
capacity to the specimen. This property was not only obtained for the strongest 5D fibres but also for
the 4D fibres due to their hook.

The scatter of the curves can be related to the fibres’ random orientation and distribution which affects
the effectiveness of the bridging effect, as already mentioned in this study.
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5

INVERSE ANALYSIS

5.1 Introduction

One of the applications of the inverse analysis is to obtain the tensile constitutive law of the material
indirectly from the results of wedge splitting test (Dstergaard, 2003). The inverse analysis method used
in this study was proposed by Ostergaard (2003) and consists of three main stages: (1) obtaining the
experimental results, (2) simulation of the test using the parameters to be determined , (3) a optimization
process to minimize the differences between the experimental test data and the corresponding data
obtained from the simulation (Skoc¢ek and Stang, 2008).

The inverse analysis can be performed in two ways: the first method consists of determining the curve
point-by-point by the minimization of the discrepancy between the computed value at following point
and the corresponding measured point on the load—displacement curve (Fig 78a); the second way uses
an a priori defined relationship and the optimization is made for the entire curve (Fig 78b). The first one
has the disadvantage of accumulating the errors from the previous points. However, it makes no
assumptions, like the latter (Skocek and Stang, 2008).
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Figure 78 - General methods of the inverse analysis: a) determination point-by-point; b) use of an a priori
relationship (Sko¢ek and Stang, 2008)
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In Figure 75b, the bi-linear curve is presented. @stergaard (2003) proposed that a bilinear curve can be
used to simulate the tensile behaviour of cementitious materials. In this work, its suggestion will be
applied and explained.

5.2 Relevant steps for inverse analysis

@stergaard (2003) distinguish three steps in this method: Step I consists in determining the modulus of
elasticity, £, in the first phase of the cracking process, the non-cracked state; in Step II, the tensile
strength, f;, as well as a; are calculated; in Step 111, a2 and b, are determined. These values are represented
in Figure 79. Each step is resolved by following an independent optimization process in three parts, as
explained in Chapter 5.1. The final solution is an accurate approximation of the tensile behaviour of the
material based on the five parameters already mentioned.

The author’s approach is based on Hinge Model (@stergaard, 2003) solved by a Matlab® code. This
model assumes that the crack changes the local stress and strain state of certain element with a certain
width, s (see Figure 80). Outside this element no alterations occur. The hinge is modelled by a series of
independent spring layers attached in the element’s boundaries.

For each spring, the constitutive law is linear in the pre-cracking age, according to Equation 21.

og=E=xe¢ (21)

Where E is the modulus of elasticity and ¢ is the strain.

In the cracked state, the spring assumes a bilinear relationship, as follows (Eq 22)

oc=b;—a;*w (22)
where, for 0 <w <w; (Eq 23)

c=by—a;*w (23)
and for w; <w <w,, (Eq 24)

c=b,—a,*w (24)

a; is the slope of the first branch b; is set to 1, a> is the slope of the second branch and b: is the value
where the second branch intersects the y-axis. The four parameters are shown in Figure 79.
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Figure 79 - Constitutive law of each spring: a) pre-crack state; b) cracked state (Jdstergaard, 2003)

The method can be used for both the three-point bending test and the WST. Its interest comes from its
simplicity and short computation time. Figure 80 shows the hinge model adapted to the WST.
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Figure 80 - Hinge model incorporated in the WST (Dstergaard, 2003)

The model consists in balancing the external and internal stresses for different angular deformations in
the different phases of the cracking process. The external loads are shown in Figure 81.
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%P,

Figure 81 - External loads of the WST (Jstergaard, 2003)

In Figure 81, Py, is the splitting force, P, is the applied vertical force, m is the specimen’s mass, g is the
gravity’s acceleration and e is the eccentricity to the symmetric axis of the specimens. The normal force,

N, and the moment, M, are obtained by Equations 25 and 26 respectively.
N = P,

hy , 1 1
M=Psp(d2—E)+E*P,,*d1+5*m*g*e

where d; and d> are geometrical parameters of the specimen’s test and are defined in Figure 82.
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Figure 82 - Relevant dimensions of the WST
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The Matlab® code needs the following geometrical characteristics of the specimen (geometry.dat, see
Figure 81):

m: Mass in [kg];

ap: Initial notch length;

an: Mean width of groove;

b: Distance from bottom of specimen to line of CMOD-measurements;

bn: Mean width of specimen on each side of groove;

d;: Horizontal coordinate of the load point measured from line of symmetry;
d>: Vertical coordinate of the load point measured from bottom of specimen;
h: Height of ligament;

L: Outer horizontal and vertical dimensions;

t: Thickness of specimen;

mu: Friction coefficient in roller bearings;

alpha w: Wedge angle;

v2: Elastic deformation coefficient.

The internal stresses are explained, using the “hinge element”, in Figure 83.

Figure 83 - Internal stresses of the hinge element (Jstergaard, 2003)

More details can be found in Ostergaard (2003) work.

5.3 Description of the Matlab® code

The inverse analysis procedure developed and implemented in Matlab® by Ostergaard (2003) was used
in the current thesis, which the main steps are showed in Figure 84.
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Main.m +
i clear all;
2= red=0.02;
3= tol=0.01;
4 — rep=20;
i input="WST-Ref.dat"';
6— output="WST-Ref.out.dat';
i initial='estimates.dat";
Bi—= geometry="geometry.dat"';
9 — [X,Y,out]l=wst inverse (input, geometry,output,initial, red, rep, tol)
= a=[X,Y,out]
= xlswrite("result.xls",a)

Figure 84 - Main steps of the Matlab® code

In this code, the solution is obtained by an iterative procedure to minimize the error in each step. Prior
to run the program, the following relationships and parameters should be inputted: experimental force-
CMOD relationship, specimen’s geometry parameters (mentioned before) and initial parameters to
define an estimated bilinear tensile curve and three scalars as described below:

e red: scalar specifying the wanted data reduction factor with a default value of 0.02;

e rep: scalar specifying the max. number of iterations for the inverse analysis algorithm with a
default value 20;

e tol: scalar specifying the max. relative error for any of the constitutive parameters between two
iterations with a default value 0.01.

In the end, the outputs of this code are five parameters - f;, a;, az, b2, E - which are used to determine
and re-produce a bilinear tensile constitutive law, explained in Figure 79, for the best fitted analytical to
experimental force-CMOD relationship with minimum error.

e f: Tensile strength in Newtons;

e q;: Slope of first part of s(w);

e a>: Slope of second part of s(w);

e b, Intersection of second linear part with y-axis;

e [E: Modulus of Elasticity;

e Gf: Area under stress-crack opening relationship;

e Lch: G*E/f?;

e  %error: error of the final estimated curve compared to the experimental curve.

The input file, “WST-Ref.dat” contains the experimental values of the CMOD-Split load obtained in the
WST. The output data is provided in “WST-Ref.out.dat” file showed in Figure 84. All the inputted and
outputted values are in Newtons and mm unless in some mentioned exceptions.
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5.4 Results of the inverse analysis

The inverse analysis program was run for the experimental average curves of the three different series
of specimens tested with the WST in FEUP. A comparison between the analytical curve obtained from
the inverse analysis and the experimental curve from the laboratory tests are shown in Figure 85.

Moreover, the output parameters are presented in Table 16.

Table 16 - Results of the inverse analysis

Specimens  f; (MPa) ar b2 E (MPa) Gf Lch Error (%)

WST1 3,84 16,38 0,15 0,59 18940,00 | 4,48 5747,60 1,04

WST4 3,8114 | 31,863 | 0,46269 | 0,79556 | 19467 | 2,6094 | 3496,6 4,5426

WST6 4,91 28,20 0,04 0,56 16597,00 | 19,35 | 13313,00 7,87
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Figure 85 - Experimental curves vs theoretical curves a) WST1; b) WST4; c) WST6

The constitutive laws obtained from WST1, WST4 and WST6 using the parameters of Table 17, are
shown in Figure 86, 87 and 88 respectively.

From the analysis of the approximated curve of the WST1 and Table 17, it’s possible to understand the
error percentage of the theoretical curve compared to the experimental curve is very small and the results
are very accurate. In the case of WST4 and WST6, the analytical force-CMOD curve obtained by the
inverse analysis did not follow the experimental curves closely and therefore a much higher error was
obtained. This is expected since the input tensile constitutive law in inverse analysis is a bilinear curve.
This type of curve is more suitable to simulate the tensile behaviour of plain concrete. However, in the
case of the fibre reinforced concrete, at least a three linear curve should be implemented to simulate
accurately the tensile response of this composite (Abrishambaf, 2015). WST1 and WST6 showed a
strain softening behaviour in the analytical curve. This corresponds to the experimental behaviour of the
WST1 but not to the WST6, that showed a strain-hardening behaviour. The model has more difficulties
in adapting to this type of post-peak behaviour. However, in the theoretical curve of the WST4 the model
was able to reproduce a strain-hardening behaviour.

The highest tensile stress and highest absorbed energy of the three approximate curves were both
registered in the WST6, which is in accordance with the experimental results.
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Figure 87 - Constitutive law of the material of the WST4: a) non-cracked stage; b) cracked state
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Figure 88 - Constitutive law of the material of the WSTG6: a) non-cracked stage; b) cracked state

We can see that the inclination of the three constitutive laws are according to the level of smoothness of
their softening branches in the approximated force-CMOD curves: WST6 has the highest displacement
because its softening branch is the smoothest and the WST4 has the smaller displacement because its
post-peak branch was the more inclined.
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In the pre-peak branch of each series, we can see that the displacement for the maximum stress is similar
in the WST1 and in the WST4. In the WST6, its displacement is higher. This is related to the fact that,
even though the inclination is similar, the model gives a higher tensile stress to this series because of its
high post-peak stress.
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6

CONCLUSIONS AND FUTURE DEVELOPMENTS

6.1 Final Remarks

From the experimental work it was possible to understand that:

The maximum pull-out force of hooked-end fibres is not significantly influenced by the
embedded length. The difference in maximum load is very small for all inclinations but,
inversely of what was expected, the less embedded fibres showed a slight increment.

The influence of the embedded length should be tested using smooth fibres in which the main
contribution of the bond comes from the frictional stresses, which are dependent of the
embedded length.

Between the two embedded lengths, there was no significant difference in the slip at the
maximum pull-out force of the aligned fibres. However, a slight increase regarding the more
embedded fibres was registered in the inclined fibres because there was a larger difference in
spalled concrete. The difference is more noted in the 60° inclined fibres because the difference
in spalled concrete is also the highest

The increase of the inclination has a negative effect on the maximum applied load of both
embedded lengths. The snubbing effect and the concentrated stresses, which are proportional to
the inclination, allows the fibres to rupture for smaller forces. This was expected for the 30°
inclined fibres. In the 60° inclined fibres, previous studies showed that the fibres could be pulled
out. In this work, this did not happen because the high resistance of the matrix didn’t allow
enough spalling of the concrete to overcome the snubbing effect;

The slip at the maximum force increases with the inclination due to the more concrete spalling
resultant of the bending of the fibre on its exit point. The increment in the slip was higher when
the inclination raised from 30° to 60° compared to when it raised from 0° to 30° because the
increment in spalled concrete was also higher. Also, with an inclination of 30°, the matrix, due
to its high compressive strength, showed very little spalled concrete;

The comparison between the results of this work and the work of Pogas (2017), which used a
lower strength matrix, showed that the bond between the fibre and concrete is influenced by the
matrix strength. A matrix with higher strength can endure higher stresses caused by the fibre
without debonding and without being crushed in the fibre’s exit point. This caused higher pull-
out loads in this work than in Pogas’s (2017) work. The difference was more noted in the aligned
fibres because most inclined fibres ruptured;

The high strength matrix used in this work showed a higher slip at the maximum force when
compared to Pogas’s (2017) work. The resistance to the fibre’s pressure in its bending point of
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the more resistance matrix reduced the concrete spalling and did not allow the fibre to slip as
the weaker matrix did;

— The improved hook of the 5D fibres created a tougher bond to the concrete which needed larger
loads to be ruptured, compared to the 4D fibres. The steel with higher tensile strength also
requested more energy to straighten the hook. Both these factors improved the pull-out energy
of the aligned fibres. In the inclined fibres, for a 30° angle, the rupture stress was higher due to
the more resistant steel and all the 60° inclined fibres were pulled out, unlike the 4D fibres,
because the steel endured the concentrated stresses of the snubbing effect;

— The concrete spalling is not significantly influenced by the fibre type and so the slip at the
maximum force is very close for both the 5D and 4D fibres. In the 5D fibres, the slip between
the 30° and 60° did not change because there was less concrete spalling than expected regarding
the second inclination;

— The 4D fibres are not adequate to matrixes with high strength such as the one used in this work.
The requested stresses to break the very strong bond that the concrete created with the fibre
were too high for the steel of the 4D fibres, causing the majority to rupture.

— In the WST tests, for the three curves, the pre-peak behaviour is practically the same and not
influenced by the fibres, as expected. After the peak, it was only possible to achieve the strain
hardening behaviour in the WST tests for the hooked-end fibres. The straight fibres were not
able to support the multi-cracking process needed to create a post-peak stress higher than the
cracking stress. However, the failure was more ductile when using the short fibres and the 5D
fibres instead of the 4D fibres because the tensile stress of the second is lower and the fibres
have mainly ruptured and were not pulled out. So, it is concluded that the 4D fibres are not a
solution for this type of matrixes as their failure is more brittle.

— The inverse analysis method proposed by @stergaard (2003) and used in this work had high
error percentages in the WST6 and WST4 while it was much more adequate for the WST1. The
results have proven that the model is more adequate to a strain-softening behaviour (or to plain
concrete) because it’s uses a bi-linear model.

6.2 Future developments

It would be of interest to test fibres (pull-out tests) with more resistance steel, like the 5D fibres used in
Pocas’s (2017) work, in the matrix used in this work. The 5D fibres, with a more resistance steel, would
have been able to support the stresses and to be debonded. Also, unlike the matrix used in Pogas’s (2017)
work, the matrix used in this work would have been able to fully straight the 5D fibre’s hook and,
because of that, to take full advantage of the mechanical bond.

With a 30° inclination angle, hooked end fibres mainly ruptured because the bond mechanism is too
strong and requires very large loads in order to be ruptured. This happened in both matrixes. The creation
of fibres with a more resistance steel, with a higher tensile stress that could endure the high concentrated
stresses created by the bending of the fibre would allow to take full-advantage of the strong adhesion of
both constituents.

A desirable characteristic of HPFRC is the strain-hardening behaviour when subjected to tension. This
model as an extra ascending branch that plain concrete or FRC with strain-softening behaviour do not
show. The development of a tri-linear model is important in order to obtain a better constitutive law of
this material.
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The potential regarding HPFRC is clear. It can be a great structural solution for many situations
combined with traditional reinforcement allowing lighter and slender structures There is a general lack
of sufficient knowledge because FRC is a relatively new composite in structural engineering. In order
to start using fibres as a principal reinforcement of concrete structures, more studies need to be done so
more guidelines and standards can be produced.
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