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Abstract

Abstract

Several efforts have been made in experimental and theoretical research about shear to
understand all the variables that influence the phenomenon. Nowadays, however, due to
its complexity, the shear performance of structural concrete elements, especially those
without any traditional transversal reinforcement, continue with no clear explanation of
the problem. Uncertainty about the problem grows when new variables like fibres are
incorporated into the shear study.

Research works have demonstrated the effectiveness of steel fibre in improving the me-
chanical properties of concrete elements. Experimental results reveal that steel fibres
have proven effective in improving shear resistance, and they confer some concrete ele-
ments more ductility. In adequate amounts, steel fibres can completely or partially sub-
stitute traditional shear reinforcements. This is why international codes have included
some requirements to take into account the action of fibres on the shear response of con-
crete elements. However, most recommendations and requirements for steel fibre-rein-
forced concrete (SFRC) were originally created.

New fibres with different materials properties and shapes, such as macrosynthetic fibres,
are now available on the market. These fibres, some of which are made of polypropylene,
are an alternative in the construction industry given their properties and final cost. Ini-
tially, polypropylene fibres were used to control shrinkage cracking. Nevertheless, in the
last decade the chemical industry has created larger fibres with better surface shapes,
which allows polypropylene fibres to meet the requirements of international codes so
they can be used in structural elements.

Within this framework, the present PhD thesis aims to contribute to knowledge about
fibre reinforced concrete (FRC), especially to study the effectiveness of polypropylene
fibres when used as shear reinforcement. For this purpose, a literature review of the ma-
terial, polypropylene fibre-reinforced concrete (PFRC) and its structural applications is
first carried out. This study also discusses the parameters that affect the shear behaviour
of traditional concrete and FRC.

In order to evaluate the effectiveness of polypropylene fibres in shear, three experimental
campaigns are presented. Each campaign represents a different level of study. The first
corresponds to the material level, where the shear behaviour of PFRC is evaluated by
push-off specimens. The second level involves studying shear in real scale elements. For
this purpose, shear critical slender beams were manufactured and tested. The last level
corresponds to real application of polypropylene fibres to act as shear reinforcement. In
this campaign, deep hollow core slabs, with real sections and supports conditions, were
tested. At each level, the shear behaviour of PFRC was evaluated against control rein-
forced concrete specimens, which were also tested during each campaign






Resumen

Resumen

Varias investigaciones experimentales y tedricas han sido realizadas para entender el
comportamiento a cortante de elementos de hormigén y sus variables. Sin embargo, hoy
en dia debido a la complejidad del tema, el comportamiento a cortante de elementos de
hormigon armado y en especial aquellos que no tienen refuerzo transversal, contindan
sin tener una explicacion clara. Por otro lado, esta complejidad del cortante aumenta
cuando nuevas variables, como las fibras, se incorporan al estudio.

Investigaciones han demostrado la efectividad de las fibras de acero para mejorar las
propiedades mecanicas de hormigon. Segun resultados experimentales, la fibra de acero
mejora la resistencia cortante y ductilidad de ciertos elementos. Y en cantidades adecua-
das, la fibra puede sustituir total o parcialmente los refuerzos tradicionales de cortante.
Es asi que varios cddigos internacionales han incluido requisitos para tener a las fibras
en la respuesta estructural de elementos de hormigdén. Sin embargo, estos requerimientos
se han creado originalmente para el hormigon reforzado con fibra de acero (Steel fibre-
reinforced concrete -SFRC).

Nuevas fibras con diferentes materiales y formas, como las fibras macro-sintéticas, han
sido introducidas en el mercado. Estas fibras, también Ilamadas fibras de polipropileno
o poliolefina, son una alternativa en la construccién debido a su propiedades y costo
final. Inicialmente, las fibras de polipropileno eran usadas Unicamente en el hormigén
para controlar la fisuracion por retraccion. Sin embargo, en la Ultima década la industria
quimica ha desarrollado fibras mas grandes y con mejores prestaciones de adherencia,
que permiten a estas fibras cumplir con requisitos para ser utilizadas estructuralmente.

En este contexto, la presente tesis pretende ser una contribucidn al conocimiento sobre
el hormigon reforzado con fibras (Fibre-reinforced concrete - FRC), especialmente en la
efectividad de las fibras de polipropileno como refuerzo a cortante. Para esto, primero se
realiza un estudio bibliografico del hormigén reforzado con fibra de polipropileno
(PFRC) como material y sus aplicaciones estructurales. Este estudio también tratara so-
bre los parametros que afectan el comportamiento a cortante del hormigén tradicional y
hormigon reforzado con fibras.

Para evaluar la efectividad de las fibras de polipropileno en el cortante, se realizaran tres
camparias experimentales. Cada campafia representa un nivel de estudio diferente. El
primero es a nivel material en donde se evalla el comportamiento a cortante a través de
especimenes tipo Push-off. El segundo nivel, corresponde al estudio del cortante en ele-
mentos a escala real. Para esto se fabrican y ensayan vigas esbeltas criticas a cortante. El
altimo nivel corresponde a una aplicacién real de fibras de polipropileno actuando como
refuerzo cortante. En esta campafia, se fabrican y ensayan placas alveolares de gran canto
con secciones y condiciones de apoyos reales
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Resum

Diverses investigacions experimentals i tedriques han estat realitzades per entendre el
comportament a tallant d'elements de formigd i les seues variables. No obstant aix0, hui
en dia a causa de la complexitat del tema, el comportament a tallant d’elements de
formigd armat i especialment aquells que no tenen reforg transversal, continuen sense
tindre una explicaci6 clara. D'altra banda, aquesta complexitat del tallant augmenta quan
noves variables, com les fibres, s'incorporen a I'estudi.

Investigacions han demostrat I'efectivitat de les fibres d'acer per a millorar les propietats
mecaniques del formigd. Segons resultats experimentals, les fibres d’acer milloren la
resisténcia a tallant i la ductilitat de certs elements. A més, en quantitats adequades, les
fibres poden substituir total o parcialment els reforcos tradicionals de tallant. Es aixi que
diversos codis internacionals han inclos requisits per a tindre amb compte la resposta
estructural de les fibres en els elements de formigd. No obstant aix0d, aquests
requeriments s'han creat originalment per al formig6 reforgcat amb fibres d'acer (Steel
fibre-reinforced concrete -SFRC).

Noves fibres amb diferents materials i formes, com les fibres macro-sintétiques, han estat
introduides al mercat. Aquestes fibres, també anomenades fibres de polipropile o
poliolefina, sén una alternativa a la construccié a causa de les seues propietats i cost
final. Inicialment, les fibres de polipropilé eren usades Gnicament en el formigd per
controlar la fissuracié per retracci6. No obstant aix0, en I'Gltima década, la industria
quimica ha desenvolupat fibres més grans i amb millors prestacions d’adheréncia, que
permeten a aquestes fibres complir amb requisits per a ser utilitzades estructuralment.

En aquest context, la present tesi pretén ser una contribuci6 al coneixement sobre el
formigé reforcat amb fibres (Fibre-reinforced concrete - FRC), especialment en
I'efectivitat de les fibres de polipropilé com a reforg a tallant. Per aix0, primer es realitza
un estudi bibliografic del formigé reforcat amb fibres de polipropilé (PFRC) com a
material i les seues plicacions estructurals. Aquest estudi també tractara sobre els
parametres que afecten el comportament a tallant del formig6 tradicional i del formigo
reforcat amb fibres.

Per avaluar l'efectivitat de les fibres de polipropile en el tallant, es realitzaran tres
campanyes experimentals. Cada campanya representa un nivell d'estudi diferent. El
primer és a nivell material on s'avalua el comportament a tallant a través d'especimens
tipus Push-off. El segon nivell, correspon a I'estudi del tallant en elements a escala real.
Per aix0 es fabriquen i assagen bigues esveltes critiques a tallant. L'GItim nivell correspon
a una aplicacio real de fibres de polipropilé actuant com a reforg a tallant. En aquesta
campanya, es fabriquen i assagen plaques alveolars de gran cantell amb seccions i
condicions de suports reals.
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Chapter 1. Introduction

1.1. Background

The shear behaviour of structural concrete elements remains a topic of interest for the
research community. Yet despite the large number of published research works in the
literature, no consensus has yet been reached on the topic in the scientific community.
In fact, shear failure is considered one of the most critical modes of failure (MOF) in
concrete elements as it occurs with no warning, especially in those elements with no
shear reinforcement. Hence more research is required to establish more sophisticated and
less statistical theoretical models to determine realistic strength and ductility previsions,
especially in elements without (w/0) shear reinforcement.

Fibre-reinforced concrete (FRC) has become a novel material recognised by many inter-
national codes. This material is characterised by incorporating disperse fibres in the ma-
trix of fresh concrete or mortar. Most widely used fibres are made of steel, polymers,
glass and carbon and, depending on their shape and material, they are used to improve
concrete properties in fresh and hardened states. Therefore, the study of FRC has been
very interesting for the research community in the last 20 years, with benefits reported
in the literature like crack control, durability and strength. The most frequently used ap-
plications of fibres are pavements and tunnelling. However, classic structural applica-
tions in buildings have also been recently explored and have demonstrated their effi-
ciency in redistributing stress or reducing reinforcement congestion. FRC has also been
extended to concrete technologies, such as self-compacting concrete, dry-concrete or
shotcrete. Figure 1-1 two FRC building applications in Spain. The first shows the appli-
cation of steel fibre-reinforced concrete (SFRC) combined with shotcrete in the construc-
tion of the Oceanographic Park roof in Valencia (see Figure 1-1). The second corre-
sponds to using polypropylene fibre-reinforced concrete (PFRC) combined with a self-
compacting technology to reconstruct the Cathedral de San Cristobal de la Laguna
vaults.

(b)

Figure 1-1: SFRC shell roof of the Oceanographic Park in Valencia, Spain [1] (a) and the PFRC
vaults of the Cathedral de San Cristobal de la Laguna, Spain (b) [2].
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As seen in Figure 1-2 , SFRC is one of the main FRCs studied in the literature. However,
owing to increasing knowledge of and interest in FRC, new fibre types with novel ma-
terials like polypropylene fibres have been studied since 1985 (see PFRC in Figure 1-2).
In the last few years, new synthetic fibres designed as larger sized macrosynthetic ones
with new surface treatments have been introduced into the construction industry. As Fig-
ure 1-2 shows, macrosynthetic fibre-reinforced concrete (MSFRC) from 2008 has been
paid considerable attention by the research community.

2500 Publications per year] 250
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—SFRC-WOS
1500 - 150

PFRC-Google Scholar
MSFRC-Google Scholar,

Number of publications in Google
Scholar
Number of publications in WOS
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Year

Figure 1-2: Publications per year containing the words “Polypropylene fibre/fibre-reinforced

b

concrete”, “Macro-synthetic fibre/fibre-reinforced concrete ” and “Steel fibre reinforced con-
crete”. Data taken from Google Scholar on 11 November 2019.

Research on structural FRC applications has focused mainly on using fibres to enhance
the shear strength of elements. In this context, considerable research has confirmed their
effectiveness, especially with steel fibres, to be used as shear reinforcement. Steel fibres
also provide substantial post-peak resistance and ductility after the first shear crack of
the element. Therefore, steel fibre is capable of partially or totally replacing stirrups, and
of reducing rebar congestions, manufacture costs and construction times. Within this
frame, international design codes like ACI 318-2014, Model code 2010 (hereafter
MC2010) and Australian Code 2018, among others, have incorporated expressions and
models to take into account fibres when used as shear reinforcement. However, most are
based on experimental experiments that have mainly used steel fibres.

Some recent publications have also reported the success of macrosynthetic fibres, espe-
cially polypropylene ones, to be used as shear reinforcement in structural elements. Even
though these studies can certainly be considered to represent the good progress made in
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knowledge about the shear behaviour of elements reinforced by macro-synthetic fibres,
some questions still remain.

The present thesis wishes to answer questions like Do macrosynthetic fibres have the same
effectiveness as other fibres?; Can we use the expression developed with steel fibres when
employing macrosynthetic ones? To attempt to answer these questions, three experimental
campaigns were performed to study the shear behaviour of PFRC. These experimental cam-
paigns, carried out at the Universitat Politecnica de Valéencia (Spain) and the Universita degli
Studi di Brescia (lItaly), study shear behaviour from a material level, move on to full-scale
critical shear beams, and end with a real building application. These campaigns also focus on
evaluating the shear transfer mechanism of polypropylene fibres in a shear crack, the effect
of polypropylene fibres on shear strength, and compare the performance achieved with steel
fibres.

Regarding the first experimental campaign, 41 push-off specimens were tested under direct
shear conditions in two subcampaigns. The specimens manufactured with plain concrete (P),
PFRC and SFRC were initially pre-cracked to study the shear transfer across cracks under
different initial conditions. For full-scale beams, 24 beams were tested by a three-point-load-
ing test. The geometry of beams was inspired in the shear critical beams performed by Bres-
ler-Scordelis in 1963 at the University of Berkeley, and are considered a classic series of
beams in shear studies. Beams were manufactured with reinforced concrete (RC), PFRC and
SFRC, and covered different shear reinforcement levels. Finally as regards real applications,
polypropylene fibres were used as shear-reinforced in hollow core slabs (HCS), which are
widely used in residential, parking and industrial buildings for their high quality control,
easy installation and short construction times.

The results show that with the correct polypropylene fibre content, the shear strength of
elements can be substantially improved, especially in those elements w/o conventional
reinforcement. In addition, polypropylene fibres had the same effectiveness as steel fibre
in improving the shear strength, toughness and ductility of elements and both fibres pro-
vided similar residual flexural tensile strengths. It was evidenced that polypropylene fi-
bres modified the different transfer mechanism just as steel fibres do, which could be a
good alternative to improve the shear behaviour in those elements in which conventional
transverse reinforcement cannot possibly be used.

1.1. Objectives

The main aim of this thesis is to experimentally study the effectiveness of polypropylene
fibre in improving the shear strength of concrete elements. For this purpose, the follow-
ing objectives were included in this thesis:

e Compile the state of the art about the shear behaviour of FRC by emphasising
knowledge about PFRC. This part includes the influence of fibre on shear trans-
fer mechanism
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e Prepare a shear database of PFRC beams subjected to shear and make it availa-
ble in the literature. The results obtained with these beams were analysed to
capture the effect of the typical factors that affect their shear behaviour

e Experimentally study the influence of polypropylene fibres on the shear trans-
ferring of a crack. An analytical model was developed that included different
transfer mechanisms, like aggregate interlock, fibres and confinement

e Compare the shear behaviour of PFRC and SFRC. To do so, besides evaluating
shear strength, the influence of fibres on the shear transfer mechanism to act on
the elements was also studied, as was their influence on shear deformation, stir-
rups, mode of failure (MOF) and deflection. Whether FRC shear behaviour, re-
gardless of fibre type, could be related according to FRC post-cracking charac-
terisation, was also evaluated

e Propose a real application of polypropylene fibres in an actual building element
critical in shear.

1.2. How this thesis is arranged
The present PhD thesis is divided into seven chapters:

Chapter 1 is the current opening chapter which introduces the objectives and the content
of this thesis.

Chapter 2 reports a literature review on the shear behaviour of FRC and PFRC. This
chapter also discusses the shear transfer mechanism of FRC and compiles the experi-
mental results of the shear behaviour of PFRC.

Chapter 3 focuses on two experimental campaigns about push-off specimens in PFRC
tested under direct shear at the Universitat Politécnica de Valencia. Experimental tests
were run to evaluate the behaviour of polypropylene fibres in the transfer across a shear
crack. During both campaigns, accompanying specimens also were taken to characterise
FRC.

During the first campaign, 21 push-off specimens were manufactured using PC, PFRC
and SFRC. Specimens were pre-cracked before the push-off test. The studied variables
were type of fibres, crack openings, and the fibres and traditional reinforcement combi-
nation.

The second campaign consisted of 20 push-off PC and PFRC specimens. Two different
densifications of polypropylene fibres were used. The studied variables were volume
fraction and crack opening. The effect of fibres on the macroroughness of a shear crack
was also studied.

Finally, a model of shear transfer mechanism in FRC was developed and validated ex-
perimentally. The model included the effects of aggregate interlock, any type of fibres
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(fibre included according to residual flexural tensile strengths), confinement and pre-
compression.

Chapter 4 presents an experimental campaign on shear critical slender beams. Twenty-
four beams were manufactured and tested at the Universitat Politécnica de Valéncia.
Beams covered a wide range of reinforcement and span conditions and, hence, a range of
influencing factors and MOFs were studied. During this campaign, the shear strength pro-
vided by polypropylene fibres and the effects of combining fibres with traditional transversal
reinforcement were studied. A comparison of shear performance between steel and PFRC
was included.

Chapter 5 describes a real application of polypropylene fibres that acted as shear rein-
forcement. For this purpose, five hollow core slabs of PFRC and RC were manufactured
and tested in both end-zones at the University of Brescia (Italy). Here the possibility of
using fibres on those elements w/o traditional reinforcement due to its manufacturing
process was evaluated.

Chapter 6 closes this thesis by summarising the main conclusions drawn in the experi-
ment campaigns and provides some future research ideas.

The thesis is complemented with three annexes. Annexe A corresponds to the shear da-
tabase, while Annexes B and C complement the information in Chapters 3 and 4, respec-
tively.
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2.1. Fibre-reinforced concrete

2.1.1. FRC material overview

Discrete fibres inside concrete have been used since ancient times. The use of horsehair
or nature fibres to reinforce plaster is probably the oldest example of reinforcing brittle
materials. At the start of the last century, asbestos fibres were introduced to reinforce
mortar. Years later, these fibres were discarded in construction applications as they af-
fected people and the environment. Since 1960, new fibre types have been studied in-
depth in composite materials. Plastic fibres started being investigated to improve the
impact resistance of concrete in 1963 by Goldfein [3]. Romualdi and Batson in 1963 [4],
and Romualdi and Mandel in 1964 [5], studied the effect of different lengthed steel wires
in concrete. In 1968, Majumdar and Rayder [6] explored the benefits of adding glass
fibres to composites. Since new fibre type were created with new materials and shapes,
novel applications of fibres have been considered in concrete.

Nowadays, fibre-reinforced concrete (FRC) is considered one of the main innovations in
the material construction field. The matrix can be concrete or mortar, and can include
discontinuous fibres made of steel, polymers, carbon, glass or natural materials [7,8].
Applications of fibres have been used mainly to control shrinkage cracks, increase con-
crete durability, and improve the fire, impact and structural strength of concrete.

In structural uses, fibres are characterised by reducing brittleness of concrete elements.
These properties depend on the introduced dose of fibres and on other factors, like ma-
terial, shapes, bond between fibres and matrix concrete, manufacturing process, among
others. Moreover, the orientation and distribution of fibres in the concrete matrix play an
important role in achieving acceptable results. However, the maximum volume fraction
of fibres has not been directly suggested, and the fibre dose in structural elements is
usually around 1-1.5% in normal strength concrete and 2% in ultrahigh performance
concretes. However as fibre volume increases, fresh concrete properties like its worka-
bility reduce. Thus additives to improve concrete workability are normally introduced.
FRC’ structural behaviour has been widely studied in normal concrete, self-compacting
concrete [9,10] and dry concrete [11,12]. For structural applications, FRC can be classi-
fied according to its post-cracking flexural residual tensile strength in MC2010 regard-
less of fibre material [7]. Moreover, ACI-318 2014 [13] only allows corrugated steel
fibres with an aspect ratio between 50 and 100 to meet ASTM A820M [14] standards,
and have to be dosed over 60 kg/m? if used as shear reinforcement.

In structural terms, fibres can be used to improve behaviour in Serviceability Limit States
(SLS) and Ultimate Limit States (ULS). In the former, fibres can reduce widths and crack
spacings, while fibres can partially or totally replace conventional reinforcement in the
latter [7].
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In uniaxial tensile behaviour (see Figure 2-1), FRC can exhibit softening or hardening
behaviour. In softening behaviour, one crack occurs, while many cracks take place be-
fore the peak load in hardening behaviour. Fibre strength, stiffening and bond of fibres
with the concrete matrix are factors that influence fibres’ ability to improve concrete
postcracking behaviour in tension.

P P | Crack localization

P Crack formation
cr —

\Crack formation

P

-0
(@) (b)

Figure 2-1: Behaviours of FRC in axial tension [7]: softening (a) and hardening (b)

Given the difficultly to achieve the tensile behaviour of fibres directly in uniaxial tensile
tests, the use of flexural or flexural tests to evaluate the postcracking behaviour of FRC
is now the most widely used methodology worldwide. In this way, several procedures
have been standardised. Common procedures using small beams are EN 14651 [15],
ASTM 1609 [16] and JSCE-SF4 [17]. In fact, the post-cracking response of FRC is sim-
ilarly evaluated and the correlations among the three tests can be obtained [18]. As
MC2010 allows EN 14651 to be used, this thesis applies the aforementioned standard to
characterise nominal tensile properties of FRC.

By means of three-point bending tests (see Figure 2-2) on notched beam specimens, EN
14654 allows the determination of flexural residual tensile strengths (frj) of FRC. The
result after running the test is a diagram of applied load (F) versus deformation expressed
in Crack Mouth Opening Displacement (CMOD) terms (see Figure 2-3). In order to ob-
tain residual flexural tensile strengths, the following relation must be evaluated:

_ 3Fl
Jaj = 2bhZ,

where frj (MPa) is the residual flexural tensile strength of CMOD;, Fj (N) is the load
applied when CMOD = CMOD;, | (mm) is span length (500 mm), b (mm) is the specimen
width (150 mm) and hs, (mm) is the distance between the tip of the notch and the top of
the specimen (125 mm). In this way, the limit of proportionality f., residual flexural

(Eq. 2-1)
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tensile strengths fr1, fr2, fr3, fra, corresponding to CMOD equalling 0.5, 1.5, 2.5 and
3.5 mm are obtained. Characteristic residual tensile strength fr 1 (CMODs = 0.5mm) and
frak (CMOD = 1.5mm) are parameters that significantly influence the behaviour of FRC
at SLS and ULS, respectively. In fact MC2010 specifies that fibres can partially or totally
substitute the conventional reinforcement of ULS if the following relations are fulfilled:

frik/fix > 0.4 (Eq. 2-2)
fra/fri > 0.5 (Eq. 2-3)
Foen F/15()I|||I
{ _—Clip Gauge
aT 1 { .
- | Detail 1 Ea - ]
h AR :Lr \_7‘7){‘(:“]) Gauge
-A 150 Detail 1
250 250 . Notch
500 Seection A-A
Figure 2-2: Test setup required by EN 14651 [7]
A
Load
F

ERRFrT e Fiber reinforced concrete
. ‘ (FRC)

. Plain Concrete 1 '
L '

b, | | . CMOD [mm]_
CMOD, =0.5 CMOD, =1.5 CMOD,; =2.5 CMOD, =3.5
Figure 2-3: Typical load F-CMOD curve for PC and FRC [7]

These parameters are also used to obtain the stress-crack opening constitutive law.
MC2010 includes expressions to obtain serviceability residual strength (frs) and ultimate
residual strength (frw), and proposes two constitutive laws: a rigid-plastic model and a

13
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linear model. Moreover, the stress-crack opening law can also be obtained by inverse
analyses.

Concerning the compression strength of FRC, adding fibres does not increment, or only
modestly increments, compression strength. Yet depending on fibre content, fibres can
develop less brittle failures and can increase both strain capacity and toughness. The pre-
peak behaviour of FRC is similar to PC, while post-peak behaviour may improve, as
seen in Figure 2-4.

120
- Plain concrete (HSC)
100+
| FRC
_ 80+
§ L
—_— 60 A
g L
o N
» 40+
N Plain concrete (NSC)
20-F FRC
! | ! | | | } | } | } | ! | !
T T T ] T T T
0 1 2 3 4 5 6 7 8

Strain [1079]

Figure 2-4: Differences between plain and FRC in normal and high-strength concrete under
uniaxial compression [7]

2.1.2. PFRC material overview

2.1.2.1 Introduction

In past decades, knowledge about FRC has been built according to experimental and
numerical studies, most of which employ steel fibres. This is because steel fibres have
been the most widely used type to control cracking and improving structural properties
of concrete. Moreover in recent decades, synthetic fibres like polypropylene fibres have
been introduced for applications in concrete in fresh and hard states. It is necessary to
understand the different types of synthetic fibres. For this purpose, EN1889 classifies
synthetic fibres as two categories:

e The first, defined as Class I, corresponds to microfibres with equivalent diame-
ters below 0.3 mm. These fibres are generally employed for mitigating plastic
shrinkage cracking in concrete. Most of these fibres are manufactured with pol-
yester, nylon, polypropylene or polyethylene. However, fibres manufactured
with aramid or acrylic can also be found. This class of fibres is usually incorpo-
rated into cementitious matrix in low volumes ranging from 0.03% to 0.2%,
which would be the equivalent of incorporating 0.3-1.80 kg/m?.
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e The second category, defined as Class Il, represents those synthetic fibres whose
equivalent diameter is over 0.3 mm and improves structural behaviour (f1>1.5
MPa). These fibres are made of polypropylene or polyethylene, and are dosed
to concrete or mortar in volume fractions of 0.21-1.2% (2-12 kg/md).

Microsynthetic fibres, such as polypropylene ones, were first introduced into the con-
struction industry to control the shrinkage cracking of concrete (fibre is effective as its
modulus of elasticity is similar to concrete during the first hours). However, extended
applications to improve concrete toughness and impact resistance have been poorly ex-
plored. Several experimental campaigns have demonstrated that polypropylene fibres are
more efficient (temperature and toughness) than other synthetic fibre types, such as
acrylic or polyalcohol fibres, under thermal conditions [19-21].

In the last few decades, the chemical industry has developed new polypropylene fibre
types, characterised by being larger in size (both length and diameters) than those that
existed until that time. This new generation of synthetic fibres resulted from new treat-
ments of polypropylene material to improve the bond between fibre and the concrete
matrix. Some treatments reported in the literature consist in chemical and physical pro-
cesses in which the surface roughness of polypropylene fibre is chemically or topograph-
ically modified to increase the bond and friction of fibres in the matrix. Hence fibres’
surface is modified by introducing sodium moieties, colloidal alumina or silica, plasma
treatments [22,23] or mechanical topography indentations [24], or simply the damage
caused while mixing concrete [25].

Nowadays, applications of polypropylene fibres (macrosynthetic fibres) are capable of
providing similar toughness and ductility to the concrete matrix to steel fibres, but with
certain limitations. In fact polypropylene fibres display similar post-cracking tensile be-
haviour to steel fibres, but with lighter fibre content weight. The uses of polypropylene
fibres have been extended to applications such as:

e Bridge decks and Jersey barriers [26], where fibres are capable of increasing
the toughness, fatigue and impact resistance of concrete;

e Ground-slabs [27], where polypropylene fibres increase the flexural load car-
rying capacity of slabs compared to RC slabs. In fact deflection in some slabs
can be considerably improved using some fibre types, such as monofilament
synthetic fibres, compared to other synthetic or steel fibres [28].

e Hyperstatic flat suspended slabs [29], where fibres show high ductility and load
level capacity with a considerable capacity to redistribute forces.

e  Precast tunnel segments [30-32], where studies have demonstrated that polypro-
pylene fibres can be used as flexural and minimum shear reinforcement as fibres
are capable of providing bearing capacity and ductility to the tunnel segment.

e Boxculverts, where polypropylene fibres increase shear capacity and ductility [33].

e Building applications like structure retrofitting. Palacios et al. [2,34] used polypro-
pylene fibres to reconstruct the Cathedral of la Laguna in Spain. A prototype of a
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vault (thickness between 7 and 10 cm) (see Figure 2-5) using self-compacting con-
crete and fibres was manufactured and tested.

In durability terms, studies have shown better performance for PFRC in inland and
coastal environments than SFRC [35]. In fact the benefits of polypropylene fibres as
regards corrosion, magnetic and surface problems have been stated [26].

Polypropylene fibres have been used to date in self-compacting concrete (SCC) [36-39],
normal concrete [40-42] and rubberised concrete [36]. Regarding mechanical properties,
the characteristic tensile and compression properties of both concrete types was similar
between normal concrete and SCC [39]. However, better fibres distribution and wall
effect were observed in SCC than in normal concrete [39].

Please note that hereafter when the author of this thesis employs the term polypropylene
fibres, it refers exclusively to macrosynthetic fibres.

Figure 2-5: Vault prototype using PFRC Palacios et al. [2,34]

2.1.2.2 Polypropylene fibre types

Like steel fibres, polypropylene fibres come in different types and shapes depending on
their application. Most present tensile properties over 600 MPa and a modulus of elas-
ticity from 3 to 10 GPa. In this context, most polypropylene fibres are monofilament
fibres of different shapes (crimped, twisted, enlarged-ends, sinusoidal-ends, hooked-
ends, double duoform or straight fibres), diameter forms (rectangular, circular) or surface
treatments (indentated, smooth or with surface treatment). In order to better visualise the
different polypropylene fibre types, Figure 2-6 shows the various polypropylene fibres
types tested by Won et al. in 2006 [43].
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Figure 2-6: Different macrosynthetic fibre types tested by Won et al. [43]

Apart from the geometry of polypropylene fibres, their surface type plays an important
role in their performance, especially in the bond strength between fibre and matrix. In
order to determine bond strength and the parameters affecting it, several pull-out tests

have been conducted using polypropylene fibres.

The pull-out test consists in pulling out a single fibre when portion of its length is em-
bedded in a matrix (concrete or mortar). In a straight fibre with no inclination,
Breitenbiicher et al. [44] defined the following three phases during the pull-out of the

fibre (see also Figure 2-7):

e The bond stage, where the surface of the fibre is connected to the surrounding

cementitious matrix;

The debonding phase, where the interface fibre-matrix is broken;
e The pull-out phase or sliding, where the fibre starts to slide and transmit stresses

to the matrix by friction.
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Figure 2-7: Pull-out phases of a straight fibre bonded (a), debonding (b) and sliding (c) [44]

The reports in the literature about the pull-out behaviour of polypropylene fibres have
studied the following variables:

The effect of embedded length [24,45]

The effect of fibre inclination [45]

Effect of concrete curing time on bonding (fibre-matrix) strength [24]
Different surface treatment [24,46]

The effect of the loading pull-out rate [47]

Pull-out creep [48]

After testing, the following conclusions about the pull-out of polypropylene can be
drawn:

e Bonding the fibre to the matrix is maximum within the first 2 concrete curing
days, after which time bond strength remains constant [24].

e The MOFs identified during the pull-out of polypropylene fibre are pull-out,
matrix spalling and fibre rupture [45].

e The peak load of the pull-out behaviour of a fibre is directly related to its em-
bedded length in the cementitious matrix; i.e. the more embedded fibre is, the
bigger the load [24,45], as seen in Figure 2-8a. However depending on fibre
type, when fibre is embedded more than 20-25 mm (approximately half of fibre
length), the rupture of fibre occurs [45].

e A fibre’s inclination angle directly affects pull-out behaviour, as Figure 2-8a-e
shows. This peak is maximum at 45° and 30° to produce the maximum work for
debonding fibres [45].
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e Bonding strength is strongly influenced by the fibre and cementitious matrix
properties. For fibres with a good characteristic surface (indented or treated
chemically), a better debonding strength result is obtained [24,46]. Moreover,
better cementitious properties results in better debonding strength.

e The pull-out behaviour of a synthetic fibre is very sensitive to the loading rate.
So if the loading rate rises, the maximum pull-out load also increases [47].

The time-dependent pull-out behaviour of polypropylene fibres depends on fibre type.
In this context, a better characteristic fibre surface results in less creep pull-out [48].

Table 2-1 summarises the pull-out tests using the polypropylene fibres reported in the
literature. As we can see, different fibre types were employed, and fibre lengths (1) from
30 mm to 60 mm were covered, with the equivalent diameters (d;) less than 1 mm, aspect
ratios from 50 to 89, tensile strengths (s,,) from 500 MPa to 640 MPa, and modulus of
elasticity (g) up to 4 GPa. It should be noted that not all the test reports provided com-
plete information about the compression strength of concrete or the mortar matrix (t.), or
the debonding strength of fibre. In this context, debonding strength (=;) was determined
using expression (Eq. 2-4), where Ly is the load in the debonding stage, | is embedded
length and @ is the equivalent diameter. Load at debonding was determined by pull-out
curves, and corresponded to the point at which the initial stiffness changed (prior to the
peak load).

Ly

v=—1 (Eq. 2-4)

As Table 2-1 shows, the debonding load was different for each studied fibre. This is
explained because different fibres with distinct properties were compared. Similarly to
steel fibres, the matrix characteristic also played an important role in the pull-out behav-
iour of a single fibre. This behaviour has been studied and is presented in a preliminary
report by [49], which found that the water/cement and water/sand ratios play a key role
in a synthetic fibre’s debonding behaviour.
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Table 2-1: Pull-out comparison made of different synthetic fibre types

Singh et al.;;
[24]
2004 :

Maida et al.
[46]
2015

Alberti et

Babafemi et .
al. [48]
2018

Polypropylene Smooth

Ee:nggym?]N.S. Mortar matrix
d=1.25x0.2 mm fe=N.S.
. _.N S ' 74 = 0.56MPa
u — eh
Polypropylene Indented
Eezn;gym?]N.S. Mortar matrix
dr=1.25x0.2 mm fe=N.S.
- _.NS ’ d = 1.5 MPa
u — e
Ef=N.S.
Polypropylene Monofilament
Density = N.S. .
Mortar matrix
Ir=30-60 mm
dff =0.78 mm fe - T(§7 MPa
o = 500 MPa =
Er=4 GPa
iﬂogxg;ﬁg& i Mortar matrix
Density = 0.91 g/cm® fo=NS.
I = 60 mm ' 74 = 2.33 MPa
(; =0.92 mm SCC matrix
iy fo = 39 MPa
oru = 560 MPa —
E;= >9 GPa 74 = 4.96 MPa
Polyolefin crimped Monofilament Concrete ma-
Density = 0.88-0.92 g/cm® trix
Ir =40 mm fe=N.S
dr=0.80 mm 9 = 2 MPa (ap-
otu = 400 MPa prox. for Lr
Er=4.3 GPa =0.1mm/s)
Polyolefin Monofilament Concrete
Density = 0.91 g/cm? :
= 5 matrix
& =013 T fc = 35.9 MPa
o = 640 MPa @ = 25 MPa
Er= 40 GPa (approx.)

Polyolefin Monofilament crimped

Density = 0.91 g/cm3 Concrete  ma-

Ir=50 mm rix

di=0.71 mm fc = 35.9 MPa
" = 2.05 MPa

o = 405 MPa e

Er= 4.3 GPa (aprox)

Polyolefin Monofilament Concrete

Density = 0.91g/cm?® matrix

Ir=48 mm fc = 35.9 MPa

dr=0.70 mm 4 = 3.28 MPa

ofu = 640 Mpa Ef=10 GPa (approx.)
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2.1.2.3 Differences between steel and polypropylene fibres

The first difference between both fibre types is related to their physical properties. Table
2-2 summarises the typical properties of both fibre types. As we can see, major differ-
ences in their specific gravity exist, which is 8-fold heavier for steel fibres than for syn-
thetic ones. This difference in fibre density directly influences the amount of fibres in-
troduced into the cementitious matrix; i.e. when the same weight of fibres is introduced
into the concrete matrix, there will be more synthetic fibres than steel ones. The increased
number of fibres in the matrix could directly affect the workability of concrete and its
orientation and distribution inside the matrix. Thus probably more attention and quality
controls will be necessary in PFRC than in SFRC. Moreover, the use of additives, such
as plasticisers or super-plasticisers, could help concrete workability. On the contrary,
when polypropylene and steel fibres are dosed as a volume fraction, no change in work-
ability is observed in concrete [50]. Some improvements in the fibre distribution of mac-
rosynthetic fibres inside the matrix in relation to steel fibres have also been found, which
are related to the ability of macrosynthetic fibres to bend versus rigid ones [51,52]. Nev-
ertheless, the literature reports how fibre contents of synthetic fibres act as shear rein-
forcement, ranging from 4.6 kg/m? [53] to 13 kg/m?® [54].

Table 2-2: Typical properties of steel and synthetic fibres (adapted from [55])

DI Specific  Tensile  Modulusof  Ultimate

Fibre type [mm] strength elasticity  elongation
[g/cm?] [GPa] [GPa] [%0]
Steel 0.1-1.0 7.84 0.3-2.4 200 0.5-35
Polypropylene 0.02-0.4  0.90-0.95 0.45-0.76 3.5-10 15-25
Others Polyolefin  0.15-0.64 0.91 0.2-1.1 2.7-20 15

The second difference lies in fibres’ mechanical properties. As seen in Table 2-2, the
modulus of elasticity of macrosynthetic fibres differs by at least 20-fold compared to
steel fibres. This difference will influence the mechanical performance of PFRC. Alt-
hough PFRC meets the residual flexural tensile strength demands set out in existing
standards (fru/fuc>0.4 and fra/fr1>0.5), particularly MC2010 [7], its performance has
distinctive characteristics to that of SFRC.

Although the pull-out behaviour of steel fibres has been extensively studied, limited in-
formation about the pull-out behaviour of macrosynthetic fibres is available in the liter-
ature, as presented in 2.1.2.1. Alberti et al. [45] complemented his research about the
pull-out of polyolefin fibres by comparing their result with the pull-out results of the
steel fibres available in the literature [56,57]. They found that polyolefin fibres offered
similar pull-out peak loads to steel fibres (see Figure 2-9). In fact when comparing only
straight fibres (the straight fibres used by Cunha et al. [56]), polyolefin fibres exceeded
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the peak load in all the combinations of embedded lengths and inclination angles. How-
ever, no clear tendencies appeared for hooked-end steel fibres.
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Figure 2-9: Pull-out peak load comparison between polyolefin and steel fibres [45]

Although polyolefin fibres exceeded the maximum pull-out load of a straight steel fibre,
it is worth mentioning that the debonding phase in polyolefin fibres occurred 10-fold
later than in steel fibres (in slip terms). Figure 2-10 shows a comparison of the pull-out
response of polyolefin and straight steel fibres when embedded at 20 mm. This behav-
iour, which is related to their modulus of elasticity, allows polyolefin fibres to absorb
more energy than steel fibres. Alberti et al. observed this behaviour in all their combined
cases (fibres embedded and inclination angle), except in those fibres embedded at 5 mm.
As a result of this debondig slip difference, SFRC and PFRC could present different post
cracking residual tensile strength behaviours at small crack openings; i.e. PFRC could
present less residual tensile strength at small crack openings (0.5-1 mm) than SFRC.

In addition, their differences in modulus of elasticity could also affect their long-term
behaviour. After their experimental campaign, in which steel (dosed at 40 kg/m?) and
polypropylene (dosed at 5 kg/m) fibres were used to evaluate the post-cracking creep
response of PFRC and SFRC, Pujadas et al. [58] observed that creep caused crack width
to increase by between 6- and 10-fold in PFRC than its counterpart in SFRC. Pujadas et
al. underlined the importance of considering creep deformation in PFRC elements when
designing, and ensured that secondary creep did not occur under the serviceability con-
dition in PFRC elements.
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Figure 2-10: Comparison of polyolefin and straight steel fibres embedded at 20mm. Adapted
from [45,56]

The discussion of using, or not, polypropylene fibres in structural applications involves
continuous debate. Alani et al. [59] conducted experimental investigation to debate about
some recommendations given by the Concrete industrial ground floors TR34 standard
(2003) on employing polypropylene fibres: “Macrosynthetic fibres provide some post-
cracking or residual moment capacity but with significantly lower performance than
steel fibres. They are not known to be used in industrial floor construction”. Alani et al.
tested a full-scale ground slab and reported that using synthetic fibre dosed at 7 kg/m? is
the equivalent of 40 kg/m?® of hooked-end steel fibres. In the same context, Behfarnia
and Behravan [50] compared PFRC and SFRC (dosed at 0.5, 0.6 and 0.4 volume frac-
tions, and the same aspect ratio) in the lining of water tunnels. They concluded that PFRC
presented better flexural toughness, resistance to chloride penetration and permeability
characteristics than SFRC.

Some design codes, such as ACI 318-14 (American standard) or ROM 4.1-94 (Spanish
recommendation for harbour pavements), only allow steel fibres to be used in structural
concrete elements, while codes like MC2010 permit the use of any macrofibres, as long
as their residual flexural tensile strength fulfils its requirements (Eq. 2-2)(Eq. 2-3). In
this context, after testing slabs by totally substituting reinforcement for polyolefin fibres,
Pujadas et al. [29,60] concluded that, in spite of most design codes being based on SFRC
experiments, the fibre models in these codes could be fitted to include PFRC behaviour.
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2.2. Fibres as shear reinforcement

Shear failure is considered the most critical MOF in concrete structures, especially for
members without (w/o) shear reinforcement. Consequently, researchers have shown
much interest in studying shear in concrete elements since 1955. Today however, and
despite acquiring knowledge, the shearing problem continues w/o a clear answer and a
consensus reached by the research community for both FRC and RC.

One of the main applications studied in FRC is to use fibres (macrofibres) as shear rein-
forcement. Most research on this topic has been done with steel fibres. According to the
experimental results, it is well-known that steel fibres are used to enhance concrete shear
capacity and post-cracking tensile strength as FRC is characterised by enhanced toughness
given the bridging effects provided by steel fibres [61,62]. Steel fibres also provide substan-
tial post-peak resistance and ductility [61,63,64], and can transform brittle MOFs into ductile
ones [64-68].

Steel fibres in sufficient amounts have proven efficient in substituting the amount of
transverse reinforcement and to, hence, reduce congestion at critical sections in elements
[69-72] . In fact ACI 318-14 [13] allows the replacement of minimum stirrup reinforce-
ment in beams with steel fibres if:

e Fibre content is at least 60 kg/m? (0.75% of the volume fraction);
e The element’s total depth is less than 600 mm;

e Shear strength (V) is less than §0.17,/f'. b d (in MPa);
e Concrete compression strength is less than 41 MPa;
eV, is higher than 0.5@V, where V. is the shear strength provided by concrete.

Despite the fact that fibres have proven effective in shear, not all codes provide expres-
sions to include fibres in evaluations of the strength of concrete elements. Table 2-3
offers a selection of the expressions included in codes. The included expressions are
Australian codes AS 3600-2018 [73], MC2010 [7] and RILEM TC 162-TDF standard [74].
As seen in Table 2-3, both Australian and RILEM standards include fibres separately
from concrete shear behaviour ((Eq. 2-5) and (Eq. 2-25) respectively), while MC2010
mixes both (concrete and fibres) as a unique material (Eg. 2-15). MC2010 proposes two
expressions to determine the shear behaviour of FRC. The first expression was proposed
by Minelli and Plizzari [75] (Eq. 2-16), where fibres are included as a factor to modify
longitudinal reinforcement (p) using the expression proposed in Eurocode 2 [76] for RC,
limited to p = 0.02. The second expression (Eq. 2-17) in MC2010 was proposed by Foster
[77], where the effect of fibres is included in the expression developed in MC2010 for
the concrete contribution in RC members with shear reinforcement at approximation |1l
level. This expression is based on the Modified Compression Field Theory (MCFT) [78].
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Reference
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AS 3600
2018

[79]
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Table 2-3: Codes and guidelines that include fibres for shear capacity
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Reference Expression ID
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2.2.1. Shear transfer mechanisms in FRC beams

Shear transfer in RC beams constitutes a complex interaction of mechanisms interacting
with one another. As some act in different stages in an indeterminate system and depend
on several factors (the element’s geometry, longitudinal reinforcement ratio, aggregate
size, the element’s slenderness and external load type), it is difficult to theoretically
quantify the contribution of each mechanism to the element’s shear strength. Moreover,
these shear transfer mechanisms are also affected if shear is combined with axial and
bending loads. For those beams w/o transverse reinforcement, the shear transfer mecha-
nisms reported in the literature [80,81] correspond to the compression zone, dowel ac-
tion, aggregate interlock, the residual tension in the crack and arch action. In the beams
with conventional reinforcement, the aforementioned mechanisms work in smaller pro-
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portions as the stirrup acts as the main mechanism to transmit shear force along the ele-
ment. Figure 2-11 displays the shear transfer mechanisms that act on an FRC beam with
and wi/o stirrups. Although all the mechanisms have been studied, no consensus exists
about how much shear strength each mechanism provides. This problem is further com-
plicated when fibres are incorporated into the concrete matrix as the fibre mechanism
interacts with all the other shear transfer mechanisms.
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Figure 2-11: Shear transfer mechanisms in FRC beams

2.2.1.1 Compression zone

When an RC beam is uncracked, shear force is transferred by inclined principal tensile
and compressive stresses. When cracks occur, a portion of shear is transferred in the
compressed zones not yet reached by cracks (see Figure 2-11). In this way, the contribu-
tion of this mechanism to shear strength (i.e., concrete’s contribution) results from inte-
grating shear stresses over the compression zone depth. The uncracked zone is a effective
shear transfer mechanisms in RC beams. However in slender beams, this mechanism
does not significantly contribute, especially when members are not subjected to axial
compression. Although no consensus has been reached about what this mechanism con-
tributes exactly, some authors have estimated that it ranges between 20% and 40% of a
beam’s total shear strength [82,83].

As fibres do not affect concrete’s compression strength, the effect of fibres on the com-
pression zone is limited. However, as fibres improve the tension zone of a beam under
bending, the neutral axis of the section descends and the depth of the compression zone
will be larger in FRC than in RC. This mechanism vanishes in RC when the critical
inclined crack propagates through the uncracked zone towards the loading point as it can
be seen in Figure 2-12 where measurements taken by non-contact techniques (Digital
image Correlation) [84] have shown that the compression zone of SFRC beams can re-
main stable even when the critical inclined crack propagates into it.
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Figure 2-12: Comparison of compression zones between RC and FRC beams [84]
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2.2.1.2 Residual tension across cracks

Residual tension across plain concrete cracks occurs in some load stages when the crack
is not completely opened, and some concrete portions continue transmitting tensile
forces up to crack openings from 0.05 to 0.15 mm [81] and are, hence, able to transfer
shear stress. This mechanism is significant for small members (depth below 100 mm)
where small cracks take place [81,85].
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Figure 2-13: Representation of effective shear depth [85]

In FRC elements, the tension force across a crack is mainly produced by the bridging
effect of fibres. In this way, fibres sew crack faces and restrain them from opening. How-
ever, this behaviour is influenced mainly by the amount and type of fibres, and by fibre
matrix bond strength. Several models [86-88] have estimated the contribution of fibres
to shear according to the volume of fibres and their bond strength, mostly using hooked-
end or double-hooked-end steel fibres. Nevertheless, these models are not applicable
when new fibre types, like polypropylene fibres, are available on the market. Thus de-
veloping more general models like RILEM [74] (independently of the type of material,
fibre volume and geometry) according to material parameters, like residual flexural ten-
sile strengths, is highly recommended for practical design purposes.
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2.2.1.3 Aggregate interlock

The aggregate interlock, also called interface shear transfer, is a property of a concrete
crack to continue transmitting stresses by the friction between the aggregates protruding
from both surface cracks. In normal strength concrete, a crack usually surrounds aggre-
gates while a crack normally passes across aggregates in lightweight and high-perfor-
mance concretes. Hence, the aggregate interlock depends mainly on aggregate types, and
on the bond between aggregates and the matrix. Several models [89-92] have been de-
veloped to explain this mechanism and it was introduced for the first time in 1968 [82].
The two-phase model developed by Walraven in 1979 [92] is probably the most accepted
and widely used aggregate interlock model [78,93]. This model involves a relation that
links crack opening, crack slip, shear stress and normal stress, and is formulated analyt-
ically according concrete’s aggregate size and compressive strength.
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Figure 2-14: The two-phase aggregate interlock model developed by Walraven [92]

Due to the bridging effect of fibres, the aggregate interlock can be improved in FRC. In
this way, when comparing RC and FRC elements, and in the same load stages, fibres
reduce both crack slip and crack opening by theoretically enhancing the aggregate inter-
lock effect for longer periods. Several research works [10,67,94-96] have been con-
ducted to determine the effect of fibres on shear transfer. Most of them have been con-
ducted with small elements under direct shear, like push-off specimens, FIP shear tests
or Japanese shear tests. However, the fibres-aggregate interlock interaction has not been
completely studied experimentally. Kaufmann et al. [97] theoretically studied this inter-
action and the effect of the stresses transferred from the fibre to the matrix by fibre de-
viations (see pgi in Figure 2-15), which can affect aggregate interlock behaviour. In this
way, a reduction factor that affects the aggregate interlock is proposed (see (e.q. 2-31)).
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Figure 2-15: Fibre deviation forces for orthogonal crack opening (a) and inclined crack opening
(b) [97]

(e.q. 2-31)

where a¢rgn and T.q.p are the portions of fibre stress component (normal and parallel
to the crack face) transmitted by fibre deviation, respectively; a,,, is the matrix yielding
stress.

2.2.1.4 Dowel action

Dowel action is the effect of longitudinal reinforcement to restrain the opening and slid-
ing of shear cracks. In elements w/o stirrups, the shear transmitted by dowel action is
limited to the tension strength of concrete covering reinforcement. However, this mech-
anism is also influenced by the amount of longitudinal reinforcement, the number of
layers of longitudinal reinforcement, concrete compression strength, the bond of bars
with the matrix, the element’s width and the position of bars when the element is cast
[80]. Thus dowel action can be considered a minor transferring mechanism compared to
others, especially when small amounts of longitudinal reinforcement are used. Moreover,
two failure types can occur in relation to this mechanism, as indicated in Figure 2-16.
The first is related to a crack occurring at the same layer level or under longitudinal
reinforcement. The second failure is related to concrete splitting below the longitudinal
bar [98]. Hence the presence of fibres can control the dowel crack and delay its propa-
gation (because the bond between the bar matrix is lost), especially in cracks related to
failure mode I. Consequently, fibres increase the effectiveness of dowel action and the
shear stiffness of the dowel zone by improving concrete’s tensile strength [86].
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Figure 2-16: Failure modes due to dowel action [99]

Although no experimental tests or models explain the effectiveness of fibres in the dowel
zone, the influence of steel fibres on dowel action has been reported in several research
works [84,86,100,101]. However, further research on this topic is required to make the
best of all the benefits provided by fibres.

2.2.1.5 Arch Action

Archi action is a resisting mechanism that results in the direct transmission of the loads
applied to the support by an inclined compression strut. Arch action is very important in
those elements in which the shear span-to-effective depth ratio (a/d) is less than 2.5, and
over 2.5 in some cases, if active reinforcement like tendons is present in beams.

With FRC elements, several test campaigns [68,102-107] have been conducted on
SFRC, including beams tested with configurations a/d < 2.5. Most include an empirical
formulation (based on a statistical analysis) to predict the shear strength of FRC beams
by taking the arch effect into account [66,86,108,109].

FRC short beams (a/d<2.5) exhibit more diagonal cracks near the support [68], and in-
cremented shear strength can be more effective on FRC in beams with low a/d values
than those higher larger a/d values [86,110]. According to Gali and Subramaniam [111],
fibres are effective in continuing to transfer shear after a main diagonal crack forms, and
change the MOF from a brittle to a ductile one.

2.2.1.6 Traditional reinforcement

In RC beams, traditional transverse reinforcement is activated only after diagonal cracks
form. In this way, the function of stirrups is to redistribute shear stresses and to transfer
stresses back to concrete to form a new diagonal crack. This mechanism works as a truss,
and is constituted by the bottom and top longitudinal reinforcements (one acting in the
tensile chord and the other in the compression chord, along with concrete), stirrups (in-
clined or orthogonal to longitudinal reinforcement) and inclined compression struts of
concrete. This mechanism was first introduced by Ritter (1899) and Mérsch (1920), and
is the basis of most international design codes to predict the shear strength of RC ele-
ments with stirrups.
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The effect of fibres when combined with stirrups is described in the literature by exper-
imental tests. The first observed effect corresponds to the improved shear strength re-
sisted by beams [112-115]. This is because fibres enhance mechanisms like the aggre-
gate interlock and dowel action. As fibres can delay the appearance of inclined cracks,
stirrups start working later. The strain of stirrups is also modified when fibres are present
[116]. Insofar as fibres reduce crack spacing and control cracks by the bridging effect,
a synergy effect along with stirrups has been described [117]. This phenomenon is prob-
ably due to the fact that a stirrup can sew more cracks in FRC than RC beams. Fibres are
also effective in changing MOF from shear compression to a flexural one [113].

2.2.2.Shear in FRC small elements

2.2.2.1 Direct shear tests

Usually shear force acts combined with other forces, such as bending moment or axial
force. In this way, in order to decouple and isolate the effect of shear from other mecha-
nisms, small specimens and tests procedures have been carried out and reported in the
literature. Most are not standardised, which makes it difficult to reproduce tests. The
commonest objectives of these test procedures are related to determine the Mode Il frac-
ture, shear strength, crack kinematics, aggregate interlock behaviour, or the shear strains
of different types of concretes containing fibres or not. The most frequent specimens and
test procedures are the push-off test (see Figure 2-17a), the JSCE shear test (Figure
2-17b), the FIP shear test (Figure 2-17c), and the panel test (Figure 2-17d). In all these
test setups except for the panel test, specimens are pre-cracked or notched to define a
clear crack plane. It is worth mentioning that the JSCE shear tests considered in this
thesis are JSCE-SF6 [118] and JSCE-G 553 [119], designed to determine the shear
strength of steel FRC.
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Figure 2-17: Shear test methods in RC and SFRC: Push-off test (a), JSCE shear test (b), FIP
shear test (c), Panel Test (d)

2.2.2.1.1.Push-off test

Probably the most famous specimens for push-off tests in RC are those by Walraven and
Reinhardt [96]. The aggregate interlock was studied in pre-cracked specimens and sev-
eral models of this mechanism were developed and calibrated [78,90,92]. in some push-
off tests, like those performed by Walraven, crack opening is constrained by either in-
ternal reinforcement bars crossing the crack plane or an external rigid frame providing
the specimen confinement. This test assumes that shear stress is uniform along the crack
plane; however, small bending in the L shape and rotations may be present in the test.

Similarly to RC, the shear behaviour of FRC has been studied using push-off tests (see
the geometry in Table 2-4). In 1985, Liu et al. [120] measured fracture toughness in shear
(Mode 1) using SFRC and PFRC push-off specimens. The fracture toughness in mode
11 was compared to its counterpart in Mode I. Push-off specimens were cut from a stand-
ardised prismatic small beam (100x100x500 mm) that resulted in push-off specimens
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measuring 100x100x200 mm. The crack plane was one of the studied variables to range
from 100x20 mm to 100x50 mm. As the toughness in Mode Il was evaluated until con-
crete failed and the post-cracking residual strength was not taken into account, Liu et al.
stated that toughness does not vary when the content of steel or polypropylene fibres
increases. This conclusion is probably evident today, but was major step forward in fibre
knowledge at that time. Following the same procedures as Liu et al. [120], Barrt et al.
[121] evaluated the shear strength of FRC with three types of push-off specimens: rec-
tangular, cylindrical and cubic. Specimens were manufactured with PFRC and SFRC.
These authors found that the shear strength of SFRC increased the higher the fibre con-
tent. However despite increasing fibre content in PFRC, shear strength did not improve,
and shear strength even decreased in some cases. Nevertheless, these authors also found
that shear strength depended on the direction of specimens’ casting.

In 1987, Van de Loock [122] tested SFRC pre-cracked push-off specimens (see the ge-
ometry in Table 2-4) to study the bridging effect provided by steel fibres. An external
frame confined specimens to better control cracks. The studied fibre type was hooked-
end steel fibres (0.8 mm in diameter, 60 mm long). Normal concrete (35MPa) was used.
Crack opening was achieved immediately before the push-off test, and ranged between
0.015mm and 0.02 mm. The studied parameters were fibre content and the effect of con-
finement. Van de Loock observed that increased fibre content was associated with im-
proved shear strength, and that as external confinement increased, the effect of fibres
diminished.

In 1993, Balaguru and Dipsia [123] reported an experimental campaign that evaluated
the effect of steel fibres on semi-lightweight concrete mechanical properties. To investi-
gate shear, push-off specimens were manufactured and tested. Three hooked-end steel
fibre types were used with length and aspect ratios of 30, 50 and 60 mmand 1.2, 2.0 and
2.4, respectively. A higher fibre length to aspect ratio resulted in increased shear strength.
Moreover, the contribution of fibres increased shear ductility.

Valle and Buylikoztlrk in 1993 [124] studied the effect of steel and polypropylene fibres
on shear in normal and high-strength concrete. The effect of combining stirrups and fi-
bres also was studied. All together, 48 specimens were tested under direct shear. The
employed steel fibres were crimped-ended (31 mm long and an aspect ratio of 62, while
polypropylene fibres were fibrillated. Valle and Blyukoztirk concluded that the inclu-
sion of steel fibres (V+=1%) increased the shear strength of normal (18%) and high-
(60%) strength concrete. The use of polypropylene fibres did not increase shear strength
with normal concrete, while the increment was 17% in high-strength concrete. Never-
theless in all the cases to which fibres were added, both deformation and ductility in-
creased. Finally in those specimens in which fibres and stirrups were combined, no sig-
nificant increment in shear strength took place for normal concrete compared to the
specimens only with stirrups. Similar results were obtained by Khaloo and Kim in 1997,
who investigated the shear strength of steel fibre by varying the fibre content, aspect
ratio and compression strength of concrete by push-off tests. Hooked-end twisted steel
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fibres were studied at doses of 0% to 1.5%. Fibre lengths were 16 mm and 32 mm with
an aspect ratio of 29 and 58, respectively.

In 2006, Barragan et al. [125] studied the shear failure in push-off specimens obtained
from prismatic beams tested previously by bending tests. Two concrete types were used
(normal and high-strength) and two types of steel hook-end fibres (60 mm and 30 mm
long, with a diameter of 0.75 and 0.38). Barragan observed that fibres were capable of
limiting the opening of tensile cracks in SFRC specimens compared to PC specimen, in
which the crack was dominated by tensile splitting. Nevertheless, Barragan observed that
shear failure was dominant in SFRC specimens.

In 2007, Gregory Lee [126] studied the direct shear behaviour of steel fibres in a cement
matrix. Discrete fibres were introduced at pre-defined angles and embedment lengths in
push-off specimens (see the geometry in Table 2-4). The used fibres were hooked-end
steel fibres and straight steel fibres obtained from cutting the hooks off fibres. The fibre
lengths employed in the test were 13, 35, 48 and 60 mm with an aspect ratio of 65, 64,
53 and 67, respectively. At the same time by using the same push-off specimens’ geom-
etry, Lee studied the shear behaviour of randomly distributed steel fibres at doses from
0 to 2%. The discrete fibres’ behaviour was monitored during tests in different load
stages by Gamma Ray Radiographies. The pull-out and fracture of fibres in mode 1l were
thus analysed. The research stated that fibres” inclination angle in relation to the analysed
plane is an important parameter in shear behaviour. During the bridging effect of fibres
and depending on fibres’ orientation, several mechanisms take place. The effect of
hooked-end of steel fibres becomes less significant for more acute angles (see Figure
2-18), and fibre bending and snubbing effect on the matrix becomes more influential.
Conversely to what other research works previously stated, the traditional bond stress
along fibres was not found significant, and other mechanisms, such as snubbing, were
more significant in the fibre-matrix anchorage.
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Figure 2-18: Test result of specimen NDSI-30H1:2: Load-slip (a) and Gamma Ray Radiography
[126]

In 2014 at the Universitat Politécnica de Valencia, Javier Echegaray [127] modified the
push-off test to analyse concrete cracks’ shear behaviour. In this way, a methodology
test was confined in two stages: pre-crack test and direct shear. To control crack opening,
specimens were confined with an external rigid frame made of steel. Prior to the direct
shear test, the initial crack opening was set up by placing nuts on the bars forming the
external frame. A ball-bearing system was used to eliminate any friction between the
external cage and specimens because it could affect shear behaviour. Echegaray evalu-
ated the influence of crack width, amount of fibres and fibre types on the shear behaviour
of SFRC. The study concluded that regardless of fibre type, shear strength improved
when fibre volume increased. The initial confinement did not seem to affect shear im-
provement due to fibres.
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Concerning PFRC, in 2019 Picazo et al. [128,129] evaluated the shear behaviour of
PFRC with push-off specimens. Similarly to Barragan et al. [125], the push-off speci-
mens were obtained from the small beams (150x150x600 mm) previously tested (EN
14651), as shown in Figure 2-19. The studied variables were four concrete types (two
normal concrete (MSC), self-compacting concrete (SCC) and conventional vibrated con-
crete (VCC) with f; ranging from 20.1 to 51.5 MPa), fibre length (48 and 60 mm with a
0.9 mm diameter) and fibre content ranged from 6 to 106 kg/m?.

Bending test

Height
of the
ligament

9

9 . g Resistant section
Dimensions in mm

* 75 )/i*

Figure 2-19: The push-off specimens of Picazo et al. [128,129]

The results showed that shear strength increased, as did the compression strength of each
concrete. However, shear post-cracking behaviour was similar for all concrete types (see
Figure 2-20a). This could be due to the significant importance of the aggregate interlock
and the fact that the same maximum aggregate size of 12.7 mm was used in all the con-
cretes. As Figure 2-20b shows, considerable toughness was obtained in the PFRC spec-
imens compared to the control ones. This toughness is seen in Figure 2-20c using digital
image correlations when studying the shear crack. Nevertheless, Figure 2-20c also shows
that some flexural cracks occurred during the shear test.
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Figure 2-20: Results of Picazo et al. [128,129]: Push-off results (a), Comparison of PFRC and
PC (b) and push-off displacement results related to DIC (c)
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Table 2-4: Push-off specimen’s geometry referenced in this thesis
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2.2.2.1.2.JSCE-SF6 shear test.

As the presence of tensile splitting cracks has been observed during push-off tests [125],
other tests have been proposed in the literature. The Japanese Society of Civil Engineers
developed the JSCE test for steel FRC [118], which is simpler than push-off tests and
more controllable because it has two shear planes. However, as it is a four-point bending
test, bending actions are present and, by means of the arch effect (and a type of supports),
shear can be transferred directly to supports, and the load values are high in the test.

In 2002, Mirsayah and Banthia [131] studied the effect of different types of steel fibres
(flattened-end and crimped fibres) dosed at concentrations ranging from 0.25% to 1%
in normal strength concrete (47 MPa). Shear tests were performed based on the JSCE-
SF6 [118] standard in specimens sized 150x150x500 mm. Despite both fibre types in-
creasing shear strength, these authors concluded that flattened-end fibres provided better
shear strength than crimped ones. The flexural toughness obtained following ASTM C
1018 [132] was compared to shear toughness, and both toughness types did not differ,
and were correlated (see Figure 2-21). In this context, Appa Rao and Sreenivasa Rao
[133] studied the toughness rates of SFRC under mode Il loading by a JSCE-SF6 test
(specimens sized 150x150x600 mm). In this research, straight steel fibres (25 mm long)
with an aspect ratio of 44.6 were dosed in a volumes fraction of 0% to 1.5%. The study
concluded that shear toughness was about 15-fold flexural toughness.

350 25
JSCE - SF6 ASTM - C 1018

300 20
250

£ 200 g1

B K

3150 S0
100

5
50

ol 0

0 0.5 1 1.5 2 0 0.5 1 1.5 2
Deflection {(mmy) Deflection {mm)
(@) (b)

Figure 2-21: Load deflection plots in: shear load (a); and flexure for concrete with 40 kg/m? of
flattened-end fibres (b) [132].

In 2011, Boulekbache et al. [134] studied the influence of yield stress (minimum stress
needed before concrete started to flow in the fresh state) and concrete compressive
strength on the shear behaviour of SFRC. For this purpose, two types of hooked-end steel
fibres (lengths of 35 mm and 60 mm and aspect ratios of 65 and 80, respectively) were
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added in fractions of 0% to 1% in the matrix. Normal, self-compacting and high-strength
concrete with fc ranging between 30 and 80 MPa were used. Specimens were tested by
JSCE-SF6 with some modifications (specimens sized 100x100x350) (see Figure 2-22a).
The conclusions revealed that yield stress played an important role in fibre orientation
and, hence, in shear strength) (see Figure 2-22b). As both compressive strength and fibre
content increased (see Figure 2-22c¢), shear also improved, but the ductility due to fibres
improved more in the normal and self-compacted concretes than in the high-strength
concrete
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Figure 2-22: Picture of the JSCE-SF6 shear test (a), shear strength according to concrete com-
pressive strength (b) and the Orientation factor vs. yield Stress of SFRC(c) [134]

o

In 2017, Soetens and Matthys [135] modified JSCE-SF6 to control the normal stresses
in the crack, as seen in Figure 2-23a. Thus different horizontal load levels were applied
and remained constant during the test. The authors evaluated the direct shear behaviour
of two SFRC types using 69 specimens (150x150x600 mm). Two different lengthed
hooked-end steel fibres (30 mm and 60 mm) were used in both self-compacting and
normal concretes. The authors concluded that shear stress increased while normal stress
incremented (see Figure 2-23b). However, the ratio between the normal and shear
stresses lowered for larger slips due to damage and the crushing of aggregates. Finally,
similarly to previous research works, the authors concluded that shear strength increased
linearly with incremented fibre content.
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Figure 2-23: Schematic of the confined JSCE-SF6 test (a) and influence of normal stress on
shear stress (b)[135]

In 2019, Cuenca et al. [136] studied shear transfer in alkali-activated and normal FRC.
To do so, 20 samples (150x150x450 mm) were tested under direct shear following stand-
ard JSCE-SF6. The studied variables were concrete type (two types) and three different
fibre types (two steel fibres, one polypropylene fibre). Polypropylene fibres were 54 mm
long with a 66 aspect ratio. Fibre content (Vs= 0.51%) was the same in all the fibre types,
but each provided distinct post-cracking residual strengths. Unlike previous experi-
mental campaigns, Cuenca et al. determined the rotations on the shear crack plane to
evaluate their influence on the shear test. The results showed that for a given crack open-

ing, a close relation exists between post-cracking residual strength and shear stresses (see
Figure 2-24).
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Figure 2-24: Shear stress vs. residual flexural tensile strength at CMOD = 0.5mm (a) and
CMOD = 2.5mm (b) [136]

Regarding PFRC, in 2016 Majdzadeh et al. [137] conducted an experimental campaign
to evaluate where two synthetic fibre types and one steel fibre type under direct shear by
JSCE-SF6 with some modifications. Two synthetic fibre types were employed: self-fi-
brillating, 54 mm length and 0.15 mm equivalent diameter, and a polypropylene straight
fibre, 50 mm length and 0.58 mm of equivalent diameter. The studied fibre contents were
0.5%, 1.0% and 1.5%. As in previous studies, shear strength increased, whereas the vol-
ume fraction of fibres rose. Considerable toughness was found in the PFRC specimens,
but not in the PC ones. Nevertheless, a minor difference in the post-cracking shear
strength was found between fibre volumes of 0.5% and 1%. When comparing PFRC
and SFRC, the results of Majdzadeh et al. showed that the steel fibres dosed at the same
amount as the synthetic ones were more effective in shear than synthetic fibres. Similar
results were obtained by Mostafazadeh et al. in 2016 [33,138] after testing PFRC speci-
mens following JSCE-SF6, which included polypropylene fibres (54 mm length with a
67 aspect ratio) dosed at 0.26%, 0.52%, 0.78% and 1.0% of volume fraction.




Chapter 2. Literature Survey

o
1]
=3

o
=1
=)

1.5% Synthetic1

@
g

[~ 7"~ _1.0% Synthetict —— T

Load (kN)
8
]

]
1
I
]
I
1
I
I
]
I
k

o
S
|
1

o

Displacement (mm) Displacement (mm})

@) (b)

Figure 2-25: Result of the JSCE-SF6 tests performed by Majdzadeh et al. [137] using synthetic
fibres

2.2.2.1.3.FIP shear test

Another alternative is the FIP shear test [139], which consists of an asymmetric four-
point test as Figure 2-26a shows. In this test, the loading point is positioned to avoid the
bending effect as moments are zero on the crack plane. Notwithstanding, the use of this
test method to study shear behaviour is limited in the literature.

Khanlou et al. in 2012 [95] conducted an experimental programme of 20 specimens
(250x250x540 mm) (see Figure 2-26b) on normal and high strength SFRC. Concrete
compression strength ranged between 35 and 60 MPa, and fibres were dosed at rates of
20-80 kg/m®. Hooked-end steel fibres (60 mm length, an 80 aspect ratio) were used.
Similar conclusions to those in previous studies about improved shear strength and duc-
tility were drawn, but no information about the existence of undesired movements that
could influence tests was reported.

Shear p’ltanc

(@) (b)

Figure 2-26: Scheme of the FIP shear test (a) and picture of a specimen in the FIP shear test
[95]
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2.2.2.1.4.Shear panel test

The shear panel test was developed in 1982 at the University of Toronto in Canada by
Collins and Mitchell [140]. In this panel, shear is introduced in a pure state to measure
the relation between the principal stresses and the corresponding principal strains. By
this test, the MCFT, the simplified and the disturbed field theory were developed, and
most formed part of concrete design codes around the world. However, given the com-
plexity of the facilities to perform the test, the panel test proved very complex to be
reproduced. However, the shear panel test could well be one of the most realistic proce-
dures for studying shear behavidur in concrete. In fact this test provides more infor-
mation, such as crack width and crack spacing, than other shear tests. Nevertheless, the
shear panel test provides such information in average terms instead of local ones like
other shear test types do.

Susetyo et al. [62] studied the effectiveness of steel fibres as minimum reinforcement on
10 SFRC panels (890 x 890 x 70 mm) under monolithically loading. Three types of
hooked-end steel fibres were studied (30, 35 and 50 mm length with aspect ratios of 79,
64 and 81 respectively), dosed in volume contents from 0.5% to 1.5%. In all SFRC cases,
good shear behaviour was obtained, even in those elements with no traditional reinforce-
ment. All the SFRC panels failed in MOF controlled by crack interface shear as Figure
2-27 shows. The SFRC panels resisted at least 87% of the maximum shear stresses of
the control panels (CP). In some panels with 1.5% fibres, shear stress was exceeded by
16% than in the counterparts, while shear stress was 60% of the control specimens in the
panels with the smallest amount of fibres (0.5%). To conclude, the fibres on panels pre-
sented at least a 62% increase in ductility than the control panels and, to ensure good
shear behaviour, the authors suggested that the volume fibres should be greater than
0.5%. Finally, a reduction in crack opening and crack spacing was observed in the FRC
panels. Further research about FRC panels has been done by Susetyo et al. [141] and
Carnovale and Vecchio [142] to model and study FRC shear behavior under reversed
cyclic in-plane shear loading.

At Failure: V,, = 5.37 MPa, vy, = 5.10x10°3.

Figure 2-27: Crack pattern of the SFRC (C1F1V3) panel [143].
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2.2.2.2 Shear models and expressions for FRC

2.2.2.3.1.Shear strength expressions

Based on the results of the direct shear tests conducted with small specimens using push-
off, JISCE-SF6 and FIP shear tests, different empirical expressions have been proposed
to predict the shear strength of RC and FRC. Most have been obtained by regression
analyses. Table 2-5 lists the expression proposed by Khaloo and Kim obtained from
push-off tests [130], Boulekbache et al. from JSCE-SF6 [134] tests and Khanlou et al.
[95] from FIP tests. These empirical expressions are formulated according to concrete
compression strength and volume of fibres (V). However, some incorporated variables,
such as fibre aspect ratio (I//ds) or coefficients, depending on fibre type (B¢, Cc and Dc).
Expressions were developed specifically for hooked-end steel fibres, except for Khaloo
and Kim expressions, which used hooked-end steel fibres with triangular cross-sections
and twisted longitudinal axes. The employed tensile strength of fibres were 1050 MPa,
1100 MPa and 520 MPa for the Khanlou et al., Boulekbache et al. and Khaloo and Kim
expressions, respectively.

As seen in Table 2-5, the authors provided expressions, which the effect of concrete and
fibres are combined. Figure 2-28 shows a comparison of the Khanlou et al. and
Boulekbache et al. models decoupled in concrete (dotted lines) and fibre contribution
(dashed lines). The expression proposed by Khaloo and Kim was not considered as it
was developed exclusively for a different steel fibre type. A comparison was made by
considering a 1.5% fibre content of hooked-end steel fibres with an aspect ratio that
equalled 80, and different concrete compression strengths. As we can see in Figure 2-28,
major differences were found in the shear strength predictions between both expressions.
In fact the shear strength provided only by concrete in some concrete compression dou-
bled or tripled the others. Different predictions were obtained for fibre contributions, in
spite of the same amount of fibres being compared.

Table 2-5: Selected models of maximum shear strength

Khaloo and Kim [130]  Tyax = 0.65f>%° + BV, CVF +D.VP  (E.2:32)
l

Boulekbache et al. [134] 1,54, = 0.72/2%° 4 0.08V; <d—f> (E.g. 2-33)
f

Khanlou et al. [95] Tmax = 0.75£250 + 4Vp7 (E.q. 2-34)
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Figure 2-28: Comparison of the maximum strength expressions of hooked-end SFRC

At this point, we may wonder why so many differences appeared between experimental
results and, consequently, between empirical expressions. We can probably attribute the
answer to differences in test procedures. Khanlou et al. used the FIP shear test, while
Boulekbache et al. resorted to JSCE-SF6 with some modifications. Evidently, both test
methodologies presented different failure aspects because one shear plane existed in one
case, the second one included two shear planes. In the FIP tests conducted by Khanlou
et al., (see Figure 2-26b), the friction between the specimen and supports was isolated
by using rollers, while the specimen was fixed to a support table to avoid undesired ro-
tations in the test of Boulekbache et al. In this way, undesired horizontal strengths can
be introduced into the test by means of friction and not measured as Soetens and Matthys
[135] did. To clarify this point, more information about test measurements, and a com-
parison among the tests proposed in the literature, are required.

2.2.2.3.2.Frictional bridging models

When movements (slip and opening) take place in a FRC shear crack, several shear
transfer mechanisms act along the crack. On the one hand, some of these mechanisms,
such as the aggregate interlock and macroroughness, depend on matrix properties (con-
crete compression strength, aggregate size). On the other hand, bridging fibres enable
new shear-transfer mechanisms to occur when fibre is pulled out from the matrix. Some
of these are the bond of the fibres to the matrix, the bending of fibres and the snubbing
effect (see Figure 2-29). The shear transfer mechanisms provided by fibres depend on
the volume, shape and material of fibres, and also on concrete matrix properties. All
these mechanisms act together and can improve shear strength, toughness and ductility
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of FRC as seen in previous sections. Nevertheless, all these mechanisms significantly
influence shear crack kinematics.
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Figure 2-29: Fibre mechanisms: bond (a), bending of fibre (b) and snubbing (c)

Other parameters that influence the bridging effect of fibres include the inclination or
orientation of fibres in relation to the shear plane. As Lee [126] demonstrated, when
fibres are inclined with acute angles in relation to the loading direction (as Figure 2-29c
shows), fibres transfer fewer shear stresses in small slips than those aligned with obtuse
angles (see Figure 2-30). In other words, the bridging effect is not immediately activated
and fibres start acting with marked slips. In this case, fibre’s MOF is the fracture of fibres
in one snubbing zone [126].

-—n

JInactive fibres

- [ “Active fibres
‘Crack inclinations
plane

Figure 2-30: Concept of active and inactive fibres
By taking into account all these considerations, several authors have proposed analytical
models to simulate fibre behaviour in shear. To this end, the following models were

selected and are summarized below: (a) Pfyl’s model; (b) Unified Variable Engagement
model; (c) Kaufmann’s model.
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i. Pfyl’s model (2003)

Thomas Plyl developed [144] an engagement model in 2003 to predict the tensile behav-
iour of steel fibres in concrete. This model makes the following assumptions for both the
concrete matrix and fibres:

The energy dissipation and softening response of concrete in tension are ne-
glected

Matrix deformation is ignored

Fibres are randomly orientated and homogeneously distributed in the concrete
matrix (straight fibres with length I, circular diameter d: and content ps are con-
sidered)

The elastic elongation of fibres between a crack face is neglected and is consid-
ered a pure pull-out of the fibre from its shorter embedded length

The flexural stiffness of fibre is ignored

A constant bond between the fibre matrix along the embedded length of fibres
is assumed

The snubbing effect is neglected

Figure 2-31: Activation and pull-out of steel fibres [97]

After integrating all the fibres that contribute to bridge the crack, the tensile stress trans-
ferred to the matrix by fibres o, can be evaluated according to the expression (Eq. 2-35)
for fibre activations, and (Eq. 2-36) for fibre pull-out.

’u u

O-Cf = achZ u—o— u—o ,O <u< u’O (Eq 2-35)
2u\’ l

Ocf = Ocfo (1 — ?> JUg < U Sif (Eq. 2-36)
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where Up is the maximum crack opening (Eq. 2-37) at the beginning of the pull-out of
the fibre with the embedded length 172 (longest embedded length). = is the fibre average
bond stress. oo is fibre effectiveness (Eq. 2-39) which is in accordance with fibre orien-
tation factor g, u is crack opening while Es represents the modulus of elasticity of fibres.

= bel}% (Eq. 2-37)
0=
drEf
3’ (Eq. 2-38)
be = 0.6 fcz
prTprl (Eq. 2-39)
Ocfo = kf fdff d

Fibre orientation factor k in a bi-dimensional stress-strain plane (2D) is determined with
(Eqg. 2-40) where the array of possible angles of fibre orientation 6 is limited as some
fibres are not activated at small crack widths because their orientation is unfavourable
(see Figure 2-30) to shear. Hence all the possible inclination fibres were integrated after
discounting those fibres whose inclinations exceeded 6w-7/2, where 6y represents the
inclinations of ineffective fibres and is determined by (Eqg. 2-41).

1 7 1+ cosé@,, (Eq. 2-40)
ke = —f cos 0;60y =———
T 4
BW—Z
_1 6 (Eqg. 2-41)
0, =tan" —
Sw

ii. Unified Variable Engagement model (2012)

The Unified Variable Engagement model (UVEM) [145] results from joining Variable
Engagement Model | (VEMI) [146] and Variable Engagement Model 11 (VEMII) [147],
which were developed to explain the fracture of SFRC in modes | and 1l. In this context,
UVEM model makes the following assumptions for both the concrete matrix and fibres:

e The component contributing to the shear in SFRC is the strength of the unrein-
forced matrix (o) and the contribution of each individual fibre crossing the
shear plane (failure plane) (ov).
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o =o0.+0f (Eq. 2-42)

e The geometric centres of fibres are homogeneously dispersed in the matrix and
all fibres have the same probability of being orientated in any direction

o The wall effect influences those fibres centred at less than one half of the fibre
length from the boundary

e  Pull-out occurs from the shorter embedded length of fibres, while the length side
remains embedded in the matrix

e The energy associated with the bending of fibres is neglected

e  Auniform bond stress model is adopted

In UVEM, the tensile contribution of fibres oy is determined with (Eq. 2-43), where, ki
is the fibre orientation factor, as is the aspect ratio of fibre (l#/ds), pr is the fibre volumetric
content and ty avg is the average fibre bond stress.

0 = keapprty aug (Eq. 2-43)

UVEM adopts a uniform bond modelling approach, but adjusts the bond stress according
to the angle of fibre. Hence the fibre average bond stress (zv.avg) IS determined by (Eq.
2-44), where 0 is the initial fibre bond stress (tpo = 0.8y/f., and 0.4,/f., for
hooked-end and straight steel fibres, respectively). yerit represents the critical angle at
which fibres become active (the point where the fibres oriented at y< yerit carry loads,
while they are yet to be engaged for the fibres at y > ycrit (See Figure 2-32)) as determined
by (Eq. 2-45).

Thavg=Tho + 0.0625y3 ., (Eq. 2-44)

(Eq. 2-45)

ymax represents the maximum fibre bending angle determined by (Eq. 2-46), and w is
crack opening displacement w = vu? + v2.
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Figure 2-32: Fibre orientation and definition of the fibre bending angle (y) [145]

i I
Ymax = |¢| +E r SVYmax =T (Eq. 2-46)

The maximum fibre bending angle Ymax= m/2 for Mode I and ymax = © for the Mode 1l
fracture. @ is the angle between the applied load and a line normal to the crack plane
(see Figure 2-32).

Fibre orientation factor ks is determined by (Eq. 2-47), where (%b) represents the prob-

Zl—w) is the reduction of the
f
bond strength of fibres due to incremented crack opening w, i.e. the fibre embedment

length shortens, whereas the proportion of bonded fibres also linearly lowers.

ability density function of a fibre crossing the crack, and (1 -

I = la+b 1 2w\’

f—§< - ) A (Eq. 2-47)
s -

a=min (Verie, |91 +3 ) (Eq. 2-48)

b =Ycrit (Eq. 2-49)

iii. Kaufmann et al. model (2019)

Kaufmann et al. developed a model [97] that not only captures the shear transfer mech-
anism of fibres, but also captures the fibre-matrix interaction. To this end, and based on
Pfyl’s model, the Kaufmann model takes into account bond stresses action on the em-
bedded length transferred by fibres and the deviation force produced by fibres that acts
on crack faces. Moreover, the same assumptions as in Pfyl’s model are considered. In
this context, Kauffman considers the bridging effect of fibres as indicated in (Eq. 2-50).
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_ 9
Ocfa = sin a, (Eq 2-50)

Where o is the tensile stress transferred to the matrix by fibres (ocf) expressed in (Eq.
2-35) for fibre activation and (Eq. 2-36) for fibre pull-out; o, is the crack opening incli-
nation in relation to the crack face (see Figure 2-33). Thus replacing (Eq. 2-35) and (Eq.
2-36) in (Eq. 2-50) yields (Eg. 2-51) for fibre activation and (Eq. 2-52) for fibre pull-out.

(Eqg. 2-51)

(Eq. 2-52)

fibres in tension (active)

* fibres initially in
compression (inactive)

Figure 2-33: Fibres bridging a shear crack according to the Kaufmann et al. model [97]

Fibre effectiveness (ocr0), is determined similarly to Pfyl’s model, where ki, is the orien-
tation factor, pr is the amount of fibres and =y is the bond stress of the hooked-end steel
fibres determined by (Eq. 2-38).




Chapter 2. Literature Survey

PrTh l (Eq 2'53)
Oefo = kfa fdff f

For fibre orientation factor (kr), the Kaufmann et al. model does not consider all those
fibres initially subjected to compression (see Figure 2-33) (the fibres that incline more
than 7/2 form crack displacement). As the model is developed for small crack displace-
ments (where the aggregate interlock is the main shear transfer mechanism), it considers
that all those fibres inclined close to the crack plane are effective in shear. In this context
ka is determined as follows (Eq. 2-54).

1+ sina, (Eq. 2-54)
s

Finally, in relation to the interaction between the aggregate interlock and fibre bridging,

Kaufmann’s model determines a deviation force (Figure 2-15) for skew cracks opening.

The model suggests reducing aggregate interlock stresses by a factor determined by (e.q.
2-31).

kfa =

2.2.3.Shear in FRC beams

In RC and FRC beams, a/d strongly influences the shear behaviour and MOF of the
element. Kani in 1966 [148] characterised shear according to a/d and determined that the
most critical position for shear is considered when a/d=2.5 (Kani’s valley). However,
Kani also stated that this value depends on the longitudinal reinforcement ratio. Accord-
ingly, beams can be characterised as short beams (a/d<2.5) and slender beams (a/d>2.5).
However in prestressed elements, as prestressing can reduce the inclination of the diag-
onal strut (load-support), some elements with a/d>2.5 can also be considered short
beams.

In 1986, Mansur et al. [87] ran a shear experimental campaign on 24 rectangular simply
supported beams by four-point tests. The studied beams covered a/d ranging from 2 to
4.4 to study of effect the fibres. Hooked-end steel fibres were employed and dosed in
volumes from 0% to 1%. Mansur et al. found that fibres increased the element’s shear
strength and, in some cases, MOF shifted from shear to flexure-compressional failure.
Furthermore, the critical a/d ratio required to induce shear failure was lowered by incre-
menting fibre content. Similar conclusions have been reported by other authors [68,102—
107] after conducting experimental tests on slender and short beams.

In 2019, Gali and Subramaniam studied [149] SFRC slender and non-slender beams w/o
stirrups. By digital image correlation, they determined that shear diagonal crack opening
increased, while slenderness increased. This behaviour was attributed to the contribution
of bending force to crack opening.

The use of steel fibres on beams has been extensively studied, and the research commu-
nity now fully acknowledges the effectiveness of fibres. A wide range of studies in the
literature are available on the effectiveness of fibres on shear behaviour in SFRC slender
beams. The main conclusions drawn from these studies are:
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e Fibres significantly enhance the shear strength and ductility of beams [61,150].
This conclusion has been observed in normal-strength concrete beams
[151,152], self-compacting concrete beams [10,153] and high concrete com-
pression strength beams [102,124] .

o Increased fibre content results in higher FRC element ‘s shear strength both with
[154] and w/o [151,155] stirrups. In fact fibres with dose contents ranging from
0.5% to 1% effectively control crack openings similarly to traditional reinforce-
ment [142], while fibre contents below 0.5% are insufficient to provide adequate
shear strength and shear deformation [62]. Incremented shear strength due to
fibres reduces for fibre contents above 1% [156] .

o The effectiveness of macrofibres (SFRC) in bridging cracks and, hence, in en-
hancing shear strength is related to its shape (geometry and type) and fibre con-
tent. At a higher aspect ratio (l¢/ds), increased shear strength [151], load at the
first shear crack [157], and post-cracking behaviour capacity [158] occur.

e Contradictory conclusions are reported about the size effect on FRC beams.
With a shear database of 139 beams, Kwak et al. [110] determined that size
effect would be less significant in SFRC beams than in RC ones. These authors
attributed this phenomenon to either the incremented ductility in SFRC beams
compared to RC ones or to few analysed beams. After an experimental cam-
paign of 28 slender beams (a/d=3.43), Dinh et al. [151] found that some were
deep beams, and concluded that the inclusion of fibres could potentially mitigate
or eliminate the size effect due to the reduced crack spacing in SFRC compared
to RC. Yoo and Yang [159] studied the size effect on SFRC beams and con-
cluded that size effect would more stronger in SFRC beams w/o stirrups than
with stirrups. Casanova et al. [71] determined with double T beams that steel
fibres in appropriate proportions were much more effective in controlling crack
development in small beams than in deep ones. Finally, with increase element
size, the minimum fibre content required to avoid the size effect, just as trans-
verse reinforcement does, also needs to be increased [160].

e Fibres in adequate contents can partially or totally substitute stirrups [161,162],
as well as the minimum transverse reinforcement required to warn the element’s
structural collapse [161]. In fact one research work has reported that SFRC
beams with the fibre content required by codes to provide minimum shear rein-
forcement actually confer more reinforcement than that expected by the same
codes [72]. Moreover, beams with fibre contents above 1.25% have improved
ductility and mitigate crack growth compared to beams containing minimum
conventional shear reinforcement [71].

e Since fibres improve post-cracking behaviour and, hence, increase beams’ duc-
tility, fibres dosed with adequate contents are able to transform shear brittle fail-
ure into a ductile one [64,65,68].

Although the shear behaviour of SFRC beams has been widely studied, research that has
focused on the shear behaviour of PFRC beams is limited. In this context, experimental
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campaigns using macrosynthetic fibres, such as polypropylene fibres used as shear rein-
forcement, are described below. It is worth mentioning that more information on the
following experimental campaigns, such as reinforcement or materials’ properties, is
found in Table A.1 in Annexe A, where a shear database of beams using exclusively
synthetic fibres appears.

One of the first approaches to study the shear behaviour of PFRC beams was followed
by Furlan and Hanai [163] in 1997, where square section beams (100x100 mm) with and
w/o stirrups were tested according to a four-point loading scheme with a/d equalling 3.5.
The employed fibres were multifilament polypropylene fibres (42 mm long, 0.05 mm in
diameter) and steel fibres (lengths 25.4 mm and 38.1 mm). Only two beams were man-
ufactured using PFRC with 0.5% fibre content (one w/o stirrups and one with stirrups).
Surprisingly, the authors did not draw any conclusions about PFRC beams, despite the
fact that their results showed that polypropylene fibres incremented the shear strength of
PFRC beams with stirrups by 12%, and by 9% of the beams w/o stirrups. In addition,
polypropylene fibres changed the MOF of beams with stirrups from diagonal tension to
flexural failure. Furlan and Hanai studied this type of polypropylene fibres in the 1990s
on other beam types, such as prestressed | section beams [116], and reported similar
results to those previously obtained.
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Figure 2-34: Geometry and reinforcement details of the Furlan and Hanai [163] beams with
stirrups (a) and without stirrups (b)

In 1999, Campione et al. [164] used four fibre types (polyolefin, carbon, crimped steel,
hooked-end steel) to enhance the shear behaviour of FRC beams combined with tradi-
tional transverse reinforcement. Twenty rectangular-sectioned beams (100x125 mm)
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were tested under four-point monotonic and cyclic loading. The polyolefin fibres (dosed
ata 2% volume fraction) were a straight fibre (25 mm long, 0.8 mm equivalent diameter).
Two transverse reinforcement ratios were used for each fibre type, as well as plain con-
crete (see Table A.1 in Annexe A). Campione et al. found that polypropylene fibres in-
creased shear strength by 14% compared to the beams with no type of fibres, while the
increment exceeded 25% with steel fibres.
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Figure 2-35: Campione’s beams geometry and reinforcement details [164]

In 2006, Majdzadeh et al. [137] investigated the influence of three fibre types (steel and
two types of polypropylene fibres) on shear strength using 14 square-sectioned (150x150
mm) concrete slender beams with and w/o stirrups. Beams were tested by a four-point-
loading scheme with a/d equalling 3.02. Only eight of the 14 beams were PFRC beams
(two with stirrups, six w/o stirrups) (see Table A.1 in Annexe A). Synthetic fibres were
self-fibrillating that were 54 mm long with a 360 aspect ratio, and polypropylene straight
fibres that were 50 mm long with an 86 aspect ratio. The fibre content in SFRC and
PFRC was 0.5%, 1.0% and 1.5%. Once beams had been tested, both synthetic fibre types
enhanced shear capacity, ductility and shear toughness compared to the RC beams. When
comparing the results between SFRC and PFRC with similar fibre contents, steel fibres
were more efficient than both synthetic ones. Majdzadeh et al. concluded that the opti-
mum fibre content was 1%, and beyond this percentage no major benefits are found in
shear. Finally, a synergy effect between fibres and stirrups in the FRC beams was also
observed.
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Figure 2-36: Beams setup, geometry and reinforcement details of the beams by Majdzadeh et al.
[137]
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In 2009, Altoubat et al. [53] conducted an experimental campaign of 27 full-scale beams
to specifically study the shear behaviour of macrosynthetic fibres. Beams were tested by
a three-point-loading scheme by covering shear spans of 3.5d (slender) and 2.3d (short).
Fibres were made of polypropylene and polyethylene (40 mm long, 90 aspect ratio).
Fibre content ranged from 0.50% to 1.0%. At least two beams were tested per fibre con-
tent in the short and slender beams. More details about the geometry and reinforcement
details can be found in Annexe A.

Altoubat et al. reported that synthetic fibres increased the load at which the first crack
appeared by 10%, 18% and 12% for 0.50%, 0.75% and 1.0% of volume fractions in
slender beams (a/d=3.5), and by 7% and 14% for 0.50% and 0.75% in short beams
(a/d=2.3). Maximum load was incremented by 14%, 23% and 30% for 0.5%, 0.75% and
1.0 % in slender beams, and over 20% and 28% in short beams with 0.50% and 0.75%.
The MOF of beams was observed, and turned from a brittle MOF into a ductile one. In
fact with the short beams, fibres could change MOF from diagonal tension in RC beams
into a flexural one in PFRC. Due to fibres, the observed deflection increased by over
40% compared to the control beams.

In 2012, Altoubat et al. [165] extended the first experimental campaign to beams con-
taining the minimum amount of transverse reinforcement set out by ACI-318 [13] and
combining them with fibres. Hence several shear reinforcement levels were evaluated:

Without shear reinforcement

Reinforced by 0.5% (volume fraction) polypropylene fibres

Minimum amount of stirrups required by ACI-318

Combining the minimum amount of stirrups and 0.5% polypropylene fibres

Slender beams (a/d=3.5) and short beams (a/d=2.3) were evaluated by a three-point-
loading scheme. As in previous studies, the authors concluded that 0.5% fibres combined
with stirrups could increase shear strength by over 40% compared to the control beam
with only stirrups. This behaviour was observed in both slender and short beams. Fibres
modified the crack pattern of beams (many cracks were detected), which improved post-
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cracking behaviour and ductility, and changing beams” MOF in some cases. Finally, as
in previous studies, a synergy effect between fibres and stirrups was reported.

From 2010 to 2014, Conforti et al. [40,54,166] studied the applicability of polypropylene
fibres on deep and wide-shallow beams subjected to shear. For this purpose, 14 wide-
shallow and 19 deep beams were manufactured to cover three shear reinforcement levels.
The first level corresponded to any reinforcement type (PC beams). The second was re-
inforced by crimped polypropylene fibres dosed at 13 kg/m3. The third level corre-
sponded to the minimum shear reinforcement (MSR) required by MC2010. The em-
ployed polypropylene fibres were 40 mm long, diameter of 0.75 mm. The section of the
wide-shallow beams were 430-890 mm wide and 250-330 mm deep, while the section
of the deep beams were 150-300 mm wide and 600-800 mm deep. More details can be
found in Table A.1 in Annexe A. For each type of the section and reinforcement level,
two specimens were tested by a four-point loading scheme with a/d of 2.5.
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Figure 2-37: The section geometry of deep and wide-shallow beams performed by Conforti et al.
[40,54,166]

Conforti et al. observed that polypropylene fibres can provide the shear reinforcement
required for the equilibrium in wide-shadow beams. When comparing beams with the
minimum amount of reinforcement and PFRC beams, both displayed similar shear be-
haviour and MOF (flexural failure). Nevertheless, fibres could cause several progressive
cracks during loading, which implies more ductile behaviour than in PC beams. In the
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deep beams, fibres could enhance shear strength and provide twice the ductility than their
counterparts in PC. When comparing the PFRC and MSR deep beams, their shear
strength was similar, but the MSR beams obtained a more ductile MOF (flexure) than
the PFRC beams (shear).

In 2012, Parmentier et al. [167] tested 28 short and slender beams by a four-point loading
scheme. The explored a/d ranged from 0.5 to 2.5. Beams contained two shear reinforce-
ment levels: the first with no reinforcement type (PC) and the second using three fibre
types (two steel and one macrosynthetic) dosed at different volume fractions. Neverthe-
less, only four beams were manufactured using macrosynthetic fibres at the 4.5 kg/m?
dose (0.49% of the volume fraction), tested with a/d of 1.5 and 2.5. The macrosynthetic
fibres were fibrillated fibres manufactured using polypropylene and polyethylene (50
mm long). Parmentier et al. observed that PFRC beams performed in shear terms simi-
larly to SFRC, and also with similar volume fractions. When comparing the PFRC beams
tested with a/d = 2.5 to their PC counterparts, shear strength improved by 4%.

In 2015, Sahoo et al. [168] studied the effect of polypropylene, steel, and a combination
of both fibres, on the shear behaviour of rectangular (200x150 mm) beams. Seven beams
(RC, SFRC, PFRC and hybrid FRC) were tested by three-point-loading tests with a/d of
5. However, only one beam was manufactured using PFRC with fibres dosed at a 1%
volume fraction. Polypropylene fibres were 12.5 mm long with a 0.5 mm equivalent
diameter. After testing, the PFRC beams had the lowest shear strength throughout the
experimental campaign. These authors observed that shear strength and ductility had re-
duced by 70% and 50%, respectively, in the PFRC beams compared to the control beams.
However, this comparison was made by taking the RC beams with stirrups
(8mm@300mm) as the control beams.

In 2016, Ensan Navadeh [169] studied the shear behaviour of slender PFRC beams.
Beams were subjected to three-point tests with a/d of 2.4. Four shear reinforcement types
were investigated and compared to one another: the beams w/o stirrups, the beams with
the minimum amount of stirrups required by ACI-318, and the beams with polypropyl-
ene fibres dosed at volume fractions of 0.5 and 0.75%. All the beams presented the same
rectangular section (254x381 mm) and longitudinal reinforcement, which was calculated
to avoid flexural MOF. The fibres used in PFRC were polypropylene fibre (54 mm long
with 0.80 mm). Ensan Navadeh observed that by incorporating 0.5% and 0.75% of fibres
into concrete, the shear strength of beams increased by 17% and 29%, respectively, com-
pared to PC. The increased shear strength, especially in the beams with a 0.75% volume
fraction, was relatively similar to the increased shear conferred by the minimum amount
of stirrups (31%).

Based on Navadeh’s beams, Daniel Michael in 2017 conducted an extensive campaign
of PFRC beams in which long-term shear behaviour was investigated. In addition to the
eight beams investigated by Navadeh, 16 beams were manufactured, and cured in a
chemical solution (controlled calcium hydroxide dose) at different temperatures for the
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purpose of finding the long-term strength of material in short times. New beams of dif-
ferent ages were tested (1, 3, 6 months) and compared to the control ones (beams tested
by Ensan Navadeh). It is worth mentioning that Michael’s experimental campaigh was
related to the durability instead of creep behaviour of beams.

The results demonstrated that the shear and tensile strength degradation of concrete after
100 years results in 24.2%, 26.5% and 26.8% for beams with fibres dosed at 0, 0.5% and
0.75% of fibres, respectively. These beams are not considered in Annexe A because their
original properties were modified.

In 2016 and 2019, Arslan et al. [170,171] evaluated the shear behaviour of PFRC rec-
tangular (150x240mm) beams with and w/o stirrups. Twenty-three beams were tested by
a three-point-loading scheme to cover different a/d (2.5, 3.5 and 3.5). Several transverse
reinforcement levels were studied: PC beams w/o stirrups, beams with stirrups, PFRC
with fibres dosed at 1%, 2% and 3% volume fractions, and a combination of fibres and
stirrups. The used polypropylene fibres were the crimped type with a rectangular cross
section of 0.93x0.50 mm?, and 39 mm long. The concrete compression strength of the
entire campaign ranged from 13 to 27 MPa, but it is highlighted that compression
strength considerably reduced with the incremented fibre volume. As in previous studies,
Arslan et al., observed that polypropylene fibres incremented the shear strength and duc-
tility of beams compared to those in PC. Moreover, fibres could change MOF from a
shear failure to a flexure one.

2.2.3.1 Brief review of shear strength expression

In order to better understand the shear behaviour of FRC, several authors have created
FRC shear databases [172-177], which have been used to evaluate, improve or create
new expressions to predict the shear strength of FRC beams. Expressions are usually
mechanical or empirical, and developed statistically by regression analyses, artificial
neural networks or multi-expression programming. Several others have been incorpo-
rated into international code designs.

Cuenca et al.[173] found that only 28% of the experimental results of FRC beams in the
last 30 years report post-cracking mechanical properties of fibres. The remaining 72%
provided only fibre information, such as content, material and geometry. Such lack of
information leads to the development of non-robust expressions that truly capture the
variables acting on shear behaviour in FRC beams. In fact most are based on unquanti-
fiable or irreproducible factors, such as steel fibre type or fibre orientation, which do not
make models or expressions helpful when different types, shapes or materials are em-
ployed.

Table 2-6 summarises some selected expressions (empirical, semi-empirical and me-
chanical) to predict the shear strength of SFRC beams. In 1986, Sharma developed [178]
a similar expression (Eq. 2-55) to the ACI-318 equation and used a relation (k=2/3) to

link concrete compressive strength () with tensile strength of concrete (0.8/f;) ob-
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tained from indirect tensile tests. Nevertheless, Sharma’s expression was developed us-
ing low-carbon steel fibres (50 mm long, 83 aspect ratio) that was also validated for
round and crimped fibres.

In 2002, Kwak et al. [110] developed an expression (Eg. 2-56) that includes the fibre
contribution in Zsutty’s equation [179]. This equation includes effects such as dowel
action and slenderness of beam, and is calibrated for different types of steel fibres by
means of fibre-matrix bond factors.

Minelli and Plizzari [75] proposed in 2006 a semi-empirical equation (Eq. 2-57) that
incorporates into Eurocode 2’s equation [76] a toughness parameter, which is the equiv-
alent to post-cracking flexural tensile strengths. The toughness parameter (feq(-3)) is re-
lated to the crack tip opening displacement, which ranges from 0.6 to 3 mm in the ulti-
mate limit state. The contribution of fibres is integrated into concrete behaviour, and is
modified directly by the longitudinal reinforcement ratio (1), analogously to distributing
more longitudinal reinforcement layers throughout the specimen’s depth. This equation
was included in MC2010 [7] with some modifications, as seen in (Eq. 2-16) in Table
2-3. Finally, it is worth mentioning that this expression can be used for any fibre types
as it employs parameters of fibres like residual flexural tensile strengths, which can be
obtained from test EN14651 [15]. A similar approach was developed by Dinh et al. [180],
in which shear is calculated (Eq. 2-58) as the additive contribution of fibres in tension
(in an inclined plane of 45 degrees) and the shear stress distribution in the compression
zone. In this case, the average tensile stress (o,).,, Of fibres can be determined by ASTM
1609 [16]. Finally, Dinh’s expression also offers the possibility of evaluating the shear
strength of FRC beams with any fibre type.

Table 2-6: Selection of formulas to determine the shear strength of SFRC beams

Reference Expressions ID
Sharma d\1/4 (Eq. 2-55)
1986 Ve = <k0.8\/z (5) >bd
[178]

Kwak et al. 23 (4 1/3 (Eq. 2-56)
2002 V, = [3 7 fpfc( E) + 0.8(0.41‘[F)]
[110]
e= 1for—>34and34 for—< 3.4
foper = _Jar 074 yF
(20 - VF)

F = (Ly/Dy) Vy ds
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Reference
Minelli and
Plizzari [75]
2006
Dinh et al.
[180]

2011

Sarveghadi et
al. [177].
2015

Matthys and
Soetens [181]
2018

Barros and
Foster [175]
2018

Expressions
0.5 for round fibres
dr =40.75 for crimped fibres
1 for intended fibres
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With increasing knowledge about artificial intelligence, such as artificial neural net-
works, genetic programming or multi-expression programming, new shear empirical ex-
pressions have recently been developed. In these methodologies, several parameters that
affect shear behaviour are computationally evaluated by algorithms and genetic opera-
tions. In such methodologies, an extensive database is necessary for the algorithm to
learn, evaluate and select the most significant variables. Sarveghadi et al. al [177] used
multi-expression programming and found that the variables that most influenced the
shear performance of SFRC beams were a/d, amount of longitudinal reinforcement (p),
fibre pull-out strength (wb) and splitting tensile strength (f*). With these variables,
Sarveghadi et al. wrote an empirical expression (Eg. 2-59) to determine the shear strength
of FRC elements. In this expression, variables are combined with one another to fulfil
precision. However, the equation does not offer a clear explanation of how, or how much
of, each variable has a mechanical effect.

Unlike empirical expressions, mechanical-theoretical expressions have been created in
SFRC. Most of these expressions are based on the Modified Compression Field Theory
(MCFT), including fibres. Zhang [182] developed an expression based on tensile stress-
strain constitutive equations that consider the distribution of fibres. A similar proposal
was developed by Lee et al. [183], into which modifications to the Disturbed Stress Field
Model (DSFM) based on MCFT were incorporated. These modifications include consti-
tutive equations from the Diverse Embedment Model (DEM) [184] developed by these
authors. In 2018, Matthys and Soetens [181] considered that despite their good predic-
tions, expressions in codes are not easy to implement in the engineering community
given the iterative process that their application entails. In this context, and in order to
develop an easy-to-use practical model, Matthys and Soetens introduced an expression
(Eq. 2-60) based on MCFT and the most important parameters involved in shear, such
as concrete strength, dowel action, shear slenderness, size effect, level of prestress or
FRC post-cracking tensile strength.

Additionally, models based on MCFT and mechanical performance of fibres, such as
those described in the frictional bridging models section of this thesis, are present in the
literature. Foster’s model [77], based on the VEM, developed an expression where the
shear provided by the concrete matrix and fibres is coupled. This expression was in-
cluded in MC2010 [7] as an option to determine the shear strength of FRC elements.
Barros and Foster [175] presented an integrated model in 2018 to predict the shear
strength of SFRC beams (Eq. 2-61). The model integrates fibre orientation, the fibre pull-
out constitutive law and the predicted number of fibres crossing the critical diagonal
crack Fr[w,, (w,)] (SOome obtained from UVEM) with the MCFT by an iterative process.

2.2.4.Shear in FRC HCS

Hollow core slabs (HCS) are precast concrete elements employed in industrial, parking,
recreational or residential buildings for their easy installation, high quality control and
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short construction times. HCS are usually manufactured by an extrusion or slip-form-
work process (see Figure 2-38) using low workable concrete (zero slump). The HCS
section consists of including hollows in a concrete section to form several internal con-
crete webs. In order to make the HCS section more efficient, their hollows, initially pro-
vided with circular voids, are improved to non-circular ones. In addition, prestressed
tendons are incorporated to improve their span range and deflection control. Nowadays,
HCS are capable of span long distances with low self-weight and material costs.

Figure 2-38: Extrusion process of HCS [185]

As some restrictions on placing conventional reinforcement exist in HCS due to using
low workable concrete and a manufacturing process, HCSs are generally made w/o any
web reinforcement and mechanism to improve tendon end anchorage. Hence HCS are
exempt from the minimum amount of shear reinforcement requested by codes. Moreo-
ver, as HCS are simply supported at their ends (support width of usually 10-15 cm), it is
known that their end zones (where the transferring length of tendon occurs, i.e. transfer
length equal to 60-70-fold the tendon diameter [186]) are very critical regions. In fact
end zones are disturbed regions stressed mainly in tension by shear forces (in a zone
where the beneficial effects of prestressing are not completely active) and splitting ac-
tions (caused by transferring prestressing force from steel to concrete). All this makes
end zones critical in shear and highlights the importance of studying them and evaluating
new shear reinforcement solutions to prevent HCS from critical shear failure. In fact two
MOF in shear can occur in HCSs flexural-shear and web-shear failure.

In order to improve the shear strength of HCS ends, alternatives like reducing the number
of voids (increasing the width of webs) or filling locally voids with concrete in the fresh
state are common practices in the construction industry. However, these practices are
employ considerable time and resources, and result in element weight gain. This is why
the use of steel or polypropylene fibres is appealing to improve shear strength.
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The first attempts to introduce fibres were reported by Bernander [187] in 1986, when
slit sheet steel fibres with enlarged ends (18 mm long) were incorporated into concrete
at a 1% volume fraction. The slabs (380 mm deep) with four cores were sawn into beams
and tested with a/d=4. Fibres increased element shear strength by 25% compared to their
plain concrete counterparts. In 1998, Paine et al. [188,189] examined nine HCS (200 mm
deep, 1,200 mm wide) to study the influence of steel fibres on shear strength. The ana-
lysed parameters were prestressing configuration, steel fibre type (hooked-end and amor-
phous steel fibre), fibre content (0.5% and 1%) and the shear span-to-effective depth
ratio (a/d = 2.0 and 2.8). Paine et al. [13,14] found that steel fibres dosed at 0.5% in-
creased first crack shear strength by 4% and 31% in the tested slabs with a/d=2.8 and
ald=2.0, respectively. Moreover in HCS with 1.0% fibres, the average increase was only
5%. Finally, improved post peak ductility in FRC slabs compared to the sample in con-
ventional reinforcement was observed.

Cuenca et al. [185] tested 26 hollow core slabs of PC and SFRC in 2012. Slabs were 260
mm deep and 960 mm wide. SFRC slabs included steel fibres of 40 mm long and a 65
aspect ratio. The studied parameters were: the shear span-to-effective depth ratio
(a/d=2.3, 3, 3.4, 4.4 and 8.6), fibre content (0, 50 and 70 kg/m?®) and the pre-cracking
effect. The involved parameters were combined to one another to study the MOFs of
HCS. To study the pre-cracking effect, three of the 26 slabs were pre-cracked (up to 0.2
mm) before shear tests by loading slabs in a configuration a/d=4.9. Similarly to Paine et
al. [188,189], Cuenca et al. observed that the shear strength and ductility of the element
incremented by adding fibres. Several MOFs were observed during the test according to
a/d test schemes, where the most brittle was web-shear failure and anchorage failure.
Figure 2-39 represents the capacity achieved to calculate the ratio in flexure (SM) versus
the a/d of Cuenca’s elements placed on the Kani’s valley [185]. As we can see, most of
the results were higher than expected by Kani’s valley, which could mean that diagonal
failure disappeared in Kani’s valley when an adequate amount of fibres was incorporated
into concrete.

1.40

Shear-flexure failure

-
Flexure failure

SM in Flexure

X Serie 1-0 kg/m3

® Serie 1-50 kg/m3
® Seric 11 -0 kg/m3
® Seric 11 -50 kg/m3
A Serie 11 -70 kg/m3

Shear tension failure
HCS without fibers
0.20

0.00 —— ——————————————
0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00 5.50 6.00 6.50 7.00 7.50 8.00 8.50 9.00 9.50
a/d

Figure 2-39: Result of Cuenca et al. in Kani’s valley[185].
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In 2015, Simasathien and Chao [190] studied eight RC and SFRC HCS (460 mm depth,
1,220 mm) manufactured by the traditional wet-cast method. Slabs were tested in shear
with different shear span-to-effective depth ratios (a/d=2,2.73,3.45,4.36, 5.09) to obtain
several MOFs. The used fibres were steel hooked-end steel ones (50 mm long, 67 aspect
ratio). Volume fractions of 0.50% and 0.75% were used to analyse the effect of steel
fibres on deeper slabs. The authors showed that the presence of steel fibres significantly
increased shear strength by 79% in those slabs failing in web-shear failure (a/d=2 and
2.73), and by 90% in those slabs failed by flexural-shear failure compared to the pre-
dicted shear strengths. Simasathien and Chao [190] also observed that fibres were capa-
ble of preventing the slip of tendons and splitting of concrete at the end of strands (see
Figure 2-40), which was probably one reason for increasing the shear strength in those
slabs that failed by web-shear failure. This observation is similar to that of Palmer and
Schultz [191] who, after testing reinforced concrete HCS, concluded that the greater the
end slip of tendons, the lower shear strength became.

@) (b)

Figure 2-40: Prestressing strands at the end of specimens [190] (a/d=2.73) at failure for the PC
(a) and SFRC (b) slabs

Dudnik et al. [17] studied in 2017 the shear behaviour of 10 HCS (300 and 410 mm
depths) reinforced by different steel fibre contents (0.38%, 0.50% 0.76%). Slabs were
manufactured using low workable concrete. Dudnik et al. [17] highlighted that fibre con-
tents above 0.5% may lead to concrete compaction problems, with potential disadvanta-
geous effects on the shear strength of slabs. Slabs were tested by a three-point-loading
scheme with a/d equalling 3 and 3.5. As in previous studies, Dudnik et al. observed that
fibres increased shear strength in both HCS depth types. However, no appreciable en-
hanced shear was observed when fibres were increased from 0.5% to 0.76%. Unlike pre-
vious studies, Dudnik et al. measured tendon behaviour while testing and observed that
the slip of tendons in some strands decreased as the amount of fibres increased [17].

The applicability of polypropylene fibres as shear reinforced in HCS has not been ex-
plored in-depth, and limited information is available in the literature. Kankeri et al. [192]
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studied in 2019 the structural effect of macrosynthetic fibres on HCS at three different
a/d (2.5, 3.75, 7.50). Two slabs were tested for each a/d, one containing fibres at a 0.33%
volume fraction (3 kg/mq), and the second w/o any type of transverse reinforcement; i.e.
six slabs were fully tested. The used fibre was a monofilament polypropylene fibre: 50
mm long, 0.5 mm diameter, 618 MPa tensile strength, 10GPa modulus of elasticity. The
section details of HCS were obtained by cutting an entire HCS section (1,200 mm x150
mm) into two pieces of 600 mm width (see Figure 2-41). The prestressing force of each
strand (9.53 mm) was 70 kN, which introduced a compressive strength of 7.3 MPa. Slabs
were tested by a four-point loading scheme, hbut the cantilever spans after supports were
considered to avoid bond loss of strands and concrete in end zones. This end zones con-
figuration cannot represent the real scheme of HCS supports in which widths of 100-150
mm are usual.

Prestressing strands
3# 9530 (164 mmz)\

OO0

600 mm

Figure 2-41: Cross-section of Hollow Core Slabs tested by Kankeri et al. [192]

The results demonstrated the efficiency of macrosynthetic fibres in increasing both shear
and flexural strength in all the studied a/d. As expected, and based on Kani’s valley
[148], at small a/d ratios, shear was predominant in the MOF of slabs. Shear diagonal
tension MOF occurred in a/d=2.5 slabs (see Figure 2-42), while flexural failure occurred
in the remaining slabs (a/d = 3.75 and 7.50). In slabs tested with a/d=2.5, an increment
of 30% and 8% appeared in the first crack load and peak load, respectively, compared to
the control slab, respectively. In the slabs failing in flexure, a maximum increment of
19% in flexural strength was observed. Nevertheless, the number of cracks (flexural and
shear) increased, and they were better distributed along the PFRC slabs.

Figure 2-42: MOF of the SFRC hollow core slab [192]
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Two key aspects in web-shear failure (see Figure 2-43a) in critical shear zones (ends of
slabs) are the support width and cantilever span after the adopted support. As a wider
support width and greater cantilever length allow the transmission length of strands to
the concrete section to increase which can, in turn, increase shear strength, in real con-
struction applications slabs are usually placed over the support’s widths of 100-150 mm,
which makes web-shear failure more critical. In this context, the differences in fibre con-
tribution to shear strength in HCS according to several authors may be related to this
parameter. Cuenca et al. [185] did not specify the support width, but studied a cantilever
span from 120 mm to 2,500 mm (measured from the centre of the support). They ob-
served that small cantilevers produced slip of tendons, followed by web-shear failure.
Paine et al. used supports of 100 mm width with no cantilever span. Simasathien and
Chao [190] employed supports of 150 mm with 300 mm of cantilever (measured from
the centre axis of the support), while Dudnik et al. [17] used supports of 40 mm and
cantilever span of 24.5 mm (measured from the external edge of the support). In this
context, European standard EN 1168 [193] proposes a shear test setup for HCS, where
support details (support width of 100 mm, see Figure 2-43b) and loading schemes
(a/d=2.8) are required.

(b)

Figure 2-43: Web-shear failure [191] (a) and support details according to EN 1168 [193]

The failure criterion of HCS is set when the maximum principal stress (a;) in the web
corresponds to the tensile strength of concrete (f,;) (Eq. 2-62). Moreover, maximum
principal stresses must be determined by Mohr's circle from the normal (o) and shear (t)
stresses (EqQ. 2-63). In addition, based on Collignon-Jourawsky formula, it is known that
maximum shear stress in a symmetrical section can be expressed according to the first
moment of the area above and around the centroid axis (S), the section’s second moment
of area (I), the section’s width (b) and shear force (V), as (Eq. 2-64) shows. Replacing
(Eq. 2-62) and (Eq. 2-64) in (Eq. 2-63) allows shear force (V) to be evaluated, as shown
in (Eq. 2-65).

01 = fe (Eq. 2-62)
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o o
-7 hd Eqg. 2-63
o =5+ (2) + 12 (Eq )
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= Eq. 2-64
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As web-shear failure usually occurs in zones w/o flexural cracks, some expressions based
on (Eq. 2-65) have been proposed in design codes to determine the shear strength of
HCS. In this context, Eurocodes 2 [76], MC2010 [7], EN1168 [193] and ACI 318-14
[13] include expressions (summarised in Table 2-7) to determine shear strength in
uncracked regions. Expressions limit web-shear stress to the design value of axial tensile
strength of concrete, denoted as f,;4 in all the codes, except ACI 318-14, where it is
represented by,/fc. Moreover, MC2010 [7] and EN1168 [193] propose two calculation
levels that differ in terms of their level of accuracy. Eurocode 2 (Eq. 2-66) MC2010
level I (Eq. 2-67) and EN1168 Level 1l (Eq. 2-70) propose expressions that are similar
to (Eq. 2-65). However, MC2010 level | and EN1168 level Il include a reduction factor
of 0.8. Expressions (Eq. 2-66), (Eq. 2-67) and (Eq. 2-71) disregard shear stresses due to
the transfer of prestressing strands. MC2010 level 1l (Eq. 2-68) and EN1168 level | (Eq.
2-69) are more refined expressions based on Yang’s method [194], which includes shear
stressed 7, due to the transfer of prestressing force. For ACI 318-14, the shear calcula-
tion should be taken as the lowest value given by expressions (Eq. 2-71).

The control section of the slab in shear should be evaluated at distance h/2 from the
support’s internal face in ACI 318-14, and distance [,. from the slab edge to the intersec-
tion of the axis that passes the centre of gravity of the gross section and an inclined line
of slope 45° for Eurocode 2, and slope 35° for MC2010 and EN1168. In more refined
expressions, MC2010 level Il (Eq. 2-68) and EN1168 level I (Eq. 2-69), the critical point
is the point on the aforementioned inclined line where shear is the lowest. Critical point
and lines sections are summarised graphically in Figure 2-44.
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Critical section for Critical Point for:
ACI 318-14 —— MC2010 L-I
ENI1168 L-II
Critical Point for:
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Figure 2-44 Point and lines of failures of different design codes for HCS

As regards the expression that predicts shear strength in the web-shear failure of FRC
without flexural cracks, Narayanan and Darwish [195] suggested in 1987 an expression
to predict web failure according to the spitting tensile strength of concrete f.; , instead
of f.; in Equation (Eq. 2-65) in prestressed beams. Nowadays it might not bet appropri-
ate, but at that time Narayanan and Darwish obtained good results with their experi-
mental test.

Currently, no international code includes an expression of shear strength on uncracked
regions in FRC elements. However, an approximation using expression (Eq. 2-17) of
MC2010, by considering &, = 0 that results in expression (Eg. 2-73), could be at-
tempted. It is stressed that expression (Eq. 2-73) does not consider the influence of nor-
mal stresses induced by prestressing tendons.

If the MOF of HCS results in flexural shear, the two expressions (see (Eg. 2-16) and (Eq.
2-17)) included in MC2010 to predict the shear strength of FRC elements can be used
because these expressions were developed for regions with flexural cracks.

Table 2-7: Shear resistance formulations for RC and FRC elements

Reference

Expressions ID
EC-2
Ib, 5
VRde = T\/(fCtd) +a Ocp feta (Eq. 2-66)
MC2010 =08l (feea)? + a1 0y f, (Eq. 2-67)
Level | Rd,ct °7s. ctd 1 0cp Jeta .
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Reference

MC2010
Level 1l

EN1168
Level |

EN1168
Level Il

ACI-318

Narayanan
and
Darwish
[195]

MC2010
FRC

Expressions

Ib,
A Tg) 0 + 01 000) fua = 1)
Ye =Y

70 = [+ 2572 Bt

T.,(y) = 1 Ac(y) _ SC(Y)(yc _ypt) de(lx)
P = b0 A ; .
I b,
VRac = T)(]})/)\/(fctd)z + Ucp(y) fta — Tcp(}’)

S (1 Te—y)(v, -,
acp(y)=2{[z+( ”(,” ””)]Pt(lx)}

=1
—T(Yc_}’)

1 O ([A) S(Y—Y,) dP, (L)
Tc"@)—bw(y)Z{[ S +6pf(y)]d—x

=1

Ib
Vra,ct = (PTW\/(fctd)z + Bay ocp fra
@ =0.8and f = 0.9

Vow = (0.294/f"c + 0.3f,.) by dp + V,

Vi = 0.050/fc by, dy, + Vg + ——°
Mmax

2
V, = 0.67bh \/ (fetsp)” + Ocpfetsp
fe

= +0.8+F
fCt,Sp 20—\/F

_YF

ID

(Eq. 2-68)

(Eq. 2-69)

(Eqg. 2-70)

(Eq. 2-71)

(Eq. 2-72)

1 520
Vra,F <—z) Vfer + ke freu COT 9) zb,, (Eq. 2-73)

(1000 + kgg
0 =29°

73



74

Effectiveness of polypropylene fibres as shear reinforcement in structural elements

2.3. Conclusions

Experimental tests carried out on FRC elements in recent decades have demonstrated the
effectiveness of fibres in enhancing shear behaviour. However, this chapter reveals that
most experimentation has been done using SFRC and campaigns limited by employing
PFRC. In addition, most knowledge about the contributions of fibres to shear has been
obtained by testing specimens with direct shear or big elements such as beams or slabs.
Within this framework, the main conclusions are summarised below:

a)

b)

9)

h)

Steel hooked-end fibres have been the most widely used fibres to enhance shear
behaviour, while straight polypropylene fibres have been more commonplace in
the case of macrosynthetic fibres. The explored fibre contents ranged from
0.05% to 2% (4 to 160 kg/m? in steel fibres, 0.5 to 18 kg/m? in synthetic fibres),
and 1% (10 kg/m?3) was the most widely used fibre content in PFRC
Regardless of the employed direct shear (push-off, JSCE-SF6, FIP shear test,
panel test), shear strength, ductility and toughness improved with incremented
fibre content, especially in SFRC. However with PFRC, no major differences in
fibre contents of 0.2, 0.5 and 0.75 were observed

Despite microfibres like fibrillated polypropylene fibres improving a speci-
men’s shear ductility, these fibres do not improve the element’s shear strength.
Therefore, the aspect radio (fibre length/fibre diameter) plays a key role in shear
behaviour; i.e. greater shear strength is obtained with higher aspect ratios
Fibres are able to control crack kinematics. Crack behaviour depends mainly on
the volume and orientation of fibres, and several mechanisms of bridging, such
as bond along the fibre, snubbing or bending, have been identified

The fracture or pull-out of fibres is influenced mainly by the inclination of fibres
in relation to the analysed crack plane

Experimental results have established that shear toughness and the material’s
flexural toughness are directly correlated. Studies have established that shear
toughness is 15-fold the flexural one and depends on the properties of fibres
(fibre type, aspect ratio, volume) and concrete matrix (compression strength,
aggregate size). There is also evidence for a close relation between the shear
stress transfer in a crack and the post-cracking flexural tensile strength of the
material

Despite similar conclusions being drawn among the different direct shear tests
herein presented, major differences appeared in the results even when similar
fibres type and contents, and similar concretes, were used. This was due to each
methodology being influenced by several factors that could affect the results;
i.e. undesired rotations, tensile splitting. These differences increased when tests
were modified. These results evidence the need for a standardised methodology,
and one recognised worldwide, to better understand the real contribution of fi-
bres to shear

Steel and synthetic fibres significantly enhance the shear strength and ductility
of beams or HCS. Indeed increased fibre content enhances shear strength
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i) Adequate contents of steel fibres can partially or totally substitute stirrups. Steel
fibres effectively substitute the minimum transverse reinforcement required to
avoid an element’s structural collapse

Despite most knowledge about the benefits of fibres on shear behaviour having been
generated and based on steel fibres, some questions still need to be answered by the
present thesis:

o Are polypropylene fibres as effective as steel fibres?

e Can the expression developed to predict the shear strength of SFRC be used
directly in PFRC elements?
o What is the shear transfer mechanism of PFRC like exactly?
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Chapter 3. PFRC in small specimens

3.1. Introduction

In this chapter, two experimental campaigns conducted on pre-cracked push-off speci-
mens of plain concrete (PC), SFRC and PFRC are presented. The main objective in both
campaigns was to study the shear transfer mechanisms in a shear crack of PFRC. To do
s0, and based on the test methodology proposed by Echegaray in 2014 [127], the follow-
ing variables were studied during the first experimental campaign:

e Three concrete types: PC, SFRC and PFRC
o Different fibre types with similar residual flexural tensile strengths
e Several initial crack openings

In order to validate the experimental campaign and the employed test methodology, the
PC results were compared to the analytical aggregate interlock models proposed in the
literature. Some conclusions were drawn to test the methodology.

For the second experimental campaign, new pre-cracked push-off specimens were man-
ufactured and tested to explore the following variables:

e  Comparison of PC and PFRC
o Two volume fractions of polypropylene fibres
o Different initial confinement and initial crack gaps

The FIP shear test specimens were used to calibrate the aggregate interlock and fibres
model proposed in the literature to validate the second experimental campaign.

After experimentally studying the shear transfer mechanism in the shear plane, an ana-
Iytical model that involves all the mechanisms acting on the pre-cracking push-off spec-
imens (aggregate interlock, polypropylene fibres, confinement) was developed. The an-
alytical results obtained using different aggregate and fibres models were compared to
the experimental ones to validate the experimental campaign and to test the methodolo-
gies.

3.2. Experimental campaign one

Twenty-one push-off specimens were tested under direct shear. Specimens were manu-
factured with PC (seven), SFRC (six) and PFRC (eight). Each push-off specimen con-
stituted two L-shaped blocks, which are the active and passive blocks in Figure 3-1. The
active block was that which was displaced as a consequence of the applied load, while
the passive block remained static. Specimen geometry was 670 mm length, 400 mm
width and 120 mm thickness. Two trapezoidal notches were formed on the specimen’s
faces during casting by two metal plates (260x10x6 mm) arranged in the formwork.
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Therefore, the thickness in the notched zones was reduced to 100 mm, which resulted in
a shear plane area of 260 mm x100 mm.

To avoid the flexural cracks that distort the results, longitudinal reinforcement comprised
deformed bars (12 mm) laid in two layers, and stirrups (8 mm) placed inside each block
(see Figure 3-1). Finally, four 10-mm diameter connector links of threaded rods were
embedded inside each bock to fix the specimen to the external frame while testing.

ACTIVE block

2@12mm N
@8mm stirrups “ :
— &
— [ &
@10 connector -~ 3 ES E
links to external<__ 3 El 8
frame  “w 3 SR
i \ — rr o
*
PASSIVE block -
T h
‘! /hl 04‘\\'\ - :T‘?OOmm‘j/’E Shear plane
=/ B
-
é' N =
g Notch é
g =

Figure 3-1: Geometry and reinforcement details

3.2.1. Materials characterisation

Table 3-1 shows the mix proportions of the concrete used for each batch. Specimens
were manufactured in a precast concrete plant. For this purpose, portland cement type
CEM 1 42.5N was used, along with two gravel and three sand types as shown in Table
3-2, with a maximum aggregate size of 20 mm. The amounts of the concrete main com-
ponents were constant in all concrete types (PC, SFRC, PFRC). However, superplasti-
ciser (SIKA 5920) was used at different doses to ensure correct workability, especially
in the produced fibre-reinforced concrete (FRC). Before casting specimens, concrete
workability was measured for each batch by a concrete slump-flow test according to EN
12350-8 (see Table 3-1). The mix design was carried out to assure a characteristic con-
crete compression strength of 35 MPa.
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Table 3-1: Mix design of PC, SFRC and PFRC.

Cement CEM 1 42.5N [kg/m?] 350
Crushed sand type 1 [kg/m?] 482
Crushed sand type 2 [kg/m?] 168
Crushed sand type 3 [kg/m?] 482
Gravel 6/12 mm [kg/m®] 591
Gravel 12/20 mm [kg/m?] 118
0 (PC) V+=0.0%
Fibres [kg/m?] 10 (PFRC) V;=1.1%
30 (SFRC) Vi = 0.38%
3.5 (PC)
Superplasticiser [It/m?] 3.8 (SFRC)
4.7 (PFRC)
650 (PC)
Slump [mm] 583 (SFRC)
588 (PFRC)

Table 3-2: Granulometry of aggregates.

Sieve Sand Sand Sand Gravel Gravel

[Mm] Typel Type2 Type3 6/12 12/20
20 100,0 100,0 100,0 100,0 100,0
16 100,0 100,0 100,0 100,0 56,0
12 100,0 100,0 100,0 100,0 3,9
10 98,3 100,0 100,0 93,3 1,2

8 97,3 100,0 100,0 76,7 0,8
4 92,0 99,0 90,0 4,7 0,7
2 81,4 94,8 714 3,0 0,7
1 68,9 80,6 53,0 1,0 0,7
0,5 50,8 64,3 28,3 1,0 0,7
0,25 27,2 475 13,1 1,0 0,7
0,125 11,9 30,1 5,6 1,0 0,7
0,063 34 22,4 1,5 1,0 0,4

Table 3-3 shows the main geometry and mechanical properties of the two macrofibres
employed. Both were selected for providing good post-cracking mechanical performance
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to concrete given their high aspect ratio (47 in polypropylene fibres, 66 in steel fibres;
Figure 3-2). The polypropylene and steel fibres were manufactured with 100% polyole-
fin and treated steel (bright steel), respectively. Nevertheless, both fibres were commer-
cial and are frequently used in the construction industry.

In order to compare the shear performance between both fibre types, the selected
amounts (10 kg/m? in PFRC and 30 kg/m? in SFRC) were chosen to provide similar
flexural strength and residual flexural tensile strength to concrete. Therefore, it was pos-
sible to evaluate if the results of the post-cracking behaviour in shear correlated with the
post-cracking behaviour in flexure.

48 mm

d=0.85mm

= = d=0.90mm

60 mm

Figure 3-2: Selected fibre types

Table 3-3: Fibres’ main properties

Properties PERC SERC
Material Polyolefin Bright Steel
Design Monofilament = Double hooked-end
Shape Elliptical Circular
Equivalent diameter [mm] 0.85 0.9
Length [mm] 48 60
Tensile strength [MPa] 400 2300
Modulus of elasticity [GPa] 4.7 210
Density [g/cm?] 0.91 7.85

Figure 3-3a displays the employed metal formworks, the steel reinforcement and con-
nector links placed before casting. Figure 3-3b shows the specimens after casting. Four
specimens were cast per day using each produced concrete type (PC, PFRC and SFRC).
No mechanical vibration was applied because the three-manufactured concrete presented
the same high workability. It should be noted in Figure 3-3a and Figure 3-3b the use of
two metal rules (260x10x6 mm) to generate a trapezoidal notch (10 mm deep) on the
face of both specimens: one incorporated into the formwork and another placed after
casting.

In order to better control the initial crack opening, in some specimens two 8-mm rebars
were placed at the mid-depth before casting, as Figure 3-4 shows. Therefore, two 8-mm
bars constitute the stirrup cross the shear plane. The entire experimental campaign one
is summarised in Table 3-6.
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Figure 3-3: Picture of specimens’ formworks (a) and specimens after casting(b)

In order to characterise the mechanical properties of the three employed concretes, cy-
lindrical (150x300mm) and prismatic (150x150x600mm) samples were manufactured
along with the push-off specimens. Table 3-4 lists the main values of: concrete compres-
sion strength (fc); modulus of elasticity (Ec); flexural strength (f.); residual flexural ten-
sile strength (fr;) with CMOD (crack mouth opening displacement) values of 0.5, 1.5,
2.5 and 3.5 mm, respectively. f.and E. were determined according to EN 12390-3 [196]
and EN 12390-13 [197], respectively, using 24 cylindrical specimens (4 specimens per
batch), while f_ and fr; were in accordance with EN 14651 [15] on 22 notched prismatic
specimens.

—— @8mm stirrup

Figure 3-4: Details of the specimens with stirrups
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Table 3-4: Mechanical properties of concrete (coefficient of variation in brackets)

Property RC SFRC PFRC
fc [MPa] 41.6 (0.04) 39.9 (0.04) 42.4(0.03)
Ec[MPa] 29420 (0.04) = 28901 (0.02) 29621 (0.05)
fL [MPa] 4.51 (0.06) 4.86 (0.08) 4.42 (0.08)
fr1[MPa] - 3.00 (0.30) 2.97(0.17)
fr2 [MPa] - 3.73(0.23) 4.29 (0.19)
fr3 [MPa] - 3.83(0.21) 4.74 (0.17)
fra [MPa] - 3.60 (0.28) 4.83 (0.18)
Fibres [fibres/cm?] - 0.242 (0.21) 0.602 (0.16)

To supplement Table 3-4, Figure 3-5 plots the nominal shear stress vs. the CMOD re-
sponses of the fibre-reinforced beam samples tested according to EN 14651. We can see
that the steel fibres conferred SFRC slightly more residual flexural tensile strength at a
CMOD that equalled 0.5 mm than in PFRC, while PFRC presented more frj, than SFRC
up to 2.5 mm. Thus steel fibres better controlled the initial crack opening, which is re-
lated to SLS (serviceability limit states) than PFRC. On the contrary , PFRC provided
more residual flexural tensile strength than SFRC with large openings (frz and fra),
which are related to ultimate limit states (ULS). In addition, more variation in the results
was observed in SFRC than in PFRC (see the coefficient of variation in Table 3-4). This
could be due to the high probability of polypropylene fibres to better distribute inside the
matrix than steel ones as the number of polypropylene fibres was 2.9-fold the number of
steel ones. This trend was also observed in the number of fibres crossing the failure plane
of the prismatic beams, which were visually counted after performing the EN 14651
bending test (see Table 3-4).
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Figure 3-5: Nominal stress-CMOD responses according to EN 14651

Finally, the steel reinforcement samples were taken to determine their yield and ultimate
tensile strength (fy and fy) according to EN-1SO 6892-1. The results are shown in Table

3-5. A 200

GPa modulus of elasticity was assumed for steel reinforcement.

Table 3-5: Reinforcement properties

Diameter = Area fy fu
[mm] [mm?]  [MPa] [MPa]
8 50.27 518 660
12 113.10 529 640

3.2.2. Instrumentation and test setup

3.2.2.1 Instrumentation
The total procedure to test the specimens consisted in four stages:

Frame assembly
Pre-cracking
Handling
Push-off test.

As the push-off test was performed on the pre-cracked specimens, an external frame that
confined the specimen during the pre-cracking process and push-off test was required.
The main objective of this device was to control crack opening throughout the whole
procedure. Therefore, different initial normal stresses (oini) could be set up on the frame
assembly. Figure 3-6 details the external frame components, which are:
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Nut 41mm

Nut 36mm

Steel Plate A—_

Steel plate C \Ball Bearing

Figure 3-6 External confinement frame components

o Steel plate A: steel plate (390x300x30 mm) placed on the passive block con-
nected to the specimen by four connector links, and interconnected to the rest
of the external frame by steel bars

e Steel plate B: steel plate (390x300x30 mm) placed on the active block, but not
directly fixed to the specimen. Steel plate B was connected by friction to the
ball bearing, and linked to the specimen by steel bars

e Steel bars: these bars are the link between steel plates A and B. The four bars
were 576 mm long and 41 mm in diameter. In one of the end zones, the diameter
lowered to 35 mm to stop steel plate A and to fix the plate by one nut (36 mm).
In the opposite end zone, a millimetre screw thread allowed bars to fixed to
steel plate B by two nuts (41 mm) per bar. This pair of nuts created a much
stiffer link. We should bear in mind that steel plate B was not linked to the
specimen

e Steel plate C: steel plate (120x250x10 mm) used to adjust the link between
plate A and the specimen

e Ball bearing: mechanism used to reduce the frictional forces between the spec-
imen and the external confinement steel frame as much as possible. It was di-
rectly linked with the specimen by four connector link bars (see Figure 3-3),
but not to steel plate B; i.e. ball bearing lay between the specimen and steel
plate B. The ball bearing was made of steel formed by two pieces: body and
cover (see Figure 3-7a). The body’s dimensions were 270x120x15 mm, while
that of the cover was 130x120x15 mm. Between the body and cover, approxi-
mately 200 steel and greased steel balls (5 mm diameter) were placed inside
(see Figure 3-7b). Finally, the ball bearing device only allowed vertical dis-
placements up to 15 mm.
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o ™~

Figure 3-7: and details of the ball bearing

e Nuts: steel nuts, with 36 mm and 41 mm internal diameter, used to fix steel
plates A and B to the steel bars. The nuts used to fix steel plate B had a milli-
metre screw thread in order to adjust the desired crack opening.

Two types of instrumentation were used to capture the displacement of the active block
vs. the passive block; i.e. crack opening and slip. During the pre-cracking process, two
potentiometric displacement transducers (PTs) of 25 mm were placed on the specimen’s
top face, as indicated in Figure 3-8a, whereas 10 DEMEC target points were pasted to
specimen surfaces (five DEMEC target for each specimen’s face) separated from each
other by 100 mm, as indicated in Figure 3-8a. As the base plate provided enough space
to place PT, only the DEMEC measurements were taken on the bottom face. Neverthe-
less on the top surface, where both types of instrumentation were used, the DEMEC
measurements were compared and validated with the PT ones.

During the push-off test, 10 PTs and 10 DEMEC targets were used to track the crack
kinematics. Two PTs (100 mm) and four PTs (25 mm) were placed on both faces of the
specimen to measure vertical and horizontal movements (crack opening and slip) (see
Figure 3-8b). At the same time, in order to determine the shear stress transmitted to the
external confinement bars, four PTs (50 mm) were used to measure the relative displace-
ment (4) of the external confinement frame and to correct the shear stresses transmitted
to specimens. The relative displacement (4), at instant ‘i” of the push-of test, was deter-
mined using PTs C1, C2, C3 and C4 (Figure 3-8b) and applying the equation (Eqg. 3-1).

_|C1+C3 C2+C4
N 2 2

4, (Eqg. 3-1)
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Figure 3-8: Instrumentation arrangement during the pre-cracking (a) and push-off test (b)

As the confinement applied to the specimen was passively controlled by the external
confinement frame, 12 electrical strain gauges (ESG) were placed on the external steel
bars. Three ESG, separated 120° from one another (see Figure 3-8a and b), were placed
on each bar in its middle position to measure strains during the frame assembly, pre-
cracking process, handling and push-off test. The average value of the three strain gauges
was used as the bar’s experimental average normal strain value, evaluated according to
(Eq. 3-2). With the average strain (gj), the tensile force (Fy) that acted on each 5 °’-bar was
determined with (Eq. 3-3).

_ 3j,1 + gj,Z + Sj,3

g = 3 (Eg. 3-2)
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Fb,j = ESEjAb (Eq 3'3)

where E;s is the modulus of elasticity of eternal confinement i-bar (1, 2, 3 or 4) and Ay is
the cross-section of the external confinement i-bar.

Further details about the components of both the external frame and instrumentation can
be found in [94,127].

3.2.2.2 Test setup

i. Frame assembly

In the frame assembly, all the external confinement steel frame components were as in-
dicated in Figure 3-6. The assembly started by fixing steel plate C and steel plate A to
the passive block by the four-connector links. Then the ball bearing was threaded through
the connector links to the specimen’s active block. Steel bars C were threaded through
steel plate A by 35-mm nuts. It was necessary to apply the correct torque to nuts to guar-
antee a perfect fix of both bars and plate. Steel plate B was placed and threaded through
steel bars by the four 41-mm nuts. It was necessary for the internal and external nuts
result to be well-adjusted to guarantee a perfectly fixed end of the bars’ plates.

In this stage, the desired initial confinement (aini) was set up. It is worth mentioning that
Echegaray’s methodology suggested setting up an average strain of 0.015 microstrains
on each bar. Therefore, the oini Of the specimen was 0.01MPa. Table 3-6 summarises the
oini Of the tested specimens. The frame assembly stage finished by measuring the sepa-
ration among the DEMEC targets.

ii.Pre-cracking

Specimen pre-cracking was done with a hydraulic jack (100 kN) fastened to a reaction
steel frame as Figure 3-9 shows. Each specimen was laid down over the pre-cracking
sliding base plate. The crack was formed by splitting the shear plane using two knives
(one placed on the base plate and the other on the hydraulic jack) (see Figure 3-8a and
Figure 3-9). To avoid rotating the specimen’s blocks around the notch, four springs were
used during the pre-cracking process. The pre-cracking process finished when the crack
formed. In this stage, the final confinement (o) and the crack opening (wp) due to the
pre-cracking process were measured by ESG (placed around the steel bars of the external
confinement frame) and PTs, respectively. Finally, the measurements obtained with
DEMEC and PTs were compared to one another.

iii. Handling
In this stage, the cracked specimen was lifted up to the vertical position and placed under
the second hydraulic jack (see Figure 3-9), where the push-off test was performed. Two
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steel plates were fixed at the top and bottom of the specimen to improve load transmis-
sion. When this stage ended, the distances between the DEMEC targets were measured
to capture any variation in crack opening and slip. Table 3-6. lists the final w, values of
the whole experimental campaign.

Push-off test

Pre-cracking process //Rigid steel Frame

|
I o —Hydraulic jacks
‘ 50 Tn

| -Loading Cell 50 Tn

—\_10 PTs.

+——Active Block

| —Ball bearing

| Pre-cracking
knives

—External confinement

‘ —Pre-cracking sliding

bascplate

Figure 3-9: Pre-cracking process and push-off direct shear test

iv. Push-off test

Before the push-off test, an allowed initial gap (W) was established by unscrewing the
external 41 mm nuts as Figure 3-10 shows (it was necessary to turn nuts 360° to introduce
1 mm of W). As W introduced a desired separation between the ball bearing device and
steel plate B, the specimen’s confinement release (oq) came into play; therefore, three
possible confinement scenarios before the push-off test could occur: totally confined (Eq.
3-4), partially confined (Eq. 3-5) and totally released (Eq. 3-6). It is worth mentioning
that Echegaray’s methodology only took into account the third confinement scenario as
oini Was very low. By introducing W, the initial crack opening (wo) and confinement im-
mediately before the push-off test (o) were established.

Totally confined: W=0;0y=0pp +0, (Eq. 3-4)
Partially confined: W > 0; gy = 0y; + 0, — 04 (Eq. 3-5)
Totally released: W>0;0y=0mm+0,—05=0 (Eq. 3-6)

As aini Was set at 0.01 MPa in all the specimens, when the desired W was introduced, a4
was greater than the confinement achieved during the pre-cracking process. Thus gy van-
ished at zero, as seen in Table 3-6.
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After setting the initial conditions, load was applied with a servo-hydraulic jack (500
kN) at a constant piston displacement rate of 0.015 mm/s. The applied load was measured
by a load cell of 500 kN. In this stage, slip displacement (s), crack opening (w), strains
of external steel bars, and relative displacements of plates A and B were recorded (see
Section 3.2.2.1). The push-off test finished when s reached a displacement of 10 mm.

ID

Z1-PC
Z2-PC
Z3-PC
Z4-PC
Z6-PC
Z7-PC
Z8-PC
Z10-SFRC
Z11-SFRC
Z12-SFRC
Z13-PFRC
Z14-PFRC
Z15-PFRC

Figure 3-10: The nut setting

Table 3-6: Details of test specimens

. Gini W c W
SUITUP \\ipal  [mm]  [MPa]  [mm]
- 001 0116 0411  1.00
- 001 0160 0301 025
. 001 0227 023 050
- 001 0053 0497 075
yes 001 0150 0431  0.00
- 00l 0132 0159  1.00
- 001 0343 0361 050
- 00l 0350 0069  0.00
- 001 0319 0070 100
yes 00l 0080 033  0.00
~ 001 0083 0126 050
- 00l 0117 0195 075
- 001 0098 0284 025

Wo
[mm]
1.116
0.410
0.727
0.803
0.150
1.132
0.843
0.350
1.319
0.080
0.583
0.867
0.348

6o
[MPa]
0.000
0.000
0.000
0.000
0.431
0.000
0.000
0.069
0.000
0.336
0.000
0.000
0.000
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Gini Wp op W Wo 00
MPa] [mm] [MPa] [mm] [mm] [MPa]
Z16-PFRC yes 0.01 0.169 0.460 0.00 0.169 0.460

ID Stirrup [

Z17-SFRC - 0.01 0.248 0.017 0.00 0.248 0.017
Z19-SFRC - 0.01 0.103 0.131 0.00 0.103 0.131
Z20-SFRC yes 0.01 0.090 0.231 0.00 0.090 0.231
Z21-PFRC - 0.01 0.181 0.325 0.00 0.181 0.325
Z22-PFRC = 0.01 0.123 0.040 1.00 1.123 0.000
Z23-PFRC - 0.01 0.181 0.125 0.00 0.181 0.125

Z24-PFRC yes 0.01 0.107 0.288 0.00 0.107 0.288

3.2.3. Experimental results and discussion

The results obtained in the four previously described stages were processed to obtain the
shear stress (z), normal stress (o), crack opening (w) and crack slip (s) of each specimen.

Under ideal conditions, the external confinement frame should only confer specimens
horizontal stiffness. However under real laboratory conditions, the relative vertical dis-
placement (A1) between steel plate A and steel plate B was detected. This vertical dis-
placement meant that part of the shear transmitted to specimens was absorbed by the
external steel bars. In this context, the z that acted on the shear plane at instant ’, was
determined by dividing the applied load (P) by the shear plane section (hs, = 260 mm
and bs=100 mm) and subtracting the shear absorbed by the external steel bars () as
indicated in (Eq. 3-7). = can be determined using (Eq.3-8), where E, | and L are the
modulus of elasticity, the moment of inertia and the length of the four external steel bars,
respectively.

The ¢ at instant 7’ was determined as the sum of the forces on each external steel bar
(Fv) divided by the shear plane area as indicated in (Eq.3-9). In this equation, the three
possible initial confinement scenarios prior to the push-off test should be taken into ac-
count: see (Eq. 3-4) to (Eq. 3-6).

Finally, the average crack opening and average crack slip were determined using their
corresponding PTs as indicated in (Eq.3-10) and (Eq.3-11).

— Tp,i (Eq 3_7)

(Eq.3-8)
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4
t R
0, = Z;l_lbb,},L (Eq,3-9)
spYsp
H1+ H2+ H3+ H4
w; = wy + 2 (Eq.3-10)
V1i+7V2
si=— (Eq.3-11)

The shear behaviour of the three concrete types (PC, PFRC, SFRC) was analysed in the
following subsections.

3.2.3.1 Plain concrete results

Table 3-7 summarises the test results of all the specimens arranged from the lowest initial
crack opening to the widest. The presented results corresponded to those obtained when
the crack of all the specimens reached 2.0 mm and 5.0 mm of slip. In addition, Figure
3-11 presents all the results of the PC specimens arranged in four figures, including crack
kinematics (Figure 3-11a), crack opening vs. shear stress (Figure 3-11b), crack slip vs.
shear stress (Figure 3-11c), and crack opening vs. normal stress (Figure 3-11d).

As seen in Table 3-7 and Figure 3-11, the highest values of shear and normal stresses
were obtained when initial crack openings wo were lower. On the one hand, the specimen
that reached the highest shear and normal stresses corresponded to that containing the 8-
mm stirrup crossing the shear plane (Z6-PC) with wg=0.15 mm. On the other hand, the
specimen that had the lowest shear and normal stresses was Z1-PC with wp=1.116 mm.

As Figure 3-11b and Figure 3-11c show, the shear stress response in all the specimens
was characterized by presenting more shear stiffness at the beginning of the test, espe-
cially in those elements with a lower wy. However, after a 1-mm crack opening approx-
imately, shear stiffness decreased, but the inclination among all the specimens remained
constant, except for Z6-PC, which included the stirrup. In fact when comparing the shear
transmitted by the specimens w/o stirrups, the lowest (Z2-PC) and the highest initial
crack opening (Z1-PC), specimen Z2-PC could transmit a shear stress of 4.29 MPa, while
specimen Z1-PC only transmitted 0.88 MPa. This represents a reduction of 80% in the
total shear transferred in the crack due to the increment in wo. This difference was re-
duced with increasing slip displacements. Thus for a slip displacement of 5 mm, the
shear transmitted by Z2-PC and Z1-PC was 5.68 and 2.91 MPa, which represents only a
50% reduction.

In PC, the shear transfer mechanisms that acted on the crack are the aggregate interlock
and the effect of confinement combined with the macroroughness of the shear plane.
Hence in the specimens with a low wo, the aggregate interlock seemed to predominate
upon small slips. When slip displacement increased, the shear transmitted by the aggre-
gate interlock vanished, while the macroroughness influenced by confinement increased.
This behaviour was clearly seen in shear stiffness (see in Figure 3-11b), where at an
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approximately 1-mm crack opening, the stiffness of all the specimens w/o stirrups
adopted a similar inclination, which meant that the main mechanism transferring shear
stresses was macro-roughness.

When the crack kinematics of all the specimens w/o stirrups were compared to one an-
other, all the specimens, except Z7-PC, followed a similar trend (see Figure 3-11a). Ini-
tially, crack seemed to allow a larger crack opening than slip displacement. However
after the 4-mm slip displacement, the crack results stabilised and it continued to grow
with a similar stiffness among specimens. This behaviour was probably due to the low
initial confinement (o) introduced previously into the push-off test in experimental pro-
gramme one.

Table 3-7: Plain concrete results

Slip=1mm Slip=5mm

SpECimen [mm] Timm Wimm O1mm T5mm W5mm O5mm
[MPa] [mm] [MPa] [MPa] [mm] [MPa]

Z6-PC 015 598 047 0.89 6.13 124 2091
Z2-PC 041 429 077 0.74 568 215 513
Z3-PC 073 2.36 122 0.66 457 265 3.09
Z4-PC 0.80 1.70 171 0.72 394 307 381
Z8-PC 0.84 143 138 071 350 282 333
Z1-PC 112 0.88 168 0.37 291 295 1.73
Z7-PC 1.13 1.90 183 1.06 536 369 463

On the contrary, normal stress stiffness was low for low slip displacements. However as
the crack opening grew, normal stiffness increased in all specimens (see Figure 3-11b
and Table 3-7). When comparing the normal stresses during tests between specimens
Z2-PC and Z1-PC (specimens with the highest and lowest wp), their evolution results
were quite different. In the first case, normal stresses resulted in a linear response, while
a parabolic line was obtained in the second case. This difference in behaviour was due
to confinement oy introduced before the push-off test. In specimens Z2-PC, after the set
up W equalled 0.25 mm, and specimens were still confined, which allowed the transmis-
sion of normal stresses from the beginning of the push-off test with constant stiffness. In
the Z1-PC specimens, as W was 1 mm, the confinement immediately before the push-off
test was insufficient to transmit normal stresses; i.e. the crack needed to accomplish a
wider opening to be sufficiently confined to start transferring normal stresses.

94



Chapter 3. PFRC in small specimens

10.0
9.0

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

10.0

9.0 1

8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

s Opening - Slip

8.0 +

10.0

9.0
8.0
7.0
6.0
5.0
4.0
3.0
2.0
1.0

{Opening-Shear stress}i

T [MPa]

w [mm]

00 05 10 15 20 25 30 35

0.0

00 05 10 15 20 25 3.0 35

(b)
—QSIip-Shear stress 10.0 [Opening-NormaI stress}i
T

90 T [mpq]
80 + [—Z1-PC

1 | —z2-pC
70 —Z73-PC
6.0 + | —z4-PC
50 - | —Z6-PC

—Z17-PC

40 T | —z8-PC
3.0 +
20 +
1.0 +
0.0 \

100 00 05 10 15 20 25 30 35

(d)

Figure 3-11: PC results: crack opening vs. crack slip curves (a), shear stress vs. crack opening
curves (b), shear stress vs. crack slip curves (c) and normal stress vs. crack opening curves (d).

To better compare the 7, o, w and s obtained in all the tested specimens, the results are
represented in Figure 3-12 by trend lines according to the constant crack opening values.
To track trend lines, the points for given crack openings (0.5, 1.0, 1.5, 2.0 and 2.5 mm)
were identified from all seven PC specimen test results. Having identified the point, their
corresponding t, ¢ and s values were positioned on a coordinate plane, as Figure 3-12
indicates. When all the points were placed on the plane, a polynomial trend line was
depicted and showed the average trend of the points according to constant crack opening
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w. We outline that the graphs in Figure 3-12 are arranged similarly to the Walraven ex-
perimental tests on the aggregate interlock [92].

S e s
8.0 . Slip-Shear stress

7.0 {MPq]

6.0 -

5.0 1 w=0.5 mm

w=1.0 mm
w=1.5mm
w=2.0 mm
w= 2.5 mm
—— Polynomial w=0.5 mm
—Polynomial w=1.0 mm
.0| ——Polynomial w=1.5 mm
—— Polynomial w=2.0 mm
Polynomial w=2.5 mm

4.0 1

ox o » ¢

8.0 [MPa] Slip-Normal stress

Figure 3-12: Shear interaction diagram of PC

As Figure 3-12 represents the t and o stresses transferred by the aggregate interlock
mechanism, the contribution to t and o of the steel rebars crossing the shear plane in
specimen Z6-PC was determined analytically to be subtracted from the experimental re-
sult. For this purpose, the model proposed by Millard and Johnson [198] was employed
to quantify t (from (Eq. 3-12) to (Eq. 3-15)).

—k;A
F; =Fy, [1 - exp( )] (Eqg. 3-12)
qu
Fg, = 1.30D2 |f'.f,(1 — A%) (Eq. 3-13)
k; = 0.166kp 75Dy 7> E25 (Eq. 3-14)
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2/3

ky = 1278+/F (Dib) (Eq. 3-15)

where B is a coefficient that ranges from 0.6 for the bar spacing of 25.4 mm to 1 for the
bar spacing larger than 25.4. As in the present study the two bars of Dy = 8 mm (that
constituted stirrups) were separated from one another by 80 mm, the coefficient was
taken as 1. Es is the Young modulus of steel (in this case, it was assumed to be 200000
MPa), /¢ is concrete compression strength (see Table 3-4) and fy is the yielding stress of
the steel reinforcement (see Table 3-5). A is the ratio of the applied axial force to the
yielding axial force of the bar. In the present case, as no axial forces were introduced
into the 8-mm stirrup, A is considered O (see Figure 3-13a). Finally, A represents the slip
of crack faces, which were obtained in the push-off test stage.

Regarding the contribution of stirrup to o, the use of the elasticity equation (see (EQ.
3-16)) was considered, where: ¢ is the strain of the bar determined using the crack open-
ing (by assuming that no debonding of the bar from the concrete matrix occurred), Ay is
the cross-section area of the stirrup (two bars of 8 mm) and hspbsp is the shear plane area
(100x260 mm). Thus the stirrup normal stress can be obtained as follows:

Esxex A,
Ostirrup = hb (Eg. 3-16)
spPsp

Figure 3-13 represents the contribution of stirrups to shear (1) and normal stress (c). As
we can see, the contribution of stirrups to shear (based on the Millard and Johnson [198]
model) was negligible compared to the aggregate interlock (see Figure 3-13a). This be-
haviour was also observed by Sagaseta and Vollum [199] after testing push-off speci-
mens without confinement. In addition, the contribution of stirrup to normal stress was
not negligible, as Figure 3-13b shows.
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Figure 3-13: Estimation of stirrup contribution to shear (a) and normal stress (b)

Figure 3-12 clearly shows that shear and normal stresses were greater with less slip, as
well as crack opening, were obtained. Although the crack achieved wide openings, con-
siderable shear and normal stresses could be transferred due to the aggregate interlock.
It is worth mentioning that trend lines represented an average behaviour of shear and
normal stresses. Despite not all the dots accurately fitting trend lines, better fit occurred
upon small crack openings. This behaviour was probably due to the fact that in speci-
mens with large crack openings, the initial confinement immediately before the push-off
test was not very effective as in the narrower ones. Moreover, we should remember that
with large crack openings (over 1 mm), the main mechanism that transmitted shear was
the macroroughness influenced by confinement. Finally, it is highlighted that large crack
openings and slip were analysed to compare the PC results with the SFRC and PFRC
results.

In order to validate the results obtained for all the specimens, a comparison was made to
the aggregate interlock models available in the literature, which is presented in Figure
3-14. The comparison was made using the shear interaction diagram (Figure 3-12) at a
crack opening that equalled 0.5, 1.0, 1.5 and 2.5 mm. The models we used were: Bazant
and Gambarova [89] (Eq. 3-17) and (Eq. 3-18); Gambarova and Karakog [90] (Eq. 3-19)
and (Eq. 3-20), simplification of the two-phase model by Walraven [92] (Eg. 3-21) and
(Eg. 3-22), and the Contact Density Model by Li and Maekawa [91] (Eq. 3-23) and (Eq.
3-24).

—0.000534 o231
o= —(145|r|)1'3(1 1+0.185W+5.63w2)
w

(Eg. 3-17)
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245 4
_ 0.195£,0.01D%,, 0.195f, T 2 44( 0.195;;) o (Eq. 3-18)
= 70,0102, + w? 4 Vst w s
max 1+ 244-(1 — m)w
s
= —0.62\/_%% (Eg. 3-19)
1+(2)
2.45 4 3
2Lt 44 Y f> o
T=2Ff 1— < 7} “S4w (Eq. 3-20)
max 142 44 2—f> (%)
o=- (—ZC—5+ 1.35w ™83 + (191w 552 — .15) foc (Eq. 3-21)
T=— (—% +1.8w8 + (234w 797 — .20) foc (Eq. 3-22)
st W WS -
o =18f [ tan” = - — +52] (Eq. 3-23)
_ 1/3 -
r=18f (Eq. 3-24)

The followings parameters were considered to apply the models:

Dmax equalled 16 mm

fc according to Table 3-4

fec equalled to f¢/0.83 in the Walraven model
s and w according to Figure 3-11a

The first conclusion is observed in Figure 3-14, with large differences in the predictions
among all the aggregate interlock models. In addition, by analysing the increment in
crack opening, the models’ prediction differences were even larger to one another. In
fact the prediction made by using the simplified Walraven model did not apparently work
correctly with crack openings over 1 mm. This was because these expressions were de-
veloped based on the Walraven test results using mathematical adjustment for certain
slips and crack openings. Nevertheless, if the shear stress results (dots and trend lines)
were compared to the models, the results came quite close to prediction, especially with
the Gambarova and Karako¢ model. Moreover, when comparing the normal stress re-
sults, better predictions were obtained for the 0.5 mm and 1.0 mm crack openings than
for the 1.5 mm and 2.5-mm crack opening. This test result provided slightly less con-
finement than the considered models.
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Figure 3-14: Comparison of the plain concrete results to the aggregate interlock models
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3.2.3.2 PFRC and SFRC results

Similarly to PC, Figure 3-15 and Figure 3-16 present the push-off results of the PFRC
and SFRC specimens, respectively. Each figure contains crack path (Figure 3-15a and
Figure 3-16a), crack opening vs. shear stress (Figure 3-15b and Figure 3-16b), crack slip
vs. shear stress (Figure 3-15c¢ and Figure 3-16¢) and crack opening vs. normal stress
(Figure 3-15d and Figure 3-16d).

As in PC, the specimens with the highest shear and normal stresses corresponded to those
containing a stirrup of 8 mm crossing the shear plane (Z16-PFRC, Z24-PFRC, Z12-
SFRC, Z20-SFRC). Moreover, the specimens with the lower shear and normal stresses
corresponded to those with a higher initial crack opening, which in PFRC was Z22 and
was Z11 in SFRC. With PFRC, despite the specimen (Z21-PFRC) not having a large
initial crack opening, the specimen presented considerably less shear stresses than those
with larger initial crack openings. This behaviour could be due probably to inadequate
confinement before the push-off test. Nevertheless, the remaining PFRC and SFRC spec-
imens displayed the expected behaviour.
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Figure 3-15: PFRC results: crack opening vs. crack slip curves (a), shear stress vs. crack open-
ing curves (b), shear stress vs. crack slip curves (c) and normal stress vs. crack opening curves
(d).
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Figure 3-16: SFRC results: crack opening vs. crack slip curves (a), shear stress vs. crack open-
ing curves (b), shear stress vs. crack slip curves (c) and normal stress vs. crack opening curves

(d).

Table 3-8 and Table 3-9 present the shear stress, crack opening and normal stress of the
PFRC and SFRC specimens. As we can see, with the increment in the initial crack open-
ing, less shear and normal stresses were generally transferred in the crack. However, this
trend was not observed for all the specimens. For example, specimens Z1- PFRC and
Z22-PFRC had an initial crack opening, but similar stresses at 1.0 mm and 5.0 mm of
slip displacement. The latter also occurred with specimens Z11-SFRC and Z10-SFRC.
The explanation for this atypical trend might be related to the variability in the number
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of fibres crossing the crack. In the fibre-reinforced cracks, the resistant mechanisms act-
ing on the crack were the aggregate interlock, the effect of confinement combined with
the macroroughness of the shear plane and fibres bridging crack faces. Hence the varia-
bility in the number of fibres directly influenced the shear transferred by fibres. It should
be remembered that the coefficient of variation in the residual flexural strength of PFRC
and SFRC went from 17% to 18% and from 21% to 30%, respectively. This means that
the contribution of fibres to transfer shear and normal stresses could have varied by ap-
proximately up to 18% in PFRC and 30% in SFRC.

Table 3-8: PFRC test results

Slip=1mm Slip=5mm

Specimen [mm] Timm Wimm G1lmm T5mm W5mm G5mm

[MPa] [mm] [MPa] [MPa] [mm] [MPa]
Z24-PFRC 0.11 6.93 0.46 1.35 7.14 1.03 2.84
Z16-PFRC  0.17 6.74 0.57 1.17 7.74 1.31 3.30
Z21-PFRC 0.18 3.48 0.91 0.93 341 1.81 2.09
Z23-PFRC 0.18 5.10 1.02 1.28 4.74 2.44 3.66
Z15-PFRC = 0.35  4.42 0.92 1.01 4,58 2.48 2.89
Z13-PFRC 0.58 3.48 1.25 0.87 4.69 2.48 3.22
Z14-PFRC 0.87 2.66 1.51 0.66 4.42 2.97 2.97
Z22-PFRC 1.12 3.85 205 0.46 466  4.35 3.71

Table 3-9: SFRC test results

Slip =1mm Slip =5mm

SpeCimen [mm] Timm Wimm G1mm T5mm W5mm G5mm

[MPa] [mm] [MPa] [MPa] [mm] [MPa]
Z12-SFRC  0.08 6.43 051 1.47 6.20 1.23 2.81
Z20-SFRC  0.09 6.99 052 1.09 7.16 1.22 2.08
Z19-SFRC 0.10 561 094 1.02 6.97 238 351
Z17-SFRC 025 450 0.79 0.55 504 259 3.60
Z10-SFRC 035  3.89 1.48 1.18 582  3.08 3.95
Z11-SFRC 1.32 2.82 195 042 3.75 356 3.30
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Moreover, Figure 3-15b and Figure 3-16b reveal that all the specimens presented similar
shear trend responses, characterised by a major transmission of shear stiffness at the be-
ginning of the test, even for those specimens with large initial crack openings (wo) (Z22-
PFRC and Z11-SFRC). This behaviour differed considerably from the result of the PC
specimens, where those with large wo presented less shear stiffness, even with an incre-
mented crack opening. This difference was due to the ability of polypropylene and steel
fibres to bridge the crack and to thus transmit shear and normal stresses.

Unlike shear stress, normal stress presented low slope at the start of the push-off test;
however when crack opening grew, an increase in normal stiffness took place in all the
specimens (see Figure 3-15d and Figure 3-16d). Similarly to the PC results, two types of
evolution in the transmitted normal stresses occurred: a linear trend and a parabolic trend
corresponding to Z14 and Z22 (lowest and highest wp) in PFRC and Z11 and Z19 (lowest
and highest wo) in SFRC. These behaviours, as stated in the PC results, resulted from the
W and oy set up in the specimens.

To better compare 7, o, w and s, the obtained results are represented in Figure 3-17 by
the trend lines according to similar crack openings to those presented for the PC results.
Figure 3-17a displays the polynomial trend lines of PFRC, while Figure 3-17b depicts
SFRC. As seen, both fibre-reinforced concrete types clearly showed that shear and nor-
mal stresses were greater with less slip, and obtained a larger crack opening. In fact alt-
hough cracks presented wider openings, cracks could transfer significant shear and nor-
mal stresses due to the combined effect of the aggregate interlock and fibre mechanisms.
We underline that the polynomial trend lines represented average behaviour for shear
and normal stresses.
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Figure 3-17: Shear interaction diagram of PFRC (a) and SFRC (b)

Moreover, when comparing both fibre-reinforced concrete types, they displayed similar
behaviour in shear and normal stresses despite the number of specimens tested with each
concrete type not being the same (eight for PFRC, six for SFRC). In addition, this simi-
larity in behaviour was more evident for small slip displacement and crack openings than
for larger ones. This behaviour is better observed in Figure 3-18, where the three used
concrete types (PC, SFRC, SFRC) are compared with three different crack openings (0.5,
1.5, 2.5 mm). These crack openings were selected to explore the contribution of fibres
to the serviceability limit state (SLS), which is related to crack openings up to 0.5 mm),
and also to the ultimate limit state (ULS) (crack openings of 2.5 mm) of the structural
elements. It is underlined that the polynomial trend line of 0.5 mm in PFRC and SFRC
changed to a linear one to perform a better comparison to PC.
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Figure 3-18: Comparison of the results of PC, PFRC and SFRC

As seen in Figure 3-18, both FRC types presented similar shear and normal behaviour.
This clearly demonstrates that although polypropylene and steel fibres differed in mate-
rial (polypropylene and steel), geometry (aspect ratio) and amount of fibres in the matrix
(10 kg/m® in PFRC, 30 kg/m? in SFRC) as both fibre type provided similar residual flex-
ural tensile strength, comparable shear behaviour was obtained. With these results, the
authors confirmed that evaluating the shear performance of FRC elements in SLS and
ULS according to residual flexural tensile strengths is convenient because fibres perform
similarly in shear resistance mechanisms.

On the one hand, fibres significantly contributed to increase the shear and normal stresses
transferred to the crack. This contribution was greater at large crack openings than small
ones, and this behaviour was because in small cracks (0.5 mm), the aggregate interlock
was one of the main transferring mechanisms, and the contribution of the fibres dosed at
10 kg/m?® in PFRC and 30 kg/m? in SFRC was around 0.5MPa on average. On the other
hand with the increment in slip displacement and crack opening, the contribution of fi-
bres was more remarkable, and fibre contribution reached up to 1MPa. Nevertheless, the
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contribution of fibres with higher slip displacements was up to 2MPa. This contribution
represents an approximation, especially for bigger crack slip displacements as trend lines
represent the mean behaviour of the performed test. As Figure 3-17 depicts, the largest
number of points used to prepare trend lines was concentrated at small slip displace-
ments.

Moreover, the contribution of fibres was also observed in normal stresses, especially at
the 0.5-mm crack opening. However, no clear tendencies appeared among the three con-
crete types for the 1.5-mm and 2.5-mm crack openings. As stated before, these differ-
ences were influenced by the confinement provided by the previous push-off test.

In addition, in order to estimate the contribution of fibres to shear stress, the specimens
in PC, PFRC and SFRC that contained a stirrup were compared to one another and are
presented in Figure 3-19. These specimens were selected because the five specimens
(1PC, 2PFRC and 2SFRC) presented similar boundary conditions (wo and ao) and crack
kinematics. The present test did not allow us to determine the contribution of fibres by
subtracting each mechanism, unless the specimens presented equal or similar wo and oo,
as both parameters determine the specimen’s shear performance.

Figure 3-19a and Figure 3-19b present the comparison of shear stresses vs. crack opening
and crack slip, respectively. In both figures, the average PFRC and SFRC performances
were obtained by averaging Z16 and Z24 in PFRC and Z12 and Z20 in SFRC. In PC,
only the only specimen (Z6) containing a stirrup was employed. The specimens with
fibres presented more shear stress than the PC ones. Fibres contributed up to 1.7 MPa in
PFRC and 1.1 MPa in SFRC when comparing the average values, and rose to 2.28MPa
if specimens were separately compared. This contribution was similar to the contribution
observed in Figure 3-18, with values up to 2 mm.
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Figure 3-19: Comparison of specimens with stirrups
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Finally, in order to determine the contribution of fibres to shear according to crack open-
ing and slip, the diagonal displacement of the crack calculated with (Eq. 3-25) is pre-
sented in Figure 3-20a, where we can observe that both fibre types contributed to shear
by approximately 1MPa, and linearly increased stiffness up to approximately 0. 5mm in
SFRC and 1.5 mm in PFRC. The contribution of both fibres was similar if we consider
the variation in residual flexural tensile strength between both fibres. As seen in Figure
3-20b, when the experimental shear contribution of fibres was compared to the theoreti-
cal shear contribution of fibres, as obtained by the inverse analysis of the residual flex-
ural tensile strength of FRC, similar results in SFRC were obtained with, however, rea-
sonable differences in PFRC. This difference could be due to the dissimilar initial
conditions (crack opening and confinement) that each specimen presented. It is worth
mentioning that the theoretical shear contribution of fibres was determined from the ten-
sile properties of FRC obtained by the inverse analysis. To do so, the tensile stress pro-
vided by fibres was decoupled as Figure 3-21 shows, and was discomposed into shear
stresses using (Eq. 2-25).

5 =+w?+s2 (Eq. 3-25)

Tf = 0f COS @, Sina,, (Eq. 3-26)

a, = tan‘lg (Eq. 3-27)
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Figure 3-20: Experimental fibre contribution to shear (a), comparison of experimental fibre
contribution vs. the contribution obtained by the inverse analysis (b).
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Figure 3-21: Theoretical tensile fibre contribution obtained with the inverse analysis.

3.2.4. Concluding remarks

The shear behaviour of 21 pre-cracked push-off specimens was experimentally analysed
in this section by focusing on the effectiveness of polypropylene fibres to transmit
stresses in a shear crack. To this end, the push-off specimens of PC, PFRC and SFRC
were manufactured and tested. Polypropylene fibre and steel fibres were dosed in the
matrix at a rate of 10 kg/m? and 30 kg/m?3, respectively. It is worth mentioning that both
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fibre contents were selected to provide similar residual flexural tensile strengths to the
concrete matrix.

The shear stresses results obtained with the PC specimens were validated using the ag-
gregate interlock models available in the literature. In this way, the methodology pro-
posed by Echegaray in 2014 to study the shear in pre-crack specimens was also validated.
Furthermore, some recommendations to improve the methodology are presented in the
next section of this chapter.

To study the effectiveness of polypropylene fibres, the PFRC specimen results were
compared to the results obtained in specimens PC and SFRC. In this context, and based
on the herein obtained experimental results, the following conclusion can be drawn:

a)

b)

d)

In the PC specimens, the influence of the aggregate interlock and macrorough-
ness was a confirmed mechanism to transfer shear and normal stresses in shear
cracks. The influence of each mechanism depended on the initial crack opening
introduced into specimens. Thus in those specimens with large initial crack
openings, macroroughness was influenced by the confinement of specimens (the
previous introduced push-off test) and played an important role to transmit
stresses. The shear and normal stresses were larger for small slip displacements
and crack openings, but reduced as slips and crack openings increased

When comparing the PC specimens results to the aggregate interlock, the shear
experimental results at small crack openings (w=0. 5mm) adjusted well to the
results obtained with all the models. However at larger crack openings (w=1.5
and 2.5 mm), the most accurate model was that proposed by Gambarova and
Karakog. In fact when comparing the predictions provided by all the models
studied at crack openings of 1.5 and 2.5 mm, considerably differences appeared
among models. Similar conclusions were drawn in the normal stresses observa-
tions

The polypropylene fibres dosed at 10 kgm? incremented the shear and normal
stresses transmitted in the crack from approximately 0.5 to 2.0MPa. In fact this
increment became more evident for large crack openings and slip displacements.
This behaviour was due to loss of aggregate interlock efficiency in transmitting
stresses when slip and crack openings increased, and fibres combined with
macroroughness were the only mechanism able to transmit stresses. Neverthe-
less, this observation confirmed the effectiveness of the polypropylene fibres in
bridging cracks and continuing to transmit stresses even at large crack openings
The shear behaviour of specimens PFRC and SFRC was similar. This was at-
tributed to the fact that both fibre types provided similar residual flexural tensile
strength. These results confirmed that regardless of fibre type (volume, material,
shape, length, diameter), if fibres provided similar residual flexural tensile
strengths, similar shear performance would be achieved. Thus the shear perfor-
mance evaluation of the FRC element made according to the residual flexural
tensile strengths is convenient
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Finally, based on the experimental results, the methodology proposed by Echegaray
proved effective for studying the stresses transmitted in a shear crack, especially shear
stresses. However, it became evident that normal stresses, which were influenced by the
initial confinement introduced into the specimens, was somewhat inconvenient, espe-
cially in those elements with initial large crack openings.

In order to improve the used methodology, setting up the average strains in each bar is
recommended to achieve sufficient initial confinement, which allowed a desired initial
gap (W) to be introduced and the specimen to be totally or partially confined; see (Eq.
3-4) and (Eq. 3-5) before the push-off test. It is also mandatory to record the deconfine-
ment effect due to the introduced W. In this way, the specimen’s exact confinement is
known before the push-off test.

3.3. Experimental campaign two

Twenty pre-cracked push-off specimens were tested by a direct shear loading scheme.
For this purpose, four specimens were manufactured with PC and 16 with PFRC. The
fibre content in the PFRC specimens was 8 kg/m? (eight specimens) and 12 kg/m? (eight
specimens). The push-off specimens had the same geometry and reinforcement as in
experimental campaign one (see Figure 3-1). In addition, specimens were tested follow-
ing the methodology proposed by Echegaray et al. [127] with some modifications, which
were incorporated to track the confinement of specimens and the crack kinematics in all
the test stages (assembly, pre-cracking, handling, push-off test). To do so, all the speci-
mens were totally confined before the push-off test (see (Eq.3-9)). The variables studied
in the present campaign were concrete type (PC and PFRC), fibre content (8 and 12
kg/m?) and the influence of confinement on shear behaviour. For this purpose, different
initial crack gaps (W = 0.0, 0.2, 0.4 for the PC specimens, W = 0.0, 0.2, 0.4 and 0.6 for
the PFRC specimens) were introduced into specimens prior to the push-off test. In most
cases, two specimens were tested for each W in PFRC. Finally, it is worth highlighting
that the main objective of the present experimental campaign was to complement exper-
imental campaign one, and to better understand the parameters that influenced the push-
off test and, hence, the shear transfer mechanism.

3.3.1. Materials characterisation

Table 3-10 shows the mix proportions used for each concrete. Both concrete and speci-
mens were manufactured at the ICITECH laboratory. Portland cement type CEM |
425N, two gravels, two sand types and limestone filler were used as indicated in Table
3-10. The maximum aggregate size was 14 mm. To evaluate the effect of the amount of
fibres on concrete, the 8 kg/m® and 12 kg/m? polypropylene fibre doses were used (here-
after PFRC8 and PFRC12). All the main components were the same in both PC and
PFRCS8, but certain modifications were made in PFRC12 to improve concrete workabil-
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ity. The mixed design for both PC and PFRC was done to achieve a characteristic com-
pressive concrete strength of 40 MPa. Finally, all the specimens were cast indoors and
cured in a room at 20°C and 100% humidity.

Macrosynthetic fibres (48 mm long) with a nominal aspect (length/diameter) ratio of 57,
density of 0.91 g/cm?, 400MPa tensile strength and 4.7 GPa of modulus of elasticity were
used in this experimental campaign. It is worth mentioning that the fibres used herein
were similar to the synthetic fibres employed in experimental campaign one.

Table 3-10: Mix doses of the employed concretes

Material PC PFRC 8 PFRC 12
Cement CEM | 425N [kg/m®] 350 350 350
Crushed Sand [kg/m?] 950 950 1045
Limestone filler [kg/m3] 60 60 66
Coarse Gravel 7/14mm [kg/m®] 600 600 540
Coarse Gravel 4/7mm [kg/mq] 300 300 270
Water [It/md] 190 190 190
Fibres [kg/m?] 0 8 (Vs=0.88%) 12 (Vs=1.31%)
Superplasticiser [It/m?] 35 35 35

To characterise the concrete compressive, flexure and shear strengths, and their post-
cracking behaviour, 28 cylindrical accompaniment specimens (150x300 mm) and 28 ac-
companiment prismatic beams (150x150x600 mm) were manufactured while producing
the push-off specimens. Specimens were cured under the same environmental conditions
as the push-off ones. To characterise shear strength, the prismatic specimen measuring
294x150x73.5 mm were sawed from the prismatic beams as Figure 3-22 shows. Twelve
specimens (4 PC, 4 PFRCS8, 4 PFRC12) were obtained. In addition, cubic samples were
obtained from sawing the prismatic specimens, as indicated in Figure 3-22.
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Figure 3-22: Obtaining specimens for shear characterisation.

The concrete compression strength obtained from the cylindrical (fc) and cubic samples
(fe.cune) Was determined according to EN 12390-3 [196]. Based on EN 14651 [15], the
flexural strength (f.) and residual flexural tensile strength (fr;)) at the CMOD (crack
mouth opening displacement) values of 0.5, 1.5, 2.5 and 3.5mm were obtained for each
concrete type (eight for PC, 15 for PFRC) . The mean mechanical properties of each
concrete are presented in Table 3-11 (coefficient of variation in brackets). The mechan-
ical properties were obtained 28 days after casting specimens.

Table 3-11: Main mechanical properties of PC and PFRC

Parameter RC PFRCS8 PFRC12
fc [MPa] 43.62 (0.06) 43.50 (0.07) 45.89 (0.09)
fe.cune [MPa] 48.47 (0.01) 48.22(0.01) 53.01(0.01)

fL [MPa] 4.0 (0.04) 4.39(0.05) 4.49 (0.08)
fr1[MPa] - 1.52 (0.18) 2.27 (0.19)

fr2 [MPa] - 1.91 (0.21) 3.01 (0.20)

fr3 [MPa] - 2.09 (0.23) 3.29 (0.19)

fra [MPa] - 2.13(0.24) 3.34(0.18)
Fibres [fibres/cm?] - 0.84 (0.11) 1.35(0.16)

Figure 3-23 displays the nominal shear stress vs. the CMOD response for the PFRC beam
samples according to EN 14651. Note that by incrementing the fibre doge from 8 to 12
kg/m?3, the residual flexure tensile strength also rose. The flexural toughness measured

114



Chapter 3. PFRC in small specimens

in Figure 3-23 from CMOD = 0.5 mm to 3.5 mm for PFRC8 and PFRC12 (area under

the curve) was in 5.88 and 9.22 MPA-mm, respectively.
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5.0
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3.0

2.0

1.0

0.0

—{ Residual Flexural Tensile Strength]
Normal
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[MPA] 12 Kg/m?d
i —— Mean 8 Kg/m? EN 14651
—— Mean 12 Kg/m?3 - -
CMOD [mm]
0.0 1.0 15 2.5 3.0 35

Figure 3-23: Nominal stress-CMOD responses according to EN 14651

In order to characterise the shear strength of PC, PFRC8 and PFR12, as well as the shear
post-cracking behaviour of PFRC, the 12 prismatic specimens (294x150x73.5) were
tested based on the FIP shear test [139] with some modifications. It should be noted that
as this specimen was obtained from the middle of the prismatic beams (see Figure 3-22),
the shear failure plane coincided with the location of the notch and, subsequently, the
location of the flexure crack of the prismatic beam tested according to EN 14651. More-
over, in order to avoid cracking outside the shear plane, a notch of 12.5 mm deep and a
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3-mm notch was sawn around the specimen as Figure 3-24 shows. Hence the shear fail-
ure plane was 125x48.5 mm.

- 294mm -
‘ &
2 3mm—~— =
— ;\“‘—\L‘ | \
>Tﬁ§ J
Front view _ Notch detail
— ///
LSE 2 J
a : U'\ ° m
PTEPR £ b
s A .‘l k] '
Top View

Figure 3-24: Geometry of the FIP specimens

Finally, it is worth mentioning that the geometry of the FIP specimens was selected to
fulfil the load limitations of the testing machine (100 kN) available at the ICITECH fa-
cilities, instead of the dimensions suggested by the FIP shear test [139] (250x250x540
mm).

The scheme of the test setup is presented in Figure 3-25. Load was applied by running
displacement control at a constant rate of 0.05 mm/min up to a slip displacement of 1
mm. Then the loading rate was incremented to 0.20 mm/min until the end of the test.
Tests were stopped at the 4-mm slip displacement. The supports of specimens were de-
signed with one pin and rolling support at the top and bottom of specimens as Figure
3-25b shows. Supports had a separation (115 mm) between one another. Pin supports
were also separated 12 mm from the shear plane axis. It is worth mentioning that the
loading axis coincided with the shear plane axis.

To record the crack kinematics (opening and slip displacement), PTs of 25mm with a
precision of 0.01 mm were fixed on the front and rear sides of specimens. The results of
the tested specimens are presented in Figure 3-26 and Figure 3-27.
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Figure 3-25: Specimens tested for shear characterisation
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Figure 3-26: FIP direct shear test result for 8 kg/m?® of polypropylene fibre: crack path (a) and
shear stress vs. crack opening (b) and crack slip (c)
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Figure 3-27: FIP direct shear test result for 12 kg/m® of polypropylene fibre: crack path (a) and
shear stress vs. crack opening (b) and crack slip (c)

Each figure represents the crack path recorded during the test, shear stress vs. crack
opening and shear stress vs. crack slip. In both PFRC types, the crack kinematics was
characterised to present more crack opening than slip displacement up to 0.4 mm, after
which point crack opening and slip increased at a constant rate (see Figure 3-26a and
Figure 3-27a).
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In the PC specimens, the crack opening was abrupt and uncontrolled, and it was not
possible to record shear behaviour after the peak stress. Conversely in the PFRC speci-
mens, the crack was less abrupt and more controlled because fibres were included (see
Figure 3-26¢ and Figure 3-27¢).

In both PFRC (8 and 12 kg/md), shear behaviour was characterised by a drop in load
after crack formation. It is worth mentioning that the crack opening recorded by the two
PT occurred differently for each one In fact although specimens were developed to re-
duce the bending at the crack, the PT placed at the bottom of the specimen started before
the PT placed at the top of specimens. In any case, Figure 3-26a and Figure 3-27a present
an average measurement of both PTs.

Table 3-12 summarises the average shear results obtained during the test, including peak
shear (zpeak), and shear stresses at 0.5, 1.5, 2.5 and 3.5 mm of slip displacement (zos, 715,
r25and 735). With the inclusion of 8 kg/m? of fibres, peak stress did not change. However
with 12 kg/m? of fibre, peak stress increased by 18% compared to the PC results. When
comparing the shear stresses from 0.5 to 3.5 mm between both PFRC types, shear stress
increased in PFRC with 12 kg/m? of fibres. The increments were 0.33MPa at 0.5 mm,
0.65 MPa at 1.0 mm, 0.72 MPa at 2.5 mm and 0.67 MPa at 2.5 mm. The differences
between PC and PFRCs are seen more clearly in Figure 3-28a. It should be noted that
the stress variability obtained in Table 3-12 (CV in brackets) wassimilar to those ob-
tained while performing the EN 14654 test, especially in the specimens with 12 kg/m?3
of fibre.

Table 3-12: Summary of the shear strength of PC and PFRC and post-cracking shear strength

Parameter PC PFRC 8 PFRC 12
Tpeak [MPa] 7.22 (0.07) 7.12 (0.04) 8.37 (0.02)
0.5 [MPa] - 4.88 (0.08) 5.21(0.11)
115 [MPa] - 2.47 (0.34) 3.12 (0.18)
125 [MPa] - 2.02 (0.34) 2.74 (0.18)
135 [MPa] - 1.63(0.34) 2.30 (0.20)
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Figure 3-28: Comparison of shear and residual shear strength among concretes (a) and shear
vs. total displacement of the crack (b).

Finally, the shear toughness of PFRC is measured in Figure 3-28b, which plots shear
stress vs. crack displacement (8). & was determined as § = vw? + s2. Shear toughness
was measured in both PFRCs from & = 0.36 mm to 2.71 mm. These crack openings were
selected to be analogous to the CMOD measured in the EN 14651flexural test; i.e.
CMOD=0.5 and 3.5 mm that equalled 8=0.36 and 2.71 mm, respectively. Therefore,
shear toughness was7.97 and 11.50 MPa-mm for PFRC8 and PFRC12, respectively.
When shear was compared to flexural toughness, the shear toughness were 1.36- and
1.25-fold the flexural toughness for PFRC8 and PFRC12, respectively.

3.3.2. Instrumentation and test setup

Similar to experimental campaign one, the total procedure to perform the test of the push-
off specimens consisted in the following four stages:

Frame assembly

Pre-cracking

Handling

Push-off test (direct shear test).

However, in order to improve the test procedure, the following differences from experi-
mental campaign one were taken into account:
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a) Frame assembly: in the last step in the frame assembly stage, where the 41-mm
nuts were adjusted, the average strain of each bar was 26 microstrains to intro-
duce an initial confinement (oini) of approximately 0.7 MPa into each specimen.
This strain differs from Echegaray’s methodology, and experimental campaign
one, where an average strain of 0.015 microstrains was introduced into each bar;
i.e. oini varied from less than 0.01 MPa to 0.7 MPa. With this change, confine-
ment oo prior to the push-off test was positive, which meant that the specimen
would be completely confined regardless of the initial crack opening. The tested
specimens’ initial confinements are summarised in Table 3-13. The frame as-
sembly finished by measuring the separation among the DEMEC targets prior
to the pre-cracking stage

b) Pre-cracking process and handling: in these two stages, no differences to exper-
imental campaign one were considered. See section 3.2.2.2

c) Push-off test: while the allowed initial crack gap (W) was introduced by adjust-
ing the 41-mm nuts, the resulting confinement release (oq4) was recorded. There-
fore, the total confinement provided by the external frame (see (Eg. 3 4)) was
known from the beginning of the push-off test. The remaining parameters and
procedures in this test equalled those used in experimental campaign one.

The same arrangement of PT and DEMEC discs used in experimental campaign one
were applied to measure crack opening, crack slip displacements and relative external
confinement displacement in all four test stages. Normal stresses were also determined
by the three strain gauges placed on each bar of the external frame.

Table 3-13 summarises initial confinement (aini), crack opening (wp) and confinement
(op) after the pre-cracking stage, confinement release (o4), initial crack gap (W) and crack
opening (wo) as well as confinement immediately before the push-off test (o0). As we
can see in Table 3-13, four PC specimens were tested by varying W (0.0, 0.2, 0.4 mm).
Two PC specimens were tested with W = 0.0 mm to study test repeatability. For speci-
mens PFRC8 and PFRC12, W were 0.0, 0.2, 0.4 and 0.6 mm when we considered two
specimens for each W Type.

It is noteworthy that the first number in the specimens’ ID corresponded to fibre content
(0, 8 or 12 kg/md), the second letter to specimens’ repeatability (A to the first and B to
the second), and the last two numbers corresponded to the W introduced into the previous
push-off test run with the specimens (example 02=0.2 mm). When the results of two
specimens with the same W were averaged, the repeatability indicator was not considered
in the specimens’ ID and a hyphen was placed in its place. For example, ID Z0-00 was
obtained when the results of specimens Z0OA0O and Z0B0O0 were averaged.
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ID

Z0A00
Z0B00
Z0A02
Z0A04
Z8A00
Z8B00
Z8A02
Z8B02
Z8A04
Z8B04
Z8A06
Z8B06
Z12A00
Z12B00
Z12A02
Z12B02
Z12A04
Z12B04
Z12A06
Z12B06

Table 3-13: Initial state of the crack for each tested specimen.

0 0 wmwmomomoemo o oo <

PR R RPRPRRPR PR
NN NMNNDNDNDDN

Oini

[MPa]

0.77
0.85
0.78
0.79
0.73
0.81
0.77
0.72
0.74
0.92
0.76
0.79
0.78
0.78
0.78
0.79
0.77
0.78
0.77
0.79

Wp
[mm]
0.22
0.26
0.27
0.31
0.18
0.23
0.28
0.20
0.22
0.21
0.19
0.33
0.25
0.28
0.27
0.26
0.21
0.16
0.17
0.31

Op

[MPa]

1.06
0.99
0.95
1.00
0.66
0.99
0.75
0.70
0.61
0.51
0.98
111
0.80
0.78
0.90
0.81
0.89
0.64
0.59
1.43

3.3.3. Experimental results and discussion

When the test ended, the results of the four previously described stages were processed
to obtain the average shear stress (z), average normal stress (o), crack opening (w) and
crack slip (s) of each specimen using the equations from (Eq. 3-7) to (Eq.3-11).

The shear behaviour of the three concrete types PC, PFRC 8, PFRC 12 are depicted by
means of crack opening and crack slip, vs. shear and normal stresses (see Figure 3-29,
Figure 3-30 and Figure 3-31). All the figures include crack, crack path, shear stress vs.
crack opening, shear stress vs. crack slip displacement and normal stress vs. crack open-

ing.

ad

[MPa]

0.00
0.00
0.64
1.16
0.00
0.00
0.59
0.61
1.05
1.05
1.35
0.93
0.00
0.00
0.55
0.66
0.96
1.04
0.92
1.41

w
[mm]
0.00
0.00
0.20
0.40
0.00
0.00
0.20
0.20
0.40
0.40
0.60
0.60
0.00
0.00
0.20
0.20
0.40
0.40
0.60
0.60

Wo
[mm]
0.22
0.26
0.28
0.33
0.18
0.23
0.28
0.21
0.24
0.21
0.19
0.35
0.25
0.28
0.28
0.27
0.24
0.18
0.19
0.31

60
[MPa]
1.83
1.84
1.09
0.64
1.39
1.80
0.93
0.81
0.31
0.38
0.39
0.97
1.58
1.56
1.13
0.93
0.70
0.37
0.44
0.81
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3.3.3.1 Plain concrete push-off results

Figure 3-29a shows that all the PC specimens presented quite a similar crack kinematic
behaviour, although wy was different among them. The shear transferred in the speci-
mens (Figure 3-29a and Figure 3-29c) was characterised by presenting more stiffness at
the beginning of the push-off tests. However, stiffness decreased from approximately
0.25 mm upwards of slip displacement. It should be noted that when shear stiffness re-
duced in all the specimens, shear stress continued to increase and similar slope remained
among all the specimens. This behaviour was due to the influence of crack confinement.
The two mechanisms of shear transfer acted at the crack at this point; the aggregate in-
terlock and crack roughness were influenced by confinement. Finally regarding normal
stress behaviour, Figure 3-29d shows that normal stresses remained at a similar slope
rate among all the specimens, which represents the axial stiffness of the external steel
frame.

As with the results obtained in experimental campaign one, with an incremented wo,
fewer shear stresses were transferred in the crack (see Figure 3-29a and Figure 3-29c).
In addition, the specimens with the largest shear stresses were those (Z0A00 and Z0B00)
into which no W was introduced (W=0.0 mm). In Figure 3-29d, the influence of confine-
ment g on the shear transfer of the crack can be seen. Thus they were the elements with
the largest wo , the smallest oo and, therefore, the smallest shear stress.

To better compare z, o, w and s, the obtained results are represented in Figure 3-29e by
trend lines according to the constant crack opening values. To track trend lines, the points
at the same crack opening (0.3, 0.5, 0.75 and 1.0 mm) were identified from all the test
results obtained for the four PC specimens and positioned on a coordinate plane.

As seen in Figure 3-29¢, the shear and normal stresses transferred in a PC cracks in-
creased with the crack opening and slip displacement. It was noted that normal and shear
stresses were similar to one another with large crack openings (w = 0.75 and 1 mm),
while shear stress doubled normal stress with small crack openings.
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Figure 3-29: PC results: crack opening vs. crack slip (a), crack opening vs. shear stress (b), slip
displacement vs. shear stress (c), crack opening vs. normal stress (d) and interaction diagram
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3.3.3.2 PFRC push-off results

The crack kinematic behaviour in the PFRC elements was analysed by using 16 pre-
cracked push-off specimens, For each concrete type (PFRC8 and PFRC12), two speci-
mens were tested for each considered W (0.0, 0.2, 0.4 and 0.6 mm). Therefore, the aver-
age results for two specimens with the same W is presented in Figure 3-30 and Figure
3-31. Nevertheless, the test results of each specimen are found in Annexe B.

For PFRC8 and PFRC12, the shear stresses transferred (Figure 3-30c and Figure 3-31c)
were characterised by presenting more stiffness at the beginning of the push-off test. As
with the PC results, those PFRC elements with larger wo were those that transferred less
shear stress; i.e. elements Z8-06 and Z12-06. In addition, the elements that transferred
more shear stress were those for which W equalled zero; i.e. those elements with lower
Wo (Z8-00 and Z12-00). After approximately 0.25 mm of slip displacement, shear stiff-
ness decreased, but shear stress continued to increase and kept the same slope among all
specimens due to the effect of the confinement provided by the external frame. In fact as
Figure 3-30d and Figure 3-31d show, normal stresses were transferred in the crack with
similar stiffness between all specimen types and PFRC types. This behaviour, similar to
already observed with the PC specimens, was due to the effect of the confinement trans-
mitted by the external frame during tests as this device was the same for all the specimens
tested in this experimental campaign. Finally, the effect of the initial confinement on
shear stresses is observed in Figure 3-30b and Figure 3-31b. Those specimens with
larger oo had larger transferred shear stress.

In order to observe the shear stress- normal stress-crack opening-slip displacements in-
teraction among the tested specimens, the results are presented by trend lines in Figure
3-30e and Figure 3-31e for PFRC8 and PFRC12. Trend lines were fitted using the points
at the same crack opening (0.3, 0.5, 0.75 and 1.0 mm) from the corresponding concrete
type. Trend lines were selected as linear or polynomial lines to obtain a better fit.

As seen in Figure 3-30e and Figure 3-31e, the transferred shear and normal stresses de-
creased with incremented crack opening and slip displacement. It was noted that points
better fitted trend lines at small crack openings (0.3 and 0.5 mm) than at larger ones. This
effect could probably be due to the variability of fibres bridging the shear crack which,
based on the FIP shear test, would be around 12%.
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Figure 3-30: PFRC8 general results: crack opening vs. crack slip (a), crack opening vs. shear
stress (b), slip displacement vs. shear stress (c), crack opening vs. normal stress (d) and interac-
tion diagram (d).
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Figure 3-31: PFRC12 general results: crack opening vs. crack slip (a), crack opening vs. shear
stress (b), slip displacement vs. shear stress (c), crack opening vs. normal stress (d) and interac-
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3.3.3.2.1.Effect of fibre content on shear behaviour

Table 3-14 summarises the test results of specimens at 0.5, 1.5, 2.5 and 3.5 mm of slip
displacement to determine the effect of fibre content on shear. When comparing the PC
shear stresses with PFRC8 and PFRC12, we observed an increment from 0.05 to 0.32
MPa in PFRC8, and from 0.61 to 1.46 MPa in PFRC12. When comparing the shear stress
increment between PFRC8 and PFRC12, the increment ranged from 0.08 to 1.41 MPa,
depending on the crack slip and W. Nevertheless, we should remember that, as seen in
Figure 3-29, Figure 3-30 and Figure 3-31, each specimen type had its particular initial
conditions (Wo and ao) that affected its shear behaviour. As a result, the increments pre-
sented in Table 3-14 represent an estimation. Nevertheless, the increments between both
types of PFRC results agree with those obtained in the FIP shear test.

The increment in shear due to fibres, as well as their differences owing to the initial
conditions, is better visualised in Figure 3-32, where the specimens of each concrete
type, with the same W (0.0 and 0.4 mm), are compared. When comparing concretes at
W=0.0 mm (see Figure 3-32a and Figure 3-32b), different initial crack openings close to
0.2 mm were obtained. Shear stress incremented with 8 and 12 kg/m? of fibres. In addi-
tion, when comparing the tests results at W=0.4 mm (Figure 3-32c and Figure 3-32c), a
significant initial crack opening difference among the three appeared.

Table 3-14: The Sher tests results comparison (CV in brackets)

705 715 725 735
ID

[MPa] [MPa] [MPa] [MPa]

Z0-00 4.37(0.12) 5.01(0.09) 5.46(0.06) 5.68 (0.06)
78-00 469 (0.04) 5.29(0.10) 5.67(0.12) 5.73(0.12)
78-02 3.37(0.05) 4.32(0.05) 4.74(0.03) 4.91(0.02)
78-04 3.30(0.05) 4.01(0.04) 4.35(0.09) 4.60 (0.15)
78-06 2.05(0.01) 3.30(0.02) 4.02(0.01) 4.49(0.02)
Z12-00 4.98(0.04) 6.03(0.07) 6.81(0.07) 7.14(0.05)
71202 3.45(0.02) 4.51(0.06) 5.10(0.07) 5.45(0.10)
Z12-04 3.02(0.06) 4.27(0.08) 4.84(0.07) 5.18(0.09)
712-06 2.77(0.36) 3.80(0.23) 4.42(0.19) 4.61(0.18)

Inc. 0-8 in 00 0.32 0.28 0.21 0.05
Inc. 0-12 in 00 0.61 1.02 1.35 1.46
Inc. 8-12 in 00 0.29 0.74 1.14 1.41
Inc. 8-12 in 02 0.08 0.19 0.36 0.54
Inc. 8-12 in 04 -0.28 0.26 0.49 0.58
Inc. 8-12 in 06 0.72 0.50 0.40 0.12
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Figure 3-32: Comparison between the PC results and PFRC8 and PFRC12.

Finally, a comparison (Figure 3-33) of shear and normal stresses, according to slip and
crack opening, between both the PFRC results was made using the previously obtained
trend lines. Both shear and normal stresses increased with the increment in fibre content
from 8 to 12 kg/md. In fact this increment was more evident for large slip displacement
than for small ones. In Figure 3-33, we should note that the increase in normal stresses
due to the increment in fibres was more evident at crack openings of 0.3 and 0.5 mm
than at 0.75 and 1.0 mm, where PFRC presented similar behaviour.
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6.0 {PMPal

8.0 T Shear stress vs. crack slip rf

PFRC 8 Kg/m®

Poly. w = 0.5mm
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- ---Poly. w=0.75mm

Figure 3-33: Comparison of the trend lines between PFRC8 and PFRC12

3.3.3.2.1.Effect of initial confinement on specimens’ shear behaviour

Table 3-15 presents the shear results at a slip equalling 0.5 and 2.0 mm with their corre-
sponding W, oo and wo. To supplement Table 3-15, Figure 3-34 shows the influence of
W on crack opening and confinement prior to the push-off test of all the tests. On the one
hand and as Figure 3-34a shows, W significantly influenced the o, of all the specimens,
and the larger W introduced into specimens, the less the confinement present in the spec-
imens prior to the push-off test. No major variations in confinement were observed in W
over 0.4 mm. On the other hand (see in Figure 3-34b), apparently W had no influence on

the crack opening of specimens before the push-off test.

Table 3-15: Shear stress results with their corresponding confinement.

ID

Z0-00
Z0A02
Z0A04

Z8-00

Z8-02

Z8-04

Z8-06
Z12-00
Z212-02
Z712-04
Z12-06

w

[mm]

0.00
0.20
0.40
0.00
0.20
0.40
0.60
0.00
0.20
0.40
0.60

Wo
[mm]
0.24
0.26
0.28
0.21
0.25
0.22
0.27
0.27
0.28
0.21
0.25

(4]

[MPa]

1.84
1.09
0.64
1.60
0.87
0.35
0.68
1.57
1.03
0.54
0.63

To5 25
[MPa] [MPa]
4.37 5.68
3.46 4.69
2.96 4.90
4.69 5.73
3.37 491
3.3 4.6
2.05 4.49
4.98 7.14
3.45 5.45
3.02 5.18
2.77 4.61
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Figure 3-34: Relation between the initial crack gap with confinement (a) and crack opening (b).

Figure 3-35 slows the influence of the existing confinement (a0) on the shear behaviour
of specimens at different slip displacements (s =0.5and 2.5 mm). Confinement strongly
influenced shear behaviour in the three employed concrete types. Therefore, when con-
finement was greater, the obtained shear stress was as Figure 3-35a shows. In fact this
trend was observed in the three used concretes and when slip displacement equalled 2.5
(see Figure 3-35D).
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4.0
3.0

20 +

1.0
0.0
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| (MPa] A PFRCB 60 LIMPa]  R=08728 -7 oo gy
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4 PFRC12 .| i T AT 4
| _-a ' A ZETL Re=06933
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T Re=09204 227777 4.0 1
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Figure 3-35: Relation between confinement and shear stress at slip = 0.5 mm (a) and slip = 2.5
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3.3.4. Concluding remarks

Twenty pre-cracked push-off specimens were tested to experimentally explore the effect
of fibre content, the confinement of specimens and initial crack opening prior to the push-
off test in the shear transfer of PFRC. To this end specimens, PC and PFRC were man-
ufactured, pre-cracked and tested under direct shear. The studied fibre contents were 8
kg/m® and 12 kg/m3.The initial conditions were introduced by the initial crack gap
(W=0.0,0.2, 0.4 and 0.6 mm).

According to this framework, and based on the experimental results obtained in this
study, the following conclusions can be drawn:

a) When fibre content increased from 8 kg/m?® to 12 kg/m?, post-cracking flexural
and shear strengths also incremented. However, shear strength did not consid-
erably increment when fibre content varied from 0 to 8 kg/m? as observed from
0 to 12 kg/m3

b) The shear fracture energy measured from the crack displacements between 0.36
to 2.71 mm was 1.25- to 1.36-fold the flexural fracture energy measured at the
same crack opening (CMOD=0.5 to 3.5 mm). Although more experimentation
performed with different fibre contents is necessary, this result confirms a direct
relation between PFRC shear behaviour and its post-cracking flexural tensile
strength properties

c) Based on the PC and PFRC push-off results, the influence of the shear transfer
mechanism depended on the initial conditions prior to the push-off test. In fact
the specimens’ confinement had a strong influence before test oo on the shear
strength in all the specimens

d) Similar to experimental campaign one, the present push-off results revealed that
the crack opening introduced prior to the push-off test also played a key role in
transmitting stresses. The shear and normal stresses were smaller upon greater
crack opening

e) When fibre dose was increased from 8 kg/m? to 12 kg/m3, normal and shear
stresses rose up to 1.0 MPa. This increment mainly depended on crack opening
and crack slip displacement. In fact with larger crack opening and slip displace-
ments, the results better evidenced the contribution of fibres to transfer stresses
than other shear transfer mechanisms.

Finally, it is underlined that the present experimental campaign was done to supplement
experimental campaign one to obtain a better understanding of the the parameters and
shear transfer mechanism that acted during the push-off test. Based on these results and
conclusion, the specimens tested in the present campaign were studied analytically in the
next section.
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3.4. Analytical modelling of the shear transfer of PFRC cracks

In the present section, an analytical model that evaluated the behaviour of shear crack
was developed. For this purpose, the model incorporated the transfer mechanism that
acted in shear crack, as well as the parameters observed in the previous experimental
campaigns, which strongly influenced shear transfer. As the model also incorporated the
shear transfer mechanism, the effects of the aggregate interlock and fibres could be quan-
tified. Nevertheless, the experimental campaign two results were compare to the analyt-
ical results obtained by the present model.

Feenstra [200] stated that the formulation of a crack constitutive relation should consider
three possible states that arise at discrete cracks: before cracking (state 1), at the initiation
and development of discrete crack (state 2) and an open crack state (state 3). In this
context, it is worth mentioning that the model’s scope falls within an open crack state
and, therefore, the states before cracking or initiation, and the development of a discrete
crack, were not studied.

The state of a crack can be defined by its global displacements (&), constituted by crack
opening (w) and slip displacement (s), as well as its global stresses (o), which includes
normal stress (o) and shear stress (7) (see Figure 3-36 and (Eq. 3-28)).

—— gy >0 '$>O

Figure 3-36: Crack opening state
—".-=19 Eq. 3-28
s_[s]’d_[‘r] (Eq )

The constitutive relation of an open crack has to establish a relation between the stresses
and displacements acting on the crack. Thus following a total deformation theory, this
relation could be expressed as (Eq. 3-29).

o= O'(S) (Eq 3-29)

Based on (Eq. 3-28) and (Eq. 3-29), the formulation to study a shear crack in the present
analysis was based on an additive model which took the following mechanisms into ac-
count (Figure 3-37): the initial confinement effect (pre-compression) (o), the confine-
ment effect by an active or passive mechanism (a.), the aggregate interlock (o) and
fibres (o). Hence equations (Eq. 3-29) can be expressed as follows:
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0 =0y +0.(e) + a,(e) + ox(e) (Eqg. 3-30)
Agreggate interlock
Ga(e)
Confinement
O'C(S)
Fibres
or(€)

Figure 3-37: Transferring mechanism that acts on the pre-cracked push-off test
3.4.1.1 Mechanisms of shear transfer in the pre-cracked push-off test

3.4.1.1.1.Initial confinement effect due to pre-compression

The effect of pre-compression results in initial confinement (oini), pre-cracking stage (op)
and confinement release (oy), provided by the bars constituting the external rigid frame.
This initial confinement causes normal stress in concrete at the start of the push-off test
stage (ov). Therefore, oo could produce shear stresses due to friction when crack faces
start sliding.

Based on the Coulomb friction law, the maximum shear stress transferred through an
interface increases when normal stress also increases. Thus the effect of initial confine-
ment was taken into account in the present analysis by the following expression (Eq.
3-31)

To = U0y (Eq. 3-31)

where i is the characteristic friction coefficient of the crack interface; g, is the confine-
ment present in all specimens prior to the push-off test. As the experimental campaign
results were analysed by an analytical model, g, of each specimen is found in Table
3-13.

In order to determine the p of the crack surfaces in experimental campaign two, a regres-
sion analysis using the PC experimental results (normal and shear stress vs. slip displace-
ment) was performed to determine existing friction coefficient p and cohesion based on
the Coulomb equation (7 = ¢ + uo). As seen in Table 3-16, the average cohesion and
friction coefficient of the crack surfaces in experimental campaign two resulted in 2.6
MPa and 0.75, respectively, both with a coefficient of variation less than 13%. In fact
when taking into account that the concrete compression strength of the PC specimens
was 43.62 MPa, an approximation of the cohesion according to compression strength

resulted in 0.21(f.) %° (see Table 3-17).
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Finally, to validate the determined p and b, they were compared in Table 3-17 with those
K and b suggested by MC2010, Climaco and Regan[201], and Seung-Jun Kwon et al.
[202] for rough surfaces. To supplement Table 3-17, Figure 3-38 displays the PC exper-
imental results along with the analytical results proposed by MC2010, Climaco and Re-
gan (C&R) and Seung-Jun Kwon et al. (SJK), by applying the Coulomb equation. The
present experimental results always provided slightly higher p and b coefficients than
those recommended by MC2010, which were lower than the other expressions. Never-
theless, the results were expected. Therefore in the present analytical model, friction co-
efficient L was considered to equal 0.75, which is slightly higher than that recommended

by MC2010 (u=0.7).

Table 3-16: Cohesion and friction coefficients of the PC specimens

Cohesion (c)

Specimen [MPa]
Z0A00 2.6
Z0B00 3
Z0A02 2.6
Z0A04 2.2

Average 2.6 (0.125)

Table 3-17: Comparison of cohesion and friction coefficients with models

Model

Model Code 2010 (MC2010)
Climaco and Regan (C&R)
Seung-Jun Kwon et al. (SJK)
This Study
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u
[-]
0.66
0.72
0.74
0.88
0.75 (0.124)

c
[MPa]

0.10(£,) /3
0.25(f.) %3
0.27(f.) >

0.21(f) */°

fe
[MPa]

43.62
43.62
43.62
43.62

U
[-]
0.7
14

0.95
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Figure 3-38: Comparison between friction and cohesion coefficients by applying the Coulomb
equation.

3.4.1.1.2.Confinement effect by an active or passive mechanism

It is possible to control crack opening by means of an active (bar reinforcement) or pas-
sive mechanism (external mechanism) that acts normally to the shear plane. Several au-
thors have done this to study the crack kinematics under crack control conditions using
an active or passive mechanism [82,92,127,135]. This confinement effect can be formu-
lated by normal stress, which depends only on crack opening. In this context, the con-
finement effect (o) can be expressed as follows (Eq. 3-32).
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o, = ["cgw)] (Eq. 3-32)

As the external steel frame (bars and plates) that provided the confinement effect was
designed to work under linear deformation (elastic zone) without yielding steel, normal
stresses highly depended on the external frame stiffness. Accordingly, the normal stress
due to confinement (o.(w)) can be expressed as a linear function as in (Eg. 3-33).

o.(w) =k.(w)+ b (Eq. 3-33)
o.(Wo) =kc(wo) + b =0y (Eq. 3-34)

where k, is external frame stiffness and b is an adjustment coefficient, both determined
by a regression analysis of the experimental normal stresses obtained in the push-off
tests. Thus if (Eqg. 3-33) is evaluated at wy, the normal stress confining the specimens
(a,) prior to the push-off test must be obtained (see Figure 3-39a) and (Eq. 3-34).

——|Opening vs. Normal stress——— 8.0 ——{Opening-Normal stress|———
o o ——-Ex -
| p. Z0-00
| [mm] 70 T[MPal | Agj. Z0-00
6.0 ——-Exp. Z0A02
0+ — Adj. Z0A02
| Begining of the 5.0 + o iﬁ? zzgﬁgf
Push-off test K -
| / c 40 +
/ // 1 30 +
) 201
2.2
4 P \ \
g w [mm
0.olEP | wimm | o4 bt % T
Wo 00 02 04 06 08 10 12 14
@) (b)

Figure 3-39: Function of confinement effect: scheme (a) and PC results adjustments

Table 3-18 summarises external frame (k) stiffness by it acting on every experimental
result, as well as its adjustment coefficient (b). k. varied from 2.96 to 3.49 [N/mm?],
with an average value of 3.28 and a coefficient of variation of 6%. Nevertheless, Figure
3-39b displays a comparison between the experimental and adjusted confinement of the
PC specimens.
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Table 3-18: Confinement Adjustment Parameters

1D Ke
N 1
[WW
Z0A00 3.31
Z0B00 3.27
Z0A02 3.34
Z0A04 3.56
Z8A00 3.11
Z8B00 3.57
Z8A02 3.50
Z8B02 3.54
Z8A04 3.25
Z8B04 3.20
Z8A06 3.01
Z8B06 2.85
Z12A00 3.50
Z12B00 3.42
Z12A02 2.67
Z12B02 3.31
Z12A04 3.79
Z12B04 3.29
Z12A06 3.05
Z12B06 3.46
Average ke 3.30(0.07)

3.4.1.1.3.Aggregate interlock

In the present analysis, the following four constitutive models were taken into account
to include the aggregate interlock mechanism:

|

b
[MPa]

1.15
111
0.18
-0.54
0.88
0.99
-0.13
-0.02
-0.42
-0.44
-0.42
-0.23
0.75
0.55
0.42
0.05
-0.43
-0.41
-0.66
-0.52

The empirical rough crack model proposed by Bazant and Karakog in1983 [90]

(Eq. 3-17) and (Eq. 3-18)

The simplified model proposed by Walraven and Reinhardt in 1981 [92] (Eqg.

3-21) and (Eq. 3-22)

The empirical Contact Density Model proposed by Li and Maekawa in 1987

[91] (Eq. 3-23) and (Eq. 3-24)
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e The simplified method was developed by Vecchio and Collins (1986), is based
on a regression analysis of the Walraven test results, and is only in accordance
with crack opening (w) and normal stress (o) (see (Eq. 3-35) and (Eq. 3-36)).

1.6402

T = 0.18T 0 + (Eq. 3-35)
max
Vfem
Tmax = Eq. 3-36
021 4 24w (Eq )
Dyax + 16

3.4.1.1.4.Fibre contribution
Fibre contribution to shear in the present analysis was taken into account using three
different models:

o Pfyl’s model [144] (2003), previously presented in section 2.2.2.2. See (Eq.
2-35) and (Eqg. 2-36)

u u

O-Cf = Gcfo 2 ‘LL_O_ u—o ,0 <u< Uy (Eq 2-35)
2u\’ l

O-Cf = O-CfO (1 — ?> , Ug <u< ff (Eq 2'36)

e Kaufmann et al. model (2019) [97], previously presented in section 2.2.2.2. See
(Eq. 2-51) and (Eq. 2-52). The fibres-aggregate interlock interaction proposed
in Kaufmann’s model was taken into account during the present analytical mod-
elling (see Figure 2-15 and (e.g. 2-31))

1 ’6 )
=S —_——— <6< Eg. 2-51
Tefa Sinara‘:f" 2 Uy U 08 =u (Eq )
2
1 2u I ]
Gcfaz—sinaracf" (1—?> ,uo<é‘sE (Eq. 2-52)

e Tensile behaviour of fibres obtained by an inverse analysis (hereafter inverse
model) of the small prismatic beams tested according to EN 14654, where the
average residual flexural tensile strengths were determined for each PFRC type.
The average tensile behaviour of each PFRC type used in the present analysis
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are presented in Figure 3-40. The tensile behaviour of each PFRC was obtained
based on MC2010[7].

16 *—{Tensile stress vs. displacement}i
o

L4 T Mpa]
1.2 +
10 4
08 |

0.6 +

—8 Kg/m3

041 — 12 Kg/m3

0.2 +

w [mm]
0.0 : : :
0.0 1.0 2.0 3.0 4.0

Figure 3-40: Tensile behaviour of PFRC obtained by an inverse model

Both Pfyl’s and Kaufmann’s models were developed to be used with hooked-end steel
fibres. Thus a calibration of this model to be used with polypropylene fibres is required.
This calibration is performed in the next section of this chapter.

Regarding the tensile behaviour of fibres, as Figure 3-41 shows it was assumed that all
the fibres acted in Mode | (tension), although crack acted in Mode Il (shear). This be-
haviour was considered because before the push-off test, a crack opening was induced
during the pre-cracking process.

Initial Pre-cracking Push-off
w=0 wy >0 w >0
§s=0 s=0 >0

]
rr—. r 6 T Op

Figure 3-41: Fibre behaviour in concrete
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As fibres acted in direction (8) which, according to crack opening (w) and crack slip (s),
developed an inclination (o)) as Figure 3-41 shows, both direction and inclination were
determined by (Eq. 3-37) and (Eq. 3-38).

5 =+/s% +w? (Eq. 3-37)

)

-1%w

a = tan
85

(Eqg. 3-38)

With this framework, the uniaxial tensile behaviour of fibres was decomposed in both
shear and normal stress contributions (see (Eq. 3-39)) using (Eq. 3-40) and (Eq. 3-41).

or (&)
= Eqg. 3-39
OF [Tf(&) ( q )
0f = O Sina (Eq. 3-40)
Tf = Opg Sina cosa (Eq. 3-41)

3.4.1.2 Calibration of the aggregate interlock and fibre models

In the aggregate interlock, two of the three models (rough crack and contact density)
considered in the present analysis took into account the effect of the maximum aggregate
size (Dmax)- In both models, it was assumed that when a shear crack appeared in a con-
crete element, the crack would form through the concrete matrix and the borders of ag-
gregates. This effect allowed the aggregate interlock when shear faces of the crack
started slipping. Therefore, the roughness of crack faces increased with a bigger aggre-
gate size. However during the FIP shear and push-off tests, the crack went through ag-
gregates (see Figure 3-42) rather than around them. So less roughness of the interface
crack really existed. In order to include this effect, the maximum aggregate size in the
present analysis was replaced with half its value; i.e. from 14 to 7 mm.

Figure 3-42: PC FIP specimen surface
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As two of the three fibre models used in the present analysis were developed using steel
fibres, the models were calibrated to be used with macrosynthetic fibres. This calibration
was based on the results of the pull-out test performed by Alberti et al. [45], where pol-
yolefin fibres (60 mm long, 0.92 mm equivalent diameter) were pulled out from a self-
compacting concrete matrix at different embedded lengths and inclination angles. Table
3-19 summarises the debonding stresses obtained by Alberti et al. in those tests where
the pull-out of fibre was reached. The average debonding stress resulted in 5.05 MPa for
a fibre embedded in a matrix with a concrete compressive strength of 39MPa.

Table 3-19: Fibre pull-out results obtained by Alberti et al. [45]

Embedded = Inclined @ Debonding

Case length angle stress

[mm] [] [MPa]
1 5 0 4.34
2 5 15 5.70
3 5 30 7.60
4 5 45 3.98
5 10 0 4.96
6 10 15 5.12
7 10 30 4.53
8 10 45 5.81
9 15 0 4.55
10 15 15 4.69
11 15 30 4.52
12 15 45 4.76

Average = 5.05 (0.19)

Regarding fibre contributions, and based on the previous debonding stress, the fibre av-
erage bonding stress (z,5) (see (Eq. 2-38)) considered in both the Pfyl and Kaufmann

3 3
models changed from 0.6 ’fcz t0 0.4 /fcz.

Finally, in order to check the calibration of the aggregate and fibre models, the models
and the experimental results of the FIP shear test were compared (see Figure 3-43). The
models with modifications were able to simulate the shear-to slip behaviour of the ex-
perimental results obtained after performing a direct shear test based on the FIP standard.
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14.0 Slip-Shear stress
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Figure 3-43: Comparison between the FIP experimental results and models: 8 kg/m?® (a) and 12
kg/m® (b)

3.4.1.3 Implementation and verification of the model

3.4.1.3.1. Implementation

The numerical implementation of the model was done to reproduce the test under con-
trolled crack opening conditions (see Figure 3-44). The test consisted of two main
phases. The first one was constituted by the frame assembly, pre-cracking process and
handling stage, while the second phase was the push-off test. In the first phase, speci-
mens were subjected to a transverse load on the shear plane that generated displacements
(w> 0 and s = 0) in the crack.
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Figure 3-44: Numerical procedure, push-off test under crack opening control
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These displacements generated normal internal stress (op) that, once the allowed initial
crack gap (W) had been introduced, turned into (o), governed exclusively by confine-
ment, pre-compression and fibres (in the PFRC specimens).

In the push-off test stage, the test was reproduced under controlled opening displacement
conditions where, each increase in the slip displacement in the crack led to incremented
shear stresses (At). The increase in normal stresses (Ac) had to be zero because no ex-
ternal horizontal forces influenced the specimen, as seen in (Eq. 3-42) and (Eq. 3-43).

Ac = Ao, + Ao, + Aop + 05 =0 (Eq. 3-42)
Ag, + Aoy + 0y = —Ad, (Eq. 3-43)

It was necessary to establish an iterative numerical procedure that solves all the steps
considered in the crack opening control. This procedure was taken into account follow-
ing a procedure based on crack tangent-stiffness. However, this was avoided in the pre-
sent analysis methodology due to the fact stated by Bazant and Gambarova (1980): they
stated that crack tangent-stiffness was never a positive definite, except for the shear dis-
placements equalling zero. So crack showed an instability trend and it was necessary to
stabilise the crack. A certain restrain can be obtained by means of the confinement sys-
tem’s effect. The adopted numerical procedure was based on a non-derivative procedure.

The numerical procedure was the push-off test under crack opening control according to
Figure 3-44. To solve the model, the non-linear optimisation algorithms included in Vis-
ual Basic to solve a non-linear system of equations was used, where a convergence cri-
terion of 0.0001 mm was employed. The step size was considered constant and equalled
0.05 mm, which seemed a quasi-continuous numerical simulation.

3.4.1.3.2.Validation

The proposed method was first validated by the Walraven experimental tests with exter-
nal restraint bars (Series B). In these specimens, the only activated mechanism was initial
pre-compression, the aggregate interlock and the confinement effect.

By way of example, the complete numerical validation of specimens 1/0/7.8 and
3/0.4/0.6 is presented in Figure 3-45 and Figure 3-46, respectively. These two specimens
were selected because in the first (1/0/7.8) specimen, three mechanisms of shear transfer
acted: pre-compression, the aggregate interlock and confinement effect, while only act-
ing the aggregate interlock and the confinement effect acted at large crack openings in
the second specimens. Therefore, specimens 1/0/7.8 were totally confined and specimens
3/0.4/0.6 were completely released.

The following material data were taken: fccube = 38.5 MPa for 1/0/7.8 and 57.4 MPa
3/0.4/0.6. 1t is worth mentioning that the Walraven and Reinhardt simplified model
(W&R) used f..cupe instead of f.. Hence we considered f. = 0.83 f¢cune for the models de-
veloped by Bazant and Karakog¢ (G&K), Contact Density Model (CDM) and Vecchio
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and Collins (V&C). In all the models, the maximum aggregate size (Dmax) was consid-
ered to equal 16 mm, as Walraven reported [92]. Finally the initial crack opening (wo)
and slip displacement (sg) introduced into the models were those reported by Walraven
for each specimen.

Finally, as specimens 3/0.4/06 presented a non-linear crack opening — normal stress be-
haviour (see Figure 3-46d), the confinement effect was introduced into the model as a
third grade function to improve model predictions.

4.0 ~ . Opening - Slip 12.0 f—{ Opening-Shear stress}i
35 1 (mm] —EXP 1/0/7.8 T
. —_ W&R 10.0 1[MPa]
3.0 + —G&K
—CDM 1
25 | 8.0
20 + 6.0 +
15 + —EXP 1/0/7.8
4.0 - —W&R
10 + —G&K
——CDM
05 | - 20 —V&c
w [mm w [mm
0.0 ‘ ‘ ‘ ‘ : 0.0 +—— : : : [ ]
1.2 00 02 04 06 08 10 12

b)

120 12.0 1 v Opening-Normal stress

10.0 10.0 - [MPa]

8.0 80 4+

6.0 6.0 + —EXP 1/0/7.8
—EXP 1/0/7.8
—W&R T

4.0 — GeK 4.0 Adj. 1/0/7.8
~CDM B

20 + —V&C 20 A gz—:lé..gggv+ 0.6934

S [mm w [mm]
00 I I I I I I [ } ] OO I I I I }

0.0 05 1.0 15 20 25 3.0 35 4.0 00 02 04 06 08 10 12 14

c) d)

Figure 3-45: Analytical validation of specimen 1/0/7.8 (totally confined specimen) tested by
Walraven and Reinhardt
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Figure 3-46: Analytical validation of specimen 3/0.4/0.6 (totally released specimen) tested by
Walraven and Reinhardt.

As seen in Figure 3-45d and Figure 3-46d, the employed adjustment function was quite
accurate for capturing the confinement effect measured during the test, and presented an
R2 over 0.99 in both specimens. The two specimens were selected as both presented
different initial confinement conditions (totally confined, totally released) before the
push-off test.

As seen in Figure 3-45c¢ and Figure 3-46c¢, the analytical results are reasonably accurate
despite the high sensitivity of shear crack. In fact the numerical procedure was capable
of closely following all the behaviours noted in the experimental tests. The model that
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better described the experiment shear behaviour of both specimens was that proposed by
Walraven and Reinhardt. These results were expected because the experimental results
of Walraven and Reinhardt were herein analysed to propose and validate their analytical
model. Furthermore, differences to predict the shear behaviour among all the aggregate
interlock models appeared despite most of them predicting the crack kinematics quite
well with the experimental results. These results evidenced that the aggregate interlock
needed to be studied in more depth to better understand the shear behaviour of concrete
elements. Moreover, the present results also evidenced that to better determine the exact
effect of fibres in shear, and the interaction of fibres with other mechanisms, firstly any
doubts about the aggregate interlock should be solved before including a new unknown
into the equation of the effect of fibres.

3.4.1.4 Analytical push-off results

3.4.1.4.1.PC results

The PC results of the numerical analysis are presented from Figure 3-47 to Figure 3-50.
Each figure offers a comparison of the experimental results of push-off tests (tested in
experimental campaign two) with the selected analytical models. Therefore, the compar-
ison was made of the simplified models proposed by Walraven and Reinhardt (W&R),
Gambarova and Karako¢ (G&K), Contact Density Model (CDM) and the simplified for-
mula set forward by Vecchio and Collins (V&C). For each specimen, the experimental
response of crack slip vs. shear stress and crack opening vs. shear stress were compared
with the aforementioned aggregate interlock models. In these comparisons, slip displace-
ments up to 2.5 mm and crack openings up to 1.2 mm were taken into account.

As seen in Figure 3-47 to Figure 3-50, all the aggregate interlock models quite accurately
described crack opening vs. shear behaviour of push-off tests. In fact the models that
better fitted the experimental results were those developed by Vecchio and Shim based
on a regression analysis of Walraven’s tests. In addition, when comparing crack slip vs.
shear stress to the aggregate interlock’s models, that by Vecchio and Collins was able to
well describe behaviour, followed by the prediction by the Walraven and Reinhardt
model. However, the model that poorly described shear behaviour was CDM, as pro-
posed by Li and Maekawa.

Figure 3-47 to Figure 3-50 revealed that the W&R and G&K aggregate interlock models
started to considerably at decrease approximately 1.5 mm of slip displacement, while the
V&C model continued growing. This behaviour could be due to W&R and G&K being
developed based on push-off specimens that were tested up to 2 mm of displacement.
TheV&C model, which was developed based on the W&R experimental result, also de-
pended on normal stresses acting on specimens.
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—Experimental —--W&R -—G&K CDM V&S
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Figure 3-47: Analytical results of specimen Z0OA00, W=0.0 mm (totally confined).
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Figure 3-48: Analytical results of specimen Z0B00, W=0.0 mm (totally confined).
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Figure 3-49: Analytical results of specimen Z0A02, W=0.2 mm (partially confined).
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Figure 3-50: Analytical results of specimen Z0A04, W=0.4 mm (partially confined).

151



Effectiveness of polypropylene fibres as shear reinforcement in structural elements

The shear toughness provided by all the aggregate models employed and the experi-
mental results were quantified and are presented in Table 3-20 and Table 3-21. Tough-
ness was determined as the area below slip displacement and crack opening vs. the shear
stress curves.

As seen in Table 3-20, the aggregate interlock model that better estimated shear behav-
iour according to the experimental crack slip was Gambarova and Karakog’s model with
a ratio of 0.86. The Contact Density Model (CDM) was the model that better estimated
the shear behaviour of the PC specimens according to crack opening.

Despite the four aggregate models used in the present numerical validation providing
good agreement compared to experimental results, further research is still required to
better understand aggregate interlocks and the significant differences between them.
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Table 3-20: Shear toughness up to s=2.5mm

D Exp. W&R G&K CDM V&S W&R/Exp G&K/Exp CDM/Exp V&C/Exp
[MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm] [-1 [-1 [-1 [-1
Z0A00 12.31 9.65 11.79 10.96 10.66 0.78 0.96 0.89 0.87
Z0B00 14.00 9.98 11.62 7.99 10.36 0.71 0.83 0.57 0.74
Z0A02 10.55 7.37 7.75 4.71 8.27 0.70 0.74 0.45 0.78
Z0A04 10.00 7.38 9.21 7.75 8.01 0.74 0.92 0.77 0.80
Average = 0.73 0.86 0.67 0.80
Table 3-21: Shear toughness up to w=1.5mm
D Ex W&R G&K CDM V&S W&R/Exp. G&K/Exp. CDM/Exp. V&C/EXxp.
- [MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm] [-] [-1 [-1 [-]
Z0A00 6.66 4.63 6.04 7.46 6.06 0.70 0.91 1.12 0.91
Z0B00O 6.63 4.17 5.30 6.33 5.33 0.63 0.80 0.95 0.80
Z0A02 4.09 281 3.57 4.02 3.57 0.69 0.87 0.98 0.87
Z0A04  5.33 2.97 4.23 5.55 4.28 0.56 0.79 1.04 0.80
Average = 0.64 0.84 1.02 0.85
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3.4.1.4.2.PFRC results

Similarly to PC, the PFRC experimental results were compared to the agreggate interlock
models: the simplified model by Walraven and Reinhardt (W&R), the model of Gamba-
rova and Karakog¢ (G&K) and the Contact Density Model (CDM), by combining each
one with three different fibre models. Hence the fibre models were the models of Pfyl
and Kaufman et al. and the inverse model. The comparisons are presented from Figure
3-51 to Figure 3-66. In addition, for each specimen the experimental response of crack
slip vs. shear stress and crack opening vs. shear stress were compared to the indicated
model. In these comparisons, slip displacements up to 2.5 mm and crack openings up to
1.2 mm were taken into account.

As observed from Figure 3-51 to Figure 3-66, all the aggregate interlock models com-
bined with the fibre model provided a good prediction of the shear stresses transmitted
according to crack opening. However, if shear stresses were transmitted according to
crack slip, then CDM combined with any of fibre model provide twice the experimental
shear stresses. As with the PC specimens, the aggregate interlock model that better pre-
dicted the experimental results was that developed by Walraven and Reinhardt, followed
by Gambarova and Karakog’s model.

For the fibre models used in the present analysis, the prediction of the shear stresses
transmitted through the crack was similar between the model of Pfyl and the inverse
model. In addition, the model proposed by Kaufmann et al., more overestimated the
stresses transmitted by fibres, although the reduction deviation factor proposed by Kauf-
mann et al., that affects the aggregate interlock was incorporated into the employed three-
aggregate model. In some cases, differences of almost 1.0 MPa were observed between
Kaufmann’s model and the other two considered fibre models.

Despite the combination of the different aggregate interlocks with the fibres model were
pretty accurate in most cases compared to experimental results, Figure 3-67 shows the
contribution of the different aggregate interlocks and fibres models to the total shear
behaviour of specimens Z8BO0O0. It is observed that the aggregate interlock was the main
transfer mechanism in PFRC with fibre contents of 8 kg/m® and 12 kg/m?, where fibres
were only capable of transferring less than 1MPa. This value is coincides with the con-
tribution of fibres observed experimentally in campaign two.

Figure 3-67 illustrates the considerable differences between the different aggregate in-
terlock models. When comparing these differences to those among the fibre models, the
fibre differences were noticeably lesser than the aggregate interlock ones. These results
evidence the need to firstly understand the shear transfer mechanism in PC to determine
the fibre interaction with another mechanism.
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Figure 3-51: Analytical results of specimen Z8A00, W=0.0 mm, V=8 kg/m?® (totally confined).
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Figure 3-52: Analytical results of specimen Z8B00, W=0.0 mm, V;=8 kg/m? (totally confined).
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Figure 3-53: Analytical results of specimen Z12A00, W=0.0 mm, V(=12 kg/m?® (totally confined).
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Figure 3-54: Analytical results of specimen Z12B00, W=0.0 mm, V=12 kg/m? (totally confined).
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Figure 3-55: Analytical results of specimen Z8A02, W=0.2 mm, V=8 kg/m® (partially confined).
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Figure 3-56: Analytical results of specimen Z8B02, W=0.2 mm, V;=8 kg/m? (partially confined).
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Figure 3-57: Analytical results of specimen Z12A02, W=0.2 mm, Vi=12 kg/m® (partially con-
fined).
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Figure 3-58: Analytical results of specimen Z12B02, W=0.2 mm, V=12 kg/m® (partially con-
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Figure 3-59: Analytical results of specimen Z8A04, W=0.4 mm, V=8 kg/m® (partially confined).
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Figure 3-60: Analytical results of specimen Z8B04, W=0.4 mm, V=8 kg/m? (partially confined).
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Figure 3-61: Analytical results of specimen Z12A04, W=0.4 mm, V=12 kg/m® (partially con-
fined).
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Figure 3-62: Analytical results of specimen Z12B04, W=0.4 mm, V=12 kg/m?® (partially con-
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Figure 3-63: Analytical results of specimen Z8A06, W=0.6 mm, V=8 kg/m® (partially confined).
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Figure 3-64: Analytical results of specimen Z8B06, W=0.6 mm, V;=8 kg/m? (partially confined).
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Figure 3-65: Analytical results of specimen Z12A06, W=0.6 mm, V=12 kg/m® (partially con-
fined).
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Figure 3-66: Analytical results of specimen Z12A06, W=0.6 mm, V=12 kg/m® (partially con-
fined).
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Figure 3-67: Aggregate interlock and fibre contribution

Similar to PC, the shear toughness of the PFRC results was determined and is presented
from Table 3-22 to Table 3-25. Toughness was calculated up to a slip displacement of
2.5 mm and a crack opening of 1.2 mm.

For the shear fracture toughness of the PFRC specimens, the combination of the
Walraven and Reinhardt aggregate interlock model and Pfyl’s model better estimated
shear fracture. As previously stated, Kaufmann’s model combined with any aggregate
interlock model was that which most overestimated shear fracture toughness.

Finally, the stresses transferred by polypropylene fibres in a shear crack could be directly
estimated from the tensile behaviour of PFRC; i.e. from the flexural residual tensile
strength stress material properties which, in this case, were determined from the pris-
matic specimens tested according to EN 14651. So the work done by polypropylene fi-
bres was probably similar in Mode | and Mode II.
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Table 3-22: Shear toughnessup to s=2.5mm in PFRC specimens

Pyl Kaufman et al. Inverse A.
Exp.

ID [MPa-mm]

W&R G&K CDM W&R G&K CDM W&R G&K CDM
[MPa-mm][MPa-mm][MPa-mm][MPa-mm][MPa-mm][MPa-mm][MPa-mm][MPa-mm][MPa-mm]

Z8A00 11.78 11.61 13.02 12.27 12.84 14.02 13.40 10.58 12.45 11.07
Z8B00 12.99 12.56 13.65 14.07 13.68 13.58 15.29 11.54 12.43 12.83

Z8A02 941 10.37 11.80 9.06 11.69 12.78 9.79 9.35 11.17 8.02
Z8B02 10.05 11.04 12.25 12.02 12.02 12.52 13.16 10.05 11.07 10.88
Z8A04 9.16 8.13 8.87 5.70 9.74 10.68 6.16 7.21 7.76 4.90
Z8B04 9.36 9.35 11.47 12.55 10.60 12.41 13.81 8.35 10.24 11.29
Z8A06 7.18 8.88 10.41 13.83 10.05 11.85 15.29 7.86 9.87 12.47
Z8B06 7.12 6.72 9.48 15.75 8.27 10.46 16.35 6.33 8.00 14.47

Z12A00 13.34 13.35 14.81 15.32 15.39 15.87 17.27 11.88 13.91 13.50
Z12B00 14.44 11.91 10.72 14.81 14.73 15.54 16.65 10.42 12.15 12.95
Z12A02 9.90 10.77 13.24 15.60 12.68 13.75 17.67 9.23 12.13 13.46
Z12B02 10.60 11.93 13.44 16.79 12.95 14.93 19.09 10.44 12.50 14.78
Z12A04 9.94 11.81 12.97 15.04 13.98 14.69 17.20 10.44 12.25 13.30

Z12B04 9.03 11.46 13.07 15.86 13.03 14.46 18.29 10.05 11.47 14.00
Z12A06 10.28 8.99 11.46 18.15 11.78 13.62 19.39 8.37 10.62 16.90
Z12B06 6.98 9.39 11.28 12.72 11.54 12.27 14.52 7.93 10.28 10.93
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Table 3-23: Shear toughness up to w=1.2 mm in the PFRC specimens

Pyl Kaufman et al. Inverse A.

ID Exp.  W&R G&K CDM W&R G&K CDM W&R G&K CDM
[MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm] [MPa-mm]

Z8A00  5.10 4.87 5.71 6.43 5.38 6.19 6.76 4.34 5.19 5.80
Z8B00  5.69 5.06 5.79 6.66 5.59 6.24 6.97 4.59 5.38 6.07
Z8A02  3.95 3.97 4.70 5.50 4.45 511 5.79 3.52 4.27 4.93
Z8B02 4.41 4.53 5.31 6.21 5.07 5.76 6.54 4.03 4.83 5.59
Z8A04  3.53 3.60 431 4.89 4.05 4.70 5.15 3.13 3.84 4.32
Z8B04  4.02 3.89 4.72 5.45 441 5.20 5.77 3.38 4.23 4.82
Z8A06  3.20 3.79 4.69 5.41 4.33 5.19 5.75 3.25 4.15 4.76
Z8B06  2.47 2.86 3.71 4.48 3.28 4.10 4.74 2.39 3.16 3.86
Z12A00 5.87 5.44 6.20 7.11 6.24 6.86 7.60 4.83 5.68 6.35
Z12B00  6.05 5.16 4.15 6.94 5.94 6.64 7.42 4.55 5.45 6.17
Z12A02  4.00 4.67 5.58 6.41 541 6.21 6.86 4.01 4.97 5.58
Z12B02  4.53 4.75 5.56 6.44 5.53 6.20 6.90 4.13 5.01 5.66
Z12A04 4.22 4.91 5.62 6.60 5.70 6.24 7.07 4.26 5.05 5.80
Z12B04  3.89 4.88 5.75 6.60 5.74 6.44 7.11 4.16 5.10 5.74
Z12A06  3.85 431 5.33 5.99 5.07 6.01 6.46 3.53 4.58 5.05

Z12B06  2.76 3.72 4.54 541 4.48 5.20 5.88 3.13 4.01 4.66
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ID

Z8A00
Z8B00
Z8A02
Z8B02
Z8A04
Z8B04
Z8A06
Z8B06
Z12A00
Z12B00
Z12A02
Z12B02
Z12A04
Z12B04
Z12A06
Z12B06

EXxp.

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Average =

166

Table 3-24: Shear toughness coefficient up to s=2.5 mm in the PFRC specimens

W&R
[-]
0.99
0.97
1.10
1.10
0.89
1.00
1.24
0.94
1.00
0.82
1.09
1.13
1.19
1.27
0.87
1.34
1.06

Pfyl
G&K
[-]
1.11
1.05
1.25
1.22
0.97
1.23
1.45
1.33
1.11
0.74
1.34
1.27
131
1.45
1.11
1.62
1.22

CDM
[]
1.04
1.08
0.96
1.20
0.62
1.34
1.93
2.21
1.15
1.03
1.58
1.58
151
1.76
1.77
1.82
1.41

WE&R
[]
1.09
1.05
1.24
1.20
1.06
1.13
1.40
1.16
1.15
1.02
1.28
1.22
1.41
1.44
1.15
1.65
1.23

Kaufman et al.

G&K
[]
1.19
1.05
1.36
1.25
1.17
1.33
1.65
1.47
1.19
1.08
1.39
1.41
1.48
1.60
1.32
1.76
1.35

CDM
[-]
1.14
1.18
1.04
1.31
0.67
1.48
2.13
2.30
1.29
1.15
1.79
1.80
1.73
2.03
1.89
2.08
1.56

W&R
[]
0.90
0.89
0.99
1.00
0.79
0.89
1.09
0.89
0.89
0.72
0.93
0.98
1.05
1.11
0.81
1.14
0.94

Inverse A.

G&K
[-]
1.06
0.96
1.19
1.10
0.85
1.09
1.38
1.12
1.04
0.84
1.23
1.18
1.23
1.27
1.03
1.47
1.13

CDM
[]
0.94
0.99
0.85
1.08
0.53
1.21
1.74
2.03
1.01
0.90
1.36
1.40
1.34
1.55
1.64
1.57
1.26



Chapter 3. PFRC in small specimens

Table 3-25: Shear toughness coefficient up to w=1.2 mm in the PFRC specimens

Pfyl Kaufman et al. Inverse A.
ID Exp. W&R G&K CDM W&R G&K CDM W&R G&K CDM
[-] [-] [-] [-] [-] [-] [-] [-] [-]

Z8A00 | 1.00 0.95 1.12 1.26 1.05 1.21 1.32 0.85 1.02 1.14
Z8B00  1.00 0.89 1.02 1.17 0.98 1.10 1.23 0.81 0.94 1.07
Z8A02  1.00 1.01 1.19 1.39 1.13 1.30 1.47 0.89 1.08 1.25
Z8B02  1.00 1.03 1.20 1.41 1.15 1.31 1.48 0.91 1.10 1.27
Z8A04  1.00 1.02 1.22 1.39 1.15 1.33 1.46 0.89 1.09 1.22
Z8B04  1.00 0.97 1.17 1.35 1.10 1.29 1.43 0.84 1.05 1.20
Z8A06  1.00 1.18 1.46 1.69 1.35 1.62 1.79 1.01 1.29 1.48
Z8B06  1.00 1.16 1.50 1.81 1.33 1.66 1.92 0.97 1.28 1.56
Z12A00 @ 1.00 0.93 1.06 1.21 1.06 1.17 1.30 0.82 0.97 1.08
Z12B00 1.00 0.85 0.68 1.15 0.98 1.10 1.23 0.75 0.90 1.02
Z12A02 @ 1.00 1.17 1.40 1.60 1.35 1.55 1.72 1.00 1.25 1.40
Z12B02  1.00 1.05 1.23 1.42 1.22 1.37 1.52 0.91 1.11 1.25
Z12A04 1.00 1.16 1.33 1.56 1.35 1.48 1.67 1.01 1.20 1.37
Z12B04 1.00 1.25 1.48 1.70 1.47 1.66 1.83 1.07 1.31 1.47
Z12A06 1.00 1.12 1.38 1.55 1.32 1.56 1.68 0.92 1.19 1.31
Z12B06 1.00 1.35 1.65 1.96 1.62 1.88 2.13 1.14 1.45 1.69

Average = 1.07 1.26 1.48 1.23 1.41 1.57 0.92 1.14 1.30
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3.4.2. Concluding remarks

Twenty experimental results of the push-off test obtained in experimental campaign two
with specimens PC and PFRC were used to analytically analyse the shear stress transfer
across an open crack in PC and PFRC. Four models were used and compared to one
another. The stresses transferred by the following aggregate interlock models in PC were
considered by the simplified method proposed by Walraven and Reinhardt (W&R), the
theoretical method proposed by Gambarova and Karako¢ (G&K), the Contact Density
Model (CDM) developed by Li and Maekawa, and the theoretical model based on
Walraven’s experimental results proposed by Vecchio and Collins (V&C). The aggre-
gate interlock models were combined with three different fibre models: Thomas Pfyl’s
model, Kaufmann’s et al. model and the tensile behaviour of PFRC obtained from the
inverse analysis. As Pfyl’s and Kaufmann’s models were developed explicitly for SFRC,
these models were calibrated using some experimental pull-out results of macrosynthetic
fibres available in the literature. Moreover, the effects of specimens’ pre-compression,
as well as the confinement effect provided by the external frame, were also included in
this analysis.

It is worth mentioning that the novelty of the present numerical analysis attempts to ac-
curately reproduce the entire push-off test of the pre-cracked specimens where several
transfer mechanisms acted together. For this purpose, the present analytical model de-
termined the contribution of each transfer mechanism from the equilibrium of its normal
and shear stresses, and not from the crack path. In this way, apart from studying the
reliability of the proposed model in the literature for each transfer mechanism, the ex-
perimental campaign could also be validated.

Within this framework the following conclusions can be drawn:

a) The numerical procedure was capable of integrating the shear transfer mecha-
nism by acting in a PC and PFRC crack of pre-cracked push-off specimen. In
fact the numerical procedure could closely follow all the experimental test
stages because the parameters existing in the crack before the test, such as initial
crack and confinement, were taken into account in the models

b) Despite the four aggregate interlock models studied herein reasonably agreeing
with the experimental results, major great differences among the models existed.
In fact these differences could represent up to 100% shear stresses among the
models for determining crack openings and slip displacement. This clearly
shows that further research is needed to determine the real aggregate interlock
that acts on a shear crack when the aggregate interlock is activated, and also on
the crack opening and slip displacement where the aggregate interlock is inef-
fective to transfer cracks. Yet the aggregate interlock models that better describe
the experimental results correspond to Vecchio and Collins and Walraven and
Reinhardt, but when comparing the fracture shear toughness among the four
aggregate interlocks up to a slip displacement of 2.5 mm and crack openings of
1.2 mm, the G&K model better captured this energy
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c)

d)

Regarding PFRC, the model developed by Walraven and Reinhardt combined
with any of the three fibre models led to a good correlation with the experimental
results. This good correlation was also observed when the shear toughness up to
slip displacements of 2.5 mm and crack openings of 1.2 mm when compared to
th experimental results. A theoretical over experimental ratio of 1.07 was ob-
tained, which can be considered a reliable prediction

The stresses transferred by polypropylene fibres in a shear crack can be directly
estimated from the tensile behaviour of PFRC; i.e. from flexural residual tensile
stresses which, in this case, were determined from the prismatic specimens
tested according to EN 14651. Indeed the work done by polypropylene fibres
was probably the same in Mode | and Mode II. These results evidence that from
an engineering point of view, the shear behaviour of PFRC could be directly
determined from such well-known parameters like the residual flexural tensile
strengths obtained from the bending tests, as MC2010 suggests.

To conclude, one suggestions is that to better understand the real effect of fibres
transferring shear stresses, it is necessary to study the aggregate interlock that acts

on a shear crack in more depth. It is also necessary to standardise a shear test method

to study FRC shear behaviour as each method has its own particularities and are

generally difficult to reproduce similarly in different laboratories.

Finally, the present analytical results allowed the methodology followed to test the
pre-cracked push-off specimens to be validated.

169






Chapter 4. PFRC in slender beams

Chapter 4. STUDY OF SHEAR
IN PFRC SLENDER BEAMS
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Chapter 4. PFRC in slender beams

4.1. Introduction

This chapter presents an experimental campaign program on slender beams in reinforced
concrete (RC), polypropylene fibre-reinforced concrete (PFRC) and steel fibre-rein-
forced concrete (SFRC), both with and without (w/0) shear reinforcement.

Several research works about the shear performance of FRC have demonstrated the ef-
ficiency of fibres as shear reinforcement, especially steel fibres. In fact according to some
studies, which have examined several fibre types as shear reinforcement [137,164,168],
steel fibres better performed than macrosynthetic ones in most cases. Nevertheless, no
direct comparison between both fibre types (steel and macro-synthetic fibres) has yet
been reported. In this context, the present study aims to firstly determine the benefits of
macro-synthetic polypropylene fibres used as shear reinforcement in structural slender
beams both with and w/o transversal reinforcement (stirrups). As a second objective, a
direct shear performance comparison between PFRC and SFRC is made. Both fibre types
are dosed in concrete to present similar residual flexure tensile strength properties. This
comparison comprises the global element response, crack pattern evolution, effect of
fibres on shear transfer mechanisms and shear deformation.

To fulfil the objectives, four series of six beams that cover two different cross-sections,
two-shear span length, three concrete types and several transversal reinforcement levels
were manufactured and tested by a four-point loading system. The series of beams were
inspired in the RC beams tested by Bresler and Scordelis in 1963 [203].

4.2. Presentation of the experimental programme

The entire experimental campaign (herein ICITECH beams) consists of 24 slender beam
constituted in four series of six beams. Each series contains six different shear reinforce-
ment levels:

RC wi/o stirrups: 0A1, 0A2, 0B1, 0B2

PFRC w/o stirrups: 0AP1, 0AP2, 0BP1, 0BP2
SFRC wi/o stirrups: 0AS1, 0AS2, 0BS1, 0BS2
RC with stirrups: Al, A2, B1, B2

PFRC with stirrups: AP1, AP2, BP1, BP2
SFRC with stirrups: AS1, AS2, BS1, BS2

The geometry of beams is inspired in the classical beams series tested by Bresler-Scor-
delis in 1963 at the University of California Berkeley [203], most of which present shear
failure. The research by Bresler-Scordelis consisted of 12 beams (four series of three
beams) with a different cross-section geometry, longitudinal reinforcement ratio, trans-
verse reinforcement, span length and concrete compressive strength. Most beams, except
for those of maximum length, fail in shear, specifically due to diagonal tension (D-T) or
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shear-compression (V-C). The ICITECH beams are somewhat inspired in these two clas-
sic series of reinforced concrete beams. In fact the reproduced beams are Al
(305x552x3660 mm), A2 (305x552x4570 mm), Bl (229x552x3660 mm), B2
(229x552x457 Omm), OA1 (Al w/o stirrups) and OA2 (A2 w/o stirrups). Those beams
with a span length of 6,400 mm, “Series 3”, and with a flexure-compression (F-C) MOF,
were excluded from the experimental programme, as were the “C” series beams with a
cross-section of 155x552 mm. Two new beams were added: OB1 (B1 w/o stirrups) and
OB2 (B2 wi/o stirrups). The section of RC beams with and w/o stirrups are shown in
Figure 4-1. It is worth mentioning that beams series PFRC and SFRC present the same

cross-section as the RC ones.
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Figure 4-1: Cross-section details (units in mm)

The geometry and reinforcement details are summarised in Table 4-1. The whole pro-
gramme covers: (a) two different cross-sections (‘section A’ 305x552 mm and ‘section
B’ 229x552 mm); (b) two span lengths (‘length 1’ 3,360 mm and ‘length 2’ 4,570 mm)
as Figure 4-2 shows; (c) three concrete types: RC, SFRC and PFRC; (d) repetitions with
and w/o transverse reinforcement. It is worth mentioning that number ‘0’ in the identifi-
cation of the beam corresponding to those beams w/o stirrups, while letters ‘S’ and ‘P’
denote the beams with steel fibres and polypropylene fibre, respectively. For example,
beam 0BP2 is a beam w/o stirrups of section B manufactured with PFRC and length 2.
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Table 4-1: Geometry and reinforcement of slender beams

b h d L Span Bottom Top ) Fibres
Beam a/d Stirrups
[mm] [mm] [mm] [mm] [mm] bars  bars [kg/m3]
Series Al
OAl - -
OAP1 - PP 10
3020 2012
OAS1 - ST 30
305 552 4725 5060 3660 3.87 + +
Al 3025 1010 -
AP1 O8@330 PP 10
AS1 ST 30
Series A2
OA2 - -
OAP2 - PP 10
4020 2012
OAS2 - ST 30
305 552 4725 5970 4570 4.84 + +
A2 4025 1010 -
AP2 O8@330 PP 10
AS2 ST 30
Series B1
0OB1 - -
OBP1 - PP 10
3020 2012
OBS1 - ST 30
229 552 4725 5060 3660 3.87 + +
Bl 3025 1010 -
BP1 d8@300 PP 10
BS1 ST 30
Series B2
0oB2 - -
OoBP2 - PP 10
320 2d12
BS2 - T
OBS 229 552 4725 5970 4570 4.84 + + S10
B2 3025 1010 -
BP2 d8@300 PP 10
BS2 ST 30

Moreover, the amounts of the longitudinal and transverse reinforcements in the
ICITECH beams remained constant to the beams of Bresler-Scordelis. Hence a large
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amount of longitudinal reinforcement was used to prevent flexure failure in bending. There-
fore, the steel bars with diameters of 20 mm and 25 mm constituted the bottom longitudinal
reinforcement by providing a reinforcement amount ratio of 1.43% to 1.91%, depending on
the beam series. In addition, the bars with diameters of 12 mm and 10 mm were chosen as
the longitudinal top reinforcement, and the 8-mm stirrups anchored with 135° bends were
used in the beams with transverse reinforcement.

Finally, in order to prevent the bond failure of longitudinal reinforcement, or the influ-
ence of bond failure on other failure mechanisms, the length of beams was extended 700
mm away from the supports to ensure sufficient anchorage, as shown in Figure 4-2. Thus
no steel-end plates like those used by Bresler-Scordelis to ensure the anchorage of lon-
gitudinal reinforcement were used.

P

1830mm (a/d=3.87) l

552

Length type 1

700 7 3660 ';' 700
5060 mm
@)
2285mm (a/d=4.84) l

552

Length type 2

NeR A
700 4570 700
5970

(b)

Figure 4-2: Three-point loading scenario: load scheme for a/d = 3.87 (a) and a/d =4.84

Table 4-2 lists the mix designs of the three employed concrete types. Portland cement,
two types of crushed limestone gravel, three kinds of fine aggregate, water and super-
plasticiser were used to prepare concrete. The employed cement was CEM 1 42.5N with
a water-to-cement ratio (w/c) of 0.5. The maximum aggregate size was 20 mm. Super-
plasticiser was used to obtain the desired workability and well-distributed fibres in all
the beams. The slump flow test of the three concrete types was 612 mm on average,
evaluated according to EN 12350-8:2011 as Figure 4-3c shows.
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Double hooked-end steel fibres were used at a dose of 30 kg/m? in the SFRC elements.
Fibres were 0.9 mm in diameter and 60 mm long, with a nominal aspect (length/diame-
ter) ratio equalling 65. Tensile strength and modulus of elasticity were 2.300 MPa and
210.0000 MPa, respectively. Macrosynthetic fibres, 48 mm long with a nominal aspect
(length/diameter) ratio equalling 57 and a density of 0.91g/cm?, were used in the PFRC
beams, which amounted to 10 kg/m?. Tensile strength and modulus of elasticity were
400 MPa and 4.7 GPa, respectively. Steel reinforcement bars were evaluated according
to EN-1SO 6892-1[204]. The yielding stress fy and ultimate stress f, of the rebars were
518MPa and 660MPa for the 8 mm bar, 526 and 670 for the 10 mm bar, 529 and 640 for
the 12 mm bar, 579 and 662 for the 20 mm bar, and 579 and 662 for the 25 mm bar.

Table 4-2: Mix design of reinforced concrete, SFRC and PFRC

Cement CEM | 42.5N [kg/m?] 350
Crushed sand type 1 [kg/m?®] 482
Crushed sand type 2 [kg/m?®] 168
Crushed sand type 3 [kg/m®] 482
Gravel 6/12 mm [kg/m?] 591
Gravel 12/20 mm [kg/md] 118

10 (PFRC) Vi=1.1%
30 (SFRC) Vi=0.38%
3.5 (RC)
Superplasticiser [It/m?] 3.8 (SFRC)
4.7 (PFRC)

Fibres [kg/m?]

The mix design for RC, SFRC and PFRC was carried out to achieve a compressive con-
crete strength of 35 MPa. Beams were manufactured in a precast plant. Eighteen concrete
batches of approximately 1.0 m® were needed to manufacture the 24 beams. Reinforcement
was placed inside steel formworks (see Figure 4-3a). Then formworks were filled with con-
crete using a concrete pocket to avoid aggregate segregation (see Figure 4-3b). Nevertheless,
as concrete workability was high, there was no need to use mechanical vibration to disperse
the concrete inside formworks. Steel formworks were removed from the beams the next day
after casting. Beams were cured inside the plant, and were transported to the ICITECH facil-
ities after 28 casting days.
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(@) (b) ©

Figure 4-3: Manufacturing beams: formworks (a), full cast beam (b) and slump flow test (c)

In order to determine the mechanical properties of RC and PFRC, the samples of the
concrete from each batch were used to obtain 48 cylindrical specimens of 150 x 300 mm
and 24 prismatic (150x150x600 mm) beam specimens. These specimens were cured under
the same environmental conditions as beams.

Cylinder specimens were used to determine the concrete compressive strength (fc) and
their modulus of elasticity (Ec). Uniaxial compression tests were carried out according
to EN 12390-3 [196]. Increased loading was applied at a rate of 0.6 MPa/s. Four cylinder
specimens were tested per cast batch. Modulus of elasticity was determined according to
EN 12390-13 [197]. As shown in Table 4-3, the average compression strengths were
40.56 MPa for RC, 39.74MPa for SFRC and 43.6MPa for PFRC. The concrete charac-
teristic compression strengths (f«) were 37.18 MPa, 36.54 MPa and 40.56MPa for RC,
SFRC and PFRC calculated with a reliability factor value (K) of 1.84, 1.77 and 1.96,
respectively.

The residual flexural tensile strengths of PFRC were tested according to EN 14651 [15].
Three-point bending test setups were chosen. Load was applied at a rate of 0.05 mm/min
until CMOD=0.1. After CMOD=0.1, the rate was gradually increased to 0.20 mm/min.
Table 4-3 summarises the flexural strength (f.) and the residual flexural tensile strength
(frj ; j=1 to 4) for CMOD (crack mouth opening displacement) of 0.5, 1.5, 2.5 and 3.5
mm.

Figure 4-4 exhibits flexural tensile stress vs. the CMOD curves of each employed con-
crete. Both FRC types displayed typical postcracking behaviour, which consisted in a
load drop after the peak load, followed by stable behaviour up to a CMOD of 3.5 mm. It
should be noted that both FRC types gave a similar response to one another, as seen in
Figure 4-4a and b. Finally, the obtained residual results met the MC2010 requirements
[7] for using fibres in structural elements because fr1/ fu > 0.40 and fr 3/ fr1 > 0.50, as
far as the mean values were concerned. The material postcracking strength of SFRC and
PFRC was classified as 3d and 3e according to MC2010 [7]. The characteristic fr1 and
fr3 values were 1.70 MPa and 2.28 MPa for SFRC (k = 1.35 and 1.49), and 2.19MPa
and 3.34MPa (k = 1.53 and 1.45) for PFRC.
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Fibre density was also evaluated using the prismatic specimens. Fibres were visually
counted on the cracking plane after testing. As Table 4-3 shows, SFRC presented a wider
variability in the number of fibres than PFRC. This phenomenon was because the number
of steel fibres in the matrix was smaller than in PFRC. Thus the probability of fibre
dispersion was greater in SFRC than in PFRC.

Table 4-3: Concrete mechanical properties.

Property RC SFRC PFRC
40.59 39.74 43.6
fc [MPa] (0.05) (0.05) (0.04)
29972 29282 29878
Ec[MPa] (0.03) (0.05) (0.04)
451 4.86 4.57
fL [MPa] (0.06) (0.08) (0.08)
3.16 2.94
fr1[MPa] - (0.33) (0.17)
3.95 4.28
fr2[MPa] - (0.31) (0.20)
4.01 471
fra [MPa] - (0.30) (0.20)
3.88 4.77
fra [MPa] i (0.31) (0.20)
_ _ 0.242 0.602
2 -
Fibres [fibres/cm?] (0.21) (0.16)
9.0 9.0
Strees Strees
8.0 1 MPa] 8.0 1 MPa]
7.0 70
60 - 6.0 ‘

5.0 A

[Mean‘ ‘U T
4.0 \/———\ 4.0
3.0 {1  Characteristic| | 3.0
20 { W=7 e N — 20 -7
1.0 ’ j 1.0 #
CMOD [mm] CMOD [mm]

00 T T T T 00 T T T T
00 05 10 1.5 20 25 30 3540 00 05 1.0 1.5 20 25 3.0 35 40

Figure 4-4: Nominal stress vs. CMOD response in line with EN14651[15] for SFRC (a) and
PFRC (b)

Characteristic
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4.3. Test setup and instrumentation

Beams were subjected to a three-point bending test, as indicated in Figure 4-5a. A servo-
hydraulic jack of 1,000 kN was used, which was connected to a universal testing ma-
chine. The test was carried out under the displacement control conditions of deflection
at the mid-span. Load was applied to all the beams at an average constant deflection rate
of 0.30+0.10 mm/min. Steel plate used to transfer the load to the beams was
140x100x300 mm.

In order to measure displacements, nine potentiometric displacement transducers (PTSs)
were used as shown in Figure 4-5a and Figure 4-5b. One was utilised for measuring
deflection at the mid-span (PT50mm), and two as supports for capturing undesired ver-
tical movements (PT125mm). Two horizontal devices (PT50mm) were located at the
mid-span to measure the average strain in the compression and tension chords. Another
set of two potentiometric (PT125mm) displacement transducers was placed with some
inclination on the shear span to record the diagonal cracking induced by shear (see Figure
4-5b). Finally, two other devices (PT50mm) were placed at the top of the specimen,
between the loading application point and supports.

Both supports (pinned and roller ones) were constituted by steel plates of
350x350x20mm.

In order to allow the horizontal displacements of the beam due to bending and shearing
deformations, one of the used supports was a roller support and the other was a pinned
support.

It is worth noting that the instruments were placed on only one of the two lateral beam
faces (see Figure 4-5c). On the remaining lateral beam face, a 100x100 mm grid was
painted to capture high-resolution images of the surface. For this purpose, four high-
performance cameras (21 Mega pixels) were set up to take pictures every 10 seconds
throughout the test (see Figure 4-5d).

These digital images were used to study the influence of fibres on the crack patterns,
shear deformation and crack kinematics of the beams, as indicated in the following sec-
tion. The methodology employed to process images was similar to that proposed by Dias-
da-Costa [205].

It is noteworthy that prior to the photogrammetry measurements, the intrinsic and extrin-
sic distortions in the images were corrected by an initial dot pattern. The measurements
taken by photogrammetry were validated by those obtained with the potentiometric dis-
placement transducers.
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Figure 4-5: Beams test setup (), picture of instrumentation (b), picture of cameras setup (c)
and target points (d)
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4.4. Experimental results and discussion

The maximum applied load (P.), deflection at the mid-span (d.) at maximum load, shear
strength (Vu), including the element’s self-weight, nominal shear strength (vy), normal-
ised shear strength (vu/(fo)%®), flexural moment (M) and estimated flexural strength
(My,car), and the MOF of each beam, are presented in Table 4-4. The shear strength (V)
of each beam was determined as half the resisted maximum load (P,). The self-weight
of each beam was calculated at a distance equal to the effective depth (d) from the bear-
ing plate edge. Mid-span deflection () was corrected using the vertical reading obtained
with the LVDTSs placed on the bearing plates (Figure 4-5a).

Three well-known and accepted MOFs in slender beams were addressed in:

e Diagonal —tension (DT), a brittle failure that takes place in slender beams with
no or very little shear reinforcement

e The shear — compression (VC) MOF presents many inclined cracks, which grow
and reduce the compression zone, with the beam failing at the end by splitting
in the compression zone

e  The flexure-compression (FC) MOF a ductile failure that occurs when flexural
cracks progress until they reach the compression zone and concrete starts crush-
ing after yielding the longitudinal reinforcement

Figure 4-6 shows the load-deflection responses of the 24 beams arranged in four graphs
(Figure 4-6a to Figure 4-6d) corresponding to series Al, A2, B1 and B2, respectively.
This makes it easier to study the effect of fibres and transverse reinforcement on shear
behaviour in each case.

As shown in Figure 4-6 and Table 4-4, the beams that accomplished the lower load ca-
pacity corresponded to the RC beams (0A1, 0A2, 0B1, 0B2), which contained neither
fibres nor stirrups. All those beams containing fibres (steel or polypropylene) achieved
a higher load capacity compared to their RC w/o stirrups counterparts, and obtained a
38% average extra capacity in series Al and A2, and one of 29% in series B1 and B2.
Indeed for series Al and A2, the peak load (P,) was comparable to that achieved by the
RC beams with stirrups (Al and A2). However in series B1 and B2, this behaviour was
not observed in both FRC beams because fewer fibres crossed the diagonal cracks due
to a narrower section width.

For the beams with stirrups and fibres, fibres provided extra load capacity with a 39%
average in series Al and A2, and one of 13% in series B1 and B2, compared to the RC
beams with stirrups.

In all the beam series, as seen in Figure 4-6, the initial stiffness in the load-deflection
response was similar in all the beam types. In fact the fibres in the PFRC and SFRC
beams w/o stirrups allowed them to reach similar deflection levels to the RC beams with
stirrups in series Al and A2. For series B1 and B2, fibres did not confer elements PFRC
and SFRC the similar characteristic to the RC beams with stirrups in load and deflection
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terms. Nevertheless, the results evidence that the fibres (steel and polypropylene) in all
the beam series improved both the peak load and deflection, which imply more ductility
and strength.

Beam

OA1l
OAP1
OAS1

Al

AP1

AS1

OA2
OAP2
OAS2

A2

AP2

AS2

OBl
OBP1
OBS1

B1

BP1

BS1

0OB2
OBP2
OBS2
B2
BP2
BS2

a/d
[-]

3.87
3.87
3.87
3.87
3.87
3.87

4.84
4.84
4.84
4.84
4.84
4.84

3.87
3.87
3.87
3.87
3.87
3.87

4.84
4.84
4.84
4.84
4.84
4.84

Table 4-4: Summary of the tested beam results

Pu
[kN]

312.11
446.68
466.47
472.71
695.30
682.20

339.03
486.26
455.59
478.39
678.60
658.07

274.97
361.73
309.86
468.01
555.56
546.22

226.37
295.60
326.89
439.57
487.37
492.74

du
[mm]

5.74
15.81
15.62
16.31
29.78
24.62

12.06
28.02
30.94
25.96
35.49
40.06

7.48
15.30
10.92
17.69
18.60
20.57

10.01
18.02
18.65
31.62
32.37
29.32

Vu Vu
[kN]  [MPa]
Series Al
160.96 1.12
22824 1.58
238.14 1.65
24125 1.67
35255 2.45
346.00 2.40
Series A2
176.29 1.22
24990 1.73
23457 1.63
24596 1.71
346.07 2.40
33581 2.33
Series B1
141.17  1.30
18455 1.71
158.57 1.47
23766 2.20
28143 2.60
276.75 2.56
Series B2
118.28 1.09
15290 1.41
168.53 1.56
22486 2.08
24877 2.30
25145 2.32

Vu/(fc)AO.S Mu/M u,cal

[-]

0.18
0.24
0.26
0.26
0.37
0.38

0.19
0.26
0.26
0.27
0.36
0.37

0.20
0.26
0.23
0.34
0.39
0.41

0.17
0.21
0.25
0.33
0.35
0.37

[-]

0.51
0.64
0.69
0.76
0.99
1.00

0.55
0.72
0.70
0.76
1.00
1.00

0.47
0.56
0.50
0.78
0.86
0.87

0.49
0.58
0.66
0.93
0.95
0.98

MOF

DT
DT
DT
VC
VC
FC

DT
DT
VC
VC
VC
VC

DT
DT
DT
VC
VC
VC

DT
DT
DT
VC
FC
VC
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Figure 4-6: Load vs. deflection curves: series Al (a), A2 (b), B1 (c), and B2 (d)

4.4.1. Validation of the experimental results

As some of the ICITECH beams (RC beams) equal those tested by Bresler and Scordelis,
the present experimental results are compared against the experimental results obtained
by Bresler and Scordelis (B&S) in 1963. Moreover, the present experimental campaign
is compared to the results obtained by Vecchio and Shim (V&S) [206] in 2004. Figure
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4-7 presents the aforementioned comparison of beam series Al (beams Al, 0AL), series
A2 (beams A2 and 0A2), series B1 (beam B1) and series B2 (beams B2).

TLoad SeriesAl Cload  lSeriesA2
Load Load
500 - 467,12.2) (472,16.3) ;. 500 - (478;25,9)
[kN] ¢ ) (459:18.8) [kN]  (450:18.8)
pan A A
400 - (334:6.6 V “ 400 - ~ s
( ), /7 \‘ (356:11.7)y (459:18.8)
200 - ’/,W@Sl;al) | 300 (339;12.0) 4(320,132)
[ Ne1257) [—ALBE&S / | [—AzBas
N —ALV&S I/ | —A2Vve&s
200 4 4/ —AliciTECH || 200 7 | —A2ICITECH
/ g —O0A1 B&S || —0A2B&S
1/ a —0A1 V&S 1/ | —0A2 V&S
100 // _oaticitecH| 00 / | —0A2 ICITECH
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Figure 4-7: Comparison of the Bresler-Scordelis, Vecchio-Shim and ICITECH beams

As seen in Figure 4-7a to d, a similar trend in the load-deflection responses was observed
among the Bresler-Scordelis (B&S), Vecchio-Shim (V&S) and ICITECH beams despite
certain differences in their material properties. Figure 4-7 also the peak load (P.) and
deflection at the peak load (dy) of each experimental test in brackets. If the peak loads
are compared of the three experimental tests, the ratio of the peak load between the
ICITECH and B&S beams (Pygs /Py, ICITECH), ranges from 0.91 to 1.07 (an average
of 0.99 with a 6% coefficient of variation. In addition, the ICITECH beams generally
achieved greater deflection upon the peak load compared to their Bresler counterpart
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beam, whereas the VVecchio-Shim beams achieved less load and more deflection than the
ICITECH beams in most cases.

As regards the achieved MOF, we can see than the ICITECH beams presented an equal
MOF to the Bresler and Scordelis ones, i.e. DT for those RC beams w/o stirrups and VC
for the beams with stirrups. These results about MOF, as well as strength and deflection,
validate the present experimental campaign, which ensures that the methodology and
procedures used in the tests of all the beams are reliable.

4.4.2. Mode of failure (MOF)

Although it has been shown that fibres provide extra strength and less brittleness to the
element, the effectiveness of fibres to change the MOF from a brittle to a ductile one is
experimentally studied in this section. To do so, and in order to better visualize the MOF
of all the beams, Figure 4-8 and Figure 4-9 present the crack pattern of the beams after
their failure.

The RC beams w/o stirrups (0AL, A2, 0B1 and B2) were characterized to presenta DT
mode of failure. These beams showed a single main critical diagonal crack opening of
around 0.4 mm before collapsing, which caused instantaneous brittle-like failure with no
ductility when P, was reached. The same MOF was also observed in all the FRC beams
without stirrups, except for beam 0AS2, which failed in shear-compression (VC). Nev-
ertheless unlike the RC beams wi/o stirrups, the PFRC w/o stirrups (0AP1, 0AP2, 0AS1,
0AS2,0BP1, 0BP2, 0BS1 and 0BS2) presented more diagonal cracks. In fact prior to the
peak load, several main diagonal cracks appeared on both beam sides, as seen in Figure
4-8 and Figure 4-9. Failure occurred when one of the main diagonal cracks reached the
loading point. Nevertheless, it is worth mentioning that although the MOF of the PFRC
non-stirrup beams remained unaltered compared to their corresponding RC beams, the
main diagonal shear crack behaviour differed as it was less fragile and more predictable.
So it can be classified as a controlled diagonal tension (C-D-T) MOF.

The RC and FRC beams with stirrups failed in shear-compression (VC) in most cases.
However with AS1 and BP2, the MOF changed from shear-compression (VC) to flex-
ural-compression (FC). This change was due to the high bending moment level achieved
at the peak load. As seen in Table 4-4, coefficient My/Myca came close to 1 for those
beams for which stirrups and fibres were combined, which means that shear failure or
flexure failure can indistinctly occur.

As observed, although the inclusion of both polypropylene fibres in the 10 kg/m? and
steel fibres in the 10 kg/m® ones led to similar shear strength and ductility as stirrups
(especially in series Al and A2), they were not capable of changing the MOF compared
to the RC beams w/o stirrups. In other words, stirrups were more effective than fibres in
redistributing internal stresses when a main diagonal crack appeared. However, the effi-
ciency of fibres in controlling the main diagonal crack and in reducing the brittleness of
failure should be highlighted.
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When fibres were combined with stirrups (beams AP1, AP2, AS1, AS2, BP1, BP2, BS1
and BS2), and as beams were doubly reinforced in shear, fibres were capable of delaying
shear failure. This allowed flexural failure, as flexural-compression, to take place rather
than shear failure, which occurred in beams AS1 and BP2.
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Figure 4-9: Crack pattern at failure of series B1 and series B2.
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4.4.3. Synergy effect between fibres and stirrups
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Beam

OAl
Al
OAP1
OAS1
AP1
AS1

OA2
A2
OAP2
OAS2
AP2
AS2

OBl
Bl
OBP1
OBS1
BP1
BS1

OB2
B2
OBP2
OBS2
BP2
BS2

Vu
[MPa]

1.12
1.67
1.58
1.65
2.45
24

1.22
1.71
1.73
1.63
24
2.33

1.3
2.2
1.71
1.47
2.6
2.56

1.09
2.08
1.41
1.56
2.3
2.32

Table 4-5: The obtained experimental synergy

Vu /(fc)0'5
[-]

0.18
0.26
0.24
0.26
0.37
0.38

0.19
0.27
0.26
0.26
0.36
0.37

0.2
0.34
0.26
0.23
0.39
0.41

0.17
0.33
0.21
0.25
0.35
0.37

Ve

Series Al

0.18

Series A2

0.19

Series B1

0.20

Series B2

0.17

Vs

0.08

0.08

0.14

0.16

\'%

0.06
0.08

0.07
0.07

0.06
0.03

0.04
0.08

E =Vc +V5 +Vf

0.32
0.34

0.34
0.34

0.40
0.37

0.37
0.41

Synergy

0.05
0.04

0.02
0.03
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A synergy effect among concrete, steel and fibre was also identified in beams PFRC and
SFRC. Table 4-5 shows the experimental synergy of all the beam series, in which each
resistance was decoupled in concrete (v¢), stirrups (vs) and fibre (vi), and was finally
normalised according to the corresponding square root of concrete compressive strength.
The synergy effect occurred in series Al and A2. The following results were obtained
when evaluating synergy in both series: PFRC Al beams 0.05 MPa/MPa, SFRC Al
beams 0.04 MPa/MPa, PFRC A2 beams 0.02 MPa/MPa and SFRC A2 beams 0.03
MPa/MPa. This scenario respectively represents greater fibre resistance efficiency from
5% to 15%.

In addition, this synergy effect did not occur in series B1 and B2, where the synergy was
negative in three of the four cases (see Table 4-5). This finding respectively represents
decreasing fibre resistance from 3% to 10%. This behaviour probably occurred because
the width of section B, compared to section A, was narrower, and only a few fibres
bridged cracks. It is worth noting that this synergy effect occurred when contributions of
both fibres and stirrups were similar to one another, which was the case of series A, but
not of series B, in which the contribution of fibres was less than half the contribution of
steel (see Table 8). The results also indicated that synergy did not always occur. Further
research should be conducted to increase knowledge about a synergy effect between fi-
bres and stirrups.

4.4.4. Comparison between beams SFRC and PFRC

When comparing performance between the steel and polypropylene fibres, Table 4-4,
Figure 4-6, Figure 4-8 and Figure 4-9 show that both FRC types presented similar be-
haviour in terms of strength, deflection, MOF, and even synergy. In fact the differences
in shear strength between both FRC types were 5.5% (average) in series Al and A2, and
14% in series B1 and B2. Moreover, both fibre types performed similarly in narrower
sections (0BP1, 0BP2, 0BS1 and 0BS2), but did not achieve a similar load response to
their RC counterparts with stirrups (B1 and B2). This performance indicates that the
introduced amount of fibres (steel and macrosynthetic in residual-flexural strength
terms) was not comparable to the reinforcement provided by the stirrups in series B1 and
B2.

Moreover, despite SFRC presenting more scatter results in post-cracking behaviour
terms (residual flexural tensile strengths f_ and frj) than PFRC, the structural perfor-
mance of both FRC beam types was similar. This phenomenon may be due to a greater
scatter of the amount of fibres that crossed the crack in the bending tests compared to the
inclined cracks in the full-scale beams. In the former, it was more likely that fewer fibres
crossed the section of the specimen in a good orientation (150 mm x 125 mm after mak-
ing the notch). Moreover, this phenomenon evidenced the importance of in-depth
knowledge about fibre orientation, especially when using low-fibre contents.
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In order to observe if any difference appeared between beams SFRC and PFRC, the
crack-pattern of the four series was studied at different load levels using the high-reso-
lution images captured during the test. The load analysed levels ranged from 100 kN to
the failure of beams. At each load level, the crack evolution in the dowel zone, the
uncracked compression zone, number of cracks, crack kinematics and the effect of fibres
on stirrups were compared between SFRC and PFRC.

4.4.4.1 Crack pattern analysis

Figure 4-10 and Figure 4-11 display the crack pattern evolution of series Al from 100
kN to the peak load of each beam. The shown range of crack openings corresponds to
cracks from 0.5 mm onwards. It is worth noting that the crack pattern evolution of series
A2, B1 and B2 is fully presented in Annexe C.
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190



Chapter 4. PFRC in slender beams

As seen in Figure 4-10a and Figure 4-11a, a limited number of flexural cracks was pre-
sent in all the beam series at the 100 kKN load. The numbers of flexural cracks in the
beams w/o stirrups were slightly higher and were closer to one another than their coun-
terparts with stirrups. In fact for the beams with stirrups, flexural cracks were usually
located in the same position as stirrups. No clear differences appeared between beams
SFRC and PFRC. The first observed crack appeared at an average load of 73kN for series
Al, 78kN for A2, 60kN for B1 and 55kN for B2.

At 200kN, flexural cracks had propagated and some inclined towards the loading point,
while new flexural cracks appeared. At this load level, inclined cracks started appearing
at 115kN on average in series Al and A2, but at 91 kN in series B1 and B2, which is the
equivalent to a web stress of 0.43 MPa in the web. The appearance of inclined cracks led
to a change in stiffness in the load-deflection response (see Figure 4-6).

The third analysed phase involved comparing the performance of all the beam types w/o
stirrups at the maximum load immediately before the failure of the RC beams w/o stir-
rups (312kN, 339kN, 274kN and 225kN for 0AL, 0A2, 0B1 and 0B2, respectively). At
these load levels, the first observed difference was a critical diagonal crack occurring on
the RC beams, which propagated very quickly towards the loading point. This did not
happen in beams SFRC and PFRC. Failure occurred on the RC beams when a secondary
crack, which ran in parallel to longitudinal reinforcement, grew from an inclined crack
and propagated towards one of the supports (see Figure 4-10c).

4.4.4.1.1.Number and separation of cracks

In all the beams RC, SFRC and PFRC, flexural cracks were the first to be observed,
followed by inclined cracks with increasing load. However, most flexural cracks did not
become inclined cracks. At this point, it was necessary to examine why not all the flex-
ural cracks turned into shear cracks. Bazant et al. [207] experimentally defined two crack
types. the first being those that develop up to the neutral axis (also called secondary
flexural cracks), and the second being those that pass the neutral axis (commonly known
as major flexural cracks [208]). Only the second crack type is critical in slender beams
because they turn into shear cracks.

In order to observe the effect of both fibre types on the crack pattern of beams within
this framework, the separation of the major flexural cracks and the inclined cracks is
determined and compared among the RC, SFRC and PFRC beams w/o stirrups. The sep-
aration was evaluated at the maximum load of the RC beams and is presented according
to effective depth (d).

Figure. 4-12 presents the crack separation of the flexural cracks in the beams w/o stir-
rups. The major flexural cracks in the RC beams went from 0.44d to 0.47d, from 0.37d
to 0.41d in SFRC, and from 0.39d to 0.43d in PFRC. As we can see, both fibre types
narrowed the major flexural crack spacing. The reductions in crack spacing reached val-
ues up to 20% in some beams series.
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Figure. 4-12: Flexural crack spacing in the beams w/o stirrups

Regarding inclined cracks, the FRC beams presented less inclined and more separated
cracks than their counterpart did in RC. In fact the average separation between cracks at
the RC peak load was 0.47d, 0.41d and 0.42d for beams RC, SFRC and PFRC beams
w/o stirrups, and 0.50d, 0.45d and 0.39d for beams RC, SFRC and PFRC with stirrups.
We can see in Figure 4-10 a and Figure 4-11a that the number of inclined cracks in FRC
increased with at a higher load level. Hence the average crack separation of inclined
cracks at the peak load dropped to 0.38d and 0.42d in the SFRC and PFRC beams w/o
stirrups, and to 0.36d for SFRC and PFRC with stirrups.

Based on the presented results, fibres influenced the formation of major flexural cracks
and, hence, the inclined shear cracks. The separation between inclined cracks was around
12% in SFRC and 11% in PFRC (average values). We underline that the reduction in the
spacing provided by both fibres was almost the same in the present experimental cam-
paign However, this reduction differed from that reported in the literature (38% reported
by Kwak et al. [110] with SFRC specimens).

4.4.4.1.2.Influence of fibres on the uncracked zone

The uncracked zone is one of the shear transfer mechanisms in RC beams. Although no
consensus has been reached about its exact contribution, some authors have estimated
that is over 20% of a beam’s total shear strength [82].

Within this framework, the uncracked compression depth was measured and compared
(at the peak load of the RC beam) among the RC, PFRC and SFRC beams w/o stirrups
in Figure 4-13. It can be seen that the beams with the lowest uncracked depth value
correspond to RC (0AL, 0A2, 0B1 and 0B2), with depths from 95 to 148 mm. The depths
for the FRC beams obtained significantly higher values (44% more depth on average).
This effect is seen in Figure 4-10a, where the tip of the larger diagonal crack is delimited
by dashed lines. This effect was more notorious in series Al and A2, whereas it was less
significant in series B1 and B2.
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Figure 4-13: Comparison of compression zone depth

It is worth noting that, as shown in Figure 4-10a and Figure 4-13, both SFRC and PFRC
presented very similar uncracked depths. This increment in the uncracked compression
zone evidenced that both fibre types could control crack propagation similarly; i.e.,
bridging and transferring stresses through crack faces [151]. This effect allows the
uncracked zone to continue resisting shear for longer times. In fact with the increment in
load from 312 to 400kN in series Al (see Figure 4-10a), the inclined cracks in the FRC
beams continued propagating through the uncracked zone to almost reach the loading
point. Nevertheless, although the depth of the uncracked zone was small from 400kN,
the FRC beams remained stable and continued resisting the increment in load up to fail-
ure. This effect was probably due to the great effectiveness of fibres (steel or polypro-
pylene) in redistributing stresses inside beams.

4.4.4.1.3. Influence of fibres on the dowel zone

Similarly to the crack pattern presented in Figure 4-10c, a crack over longitudinal rein-
forcement was observed in all the RC beams w/o stirrups prior to their failure. The ap-
pearance of this crack is commonly related to the shear transfer provided by longitudinal
reinforcement, also known as dowel action. During the test, this secondary crack also
appeared one instant before beam failure, and propagated abruptly towards the support
(see Figure 4-8 and Figure 4-9) and caused the failure of the RC elements. In fact the
opening of this secondary crack reached 0.166 mm, 0.171 mm, 0.120 mm and 0.119 mm
in beams 0A1, 0A2, 0B1 and 0B2, respectively. It is worth noting that this mechanism
of failure is commonly presented in the diagonal tension (DT) MOF [209] where, due to
abrupt dowel crack opening, a sudden reduction in shear, transferred by the aggregate
interlock, occurs in diagonal cracks [208]. Some authors [210,211] have estimated that
the mechanism of dowel action contributes approximately 15-50% of the element’s total
shear strength.
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With the SFRC and PFRC beams w/o stirrups, this secondary crack did not appear at the
peak load of their counterpart in RC (312kN in series Al, 339 in series A2, 274 in series
B1 and 226 in series B2). In fact the appearance of the dowel crack was significantly
delayed and, as seen in Figure 4-10a, the crack was not detected up to 400kN in series
Al. This behaviour also was observed in series A2, B1 and B2 (see Annexe C)

With incremented load, more secondary cracks continued to appear in both shear spans
of the RC beams. Indeed at the peak load of the PFRC and SFRC beams w/o stirrups,
the dowel zones (along longitudinal reinforcement) were badly damaged, and presented
multiple cracks over a 2-mm crack opening (see Figure 4-10a).

These results evidence the positive influence of fibres on delaying and controlling this
secondary dowel crack. In fact unlike what happened with the RC beams, this dowel
crack control probably allowed interlock aggregation by acting for longer on diagonal
cracks. When analysing the crack pattern of each beam with their corresponding load-
deflection response (see Figure 4-6), the extra ductility presented in the FRC beams was
directly related to cracks developing all over the dowel zone.

Some of these effects of fibres in the dowel zone have been observed exclusively in the
SFRC beams by other authors [212,213]. Some authors have also evidenced that the
major contribution of fibres to shear corresponds to improvement in the mechanism of
dowel action [84]. Nevertheless with the present experimental campaign results, in ad-
dition to confirming the efficiency of fibres in dowel action, these benefits were not ex-
clusive to steel fibre because this also occurred with polypropylene fibres. In fact as
shown in Figure 4-10, both types of FRC types (SFRC and PFRC) presented a similar
crack pattern in the dowel zone, which clearly indicates that this shear mechanism acts
similarly in both FRC cases.

4.4.4.1.4. Influence of fibres on crack kinematics

In order to study the crack kinematics of the RC, PFRC and SFRC beams w/o stirrups,
it is necessary to firstly understand the exact behaviour of diagonal cracks. For this anal-
ysis, series Al was selected, as was the series in which, despite the effectiveness of fi-
bres, all the beams w/o stirrups (0A1, 0AP1, and 0AS1) presented a similar MOF.

Figure 4-14 depicts a comparison of the crack opening and crack slip of the main diago-
nal shear crack among beams 0A1, 0AP1 and 0AS1. In all cases, the crack was measured
at the mid-section. It is worth mentioning that measures were evaluated by photogram-
metry techniques.
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Figure 4-14: Crack kinematics of the beams w/o stirrups in series Al

As seen in Figure 4-14a, all the cracks behaved similarly up to approximately 200 kN.
However after this load level, the crack openings of PFRC and SFRC remained closer
compared to RC. The crack openings at the maximum load were 0.45, 4.01 and 4.43 mm
for 0AL, 0AS1 and 0AP1, respectively. Similar trends were observed in the slip behav-
iour between both FRCs, while beam 0AP1 presented slightly more slip. It is important
to mention that, although the difference in crack opening and crack slip at 312kN was
relatively small, these measurements confirmed the effectiveness of both fibre types in
bridging the crack, and also in delaying the crack propagation rate towards the loading
point.

As observed in other mechanisms, both types (steel and polypropylene) seemed to simi-
larly influence the crack shear transfer (aggregate interlock and fibres). In fact this result
also confirms the experimental test results obtained after testing the pre-cracked push-
off specimens (see Section 3.2) used to study the shear transfer in the small elements of
SFRC and PFRC.

4.4.4.1.5. Effect of fibres on stirrup performance

In order to see the effect of fibres on stirrup performance, a comparison of load upon
stirrup yielding is presented in Table 4-6. The average stirrup strain was measured at a
distance of an effective depth (d) from the loading point in the shear span, which pre-
sented the critical diagonal crack. The considered stirrup yielding strain was 0.0026
mm/mm if we bear in mind the yield stress of the tested 8-mm bars (see
Section 4.2) and Es = 200,000 MPa. It is worth noting that, although the measurements
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taken over concrete did not exactly represent the strains in stirrups, they would provide
an average strain of stirrups and the effect of fibres on them.

As shown in Table 4-6, in the beams that contained fibres, stirrups started to yield at
higher external loads than in the RC ones, i.e. fibres allowed stirrups to contribute less
to shear and delayed their yielding. In fact the increment in load provided by fibres went
from 15% to 40%, depending on the studied beam series. Nevertheless, these increments
were not observed in series B2, where the load upon stirrup yielding was the same among
beams.

Finally, we underline that although, in this case, the contribution between steel and pol-
ypropylene fibres was not the same, as evidenced by the polypropylene fibres being ef-
fective steel fibres in delaying stirrup yielding.

Table 4-6: Measurements of stirrups upon yielding

Load upon Increment of load
Beam  stirrup yield- upon stirrup
ing [kN] yielding [%0]
Al 410.63
AS1 526.17 28%
AP1 575.49 40%
A2 378.97
AS2 504.74 33%
AP2 561.22 48%
B1 375.66
BS1 430.39 15%
BP1 448.94 20%
B2 302.27
BS2 294.41 -3%
BP2 300.15 -1%

4.4.5.Shear deformation

In order to understand the shear ductility provided by fibres, the experimental shear-
strain (yxy) was evaluated. To do so, the displacement of the corners targets was measured
during the test by photogrammetry techniques. Then based on the theory of the finite
element models, these displacements were transformed to strains using the kinematic
equations of a 4-node quadrilateral element (see Figure 4-15). It should be mentioned
that displacements were evaluated only in that shear span on which the main diagonal
crack appeared. Thus in order to determine the total strain of the selected shear span,
shear strains 1 and 2 were averaged as shown in Figure 4-15.
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Figure 4-15: Scheme of the area used to measure shear strain

Table 4-7 summarises the shear-strain achieved at the peak load (P,) of the total experi-
mental programme. The RC beams presented the lowest shear strain. The maximum
shear-train among the RC beams w/o stirrups was approximately the same: 0.000632
mm/mm. Moreover, the SFRC and PFRC beams w/o stirrups presented a 10-fold higher
shear strain than their counterpart in RC. This strain was relatively similar to that corre-
sponding to the RC beams with stirrups. As shown in Figure 4-16, which presents the
load-shear strain response of series A1, similar strain stiffness values were observed for
all the beams up to approximately 325kN (1.15 MPa), from which point stiffness de-
creased. This reduction in stiffness coincided with the occurrence of secondary cracks
due to dowel action, as shown in Figure 4-10a. After this point, shear strain increased
considerably until failure.
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Figure 4-16: Load vs. Shear Deformation, series Al
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Regarding the beams reinforced with stirrups, and as observed in Figure 4-16 and Table
4-7, similar shear strains were achieved in the three concrete types (RC, SFRC and
PFRC). This similar strain behaviour was also observed when both fibres were compared
in the elements with and w/o stirrups.

The contribution of fibres to deflection is observed in Figure 4-17 (for series Al), where
the contribution of shear deformation to vertical deflection is represented and compared
with flexural and total deflection. Shear deflection was calculated by multiplying shear
span length (a) by the previously determined average shear strain. Total deflection was
experimentally measured during the test at the mid-span.

Table 4-7: Shear strain and deflection of beams

Pu ou Yxy,Pu éu,shear 5u, bending
M peN]  fmml [ [mm]  [mm]
Series Al
OAl 31211 5.74 0.000636 1.16 4.58
OAP1 446.68 15.81 0.005941 10.87 494
OAS1 466.47 15.62 0.005186 9.49 6.13
Al 47271 16.31 0.005233 9.58 6.73
AP1  695.30 29.78 0.006324 11.57 18.21
AS1 682.20 24.62 0.005587 10.22 14.40
Series A2
OA2 339.03 12.06 0.000659 1.50 10.56
OAP2 486.26 28.02 0.007214 16.48 11.54
OAS2 45559 30.94 0.007839 17.91 13.03
A2 478.39 25.96 0.005954 13.60 12.36
AP2 678.60 3549 0.005528 12.63 22.86
AS2 658.07 40.06 0.005191 11.86 28.20
Series B1
OB1 27497 7.48 0.000606 1.11 6.37
OBP1 361.73 15.30 0.005416 9.91 5.39
OBS1 309.86 10.92 0.004318 7.90 3.02
Bl 468.01 17.69 0.006621 12.12 5.57
BP1 55556 18.60 0.006093 11.15 7.45
BS1 546.22 20.57 0.005915 10.82 9.75
Series B2
OB2 226.37 10.01 0.000626 1.43 8.58
OBP2 29560 18.02 0.004360 9.96 8.06
OBS2 326.89 18.65 0.004020 9.19 9.46
B2 43957 31.62 0.005198 11.88 19.74
BP2 487.37 32.37 0.004222 9.65 22.73
BS2  492.74 29.32 0.004141 9.46 19.86
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The presented load-deflection response showed that the main contribution to total de-
flection was due to flexure up to 400kN. After this point, the dominant deflection was
due to shear. In the beams with stirrups and fibres (AP1 and AS1), both types of deflec-
tions (shear and flexure) significantly contributed to total deflection. This indicates that
failure by flexure and shear may indistinctly occur.
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Figure 4-17: Contribution of shear to deflection in series Al

4.5. Comparison to code predictions

This section compares between the experimental shear strength (V,) of the FRC beams
and the shear strength predicted by MC2010 [7], Australian concrete code AS 3600-2018
[73] and RILEM TC 162-TDF [74]. The equations of the aforementioned codes are sum-
marized in Table 2-3.The two equations proposed by MC2010 (Model 1 (Eq. 2-16) and
Model 2 (Eq. 2-17)) were considered in the analysis. Moreover, the V, of the RC beams
with and w/o stirrups were compared only against the shear strength predicted by
MC2010. For this purpose level 1l was used to determine the web shear strength in the
beams with no transverse reinforcement, while level 111 was employed for the beams
with stirrups. Table 7 summarises the equations of MC2010 used to predict the shear
strength of the RC beams.

In order to make these comparisons, the predicted shear strength of all the codes was
determine by assuming that a safety factor (y.) equalled 1, along with the mean values of
the material mechanical properties summarized in Table 4-3. The mean tensile strength
f.+ values were determined according to Eq. 5.1-3a of MC2010 (f,; = 0.3(f.x)%/®). For
the predictions of RC and FRC with MC2010 and AS 3600-2018, the angle of the com-
pressive stress field (¢) was taken as the minimum indicated by each code: (e.q. 4-8) for
RC, (Eq. 2-9) for FRC with As 3600-2018 and (Eq. 2-18) for FRC with MC2010. In the
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FRC predictions, the ultimate crack opening (w,) was considered to be 1.5 mm in
MC2010 Model I, while wy was determined according to the strain at the middle depth
(ex) in MC2010 Model Il and AS 3600-2018 (see Table 2-3).

Table 4-8: Shear strength formulations for RC according to MC2010

. Vu = Ve (e.q. 4-1)
Beams with no
transverse rein- V. =k, -+/f. 2" by, (e.q.4-2)
forcement
k, = 0.4/(1+ 1500¢,) * 1300/(1000 + kgyz)  (e.q. 4-3)
= Vu,c + Vu,s (eq 4'4)
Beams with trans- Ve =ky[f. z"b, (e.q.4-5)
verse reinforce-
ment k, = 0.4/(1 + 1500¢,) * (1 — Vg/Vgmax) (e.q. 4-6)
(Level 111) Vs = Asw/s z" f, - cotB (e.q. 4-7)
6 =20°4 10000 - &, (e.q. 4-8)

Table 4-9 and Table 4-10 summarize the predicted shear strength of the RC and FRC
beams, respectively. Complementing Table 4-9 and Table 4-10 , Figure 4-18 graphically
shows the coefficient (Vu/Vu.code) Of €ach beam.

As seen in Table 4-9, the predicted results were overestimated by MC2010 in those RC
beams w/o stirrups. However, the predictions made for the RC beams with stirrups were
quite accurate and obtained a conservative Vu/Vy code ratio of 1.02, as seen in Figure 4-18.

The predicted results for the FRC beams with and w/o stirrups were unconservative ac-
cording to both expressions of MC2010 and AS 3600-2018, and were conservative ac-
cording to RILEM (see Figure 4-18). The most accurate results between both MC2010
FRC models were for Model 1, which obtained a Vu/V. code ratio of 0.82 vs. 0.69 obtained
by Model Il. In fact this trend was observed in the FRC beams with and w/o stirrups.
Similar unconservative results were obtained by Australian Code (Vu/Vucode ratio of
0.75). Nevertheless in both MC-2010 and AS 3600-2018, more accurate results were
obtained for the FRC beams with stirrups than those w/o them.

In the FRC beams with and w/o stirrups, RILEM provided conservative predictions com-
pared to MC2010 and AS 3600-2018. These results were expected as the contribution of
concrete in shear is approximately 30% less than that provided by MC2010 and AS 3600-
2018. In addition, as the angle of the web compression (0) is considered 45° in RILEM,
the contribution of stirrups to the shear results is less in RILEM than in the other codes,

200



Chapter 4. PFRC in slender beams

where 0 is determined according to &x. In fact if angle € is considered to be 45° instead
of the minimum one in MC2010 and AS 3600-2018, more accurate results were obtained
in all the FRC members.

Table 4-9: Prediction for the RC beams

Vu,exp Vu,MC Vu,exp /Vu,MC

Beam N [KN] []

OAl 160.96 196.06 0.82
OA2 176.29 201.89 0.87
OBl 14117 158.03 0.89
OB2 118.28 147.70 0.80

Al 24125 24481 0.99
A2 24597 246.13 1.00
Bl 237.67 229.34 1.04
B2 22486 214.16 1.05
Average = 0.93 (0.11)

We can see Figure 4-18 that the models provided quite similar predictions between SFRC
and PFRC with and w/o stirrups. In fact they were unconservative regardless of fibre
type. When the Vu/Vy,coge ratio of each code was compared between both FRC types, the
ratios varied by less than 4%. Despite predictions being generally unconservative, codes
provide the same efficiency indistinctly of fibre type material and volume fraction. These
results evidence that the FRC expression in the analysed model can be used with poly-
propylene fibres. It should be remembered that FRC expressions were developed based
on experimentation by using only steel fibres. Furthermore, these experimental results
suggest that evaluating the shear strength of FRC members according to their residual
flexural tensile strength, instead of parameters such as fibre type or volume fraction, is
worthwhile.

Finally, the obtained results still evidence the need to improve formulations in codes and
standards to predict the shear capacity of slender beams, especially now as the new ap-
plication of FRC to structural elements in the construction industry is available.
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Beam Vuexp Vumc Vumen Vuri Vuas Vuexp | Vuexp

[KN] [kN] [KN] [KN] [KN] Numct /Numcn
OAP1 228.2 289.0 374.6 214.6 3455 0.79 0.61
OAP2 2499 306.5 3745 221.9 3454 0.82 0.67
OBP1 1845 230.1 303.2 166.6 2785 0.80 0.61
OBP2 152.9 230.1 281.1 166.6 259.2 0.66 0.54
AP1 3525 377.0 4372 28184110 0.94 0.81
AP2 346.1 3934 437.1 289.0 4109 0.88 0.79
BP1 2814 330.7 377.4 2404 3553 0.85 0.75
BP2 248.8 3229 348.9 240.4 3304 0.77 0.71
OAS1 238.1 277.6 3743 193.2 323.3 0.86 0.64
OAS2 2346 2945 370.5 200.3 323.2 0.80 0.63
OBS1 158.6 221.1 304.4 1504 258.3 0.72 0.52
OBS2 168.5 221.1 278.1 150.4 2426 0.76 0.61
AS1 346.0 366.5 417.6 260.3 3934 0.94 0.83
AS2 335.8 382.2 4175 267.4393.2 0.88 0.80
BS1 276.8 322.3 3645 224.2 339.4 0.86 0.76
BS2 2515 314.7 3334 2242 3186 0.80 0.75
Average = 082 069

(0.09)  (0.14)

Table 4-10: Prediction of the SFRC and PFRC beams

Vu,exp

VuRrIL

1.06
1.13
111
0.92
1.25
1.20
1.17
1.03
1.23
1.17
1.05
1.12
1.33
1.26
1.23

1.12

1.15
(0.09)

Vu,exp
Nuas

0.66
0.72
0.66
0.59
0.86
0.84
0.79
0.75
0.74
0.73
0.61
0.69
0.88
0.85
0.82

0.79

0.75
(0.12)
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Figure 4-18: Comparison of the test results to international codes.

4.6. Concluding remarks

The shear behaviour of 24 full-scale beams was studied in this chapter to evaluate the
shear effectiveness of polypropylene fibres compared to steel fibres. To do so, eight RC
beams, eight SFRC beams and eight PFRC beams were manufactured and tested by a
three-point bending scheme. Beams covered different levels of transverse reinforcement:
with and w/o stirrups, with polypropylene fibres (10 kg/m?) or steel fibres (30 kg/m?3),
and combining stirrups and fibres. Both fibre contents were selected to provide similar
residual flexural tensile strengths to concrete. Finally, photogrammetry techniques were
used to compare the effect of both fibre types on the crack pattern evolution of beams.

Based on the experimental results and photogrammetry measurements, the following

main conclusions can be drawn:

a) Steel and macrosynthetic fibres significantly improved beam shear performance
by increasing ultimate load and improving ductility. In fact polypropylene or
steel fibres added to beams w/o transverse reinforcement obtained a similar re-
sponse in some cases to those observed in the RC beams with transverse rein-

forcement.

b)

The inclusion of steel or polypropylene fibres was unable to change the MOF

of the beams wi/o stirrups. However, as fibres improved the post-cracking be-
haviour of the main diagonal cracks, the MOF in beams SFRC and PFRC was
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204

d)

9)

considerably more controlled and less abrupt than in the RC beams w/o stirrups.
In fact unlike the RC beams in which failure occurred quickly after the main
diagonal crack formed and immediately after the dowel crack formed, the FRC
beams presented several inclined dowel cracks prior to failure.

A synergy effect between the steel or polypropylene fibres and stirrups was identi-
fied in four of the eight beams that combined fibres and stirrups. This behaviour was
related to the effect of fibres on incrementing the number of inclined cracks crossing
stirrups, and on reducing crack spacing. However, the synergy effect was ob-
served only in those beams in which fibres and stirrups provided similar
amounts of transversal reinforcement.

Despite it not being possible to directly evaluate the shear transfer mechanism
on beams RC and FRC, photogrammetry revealed that both fibre types reduced
the crack propagation of the main diagonal crack, incremented the uncracked
compression zone, delayed and controlled dowel crack formation, and changed
the kinematics of inclined cracks.

Fibres provided 10-fold more shear deformation in the FRC beams than in the
RC ones w/o stirrups, as well as a similar shear deformation to the RC beams
with stirrups. Major ductility and, hence deflection, was provided by fibres in
the beams with and w/o stirrups thanks to their ability to control dowel cracks.

As beams PFRC and SFRC presented similar experimental results (shear
strength, deflection and MOF), and similar measured parameters (crack pattern,
shear crack evolution, influence of fibres on stirrups and shear deformation), we
confirm that, regardless of fibre type (volume, material, shape, length, diame-
ter), if fibres provide similar residual flexural tensile strengths, similar shear
performance takes place. As a result, residual flexural tensile strengths can act
as good parameters to characterise the behaviour of FRC shear-critical beams.

Model Code 2010 and Australian AS 3600-2018 code proved unconservative.
However, they provide the same efficiency indistinctly of fibre type (steel or
polypropylene fibre). Furthermore, thee experimental results suggested that the
methodology used in the code studies in which the shear strength of FRC mem-
bers is evaluated according to residual flexural tensile strength, instead of pa-
rameters such as fibre type or volume fraction, is convenient.
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Chapter 5. PFRC in Hollow Core Slabs

5.1. Introduction

This chapter explores a real application of macrosynthetic fibres. For this purpose, the
possibility of using polypropylene fibre as shear reinforcement in hollow-core slabs
(HCS) is experimentally evaluated. As previously stated, HCS are frequently used in
elements residential, parking and industrial buildings for their high quality control, easy
installation and short construction time. HCS can be critical elements in shear due to
their manufacturing process and, in most cases, it is not possible to use traditional shear
reinforcement. Moreover, HCS are also critical in their end zones as they constitute dis-
turbed regions where the beneficial effects of prestressing in shear are still not com-
pletely active. Finally, as HCS are precast elements w/o stirrups, their handling and lift-
ing (especially those with large dimensions) can be extremely dangerous operations as
their shear failure can be fragile and abrupt.

Within this framework, the present chapter aims to determine the benefits of macrosyn-
thetic polypropylene fibres used as shear reinforcement. For this purpose, an experi-
mental programme was conducted with five full-scale HCS (420 mm high, 1,200 mm
wide, 6,000 mm long), one in RC and four in PFRC. A three-point-loading scheme was
used in each test. Two tests were run on each slab by varying the a/d, i.e. 10 shear tests
were run in all. Thus one of the end zones of HCS was tested with a/d=3.5, and the
remaining end zone was tested with a/d=2.8 according to Annexe J of EN1168 [193].

5.2. Specimen geometry and material

One RC HCS and four PFRC HCS were manufactured indoors in a precast plant
GRUPPO CENTRO NORD S.p.A (Italy) by an extrusion process and dry concrete. High
tensile prestressed strands were placed and stressed up to the desired tension before man-
ufacturing slabs, as Figure 5-1a shows. Using an extruding machine (see Figure 5-1b),
HCS were casted on a production bed without having to use formworks. Some gaps in
slabs (see Figure 5-1c) were left every 6 m to delimit total slab length. After a few hours,
slabs were covered with a concrete curing blanket to control loss of moisture and to
ensure correct cement hydration. Three days after casting, tendons were released from
the anchored supports to transfer prestressing to concrete. Afterwards, slabs were cut to
the length of 6,000 mm and stored until they were transported to the laboratory.
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Figure 5-1: Manufacturing HCS: picture of tendons prior to casting (a), picture of extruder ma-
chine (b) and picture of one manufactured HCS (c).

Figure 5-2 and Table 5-1 show the cross-section and reinforcement detail of all the HCS
(RC and PFRC). The section of HCS was characterised by being rectangular- shaped
with five non-circular voids and six webs (b of 50-60 mm). The total depth (h) and
width (b) were 420 mm and 1,200 mm, respectively.

Moreover, the longitudinal reinforcement was constituted by three types of high tensile
strength prestressed wire strands distributed on two layers. The bottom longitudinal re-
inforcement consisted in ten 6/10” and two 3/8” wire prestressing strands (leading to an
effective depth (d) of 382 mm and a longitudinal reinforcement radio (p) of 1.05%),
while the top reinforcement was made by six 3®3 mm wire strands. No plastic sheathing
was used. In order to analyse the tendon slip, each tendon was identified with a num-
ber (1 to 12), as seen in Figure 5-2. Tendons were prestressed up to 1,200 MPa to
provide a mean compressive stress on the concrete cross-section of 7.96 MPa. The
cross-section and reinforcement details are a typical commercial solution used in
building floors for storage and industrial activities. This type of HCS is characterised
by a span of 12.1 m, a dead load of 18.8 kN/m? (including the weight of the member
itself) and a live load of 6.0 kKN/m?.

) 1165

Six 3@3mm wire
strands

420mm
d=382mm

h=

Two 3/8" seven
wire-strands

k

k

Ten - 6/10" seven
wire-strands

b=1200mm

Figure 5-2: Cross-section details
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Table 5-1: Characteristics of HCS

Total depth (h) [mm] 420
Length (L) [mm] 6000
Width (b) [mm] 1200
Web width (by) [mm] 2x60 mm +5x50 mm
Effective depth (d) [mm] 382
Nominal Cross section Area [mm?] 242568
Total weight [kN] 34
Top Reinforcement 6-3®3 mm wire strands
Bottom Reinforcement 10-6/10" +2-3/8" wire strands
Top reinforcement Area [mm?] 127
Bottom reinforcement Area [mm?] 1494
Longitudinal reinforcement ratio 1.05%
Initial Prestress [MPa] 1200

_________________________ W=28 b
a) A fo)
50 a=1050 3990 910
. ! 6000mm
0.79P 0.21P
I
_________________________ a/d=35  BackSide
b) o}
50 a=1320 3720 910
1
[ 6000mm
0.74P 0.26P

Figure 5-3: Three-point-loading scheme for the end zone: Load scheme for a/d =2.8(a) and a/d =
35

As the main objective is to analyse the shear performance of the end zones, two loading
scenarios were selected to test both the end zones of each specimen (see Figure 5-3). The
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first test was conducted in one of the end zones of HCS by adopting an equal a/d to 2.8.
This scheme was selected to fulfil the requirements suggested in Annexe J of European
standard EN 1168 [193], which provides guidelines for the full-scale testing of precast
concrete products of HCS. In fact EN 1168 indicates that the load must be applied at
2.5h (1,050 mm) and no less than 600 mm. This configuration is the equivalent to
a/d=2.8. In the other end zone, the test was conducted by adopting a/d of 3.5 to avoid the
arch effect as much as possible on shear behaviour, which is characteristic in shot beams.
It is worth mentioning that the distance of 5,040 mm between supports in both schemes
(a/d=2.8 and 3.5) was selected to also fulfil the requirements of EN 1168, where requires
a bigger span between 4 m and 12h.

Table 5-2 lists the mix designs of the two employed concrete types. Two cement types,
and two types of crushed gravel, plus river sand, water and superplasticiser, were used
to prepare concrete. The employed cements were Cement II/A-LL 42.5R and Cement
I 52.5R with a water-to-cement ratio (w/c) of 0.43. The maximum aggregate size was
15 mm. Superplasticiser MasterCast 750 was used in PFRC to improve the distribution
of fibres and the consistency of dry concrete.

Table 5-2: Mix design of reinforced concrete, SFRC and PFRC

Cement I/A-LL 42.5R [kg/m?] 240
Cement | 52.5R [kg/m?] 120
Crushed sand [kg/m®] 410
Gravel 2/7mm [kg/m?] 551
Gravel 8/15mm [kg/m?] 650
River sand [kg/m®] 330
) 0 (RC)
3
Polypropylene fibres [kg/m?] 10.5 (PFRC)
. 0 (RC)
3
Superplasticiser [I/m°] 0.7 (PFRC)

Figure 5-4 shows the crimped macrosynthetic polypropylene fibres (40 mm long) with a
nominal aspect ratio (length/diameter) of 53, a density of 0.91g/cm?, used in the PFRC
slabs dosed at 10.5 kg/m?®. The tensile strength and modulus of elasticity of fibres were
400 MPa and 3.63 GPa, respectively. This fibre type differed from the fibres used in
Chapters 3 and 4, where fibres were 48 mm long with a 56 aspect ratio. However, the
remaining properties were the same, such as modulus of elasticity or tensile strength.

Steel wire strands were evaluated according to EN15630-1 [214]. The yielding stress fym
and ultimate stress fum of longitudinal reinforcement were 1,819 MPa (CVv=0.01) and
1,986 MPa (CV=0.01) for the 6/10” wire strands, 1,734 MPa (CV=0.01) and 1,933 MPa
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(CVv=0.01) for the 3/8” wire strands, and 1,854 MPa (CV=0.01) and 2,021 MPa
(CVv=0.01) for the 3&3 mm braids.

In order to determine the mechanical properties of RC and PFRC, concrete samples were
obtained while manufacturing slabs. Six cubic specimens (150x150x150 mm) and nine
prismatic beams (150x150x600 mm) were used to determine concrete compression
strength (fcube) and post-cracking residual strength. Both cubes and prismatic beams
were produced by an external vibrator and hand compaction. These sample specimens
were cured under similar conditions to HCS.

Figure 5-4: The employed crimped polypropylene fibres

Table 5-3 lists the mechanical properties of concretes (coefficient of variation (CV) in
brackets) 28 days after casting. Concrete compression tests were carried out according
to EN 12390-3. Equivalence factor fc = 0.83 fccube Was employed to determine cylindri-
cal concrete compression strength (fc). The limit of proportionality f. and residual flex-
ural tensile strengths fr; for CMOD equalled 0.5, 1.5, 2.5 and 3.5 mm, determined ac-
cording to EN14651.

Table 5-3: Mechanical properties of concrete.

Property RC PFRC
fe.cube [MPa] 54.3 (0.04)  48.9 (0.05)
fc [MPa] 45.1 40.6
f_ [MPa] 567 (0.02)  5.92 (0.03)
fr1 [MPa] - 2.66 (0.17)
fr2 [MPa] - 3.00 (0.19)
frs [MPa] - 3.43 (0.19)
fra [MPa] - 3.39 (0.17)
Density [fibres/cm?] - 1.21 (0.18)
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Figure 5-5 shows the total residual flexural tensile response vs. CMOD of seven PFRC
and two RC prismatic specimens. It should be noted that two of the seven PFRC speci-
mens were tested after 3 days of casting HCS to determine the structural performance of
PFRC upon tendon cutting. The residual tensile strengths of PFRC at the tendon cutting
age (3 days) were 4.34 MPa (CV=0.05), 2.12 MPa (CV=0.16) and 2.71 MPa (CV=0.21)
for f., fr1 and fr 3, respectively. The polypropylene fibres showed the typical post-crack-
ing behaviour, characterised by a load drop after the peak load, followed by stable con-
stant behaviour up to a CMOD of around 3.5 mm. Moreover, significant post-cracking
performances were provided by fibres only after 3 days. Finally, the obtained results met
the MC2010requirements [7] for using fibres in structural elements as fr1/ fu > 0.40 and
fra/ fr1 > 0.50 in terms of mean values.

"0 TNominal  |Residual Flexural Tensile Strength] |

6.0 14 Stress RC i

[MPa] — PFRC (at tendon cutting)
5.0 — PFRC

4.0

3.0

2.0

1.0

CMOD [mm]
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
Figure 5-5: Nominal stress vs. CMOD curves according to EN14651[193] for RC and PFRC.

0.0

Finally, in order to study the fibre distribution in PFRC, the numbers of fibres in the
prismatic specimens (150x150x600 mm) were counted in a section parallel to cracking
(the result of being tested according to EN14651). To do so, the analysed section was
treated with sodium hydroxide (NaOH) and phenolphthalein (C20H1404) to increase the
contrast between fibres and the concrete matrix. The results are presented in Table 5-3.

5.3. Test setup and instrumentation

The front and lateral views of the entire system are seen in Figure 5-6. HCS were tested
by a three-point-loading scheme, as shown in Figure 5-6a, based on EN1168 recommen-
dations. Thus the net span equalled 12-fold the total depth (h) and continuous supports
(100 mm wide) on the entire sample width (see Figure 5-6b).
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Figure 5-6: Test setup of hollow-core slabs, lateral view (a) and front view (b).

An electromechanical screw jack (500 kN) supported by a rigid reaction frame was used
to apply load with displacement control on HCS. As seen in Figure 5-7, load was trans-
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mitted by a rigid steel beam (HEMZ280), which was placed on a bearing system consti-
tuted by neoprene (25 mm thick), a steel plate and a high-strength mortar layer. Tests
were conducted at a quasi-static loading rate of 0.15 mm/min. However, three prelimi-
nary elastic cycles up to 20 kN were conducted prior to tests to verify the entire test setup
on each HCS.

Bearing beam ﬂ ez
HEM 280 [
e
Neoprene L

=
Steel plate —————

%‘M
,/
I -
Mortar |
Layer
)
HCS —
a)

Figure 5-7: Bearing beam details (a), pictures of front and perspective bearing beam (b and c).

Figure 5-8 presents details of the support system employed during tests. In order to guar-
antee a uniform distributed support along HCS width, steel plates (100 mm wide), along
with a 20 mm-thick high-strength mortar layer, were used in the pinned and roller sup-
ports. The employed support system met the EN1168 requirements, where the nearest
support to the loading point had to be a roller bearing to eliminate the axial forces due to
the slab rotating. In addition, EN 1168 requires a 10-mm layer of material, such as neo-
prene or a bed of mortar, between the supports and slab to better distribute loads and to
compensate the unevenness and transversal curvature of slabs. The support’s configura-
tion nearest to the loading point was analogous to a support commonly used in practice
for HCS. Finally, it is highlighted that the EN 1168 requirements were used for both test
schemes (a/d=2.8 and 3.5).

HCS
Mort:
Layer 100mm
w—_——.
Pinned T4 Steel
Support plate
a) b) c)

Figure 5-8: Supports detail (a), picture of pinned support (b) and picture of roller support (c).

214



Chapter 5. PFRC in Hollow Core Slabs

Figure 5-6 also shows the employed instrumentation, whereas Figure 5-9 presents some
pictures of it. Six linear variable differential transducers (LVDT) were employed to
measure the deflection and support displacements, while eight potentiometric displace-
ment transducers (PT) were adopted to measure the inclined shear crack opening at both
the external webs of specimens. Flexural crack opening and compression chord shorten-
ing were also evaluated by the point load using 3 and 2 PT, respectively. Finally, to
determine tendon sliding (as the difference between tendon and concrete displacement),
eight PT were placed to measure the displacement of both concrete (at two points) and
tendons on any HCS webs.

Figure 5-9: Instrumentation details: Picture of PT for the diagonal shear crack opening meas-
urement (a) and picture of PT at the tendon layer (c).

5.4. Experimental results and discussion

All the HCS (a/d=2.8 and a/d=3.5) presented a web-shear failure with loss of bond, as
Figure 5-10a shows. This MOF is characterised by presenting a main shear crack due to
the diagonal tension before the flexural crack appeared. Failure was abrupt and noisy,
especially in the RC slabs. In fact in a previous failure, the failure zone was completely
uncracked. Due to loss of bond between tendons and concrete, some cracks around ten-
dons and below slabs appeared after failure (see Figure 5-10 b and Figure 5-10c). Flex-
ural cracks were neither detected by instrumentation while testing, nor visually after
tests.

Although both schemes were similar in MOF terms, some differences during tests be-
tween schemes, especially in post-cracking behaviour, appeared. The results of each used
scheme are presented in the next sections.
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Figure 5-10: Tested Slab: picture of web-shear failure (a), picture of slip of tendon due to loss of
bond (b) and picture of bottom cracks due to loss of bond (c)

5.4.1. HCS tested with a/d = 3.5

Table 5-4 summarises the maximum load (Pmax), deflection (dmax) at Pmax, Shear strength
(Vu), nominal shear strength (vy), normalised shear strength, and the ratio between flex-
ural moment (M) and estimated flexural strength (My#). Vu was evaluated by consider-
ing the applied load based on the corresponding static scheme (see Figure 5-3) and the
self-weight of slabs, including the bearing system (steel beam, steel plates, mortar layer).
vy was determined as Vy/(b,.d)), while normalised shear strength was established as (v,
1(f:)°9). Smax Was corrected with the vertical displacements of supports, recorded during
tests by LVDT. Finally to supplement Table 5-4, Figure 5-11a shows the load vs. deflec-
tion of the tested samples using a/d=3.5.

As seen in Table 5-4 and Figure 5-11a, HCS, including polypropylene fibres, presented
a higher load capacity, from 12% to 39%, than the control RC slab. In fact web shear
failure occurred at 0.28\/ﬁ in the reinforced concrete HCS, while web shear failure was
0.37,/f, on average in the PFRC slabs (see Table 5-4); i.e. polypropylene fibres incre-
mented web strength by around 32% on average.

Table 5-4: Main experimental results of tests using a/d=3.5

HCS Specimen Pmax  dmax Vu Vu Vul(f)®> MMy

[kN] [mm] [kN] [MPa]  [-] []

RC  42-RC35 3466 431 2734 189 028  0.39
42-PFRC-35-1 4890 675 3787 260 041 052
42-PFRC-3511 4139 494 3234 211 033 045

bprc 42PFRCB5-Il 4658 538 3613 244 038 050
42-PFRC-35V 3928 555 3079 214 034 043

Mean 4404 965 38 232 037 047

(0.10)  (0.14)
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As seen in Figure 5-11a, all the slabs (RC and PFRC) initially presented quite similar
linear behaviour to one another in load and deflection terms. However after 200 kN,
certain differences in load vs. deflection stiffness associated with tendon slip were ob-
served in those HCS with polypropylene fibres. Accordingly, shear behaviour was sum-
marises in four main consecutive phases.

The first phase, which corresponded up to 200kN, resulted in an uncracked stage where
no differences between the PFRC and RC slabs were found. In this stage, as seen in
Figure 5-11b, no significant differences in tendons slips were observed.

The second phase was between 200kN and Pmax when an incremented tendon slip was
observed in all the slabs, which was significantly higher on external webs due to the
smaller amount of concrete confining tendons (see Figure 5-11c). This general increment
in tendon slip resulted in the progressive reduction of the effectiveness of the prestressing
action on shear strength. In fact in this stage, a change in stiffness could be observed in
the load vs. deflection response of slabs at approximately 300kN.
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Figure 5-11: Test results using a/d = 3.5: load vs. deflection curves (a), tendons slip at 200 kN(b),
tendons slip at 346 kN(c) and tendons slip at Pmax (d)

The third phase corresponded exactly to Pmax. In this phase, one of the external webs
suddenly failed in shear, which led to quite an abrupt failure of all the other webs. This
was expected because; even external webs are thicker than internal ones, so they are less
prestressed at end zones insomuch as tendons are less confined by surrounding concrete.
These results are confirmed in Figure 5-11d, where a more marked tendon slips were
captured at Pmax in the external webs of all the slabs, except for sample 42-PFRC-3.5-I,
where slips were similar in all the webs.
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The last phase corresponded to the behaviour of slabs after Pmax. In this stage, the RC
slab suddenly presented brittle failure with an abrupt drop in loading capacity and an
increase in tendon slip. as seen in Figure 5-11a, even though a sudden drop in load oc-
curred, all the samples showed post-cracking resistance with stable softening. The failure
in all the HCS took place at a significantly lower load level than their flexural bearing
capacity, as seen in Table 5-4; i.e. the My/Myg ratio in the RC slab was 0.39, while it was
0.47 on average in the PFRC slabs.

It was evident that the incremented shear strength in PFRC was due mainly to the ability
of polypropylene fibres to better control tendon slip in comparison to the RC slab. As
Figure 5-12 shows, polypropylene fibres reduced tendon slip from 200kN in the critical
web shear, by providing more load vs. tendon slip stiffness, to a load of about the maxi-
mum load reached by the RC sample (346 kN), which allowed a greater tendon slip with
the PFRC slabs at Pmax. In fact this reduction in tendon slip went from 200 kN, and also
led to a slightly greater stiffness of load vs. deflection in the PFRC slabs up to Pmax. Thus
polypropylene fibres were able to enhance the bond between wire strands and the sur-
rounding concrete, which allowed a better control of the developing splitting cracks. This
improvement also guaranteed prestressing action on shear behaviour by allowing PFRC
slabs to achieve greater shear strength than RC slabs.

600 Load vs. tendon slip
Load a/d=35 * P
[kN]

500 -

400

300

200

100 +

0 Tendon slip [mm]

0.0 0.5 1.0 1.5 2.0 25

Figure 5-12: Test results using a/d=3.5: load vs. tendon slip of critical web

Concerning web-shear cracking, Figure 5-13 presents the final crack patterns of HCS,
where the first crack (critical crack), and the crack that caused failure and the abrupt load
drop (crack B) are presented. The critical crack appeared in one of the external webs
when the principal tensile stress of the web reached the tensile strength of concrete. Fig-
ure 5-14 shows the load vs. crack opening of the critical crack. As seen in Figure 5-14,
crack B in slabs 42-RC-3.5 and 42-PFRC-3.5-111 occurred instantly after the critical
crack formed. In slabs 42-PFRC-3.5-1, 42-PFRC-3.5-Il and 42-PFRC-3.5-1V, crack B
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did not occur instantly after the critical crack formed: i.e. the critical crack continued to
open until a new inclined crack suddenly appeared, which caused load to drop. In fact in
slab 42-PFRC-3.5-1V, load incremented after the critical crack had formed, but failure
and load drop happened when crack B appeared.

42-PFRC-3.5-1 f =

Figure 5-13: Final crack pattern of the slabs tested with a/d=3.5.

Figure 5-14 depicts how polypropylene fibres guaranteed controlled softening behaviour
in post-cracking resistance in three of the four HCS, and a provided a slightly increased
shear strength in slab 42-PFRC-3.5-1V. This softening behaviour was a combined effect
of progressive tendon slip and web-shear crack opening. Thus the fibres dosed in 10.5
kg/m? were unable to either redistribute load to different webs or provide extra post-
cracking shear strength to slabs.
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Figure 5-14: Test results using a/d=3.5: load vs. shear crack opening of the most critical external
web and load vs. tendon slip of critical web (b)

Table 5-5 summarises the crack average distance (x) measured from the end of the slab
at the mid-web depth and its slope (0). For this purpose, all the inclined cracks presented
in the external and internal webs were measured at the end of the test at three points (z,
x and y) as Figure 5-10a shows. As seen in Table 5-5, the PFRC slabs presented cracks
closer to the point load that were less inclined at around +44% and -25%, respectively,
compared to the RC slabs; i.e. the critical section in the PFRC slabs was further away
from the slab end (see Figure 5-15). These results confirmed the positive influence of
polypropylene fibres on tendon slip to improve prestressing actions in PFRC slabs.

Table 5-5: Average position and average slope of shear cracks.

HCS
RC

PFRC

Specimen X [mm] 0]

395 34.0

42-RC-35 (0.50) (0.26)
707 243

42-PFRC-3.5-1 (035) (0.23)
643 25.2

42-PFRC-3.5-11 (0.44) (0.27)
544 2738

42-PFRC-3.5-1I (032) (0.22)
674 26.6

42-PFRC-3.5-IV (0.38) (0.22)
Mean o 006
(0.12) (0.06)
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Figure 5-15: Pictures of examples of slabs after failure: 42-RC-3.5 (a) and 42-PFRC-3.5-11 (b).

5.4.2. HCS tested with a/d = 2.8

Table 5-6 summarises the main experimental results of the HCS tested with a/d=2.8.
Peak load (load at first shear crack, Ppeax) and its corresponding deflection (dpeax) are
included in Table 5-6, along with those included in Table 5-4 (a/d=3.5). To supplement
Table 5-6, Figure 5-16a plots the load vs. deflection curve of the RC and PFRC slabs
tested with a/d=2.8. Figure 5-16b and Figure 5-16d show the tendon slip at 70kN and
Ppeak, While Figure 5-16¢ displays the load vs. tendon slip of the critical web. Concerning
to crack behaviour, Figure 5-17 shows the load vs. crack opening of the first diagonal
crack and Figure 5-19 presents the final crack pattern of all the slabs.

Table 5-6: Main experimental results of the tests using a/d=2.8

Ppeak Opeak Pmax Vu Vu Vu /(fc)0'5 Mu/Myi
[kN] [mm] [kN] [kN] [MPa]  [] [-]
RC 42-RC-2.8 3169 340 3169 2685 1.88 0.28 0.31
42-PFRC-2.8-1 370.7 4.69 3812 3193 217 0.34 0.35
42-PFRC-2.8-11 384.6 339 3911 3222 215 0.34 0.35
42-PFRC-2.8-111 340.7 3.22 340.7 2874 1.93 0.30 0.32
42-PFRC-2.8-1V 366.7 4.44 366.7 3078 2.24 0.35 0.34

3657 393 3699
(0.05)| (0.19) | (0.06) | 309-2| 212 | 033 | 034

HCS Specimen

PFRC

Mean

Once again, all the HCS showed web-shear cracking with tendon slip failure (see Figure
5-19). The HCS that included polypropylene fibres presented a 17% average extra shear
strength than the control RC slab (see Table 5-6 and Figure 5-16a). In fact the web shear

failure in the RC slab occurred at 0.28,/f; (equalling the RC slab tested with a/d=3.5).
In the PFRC slabs, web shear failure occurred at 0.33\/ﬁ on average (Table 5-6); i.e,
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polypropylene fibres incremented the web strength in the PFRC slabs by around 20% on
average. This increment was 12% lower than that obtained in the HCS with a/d=3.5.

As Figure 5-16a shows, all the slabs (RC and PFRC) presented a similar stiffness up to
Ppeak. However, post-cracking behaviour differed from the samples tested with a/d=3.5
due to the stronger arch action influence. Three main phases were observed in the shear
behaviour of slabs.

The first phase, which went up to Ppeak, resulted in an uncracked stage where no shear or
flexural cracks were observed. No differences in tendon slip among slabs were recorded
up to 170kN, as Figure 5-16b shows, but tendon slip significantly increased in some
strands of the RC slabs by about 170kN (see Figure 5-16c) .

In the second phase (at Ppeak), @ shear crack appeared closer to the applied load (see
Figure 5-19) because part of the shear stresses were directly transferred to a pinned sup-
port by arch action. The appearance of this crack, which occurred first in the external
webs, incremented the tendon slip of the external webs as Figure 5-16d shows, and led
to a drop in load as a result of loss of prestressing action (see Figure 5-17a).
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Figure 5-16: Test results using a/d = 2.8: load vs. deflection curves (a), tendons slip at 170 kN (b)

After Ppeak, the initial inclined crack continued to open until a new inclined crack sud-
denly appeared (see crack B in Figure 5-17, as well as 6 and x in Table 5-7), which
disrupted the transfer of stress flow from the load to the support. This led to an uncon-
trolled load drop in the RC slab, while the load drop was characterised by being a sof-
tening behaviour in the PFRC samples. Given the ability of polypropylene fibres to con-
trol both tendon slip and shear crack, four different post-cracking scenarios were

Load vs. deflection P
Load ald=28 . o
[KN] * P
42-PFRC-2.8-11
42-PFRC-2.8-1V
42-PFRC-2.8-111
42-RC-238 42-PFRC-2.8-1
S[mm]
T T
0 5 10 15
a)
Load Load Sangd; NP Poeak
[kN] : *+ P

42-PFRC-2.8-11 (11)

42-PFRC-2.8-1 (11)

Tendon 11 slip [mm]
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(11)
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-+-42-PFRC-2.8-1l  -e-42-PFRC-2.8-11I
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@ @ 66 O O
d)

(11)

and load vs. tendon slip of critical web (c), and tendons slip at Ppeax (d)

observed:
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Fibres provided a load increment after Ppeax in 42-PFRC-2.8-1. The extra pro-
vided strength (Pmax) was around 1.03-fold greater than Ppeax

Fibres provided stable post-cracking behaviour up to 13 mm on average of de-
flection in 42-PFRC-2.8-11 and 42-PFRC-2.8-1V, despite a load increment being
observed in the latter (Pmax/Ppeak =1.02)

Fibres provided controlled post-cracking behaviour in 42-PFRC-2.8-111, where
Pmax/Ppeak :10

600 Load Load vs. Crack opening
[kKN] a/ld=2.8

500 - + Gk
400 -
300 NazeczEn] ]
200 A
100 A

0 Crack opening [mm]

00 05 10 15 20 25 3.0 35 4.0

Figure 5-17: Test results using a/d=2.8: load vs. shear crack opening

Table 5-7: Average position and average slope of shear cracks.

HCS Specimen 0[] X [mm]
RC 42-RC-2.8 24.9 (0.25) 598 (0.26)
42-PFRC-2.8-I 27.9 (0.29) 543 (0.19)
42-PFRC-2.8-I1 32.9 (0.16) 687 (0.34)
PFRC  42-PFRC-2.8-lll 31.5(0.33) 546 (0.29)
42-PFRC-2.8-IV = 31.2(0.29) 590 (0.44)
Mean 30.9 (0.07) 591(0.11)
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a)
Figure 5-18: Example pictures of slabs after failure: 42-RC-2.8 (a) and 42-PFRC-2.8-1 (b).

By comparing the two tested RC slabs (42-RC-2.8 and 42-RC-3.5), both presented an
equal bearing capacity and, hence similar, shear strength, although slab 42-RC-2.8 was
influenced by the arch effect. This behaviour was probably because of the minor effec-
tiveness of tendon anchorage in both slab types; hence slab 42-RC-2.8 did not offer any
benefits from the arch effect. We should remember that, by having a good arch action
effect, good anchorage of longitudinal reinforcement is required to balance the force
transfers by the strut.

When comparing the PFRC average slab results between both schemes, the PFRC slab
tested with a/d=2.8 presented a less marked increment (around 12%) of nominal shear
strength than the slab tested with a/d=3.5, even if the crack pattern showed that the arch
effect had a significant influence. Nevertheless, the polypropylene fibres in HCS with
a/d=2.8 could lead to significantly better post-cracking performance than the samples
tested by using a/d = 3.5, and even to an incremented load in some cases.
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| S—

Figure 5-19: Final crack pattern of the slabs tested with a/d=2.8

5.4.3. Distribution of polypropylene fibres in HCS webs

In order to evaluate the density of fibres on each web of the ending cross-section, the
number of fibres was counted as Figure 5-20 shows. For this purpose, a sodium hydrox-
ide (NaOH) and phenolphthalein (C2H1404) (see Figure 5-20b) treatment was applied
to the natural concrete surface (see Figure 5-20a) to enhance the contrast between fibres
and concrete. Finally, fibres were visually counted as indicated in Figure 5-20c.

Fibre density was 1.23 fibres/cm? with a 16% coefficient of variation. When we com-
pared this distribution to the distribution obtained in the prismatic specimens (see Table
5-3) during concrete mechanical characterisation, slabs had a good and similar fibre dis-
tribution to the sample specimens. This result confirms that the mechanical properties of
sample specimens correspond to real ones in slabs.
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Figure 5-20: Surface treatment: pictures of surface previous treatment (a), after treatment (b)
and after counting fibres (c)

In order to explore fibre orientation on slabs’ webs, fibre density was evaluated on dif-
ferent inclined planes (0°, 45°, 90°). To this end, two cylinder cores (100-mm diameter)
were drilled from all the external webs because they were the critical ones, as stated in
Section 5.4.1. Having obtained the cores, they were cut at an angle of 0° (parallel plane
to that of splitting cracks), 45° (plane with a similar inclination to that of shear cracks)
and 90° (vertical plane) (see Figure 5-21 for more details).

Casting direction

Figure 5-21: Cylinder core and inclination of the studied planes.
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Figure 5-22 shows the fibre density (mean value for each sample) of each studied plane.
The incremented plane inclination resulted in a higher fibre density. This evidenced that
the distribution of fibres in HCS webs was good, even on the plane parallel to both shear
(45°) and splitting (0°) cracks. In fact the obtained results justified the effectiveness of
fibres in controlling tendon slip, as well as controlling post-cracking behaviour in PFRC
slabs.

2.0 Fibre distribution

Density |.
1.8 Hfibre/cm?] N the external webs

16 1 |

14 1L 1.06 (0.18) 1.16 (0.10)
0.95(0.17) 0

12

o
0
o

! Angle ¢ [°]
0.0 }

0 45 90
Figure 5-22: Fibre distribution in the external webs

5.5. Comparison to code predictions

In this section, the experimental results obtained after performing the 10 tests (five with
a/d=2.8, five with a/d=3.5) were compared to the analytical expression provided by four
international codes: ACI 318-14 [13], Eurocode 2 (EC2) [76], MC2010 [7] and EN1168
[193]. In all the formulations, the strength reduction factor (y. for EC2, MC2010 and
EN1168, ¢ for ACI 318-14) was considered to equal one, while the mean values of the
mechanical properties listed in Table 5-3 were used. The mean tensile concrete strength
/« values were evaluated as (f., = 0.3(f.x)%/?) (see Eq. 5.1-3a of MC2010). The self-
weight and loading system, the real section geometry and the real tendon position were
considered in each slab while performing prediction calculations. In addition, based on
the suggested lump estimates of the time-dependent prestress losses suggested by
Naaman [186], which can range from 242 to 276 MPa, i.e. losses ranging from 21% to
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17.5%, the shear strength predictions were calculated by considering prestress tendon
losses of 20%.

Regarding the RC slabs, Table 5-8 summarises the code expressions in terms of Sl units.
For ACI 318-14, the shear calculation was taken as the lowest value given by expressions
(e.g. 5-1) and (e.q. 5-2). As expected, the lowest value equalled the expression (e.q. 5-1).
Expressions (e.q. 5-3), (e.q. 5-4) and (e.g. 5-11) for EC2, MC2010 level I, and EN1168
level 1 respectively, were to one another. However, MC2010 level I and EN1168 level
Il included a calibration factor of 0.8. MC2010 and EN1168 included more refined ex-
pressions (from (e.q. 5-5) to (e.q. 5-10)), with shear stressed z¢, ((e.q. 5-7) and (e.q. 5-10))
due to the prestressing force transfer. The evaluated control sections were:
o Distance h/2 from the support’s internal face according to ACI 318-14;

o Distance Iy measured from the slab edge to the intersection of the fibre that
passed through the centre of gravity of the gross section and an inclined line
(45° for EC2 and MC2010 and 35° for EN1168) from the support’s internal
face

e In the expressions (e.q. 5-5) and (e.q. 5-8) the critical point was the point on the
previously mentioned inclined line where the lowest shear strength was found

Regarding the PFRC slabs, even though no formulation was specifically developed for
the contribution in shear of the fibres in regions w/o flexural cracks, the second model
(Eq. 2-17), which indicated in MC2010 and previously in Section 2.1, was evaluated by

considering &, = 0 . Thus the angle of compressive stress field 9 was 29°, while k, =
1300

" (1000+kggz)’
Table 5-8: Shear resistance formulations for elements RC and FRC.

Code Expression Equation

Vicode = (0-29/1\/5 + 0-3fpc) by, dp +V, (eq 5-1)
ACI 318-14
ViM
Viscodei = 0-052F; by dy + Vg + =22

max

I b,
EC2 Vicode = T (fee)* + 1 Ocp fet (eq 5'3)
I by, :
MC2010-1 Viicode = O.BS—C ,(fct) +ay Ocp fot (e.q. 5-4)

I by,
MC2010-11 Vaeose =022 (o + .06y 0) fe = ter) (e.q.5-5)

(e.q. 5-2)
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Code Expression Equation
R (0. 56)

1[4 Sc0(ye— dF L

I b,

Vicode = S—(;))/)J(fct)z + Ucp()’) fer — Tcp()’) (eq 5'8)
ENLISE-| )=y {[5+ S22 =) Pt(lx)}—@m -»)  (e9.59)
1) = bwl(y);{[“fly )_ SO b) gy )] £ *)} (e.q. 5-10)
EN1168-11  Vycoqe = 0.8 % J (f)? +0.9a; 0cp fir (e.q. 5-11)

Table 5-9 summarises the ultimate shear strength predicted by the models, while Table
5-10 presents the experimental vs. predicted ratios (V;,/V,, coqe) Of the RC slabs. In addi-
tion, Table 5-11 presents the predicted shear strength and ratios of slabs, including pol-
ypropylene fibres. Finally, to supplement the tables, Figure 5-23 shows the comparison
made between the experimental and ultimate shear strength predicted by the models ar-
ranged in the tests with a/d=3.5 and a/d=2.8.

With the RC slabs, all the code’s predictions were somewhat non-conservative. Never-
theless, level 11 of EN1168 was the most accurate estimation with a ratio (V,,/V,, coqe) Of
0.96 and one of 0.97 for a/d=2.8 and a/d=3.5 r (EN-I11), respectively. Similar results were
obtained with the predictions using MC2010 level Il (MC-I). Both formulations included
a reduction factor that equalled 0.8, which calibrated the element’s bearing capacity by
-20%. The Eurocode 2 (EC2) formulation, which does not include any calibration factor,
predicted an overestimated shear capacity and obtained a factor of 0.75 in both cases for
the a/d slabs. Finally, the prediction using ACI 318-14 (ACI) was also non-conservative,
and obtained a coefficient ratio (V;,/V,, coqe) 0f 0.78 in both loading schemes.

Table 5-9: Shear strength prediction of the RC slabs.
HCS Vy Vuact  Vuecz2 Vumct Vumen Vuena | Vuen-n
[KN] [KN] = [KN] [KN] [KN] [KN] [KN]
42-RC-35 2734 3514 366.7 294.8 316.6 401.6 284.9
42-RC-2.8 2685 3444 3575 2875 308.9 391.2 278.0
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Table 5-10: Comparison between the experiments and predictions of the RC slabs.

VuVuact VulVuec2 VulVumca VoVamcen VuVuena Vu/Vuen-n

HCS

[] [-] -] [ [ []
42-RC-35  0.78 0.75 0.93 0.86 0.68 0.96
42-RC-2.8  0.78 0.75 0.93 0.87 0.69 0.97

As seen in Table 5-11 and Figure 5-23, the prediction of the shear strength of the PFRC
slabs employing the second fibres model proposed by MC2010 overestimated the capac-
ity of HCS and gave a low ratio V,, /V,, coqe = 0.73 0n average as a/d=3.5 and as 0.65 on
average in a/d=2.5. The obtained results were expected because the formulation was not
specifically developed for uncracked bending regions. In fact these results evidenced the
need to improve the formulations present in codes and standards to predict the shear
capacity of HCS, especially nowadays when industry performs HCS with larger dimen-
sions, which makes shear behaviour even more critical. Moreover, developing new ex-
pressions for FRC elements when critical shear strength occurs in regions w/o flexural
cracks is clearly needed.

Table 5-11: Shear strength prediction of PFRC slabs.

Vu  Vumcrre  Vu/Vumc-Fre
Hes [KN]  [kN] [
42-PFRC-3.5-1 378.7 495.8 0.76
42-PFRC-3.5-11 | 3234 5275 0.61
42-PFRC-3.5-111 | 361.3 501.0 0.72
42-PFRC-3.5-1V  307.9 521.6 0.59
42-PFRC-2.8-I 319.3 503.5 0.63
42-PFRC-2.8-11 | 322.2 513.6 0.63
42-PFRC-2.8-11  287.4 502.9 0.57
42-PFRC-2.8-1V  307.9 493.7 0.62
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Figure 5-23: Comparison to the shear strength predictions of different standards for: a/d=3.5
(a) and a/d=2.8 (b).
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5.6. Concluding remarks

In this chapter, the effectiveness of polypropylene fibres used to enhance the shear
strength of HCS end critical zones was experimentally explored. For this purpose, five
real-scale HCS were manufactured and tested in both end zones by loading schemes of
a/d=3.5 and a/d=2.8. The latter followed EN1168 recommendations. Based on the ex-

perimental results, the following results can be indicated:
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a) Polypropylene fibres were effective in enhancing the bearing capacity of the
HCS end zones by providing extra shear strength capacity of 25% on average,
as well as post-cracking resistance when fibres were dosed at 10.5 kg/m?®. In fact
the improved shear strength provided by polypropylene fibres resulted mainly
by improving the bond between tendon and concrete, and by delaying and con-

b)

trolling the development of splitting cracks and, hence, reducing tendon slip

The samples tested according to EN1168 (a/d = 2.8) showed a considerable arch
action influence compared to those tested using a/d = 3.5. Therefore, the test
setup suggested by EN1168 should be revised; a good compromise between the
need to carry out end zone tests and to avoid the arch effect would apparently
involve adopting a/d = 3.5

233



Effectiveness of polypropylene fibres as shear reinforcement in structural elements

234

c)

d)

There was evidence that the formulation proposed to predict the shear strength
of HCS was somewhat non-conservative, especially when more sophisticated
formulations like those proposed by EN1168 level I and MC2010 level |1 are
used.

Finally, there was also evidence for the need to develop a new analytical fibre-
reinforced model that can be used in those zones w/o bending cracks, such as
the end zones of HCS. In fact the prediction made using the second FRC ex-
pression of MC2010 proved even more non-conservative than for the RC slab.
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6.1. Main conclusions

This PhD thesis presents several experimental and analytical programmes developed to
study the shear behaviour of polypropylene fibre-reinforced concrete (PFRC) elements.
The main purpose of this research is to evaluate the effectiveness of polypropylene mac-
rosynthetic fibres to be used as shear reinforcement in certain elements like beams or
hollow-core slabs.

Firstly, a thorough review of the literature survey is reported. The report started with a
material review of PFRC, where some characteristics of polypropylene fibres and their
differences to other fibre types were studied. Then a bibliographical review about shear
transfer mechanisms in fibre reinforced-concrete (FRC) and about the elements studied
in the present thesis by emphasising those of PFRC was done. This information was used
to prepare the first shear database of beams manufactured with PFRC.

Two experimental campaigns, conducted on pre-cracked push-off specimens, were
tested to investigate the shear transfer mechanisms in plain concrete and PFRC. To do
s0, 11 plain concrete, six steel fibre-reinforced concrete and 24 PFRC push-off speci-
mens were manufactured during both experimental campaigns. The push-off specimens
were tested under direct shear following a specific methodology proposed in the litera-
ture. The studied variables were different concrete types, fibre contents, initial confine-
ment and crack openings, and fibre content with similar residual flexural tensile
strengths. Finally, a robust model that involved the transfer mechanism and the parame-
ters affecting them was developed to analytically study the shear transfer in a PFRC
crack. The analytical results were compared with the experimental ones.

Based on the experimental studies and analytical modelling, the following main conclu-
sions were drawn.

a) The aggregate interlock and macro-roughness influenced by external confine-
ment were the main shear transfer mechanism to transmit stresses in a plain
concrete shear crack. Shear and normal stresses were larger for small slip dis-
placements and crack openings, and reduced as the slip and opening of cracks
increased. The influence of the aggregate interlock or macro-roughness de-
pended on the initially introduced crack opening, and also on the confinement
existing before the test done with each specimen. Therefore with the wider ini-
tially introduced crack openings, the influence of macro-roughness was
stronger.

b) When the plain concrete experimental results were compared to the different
aggregate interlock models, all the models accurately predicted the experimental
results when cracks were less than 1 mm. However with wider crack openings,
the models were less accurate. In fact large differences among the models’ pre-
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d)

e)

9)

dictions were observed. This result evidenced the need to calibrate existing ag-
gregate interlock models to wide crack openings to better understand the fibre-
aggregate interlock interaction.

The polypropylene fibres dosed at 8 kg/m?® of fibres were unable to increase
shear strength as 12 kg/m?® did. However, 8, 10 and 12 kg/m? incremented the
post-cracking shear and normal stresses transmitted in cracks. In fact this incre-
ment was more evident with large crack openings and slip displacements. This
observation confirms the effectiveness of polypropylene fibres in bridging the
crack and continuing the transmission of stresses, even with large crack open-
ings.

When the shear behaviour of SFRC and PFRC with similar residual flexure ten-
sile strengths were compared to one another, both FRC presented similar behav-
iour. These results confirmed that regardless of fibre type, fibre content, mate-
rial, shape, length and diameter, if fibres provide similar residual flexural tensile
strengths, similar shear performance will be achieved.

The numerical procedure was capable of integrating the shear transfer mecha-
nism acting in a PC and PFRC crack. In fact the numerical procedure could
closely follow all the experimental test stages since parameters like initial crack
and confinement existing in cracks before the direct shear tests were taken into
account in models.

When the experimental results were compared to the analytical shear transfer
results, the Walraven and Reinhardt aggregate interlock model combined with
any of the three fibre models (Pfyl, Kaufmann and inverse models) presented
good shear transfer predictions. In fact differences appeared among the shear
transfer fibre models were negligible in comparison to those differences pre-
sented among the aggregate interlock models.

The stresses transferred by polypropylene fibres in a shear crack can be directly
estimated from the tensile behaviour of PFRC; i.e. from the flexural residual
tensile stresses that, in this case, were determined from prismatic specimens
tested according to EN 14651. Thus the toughness provided by polypropylene
fibres would be the same in Mode | and Mode II. These results evidence that
from an engineer point of view, shear PFRC behaviour could be directly deter-
mined from some well-known parameters, such as residual flexural tensile
strengths obtained from bending tests, as MC2010 suggests.

Having evidenced the effectiveness of polypropylene to transmit shear and normal
stresses in a PFRC crack, the study of PFRC was projected to full-scale elements. For
this purpose, 24 slender beams with and w/o stirrups made of reinforced concrete (8
beams), steel fibre-reinforced concrete (8 beams) and PFRC (8 beams) were tested ac-
cording to a three-point-loading scheme. The studied fibre content was 30 kg/m® and 10
kg/m? for steel and polypropylene fibre-reinforced concrete, respectively. Fibre contents
were selected to provide both fibre-reinforced concretes similar residual flexure tensile
strengths. Therefore, the effects of both fibres on shear behaviour were compared. This
comparison comprised the global element response, crack pattern evolution, effect of
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fibres on shear transfer mechanisms and shear deformation. Finally, a comparison of the
results to code predictions was made. Within this framework, and based on the experi-
mental results, the following main conclusions were drawn:

a)

b)

c)

d)

Steel and polypropylene fibres significantly improved beam shear performance
by increasing shear strength and improving ductility. Polypropylene or steel fi-
bres added to beams w/o transverse reinforcement obtained a similar response
in some cases to those observed in the RC beams with transverse reinforcement.
The fibre contents of 30 kg/m® and 10 kg/m® were unable to change the mode
of failure (MOF) of the beams w/o stirrups, but in some cases, the MOF changed
in the beams with stirrups from shear to flexure failure.

Despite it not being possible to directly evaluate the shear transfer mechanism
on beams RC and FRC, photogrammetry revealed that both fibre types reduced
the crack propagation of the main diagonal crack, incremented the uncracked
compression zone, delayed and controlled dowel crack formation, and changed
the kinematics of the inclined cracks. In fact based on the crack pattern analysis
in several load stages, it was observed how both fibre types reduced crack spac-
ing and increased the number of flexural and inclined cracks.

As steel and PFRC beams presented similar experimental results (shear strength,
deflection, MOF), and similar measured parameters (crack pattern, shear crack
evolution, influence of fibres on stirrups, shear deformation), we confirm that,
regardless of fibre type (volume, material, shape, length, diameter), if fibres pro-
vide similar residual flexural tensile strengths, similar shear performance takes
place.

Residual flexural tensile strengths can act as excellent parameters to characterise
the shear behaviour of FRC elements. Therefore, the methodology used by
Model Code 2010 or Australian AS 3600-2018 or RILEM TC 162-TDF, where
the contribution of fibres to shear is included from the tensile behaviour of FRC,
is convenient because it can be obtained from residual flexural tensile strengths.
These parameters provide the same efficiency regardless of fibre type, steel or
polypropylene fibre in this case.

The study of the effectiveness of polypropylene fibre as shear reinforcement was ex-
plored in a real application. For this purpose, the possibility of using polypropylene fi-
bres to enhance the shear behaviour of hollow core slabs was experimentally evaluated.
To do so, five full-scale hollow-core slabs were tested in both end zones by a three-point-
loading scheme. One of the end zones of the slab was tested with a/d=3.5, and the re-
maining end zone was tested with a/d=2.8, according to Annexe J of EN1168 [193]. The
following main conclusions were drawn:

a)

Polypropylene fibres enhance shear strength by an average of 25% compared to
plain concrete slabs. In fact this improvement was related to the effect of fibres
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b)

d)

on improving the bond between tendon and concrete by delaying and controlling
the developed splitting cracks and, hence, reducing the tendon slip.

Despite dry-concrete being used to manufacture hollow-core slabs, polypropyl-
ene fibres were capable of providing significant residual flexure tensile strength.
In fact the density and distribution of fibres in HCS webs was good, even on
planes parallel to both shear (45°) and splitting (0°) cracks. The obtained results
justified the effectiveness of fibres in controlling tendons slip, and in controlling
post-cracking behaviour in PFRC slabs

In those slabs tested with a/d = 2.8, as the European standard EN1168 suggests,
a considerable arch action influenced the shear behaviour of slabs. This influ-
ence was not observed in the slabs tested with a/d = 3.5. Therefore, a good com-
promise between the need to carry out end zone tests and avoiding the arch ef-
fect seems to be the adoption of a/d = 3.5 scheme.

The expression formulated by different codes to predict shear strength in
uncracked zones was non-conservative when compared to the plain concrete
hollow-cores slabs results. The need to develop new analytical fibre-reinforced
expression to be used in zones where no bending cracks occurs as end zones of
this slab type was evidenced.

Based on the literature survey studied in this thesis, a shear database of macrosynthetic
FRC failed in shear was built. Several parameters were collected from each experimental
campaign and were consulted to first analyse their distribution in the shear database and
then to study their influence on the shear behaviour of beams. Within this framework,
the following conclusions were drawn:

240

a)

b)

The database results evidenced that characterizing the shear behaviour of mac-
rosynthetic FRC beams according to the fibre content (volume fraction) results
was not convenient because there no trend of increasing normalized shear stress
with incremented fibre content was observed. This was probably due to the fact
that the performance of macrosynthetic fibres does not depend only on the ma-
terial type or geometry, but also on material surface treatment.

The residual flexural tensile strengths were probably the most effective method
to characterise the shear performance of macrosynthetic FRC. In fact the results
showed a positive trend of increasing the normalised shear strength of beams
with incremented residual flexural tensile strength, specially that related to
CMOD = 0.5 mm.



Chapter 6. Conclusions and future research lines

6.2. Future lines of research

The results of the thesis open up many lines for future research and development. There-
fore, future research lines may include:

a)

b)

d)

Concerning pre-cracked push-off tests, further tests should be carried out on
plain concrete specimens with varying aggregate sizes and distributions. At the
same time, it would be necessary to scan the surface topography at different
crack slip displacements to correlate the aggregate interlock mechanism with
the shear transferred in cracks. A study could also be done as to how this mech-
anism varies with the aggregate degradation. The results could be used to de-
velop or calibrate models to explain the aggregate interlock transfer at large
crack openings and slip displacements.

FRC push-off tests could be extended to include new fibre materials, shapes and
fibre contents to obtain different residual flexural tensile strengths. Therefore,
new physical models based on post-cracking properties of concrete could be
developed to predict shear transfer at different crack openings and slip displace-
ments.

Further research to characterise different shear transfer mechanisms acting on a
beam with shear failure according to residual flexural tensile strength. There-
fore, physical models, such as the critical shear displacement model developed
by Yuguang Yang for RC beams, could be extended to FRC beams.

Further research to develop expressions that determine the shear strength of
FRC elements in those zones where no flexural cracks occur (uncracked zones).
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Annexe A

Shear database of macrosynthetic fibre-reinforced concrete beams.

Similar to other authors of SFRC beams, the first shear database of macrosynthetic fibre-
reinforced concrete beams failed in shear is built and analysed in the present annexe of
the thesis. The sources of beams are the experimental campaigns reviewed in Chapter 2
of this thesis, and summarised in Table A.1 for PFRC beams and in Table A.2 for their
counterpart beam in RC. Nevertheless during data collection, the following parameters
were included in both tables:

Source (reference);
Number of beam (#);
Beam ID (identified as the original authors did);
Web width (by) in mm;
Effective depth (d) in mm;
Shear span to effective depth ratio a/d;
Longitudinal reinforcement ratio (p1) as a percentage;
Transversal reinforcement ratio (pw) as a percentage;
Cylinder concrete compressive strength (f¢) in MPa;
Maximum aggregate size (dg) in mm;
Compressive stress in the section due to the active prestress reinforcement (op)
in MPa
Fibre type classified as:
o Multifilament polypropylene (MPP)
o Straight polyolefin (SP)
o Self-fibrilant polypropylene (SFP)
o Crimped polypropylene (CPP)
o Straight polypropylene (SPP)
Fibres volume ratio (Vf) as a percentage;
Flexural strength (f.) in MPa;
Residual flexural tensile strength (fr,1) and (fr;3) according to EN 14651 in MPa;
Failure Mode (MOF) classified as:
o Diagonal tension (DT)
o Shear compression (VC)
o  Shear flexure (FS)
Experimental shear strength (Vuexp) in kN;
Experimental ultimate shear stress (vy) in MPa determined as v, =
Viexp/ (D d);
Normalized shear stress (Vu/(fem)®®);
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It is worth mentioning that when some authors did not specify the exact type of shear or
flexure failure (DT, VS or FS), shear failure as (S) and flexure as (F) are specified in
Table A.1.

All the samples were rectangular section, and failed in shear with PFRC, while in the
control RC beams (see Table A.2) some elements with transversal reinforcement failed
in flexure. However, not all the authors specified what shear failure type occurred (diag-
onal tension, shear compression or shear flexure), and classified only their specimens’
failures as shear or flexure.

In all, 64 PFRC and 49 RC control beams are included in Table A.1 and Table A.2. A
distribution of the main parameters, such as a/d, effective depth (d), concrete compres-
sion strength (fcm), longitudinal reinforcement (p1), volume of fibres (V) and residual
flexural tension strength at CMOD equalling 0.5 and 2.5, are presented from Figure A.la
to Figure A.1f.

(a/d) 1.0 1.5 23 3.0 35 52
-]

@ | ad | |2 8

(sum.) 0 2 10 41 55 64
(d 0.0 100 200 300 400 600 764
[mm]

()  d |2 10
(sum.) 0 2 12 29 49 59 64
(pp 10 1.3 25 3.23.94
[%o]

© | p 24
(sum.) 24 43 63 64
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6 | fas o i
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Figure A.1: Distribution of parameters in the shear database for PFRC beams

As Figure A.la shows, most elements were tested by considering a/d ranging from 2.3
to 3.0, which represents 48% of all the specimens. In fact 23 specimens were tested with
a/d from 2.4 to 2.5, which are considered boundary to classify beams as short (a/d<2.4)
or slender beams (a/d>2.4) in accordance with Kani’s valley [185]. In addition, 10 beams
are considered short beams and 54 slender beams. Moreover, the beams with the smallest
effective depth (d) correspond to 100 mm [163], while those with the most depth corre-
spond to 764 mm, as performed by Conforti et al. [40] to study the size effect of PFRC
beams. Nevertheless, the commonest tested beams correspond to those with an effective
depth from 300 to 400 mm (see Figure A.1b). The typical p; adopted ranges from 1% to
1.3% which represent 37% of the all the tested beams. Consequently for pj, up to 3.94%
was employed.

Concerning the volume fraction (Vi) (see Figure A.1d), the minimum V; was 0.49%,
while the maximum went up to 3%. The commonest beams were those with Vs ranging
from 0.5 to 1.5%. Different concrete compression strengths (fc) were studied within the
range of 13.9 MPa to 54 MPa (see Figure A.le).
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Finally, it is highlighted that residual flexural tensile strengths were characterised only
in 40 of the 64 beams, which represents 63% of the PFRC database. It is worth mention-
ing that the PFRC used in the beams tested by Ensan Navadeh [169] was characterised
by ASTM C1609[16] by the author and is included in Table A.1, and a transformation
to EN 6451 [15] was done using the correlations in Conforti et al.[18].

Figure A.2 presents an analysis of the 64 PFRC and 49 RC control beams included in
Table A.1 and Table A.2. The first analysis corresponded to the maximum normalised
shear stress versus the fibre volume fraction of the PFRC and RC (Vi=0%) beams w/o
stirrups. First of all, in Figure A.2a we can see the mean maximum normalised shear
stress reached in the RC beams, which corresponded to 0.24 and was over 0.17, as esti-
mated by ACI 318-14 in the contribution of concrete in shear (0.17\/176). When the
FRC results in Figure A.2a were analysed, no strong trend of the increase in normalised
shear strength with incremented fibre content appeared. In fact the result showed that the
0.5% fibre content provided more normalised shear stress than fibre content over 1% in
some cases. This was due to the wide variability in the post-cracking behaviour provided
by synthetic fibres. In fact indicated in Section 2.1.2.2 the performance of macrosyn-
thetic fibres depends on the bond between fibre and matrix and, in turn, on the bond of
the surface treatment of fibres. Therefore, the performance of macrosynthetic fibres not
only depends on material type or geometry, but also on the material surface treatment.
Nevertheless, we can see in Figure A.2a that most of them were able to provide a nor-
malised shear stress over 0.29.

Figure A.2b presents the fibre contribution ratio (Vurrc / Vurc) Vs. fibre content in beams
with and w/o stirrups. As shown, a slight trend (R?=0.34) of increasing fibre contribution
when fibre content increased was found. In addition, the contribution of fibres was pos-
itive in 98% of cases. It is worth mentioning that in this analysis, Arslan et al.’s [170,171]
results with fibre contents of 2% and 3% were not considered due to the concrete work-
ability and compression strength problems reported by them (concrete ranged from 13
to 27 MPa). Nevertheless, Figure A.2b presents wide variability in the results similarly
to Figure A.2a.

Moreover, when the fibre contribution ratio was compared to the control RC beams with
stirrups in Figure A.2c, we observed that in most cases (79%), fibres could not provide
similar shear stresses to stirrups, and only 21% provided equal or better stresses than
stirrups. It is worth mentioning that the RC beams with stirrups contained transverse
reinforcement ratios ranging from 0.1% to 0.45%, and some of them contained the min-
imum reinforcement ratio [40,165,169]. In any case, the transverse reinforcement ratio
was higher than that required by international codes [7,13].

Figure A.2d presents the fibre normalised shear strength vs. residual flexure tensile
strengths fr 1 and fr3. A slight positive direct relation was noted when increasing fr1 and
fra . This trend was stronger for fr1 where an R? of 0.30 was obtained instead of 0.13,
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which was obtained for fr 3. In addition, we can see that fr 1 and fr 2 over 1.7 were capable
of providing shear stress that equalled or exceeded 0.29,/f"  with elements.

Finally, the experimental shear strength of those beams, for which the postcracking be-
haviour was characterised according to EN 14651 [15], was compared to the expressions
available in MC2010 [7] to calculate the shear strength of FRC elements. The employed
expressions were (Eq. 2-16) and (Eg. 2-17) included in Table 2-3 of this thesis. The mean
tensile strength (f.) value was evaluated according to that evaluated according to Eq.
5.1-3a of MC2010 (f.; = 0.3(f.,)%?) as all the specimens obtained f,,, < 50MPa, cal-
culated as f,, = f.n — 8 according to Eq. 5.1-1 of MC2010. Moreover for expression
(Eq. 2-16), w, was considered to equal 1.5 mm. In addition, the control section consid-
ered for both MC2010 expressions was the effective depth of the section from the sup-
ports. The element’s self-weight of the element was not considered in any case. Moreo-
ver, as both expressions were created to determine the contribution to shear of fibres in
regions with bending cracks, the second expression (Eqg. 2-17) was evaluated in those
beams with a/d = 1.5 by taking €, = 0. This expression allowed us to choose the angle
of the compressive stress field 6 from 29° (if ¢, equalled to 0) to 45°. In the present
evaluation, 6 was taken as 29°. Finally, as expression (Eq. 2-16) could not be used in
regions without bending cracks, the contribution of fibres in those beams with a/d = 1.5
was not evaluated.

Figure A.2e shows the comparison between the experimental and theoretical shear
strength predicted by MC2010. In this figure, beams are ordered by increasing effective
depth. The mean values of the prediction using MC2010-I (Eq. 2-16) were 1.23 with a
coefficient of variation (CV) of 0.23, and 1.04 with a CV of 0.21 for MC2010-11 (Eq.
2-17). In this context, (Eq. 2-16) provided more conservative values than (Eq. 2-17).
These values were in the same order as those obtained by Barros and Foster [175] when
evaluating SFRC database beams using (Eqg. 2-16) and (Eq. 2-17) proposed by MC2010.
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Figure A.2: Analysis of fibre contribution (a to d) and comparison to MC2010 (e)
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After the previous analysis of the PFRC beams database, some conclusions can be drawn
on the shear behaviour of PFRC beams:

The use of macrosynthetic fibres needs to be further investigated because of the
limited numbers of the 64 tested beams reported in the literature.

Can synthetic fibres be used as minimum shear reinforcement according to
ACI318-14[13] as with steel fibres? To answer this question, it is necessary to
study the criteria stated to allow the use of steel fibres as minimum shear rein-
forcement. The steel fibres used as minimum shear reinforcement were based
on the study of Parra-Montesinos [162], where the shear stress provided by a
steel fibre content over 0.75% was greater than (0.29\/76). This stress value
(0.29\/f_’c), based on the stress provided by minimum stirrups according to
ACI-318, corresponded approximately to 0.255\/f_’c as determined from (v, +
Vs min (0.5v), where v, is the shear stress of concrete (0.17,/f7,) and v m;n is
the shear stress provided by the minimum stirrups equalling 0.5v, to fulfil
(0.5¢v, < v, < vg¢,, Wwhere v, is the ultimate shear stress of beams and ¢, is
the reduction coefficient factor).

In this context, and as Figure A.2a illustrates, 76% of the beams with synthetic
fibres surpassed (0.29\/f_’c), but there was no clear trend of fibre content (vol-
ume fractions) to guarantee this stress. In fact some results containing 0.5% fibre
contents exceeded this stress, whereas some beams with 0.75% or 1% did not.
The results evidenced that characterising the shear performance of macrosyn-
thetic fibre reinforced concrete according to fibre content would probably not
be convenient. In fact as observed in Figure A.2a, there was no clear trend of
increasing normalised shear stress when fibre content also increased, as with
steel fibres [172]. This was probably due to the fact that all types of commercial
macrosynthetic fibre have specific properties despite their similar geometry and
materials.

Similar to SFRC, the residual flexural tensile strengths probably turned out to
be the most effective method to characterise the shear performance of macro-
synthetic fibre-reinforced concrete. In fact the results showed a positive trend of
increasing the normalised shear strength of beams with an increment of residual
flexural tensile strength, especially that related to CMOD = 0.5 mm. Moreover,
macrosynthetic fibres were able to confer beams shear stresses over 0.29\/f_’C
when macrosynthetic fibre-reinforced concretes presented fr 1 and fr 3 over 1.7.

The shear strength of macrosynthetic fibre-reinforced concrete did not seem to be well
predicted by MC2010 when the effective-to-depth ratio went over 3.5. In addition, the
FRC shear strength expression of MC2010 based on Eurocode 2 (MC2010-1 in Figure
A.2e) (Eq. 2-16) was more conservative than that developed based on the Modified Com-
pression Field Theory (Eq. 2-17) (MC2010-11 in Figure A.2e).
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Table A.1: Shear database of PFRC beams.

be | d &d| g | pu| fm | dg | o | Fibre | Vi | fu | far | fas Voo | Vu | Vul(for)®®

Reference | #|  BeamsID. |1 oooimomt [ |61 | [%] |[MPa] [mm] [MPa]| Type | [%] [MPa] [MPa]/(MPa] MOF| [kN] [MPa]  [MPa]
Furlan and Hanail 1 P2A 100 | 80 [350/1.67/0.18 480 |N/S| - | MPP (050, - | - | - | DT 2260 28 041
[162] 2 P2B 100 | 80 1350/1.67| - | 480 |N/S| - | MPP 050 - ; - DT 1750 219 | 032
Camﬂ‘ég‘]’eta' 3 N/S 100 | 102 2.20/3.94/0.35 530 (N/S| - | SP 200 - | - | - |VC 4865 477 066
4 B3 150 | 120 [3.02/2.62/0.28/ 378 | 10 | - | SPP 050, - | - | - |VvC|6800 378 061

5 B4 150 | 120 [3.02/2.62/0.28| 441 | 10 | - | SFP 050, - | - | - |VC|5750 319 048

6 B6 150 | 120 (3.02/2.62 - | 439 | 10 | - | SPP 050, - | - | - |VC|4300 239 036

Majdzadeh etal | 7 B7 150 | 120 (3.02/2.62 - | 442 | 10 | - | SPP 100, - | - | - |VC|5650 314 047
[136] 8 B8 150 | 120 3.022.62| - | 431 | 10 | - SPP |150| - ; - VC 5200 289 | 044

9 B9 150 | 120 (3.02/2.62 - | 434 | 10 | - | SFP 050, - | - | - |VC|4100 228 035

10 B10 150 | 120 (3.02/2.62 - | 448 | 10 | - | SFP 100, - | - | - |VC|5000 278 042

1 B11 150 | 120 (3.02/2.62 - | 420 | 10 | - | SFP 150, - | - | - |VC|4950 275 042

12| L1-050-b | 280 | 400 [3502.15/ - | 419 | 20 | - | SPP 050 57 | 194 163 DT 19300 172 | 027

A"°‘Egg§‘“a' 13| L1-0.75-a | 280 | 400 350215/ - | 419 | 20 | - | SPP 0.75 57 |2.36  2.06 DT 21450 1.92 | 0.30
14 L1-075b | 280 | 400 350215/ - | 419 | 20 | - | SPP |0.75 57 |2.36  2.06 DT 21300/ 1.90 | 0.29
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R L [r'lrj1vrvn] [mdm] ﬁj 6] | 6] [I\;Iclgﬂa] [rrclirgn] [MPa] %:)pr: [32] [Mfll5a] [l\];IRIga] [l\];Inga] ploL \[/ka [NYE’a] V[/l\(/flpmg;35
15|  sh1-050-a | 280 | 400 [2.30/2.15| - | 419 | 20 | - | SPP (050 57 | 194 163 | S 21950 1.96 030

16|  12-050-a | 230 | 330 |350(3.18| - | 419 | 20 | - | SPP (050 57 | 1.94 163 | DT 13150/ 173 | 027

17| 12-050-b | 230 | 330 [350(3.18] - | 419 | 20 | - | SPP (050 57 | 1.94 | 163 | DT 13350/ 176 | 027

18] 12-075-b | 230 | 330 [350(318| - | 419 | 20 | - | SPP (075 57 | 2.36 | 206 | DT 13950 1.84 | 028

19| L2106 | 230 |330 [350[3.18| - | 356 | 20 | - | SPP |1.00| 48 | 266 | 237 | S |151.50| 200 033

20 Sh2-0.50-a | 230 | 330 |2.30/3.18| - | 419 | 20 | - | SPP (050 57 | 1.94 | 163 | S |167.50| 221 | 034

21)  Sh2-050b | 230 | 330 |2.30/3.18 - | 419 | 20 | - | SPP (050 57 | 1.94 | 163 | S |150.00 198 = 031

22| Sh2-0.75-a | 230 | 330 |2.30/3.18| - | 419 | 20 | - | SPP (075 57 | 2.36 | 206 | S |16850 222 | 034

23] Sh2-0.75b | 230 | 330 |2.30/3.18| - | 419 | 20 | - | SPP (075 57 | 2.36 | 206 | S |170.50| 225 035

24 L-SFa 230 | 330 350(3.18/0.10| 420 | 20 | - | SPP (050 57 194 163 S 1197.00 260 040
Altoubatetal 25 L-SFb 230 | 330 [350(3.18/0.10| 420 | 20 | - | SPP (050 57 | 194 163 S |197.50 260 040
[164] 6|  shsF-a | 230 | 330 |2.30/318/0.10/ 420 | 20 | - | SPP (050 57 | 1.94 163 | SF 19655 259 040
27 sh-sfb 230 | 330 |2.30/3.18/0.10| 420 | 20 | - | SPP (050 57 | 194 163 SF 18860 248 038

28| WB90PFRC-2 | 890 | 205 250|122 - | 260 | 16 | - | CPP |145 387 | 24 | 3 | S (60500230 045

%";fggifég]' 29| PFRC300x800-1 | 300 | 761 |2.50/1.00| - | 343 | 16 | - | CPP |1.45 387 | 24 | 26 | S 38100 167 028
30| PFRC300x800-2 | 300 | 761 |2.50/1.00| - | 343 | 16 | - | CPP |1.45 387 | 24 | 26 | S 40500 177 | 030
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R L [r'lrj1vrvn] [mdm] zﬁj 6] | 6] [h;lcga] [rr?ﬁw] [MPa] $§’5§ [32] [Mfllz’a] [l\];Inga] [l\];Inga] ploL \[/ka MPe] V[/l\(/fuvm;;5
31 PFRC150X800-1 | 150 | 763 250 1.10| - 343 | 16 | - | CPP (145 387 | 24 | 26 | S 20500179 031

32 PFRC150X800-1 | 150 | 763 |250/1.10| - | 343 | 16 | - | CPP (145 387 | 24 | 26 | S 247.00 216 037

33 PFRC150X800PTL| 150 | 764 250 1.10| - | 343 | 16 | 1.3 | CPP 145 387 | 24 | 26 | S 28400 248 042

34| PFRC150X600-1 | 150 | 563 250 1.12| - | 343 | 16 | - | CPP (145 387 | 24 | 26 | S 16600197 034

35 PFRC150X600-2 | 150 | 563 (250 1.12| - 343 | 16 | - | CPP (145 387 | 24 | 26 | S 19800 234  0.40

36|  Sy45-1-1 | 200 | 270 |150/1.21) - | 452 | 14 | - | SFP 1049 43 | 1.6 19 | S 168.90 313 | 0.47
parmentier etal 37 SyA5-12 | 200 | 270 150121 - 452 | 14 | - | SFP (049 43 | 16 | 19 | S 21490 398 059
[166] 38  Sy452-1 | 200 | 270 250121 - | 452 | 14 | - | SFP 049 43 16 | 19 S 110360 192 029
39  Syd522 | 200 | 270 |250/121 - | 452 14 | - | SFP 049 43 | 16 | 19 | S 11610/ 215 032

Sah[‘i%;]ta' 40 PFRC 150 | 172 |5.23/2.45 - |31.2 | 10 | - | SPP |1.00 101 | - | - | S 3840 149 027
41) SNFRC05% | 254 | 319 |2.402.40 - | 371 |N/S| - | SPP 050 56 357 420 S 327.08 404  0.66

Ensan Navadeh |42 SNFRC05% | 254 | 319 240240 - | 37.1 |N/iS| - | SPP |0.50| 56 357 420 | S (337.91 417 068
[168] 43| SNFRC0.75% | 254 | 319 |2.40/2.40 - | 381 N/S| - | SPP 075 6.49 441 574 S 36531 451 0.73

44| SNFRC0.75% | 254 | 319 |2.40/2.40 - | 381 N/S| - | SPP |0.75 649 441 574 S 37320 461 0.75

Arslanetal 45| B25FLO | 150 | 210 250128 - 270 |12 | - | CPP |1.00| - | - | - | S 4294 136 026
[169.170] 46  B2.5F20 | 150 | 210 |250/1.28| - | 139 | 12 | - | CPP 200 - | - | - | S |56.06 178 048
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R L [r'lrj1vrvn] [mdm] ﬁj 6] | 6] [I\;Iclgﬂa] [rrclirgn] [MPa] $§’5§ [32] [Mfll5a] [l\];Inga] [l\];Inga] ploL \[/ka [NYE’a] V[/l\(/flpm;;s
47  B25F30 | 150 | 210 |250/128| - | 185 | 12| - | cPp |300| - | - | - | s |3603|114| o027
48|  B35FLO | 150 | 210 13501128 - | 270 | 12| - | cPp |100| - | - | - | s 4675|148 o029
49] B35F20 | 150 | 210 |350(128| - | 139 | 12 | - | cPP |200| - | - | - | S |4250 135 036
50| B35F30 | 150 | 210 [350{128| - | 185 | 12 | - | cpp [300| - | - | - | s |sor2|161| o037
51| B25S15PLO | 150 | 210 |2.50/128/0.45 270 | 12 | - | CPP (100, - | - | - |vC 7363|234 045
52 B25S15P20 | 150 | 210 |250/128/0.45 139 | 12 | - | CPP 200, - | - | - |vC 5384|171 046
53| B25S15P31 | 150 | 210 |2.50/1.28/0.45 185 | 12 | - | CPP 300 - | - | - |vC 6672|212 | 049
54 B25S20PL0 | 150 | 210 |250/128/0.34) 270 | 12 | - | CPP (100, - | - | - |vC 6647|211 041
55 B25S20P20 | 150 | 210 |2.50/128/0.34| 139 | 12 | - | CPP 200, - | - | - |vC 5473|174 047
56| B25S20P30 | 150 | 210 |2.50/128/0.34| 185 | 12 | - | CPP 300 - | - | - |VC 6361|202 047
57 0APL 350 | 473 387167 - | 436 | 20 | - | CPP 110 457 294 471 DT | 228 158 024
58 0AP2 350 | 473 484223 - | 436 | 20 | - | CPP 110 457 294 | 471 DT | 249 173 026
59 0BP1 229 | 473 [387/2.24] - | 436 | 20 | - | CPP |1.10| 457 294 471 DT 1846 L17L| 026
e Thesis | 0BP2 220 | 473 484225 - | 436 | 20 | - | CPP |1.10| 457 294 471 DT 1529|141 021
61 APL 350 | 473 [3.87/167/0.21] 436 | 20 | - | CPP |1.10| 457 294 471 VC 3526|245 | 037
62 AP2 350 | 473 4.842.23/0.21] 436 | 20 | - | CPP |1.10| 457 294 471 VC 3461|240 036
63 BP1 229 | 473 [387(2.24/0.28| 436 | 20 | - | CPP |1.10| 457 294 471 VC 2814|260 | 039
64 BP2 229 | 473 4.842.250.28| 436 | 20 | - | CPP |1.10| 457 294 471 VC 2488 230 035
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Table A.2: Shear database of RC beams.

bu | g | and f d | o v Vo | Vel(fom)®®

Reference # Beams ID. ] mm] | [ [opA')] [g/vov] [Mcga] [mrgn] [Mlga] MOF [lzliﬁ [M;a] li:l\(ﬂcFr’nE)l]
Furlan and Hanai | 1 P1A 100 | 80 |350 167 018| 438 | N/S | - | DT | 2000 | 250 038
[162] 2 P1B 100 | 80 |350 167 - | 438 N/S | - | DT | 1600 | 200 030
Cam'c["l%g‘]’eta' 3 N/S 100 | 102 220394035 702 N/S| - | VC | 4264 418 @ 050
Majdzadehetal | 4 B1 150 | 120 302262 028 378 | 10 | - | VC | 5600 311 | 051
[136] 5 B2 150 | 120 [3.02262| - | 439 | 10 - VC | 3800 | 211 0.32

6 L1-0.0-a 280 | 400 |350 215 - | 409 | 20 | - | DT | 17350 155 | 0.24

7 L1-0.0-b 280 | 400 |350 215 - | 409 | 20 | - | DT | 16950 | 151 | 0.24

8 L1-0.0-c 280 | 400 |350 215 - | 409 | 20 | - | DT | 17050 | 152 | 0.24

9| Shl-00-a | 280 @ 400 230 215 - | 409 | 20 | - | DT | 20250 181 028

A't‘“[‘gg;eta' 10| Sh1-00-b | 280 | 400 |230 215 - | 409 @ 20 | - | DT 18800 168 @ 0.26
11| L2002 230 | 330 |350 318 - | 409 | 20 | - | DT | 11500 152 | 024

12| L2-00b 230 | 330 |350 318 - | 409 | 20 | - | DT | 11800 155 | 024

13| Sh2-00-a | 230 @ 330 230 318 - | 409 | 20 | - | DT | 13500 178 @ 028

14| Sh2-00-b | 230 @ 330 |230/318 - | 409 20 | - | DT 13500 178 028

15 L-S-a 230 | 330 |350 3.8 010 420 @ 20 | - S 13885 183 @ 0.8

Altoubatetal | 16 L-S-b 230 | 330 |350 3.8 010 420 @ 20 | - S | 13950 184 @ 0.8
[164] 17 sh-S-a 230 | 330 |2.30 3.8 010 420 @ 20 | - S | 15165 200 031

18 Sh-s-b 230 | 330 |2.30 3.8 010 420 @ 20 | - S 17090 | 225 @ 035

19| PC300x800-1 | 300 | 761 |250|1.00 - | 303 | 16 | - S | 18300 080 015
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b d | ad f d o V. Voo Vul(fan)0S

Reference # Beams ID. - ] | [ [5;] [% [MCSa] [m?n] [Mlga] MOF [kulir:i) [Mlga] "[l\(ﬂg‘;]
20| MSR300x800-1 | 300 | 761 |2.50|1.00 0.16 303 | 16 | - F | 42400 186 034

21| MSR300x800-1 | 300 | 761 |2.50|1.00 0.16 303 | 16 | - F 43600 191 035

22| PC150X800-1 | 150 | 763 |2.50|1.10 - | 303 | 16 | - S | 91.00 080 014

23| PC150X800-2 | 150 | 763 |2.50|1.10 - | 303 | 16 | - S 10100 0838 016

. 24| MSR150X800-1 | 150 | 763 |2.50|1.10 0.32| 303 | 16 | - F | 24400 213 039
?sogrjfgg'fég]' 25| MSR150X800-2 | 150 | 763 |2.50|1.10 0.32| 303 | 16 | - F | 25000 218 040
26| PC150X800PTL | 150 | 764 | 250 110 - | 303 | 16 | 1.3 | S | 19900 174 @ 032

27| PC150X600-1 | 150 | 563 |2.50|112 - | 303 | 16 | - S | 89.00 | 105 | 0.9

28| PC150X600-2 | 150 | 563 |2.50|112 - | 303 | 16 | - S | 6400 076 | 014

29| MSR150X600-1 | 150 | 563 |2.50|1.12 0.32| 303 | 16 | - F 18500 219 040

30 | MSR150X600-2 | 150 | 563 |2.50 112032 303 | 16 | - F | 20400 242 044

Parmentier et al 31 B-2-1 200 270 250|121 - 42.4 14 - S 66.30 | 1.23 0.19
[166] 32 B-2-2 200 | 270 | 250 121 - | 424 | 14 | - S | 5860 109 | 017
Sah[i%?]ta' 33 Plain 150 = 172 |523 245 022 300 @ 10 - S | 5390 @ 2.09 0.38
34 RC 254 | 31905 240 240 - | 341 | NS | - S | 27534 340 | 058

Ensan Navadeh | 35 RC 254 | 31905 240 240 - | 341 | NS | - S 29529 | 364 | 062
[168] 36 RCS 254 | 319.05 240 240|037 341 | N/S | - S | 37109 458 | 0.78
37 RCS 254 | 319.05 240 240|037 341 | N/S | - S | 37483 463 | 0.79

38 B25R 150 | 210 |250|1.28| - | 265 | 12 | - S | 3546 | 113 | 022
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b d | ad f d G V. Voo Vul(fan)0S

Reference # Beams ID. - ] | [ [Op/;] [f))/‘:)v] [MCSa] [mrgn] [Mga] MOF [ku[ir:i) [M;a] "[l\(ﬂg‘;]
39 B3.5R 150 | 210 350 128 - | 265 12 | - S | 4792 | 152 | 030

A[‘;Sgg“l‘;toz]"' 40 B25S15R | 150 | 210 250 128 045 265 | 12 | - | VC 5952 | 1.89 & 037
41| B25S20R | 150 | 210 250 128 034 265 | 12 | - | VC 6071 | 1.93 @ 037

42 0AL 350 | 473 387 167 - | 4059 | 20 | - | DT 16096 112 018

43 0A2 350 | 473 484 223| - 4059 20 | - | DT | 17629 122 | 0.9

44 0B1 229 | 473 387 224| - | 4059 20 | - | DT | 14117 13 0.2

This Thesis 45 0B2 229 | 473 484 225 - | 4059 20 | - | DT | 11828 1.09 | 017
46 Al 350 | 473 | 3.87 167|021 4059 | 20 | - | VC | 24125 167 026

47 A2 350 | 473 484 223|021 4059 20 | - | VC | 24596 171 | 027

48 BL 229 | 473 387 224|028 4059 20 | - | VC | 23766 22 0.34

49 B2 229 | 473 | 484 225|028 4059 | 20 | - | VC | 22486 208 033
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Annexe B
Push-off experimental results
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Figure B.1: Plain concrete push-off results (W = 0.0mm, V¢= 0.0% and f. = 43.62 MPa)
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Figure B.2: Plain concrete push-off results (W = 0.2 and 0.4mm, V¢= 0.0% and f. = 43.62 MPa)
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Figure B.3: PFRC push-off results (W = 0.0mm, Vs= 8.0% and f. = 43.50 MPa)
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Figure B.4: PFRC push-off results (W = 0.2mm, V= 8.0% and f. = 43.50 MPa)
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Figure B.5: PFRC push-off results (W = 0.4mm, V= 8.0% and f; = 43.50 MPa)
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Figure B.6: PFRC push-off results (W = 0.6mm, V= 8.0% and f. = 43.50 MPa)
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Figure B.7: PFRC push-off results (W = 0.0mm, Vi= 12.0% and f. = 45.89 MPa)
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Figure B.8: PFRC push-off results (W = 0.2mm, V= 12.0% and f. = 45.89 MPa)
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Figure B.9: PFRC push-off results (W = 0.4mm, V= 12.0% and f. = 45.89 MPa)
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Figure B.10: PFRC push-off results (W = 0.6mm, V= 12.0% and f; = 45.89 MPa)
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Annexe C
Crack pattern of ICITECH beams
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Figure C.1: Crack pattern evolution of beams series A2: Beams without stirrups (a) and with
stirrups (b).
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Figure C.2: Crack pattern evolution of beams series B1: Beams without stirrups (a) and with
stirrups (b).
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Figure C.3: Crack pattern evolution of beams series B2: Beams without stirrups (a) and with
stirrups (b).
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