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Abstract

The fibre orientation and distribution in a structural element cast with flowable fibre-
reinforced concrete (FRC) is affected by the concrete flow, which can enhance its non-
uniform and anisotropic fibre configuration. The structural behaviour may deviate
substantially, in favourable or unfavourable ways, from behaviour corresponding to a
uniform and isotropic fibre configuration, or from behaviour measured in a material
characterization test.

The aim of this research project was to evaluate the impact of the fibre configuration on
the mechanical behaviour of elements cast with flowable FRC and to provide a
methodology for predicting this effect in their structural behaviour. The experimental
investigation focused on characterizing the fibre volume content and orientation to
make it possible to explain the structural behaviour. The examination was done at two
levels of application: at the full-scale level using structural beams, and at a small-scale
level using test specimens for material characterization.

The analysis of the fibre configuration at the full-scale level confirmed that casting
under full-scale conditions can lead to non-uniform fibre configurations which may be
difficult to foresee in the production stage and may not occur in standard test specimens.
The observed non-uniform fibre configuration in the full-scale beams had a direct
consequence on their mechanical response; the areas with unfavourable orientation and
low fibre content played a decisive role in the crack propagation and reduced the load-
carrying capacity. These observations suggest that procedures for estimating the
structural performance of flowable FRC need to consider determinations or predictions
of'its fibre configuration.

From a design-oriented perspective, one possible approach is to characterize the
material using small-scale standard tests and correct these results for favourable or
unfavourable variations in fibre content and fibre orientation in the full-scale element.
As a more advanced solution, a numerical modelling approach was developed to predict
the mechanical response of a structural element taking its actual fibre configuration into
account. This approach was found to capture the large differences in the loading
capacity of the beams tested, which can only be attributed to the differences in their
fibre configurations.

Incorporating the effect of fibre configuration in the prediction of structural behaviour
will contribute to more reliable and effective use of flowable FRC. In combination with
simulations of casting and non-destructive methods of characterizing the fibre
configuration, this will encourage the use of this material in structural applications.
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Notation and terms

Latin symbols

F,

Jri

Jr2

Jr3

Sre

S

f Ftsd
JFisdmod
JFu
JFuunorm
f Ftu,str
JFua
JFudmod
Sem

Jetm
Jrem g
Sires
[l
Gr

Fibre orientation tensor

Area of reinforcement

Area of fibre cross-section

Eigenvector of A,i=1,20r3

Effective depth of a concrete cross-section

Fibre equivalent diameter

Young’s modulus of concrete

Weighting fibre function

Residual flexural tensile strength at CMOD = 0.5 mm

Residual flexural tensile strength at CMOD = 1.5 mm

Residual flexural tensile strength at CMOD = 2.5 mm

Residual flexural tensile strength at CMOD = 3.5 mm

Residual tensile strength significant for SLS (MC 2010)

Design value for the residual tensile strength significant for SLS
Modified design value of fr

Uniaxial residual tensile strength significant for ULS (MC 2010)
Uniaxial residual tensile strength for normalized conditions
Uniaxial residual tensile strength for a structural element

Design value for the residual strength significant for ULS
Modified design value of fry.q

Mean value of cylinder compressive strength

Mean value of uniaxial tensile strength

Mean value of flexural tensile strength

Analytical residual tensile strength based on Thorenfeldt’s equation
Limit of proportionality

Fracture energy

Height of a concrete cross-section; equivalent length of a finite element
Correcting factor for the residual tensile strength

Correcting factor for the residual tensile strength in a structural element
Beam span

Length of the fibre 7 (or the fibre segment 7)

Structural characteristic length

Length of a finite element
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Iy Fibre length

M Bending moment

N Axial force; number of fibres in the analysed volume
Ny Total number of fibres crossing a plane

n Unit vector normal to the crack plane

ny Number of fibres per surface unit

p Unit vector in the direction of a fibre

pi Unit vector in the direction of the fibre i

Px Py» P Components of vector p
2

R Coefficient of determination

T Flow time measured in the L-box test

t500 Flow time measured in the slump-flow test

V. Concrete volume

\Z Fibre volume fraction

vy Fibre volume fraction in the analysed element or in the concrete mix
Vilocal Local fibre volume fraction

Vinom Nominal fibre volume fraction

w/b Water-binder ratio

wi Weighting for the orientation component for calculation of u
W) Weighting for the volume fraction component for calculation of u
Wuls Ultimate crack opening

Wy Crack opening corresponding to ULS

(0] Diameter

Greek symbols

o Orientation factor

Oocal Local orientation factor

0 Beam deflection

€ Strain

& Concrete strain

& Steel strain

Eulr Ultimate strain

no Capacity factor for fibres

) Orientation number

0 Fibre out-of-plane angle

K Size factor

Ai Eigenvalue of A,i=1,2 or 3
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U Fibre efficiency variable

o Stress

o, Concrete stress

Oy Steel stress

Ofin Mean value of stress in all the fibres crossing a crack
@ Fibre in-plane angle
Abbreviations

2D Two-dimensional

3D Three-dimensional

ASTM The American Society for Testing and Materials
CV Coefficient of variation

CMOD Crack mouth opening displacement
COIN Concrete Innovation Centre

CT Computed Tomography

FE Finite element

FRC Fibre-reinforced concrete

MC 2010  fib Model Code 2010

NTNU Norwegian University of Science and Technology
SCC Self-compacting concrete

SFRC Steel fibre-reinforced concrete

SLS Service Limit State

ULS Ultimate Limit State

VSI Visual Stability Index
Subscripts

c Concrete

el Element

f Fibre

local Local

mod Modified

nom Nominal

norm Normalized

res Residual

s.beam Standard beams

str Structural element

ult Ultimate
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List of definitions

Aspect ratio

Balling effect

Consistence

Dynamic segregation

Fibre structure

Fibre configuration
Flow length
Filling ability

Flowability

Flowable concrete

Matrix

Ordinary concrete

Packing density

Passing ability

Plug-flow

Robustness (material)

Ratio of the length of a fibre to its diameter (or equivalent
diameter).

The effect of a bunch of fibres sticking together during
concrete mixing or casting.

A measure of the ease by which fresh concrete can be
placed.

Downward settling of coarse aggregate or fibres due to the
movement of the fresh concrete.

The structure of all the fibres that together constitute the
fibre reinforcement in a hardened element.

The way fibres are arranged in a hardened element.
Distance that the concrete flows to fill the formwork.

The ability of fresh concrete to flow under its own weight
and completely fill all the spaces in the formwork.

The flow of fresh concrete when not restricted by
formwork or reinforcement.

Concrete that is able to flow under its own weight and
consolidate without the need for vibrating compaction.

The fraction of cement paste plus the aggregates less than
0.125 mm.

Concrete characterized by the need to be vibrated to
achieve full compaction.

The volume of the solid particles in a unit volume of

concrete.

The ability of a concrete to flow through tight spaces, like
congested steel reinforcing bars or narrow spots in the
formwork.

Flow of concrete at low shear rates (below the yield stress)
in which concrete moves as a rigid body.

The capacity of concrete to retain its fresh properties when
small variations in the properties or quantities of the
constituent materials occur.



Robustness (structural)

Segregation resistance

Self-compacting concrete

Static segregation

Wall effect

Workability

The ability of a structure to perform adequately in an
accidental situation.

The ability of a concrete to remain homogeneous while in
its fresh state; during transport and placing, i.e. in dynamic
conditions, and after placing, i.e. in static conditions. Also
called stability.

Concrete that is able to flow under its own weight and
completely fill the formwork, while maintaining
homogeneity even in the presence of congested
reinforcement, and then consolidate without the need for
vibrating compaction.

Downward settling of the coarse aggregate or fibres when

concrete is at rest.

Tendency of fibres to align along a boundary as a result of
the interaction of the fibre with the boundary.

The property of fresh concrete which is indicated by the
amount of work done to overcome the internal friction
between individual particles in the concrete necessary to
produce full compaction.
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Chapter 1

Introduction

1.1 Background and motivation

The major development of fibres as a reinforcement technology to improve the
mechanical properties of concrete started in the 1960s. Since then, a substantial amount
of research has led to the development and commercialization of fibres with various
compositions and geometrical configurations to enhance concrete properties, see e.g.
ACIT Committee 544 (2002) or Lofgren (2005).

The greatest benefit from the introduction of fibres into the concrete is the enhanced
post-cracking response. Fibres bridge the cracks and transfer load across them through
frictional or mechanical bond action. This changes the mode of fracture from brittle for
unreinforced concrete, to ductile. The improved ductility has the potential to increase
impact resistance, flexural fatigue strength, load-carrying capacity, and consequently
reduce the need for traditional reinforcement. This last aspect is especially relevant for
complex geometries with highly congested reinforcement solutions, where the use of
fibres can lead to substantial reductions in time and labour effort.

g -
wa S

Fig. 1.1. Crack-bridging effect: a) fibres across two crack faces in uniaxial tension testing, and
b) fibres bridging a bending crack.



Chapter 1. Introduction

Another benefit of the use of fibres is related to crack control. The reduction in crack
width and in some cases the number of cracks can improve the quality of the structure
and limit the penetration of harmful agents that cause deterioration. As a result, the use
of fibre-reinforced concrete (FRC) can lead to a reduction in long-term costs related to
repair and maintenance.

It can therefore be concluded that enhanced flexural performance, ductility, durability
and economic aspects are the fundamental factors driving the development of FRC into
an industrially competitive material.

Nowadays fibres are used in multiple engineering applications. Pavements, industrial
floors and bridge decks often use micro fibres for thermal and shrinkage crack control,
and macro fibres as structural reinforcement to reduce their thickness or to improve the
impact resistance and the flexural performance. Fibres can partially or totally replace
traditional forms of reinforcement for example in curved structures such as tunnel
segments (Fig. 1.2a) and water tanks and pipes, in elements with complicated geometric
shapes, or in elements with high reinforcement concentrations (Fig. 1.2b). Other civil
engineering applications include shotcrete, geotechnical slope stabilization, and in the
repair and restoration of existing structures.

a) r""""""'E_T\ﬁﬁ'v b 1
. |
l

] Dl

BEAM 6
NB A

==

Fig. 1.2. Examples of applications of steel FRC: a) industrial manufacture of precast tunnel
segments', and b) investigation on the use of FRC in dapped-end beams to simplify the highly
congested traditional reinforcement layout (Nedrelid and Kanstad, 2014a).

The use of fibres in flowable or self-compacting concrete (SCC) has the potential to
optimize both technologies. Self-compacting concrete spreads homogeneously without
any need for compaction. Numerous benefits are associated with this, such as increased
productivity due to reduced casting time, improved working environment, high concrete
quality under difficult casting conditions, and improved surface quality. Moreover, the
application of SCC with fibre reinforcement has revealed several potential synergistic
effects (Ferrara, 2014, Griinewald, 2004), including the following:

! http://tunnelbuilder.com/suppliers/bekaert _profile.htm
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Chapter 1. Introduction

. A more uniform distribution of fibres due to the elimination of compaction methods
and high stability in the SCC matrix (Ferrara and Meda, 2006, Ozyurt et al., 2007).

. Enhanced structural performance in cases where fibres orient in the direction of the
tensile stresses for certain load conditions.

. Improved efficiency in the construction and transportation processes.

The advances in material development in the field of FRC, including flowable and self-
compacting FRC, and its potential for new applications mean that test methods and
design rules are required for the specific characteristics of this material to enable
reliable engineering design. Differences in fibre distribution and orientation between
structural elements and test specimens have been reported in several investigations
(Blanco, 2013, Montaignac et al., 2012, Di Prisco et al., 2009). If the fibre configuration
in the test specimens is unrepresentative, this can lead to unreliable prediction of the
structural performance. This is why some of the recently developed guidelines (SFRC
Consortium, 2014, Swedish Standards Institute, 2014, DAfStb, 2012, RILEM, 2003, fib,
2010, Kanstad et al., 2011) include corrections to the design material properties to take
into account the fact that the fibre orientation in the structural elements may be different
than in the reference test specimen.

Usually, uniform distribution of fibres is examined as part of the quality control of the
fresh concrete during production. With flowable FRC, however, the casting process and
the fresh concrete behaviour may induce a preferred orientation and/or an uneven
distribution of the fibres in the structural element. Research on the development of the
final fibre configuration and its influence on mechanical performance in various
applications is still necessary to improve our understanding of structural behaviour and
reduce the uncertainty of material properties in industrial applications.

1.2 Objectives

The overall objective of this thesis was to do research work that could stimulate and
prepare the ground for the increased use of fibres in load-carrying structures.

The more specific objectives were to:
. Document the structural behaviour of flowable FRC in full-scale beams.
. Identify potential differences in structural behaviour between full-scale beams and
small-scale test specimens.
. Characterize the fibre distribution and orientation patterns in full-scale beams in
order to explain the impact of the fibre configuration on the structural behaviour.
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. Characterize the fibre distribution and orientation in small-scale test specimens, and
identify potential causes of differences in structural behaviour between full-scale
beams and small-scale test specimens.

. Provide a methodology for predicting the effect of fibre configuration on the
structural behaviour of flowable FRC.

1.3 Research strategy

To achieve the objectives of this research project, the following strategy was developed.

With regard to the experimental research, the material was investigated at two levels of
application: at the full-scale level using structural beams, and at the small-scale level
using test specimens for material characterization.

For the full-scale beams, the fibre configuration at various locations in the beams was
characterized to identify variations in fibre orientation and distribution over the
thickness and along the length. The flexural response of the beams was also tested.

For the small-scale specimens, the fibre configuration was examined to study the
representativeness of the fibres in the test specimens, and the main variations in the
fibre orientation and distribution between them. The post-cracking response was
determined and evaluated in relation to variations in both fibre orientation and volume
fraction.

The investigation led naturally to a comparison of the performance at the two levels,
which made it possible to evaluate the limitations of using results from small-scale test
specimens for the prediction of structural behaviour. Once the differences in the fibre
configuration at both levels were known, it was possible to identify the main causes that
limit the translation of results. The outcome of the study made it necessary to address
the discussion of the need for a correcting factor in design assumptions.

A modelling approach was therefore developed to take into account the fibre
configuration in finite element analysis of structural elements of FRC. Two fibre
configuration parameters were defined volume-wise in accordance with a chosen
discretization of the element in volumes: the orientation tensor and the local volume
fraction. These parameters were incorporated in a numerical model, which uses a single-
phase material definition for each discrete volume based on the fibre configuration
parameters. This modelling approach was validated using two case studies. The first
included analysis of three small-scale beams loaded with three-point bending, while the
second included analysis of two full-scale beams in four-point bending.
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1.4 Research limitations

The research topics covered in this thesis are:

The application of flowable FRC concrete in load-carrying structural elements and
the characterization of the fibre configuration in these elements.

The influence of the distribution and orientation of fibres on mechanical behaviour.
Description of the structural performance of full-scale elements based on the
characterization of the fibre configuration.

The main experimental research focused on two flowable concrete mixes: a hybrid FRC
with 1% vol. of polymer and steel fibres, and an FRC with 2% vol. of steel fibres. The
development of the mixes was not a part of this thesis. They were developed during

research activity on high tensile strength all-round concrete, which was a sub-project
included in COIN’s focus area 2.

To limit the scope of this thesis, the following limitations were made:

The full-scale application of the mixes to structural elements was limited to the
study of beams. The experimental research described in this thesis was carried out
on a limited set of specimens.

The characterization of the fibre distribution and orientation using manual methods,
such as fibre counting and separation of fibres from the hardened matrix, was
comprehensive but laborious (Chapter 4). A more exhaustive characterization
including more specimens was therefore excluded by limits on the amount of
laboratory work considered reasonable.

The characterization of fibre distribution and orientation using Computed
Tomography scanning (Chapter 5) allowed complete analysis of test specimens.
The analysis of full-scale beams, however, was limited by the capacity of the
equipment. The examination was therefore limited to the critical parts of the beams.
The experimental evaluation of the structural performance was limited to bending
tests, and discussion of the flexural behaviour mainly focused on load-carrying
capacity, ductility and crack patterns. The influence of the fibres on crack widths
was not investigated for the full-scale elements.

The numerical approach presented in Part III of this thesis was verified on a limited
number of examples and only covered flexural behaviour.

The numerical analysis of a wall element presented in Chapter 9 was not verified
experimentally.

2 www.coinweb.no
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1.5 Outline of the thesis

This PhD thesis is comprised of four parts.

Part I (Chapters 2 and 3) introduces the research topic and methods relevant for this
thesis. Chapter 2 covers the main features of flowable FRC, both in the fresh state and
in the hardened condition. In addition to establishing a general background, the focus is
on the various mechanisms of fibre orientation and distribution and the identification of
their main effects on post-cracking tensile behaviour. Chapter 3 provides a brief
introduction to the materials and methods used in this thesis.

Parts II and IIT comprise the main body of the thesis and include five papers that are
organized in Chapters 4-8.

Part IT (Chapters 4-6) includes the main experimental investigations. Chapters 4 and 5
describe the flexural behaviour and fibre configuration in full-scale beams and standard
test specimens. The limitations involved in using results from test specimens to predict
structural behaviour are discussed in relation to differences in their fibre configurations.
Chapter 4 is devoted to elements made of flowable hybrid polymer-steel FRC, while
Chapter 5 deals with elements of flowable FRC with 2% vol. of fibres.

Chapter 6 discusses the need to incorporate the contributions of both the local fibre
orientation and the local volume fraction in relationship to the post-cracking response of
FRC and, in particular, its residual flexural tensile strength.

Part III (Chapters 7-9) deals with the modelling approach that was developed to take
fibre structure into account when simulating the mechanical behaviour of structural
elements cast with flowable FRC.

Chapter 7 introduces the methodology of the approach and describes the numerical
framework. The model incorporates spatial variations in the fibre content and fibre
orientation in finite element modelling. This chapter shows the ability of the numerical
framework to properly simulate the flexural response of notched beams with different
fibre configurations. The modelling approach, as described in Chapter 7, constitutes the
first phase of development.

A significant refinement of the modelling approach is introduced in Chapter 8. While
the model in Chapter 7 considers fibre orientation with respect to a given plane, the
approach in Chapter 8 considers fibre orientation with respect to the direction of the
principal strains. This enables the model to take into account both the inhomogeneities
of the fibre structure and the anisotropic behaviour of the material. The overall
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modelling approach is validated against experimental results from four-point bending
tests on full-scale beams.

In Chapter 9, the modelling approach is applied to analyse a structural element whose
fibre configuration is obtained using a simulation of the concrete flow. This chapter
demonstrates the coupling between the two simulation approaches.

Part IV contains the final chapter of the thesis. This chapter puts the research
undertaken in Parts IT and III into a perspective of research, development and practical
applications of FRC and gives the main conclusions and future perspectives of this
research project.
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Chapter 2

The research topic: Flowable fibre-
reinforced concrete

2.1 Introduction

Fibres bridge cracks and retard their propagation, improving the post-cracking response
of hardened concrete. The post-cracking response, however, appears to strongly depend
on the distribution and orientation of the fibres, which typically distribute and orient
during the casting process, governed by the casting conditions and the fresh concrete
properties. In flowable or self-compacting concrete, such effects can result in uneven
fibre configuration, which can make it difficult to characterize the post-cracking
response of the material.

This chapter introduces the research topics relevant for this thesis. First, the main effects
of including fibres in the fresh state of flowable concrete are described. Second,
reference is made to the mechanisms that determine the distribution and orientation, and
to the characterization methods and predictive tools that are available. The main effect
of fibres in the hardened state and the characterization methods most commonly used
are then briefly introduced. And finally, focus is given to the effect of the fibre
configuration on the post-cracking tensile behaviour.

2.2 Fresh concrete performance of flowable FRC

The addition of fibres affects the fresh concrete properties by considerably stiffening
and reducing the workability of the concrete. This effect depends on the fibre type and
limits the content of fibres that can be uniformly distributed throughout a mix.
Considering that improved mechanical behaviour strongly depends on the addition of

11
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fibres, the choice of fibre type and content is usually based on the balance between ease
of handling of the fresh concrete and maximum efficiency in the hardened state.

2.2.1 Effect of fibres on fresh state behaviour

According to Griinewald (2004) and Ferrara (2014), the main reasons why fibres affect
the fresh state performance of a concrete mix are related to the large surface area of
fibres, which increases the demand of fluid phase, and their elongated shape, which
affects the packing density and promotes interlocking among the fibres and between
fibres and aggregates (Bayasi and Soroushian, 1992, Martinie et al., 2010). High fibre
content creates a stiff internal structure in which fibres tend to ball-up in the mix,
causing workability problems (Griinewald, 2004, Swamy and Mangat, 1974). This
occurs because the packing density of the particles decreases with increasing fibre
content. Considering a given fibre content, the degree to which packing density and
workability decrease depends on the mix composition and on fibre properties such as
the aspect ratio’, the rigidity, the shape and the material of the fibres (Swamy, 1975).

Martinie et al. (2010) have reported that reducing the aspect ratio is one way to increase
the fibre content in a mix. Fig. 2.1 illustrates the effect of increasing the fibre factor,
defined as the product vy -/ /dy, on the consistency of a cement paste.

Fig. 2.1. Effect of increasing the fibre factor (vs-l¢/dy) on the consistency of a cement paste
mixed with fibres (Martinie et al., 2010).

It is also possible to increase the fibre content without excessive loss of workability by
optimizing the packing density with respect to the aggregates (Rossi and Harrouche,
1990, Berg and Jacobsen, 2007). Reducing the coarse aggregate volume fraction allows
the fine aggregate and the paste volume fraction to increase, which facilitates the
accommodation of fibres (Johnston, 1996, Martinie et al., 2010). The maximum coarse

* Ratio of fibre length to equivalent diameter, /;/d;.
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aggregate size is also an important factor, because the number of fibres within a unit
volume decreases with increasing aggregate size (Fig. 2.2).

Maximum grain size dg max

@)
(_/\.
__‘\) !
40 mm

40 mm

Fibre length

Fig. 2.2. Effect of aggregate size on packing density in a mix (Johnston, 1996, Griinewald,
2004).

2.2.2 Fresh state performance of flowable FRC

In studies of the properties of fresh concrete, SCC is often understood as a suspension
of solid particles in a fluid phase (cement paste), in which the particle size distribution
and fluid phase are usually optimized to meet the three key characteristics of SCC in the
fresh state: filling ability, passing ability, and segregation resistance, see e.g. Geiker
(2008). The effect of fibres on the fresh state of SCC is usually also discussed in terms
of these three key characteristics. Before presenting some of the investigations on fresh
self-compacting FRC, a brief introduction to common test methods is given.

Numerous attempts have been made to correlate fresh concrete properties with
convenient measurements. One test widely used for describing filling ability is the
slump-flow test (European Standard, 2010a, ASTM International, 2014), which
provides a measure of the consistency and unconfined flow potential (slump-flow) and a
measure of the flow rate (t500), which is considered as an indication of viscosity. The
same test also provides visual rating criteria to classify ability to resist segregation.

There are numerous other methods that refer to the aforementioned key properties of
SCC. In addition to the slump-flow test, the V-funnel test (European Standard, 2010b)
is widely used to characterize viscosity and filling ability. The J-ring test (European
Standard, 2010c) and the L-box test (European Standard, 2010d) provide a measure of
passing ability. The sieve segregation test (European Standard, 2010e) is used to assess
segregation resistance. The methods mentioned here do not represent a complete list,
but are among the most commonly used today.

13
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These methods were designed for SCC, but are extensively applied to self-compacting
FRC in their standard form or with small modifications. Griinewald (2004) adapted
several test methods to investigate how fresh properties are affected by the presence of
fibres, depending on their type and content. The fibre funnel, for instance, was proposed
as an alternative to the V-funnel to avoid long fibres blocking during the test. The rebar
spacing was modified to assess the passing ability of fibres in the J-ring test. The sieve
segregation test was also adapted for the presence of fibres.

In the same investigation, Griinewald (2004) reported on the effect of the fibre factor on
slump-flow, concluding that the greater the fibre content and the larger the aspect ratio,
the lower the slump-flow. A decrease in the flow rate was also observed with the
addition of fibres. Similar results were previously found by Groth (2000a) (Fig. 2.3),
who characterized the flow rate using the L-box flow time at 40 cm (7y) in a test
performed without reinforcing bars. According to Groth, obtaining 7 is better than the
measurement of t500, because in a slump-flow test the spread of concrete is not always
symmetrical, which makes it difficult to obtain t500.

a) b)
750 ] 10 T Afe
700 L L 9 L o ;le'xA
650 & Z 8+t K |0 Mix B
3 . 7] o leMixc
£ o0 % N o,
= w 67T X
% 550 + 5 51 ) X
= 500 + I .
=y S 4+ X x o
S 450 — PP 0?0 x
3 Ll | X Mix A s O xx
|0 Mix B SR ket et
350 i 1 ¥
® i
300 ‘ ; |® Mix C 0 .
0 20 40 60 80 0 20 40 60 80
Fibre factor (If/df)*Vf Fibre factor (If/df)*Vf

Fig. 2.3. Influence of fibre factor on the workability expressed as: a) slump-flow, and b) L-box
flow time Ty (Groth, 2000a,).

With reference to the passing ability of flowable FRC, Griinewald (2004) studied the
bar spacing required to avoid blocking, and observed a dependence of this spacing on
the rheological properties of the mix. Groth (2000b) documented that the minimum gap
distance that the concrete should be able to flow through depends on the fibre content
and the fibre aspect ratio. The same author suggested that the minimum gap distance
should be determined for each case depending on the intended application.

Several studies describe the tendency of fibres to separate from the matrix or distribute
unevenly (Groth, 2000a, Griinewald, 2004, Dgssland, 2008). This is often related to the
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maximum fibre content being exceeded or the packing density not being appropriately
optimized for that fibre content. Martinie et al. (2010) described the existence of a
critical packing density at which contacts between fibres and aggregates strongly reduce
the ability to flow. Beyond this critical value, fibres tend to ball. For mix design
purposes, Griinewald (2004) established acceptance criteria to evaluate the balance
between filling ability and stability based on the flow pattern of the slump-flow test.

The ability of the material to distribute the fibres is recognized as one of the key
features of flowable and self-compacting FRC that has a strong impact on the properties
of the hardened FRC. This issue is therefore further described in the following section.

2.3 Distribution of fibres in flowable FRC

Like any other composite material, FRC needs to have low variation in the distribution
of its components to be considered as a reliable material for engineering design
(Chiachio et al., 2012). Fibres need to provide consistent 3D reinforcement based on a
homogeneous and random distribution. However, homogeneous flowable FRC is often
difficult to achieve, because the inclusion of fibres creates an internal structure that
counteracts the flow, affecting the desired compromise between fluidity and stability.

This can hinder the uniform distribution of the fibres within structural elements. As
Ferrara et al. (2012a) point out, areas with a reduced fibre dosage or no fibres act as
flaws triggering early failures and activating unforeseen mechanisms that affect load-
carrying capacity and structural performance.

The type of mixer and mixing procedure are also important for achieving complete and
uniform distribution of fibres throughout the concrete mix. Furthermore, an
inappropriate method for the fibre addition may prolong the mixing time needed, which
can lead to overmixing and increase the tendency of fibres to ball-up (Johnston, 1996).

2.3.1 Mechanisms of fibre distribution

The ability of a flowable FRC to distribute the fibres uniformly is strongly related to the
stability or segregation resistance of the mix. A distinction is often made between
resistance to dynamic segregation and resistance to static segregation (Sanal and Ozyurt
Zihnioglu, 2013).

Static segregation refers to the downward settling of particles such as coarse aggregates
or fibres when the concrete is at rest, before or after casting. It is related to the density
difference between the particles and the suspending phase (cement paste) (Roussel,
2006).
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Dynamic segregation refers to flow-induced particle migration. Spangenberg et al.
(2012b) identified three physical phenomena which can lead to flow-induced particle
migration: (i) shear-induced particle migration, (ii) gravity-induced particle migration,
and (iii) particle blocking. They concluded that, in industrial casting, gravity-induced
particle migration dominates all other sources of heterogeneity during flow. Internal
friction and cohesive forces between the particles and the suspending phase tend to
decrease with the casting flow; after a certain flow length, they may become too low to
counteract the effect of gravitational forces. This can lead to segregation of the particles
with highest density, usually coarse aggregates and fibres.

The stability of a mix is usually checked at the production stage, using tests that
characterize the segregation resistance of a concrete sample at rest or under limited flow
conditions. A stable mix implies that the tested concrete did not exhibit downward
settlement of fibres or aggregates. However, this is not sufficient to ensure a uniform
distribution of these components under full-scale casting conditions. Spangenberg et al.
(2012a) demonstrated that a concrete which is stable at rest can be unstable during flow
leading to non-uniform aggregate distribution (Fig. 2.4). The same can be expected for
fibres.
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Fig. 2.4 Aggregate volume fraction measured in the fresh state as a _function of the distance
from the casting point (Spangenberg et al., 2012a).
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Under full-scale casting conditions, the reduction of segregation resistance might lead to

a non-uniform distribution of fibres:

. Over the element height. Fibres may settle at the bottom of the formwork and be

sparsely present at the top (Fig. 2.5a).

Over the element length or width. A higher content of fibres may be found closer to

the casting point than further away from that point (Fig. 2.5b).
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Close to areas that disturb or obstruct the concrete flow during casting (Fig. 2.6).
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Fig. 2.5. Representation of: a) downward settlement of fibres caused by static segregation, and
b) uneven fibre distribution caused by dynamic segregation (Sanal and Ozyurt Zihnioglu, 2013).

Fig. 2.6. Computed Tomography image of the fibre distribution in a beam sawn from a

reinforced slab. Low fibre content is detected under the reinforcing bars (Zirgulis et al., 2015a).

2.3.2 Characterization of fibre distribution

Various methods have been proposed to evaluate the ability of an FRC to distribute its

fibres, based on the resistance of the mix to static and dynamic segregation. Often, the

characterization of this property is assessed by visual observations, for instance, in

slump-flow tests. Common quantitative evaluation methods obtain the fibre volume

fraction using either washing-out, in which the fibres are separated from the fresh

concrete matrix, or by crushing a hardened sample and separating the fibres (Fig. 2.7).

In both cases, the weight of fibres and the volume of the tested sample are measured to

provide the result of the fibre volume fraction.
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Fig. 2.7. Determination of the fibre content in a hardened concrete sample (Sarmiento, 2011).

Specific ways to characterize the degree of static segregation include the washing-out of
a fresh concrete sample as depicted in Fig. 2.8a (Griinewald, 2004) and the column test
used by Ferrara et al. (2012a), which is performed using hardened cylinders (Fig. 2.8b).
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Fig. 2.8. Testing the static resistance to fibre segregation by comparing the fibre volume
fraction in each third of a) a fresh concrete sample (Griinewald, 2004), and b) a hardened
cylinder (Ferrara et al., 2012a).

With regard to dynamic segregation, concentric regions of the slump-flow test patty can
be washed-out to characterize the fibre distribution in unconstrained flow conditions
(Ferrara et al., 2012a, Ferrara et al., 2011). On a larger scale, the channel flow test
(Ferrara et al., 2012a, Ferrara et al., 2011) can be performed to investigate the matrix
ability to drive the fibres along a constrained flow by determining the fibre content at
various distances from the casting point. Other investigations (Ferrara and Meda, 2006)
report fibre content determined from cores drilled from structural elements.

Sawing of specimens along the directions of interest and counting fibres on the sawn
surfaces is often used to evaluate the homogeneity of the fibres in a cast specimen or to
examine the tendency of the fibres to segregate (Gettu et al., 2005, Ferrara et al., 2011).
Methods such as X-ray imaging (Ferrara and Meda, 2006, Vandewalle et al., 2008) and
Computed Tomography scanning (Stéhli et al., 2008, Sanal and Ozyurt Zihnioglu, 2013,
Suuronen et al., 2013) have also been used to characterize the fibre distribution, because
they provide an actual visualization of the fibres in 2D or 3D, respectively.
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Recently, significant advances have been achieved with regard to non-destructive
methods for the assessment of the fibre distribution. Some examples of these methods
include the use of alternate current impedance spectroscopy (Ferrara et al., 2008, Woo
et al., 2005, Ozyurt et al., 2006a), magnetic induction tests (Ferrara et al., 2012c¢, Faifer
et al., 2010, Torrents et al., 2012), and microwave imaging (Roqueta et al., 2011, Van
Damme et al., 2004, Torrents et al., 2009).

The fibre content of the fresh mix is an important parameter of uniformity for purposes
of quality control in the production of FRC. For this reason, some of the recently
published guidelines on FRC (DAfStb, 2012, SFRC Consortium, 2014, Swedish
Standards Institute, 2014) incorporate conformity requirements for the uniformity of the
fibre content of fresh and hardened concrete based on fibre-matrix separation, e.g. EN
14721 (European Standard, 2007) or EN 14488-7 (European Standard, 2006), or on
magnetic induction tests, e.g. DAfStb (2012).

2.4 Orientation of fibres in flowable FRC

The orientation of fibres in a cast element often differs from the random orientation in a
mixer. The material behaviour, the production and casting conditions, and the flow of
concrete can influence the orientation of the fibres, and this strongly affects the
mechanical properties of the cast element in the hardened state (Soroushian and Lee,
1990, Kooiman, 2000, Markovic, 2006, Stéhli and van Mier, 2007).

The loss of random orientation of the fibres may, in principle, jeopardize the use of the
concrete because it makes the characterization and prediction of the structural behaviour
more complex (Griinewald et al., 2012). However, a non-isotropic 3D structure in the
fibre reinforcement could also be used to optimize the performance of the material, for
instance, by tailoring the predominant fibre orientation to meet the principal tensile
stress direction. Several authors (Ferrara et al. 2011; Martinie and Roussel 2011) have
stated the basic principles for a tailored orientation of fibres: controlling the casting
conditions and ensuring appropriate rheological properties. The effective orientation of
the fibres may improve the mechanical behaviour of the FRC (Ferrara et al., 2011,
Barnett et al., 2010, Boulekbache et al., 2010) and lead to the more efficient design of a
structural element.

2.4.1 Mechanisms of fibre orientation

Fibres orient in flowable FRC mainly for two reasons: due to the wall effect, or due to
shear rates related to variations in the flow velocity profile (Martinie and Roussel,
2011).
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The flow of concrete during casting is influenced by shear stresses that depend on the
geometry of the element to be cast, the rheological behaviour of the material, and the
casting method. These shear stresses determine the flow velocity profile. According to
Stihli et al. (2008), variations in flow velocities affect the fibres and may cause their
orientation. In the case of a channel, the flow velocity is greatest in the centre, while it is
reduced close to the walls of the formwork due to the frictional restraint of the walls. As
depicted in Fig. 2.9a, such a velocity profile may induce rotation of the fibres towards
an ideal equilibrium position orientated in the direction of the sheared flow (Stéhli et al.,
2008, Boulekbache et al., 2010).

The flow velocity profile that occurs when casting slabs usually differs significantly
from a channel flow, which best represents the casting of a beam. Typically for slabs,
concrete spreads radially from the casting point. As it diffuses uniformly outwards in all
directions, the flow velocity declines. This creates extensional stresses that orient the
fibres perpendicular to the flow direction (Martinie and Roussel, 2011, Abrishambaf et
al., 2013, Svec, 2013, Boulekbache et al., 2010), as illustrated in Fig. 2.9b.
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Fig. 2.9. Fibre orientation caused by the flow velocity profile. Representation of a top view of
fibres oriented: a) in a channel flow, and b) in a radial flow (Boulekbache et al., 2010).
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The wall effect refers to the tendency of fibres to align along a boundary, such as the
walls of a formwork or ordinary reinforcing bars. It is explained by the interaction of a
fibre with the boundary, which restricts its orientation (Soroushian and Lee, 1990,
Dupont and Vandewalle, 2005). It is, for instance, impossible to find a rigid fibre
perpendicular to a wall with its centre at a distance less than half the length of the fibre
(Dupont and Vandewalle, 2005, Martinie and Roussel, 2011), see Fig. 2.10a.
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Fig. 2.10. a) Wall effect for a fibre of length Iy at a distance of the wall y < I,/2 (Martinie and
Roussel, 2011). Areas of free and constrained orientation caused by the wall effect: b) in a
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cross-section of a cast beam, and c) along its length.

The wall effect depends mainly on the geometry of the element to be cast and on the
fibre length. Although it does not depend on the flow or the casting process, the wall
effect can affect the flow-induced rotation of the fibres described earlier. This leads to
the areas of possible free rotation and constrained rotation depicted in Fig. 2.10b and ¢
in the case of a beam.

Boulekbache et al. (2010) argued that flow-induced orientation can be stronger at higher
flow velocity or when shear rates can affect the fibre for a long time. This is related to
the distance that the concrete travels to fill the formwork, usually referred to as the flow
length or the flow distance (Ferrara et al., 2011, Martinie and Roussel, 2011,
Vandewalle et al., 2008). It is also related to the rheological behaviour of the material,
and in particular to its plastic viscosity. This property is connected with the velocity at
which a given concrete will flow once the material begins to flow.

The yield stress, which is the minimum stress to be overcome for flow to occur, is
recognized as one of the main rheological properties governing fibre orientation (Ozyurt
et al., 2007, Boulekbache et al., 2010, Martinie et al., 2010). In the highly sheared areas
close to the formwork, the flow-induced effects contribute to orient the fibres. With
increasing distance from the wall, the shear stress may decrease until reaching the yield
stress value. This delimits the area defined as the plug-flow area, where deformations do
not occur and the material is just transported. In consequence, a fibre inside the plug-
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flow area maintains its orientation unchanged (Martinie and Roussel, 2010). The low
yield stress values of SCC mean that most of the material will be affected by flow-
induced orientation, which explains why a higher degree of anisotropic orientation is
generally observed for SCC than for ordinary concrete (Fig. 2.11).
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Fig. 2.11. Orientation factor relative to the flow direction calculated from a system with two
individual fibres immersed in an ordinary concrete with a yield stress of 800 Pa (left), and an
SCC with yield stress of 50 Pa (vight) (Martinie and Roussel, 2010).

2.4.2 Characterization of fibre orientation: data acquisition methods

Several techniques have been developed for characterizing the fibre orientation in
hardened concrete. These techniques are usually grouped into destructive or non-
destructive, and into direct or indirect methods, based on the measuring principles. An
overview of the methods is presented in Table 2.1.

In Section 2.3.2, reference was already made to some of the methods in Table 2.1,
which means that the data obtained from most of them is well correlated with both fibre
orientation and fibre content. Correlations based on indirect measurements, such as
impedance or magnetic permeability, are only feasible for conductive fibres (Zirgulis,
2015).
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Table 2.1. Data acquisition techniques for fibre orientation (Zirgulis, 2015, Blanco, 2013).

Method / Measurement

Technique

References

Destructive Indirect Manual counting (Soroushian and Lee, 1990, Gettu et
al., 2005, Dupont and Vandewalle,
2005)
Mechanical testing (Kooiman, 2000, Pujadas et al.,
2014c, Grinewald, 2004)
Direct Image analysis (Griinewald, 2004, Wuest et al.,
2009)
X-ray imaging (Robins et al., 2003, Vandewalle et
(Fig. 2.12a) al., 2008, Ferrara and Meda, 2006)
X-ray Computed (Stihli et al., 2008, Sanal and Ozyurt
Tomography Zihnioglu, 2013, Suuronen et al.,
(Fig. 2.12b) 2013)
Non-destructive Indirect  Alternate current (Ferrara et al., 2008, Woo et al.,

impedance spectroscopy

Magnetic induction

Microwave imaging

2005, Ozyurt et al., 2006a)

(Ferrara et al., 2012c, Faifer et al.,
2010, Torrents et al., 2012)

(Roqueta et al., 2011, Van Damme et
al., 2004, Torrents et al., 2009)

Fig. 2.12. a) X-ray image of self-compacting FRC with 0.38% vol. of 60 mm steel fibres
(Vandewalle et al., 2008). b) CT visualization of self-compacting FRC with 0.5% vol. of 60 mm

steel fibres.

Fibre orientation has also been studied using a viscous transparent fluid instead of self-
compacting concrete matrix (Boulekbache et al., 2010, Svec et al., 2012a, Zhou and
Uchida, 2013). The main advantage of this method is that the evolution of the fibre
distribution and orientation can be observed during the “casting” process (Fig. 2.13).
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50% filling Completion of filling

Fig. 2.13. Filling process of 0.5% vol. polyvinyl alcohol fibres immersed in a transparent fluid
(Zhou and Uchida, 2013).

2.4.3 Characterization of fibre orientation: orientation factor and other
formulations

Several parameters have been proposed in the literature to express fibre orientation
quantitatively. Some of the most commonly used parameters are described here.

Fibre orientation factor (o)

A number of early studies found in the literature were carried out to evaluate the
average spacing or the number of fibres in a plane considering orientation effects
(Krenchel, 1975, Romualdi and Mandel, 1964, Aveston and Kelly, 1973, Soroushian
and Lee, 1990). The orientation factor a, as formulated in these studies, has become a
widely used parameter to evaluate the main orientation of fibres crossing a given plane.
This orientation factor is defined as:

a=nA [v, .1

in which ny refers to the number of fibres per surface unit, v, to the fibre volume
fraction, and Ay to the fibre cross-section area. The orientation factor ranges from 0 to 1,
with its limits describing the situations where fibres align either parallel or
perpendicular to the given plane.

Its value is commonly computed by determining n, using any fibre counting method.
Under the condition of a perfectly uniform distribution of fibres in a specimen, it is
possible to state that the larger the proportion of fibres counted in a plane, the greater is
the perpendicular alignment of the fibres in respect to this plane.

Fibre in-plane angle (¢) and fibre out-of-plane angle (6)

These parameters represent the Eulerian angles that describe fibre orientation with
respect to a given plane (Fig. 2.14a). The out-of-plane angle is the angle that the fibre
forms with the direction perpendicular to that plane. A common way of expressing this
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angle is by its cosine (cosf), which can be physically interpreted as the projection of the
fibre in the direction perpendicular to the plane.

) \ b)

0

BlgjaLdala ~/ minor axis

Fig. 2.14. a) Spatial description of a fibre with respect to the plane of interest. b) Elliptical
intersection between the fibre and the plane.

The orientation number 7y, defined as the average out-of-plane angle in Eq. 2.2, is often
used to characterize the orientation of fibres over a cross-section of a hardened element
(Schoénlin, 1988, Laranjeira de Oliveira, 2010, Deeb et al., 2014, Wille et al., 2014,
Griinewald et al., 2012, Zirgulis et al., 2015c¢). In Eq. 2.2, Nyis the number of fibres in
the cross-section.

I <N
170=]7f2ii(] cosb; (2.2)

The out-of-plane angle of every fibre can be directly evaluated if the fibre direction is
known, i.e. the components py, py and p, in Fig. 2.14a. Usually, the cos@ of a fibre with
circular cross-section is estimated as the ratio between the major and the minor axes of
the elliptical intersection between the fibre and the plane of interest (Fig. 2.14b). One
limitation of this approach is that the elliptical intersection does not allow
differentiation between two fibres oriented at (¢, 0) and at (¢+n, d) because their cross-
sections are identical (Bay and Tucker, 1992). Image analysis of polished cross-sections
is an efficient method to compute the out-of-plane angles of all the fibres in the cross-
section (Fig. 2.15).
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Fig. 2.15. Image analysis of a sawn section before (left) and after polishing (right) for
characterizing the elliptical intersections of the fibres with the cross-section (Zirgulis, 2015).

The limits of the orientation number 7y coincide in range and meaning with those of the
orientation factor a, i.e. 779 =0 refers to fibre orientation parallel to the cross-section,
and 7y =1 refers to fibre orientation perpendicular to the cross-section; however, the
results of « and cosé are in general not comparable (Zirgulis et al., 2015c).

The fibre orientation over the cross-section can also be described by a distribution
function expressing the relative number of fibres that are orientated with a certain out-
of-plane angle (Laranjeira de Oliveira, 2010, Griinewald et al., 2012, Zirgulis et al.,
2015c, Kang et al., 2011). These functions require a more complex analysis, but they
allow the average orientation and the distribution of orientations over the cross-section
to be characterized.

Second-order orientation tensor (A)

The orientation of a group of fibres can be described using a second-order orientation
tensor (gvec et al., 2014, Advani and Tucker, 1987, Ferrara et al., 2011, Sanal and
Ozyurt Zihnioglu, 2013, Ozyurt et al., 2006b), defined as:

TnFup,p,T

In Eq. 2.3, A stands for the orientation tensor. The vector p, is the unit vector in the
direction of the fibre n (Fig. 2.14a), which may be either known or computed from the
in-plane (¢) and out-of-plane () angles in accordance with:

ps=sind cosg, p,=sinfdsing, p.=cosd 2.4)

If the orientation tensor is assessed from the angles ¢ and 6 obtained in the analysis of a
cross-section, a weighting function F), should be considered to take into account the
effect of fibre orientation on the probability of a fibre being intercepted by the cross-
section under consideration, see e.g. Ozyurt et al. (2006b). If the vectors p, are known,
the fibre length should replace the function £, (Svec et al., 2014).

By definition, the orientation tensor has the properties of being symmetric and having
normalized components. Symmetric second-order tensors can be visualized using 3D
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ellipsoids, where the eigenvectors and eigenvalues give the direction and half-length of
the principal axes of the ellipsoids. In this way, ellipsoids are used as a visual tool to
identify the dominant direction of the group of fibres (Fig. 2.16).

Fig. 2.16. a) Group of fibres oriented in two volumes. b) Ellipsoids represent the orientation
tensors of the fibres in each volume. The leftmost ellipsoid (a sphere) characterizes an isotropic
orientation, while the rightmost ellipsoid depicts a preferred fibre orientation.

2.4.4 Numerical prediction

The investigation of fibre orientation has been carried out mostly from an experimental
perspective. However, the development of tools to predict fibre orientation based on the
geometry of the element to be cast, the rheological behaviour of the material, and the
casting method, provides the opportunity to integrate this latter aspect into the design of
FRC elements. By anticipating the orientation of fibres with the direction of principal
tensile stresses for the element when in service, a step towards a more efficient design
of FRC can be achieved (Laranjeira et al., 2012).

Reviews of methods for the computational modelling of concrete flow and its
applications were presented by Roussel et al. (2007) and Gram and Silfwerbrand
(2011). These methods have been extensively used for modelling the flow of SCC to
investigate formwork filling effects, for instance blocking or migration of aggregates
(Spangenberg et al., 2012b). Recently, some of these methods have been applied to
model SCC flow with fibre suspensions. Some examples are the computational fluid
dynamics simulations using the lattice Boltzmann technique presented by Svec et al.
(Svec et al., 2012b, Svec and Skocek, 2013) (Fig. 2.17), or the flow simulations used by
Deeb et al. (2014) based on Lagrangian smooth particle hydrodynamics. Some authors
have investigated the use of distinct element methods, which are based on the
interaction between two neighbouring particles, for simulating fresh FRC by modelling
fibres as clusters of solid spheres (Mechtcherine and Shyshko, 2007, Ferrara et al.,
2012d).

Martinie and Roussel (2010) applied the classical Jeffery orbits (Jeffery, 1922), which
describe the rotation of ellipsoids immersed in an incompressible fluid, to investigate
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the evolution of the orientation of a group of fibres induced by the flow. The aim of this
study was to investigate the effect of matrix rheology, as previously seen in Fig. 2.11.

a) b)

Fig. 2.17. Numerical simulation of beam casting with self-compacting FRC. Side view of two
different casting methods: a) casting from centre, and b) casting from one side (Svec, 2013).

The same authors (Martinie and Roussel, 2011) also presented a semi-empirical
equation allowing for the prediction of the fibre orientation factor over a cross-section
perpendicular to the casting flow. A comprehensive approach was proposed by
Laranjeira et al. (2012) to predict the fibre orientation in practical applications by means
of a step-wise calculation of the fibre orientation factor that takes into account fresh-
concrete properties, casting methods, dynamic effects that take place during casting, and
the wall effect induced by the formwork.

2.5 Hardened concrete performance of flowable FRC

Fibres in cementitious materials usually have a positive influence on the mechanical
properties of the material in its hardened state. This influence depends on various
factors such as the geometry of the fibres, the strength of the filament, the strength of
the matrix, the fibre-matrix bond, the fibre content, the fibre distribution, and the fibre
orientation with respect to the applied stress.

Up to the point of cracking, stresses are carried by both the matrix and the fibres. Once
cracking initiates and propagates in the matrix, fibres transfer the stresses through the
cracks until the fibre-matrix interaction is exhausted due any of the following
mechanisms: fibre rupture, fibre pull-out, or concrete failure (Sandbakk, 2011). Thus,
although fibres make a contribution under all types of loading, some FRC properties do
not differ widely from those of plain concrete, e.g. compressive strength, while others,
such as the post-cracking tensile behaviour, are governed by the presence of fibres.
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2.5.1 Effect of fibres on hardened state behaviour

Generally, fibres have negligible influence on compressive strength, but they may
substantially increase post-peak behaviour in compression (Fanella and Naaman, 1985).
This is mainly because fibres provide a small level of internal confinement during
failure as internal cracks are held together.

Fibres improve the tensile and flexural behaviour of concrete due to their crack-bridging
effect by changing the failure mode from brittle to ductile. For many practical
applications, first-crack strength is not increased and the enhancement from fibres
mainly affects the post-cracking response. Tensile and flexural toughness, which are
measures of the ductility of the material and its ability to absorb energy, are recognised
as the foremost enhanced properties.

Fibres generally increase shear strength. According to ACI Committee 544 (2002),
fibres have several potential advantages when used to replace vertical stirrups in beams:
(1) random fibre distribution throughout the material can lead to distributed cracking and
reduced crack widths; (ii) shear-friction strength can be increased by fibres bridging the
cracks; and (iii) the residual tensile strength of the material is increased.

One of the greatest enhancements from the use of fibres is cracking control. Fibres can
prevent the occurrence of large crack widths, which makes a substantial significance in
durability and structural safety. Incorporating fibres is generally recognised as effective
in controlling and mitigating shrinkage cracking. Fibres can reduce early-age cracking
by increasing early-age tensile strength, and they can allow multiple cracking to occur,
transfer tensile stresses across the cracks, and reduce their progressive opening.

Several studies have set out to investigate the contribution of fibres to long-term
behaviour under sustained load, although according to Buratti and Mazzotti (2012a) this
behaviour has not yet been fully understood. Fibres can be expected to have only a
small effect on concrete creep because creep does not generally involve cracking
(Mangat and Motamedi Azari, 1985). However, several investigations of post-cracking
creep behaviour (see e.g. Buratti and Mazzotti, 2012b, Kanstad and Zirgulis, 2012,
Blanco, 2013) point out the importance of creep deformations affecting the bond
between fibres and concrete, time-dependent bond failure, or creep deformations in the
fibre material. A new RILEM Technical Committee (261-CCF) has recently started
activity to coordinate studies on the creep response of cracked FRC, and to unify test
methods to quantify creep in FRC.

Improvements from the inclusion of fibres have furthermore been reported for other
mechanical properties such as torsion, fatigue, impact resistance, and abrasion and
erosion resistance (see e.g. Bentur and Mindess, 2006, ACI Committee 544, 2002).
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2.5.2 Characterization of post-cracking behaviour

Characterization of the mechanical properties of FRC is of major importance for the
effective and economical structural design of elements using this material. This section
deals with the characterization of its tensile or flexural behaviour.

Strength and toughness are the parameters best suited for establishing design criteria for
FRC. Most recent guidelines (e.g. fib, 2010, DAfStb, 2012, SFRC Consortium, 2014,
Swedish Standards Institute, 2014) use measurements of post-cracking residual strength
to characterize material performance. This recognizes that using FRC generally has little
influence on the tensile strength at the cracking event, but offers a measure of the post-
cracking effect of the fibre reinforcement which is useful for design and analysis for the
use of FRC.

Several standard test methods have been proposed to determine the tensile behaviour of
FRC (RILEM, 2001, RILEM, 2002b, European Standard, 2005, ASTM International,
2012b, ASTM International, 2010, DAfStb, 2012, ASTM International, 2012a). These
methods are generally based on either direct assessment, i.e. uniaxial tension tests, or
indirect approaches, like bending tests of beams and panels. More recently, other
indirect tension tests have also been proposed, including the Brazilian splitting test
(Carmona and Aguado, 2012, Ozyurt et al., 2007), the wedge splitting test (Lofgren et
al., 2008, Meda and Plizzari, 2001), the double-edge wedge splitting test (Di Prisco et
al., 2013b, Ferrara et al., 2012b), and the multidirectional double punch test (Pujadas et
al., 2014c). Some of these tests were developed to evaluate the behaviour of FRC on
test specimens from existing structures. This is especially relevant with flowable FRC,
because it makes it possible to characterize the behaviour of the material in specimens
where flow-induced fibre orientation occurred in a relevant part of the structure.

Various difficulties in performing direct tension tests, such as labour costs, dedicated
equipment, and laborious specimen manufacturing, hinder the use of these test methods.
From a design-oriented perspective, the most widely used test methods for assessing
post-cracking behaviour are bending tests on beam specimens (RILEM, 2002b,
European Standard, 2005, DAfStb, 2012, ASTM International, 2012b, ASTM
International, 2010). Among the different standards and proposals, differences can be
found in the size of specimens, the presence or absence of a notch, and the configuration
in three-point or four-point bending.

As an alternative to these methods, several investigations have aimed at predicting the
mechanical response of FRCs from the pull-out behaviour of individual fibres and
information on fibre distribution (Armelin and Banthia, 1997, Jones et al., 2008,
Sandbakk, 2011, Laranjeira de Oliveira, 2010, Cunha et al., 2011).
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2.5.3 Effect of fibre distribution and orientation on post-cracking behaviour

The ability of fibres to transfer tensile forces depends on their distribution and
orientation relative to the crack plane. If the amount or direction of fibres varies, then
the ability to transfer tensile forces varies too.

As already mentioned, a non-uniform fibre distribution may lead to areas with a reduced
fibre dosage that have an impact on structural behaviour. An interesting investigation on
the impact of fibre distribution on structural behaviour was presented by Ozyurt et al.
(2007). In this study, the fibre segregation in ordinary and self-compacting mixes was
investigated in cylinders with dimensions @150 mm x 300 mm. A close correlation was
found between the fibre content and the splitting tensile strength determined for 75 mm
thick disks sawn along the height of the cylinders (Fig. 2.18).
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Fig. 2.18. Variation in fibre content and splitting tensile strength along the height of cylinders
cast from a) ordinary FRC, and b) self-compacting FRC, both containing 1% vol. of 40 mm
steel fibres (Ozyurt et al., 2007).

According to Ferrara et al. (2012a), the casting method and the maximum distance that
the fluid has to travel from the casting point should be explicitly considered when
deciding acceptable levels of spatial variation in material properties. This would avoid
undesired effects on structural performance due to the lack of homogeneity within
structural elements.

Numerous investigations have reported the strong effects of fibre orientation on the
mechanical properties of FRC in the hardened state (e.g. Soroushian and Lee, 1990,
Kooiman, 2000, Markovic, 2006, Stihli and van Mier, 2007), which emphasizes the
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importance of taking fibre orientation into account in relation to the intended application
of the material.

Fibres can be effectively aligned in the flow direction of the element in question (Ozyurt
et al., 2007, Stahli and van Mier, 2007, Stdhli et al., 2008, Ferrara et al., 2008, Ferrara et
al., 2011, Boulekbache et al., 2010, Barnett et al., 2010) as a result of the mechanisms
described in Section 2.4.1. Whenever the fibre orientation pattern aligns with the
principal tensile stress field in the structural element under service loads, a beneficial
effect of the fibre orientation on structural performance is to be expected (Ferrara et al.,
2011, Barnett et al., 2010, Boulekbache et al., 2010).

Sections 2.3 and 2.4 discussed how fibre distribution and orientation are the results of
the fresh-state behaviour of the material; in fact, they are the key properties of flowable
FRC, and the link between its fresh and hardened state performance (Ferrara et al.,
2012a). For this reason, a thorough understanding of the mechanisms underlying the
connection between the fresh-state material, fibre distribution and fibre orientation is
needed to accurately predict the mechanical behaviour of the hardened material.

2.5.4 Fibre orientation correction factors

For design purposes, the effects of fibre distribution and orientation described above
need to be carefully considered when the identification of the tensile behaviour of
flowable or self-compacting FRC is experimentally addressed using test specimens.
Fibre distribution and orientation should also be considered for the intended application
of the structure cast from this material. Although a certain degree of standardization has
been achieved in the test methods for characterizing FRC, at the present time it is still
not clear how these aspects should be addressed.

Several approaches can be found in the design recommendations for FRC, usually based
on correcting the basic residual tensile strength parameters to take fibre orientation into
account.

The approach to the identification of the constitutive behaviour of ordinary FRC is
based on the assumption of a random orientation of fibres. For instance, the German
guidelines for steel FRC (DAfStb, 2012), which are devised for ordinary FRC, still
propose a correction factor of 0.5, except for slabs, floors and beams with tensile
stresses in their lengthwise direction, for which the factor should be set equal to 1. Other
guidelines, such as the Swedish Standard (Swedish Standards Institute, 2014), which is
also valid for flowable FRC, recommend considering element dimensions, fibre length
and casting procedure to determine a correction factor between the same limits, i.e. 0.5
and 1. A two-step correction is proposed by the Danish design guidelines (SFRC
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Consortium, 2014) and the proposal for Norwegian guidelines (Kanstad et al., 2011).
First, residual strength values from test specimens must be converted to strength values
for the reference fibre orientation; second, the reference strength must be corrected for
the actual structural application.

The correction factors for the guidelines mentioned here are generally formulated to
take into account the effect of orientation; only the Norwegian guideline is devised to
incorporate variations in fibre content in relation to the fibre distribution.

The design approach proposed in the recently issued Model Code 2010 (fib, 2010) also
provides a correction factor (K) to be applied to the design values:

thsd,mod:thsd/K (25)
thud,mod:thud/K (26)

where frq and fruq are two reference residual tensile strength values, and frsqmoq and
fruamoa are their corresponding corrected values. In the general case, an isotropic fibre
distribution is assumed, for which K =1 should be adopted. If the behaviour in the
standard tests deviates substantially from the behaviour in the structural element, K
must be verified experimentally to take account of a possible favourable (K <1) or
unfavourable (K > 1) structural effect.

These correction factors aim at taking into account the representativeness of the
specimen used for the identification of the tensile behaviour of the structure. It is argued
by several authors (Di Prisco et al., 2009, Di Prisco et al.,, 2013a) that the
representativeness of a standard notched beam is questionable for certain applications.
To reproduce as close as possible the orientation of the fibres with respect to the applied
tensile stress in the structural application, these authors propose the use of specimens
extracted from larger elements or cast by reproducing the full-scale casting method.

2.5.5 Structural modelling

Various methodologies can be found in the literature for analysing the structural
performance of FRC elements. For both research and practical design purposes,
sectional analyses are used to determine the structural response of a critical part of a
structure, for which the assumptions for conventional reinforced concrete are usually
adopted. Sectional analyses can be carried out using the so-called multi-layer method,
see e.g. Hordijk (1991). This modelling method assumes that the structural element is
divided into two parts connected by springs, each spring representing the behaviour of a
layer of the fracture zone. This modelling procedure has been extensively used to
simulate the flexural response of FRC beams (Kooiman, 2000, Griinewald, 2004,

33



Part I. Research motivations and applied methods

Dessland, 2008, Blanco, 2013). Sectional analyses can also be carried out modelling the
fracture area as a non-linear hinge at the point where the main non-linear behaviour due
to cracking is concentrated (RILEM, 2002a, Pedersen, 1996, Olesen, 2001, Casanova
and Rossi, 1996).

For research and development purposes, the analysis of the global structural behaviour
of FRC elements is usually addressed with nonlinear finite element methods, for which
either the discrete crack approach or the smeared crack concept are typically adopted.
Some investigations (Dgssland, 2008, de Montaignac et al., 2012, Lofgren et al., 2008)
compare the results using sectional analysis with those using finite element analysis.

The common practice for modelling FRC elements is to consider the material as a
continuum, based on the tensile behaviour identified using the characterization tests
described in Section 2.5.2. This means that the heterogeneity of the tested material is
only implicitly taken into account.

A number of approaches have been developed to take the fibre structure explicitly into
account. Modelling every individual fibre in a specimen is probably the most direct way
of representing the influence of the fibre orientation and distribution on the mechanical
properties. Some examples of such models are the embedded fibre model proposed by
Cunha et al. (Cunha et al., 2012, Cunha et al., 2011), the approach based on the partition
of unit method of Radtke (2012), and the micromorphic model of Oliver, Huespe et al.
(Oliver et al., 2012, Huespe et al., 2013). Rigid particle models or lattice models have
also been used to model FRC elements (Bolander et al., 2008, Li et al., 2006).

For practical design purposes, the structural analysis is usually based on either elastic,
or yield line theory.
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Materials and methods used in the
present investigation

3.1 Mixes

The main experimental research presented in this thesis concerned two flowable FRC
mixes: a hybrid FRC with 1% vol. of polymer and steel fibres, and an FRC with 2% vol.
of steel fibres. The design and optimization of these mixes was not a part of this thesis.
They were developed during a research project included in COIN’s focus area 2, whose
main goal was to develop robust and highly flowable FRC mixes with high tensile
strength and ductility. The activity of this project was initiated by Vikan et al. (2011)
and Sandbakk (2011), and included mixes in three strength classes:

Ductile low tensile strength concretes with compressive strength in the range 25-

30 MPa.

Ductile medium tensile strength concretes with compressive strength in the range

45-50 MPa.

Ductile high tensile strength concretes with compressive strength in the range 70-

75 MPa.

The hybrid FRC with 1% fibres is a low tensile strength concrete with high ductility,
conceived for use in combination with traditional reinforcement. In contrast, the steel
FRC with 2% fibres is a ductile high tensile strength concrete, developed to investigate
its capacity for use without traditional reinforcement. Both mixes seemed to have a
potential for application in load-carrying structures. For this reason, they were
investigated under full-scale conditions within the scope of this thesis.

35



Part I. Research motivations and applied methods

3.1.1 1% Hybrid polymer-steel FRC

The mix proportioning of the flowable hybrid FRC was developed during research work
by Vikan et al. (2011) considering ordinary strength concrete. This mix contains 1%
vol. fibre dosage, with equal volumes of polymer and steel fibres. The main properties
of the fibres are listed in Table 3.1. The mix design, given in Table 3.2, was optimized
in accordance with the particle-matrix model (Mertsell, 1996) to achieve a satisfactory
level of stability and flowability.

Table 3.1. Properties of polymer and steel fibres.

Properties Polymer fibres Steel fibres
Material Polyolefin (98% Cold drawn
polypropylene) steel wire
Specific gravity [-] 0.90 - 0.92 7.85
Length, /;[mm] 48 60
Equivalent diameter, d;[mm] 0.90 —0.91 0.90
Aspect ratio, I;/d, 53 67
Tensile strength [N/mm’] 550 1160
Elastic modulus [N/mm?’] 10000 210000
Configuration Continuously Smooth surface,
embossed surface hooked-ends

Table 3.2. Mix design for hybrid polymer-steel FRC.

Component Dosage
Cement [kg/m’] 286.8
Limestone [kg/m’] 71.7
Total free water [kg/m’] 226.6
Aggregate 0-2 mm [kg/m’] 250.5
Aggregate 0-8 mm [kg/m’] 1419.8
Super-plasticizer [kg/m’] 2.4-3.7
Stabilizer [kg/m’] 4.0
Polymer fibres [kg/m’, (% vol.)] 4.6, (0.5)
Steel fibres [kg/m’, (% vol.)] 39.0, (0.5)
w/b ratio [-] 0.79
Matrix volume (< 0.125 mm) [I/m’] 393

The main characteristics of the mix proportioning were the limitation of the maximum
aggregate size to 8§ mm and the replacement of 20% vol. of cement by limestone
powder. The main properties of the fresh and hardened state performance were:

. Slump-flow in the range 550-650 mm.

. Adequate stability based on visual examination.
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Residual flexural tensile strengths fz; and fz; (fib, 2010) of approximately 3.5 MPa
and 4.0 MPa, respectively.
Compressive strength in the range 25-30 MPa.

As mentioned above, the full-scale application of this mix was conceived as in
combination with traditional reinforcement.

3.1.2 2% Steel FRC

The mix proportioning of the flowable FRC with high steel fibre content was developed
during research work by Kjellmark et al. (2014) on the optimization of flowable FRC
mixes with high tensile strength and ductility. This mix contains 2% vol. of steel fibres
with the properties listed in Table 3.1. The mix design, given in Table 3.3, was
developed using the EMMA concrete mix particle packing program developed by
Elkem AS*, which is based on optimization of the particle packing density. The mix has
reasonably good casting properties, with adequate flowability and compactability.

Table 3.3. Mix design for steel FRC with 2% vol. fibres.

Component Dosage
Cement [kg/m’] 4922
Silica fume [kg/m®] 24.6
Total free water [kg/m’] 197.5
Aggregate 0-8 mm [kg/m’] 1594
Super-plasticizer [kg/m’] 7.4-9.8
Stabilizer [kg/m’] 0.5
Steel fibres [kg/m’, (% vol.)] 156, (2)
w/b ratio [-] 0.35
Matrix volume (< 0.125 mm) [I/m’] 400

The main characteristics of the mix proportioning were the limitation of the maximum
aggregate size to 8§ mm and the high content of cement. The main properties of the fresh
and hardened state performance were:

Slump-flow in the range 500-600 mm.

Adequate stability based on visual examination.

Residual flexural tensile strengths fz; and fr; of approximately 15.4 MPa and

18.8 MPa, respectively.

Compressive strength in the range 80-90 MPa.

4 www.elkem.com
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In view of the high performance of this mix attained during the mix development
process, the full-scale application of this mix was planned to be without or with only a
small amount of traditional reinforcement.

3.2 Experimental methods

3.2.1 Fresh concrete properties
Density and air content

Density and air content were tested in accordance with EN 12350-6 and EN 12350-7
(European Standard, 2009a, European Standard, 2009b), respectively.

The tests were performed using an air entrainment meter, which consists of a container
of known volume and mass, and a pressure gauge fitted to a cover assembly. The
principle of the air entrainment meter is based on Boyle’s law, which states that the
volume occupied by air is proportional to the applied pressure. At the end of the test, the
pressure gauge indicates the apparent percentage of air.

The container was filled with the fresh concrete in one operation; no mechanical or hand
compaction was applied. The container was then weighed to obtain the density.
Subsequently, the cover assembly was clamped in place ensuring a good seal, and the
procedure described in EN 12350-7 was followed to obtain the air content.

Slump-flow test

Flowing ability in the absence of obstructions was tested in accordance with the slump-
flow test described in EN 12350-8 (European Standard, 2010a) and C1611 (ASTM
International, 2014). The test was used to determine: the slump-flow, which is an
indication of flowability; the t500 time, which is a measure of speed of flow; and the
Visual Stability Index (VSI), which characterizes ability to resist segregation.
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Fig. 3.1. Slump-flow test.

The test was performed using a standard cone and a baseplate with scribed circles of
210 mm and 500 mm. The cone was centrally placed within the 210 mm circle on the
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baseplate and filled in one operation. The cone was removed from the concrete by a
steady upward lift (Fig. 3.1). The t500 time was recorded as the time in seconds taken
for the concrete to reach the 500 mm circle. After the concrete flow had stopped, the
diameter of the largest circular spread of concrete was measured. A second diameter
was measured at an angle approximately perpendicular to the first diameter. The slump-
flow was obtained as the average of the two measurements.

The concrete spread was visually inspected by observing the distribution of fibres and
coarse aggregates. The VSI was assigned using the range 0-3, where 0 stands for highly
stable concrete and 3 stands for highly unstable concrete (ASTM International, 2014).

LCPC box test

Another way to characterize the filling ability of flowable concrete is the LCPC-box test
presented by Roussel (2007). In contrast to the slump-flow test, this test reproduces the
unidirectional flow of concrete.

The test was performed using a channel of fixed dimensions, the LCPC-box (Fig. 3.2).
A concrete sample of 6 litres was poured slowly into one end of the box using a plastic
bucket. The emptying of the bucket took about 30s. After the concrete flow had
stopped, the longitudinal spread and the thickness of the concrete at the “casting” end of
the box were measured. The analytical expressions in Roussel (2007) can be used to
assess the yield stress value with the parameters measured in this test.

' 6 s

120cm -
Fig. 3.2. LCPC-box test.

3.2.2 Flexural and tensile properties
Three-point bending test

Three-point bending tests were performed to determine the load-deflection response of
FRC test beams. The standard test EN 14651 (European Standard, 2005) was adopted as
the reference test. This test enables the determination of the limit of proportionality
(ffct,L) and the typical values of residual flexural tensile strength fz;, fz2, fr3 and fr4
which correspond to crack mouth opening displacements (CMODs) of 0.5 mm, 1.5 mm,
2.5 mm and 3.5 mm, respectively.
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The test specimens consisted of notched prisms with dimensions of 150 mm x

150 mm x 550 mm or 150 mm x 150 mm % 600 mm (Fig. 3.3). Two types of specimens

were investigated:

. Standard beams

Three specimens were cast for each batch considered in this thesis using the layered
casting method described in EN 14651. No mechanical or hand compaction was
applied. These test specimens were rotated 90° around their longitudinal axis and
notched through the width of the lowest edge at midspan. The testing direction was
then perpendicular to the casting direction.

. Sawn beams
These specimens were sawn from full-scale elements and notched through the
width of the lowest edge of their position within the existing element.

¢ Notch
/ depth 25mm
width < 5mm
i Jt

Fig. 3.3. Dimensions of specimens for three-point bending testing.

The test setup and testing procedure were in accordance with EN 14651 (Fig. 3.4). Two
displacement transducers, one on each side, measured the deflection at midspan. The
load was applied at a constant rate of deflection of 2 mm/min. This is a slight deviation
from the standard procedure, which specifies a lower loading rate during the initial
phase of the test.

Fig. 3.4. Setup for three-point bending testing.
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Uniaxial tension test

Uniaxial tension tests were performed to characterize the uniaxial tensile response of
FRC on test specimens. The test described in the RILEM recommendations (RILEM,
2001) was adopted as the reference test. This test enables the determination of the
stress-crack opening relationship.

The test specimens consisted of notched cylinders with dimensions of @150 mm x
150 mm (Fig. 3.5). Two types of specimens were investigated:
Cast cylinders
Six cylinders were cast for each batch. Cylindrical moulds (150 mm % 300 mm)
were filled in one operation up to a height of approximately 250 mm. No
mechanical or hand compaction was applied. The cylinders were sawn to a height
of 160 mm removing parts at both top and bottom.

Drilled cores
Cores with dimensions of @150 mm x 160 mm were drilled from full-scale
elements.

Notch
depth 15mm

' width 2-5mm

Fig. 3.5. Dimensions of specimens for uniaxial tension testing.

The sawn surfaces were ground to the final height (150 mm). The notches were sawn
along the centreline to a depth of 15 mm. Grinding and notching were executed with
care to ensure that the top and bottom surfaces and the notched sections were
perpendicular to the axis of the cylinder. The specimens were glued “in situ” to metal
plates, which were fixed to the testing machine with rigid bolted connections. They
were tested after the glue had hardened for approximately 24 hours. Three
extensometers measured the strain across the notch with a gauge length of 35 mm (Fig.
3.6).

The test was conducted with an electromechanical testing machine with a capacity of
100 kN (Instron 5982). The machine was not able to perform the test with closed-loop
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control, so the test was controlled using the rate of extension of the upper crosshead of
the machine. The following displacement rates were adopted: 50 um/min up to an
average displacement in the notch of 0.1 mm, and 100 pm/min until the completion of
the test (displacement in the notch > 2 mm). The system was not able to avoid sudden
opening at the onset of cracking. Nevertheless, the average displacement rates in the
notch before and after the sudden crack were recorded as ~1 pm/min and ~100 um/min,
respectively, which are values within the limits recommended in RILEM (2001).
Throughout the test, data was logged with a frequency of 0.5 Hz.

Fig. 3.6. Setup for uniaxial tension testing.

3.2.3 Characterization of fibre distribution and orientation
Fibre counting on sawn cross-sections

Fibre counting consists of quantifying the number of fibres crossing a certain plane.
Usually, it requires sawing the element in question along the plane of interest. If the
contrast between fibres and the other components is sufficient, images of the cross-
section can be subjected to a thresholding operation using image analysis software. This
identifies the fibres without the need for manual counting.

The fibre counting was performed over cross-sections of full-scale and standard beams
cast with the hybrid polymer-steel FRC. There was poor contrast between the polymer
fibres and other components, so the fibres were hand-dotted on a transparent paper and
then counted. The red and black dots in Fig. 3.7 represent the polymer and steel fibres,
respectively, recognized over the cross-section of a full-scale beam. The results were
expressed in terms of the number of fibres per surface unit.
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Fig. 3.7. Hand-dotting of fibres over the cross-section of a full-scale beam, and counting across
the top and bottom halves.

Fibre volume fraction

The fibre volume fraction was determined for sawn slices of full-scale beams and
standard beams cast with the hybrid polymer-steel FRC. A hardened slice was crushed
in a compression test machine (Fig. 2.7) and the fibres were separated from the crushed
matrix. The weight of the fibres and the volume of the tested sample were measured to
determine the fibre volume fraction. Fig. 3.8 depicts one of the examined slices from a

standard beam.

Fig. 3.8. Polymer and steel fibres contained in a slice of standard beam.
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Analysis of a CT-scanned volume

X-ray Computed Tomography (CT) scanning is used as a method for qualitative and
quantitative evaluation of the orientation and distribution of steel fibres in FRC.
Scanning of an element produces a large number of radiographic projections, which are
captured with the rotation of an X-ray source. Digital analysis enables reconstruction of
the projections into a sequence of images, which can be post-processed to produce 3D
visualizations of the structure of fibres in the element, as shown in Fig. 3.9.

Fig. 3.9. 3D visualization of the fibre structure in a specimen obtained using CT scanning.

The CT scanning was performed using a Siemens Sensation 4 CT Scanner, which is
presently available at NTNU for research purposes (Fig. 3.10). Scanning was performed
producing an image of the sample every 1 mm, and using the maximum working
voltage, which was limited to 120-140 kV.

Fig. 3.10. An FRC element positioned for CT scanning.

The open-source software FIJI was used for image analysis of the CT scans. The scans
consisted of a sequence of images of the scanned element. To separate the fibres, a
thresholding operation was applied to the entire sequence. Post-processing the images to
a “skeleton” converted fibres to 3D segments located in the volume. Fig. 3.11 illustrates
the various steps of the analysis for a cross-section image of the element: (i) image
reconstruction, (ii) thresholding of fibres, and (iii) conversion to skeleton.
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Fig. 3.11. A cross-section image produced using CT scanning: a) reconstruction of the image,
b) thresholding of fibres, and c) conversion to skeleton.

The digital analysis of the skeleton produced a complete list of 3D coordinates of fibre
ends, from which fibre lengths and vectors of the fibre orientation were computed.
Given the complete description of the fibre structure in the element, it was possible to
characterize the fibre volume fraction, the orientation factor (Eq. 2.1), the orientation
number (Eq. 2.2), and the fibre orientation tensor (Eq. 2.3), with respect to any given
plane or volume.

3.3 Analytical methods and modelling

3.3.1 Correction method for the residual tensile strength

Thorenfeldt (2003) proposed the simplified analytical model in Eq. 3.1 for determining
residual tensile strength of FRC based on fibre volume, fibre orientations with respect to
the crack plane and the average fibre stress representing all the fibres crossing the plane.

ft,res: ’10 vf O-fm (31)

In Eq. 3.1, #y denotes the capacity factor, v, is the fibre volume fraction, and oy,
represents the average stress in the fibres crossing the crack plane. The capacity factor
no indicates to what extent the fibre forces are effective, i.e. normal to the crack plane.
This parameter can be related to the orientation factor a (Eq. 2.1) by means of the
following expressions:

n,=4/3 a-1/3 when 0.5<a<0.8 (3.2)
n,=2/3 a when 03<a<0.5 (3.3)

As a general method, the Norwegian guideline proposal (Kanstad et al.,, 2011)
recommends three-point bending testing in accordance with EN 14651 (European
Standard, 2005) to characterize the residual tensile strength of FRC. If o and v, can be
quantified, the residual tensile strength derived from the standard test can be normalized
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using the factor (vi/v;uom)(4a-1), which is based on the analytical expressions in Eq. 3.1
and 3.2. Within the framework of the guideline, this factor can be applied to correct for
the actual fibre orientation and fibre content in the structure, or to estimate the residual
tensile strength for an FRC with a different fibre dosage.

In Chapter 4 of this thesis, the principles of the correction factor described above are
applied to estimate the residual tensile strength for a structural element (fzy, ) from the
residual flexural tensile strength (fz;) determined in a standard specimen. This was done
in accordance with the following sequence:

without correction for fibre configuration,

Ji
T (3.4)

normalized to isotropic conditions,
1

f u, norm: v f U (35)
e o]
*finom s.beam
including the fibre configuration of the structure,
v
thu,slr: [(Vf L ) (4(}5-1)] thu,rmrm (36)
,hom str

where the index “s.beam” refers to standard beams, and “s#” refers to structural
elements. If a <0.5, the correcting factor in Eq. 3.6 and 3.7 should be determined as
Vetocat/ Vinom)2uocar) (Eq. 3.3). Substituting Eq. 3.6 into 3.7 leads to:

Yt local
(e S
thu,str: Vilocal - fFZu = Km (37)
[< (loca )(4alocal'1)] str

v
fynom s.beam

where Ky, therefore becomes an indicator of the representativeness of the fibre
properties of the standard beams for the structural application.

3.3.2 Sectional analysis

Chapters 4 and 5 show how the flexural behaviour was modelled using sectional
analyses based on the principles of the so-called multi-layer method (Hordijk, 1991,
Kooiman, 2000, Griinewald, 2004, Dgssland, 2008, Blanco, 2013). As briefly described
in Section 2.5.5, this method assumes that the sectional behaviour is described by a
series of springs. Each spring represents a small layer of the concrete cross-section, and
behaves (in terms of stress and strain) in accordance with the chosen constitutive law
(Fig. 3.12). The internal forces are thus taken as the sum of the behaviour of all springs.
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At any given compressive strain, the tensile strain was varied in a sequential iterative
process until force equilibrium in the cross-section was satisfied. The corresponding
bending moment was computed from the internal forces. Successively increasing the
compressive strain enabled the simulation of the entire moment-curvature relationship.
Such an analytical model was implemented in a MATLAB subroutine, considering a
discretization of the cross-section in one thousand layers and successively applying
compressive strain increments of 0.01%o.

Reinforced cross-sections were analysed by introducing the corresponding axial force at
the location of the reinforcement, and by adopting the additional assumption of perfect
bond between the steel bars and the surrounding concrete.

/

h 5
] Ec,i Oc,i

o—o—o /s Es as M

Cross-section Strains Stresses

Fig. 3.12. Distribution of strains and stresses over a cross-section.

In order to transfer cross-sectional results to global response, the relationship between
the moment-curvature results and the load-deflection response was established using the
unit-load method for the test configuration considered.

With regard to the material models, a strain hardening behaviour was assumed for the
reinforcement. The compressive behaviour of concrete was assumed to be in accordance
with the parabola-rectangle diagram given in the Eurocode 2 (European Standard,
2004). The three models in Fig. 3.13 were considered to characterize the tensile
behaviour of FRC. The parameters for the Elasto-plastic model and the Linear model
are defined in the Model Code 2010 (fib, 2010), while the parameters for the RILEM o-
& model are given in RILEM (2003). Before application to the structural beams, all
these material parameters were calibrated with the results from the standard three-point
bending tests.
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Fig. 3.13. Constitutive models considered for the o-¢ tensile relationship of FRC in the sectional

analysis.

3.3.3 Nonlinear finite element modelling

The performance of nonlinear finite element analyses of FRC elements is described in
Part III of this thesis. A description of the whole modelling approach that includes these
analyses is, in fact, the aim of Chapters 7 and 8; this section therefore describes just
some of the general aspects related to their implementation.

The nonlinear finite element analyses were performed using the commercially available
program package DIANA. All the analyses presented in this thesis considered eight-
node quadrilateral plane stress elements with 2 x 2 Gauss integration. The nonlinear
behaviour of the material was described using a rotating smeared crack model based on
a total strain concept, for which the definition of the shear retention factor after cracking
was not needed, see e.g. Rots (1988).

The compressive behaviour of FRC was defined using an ideal elasto-plastic model.
The tensile behaviour, however, was defined as dependent on the fibre parameters. As
will be seen in Chapter 7 and 8, two main fibre parameters need to be incorporated in
each element of the FE model: the fibre volume fraction and the unit vector that defines
the dominant orientation of the fibres.

The uniaxial tensile stress-strain behaviour was defined using a user-supplied
subroutine, for which the dependence on fibre volume fraction and dominant fibre
orientation was established.
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Chapter 4

Fibre configuration in beams of flowable
hybrid polymer-steel FRC

Paper I

Influence of fibre distribution and orientation on the flexural behaviour of beams
cast from flowable hybrid polymer-steel FRC

E.V. Sarmiento, M.R. Geiker & T. Kanstad
Submitted to an international scientific journal in September 2015

Abstract

The structural performance of hybrid polymer-steel fibre-reinforced concrete is strongly
influenced by the fibre distribution and preferred orientation induced during casting.
This effect is pronounced for elements cast from highly flowable concrete. To detect
possible fibre configurations that differ from those of standard specimens, the fibre
distribution and orientation in full-scale elements was investigated. The objective was to
reduce uncertainty at the structural design stage, when tensile behaviour is generally
derived from standard specimens. The research showed that an uneven fibre
configuration can occur in full-scale beams. Steel fibres were prone to segregate after a
certain flow length, while polymer fibres distributed evenly. A higher degree of
preferred orientation was detected in the bottom half of the beams, especially for
polymer fibres. The results confirmed that disregarding the fibre configuration for the
modelling of the full-scale beams on the basis of results from standard specimens led to
an overestimation of their flexural response. Such overestimation was considerably
reduced if the tensile response from standard tests was corrected to account for the
actual fibre configuration in both standard specimens and full-scale beams.

Keywords
Flowable concrete, Hybrid polymer-steel fibre-reinforced concrete, Fibre volume
distribution, Fibre orientation, Residual tensile strength, Correction factor
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4.1 Introduction

Hybrid fibre systems have proven successful in improving the mechanical behaviour of
concrete with fibres working at various stages of the cracking process (Stdhli and van
Mier, 2007, Rossi et al., 1987, Rossi, 1997). So far, most research has focused on the
use of multi-scale or multi-geometry fibre systems (Rossi, 1997, Markovic, 2006,
Vandewalle, 2007, Park et al., 2012, Stdhli and van Mier, 2007, Akcay and Tasdemir,
2012). The development of polymer macro-fibres has led to the study of polymer fibre-
reinforced concrete (FRC) as an alternative to steel FRC for structural applications
(Pujadas et al., 2014a, Buratti et al., 2011, Alberti et al., 2014a, Soutsos et al., 2012) and
also to the recent development of hybrid polymer-steel FRC (Qian and Stroeven, 2000b,
Qian and Stroeven, 2000a, Ding et al., 2009, Dawood and Ramli, 2012, Alberti et al.,
2014b). The combination of polymer and steel fibres has the potential to optimize the
crack-bridging effect of FRC due to the synergistic effect described by Banthia and
Gupta (2004), in which a strong and stiff type of fibre improves the cracking response at
low deformations, and a more flexible and ductile type of fibre leads to improved
toughness in the latter cracking stage.

Only few investigations report the use of polymer-steel fibres in flowable or self-
compacting concrete (SCC) (Alberti et al., 2014b, Ding et al., 2009, Ding et al., 2008,
Dawood and Ramli, 2012). At the present time, there is limited experience on how this
combined fibre system affects the desired compromise between fluidity and stability of
fresh concrete and how steel and polymer fibres, when combined, distribute and orient
in full-scale elements cast with flowable concrete. A concrete which is stable at rest
implies that the material has sufficient segregation resistance to avoid downward
settlement of fibres and aggregates (Fig. 4.1a). However, this is not sufficient to ensure
a uniform distribution of fibres after casting. In a study of plain self-compacting
concrete, Spangenberg et al. (2012a) demonstrated that a concrete which is stable at rest
can be unstable during flow leading to non-uniform aggregate distribution. The same
may be expected for fibres (Fig. 4.1b). Moreover, fibre orientation also occurs during
casting (Boulekbache et al., 2010, Ferrara et al., 2011, Abrishambaf et al., 2012,
Martinie and Roussel, 2010), with the fibres reorienting due to physical contact with the
constraints, the so-called wall effect (Fig. 4.1c), or due to shear rates related to
variations in the flow velocity profile (Fig. 4.1d). If the downward settlement and the
orientation of the fibres are affected by stress gradients, different behaviour may be
expected for different types of fibres. So it remains uncertain how a combined fibre
system, with polymer fibres having a density which is one eighth compared with steel
fibres, will distribute and orient under full-scale conditions.
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Fig. 4.1. a) Downward settlement of fibres at rest, b) uneven fibre distribution occurring during

flow, ¢) fibre orientation constrained by the wall effect, and d) orientation induced by shear
rates during flow.

The structural application of (flowable) hybrid FRC requires the development of
recommendations that cover its design and execution practice. During the last decade,
several guidelines have been developed and contributed to establish the basis for a
structural use of FRC (SFRC Consortium, 2014, Swedish Standards Institute, 2014,
DAfStb, 2012, RILEM, 2003, fib, 2010, Kanstad et al., 2011) and simple methods for
the material characterization. For this, load-deflection responses from indirect tests,
such as bending tests of notched beams (European Standard, 2005), are often used.
However, large differences in fibre distribution and orientation between structural
elements and test specimens have been reported in several investigations (Blanco, 2013,
Montaignac et al., 2012, Di Prisco et al., 2009), as a consequence of the influence of the
casting conditions. If the fibre configuration in the test specimens is not representative,
this can lead to an unreliable prediction of the structural performance of the FRC
element. Given that the crack-bridging action of fibres is strongly influenced by their
distribution and orientation in a certain element, some of these guidelines propose the
consideration of the fibre orientation to correct the tensile behaviour derived from test
specimens with regard to the application at the structural level. However, some of the
correcting methods proposed in the guidelines are not specifically defined for SCC, for
which usually an improved flexural behaviour of test specimens with less scatter is
observed in comparison to ordinary concrete (Kooiman, 2000, Griinewald, 2004).
Further investigation appears to be needed to extend the scientific basis of correction
methods to flowable or SCC and to fibre types and systems other than steel fibres.

Within this context, the main objectives of this research were:
. To characterize the fibre distribution and orientation patterns along the length of
full-scale beams cast from flowable concrete with a polymer-steel fibre system.
. To identify major differences in the fibre configuration (i.e. distribution and
orientation) between full-scale beams and standard specimens with regard to the
representativeness of standard specimens for structural design purposes.
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Finally, to consider the need to correct the tensile behaviour derived from standard
tests to reflect the actual fibre configuration in a full-scale beam, and evaluate
approaches for this.

The principles discussed in this paper relate primarily to flowable hybrid polymer-steel
FRC, but some of the research findings can also be extended to flowable concretes with
polymer or steel fibres only.

4.2 Materials and experimental methods

4.2.1 Materials

The mix proportioning of the flowable hybrid FRC used in the present study was
developed during the research work by Vikan et al. (2011) considering ordinary strength
concrete. A 1% vol. fibre dosage, with equal volume of polymer and steel fibre, was
used. The mix (Table 4.1) was optimized in accordance with the particle-matrix model
(Martsell, 1996) to reach a satisfactory level of stability and flowability.

Table 4.1. Mix design.

Cement [kg/m’] 286.8
Limestone [kg/m’] 71.7
Total free water [kg/m’] 226.6
Aggregate 0-2 mm [kg/m’] 250.5
Aggregate 0-8 mm [kg/m’] 1419.8
Super-plasticizer [kg/m’] 2.4-3.7
Stabilizer [kg/m’] 4.0
Polymer fibres [kg/m®, (% vol.)] 4.6, (0.5)
Steel fibres [kg/m’, (% vol.)] 39.0, (0.5)
w/b ratio [-] 0.79
Matrix volume (< 0.125 mm) [I/m’] 393

The polymer fibres had a composition of 98% polypropylene, a continuously embossed
surface, a length of 48 mm and an aspect ratio of 53. The minimum tensile strength and
elastic modulus were 550 and 10000 MPa, respectively, according to the manufacturer.
The steel fibres were ordinary hooked-end fibres with a length of 60 mm and an aspect
ratio of 67. The minimum tensile strength and elastic modulus were 1160 MPa and
210000 MPa.
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4.2.2 Specimens

The studied specimens are a part of a larger experimental series on the application of
flowable hybrid FRC to load-carrying structures with a reduced amount of ordinary
reinforcement, which comprises elements designed for flexural and shear failure
(Nedrelid and Kanstad, 2014b). Due to the large concrete volume required, the casting
was carried out in four batches of the same mix (denoted Batch 1-4). The elements
investigated in the current paper include:

12 small-scale beams with dimensions of 150 mm x 150 mm x 550 mm, three cast

from each batch, notched at midspan in accordance with EN 14651 (European

Standard, 2005). Hereinafter referred to as the standard beams.

two full-scale beams with dimensions of 200 mm x 300 mm x 4000 mm, cast with

Batch 1 and 2, which were reinforced with 1320 mm rebar in addition to the fibres.

The full-scale beams were cast from one end of the mould, allowing the concrete to
flow along the length of the mould, i.e. 4 m. In contrast, the standard beams were cast
using the layered method described in EN 14651 (European Standard, 2005).

4.2.3 Fresh concrete tests

Slump-flow tests in accordance with EN 12350-8 (European Standard, 2010a) were
carried out to characterize the consistency and flow potential of each batch. The amount
of super-plasticizer was adjusted during the mixing process to achieve a target slump-
flow ranging from 550 to 650 mm. For Batch 1, 2, 3 and 4, the percentage of super-
plasticizer (expressed as % of cement) was 0.99, 0.85, 1.11 and 0.92, respectively, while
the slump-flow was 642, 585, 560 and 570 mm, respectively. The stability was visually
examined and qualitatively evaluated based on the Visual Stability Index (VSI) (ASTM
International, 2014). All batches had a satisfactory flowable and non-segregating
consistency with a VSI of either highly stable or stable.

4.2.4 Hardened concrete tests

To determine the compressive strength, six 100 mm cubes (European Standard, 2009¢)
were tested for each batch. To characterize the residual flexural tensile strength, three-
point bending tests of the standard beams were conducted in accordance with EN 14651
(European Standard, 2005).

The two full-scale beams were tested under the bending conditions illustrated in Fig.
4.2. The load was applied using a hydraulic jack acting on a steel profile that transferred
the load to the loading points. A constant displacement rate of 1 mm/min was applied.
The deflection at midspan was measured with displacement transducers attached to the
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bottom face of the specimens. The age of the beams at testing was 33 and 34 days, and
accompanying standard beams and cubes were tested on the same day as the full-scale

beams.
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Fig. 4.2. Test setup and cross-section of the full-scale beams. Dimensions in mm.

4.3 Evaluation methods

4.3.1 Determination of fibre distribution and orientation

Various parameters have been proposed to quantitatively express the dominant
orientation of fibres in a certain volume, including: the second-order orientation tensor
(Advani and Tucker, 1987, Ferrara et al., 2011, Sarmiento et al., 2014a, Sanal and
Ozyurt Zihnioglu, 2013, Svec et al., 2014), the average out-of-plane angle (Bay and
Tucker, 1992, Deeb et al., 2014, Ferrara et al., 2011), or the fibre orientation factor
(Krenchel, 1964, Aveston and Kelly, 1973, Stroeven, 1978, Stroeven, 1979, Soroushian
and Lee, 1990, Krenchel, 1975). Several methods can be used to assess such
parameters; an overview of these can be found in Zirgulis et al. (2013) and Laranjeira de
Oliveira (2010). Computed Tomography (CT) scanning is recognized as an effective
method to produce 3D images of the fibre distribution in a specimen. Such images allow
the posterior assessment of any of the mentioned orientation parameters. While CT has
been successfully used for steel FRC (Stahli et al., 2008, Svec et al., 2014, Sarmiento et
al., 2014a), medical scanners like the one used by Svec et al. (2014) cannot detect
polymer fibres due to their low density. Pujadas et al. (2014b) recently reported the
successful use of an industrial CT scanner to investigate polymer fibres in small
samples.

The out-of-plane angle can be assessed by studying plane sections using microscopy or
high-resolution images. The angle is often determined from the elliptical intersections
between fibres and the cross-section (Bay and Tucker, 1992, Deeb et al., 2014, Ferrara
et al., 2011). However, this method is limited to fibres with a uniform cross-section, so
it is not applicable to fibres with an embossed surface like the polymer fibres used in
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this research. Simpler approaches can be used to compute the orientation factor a based
on the analytical expression:

in which ny refers to the number of fibres per surface unit, v, to the fibre volume
fraction, and A, to the fibre cross-section area. a ranges from 0 to 1, with its limits
describing the situations where fibres align either parallel or perpendicular to the plane
studied. a is commonly computed by merely determining n,in a plane section using any
fibre counting method. Under the condition of perfectly uniform distribution of fibres in
a specimen (i.e. vy constant and equal to the fibre dosage), it is possible to state that the
larger the number of fibres in a plane, the greater the perpendicular alignment of the
fibres in respect to this plane. However, if the distribution of the fibres is not uniform, a
large number of fibres in a plane might be caused either by a favourable alignment of
the fibres, by a high fibre content, or by both phenomena occurring simultaneously.
This means that computing o without including the locally determined volume fraction
(Vriocar) 18 simply an alternative way of expressing n5 and not a method to strictly
describe the orientation.

In the current investigation, the mechanisms of fibre distribution and fibre orientation
were separately studied by determining local volume fractions and local orientation
factors ayyq. Note that a distinction is made with the previously described a to explicitly
indicate the inclusion of the local volume fraction: @yocar = 1y Ay Vyioear. Although the
number of fibres should not be directly used to conclude about the orientation and
distribution phenomena, it is still recognised as a valuable factor for correlating the fibre
parameters with the measured mechanical properties of the material (Ferrara et al.,
2011, Svec et al., 2014), mainly due to its advantageous simplicity. Consequently, this
investigation only discusses its eligibility for this particular application.

For the standard beams, the number of fibres was counted in the cross-sections
indicated in Fig. 4.3a. The volume of fibres within the slice delimited by the two cross-
sections was determined by first crushing the slice and then separating polymer and
steel fibres from the crushed matrix (European Standard, 2007, European Standard,
2006). The fibre volume fraction vy, and the orientation factor oy, were then
computed from these results.

Fibre distribution and orientation were likewise studied in the full-scale beams after
their mechanical test. The local fibre volume fractions and orientation factors of sawn
slices were determined at the locations indicated in Fig. 4.3b, in the same way as
described for the standard beams. In this case, however, the two parameters were
determined for both the upper and lower half of each slice.
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Fig. 4.3. Cross-sections and slices to determine fibre content and number of fibres for

a) standard beams, and b) full-scale beams. Dimensions in mm.

4.3.2 Flexural analysis of FRC beams

The tensile properties needed to establish the constitutive material model of FRC are
often derived from the flexural response of notched specimens. Transferring these
results to tensile stress-crack width or stress-strain (o-¢) relationships requires analytical
expressions (Laranjeira de Oliveira, 2010) or inverse analyses of experimental results
(Tlemat et al., 2006, Tailhan et al., 2012). Recommendations for FRC offer design-
oriented simplified approaches based on the straightforward application of predefined
models. This paper discusses three simplified constitutive models proposed in
international guidelines, calibrated with the results from three-point bending tests of
notched specimens (Fig. 4.4).

b) o c)
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& & & o8] &€& &3 &4

Fig. 4.4. Constitutive models for the o-¢ tensile relationship: a) Elasto-plastic model, b) RILEM
o-¢ model, and c) Linear model from Model Code 2010 (MC2010).

The Elasto-plastic model is the simplest and is characterized by a brittle drop after the
initial elastic phase and perfect plastic behaviour for the post-cracking state. Its
simplicity represents a practical advantage for the ULS design, for which the initial
elastic phase can be disregarded (fib, 2010). Both the RILEM o-¢ method (RILEM,
2003) and the Linear model from MC2010 (fib, 2010) consider two stresses at different

58



Chapter 4. Fibre configuration in beams of flowable hybrid polymer-steel FRC

levels of deformation to characterize the post-cracking behaviour. In addition, the
Linear model from MC2010 is also defined for materials with hardening behaviour.

Sectional analyses are commonly applied for predicting the flexural behaviour of FRC
members (RILEM, 2002a, Montaignac et al., 2012, Kooiman, 2000, Griinewald, 2004).
The methods used are based on numerical integration of stresses over the cross-section,
or on the principles of the so-called multi-layer method, see e.g. Hordijk (1991). In this
paper, the multi-layer method was applied to analyse the full-scale beams
experimentally tested with the tensile constitutive models for FRC presented above. In
order to transfer cross-sectional results to global response, the relationship between the
moment-curvature results and the load-deflection response was established using the
unit-load method for the test configuration considered. For more accurate calculations,
finite element analyses should be considered.

4.4 Results and discussion

4.4.1 Fibre distribution and orientation in standard beams

The average values of orientation factors and fibre contents for the standard beams are
presented in Table 4.2. The fibre content is expressed by the normalized volume
fraction, referring to the local fibre volume fraction within the concrete volume studied
(Viocar) normalized by the fibre dosage (0.5% vol. for each fibre type), here called the
nominal volume fraction (Vzuom).

Table 4.2. Fibre volume fraction and orientation factor of standard beams, average of all

batches.
Average value Cv

Normalized volume fraction (Vyiocar/Venom) [-]

Polymer 1.08 14.0%

Steel 1.02 31.8%

Total 1.05 20.0%
Orientation factor oocq [-]

Polymer 0.63 5.4%

Steel 0.66 10.7%

Total 0.64 6.1%

With an average orientation factor of 0.64, the fibre orientation factor did not widely
differ between the two fibre types. A low variation was also observed among the
specimens. In contrast, the measured volume fractions exhibited a large scatter. When
macro-fibres are used, a relatively low number of fibres can be found in any cross-
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section. Minor variations in the number of fibres in small-sized cross-sections can cause
a significant scatter in the results of vy and have a great impact on the flexural
response (Di Prisco et al., 2009, Buratti et al., 2011). As can be seen in Table 4.2, the
longest fibres, in this case the steel fibres (60 mm), show a greater variation than the
polymer ones (48 mm), which supports the idea that the scatter is related to the size of
the fibres.

4.4.2 Fibre distribution and orientation in full-scale beams

Results from the two full-scale beams, cast from two different batches, are presented
separately. Although they were cast under comparable casting conditions, the study
revealed that the variation between different batches was not negligible.

Volume fraction distribution

The tendency of each fibre type to segregate was evaluated by comparing the fibre
contents of the upper and lower halves of the slice located at a distance of one meter
from the casting point. This slice was assumed to be located sufficiently far from the
casting area, where the discharge of concrete can locally affect the material, and
sufficiently close to be least exposed to possible flow-induced effects. Fig. 4.5 shows
that the polymer fibres did not suffer any symptom of downward settlement; they
distributed uniformly over the height. In contrast, a significant downward settlement of
the steel fibres, quantified by a normalized fibre volume of 1.4, was observed for the
beam cast from Batch 2 (Fig. 4.5b), characterized as least stable.

[ Polymer fibres I Steel fibres

a) b)

Top Top

half half

Bottom Bottom

half half
05 1.0 15 0.5 1.0 1.5
Normalized Normalized
volume faction volume faction

Fig. 4.5. Distribution of the fibre volume fraction over the height of the full-scale beams at a
distance of one meter from the casting point: a) beam cast from Batch 1, and b) beam cast from
batch 2. The normalized volume fraction is determined as Vioca/Vinom-

The measurements of the fibre volume fraction distribution are presented in Fig. 4.6a-b
and Fig. 4.6c-d for the beams cast from Batch 1 and 2, respectively. These figures
reveal a non-uniform distribution of the steel fibre volume fraction along the length of
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the beams, which indicates that fibre migration or segregation occurred during casting.
Internal friction and cohesive forces between fibres and matrix tend to decrease during
flow and they may become too low to counteract the effect of gravity forces. This can
potentially lead to segregation of the constituents with highest density, the steel fibres in
this case.

It is clear from Fig. 4.6b and d that the two batches differ in their rates of segregation,
presumably due to different rheological properties. For the beam cast from Batch 1, the
dotted line in Fig. 4.6b shows that the total steel fibre content remains constant, but that
there is a certain tendency for steel fibres to migrate from the upper half towards the
lower half after a flow length ranging between 2 and 3 m. For the beam cast from Batch
2, the steel fibre content is significantly reduced at the further end of the beam (Fig.
4.6d), which indicates that the matrix of this concrete had difficulty in dragging the steel
fibres along the specimen.

It is worth noting that the content of polymer fibres remains uniform along the two
beams (Fig. 4.6a and c), also for the least stable batch. The low tendency to segregate of
these fibres, probably due to their low density, appears to add robustness to the mix.
Although it is not possible to evaluate whether interactions between polymer and steel
fibres helped mitigate the downward settlement of steel fibres, it is straightforward to
conclude that this effect, if any, was insufficient.
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Fig. 4.6. Distribution of the fibre volume fraction along the length of the full-scale beams:
a) polymer and b) steel fibres for the beam cast from Batch 1; and c) polymer and d) steel fibres
for the beam cast from Batch 2. The normalized volume fraction is determined as Viiocar/Vnom-

61



Part II. Experimental investigation and characterization of fibre configuration

Orientation

The results of the local orientation factors determined along the length of the beams are
presented in Fig. 4.7. Comparing Fig. 4.7a-b with Fig. 4.7c-d reveals a higher degree of
fibre orientation for the beam cast from Batch 2. This could be related to the rheological
behaviour of this batch; previous studies report that rheological properties strongly
influence the orientation of fibres with the flow, see e.g. Martinie and Roussel (2010).
For this batch, however, the orientation factor does not change along the beam. Only
Batch 1 shows a slight tendency to more pronounced orientation with increasing
distance from the casting point.

Wall effect and high shear rates cause orientation of fibres in the area close to
constraints (Martinie and Roussel, 2011). Assuming these effects to occur over a zone
along the formwork with a breadth of half the fibre length, the area affected by wall
effect and high shear rates is 46% larger for the bottom half than for the top half of the
beam. The results in Fig. 4.7a-d show that fibre orientation factor is higher in the
bottom half, and that this is valid irrespective of batch stability and fibre type.
Moreover, both batches show significantly higher orientation factor for polymer fibres
than for steel fibres, especially for the bottom half. This indicates a higher tendency of
the polymer fibres to orient due to high shear rates.
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Fig. 4.7. Orientation factors along the length of the full-scale beams: a) polymer and b) steel
fibres for the beam cast from Batch 1; and c) polymer and d) steel fibres for the beam cast from
Batch 2.

62



Chapter 4. Fibre configuration in beams of flowable hybrid polymer-steel FRC

The common practice of computing the orientation factor assuming uniform fibre
distribution leads to the results presented in Fig. 4.8. With this assumption, the
orientation factor of the steel fibres for the beam cast from Batch 2 would decrease
severely with increasing distance from the casting point. Comparing Fig. 4.8 with Fig.
4.7d, in which the local fibre volume content is included in the assessment of the
orientation factor, shows that the assumption of constant fibre content can lead to an
unsound interpretation of the orientation.
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Fig. 4.8. Orientation factor of steel fibres along the length of the full-scale beam cast from
Batch 2 assuming vy = Vo (0.5% vol.) when determining o.

4.4.3 Comparison of standard to full-scale beams

Since the aim of the standard beam test is to characterize the mechanical behaviour of
the material, the fibre configuration in these specimens should be representative for
multiple structural solutions and casting conditions. To identify possible differences in
the fibre configuration, the fibre parameters of the standard beams and the full-scale
beams are compared in Table 4.3 for each batch.

Table 4.3. Comparison of fibre volume fraction and orientation factor between standard and
Sfull-scale beams.

Standard beams Full-scale beams
Average (CV) Average (CV) 1m 2m 3m
from casting point

Normalized volume fraction (Veiocar/Venom) [-]

Batch 1 1.24 (7.2%) 1.06 (2.7%) 1.03 1.08 1.06
Batch 2 1.15 (36.4%) 1.05 (12.7%) 1.13 1.13 0.90
Average 1.19 (18.6%) 1.05 (8.21%)

Orientation factor @j,cq [-]
Batch 1 0.64 (3.6%) 0.58 (6.9%) 0.54 0.61 0.61
Batch 2 0.65 (8.1%) 0.70 (3.0%) 0.68 0.69 0.72
Average 0.65 (4.9%) 0.64 (10.8%)
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The fibre distribution and orientation in the standard beams hardly differed from the
average values of the full-scale beams. This suggests that standard beams could be
representative for the material with regard to the application at the structural level.
However, for design purposes, it should be kept in mind that fibres did not distribute
uniformly along the full-scale beams. This aspect is further discussed in Section 4.4.6.

4.4.4 Bending test of standard beams

Fig. 4.9a depicts the average curves of the three standard beams tested for each batch in
terms of flexural stress versus crack mouth opening displacement (CMOD). The figure
also includes the average compressive strength (f.,) and the residual flexural tensile
strength fr3, which corresponds to a CMOD of 2.5 mm. A deflection-hardening response
characterized the post-cracking phase for all the batches, fulfilling the targets of the mix
design. The shaded area in Fig. 4.9a represents the envelope of the complete family of
curves, which clearly demonstrates the large scatter related to the average curves.

The flexural responses of the three specimens from the batch that registered the largest
scatter are represented in Fig. 4.9b. The maximum scatter was recorded for a residual
flexural tensile stress corresponding to a CMOD of 0.5 mm, which ranged from 5.1 to
2.8 MPa. This large scatter was consistent with the number of fibres counted in the
notched sections, which ranged from 1.21 to 0.66 fib/em® This confirms the well-
known fact that large scatter of the flexural results is related to the number of fibres in
the fracture area.

However, while a good correlation between n, and the residual flexural strengths
generally applies to FRCs with a deflection-softening behaviour, concretes with a
deflection-hardening response require closer analysis. Specimen 1 in Fig. 4.9c suffered
an abrupt drop in flexural stress at a crack width of approximately 2 mm, which was
related to the development of a secondary crack. Normally, the reduction of the cross-
section at the notch and the symmetric loading condition should favour a single crack
growing vertically, but a strong fibre-bridging effect may cause the stress to
redistribute, resulting in new weak paths that lead to multiple cracking. For this
particular specimen, the notched section (section 0-0’ in Fig. 4.3a) was highly
reinforced with 1.42 fib/cm? and, although the first crack appeared in this section, a new
crack grew towards a weaker section with 0.97 fib/cm®. The results presented in Table
4.4 reveal a reduction in the number of the steel fibres of this specimen from
0.85 fib/cm? in the notched section to 0.44 fib/cm? in a section 5 cm away (section 5-5’
in Fig. 4.3a).
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Fig. 4.9. a) Results of three-point bending and compressive tests, average of batches (only two
specimens were successfully tested for Batch 3). Results of three-point bending tests and
number of fibres in notched sections for: b) Batch 4 and c) Batch 1.
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Table 4.4. Number of fibres in cross-sections of standard beams from Batch 1. The sections
considered are depicted in Fig. 4.3a.

Total number of fibres (Polymer/Steel) [fib/cm’]

Specimen 1 Specimen 2 Specimen 3
Section 0-0’ 1.42 (0.57/0.85) 1.09 (0.58/0.51) 1.27 (0.71/0.55)
Section 5-5’ 0.97 (0.53/0.44) 1.50 (0.74/0.76) 1.52 (0.88/0.64)

Fig. 4.10 depicts the relationship between the residual flexural tensile strength and the
number of fibres in the notched cross-section. A good linear correlation between both
parameters is found for a crack developed to a width of 1 mm. However, the correlation
worsens for a crack width of 2.5 mm, which seems to be related to a redistribution of
stress towards less reinforced sections and the appearance of diffuse cracks. This
demonstrates the difficulties of interpreting results from standard bending tests with
deflection-hardening materials, as well as the shortcomings of considering the number
of fibres in a cross-section as the only parameter needed to correlate the fibre
configuration with the residual flexural strength.
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Fig. 4.10. Correlation between residual flexural strength at different CMODs and number of
fibres in the notched section.

4.4.5 Bending test of full-scale beams

The experimental load-deflection curves of the full-scale beams are presented in Fig.
4.11a. The beams reached the maximum load and yielding at a deflection corresponding
to J/L (deflection-span ratio) of 1/150, and they were able to sustain this load for
subsequent deflections. Both specimens exhibited a densely distributed cracking.
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The structural effect of the fibre reinforcement was deducted by comparing FRC beams
with reference beams without fibres. The flexural behaviour of the latter was predicted
with the sectional analyses of their ordinary reinforced section according to the
principles described in Section 4.3.2. For the reinforcement, the yield stress was tested
to be 566 MPa, the elastic modulus was assumed as 200 GPa, and a hardening
coefficient of 1.04 was to represent the strain-hardening post-yield behaviour.
According to the cross-sectional analysis, 1% vol. polymer-steel fibre content increased
the load capacity of the beams by 20%, 15% and 12% for deflections at midspan of
10 mm, 20 mm and 35 mm, respectively (Fig. 4.11a). These results hardly vary between
the two beams, which indicate that the differences in fibre distribution and orientation
observed in Section 4.4.2 did not lead to a deviation of the flexural response between
the two beams.

4.4.6 Modelled flexural behaviour of full-scale beams

The three tensile constitutive models presented in Section 4.3.2 were implemented in
the sectional analysis to estimate the flexural behaviour of the full-scale FRC beams
(Fig. 4.11a). The applied models, which were calibrated with the results from the three-
point bending tests, are presented in Fig. 4.11b.
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Fig. 4.11. a) Experimental and modelled load-deflection curves for full-scale beams, and
b) constitutive o-¢ relationships derived from the results of standard beams.

The RILEM model predicts a significantly higher tensile strength than the other models,
as previously reported by others (Barros et al., 2005, Blanco, 2013). This high tensile
strength leads to cracking loads greater than those observed in the experiments.

There are only small differences in the residual tensile stresses at large deformations
between the three models. However, at small deformations, the Linear model in
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MC2010 results in a higher residual stress than the Elasto-plastic model. This gives rise
to a significant difference in the load-deflection response between the two models. The
prediction of the RILEM model depends on the structural geometry. The size factor x;
(RILEM, 2003), which only depends on the cross-section height, reduces the residual
strength by a factor of 0.78. As a consequence, the RILEM model provides a similar
approximation compared to the Elasto-plastic model (Fig. 4.11a).

The most prominent is that all the results, irrespective of the model selected,
significantly overestimate the actual flexural response. This suggests that for this
specific flowable hybrid FRC the tensile properties derived from standard beams might
lead to unsafe predictions when applied to structural beams. As mentioned in the
introduction, some of the recently published guidelines (DAfStb, 2012, SFRC
Consortium, 2014, Swedish Standards Institute, 2014, fib, 2010) for the design of FRC
propose corrections of the basic residual tensile strength parameters to take account of
anisotropic fibre orientation. The corrections apply when the standard specimens do not
represent the actual fibre orientation of the structure. This aspect was already discussed
in Section 4.4.3; however, due to the non-uniform distribution of the fibres in the full-
scale beams and the large scatter of the fibre content in the standard beams, the authors
consider that an accurate correction of the post-cracking response should take the
variations of the fibre content into account. In this regard, the Norwegian guideline
proposal (Kanstad et al., 2011) recommends normalizing the residual tensile strength
from standard beams to the ideal isotropic condition, and then again correcting this
value to meet the actual structural case.

The residual tensile strength fr, that approximates the post-cracking response of the
Elasto-plastic model (Fig. 4.4a) can thus be determined in accordance with the
following sequence:

without correction for fibre configuration,

/i
Jeu™5 (4.2)
normalized to isotropic conditions,

1
)(40‘106111' 1 )] thu e

Vfnom

thu,norm: [(‘fﬁlocal

s.beam

including the fibre configuration of the structure,

_ Vflocal
thu,str_ [(anam) (4alocal' 1 )] . thu,norm (44)
. str

where (Viiocar / Vinom)(40uocar -1) 1s the correcting factor for the fibre properties, indexed
as “s.beam” when referred to standard beams, or “s##”” when referred to structural
elements. Thorenfeldt (2003) described the main principles of this correcting factor
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based on a theoretical linear relationship of the residual tensile strength to the fibre
volume, the fibre directions with respect to the crack plane and the average fibre stress
representing all the fibres crossing this plane. It should be mentioned that in the case of
markedly unfavourable orientation in which a,.s < 0.5, the correcting factor in Eq. 4.3
and 4.4 should be determined as (Vriocar/ Venom)(200car) (Thorenfeldt, 2003). Substituting
Eq. 4.3 into 4.4 leads to

Yflocal ~
— [( "inom )(40%001 I)Ltr f dif Jrn (4 5)
thu,str [(Vﬂocal) (401100”,-1)] JFu T Ky, .

Vfnom

s.beam

where Ky, therefore becomes an indicator of the representativeness of the fibre
properties of the standard beams for the structural scale, which can be directly used, for
instance, in MC2010.

If the fibre configuration of the full-scale beams is considered using the average acqs
and Vyj.cq from the three sections studied along each beam (Table 4.3), K, takes the
value 1.15. In this case, fr, =1.8 MPa from the standard test is corrected to
Sfrusr = 1.6 MPa. However, when the fibre configuration of the most unfavourable
section (bold type in Table 4.3) is considered, Ky, has the value 1.60 and fry, . is
reduced to 1.1 MPa. The impact of such a reduction on the flexural strength can be seen
in Fig. 4.12. In the latter case, the analysis gives a prediction close to the experimental
results, though the capacity is still somewhat overestimated.
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Fig. 4.12. Experimental and modelled load-deflection curves for full-scale beams using the
Elasto-plastic o-¢ model with: fr, = 1.8 MPa from standard tests, fr,, = 1.6 MPa for K, = 1.15,
and fry, = 1.1 MPa for K, = 1.60.
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It appears therefore that, since fibres did not distribute uniformly along the full-scale
beams, the correction of the tensile behaviour in accordance with the fibre parameters
led to a better approximation only if the most unfavourable configuration of the fibres
was considered. Moreover, it seems likely that the presence of the notch in the standard
beams could have an impact when results are transferred from standard tests to
structural analysis.

4.5 Conclusions

In this paper, the application of flowable hybrid polymer-steel FRC to structural beams
is discussed. The study includes a comparison between the performance of standard
specimens and full-scale beams with regard to fibre distribution and orientation and the
influence thereof on flexural behaviour and design assumptions.

The characterization of the fibre distribution and orientation in full-scale beams led to
the following conclusions:

. Polymer fibres distributed uniformly over the height and length of the beams.
Because their low tendency to downward settlement, their presence appeared to add
robustness to the mix.

. In contrast, steel fibres were prone to segregate depending on the consistency of the
fresh concrete. For the two studied beams, non-uniform fibre distribution was
observed after a certain flow length.

. Significant changes of the orientation over the length of the beams were not
detected. However, fibres had typically a more pronounced orientation in the
bottom half of the beams, probably due to a combination of wall effect and high
shear rates in the fresh concrete. Of the two fibre types, polymer fibres exhibited a
higher degree of orientation in this region, which suggests that they are more
affected by these effects.

. The determination of orientation factors without considering the actual volume
fraction may lead to unsound interpretation of the results if a non-uniform
distribution of the fibres in the elements occurs.

The comparison of full-scale and standard beams showed that the fibre content and the
orientation factor of the standard beams hardly differed from the average values of the
full-scale beams. This suggests that standard beams could be representative of the
material in structural beams for design purposes. Nonetheless, the tensile constitutive
models directly derived from the results of the standard beams led to an overestimation
of the structural performance at the structural scale. This overestimation was
significantly reduced when a correction of the tensile behaviour was made in
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accordance with the most unfavourable fibre configuration observed in the full-scale
beams.

The fact that the uneven fibre distribution could not be foreseen at the production stage
suggests that, for design purposes of elements cast from highly flowable FRC, the fibre
configuration in the intended application should be characterized. In so doing,
correction methods should take into account any possible unfavourable fibre
configuration. In view of the large variations of the fibre content identified both in the
standard test beams and the full-scale beams, it is suggested that correction factors
include potential variations in the fibre content in addition to the orientation, similarly
as the investigated model proposed by Thorenfeldt (2003) does.
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Abstract

Variation in the performance of flowable fibre-reinforced concrete limits its use in
structural applications. The experimental programme presented in this paper was aimed
at evaluating the influence of fibre configuration (orientation and distribution) on the
flexural behaviour of full-scale structural beams. The investigation focused on fibre-
reinforced concrete with high ductility provided by 2% vol. steel fibres with a length of
60 mm. Computed Tomography scanning of the fibre configuration revealed large
variations in fibre orientation and volume content. These inhomogeneities explained the
flexural behaviour. The activation of cracks in locally weak areas proved to be decisive
in the crack propagation and the load-carrying capacity of the beams.

Three-point bending and uniaxial tension test methods used on notched specimens were
assessed. The unrepresentative configuration of the fibres and the predetermined
location of the crack were identified as the main causes of the overestimation of
structural behaviour using these standard test methods.

Keywords
Flowable fibre-reinforced concrete, High fibre content, Fibre configuration, Computed
Tomography, Structural behaviour
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5.1 Introduction

The use of fibres for structural purposes has led to continuous improvements with
regard to crack control, post-cracking strength and fracture toughness. This enhanced
structural performance has the potential to improve ductility, increase load-carrying
capacity, or reduce the need for traditional reinforcement. This last aspect is especially
relevant for structures with complex geometries and highly congested reinforcement
solutions (Nedrelid and Kanstad, 2014a, Randl and Mészoly, 2014), where the use of
fibres can lead to substantial reductions in costs and labour effort.

Extensive work has been carried out in the development of guidelines and engineering
standards to help the use of fibres gain acceptance in the concrete industry (ASTM
International, 2010, ASTM International, 2012b, fib, 2010, RILEM, 2002b, RILEM,
2001). These guidelines typically evaluate the mechanical behaviour of fibre-reinforced
concrete (FRC) using standard bending tests or uniaxial tension tests.

Efforts have also focused on developing FRC into an industrially competitive material
(Lofgren, 2005). The use of fibres in flowable or self-compacting concretes (SCC) has
revealed potential synergistic effects: improved distribution of fibres due to the
elimination of vibration, increased stability of the SCC matrix, and enhanced structural
performance. See e.g. Ferrara (2014) for a comprehensive literature review of this topic.

An adequate mix design should potentially provide a homogeneous 3D distribution of
fibre reinforcement that ensures a reliable engineering design. The distribution of fibres
is often visually examined as part of the quality control of the fresh concrete during
production. However, the casting method (Griinewald and Walraven, 2002), the
concrete casting location, the direction of casting (Dessland, 2008), the flow length
(Abrishambaf et al., 2013, Pujadas et al., 2014b), and the formwork surface conditions
(Svec et al., 2014) are just some of the numerous factors that may induce a preferred
orientation or an uneven distribution of the fibres in a structural element.
Inhomogeneities arising from such factors can be almost impossible to foresee at the
production stage and may not necessarily occur in standard test specimens, which have
different casting conditions. The translation of standard test results to structural
behaviour is therefore not straightforward (Blanco, 2013, Griinewald et al., 2014). For
this reason, some recently published guidelines for the design of FRC (DAfStb, 2012,
SFRC Consortium, 2014, Swedish Standards Institute, 2014, Kanstad et al., 2011)
propose corrections to the residual tensile strength parameters to take account of
anisotropic fibre orientation.

Interest in the use of fibres as a partial or complete substitute for traditional
reinforcement has grown with the recent development of high ductility concretes.
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However, advances at the material level require increased understanding of the
mechanisms that affect the fibre configuration (i.e. fibre distribution and orientation) in
the specific casting conditions. This is of crucial importance for predictions of the
structural performance that can serve as a reliable basis for the design of robust
structures.

In this paper, the structural performance and load-carrying capacity of a flowable FRC
mix containing 2% vol. steel fibres was investigated. The material was examined at two
levels of application: at the full-scale level with structural beams, and at the small-scale
level with material test specimens. With respect to the full-scale level, the aim was not
only to evaluate the structural performance, but also to understand the structural impact
of fibre inhomogeneities having their origin in the casting process. At the small-scale
level, the purpose was to assess standard test methods when used for flowable concrete
containing a high content of fibres. The paper focusses on the suitability of these
methods in the case of FRC that exhibits hardening in the post-peak regime. This
investigation led us naturally to compare the performance at both levels, detecting the
limitations with regard to the interpretation of results from small-scale test specimens
for the prediction of full-scale structural behaviour.

5.2 Experimental programme

The overall performance of a flowable and highly ductile FRC was investigated
experimentally. Fresh concrete properties were examined to describe the workability
and flow limitations of the mix. The mechanical behaviour was investigated of both
small-scale test specimens and full-scale structural beams. The fibre reinforcement
configuration was determined to identify variations in fibre orientation and distribution
that could influence the mechanical behaviour.

5.2.1 Materials and mixing procedure

The mix proportioning of the FRC used in the present study was developed during
research work by Kjellmark et al. (2014) on the optimization of flowable FRC mixes
with high ductility. This mix has reasonably good casting properties, with adequate
flowability and compactability, and does not require vibration. In the hardened state, the
mix shows a clear deflection-hardening behaviour in three-point bending of notched
beams, with an average residual flexural strength at a crack width of 2.5 mm of 19 MPa.
Table 5.1 gives the mix proportions.
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The mix contained 2% vol. hooked-end steel fibres, with a length of 60 mm and an
aspect ratio of 67. The minimum tensile strength reported by the manufacturer was
1160 MPa.

Table 5.1 Mix design.

Component Dosage
Cement [kg/m’] 4922
Silica fume [kg/m’] 24.6
Total free water [kg/m’] 197.5
Aggregate 0-8 mm [kg/m’] 1594
Super-plasticizer [kg/m’] 7.49.8
Stabilizer [kg/m®] 0.5
Steel fibres [kg/m’, (% vol.)] 156, (2)
w/b ratio [-] 0.35
Matrix volume (< 0.125 mm) [I/m’] 400

The total volume of concrete was mixed in two batches of 710 litres each. The concrete
was mixed without fibres for 7 min, and the slump-flow was checked approximately
10 min after adding the water. A slump-flow of 720-740 mm was required before the
addition of fibres. If necessary, the dosage of super-plasticizer was to be adjusted to
reach this consistency. In both batches, the initial dosage of super-plasticizer, 1.5% of
cement (7.4 kg/m’), was adjusted to 2.0% (9.8 kg/m’) to meet the required slump-flow.
With this dosage, the mixes without fibres were highly flowable and stable, and a
uniform distribution of aggregates was observed.

The fibres were added approximately 15 min after water addition, and the concrete was
mixed for another 2 min. The fresh concrete properties of the FRC were measured
approximately 20 min after water addition. The measurements included fresh concrete
density in accordance with EN 12350-6 (European Standard, 2009a), and slump-flow
and flow time t500 in accordance with EN 12350-8 (European Standard, 2010a), as well
as LCPC box measurements (Roussel, 2007). The results of these tests are presented in
Table 5.2. No results are given for slump-flow after fibre addition because of difficulties
in filling the cone due to its incompatibility with the fibre size, and the concrete tested
was therefore not representative.
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Table 5.2 Fresh concrete properties.

Test Batch ‘a’ Batch ‘b’
Before fibre addition:
Slump-flow 730 mm 725 mm
t500 (+/-0.2 s) 2.8s 2.8s
After fibre addition:
Density 2359 kg/m® 2508 kg/m’
Air content 3.7% 1.1%
LCPC box test
Tested volume 6.01 571
Spread length in the box 55 cm 51 cm

Thickness of the sample
at the extremity of the box
Yield stress 63 Pa 92 Pa

6.5 cm 7.5 cm

5.2.2 Specimens and casting procedure

The specimens from each batch (denoted ‘a’ and ‘b’) comprised casting of:
three full-scale beams with dimensions of 200 mm x 300 mm x 3000 mm. The first
was used to extract sawn prisms and drilled cores (see below and Fig. 5.1). The
other two were put through bending tests; one had fibres only (FSB), and the other
also had a reinforcing bar of @20 mm (FSRB)
six cylinders with dimensions of @150 mm x 250 mm cast in moulds (CF1-CF6)
for uniaxial tension testing
six standard beams with dimensions of 150 mm x 150 mm X 550 mm in accordance
with EN 14651 (European Standard, 2005), three of which were for testing at the
same age as the full-scale beams (BF1-BF3), while the other three (BF4-BF6) were
for testing at the same age as the cylinders and sawn beams.

From the first full-scale beam, the following specimens were obtained:
five cores with dimensions of @150 mm x 160 mm, three of which were drilled
horizontally (CSH1-CSH3) while the other two were drilled vertically (CSV1,
CSV2), all for uniaxial tension testing
three sawn beams with dimensions of 150 mm x 150 mm x 550 mm (BS1-BS3).

71



Part II. Experimental investigation and characterization of fibre configuration

Flow direction —>

BSIH CSHH CSVI-‘ BS27 CSH2; CSVZ-‘ BS3y  CSH3;
P P P

bA B bC
I L | [ L L)
g g E|g £ E|E €l & E |8
= g E|E g E|E ElE E|E
= 2 |o =] 2|8 2o 2 |v
(9] vy =2 e vy =] v o | O
N Ll — [ Uel — [vel —
Sec.A Sec.B Sec.C
150 mm 150 mm ; 150 mm
g f £
g 25 mm EJL @ 25 mm 25 mm
(=1 o ——
N (as}
200 mm | 200 mm 200 mm

Fig. 5.1. Location of sawn beams and drilled cores.

The full-scale beams were cast with a falling stream of concrete from a single discharge,
which was initially located at one end. When approximately 70% of the formwork was
filled, the casting point was moved towards the centre of the beam to completely fill the
formwork. Standard beams were cast using the layered method described in EN 14651
(European Standard, 2005). The cylinders for uniaxial tension testing were cast as
described in EN 12390-3 (European Standard, 2009¢). No mechanical compaction was
applied to any of the specimens.

After casting, the specimens were covered with plastic sheets and stored at room
temperature for 24 h. The formwork and moulds were then removed. Small-scale
specimens were stored in a water tank, while full-scale beams were kept in moist
conditions until testing.

5.2.3 Test methods

The full-scale beams were loaded using a hydraulic jack acting on a steel profile that
transferred the load to two loading points spaced 800 mm apart (Fig. 5.9). A constant
displacement rate of 1 mm/min was applied and the logging speed was set to 1 Hz. The
deflection at midspan was measured by displacement transducers attached to the bottom
face of the specimens.

Uniaxial tension tests of the cylinders were conducted based on the RILEM
recommendations (RILEM, 2001). After preparation, the cylinders had dimensions of

78



Chapter 5. Fibre configuration in beams of flowable FRC with high fibre content

D150 mm x 150 mm and a circumferential notch with a depth of 15 mm. The cast
cylinders, whose original height was 250 mm, were first sawn to reduce the height to
155-160 mm. Then, both cast cylinders and drilled-core cylinders were ground down to
the final height (150 mm) to ensure proper contact with the testing plates. The cylinders
were glued “in situ” to metal plates connected to the testing machine with rigid bolted
connections. Three extensometers measured the strain across the notch with a gauge
length of 35 mm.

The testing machine was not able to adopt a closed-loop control using the extensometers
at the notch. The test was therefore run with deformation control of the upper crosshead
of the machine with the rates: 50 um/min up to an average displacement in the notch of
0.1 mm and 100 pm/min until the completion of the test. The system was not able to
avoid the sudden opening at the onset of cracking. Nevertheless, the average
displacement rates in the notch before and after the sudden crack were recorded as
~1 ym/min and ~100 pm/min, respectively, which are values within the limits
recommended in RILEM (2001).

Three-point bending tests of the standard beams and sawn beams were performed in
accordance with EN 14651 (European Standard, 2005). Standard beams were rotated
90° around their longitudinal axis and then notched through the width at midspan.
Beams sawn from a full-scale specimen were notched in the lowest edge in their
position within the full-scale beam.

5.2.4 Determination of fibre orientation and distribution

X-ray Computed Tomography (CT) has been successfully used as a non-destructive
method for the qualitative and quantitative evaluation of the orientation and distribution
of steel fibres in FRC (Stéhli et al., 2008, Svec et al., 2014, Sarmiento et al., 2014a,
Fuentes et al., In press). CT scanning of an element produces a large number of
radiographic images, and digital analysis of the sequence of images allows 3D
visualization of the structure of fibres. Moreover, post-processing the images to a
skeleton converts fibres to 3D segments located in the volume from which their
topology, length and direction can be extracted.

Such information allows us to describe the fibre orientation pattern of the element using
a set of second-order orientation tensors defined over a set of discrete volumes of the
element (Advani and Tucker, 1987, Ferrara et al., 2011, Sanal and Ozyurt Zihnioglu,
2013, Svec et al., 2014). Each orientation tensor defines the fibre orientation state
within the discrete volume and can be defined as:
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>V Lipp,”
A=5m ©-D

where A is the orientation tensor, N the number of fibres found in the volume, p; the
unit vector in the direction of the fibre i, and L; the length of that fibre. By definition,
the orientation tensor has the properties of being symmetric and having normalized
components. Symmetric second-order tensors can be visualized using 3D ellipsoids,
where the eigenvectors and eigenvalues give the direction and half-length of the
principal axes of the ellipsoids. In this way, ellipsoids are used as a visual tool to
identify the direction of the fibres in each discrete volume.

The eigenvector associated with the largest eigenvalue of each tensor represents the
“dominant” direction of the fibres in each discrete volume. The orientation with respect
to a plane can therefore be described with the out-of-plane angle 6, or simply with cosé,
which can be determined as:

cosd=a;m, (lla;]|=|In[[=1) (5.2)
where a; is the eigenvector associated with the largest eigenvalue of tensor A, n is the
unit vector normal to the plane, and 6 is the angle between the two unit vectors.

The fibre volume fraction (vy) can be computed for each discrete volume as:

SNLA,
= { (5.3)

where Ayis the fibre cross-section area and V. the discrete concrete volume.

The described procedure was used to represent the orientation and distribution pattern of
a structural element by choosing a specific discretization of the element in volumes and
defining A and vy for each discrete volume.

A medical CT scanner (Siemens SOMATOM Sensation 4) was used to scan a total of
38 specimens. All small-scale specimens were scanned entirely before being tested.
Full-scale beams were tested first, and then parts of the beam of 400 mm in length near
the failure crack (Fig. 5.9) were sawn and scanned.

5.3 Results and discussion

This section describes the results of the experimental programme and discusses the
following aspects with regard to the mechanical characterization tests: the test method,
either uniaxial or three-point bending; and the type of specimen, either cast beams (cast
cylinders) or sawn beams (drilled cores). With regard to structural application, the fibre
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configuration results are examined to explain the difference in the response of the full-
scale beams. Finally, the limitations of using test results from small-scale specimens for
the prediction of structural behaviour are discussed.

In the following, the endings -a and -b in the names of parallel specimens differentiate
them by batch.

5.3.1 Uniaxial tension testing of notched cylinders

The results of the uniaxial tension tests measured using the three extensometers are
presented in Fig. 5.2, expressed as tensile stress versus average strain. All the curves
depicted in this figure are from cylinders from batch ‘a’. Cylinders from batch ‘b’ gave
very similar responses and are omitted to avoid repetition.

All the cylinders presented linear behaviour until cracking occurred, typically after
reaching 3.8 MPa. This was the average value for the 22 cylinders tested, with a
coefficient of variation (CV) of 18%. At this stage, a single crack arose in the notched
section. The constant displacement rates of the test procedure caused a sudden and
unstable opening of the crack. However, the control of the test was regained at a small
crack width. This is reflected in the abrupt drop in stress in Fig. 5.2.

Post-cracking behaviour varied greatly between the specimens. In Fig. 5.2, results are
grouped in cylinders cast in a mould (Fig. 5.2a) and cores drilled from a full-scale
specimen (Fig. 5.2b). The six cast cylinders in Fig. 5.2a sustained nearly constant stress
up to the termination of the test. For a crack width of 2.5 mm, the average residual
strength of these cylinders was as low as 1.0 MPa. This low value is as remarkable as
the fact that its CV is above 66%.

As expected, large differences were observed between the responses of horizontally and
vertically drilled cores. There was also large variation in the responses within the group
of horizontally drilled cylinders and within the group of vertically drilled cylinders. This
suggests a non-uniform fibre orientation and distribution in the full-scale specimen from
which the cores were drilled. This is discussed in more detail later in the paper. For both
batches, the tests of cylinders CSH2 (see Fig. 5.1 for location) were interrupted when
the testing plate at the top separated from the sample. A posterior analysis showed that
the failure occurred in the concrete immediately in contact with the glue, when the
tensile stress of both cylinders was above 5.3 MPa.
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Fig. 5.2. Results of uniaxial tension tests for a) cast cylinders and b) drilled cores from
batch ‘a’.
The parameters that describe fibre orientation (cosd) and distribution (vy) in this research
are listed in Table 5.3. In each sample, cosé and v, represent the fibre parameters in a
transverse slice located in the middle of the specimen with a thickness of the fibre
length (60 mm). The out-of-plane angle # is defined with respect to the plane that
contains the notched section.
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Table 5.3 Cosine of out-of-plane angle (cos0) and fibre volume fraction (v) for small-scale

specimens.
cos@  v[% vol] cosf  v/[%. vol.]

Cast cylinders Horizontally drilled cores
CFl-a 0.3 1.4 CSHl1-a 1.0 2.3
CF2-a 0.0 1.5 CSH2-a 1.0 1.9
CF3-a 0.2 1.1 CSH3-a 0.8 2.3
CF4-a 0.1 1.4 CSH1-b 0.7 2.0
CF5-a 0.1 1.4 CSH2-b 1.0 2.3
CF6-a 0.2 1.5 CSh.3-b 0.9 1.7
CF1-b 0.3 1.6 Average 0.9 2.1
CF2-b 0.1 22 CvV 11% 11%
CF3-b 0.1 1.8 Vertically drilled cores
CF4-b 0.4 2.4 CSVl-a 0.6 22
CF5-b 0.2 1.8 CSV2-a 0.1 2.0
CFo6-b 0.1 2.2 CSV1-b 0.0 2.5
Average 0.2 1.7 CSV2-b 0.1 2.5
CvV 62% 23% Average 0.2 2.3

CvV 103% 10%
Standard beams Sawn beams
BF4-a 1.0 2.2 BSl-a 0.8 2.3
BF5-a 1.0 1.8 BS2-a 0.9 1.7
BF6-a 1.0 1.9 BS3-a 1.0 1.5
BF4-b 1.0 1.6 BS1-b 1.0 1.9
BF5-b 1.0 1.9 BS2-b 1.0 22
BF6-b 1.0 1.8 BS3-b 1.0 1.9
Average 1.0 1.9 Average 0.9 1.9
CvV 0% 9% CvV 6% 15%

Fig. 5.3 illustrates a skeleton of fibres, orientation ellipsoids, and a typical crack surface
for each of the three main groups of cylinders tested. The skeleton of only half a
cylinder is shown to avoid the presence of too many fibres in the image.

The low post-cracking response of the cast cylinders can be explained by their rather
low fibre volume fraction and unfavourable fibre orientation. Fig. 5.3a shows that the
ellipsoid in the centre approximates a horizontal disc, which indicates a random
orientation of fibres in a plane parallel to the notched cross-section.
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Fig. 5.3. From top to bottom: the skeleton of fibres, orientation ellipsoids, and sketch of typical
fracture surface from a) a cast cylinder, b) a horizontally drilled core, and c) a vertically drilled

core.

The favourable and unfavourable orientation of fibres in horizontally and vertically
drilled cores is made evident in Fig. 5.3b and c, respectively. The more prolonged shape
of the ellipsoids in Fig. 5.3c indicates an unidirectional orientation of fibres that differs
from that of Fig. 5.3a, even though this results in low residual tensile stress in both
cases.

Cores with a high post-cracking response developed multiple cracks that later localized
to form a crack surface outside the notched section. In these cases, the average of the
strains in Fig. 5.2 was calculated only with the extensometers crossing the dominant
crack. This problem could probably be avoided by increasing the depth of the notch.
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5.3.2 Three-point bending tests of notched beams

Fig. 5.4 shows the results of three-point bending tests of notched beams expressed as
flexural tensile stress versus deflection at midspan. The curves for standard beams are
grouped, while the curves for sawn beams BS1-BS3 (see Fig. 5.1 for locations) are
depicted separately. In this case, the results of the two batches are presented (in Fig.
5.4a and b, respectively), because there were some differences between them. In the
following discussion, the flexural tensile strength fz; is used as a reference value for the
post-cracking capacity. This stress corresponds to a crack mouth opening displacement
of 2.5 mm, which compares with a deflection at midspan of 2.17 mm. Here it is
assumed that the crack widths of the micro-cracks that formed in addition to the main
crack were negligible.
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Fig. 5.4. Results of bending tests for standard beams and sawn beams from a) batch ‘a’ and
b) batch ‘b’. All the beams were tested on the same day.
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In general, all test results indicate high ductility and a deflection-hardening response.
The standard beams had an average flexural strength (fz;) of 21 MPa with a relatively
low scatter (CV =7.3%). Usually, the use of macro fibres leads to a large scatter in the
results of standard three-point bending tests. This is because the number of fibres
crossing the fracture surface for small cross-sections is usually small with high
statistical variation (Buratti et al., 2011). High fibre content seems to reduce this
variation, which results in a reduction of the scatter despite the small size of the cross-
section.

The set of sawn beams had an average fz; of 17 MPa with a larger scatter than the
standard beams (CV = 16.5%). The results for cosd and v, in Table 5.3 cannot directly
explain the differences in the post-cracking response between these beams. One possible
reason for the differences may be that the fracture process in the sawn beams did not
occur with a single crack growing vertically, but with multiple cracks that eventually
localized in an inclined or tortuous critical crack. In many cases therefore, the fracture
surface was not included in the volume for which cos@ and v, from Table 5.3 were
assessed. The reason the critical crack inclines is discussed in the following.

The various crack patterns of the sawn beams are illustrated in Fig. 5.5 together with the
skeleton of fibres. The skeleton of fibres is shown only in a longitudinal slice with a
thickness of 20 mm to avoid too dense an image. At any point of the beam, the fibres
seem to have a generally pronounced unidirectional orientation. However, the
orientation varies greatly along the length of the beam, and the overall observation is
that the fibres are aligned in full-scale beams following wavy (sinuous) flow lines. One
tentative explanation for this is that the fibres may have oriented locally due to the
discharge of concrete into the formwork and have been driven on mainly in plug-flow
layers (Spangenberg et al., 2012a). In such layers, the material behaves like a solid and
fibres keep their initial orientation. In the sheared zones close to the mould, the rotation
of fibres due to shear stresses (Boulekbache et al., 2010, Ferrara et al., 2011) may have
been partly hindered by direct interactions between the large number of fibres in this
concrete (Martinie and Roussel, 2010).
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Fig. 5.5. The skeleton of fibres and the crack pattern for sawn beams from a) batch ‘a’ and
b) batch ‘b’.

The structural consequence of this particular fibre configuration can be seen in the crack
pattern of the sawn beams: the fracture surface bends to find weakness paths instead of
developing vertically along the ligament ahead of the notch. This is especially evident
for beams BS1-a, BS2-a and BS1-b in Fig. 5.5, where the crack inclinations clearly
agree with the orientation of the fibres.

Unlike the sawn beams, the standard beams generally showed vertical cracking. To
investigate the reason for this, Fig. 5.6 compares the orientation and distribution
patterns for two representative examples of standard and sawn beams. Ellipsoids and
volume fractions were plotted in small discrete volumes to observe local changes. The
figure also includes fibre skeletons and crack patterns.

The fibre content varies within reasonable limits in both types of beam (see colour maps
of vy in Fig. 5.6). The plot of the sawn beam indicates the presence of inclined bands
with greater fibre density. These bands follow the inclination of the fibre skeletons,
which could be related to the plug-flow layers discussed above.

87



Part II. Experimental investigation and characterization of fibre configuration

a)

100

Height [mm]

.0 1.2

Standard beam

200 300 400 500
Length [mm]
1.4 1.6 1.8 2.0 2.2

1
A0 E— ]

Height [mm]

400

Height [mm]

Height [mm]

b)

Sawn beam

200 300 400 500

Length [mm]
0 12 1.4 1.6 1.8 2.0 2.2

1
POl s —— ]

100

200 300 400 500
Length [mm]

£ ‘g
£ )
= =
= .20
Q )
T =
Length [mm] Width [mm]
%u :... .‘ é — | %ﬂ e N e e e B e et Bt i :“ :
= P = — | = INN~ I B s B N
iz ® E == A e e e e e = =
Length Length Length Length
] B
E 100 £ 100
= =
.20 o0
L L
= 0 = 0
100 200 300 400 500 100 200 300 400 500
Length [mm] Length [mm]

Fig. 5.6. From top to bottom: the skeleton of fibres, fibre volume fraction, orientation ellipsoids,

and crack pattern from a) a standard beam, and b) a sawn beam.

The fibre skeletons reveal large differences between the two specimens. The orientation
ellipsoids in Fig. 5.6a are like thick ellipses in the height-length plane, but elongated in

the width-length plane. This means that fibres in standard beams are distributed in

vertical planes, which are actually horizontal planes in view of the casting direction.

This is represented in Fig. 5.7a for an ideal situation in which the transversal component

of the direction of all fibres is zero, and the ellipsoids therefore have no thickness in that

direction. Fibres adopt this orientation due to physical contacts with the mould.
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In contrast, the orientation ellipsoids in the sawn beams (Fig. 5.6b) are elongated in the
height-length plane, while thick in the width-length one. This means the fibres are
distributed in planes that extend transversal to the beam (Fig. 5.7b). This has an impact
on the bending test: cracks propagate following a weak surface parallel to the fibres,
where they find low resistance because very few fibres bridge this path. This explains
the differences in the crack patterns between the two groups.

a)

\ Feight

yidh - Lengty

Fig. 5.7. Fibres distributed in planes that approximate the fibres a) in standard beams and b) in
sawn beams.

It is worth mentioning that fibres distributed in the outermost part of the sawn beams are
cut, which means not only a reduction of the length of the fibres, but also the loss of the
hooked-end. This explains the lower post-cracking response of the sawn beams (Fig.
5.4), besides the fact that their cracks easily propagate following the weak transversal
surfaces.

5.3.3 Full-scale beams

Fig. 5.8 shows the load-deflection relationships for the four full-scale beams. The beams
from the two batches are identical, but the flexural behaviour of beams from batch ‘b’
was typically lower than that of beams from batch ‘a’. Dissimilarities were also
evidenced in the observed cracking patterns at the end of the test (Fig. 5.9).

In the beams with an ordinary reinforcing bar (FSRB), flexural cracks first formed
within the constant-moment region (central span), and progressed to form a dense crack
pattern. In beam FSRB-a, cracking localized in a diagonal crack that opened in the
shear-span and bent approximately 45° approaching one of the loading points. Judging
by the inclination, the crack seemed typical of a shear-flexure failure. In contrast, the
decisive crack in beam FSRB-b emerged within the central span and propagated
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Fig. 5.8. Results of bending tests for the full-scale beams.

approximately vertically. In both cases, localization of the crack led to a reduction in
load capacity. While maximum applied loads varied by about 10%, the difference was
27% at a deflection-span ratio (/L) of 1/100. The fibres seem therefore to have a
different effect on the flexural response of the two specimens.

The deviation in the flexural response was even greater for the beams with only fibres
(FSB). In beam FSB-a, several flexural cracks developed, mostly in the central span.
Because of the absence of ordinary reinforcement, these cracks were only arrested by
the fibres. After cracking, the load still increased 27% up to ¢/L = 1/280. From this
deflection, damage localized in one crack and the load decreased. During the flexural
failure, the beam exhibited a certain ductility; at 6/L = 1/150 the beam was supporting
approximately half of its maximum capacity. The critical crack arose within the central
span, developed vertically, and merged with multiple inclined cracks resulting in a
diffuse and tortuous path. Beam FSB-b had much lower capacity than beam FSB-a. The
applied load at the onset of cracking was lower than for all the other beams, and led to a
sudden failure along a single crack. This crack started 17 cm from midspan, and grew at
an angle of 60° to the longitudinal direction, away from the centre of the beam.
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Fig. 5.9. Experimental test setup and crack patterns for the four full-scale beams: a) FSRB-a,
b) FSRB-b, c) FSB-a, and d) FSB-b. The shading depicts the region that was CT-scanned.

The specific configuration of the fibres in the beams greatly affected the cracking
pattern and loading capacity. To underline this, Fig. 5.10 shows a comparison of the
fracture regions near the critical crack for beams reinforced only with fibres. The
findings based on beams FSB-a and FSB-b are basically valid and representative for

beams FSRB-a and FSRB-b as well.

The fibre skeletons provide a first insight into the inhomogeneity of the fibres, which
seem to align in full-scale beams following wavy flow lines. This feature was already
anticipated with the sawn beams, but here it was detected for the entire height of the

beams.
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Fig. 5.10. From top to bottom: the skeleton of fibres, fibre volume fraction, orientation
ellipsoids, and crack pattern in the critical fracture region of full-scale beams with fibres only:
a) FSB-a and b) FSB-b.
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In a more descriptive way, the colour maps representing the volume fraction indicate the
presence of areas with low fibre content. Both cases show that these areas form bands
that might be related to the concrete distributed in plug-flow layers. Moreover, beam
FSB-b has a low density of fibres at the top, indicating that segregation of fibres has
occurred. The maps of orientation ellipsoids show the same trend as the sawn beams:
mainly elongated ellipsoids in the height-length plane and thick in the width-length
plane. Fibres are therefore distributed in planes that extend transversal to the beam.

In both examples, the critical crack initiated at the bottom of the beam at a point with
low fibre content, and then the crack propagated along a band with low fibre content
and parallel to the direction of the fibres. This is clear in FSB-b (Fig. 5.10b), where a
well-defined inclination of the ellipsoids coincides with the inclination of a band with
low fibre density. This defines a distinctly weak surface and explains why the crack
emerged and grew rapidly in that direction.

Unlike FSB-b, beam FSB-a did not present an in-plane weak surface that extended all
along the height of the beam. Instead, the crack rotated following a discontinuous band
with low fibre content and merged with other inclined cracks that formed parallel to the
direction of fibres. This diffuse and tortuous fracture of FSB-a activated a larger number
of fibres than the failure of FSB-b. This seems to explain the greater load-carrying
capacity and more ductile behaviour of FSB-a compared with FSB-b.

5.3.4 From characterization tests to structural application

Several disadvantages are associated with the uniaxial tension test of cylinders to
characterize the material. On the one hand, the fibres in cylinders cast in a mould adopt
an unfavourable orientation that is not representative for the orientation in full-scale
beams. Moreover, filling small moulds with 60 mm fibres complicates adequate
sampling and causes large variations in the fibre content between the cylinders (Table
5.3), and a large scatter in the test results (Fig. 5.2). On the other hand, while fibres in
drilled cores are without a doubt representative of the full-scale application, it was
observed in this study that the fibre configuration varies greatly within a full-scale
beam, so the tensile response of such small cores is very much influenced by their
location within the beam, and naturally by the drilling direction. The uniaxial tension
test also presents functional difficulties when the crack is localized outside the notched
area. For all these reasons, the uniaxial tension test is not recommended as a practical
and reliable test method for characterization of flowable FRC with high fibre content.

Three-point bending tests also present difficulties connected with the type of specimen.
The constrained casting conditions in standard beams, and the 90° rotation around their
longitudinal axis, mean that fibres are not distributed in planes that extend transversal to
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the beam, as seen in full-scale beams. Instead, fibres distribute in vertical planes, which
contributes to their high residual strength in bending.

Sawn beams naturally have a fibre orientation representative of full-scale beams, but
their fibre configuration still depends on the location in which they are sawn. Most
importantly, due to the presence of the notch, the critical crack does not emerge in the
locally weakest section as it does in a full-scale test. This is of paramount importance
for a highly reinforced concrete that exhibits inhomogeneity of fibres at the structural
level.

In Fig. 5.11, the results from the three-point bending tests are used in a sectional
analysis to model the bending of full-scale beams. The tensile behaviour of FRC is
defined with a simplified elasto-plastic model. The residual flexural strength fz; is used
to define the uniaxial residual tensile strength (f,) in accordance with the relationship
frn =fr3/3 (fib, 2010). An initial elastic branch with elastic modulus of 30 GPa is
considered up to fry,, disregarding the effect of cracking. Only the standard beams BF1-
BF3 for each batch, six in total, were tested at the same age as the full-scale beams, i.e.
at 28 days. Their average fz; was 18 MPa, which was lower than the average for the
standard beams BF4-BF6 discussed in Section 5.3.2 (fz; =21 MPa), most likely due to
the age of the latter beams at the moment of testing. The compressive behaviour is
defined with a parabola-rectangle model. A compressive strength of 86 MPa was
determined experimentally. For the ordinary reinforcement, the yield stress was tested
to be 520 MPa, and the elastic modulus was assumed to be 200 GPa.
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Fig. 5.11. Results of the experimental and modelled bending tests of the full-scale beams.
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In Fig. 5.11, the modelled curves overestimate the experimental pre-peak region and
maximum load. This is the consequence of fr, being too high because it is defined from
the results of standard beams, where is it high mainly due to the factors discussed
above: an unrepresentative fibre orientation, and the presence of the notch. Moreover,
the modelled curves do not capture the reduction of the applied load associated with the
crack localization. This is mainly because the models do not take into account the
inhomogeneity of the material, which is the actual cause of crack localization and load
reduction in the full-scale beams.

5.4 Conclusions

The results presented in this investigation have shed light on the structural performance
of flowable FRC with high fibre content. The mix investigated had 2% vol. of 60 mm
steel fibres. Full-scale application of the mix exhibited lower capacity and ductility than
expected from three-point bending testing.

Analysis of the fibre distribution and orientation confirmed that casting under full-scale
conditions induced inhomogeneities: fibres oriented in accordance with flow lines, and
some areas had low fibre content. The bending performance of the full-scale beams
confirmed that load-carrying capacity and ductility are very sensitive to such
inhomogeneities. During loading, the orientation of fibres and areas with low fibre
content played an important role in the crack propagation, and the reduction in load-
carrying capacity was the result of the activation of cracks following weakness paths.

Small test specimens showed limitations in predicting the mechanical behaviour of the
full-scale beams. Uniaxial tension tests of notched cylinders provided results which
strongly depended on the fibre configuration in the notched section. Three-point
bending tests of notched beams generally gave somewhat better results, but the
favourable distribution of fibres in standard beams contributes to the overestimation of
the capacity of full-scale beams. Sawing test beams ensures a representative fibre
orientation and distribution, but the presence of the notch reduces the dependence of the
mechanical response on the fibre configuration, which proved decisive at the structural
level.

For the above-mentioned reasons, small-scale tests should only be used to evaluate the
potential quality of flowable FRC with high fibre volume. In addition to robust mixes,
methods for the detection or prediction of fibre configuration in full-scale applications
are needed.
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Abstract

Variations in the fibre orientation are generally accepted to have great impact on the
mechanical performance of fibre-reinforced concrete (FRC), while less or no attention is
generally paid to local variations of the fibre volume fraction. The present paper
discusses the applicability of a single parameter, the fibre efficiency u, integrating
contributions of both the fibre orientation and the local volume fraction, to be related to
the post-cracking response of the material. The formulation of the fibre efficiency
parameter allows the evaluation of the impact of the two contributions. The results
demonstrate that the volume fraction, and not exclusively the orientation, has a great
impact on the mechanical response of FRC.

Key words
Fibres, SCC, Structural design, Fibre efficiency
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6.1 Introduction

The heterogeneity of FRC is often accounted for in the prediction of the post-cracking
response of the material by evaluating variations in the fibre orientation, see e.g. Ferrara
et al. (2011), Griinewald et al. (2012) or Svec et al. (2014). However, less or no
attention is paid to the significance of local variations of the fibre volume fraction,
assuming that a uniform distribution of fibres is generally achieved. The present paper
discusses the need to incorporate the contributions of both the local fibre orientation and
the local volume fraction in the relationship with the mechanical performance of FRC.

6.2 Materials and methods

6.2.1 Experimental set

An experimental series is presented to illustrate the relationship between the local
performance of fibres and the residual strength. The series includes 18 beams with
dimensions 0.6 m x 0.15 m x 0.15 m. The fibre reinforcement corresponded to 40 kg/m’
(0.5% vol.) of hooked-end steel fibres. The length and diameter of fibres were 60 mm
and 0.75 mm, respectively. The beams were sawn at different locations from a total of
6 slabs (1.2 m x 1.2 m x 0.15 m) cast with a fixed discharging point. A radially spread
flow, characteristic from casting slabs (Ferrara et al., 2011, Abrishambaf et al., 2012),
aligned fibres orthogonally to the flow. As a result, the sawn beams cover a wide range
of different fibre distribution and orientation. A description of the mix design, casting
process and fresh concrete properties can be found in Svec et al. (2014).

All specimens were scanned by means of a Computed Tomography (CT) scanner. The
scanned images were post-processed to compute the position of all fibres. The
mechanical response in flexure was studied by performing three-point bending tests
according to EN 14651 (European Standard, 2005). In order to capture the structural
effect due to differences in the fibre distribution, the beams were tested with the bottom
cast surface on the tensile edge. Large variations of the residual flexural strength were
registered between the specimens (CV =41% for the residual flexural strength at
2.5 mm crack width). The basis of this large scatter must be ascribed to variations of the
fibre dispersion. Relating the local fibre properties to the residual flexural strength is the
main objective of the proposed approach.
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6.2.2 The fibre efficiency parameter

The fibre efficiency parameter x is proposed by the authors in order to link the local
fibre properties to the mechanical performance of the material. The parameter
incorporates the contributions of both the fibre orientation and the local volume
fraction, and is formulated as the linear combination:

(@, (2) (6.1)

where w; and w, are normalized weights (with w;+w, =1) for the orientation and
volume fraction components, respectively; @ is the orientation term, v, is the local
volume fraction; and vy is the volume fraction for the concrete batch. In absence of any
digital information of the fibres (Zirgulis et al., 2013), fibre orientation can be deduced
from the formulation by Soroushian and Lee (1990), which relates orientation to fibre
counts over cross-sections. Local volume fraction can be assessed by separating fibres
from a crushed concrete slice.

When the locations of the fibres in a specimen are known, as it is after a CT-analysis,
local volume fractions can be directly computed and the fibre orientation of a certain
volume can be described by the second-order orientation tensor (Advani and Tucker,
1987, Ferrara et al., 2011, Sanal and Ozyurt Zihnioglu, 2013, Svec et al., 2014). The
efficiency of fibres on bridging a crack depends on their orientation with respect to the
crack plane. This relative orientation refers to the angle between the dominant fibre
direction and the direction normal to the crack plane, which is formulated as:

cosf=a;'n (6.2)

where a; is the eigenvector associated to the largest eigenvalue of the orientation tensor,
n is the vector normal to the crack plane, and 6 is the angle between the two vectors.
Under these conditions, Eq. 6.1 can be reformulated as:

s=w, (cos@)+w (-;) (6.3)

6.3 Results and discussion

In this section a linear relationship between the residual flexural tensile strength fz; and
the fibre efficiency parameter u is proposed for the present series of beams. fz; is the
flexural strength at 2.5 mm crack mouth opening displacement obtained during the
three-point bending test. The relationship u - fz; is deduced from the linear regressions
of the experimental data set.
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Processing the results from CT-scan provides the fibre orientation and volume fraction
for any discrete volume of a specimen. Four alternative volumes in the vicinity of the
notch (Fig. 6.1) were studied in order to define the relevant volume in which fibre
properties and, therefore x, must be assessed to be related to the mechanical properties
of the material. As an example, the results from one of the beams are presented in Table
6.1, where differences between the zones relate mainly to the volume fraction, most
likely caused by the downward settlement of fibres.

— | ~L —
2 - - < 7
Zo‘elDJﬁ*‘\' — [ Zone2D
Zonel=—" " 1" fibre length, 60mm Zone2

Fig. 6.1. Alternative volumes considered for defining parameter . The zones extend over the

thickness of the specimen.

Table 6.1. Fibre orientation (cos0) and volume fraction (vy) over the different zones.

Zone cost v (%)
Zone 1 0.68 0.40
Zone 1D 0.66 0.53
Zone 2 0.70 0.39
Zone 2D 0.67 0.49

The relative impact of the contribution from orientation and from volume fraction in the
relationship with the mechanical properties can be studied during the assessment of the
weight parameters w; and w; (Eq. 6.3). The linear fit of the experimental data has been
compared for different combinations of w; and w,. As an example, Fig. 6.2 illustrates
the data sets resulting by computing the two extreme combinations: orientation only
(w; =1, wz=0) and volume fraction only (w; =0, w, = 1).
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Fig. 6.2. Relationship between the fibre efficiency parameter i and the residual flexural tensile
strength fr; for the two extreme combinations of the normalized weight factors, defined over
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Fig. 6.3. a) Variation of the coefficient of determination R> with the normalized weight w;;
b) relationship between the fibre efficiency parameter u and the residual flexural tensile
strength fr;, defined over Zone2D.

The goodness of the linear regressions for the different relevant volumes and
combination of weight factors has been evaluated based on the coefficient of
determination R’ (Fig. 6.3a). The relevant volume and w;,w,-combination satisfying the
criteria of best linear fit (i.e. maximum Rz) are “Zone 2D” and w;=0.6, w, =04,
respectively. This result highlights the great impact of variations in the volume fraction,
and not exclusively in orientation, when defining the post-cracking response of FRC.
Finally, the linear regression from Fig. 6.3b is therefore proposed to relate the residual
flexural strength and the fibre efficiency parameter for the present study.

101



Part II. Experimental investigation and characterization of fibre configuration

6.4 Conclusions

This paper discusses the need to incorporate the contributions of both the fibre
orientation and the local volume fraction in the relationship with the mechanical
performance of FRC. The results demonstrate that a poor agreement with the residual
flexural strength is obtained when considering only orientation (w; =1 and w, = 0) or
only volume fraction (w; =0 and w, =1). In contrast, a good correlation results from
considering a combination of the two aspects. For the present study, it is concluded that
the residual flexural strength is for 60% explained by variations in the fibre orientation,
and for 40% by variations in the local volume fraction.
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Chapter 7

Accounting for the influence of the fibre
structure
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Abstract

Often large scatters are found in test results for fibre-reinforced structural elements
caused by a non-homogenous distribution of the fibres. This paper presents a numerical
approach where spatial variations of the fibre orientation and relative volume fraction
are taken into account by discretizing a specimen into volumes and using volume-wise
constant material properties. The approach includes the definition of a constitutive
model which takes into account the local fibre orientation and local variation of the
relative volume fraction. The applicability of the approach is explored and discussed by
a case study, using detailed data of the fibre structure and experimentally observed
load—deflection responses.
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7.1 Introduction

The overall mechanical behaviour of fibre-reinforced concrete (FRC) elements is often
predicted by defining the fracture process based on the stress-strain or stress-crack
width relationship. The nature of this relationship can be established by analytical
definition (Laranjeira de Oliveira, 2010), derived from the technical recommendations
(RILEM, 2003, fib, 2010), or based on inverse analysis of test specimens (Tlemat et al.,
2006). However, modelling fibre-reinforced concrete as a homogeneous material tends
to lead to inaccurate results, especially for flowable FRC where physical phenomena
occurring during the fresh state result in an uneven distribution of the constituents. The
efficiency of the fibres depends on the fibre structure. That is, the inhomogeneity of the
fibres over the length or depth of the specimen and the alignment of the fibres with
respect to the principal stress directions.

As an attempt to account for the fibre structure, FRC can be modelled as a two-phase
material (Radtke, 2012, Cunha et al., 2012). In this approach, the concrete matrix is
described as a homogeneous material, while single fibres are treated explicitly as
discrete entities. The approach has the advantage of directly including the effect of fibre
location and orientation. However, it requires the definition of the stress transfer
between matrix and fibres. This interaction is often based on results obtained from pull-
out tests of single fibres and/or analytical expressions that include effects as the fibre
embedded length, fibre inclinations, or the anchorage of the fibre end (Laranjeira de
Oliveira, 2010, Cunha et al., 2010). For large fibre volumes failure mechanisms can be
interacting, creating collective failure that cannot be captured by single fibre failure
(Laranjeira de Oliveira, 2010, Sandbakk, 2011).

The current work presents a numerical approach for analysing a FRC structural element,
in which the fibre structure is modelled by assuming volume-wise constant material
properties. The process consists of: (i) obtaining the fibre structure, (ii) discretizing the
structural element in several volumes; and (iii) homogenizing the material properties
within each discrete volume (Fig. 7.1). Owing to this, the model uses a single phase
material definition for each volume, with the consequent computational advantage for
application to structural members. The homogenization is carried out by calibrating the
material model against a great number of experimental tests with different fibre
orientations and fibre densities. By this practical approach the definition of the matrix-
fibre interface behaviour is circumvented.
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Material 1 Material 2
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fibre structure volumes the discrete volumes

Fig. 7.1. Overview of the process for the numerical approach.

7.2 Numerical approach

The next three sections describe how the fibre structure is represented in each finite
volume and how the material model in each volume depends on this representation.

7.2.1 Representing the fibre structure within a discrete volume

A local description of the fibre orientation and volume fraction is proposed in the
present work based on a complete characterization of the fibre structure. In such a
complete characterization the position and orientation of every single fibre is known.
Several methodologies can be utilized for assessing the fibre structure of a FRC member
(Zirgulis et al., 2013). Among them, flow simulations (Svec et al., 2011), numerical
algorithms based on probabilistic distribution (Cunha et al., 2012), Computed
Tomography (CT) analysis (Svec et al., 2014), and visualisation of fibres within a
viscous transparent fluid (Zhou and Uchida, 2013). After the characterization of the
fibre structure, all fibres are mapped to the concrete volumes in which the structural
element is discretized. A fibre can belong to one or intersect several volumes. In the
current approach, fibres will exclusively and for the full length contribute to the (cubic)
volume in which their centre points are located (Fig. 7.1).

While local variations on the fibre orientation are generally accepted to have great
impact on the mechanical performance of FRC, less attention is paid to the significance
of local variations of the fibre volume fraction. However, the high demands on
flowablity can, in some cases, compromise the stability of the concrete. As a result,
considerable variations in the local fibre volume fraction are often found. For this
reason, the current model incorporates all the information from the spatial distribution
of the fibres which appears to influence the mechanical performance, namely the
orientation and the local volume fraction.

The fibre orientation pattern of a certain body can be described by a set of second-order
orientation tensors (Svec et al., 2014, Advani and Tucker, 1987, Ferrara et al., 2011,
Sanal and Ozyurt Zihnioglu, 2013), defined over discrete volumes of the body. Each

107



Part Ill. FE modelling of FRC as an inhomogeneous and anisotropic material

orientation tensor defines the dominant fibre orientation state of the volume and is
defined as:

ulap,p,"

where A is the orientation tensor of a discrete volume. For the number of fibres found in
the volume, the unit vector p, is the orientation and L, the length of each single fibre.
By definition, the orientation tensor has the properties of being symmetric and having
normalized components.

Symmetric second-order tensors can be visualized using 3D ellipsoids, where the
eigenvectors and eigenvalues give the direction and half length of the principal axes of
the ellipsoids. In this way, ellipsoids are used as a visual tool to identify the dominant
direction of the fibres in each discrete volume.

7.2.2 Fibre efficiency

When a crack arises, the efficiency of the fibres on bridging the crack depends on their
orientation with respect to the crack plane. This relative orientation refers to the angle
between the dominant fibre direction and the direction normal to the crack plane, which
is formulated as:

cosf=a;'n (7.2)
where a; is the eigenvector associated to the largest eigenvalue of tensor A, n is the
vector normal to the crack plane, and 6 is the angle between the two vectors. Fig. 7.2
exemplifies two fibre orientation states represented by ellipsoids and illustrates the
relevance of the value cosé as a measure of the fibre efficiency.
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Fig. 7.2. Orientation state of fibres represented by ellipsoids for a predominant a) unfavourable
orientation, and b) favourable orientation.

The description of the fibre structure by orientation tensors does not incorporate
variations of the fibre volume fraction. For convenience, a single parameter is
introduced that integrates the contributions of the local fibre orientation and local
volume fraction. This fibre efficiency parameter u is defined as a linear combination:
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u=w;(cosf)+w, (::;) (7.3)

where w; and w; are normalized weights, with w;+w, =1, for the orientation and
volume fraction components, respectively; v, is the local volume fraction for the discrete
volume; and vy is the volume fraction for the entire specimen. The determination of w;,

and w, will be discussed in the case study.

7.2.3 Constitutive model

The volume-wise definition of the fibre structure, as described in the previous section, is
used to locally adapt the material model in a numerical analysis. This section describes
the constitutive model used and how it depends on the local fibre efficiency parameter
u. For convenience, it is assumed that the finite element mesh exactly matches the used
volume discretization for the homogenization. Every single finite element thus has
unique material properties.

Because fibres main contribution occurs after the crack initiation, both compressive and
pre-cracking response can be assumed to be similar to the one of plain concrete. The
local fibre properties are thus incorporated to define the post-cracking tensile behaviour.
The tri-linear diagram from Fig. 7.3 is proposed to describe the o-¢ behaviour in tension.
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Fig. 7.3. Tensile constitutive model.

Parameters o; and &; can be obtained from three-point bending tests on notched beams
according to EN 14651. The residual tensile strength o, which defines an ideal plastic
post-cracking behaviour, is defined dependant on the fibre efficiency parameter u.
When the local value of o, results in strain softening, the post-peak drop is assumed to
follow the behaviour of plain concrete, until the intersection with the residual post-
cracking branch (point (2) in Fig. 7.3a). On the contrary, when o, exceeds the tensile
strength o, leading to a hardening response, the residual strength is assumed to be
reached at a strain corresponding to a crack opening of 0.5 mm.

The relationship between the residual tensile strength o, and the fibre parameter 1 needs
to be established for the particular material, type and geometry of fibres, as well as for
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the concrete properties where fibres are embedded in. A relationship is formulated for
the case study presented in the next section.

It is the aim of the present paper to investigate the application of a non-homogeneous
material model based on the real fibre structure, rather than to propose a more
sophisticated description of the o-¢ behaviour for the numerical implementation. It is
therefore worth to mention that the proposed constitutive model (i) allows the definition
of the tensile behaviour from three-point bending tests, as advised by some
recommendations (RILEM, 2003, fib, 2010) and (ii) reduces the number of parameters
which depend on the fibre efficiency parameter to one, namely o>.

7.3 Case study

In the following, an application of the proposed numerical approach is presented using
real fibre structure data. Analysis results are compared with experimental results.
Finally, a variation study discusses the sensitivity to the main parameters that define the
tensile constitutive model.

7.3.1 Three beams in three-point bending

The case study considers three fibre-reinforced self-compacting concrete beams with
dimensions of 0.6 m x 0.15 m x 0.15 m. The three beams, identified as S1, S2 and S3,
were sawn from a slab (1.2mx 1.2m x 0.15m) at different locations. The fibre
reinforcement includes a volume fraction of 0.5% hooked-end steel fibres. The length
and diameter of fibres were 60 mm and 0.75 mm, respectively. A description of the
mixture design, casting process and fresh concrete properties can be found in Svec et al.
(2014).

The three specimens were scanned by means of a Computed Tomography (CT) scanner.
The three-dimensional fibre structure over the structural element was obtained from the
digital analysis of the scanned images. Fig. 7.4 is an example of the fibre structure
visualization. A skeletonizing technique was implemented in order to register topology,
length and direction of all the fibres present in the three specimens.

Fig. 7.4. Visualization of the fibre structure for specimen S1.
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The mechanical response in flexure was studied by performing three-point bending tests
according to EN 14651 (European Standard, 2005). Under these conditions, the
specimens were notched at midspan reducing their cross-section height to 125 mm.
Despite the beams were sawn from the same slab, which guarantees comparable mixture
and casting conditions, variations of about 40% of the residual flexural strength were
observed between the three specimens. The basis of this large scatter must be ascribed
to variations of the fibre dispersion. Explaining this difference by a numerical
verification is the main purpose of this case study.

7.3.2 Local fibre orientation and volume fraction

The volume of the beams was discretized in right rectangular prismatic volumes. An
initial discretization comprised 12 mm x 12.5 mm x 150 mm volumes. These volumes
anticipated on structural analyses with plane stress elements of 12 mm x 12.5 mm and a
thickness of 150 mm. The results were compared with a second discretization with
regions 25 mm X 25 mm X 150 mm and an equivalent finite element model with plane
stress elements of 25 mm x 25 mm. The choice of using equivalent discretizations for
the homogenization of the fibre structure and for the structural analysis is a pragmatic
one. In the current simplified approach, where a single fibre only contributes to a single
volume, the sizes of the volumes should not get substantially smaller than the lengths of
the fibres (60 mm). On the contrary, from the structural analysis point of view, relative
small elements would be preferable.

The set of local fibre orientation tensors and local volume fraction was obtained from
the fibre 3D-structure. As an example, Fig. 7.5 illustrates for the coarser volume
discretization, the orientation tensors visualized as ellipsoids and the local volume
fraction percentage for one of the specimens (beam S1).

7.3.3 Definition of the residual tensile strength o,

In this section, a relationship between the residual tensile strength o, and the fibre
efficiency parameter y is established for this particular case study. The relationship is
derived from the analysis of an experimental set of 15 specimens, which also includes
the three studied beams. Therefore, equivalent mixture and casting conditions apply.
The set comprises the results of three-point bending test of a group of notched beams,
which were previously CT-scanned, and which cover a wide range of fibre dispersions
(Svec et al., 2014).
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0.2 0.4 0.6 0.8

volume fraction, %

Fig. 7.5. a) Discretization in volumes 25 mm % 25 mm % 150 mm _for specimen S1; b) ellipsoids
representing the orientation tensor; and c) local variations of the fibre volume fraction.
Dimensions in mm.

The residual flexural tensile strength corresponding to 2.5 mm crack width (in codes
denoted as fz;3), derived from the bending test, is the result used for calibrating .. By
assuming the whole compressive force is concentrated in the top edge of the cross-
section and that the remaining part of the cross section has reached the residual tensile
strength o, rotational equilibrium results in the relationship:

/i
0,= % (7.4)

The fibre efficiency parameter x4 was calculated considering two alternative volumes
close by the notch, termed zone 1 and zone 2, with in-plane dimensions of 24 mm x
75 mm and 72 mm x 75 mm, see inset figure in Fig. 7.6. For possible combinations of
the normalized weights w; and w, (Eq. 7.3), the relations between u and the equivalent
residual strength o, were evaluated. Weight parameters of 0.7 and 0.3 for w; and w;,
respectively, led to the best linear fit (R’ = 0.85) of the data set (Fig. 7.6). This result
highlights the importance of including the variation of the fibre volume fraction, and not
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exclusively the orientation, when defining the post-cracking response of FRC: the
residual strength is for 70% explained by variations in the fibre orientation and for 30%
by variations in the local relative fibre volume fraction.

0.8} 3
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Fig. 7.6. Variation of the coefficient of determination with w;.

The established relationship between the residual strength o, and the fibre parameter u
is defined by the piecewise function presented in Fig. 7.7. The fibre efficiency
parameter was calculated considering zone 2. The linear regression from the data fit is
completed with an initial branch, assuming that fibres with a combination of
unfavourable orientation and low volume fraction, i.e. with a low g, are still able to
carry a minimum stress.
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Fig. 7.7. Effect of the fibre parameter u on the residual strength o,
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7.3.4 Numerical model

The finite element mesh used for modelling the three specimens matches the volume
discretization for which fibre properties were locally defined. Eight-node quadrilateral
plane stress elements were used with 2 X 2 Gauss integration scheme. The nonlinear
behaviour of the material was modelled with a rotating smeared crack model. It is
envisioned that the cracks will all be nearly vertical and limited rotation is expected. An
elastic ideal-plastic behaviour was defined to model the material in compression. The
tensile behaviour presented in Section 7.2.3 was differentiated for each element, based
on the local fibre properties. Because the crack location and direction was controlled by
the notched section, the fibre efficiency parameter x can be evaluated for each element
prior to the numerical analysis. For the general case, where crack directions are not
know on beforehand, the fibre efficiency parameter should be calculated during the
analysis depending on the crack direction and the material model should be updated
accordingly. Fig. 7.8 illustrates the variations of the residual tensile strength o, after
applying the formulated relationship with p.

-
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=

Fig. 7.8. Variations of the residual tensile strength o, over the finite elements, for specimens
(a) S1, (b) S2, and (c) S3.

In this regard, the application of this numerical approach results in a non-homogenous
model, which is able to incorporate differences in the tensile behaviour, as the ones
presented in Fig. 7.8. The remaining input parameters for the definition of the o-¢
relationship are listed in Table 7.1.
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Fig. 7.9. Tensile constitutive model for specimens S1, S2 and S3.

Table 7.1. Input material parameters.

Input parameters

fm  [MPa] 65
E. [MPa] 38000
o, [MPa] 3.8
& %o 0.1
) %o 1.5

7.3.5 Results

The load-deflection curves obtained from analysis and experiments are shown in Fig.
7.10. The analyses used the discretization with volumes of 12 mm x 12.5 mm x 150 mm
and an equivalent plane stress finite element model. The differences between the three
numerical curves are exclusively related to the heterogeneities in the material model of
the elements. In general terms, a good agreement with the experimental responses was
obtained for the three specimens. The favourable fibre distribution in the proximities of
the crack, both for specimens S1 and S3, causes the bridging effect of fibres to be
sufficient to sustain or even increase the capacity after crack initiation. On the contrary,
an unfavourable fibre distribution for specimen S2 results in an abrupt drop of the
capacity immediately after cracking. It can be seen from the numerical results that the
proposed simplified constitutive model is able to describe the different stages of the
fracture process.
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Fig. 7.10. Experimental and numerical load-deflection response for three-point bending test.
The predicted load-deflection curve for specimen S1 slightly decreases after exceeding
a deflection of 0.5 mm, diverging from the experimental curve. This descent of the
capacity corresponds to the formation of a new macro-crack. The stress redistribution
during the loading process leads to a new “weakness path” within the non-homogeneous
mesh. Fig. 7.11 illustrates the crack pattern corresponding to a deflection of 3.5 mm.

a)

b)

c)

Fig. 7.11. Crack pattern for specimens a) S1, b) S2, and c¢) S3, corresponding to a deflection of
3.5 mm.

Fig. 7.12 illustrates the principal strains at the integration points for a horizontal line
22 mm above the notch, i.e. lines A-A’ and B-B’ indicated in Fig. 7.11. It can be seen
from Fig. 7.11a and Fig. 7.12a that a second crack arises after a deflection of 0.5 mm for
beam S1. The global hardening response of specimen S1 (Fig. 7.10) favours the opening
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of new cracks, in similarity with the multiple-crack pattern typical for conventional
reinforced concrete. A single crack localizes for specimens S2 and S3, as presented in
Fig. 7.11b-c, and Fig. 7.12b. The formation of a second crack highlights the ability of
the model to define a crack path through FRC elements based on the specified material

inhomogeneity.
9 04
——5=05
S 5=1.0
s 02p e 5=2.0
o ° =35
N s
0 N "
-40 20 0 20 40
b 04
w 02 .
0 ey
40 20 0 20 40

Distance to the notch [mm]

Fig. 7.12. Principal strain at the integration points for lines A-A’ and B-B’ (Fig. 7.11a and b),
for specimens a) S1 and b) S2, respectively.

7.3.6 Variation study

Three sensitivities of the modelling approach will be analysed in the sequel: the (initial)
tensile strength, the post-peak softening and the volumes used to discrete the fibre
structure.

The relevance of including the initial tensile strength o; for this numerical approach was
evaluated by comparing the results with the results of an elasto-perfectly plastic model.
Neglecting the initial tensile strength is a common assumption for design of fibre-
reinforced concrete (fib, 2010).

Fig. 7.13 presents the load-deflection curves for the experimental and numerical
analyses for this variation. The numerical curve for specimen S2 indicates the
deficiency of the elasto-perfectly plastic model in describing the maximum load
capacity and load at low deflections. However, the load at large deflection could still be
considered in good agreement with the experimental results for specimens S2 and S3.
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Fig. 7.13. Load-deflection curves using an elasto-perfectly plastic model.

The major drawback of the model refers to specimen S1, for which the load capacity is
largely underestimated. For this specimen, the reduction of the section due to the notch
appears to be insufficient to guarantee the crack localizes above the notch (Fig. 7.14).
Instead, the location of the crack path is now governed by paths with low residual
stresses o, resulting from unfavourable fibre dispersions (Fig. 7.8).

i
&

e

Fig. 7.14. Crack pattern for specimen S1, corresponding to a deflection of 3.5 mm.

The post-peak softening is controlled by the parameter ¢, (Fig. 3). A large sensitivity of
the numerical results was observed for this parameter. Assuming the post-peak drop to
follow the behaviour of plain concrete, ¢, refers to its ultimate strain level. When a
linear softening behaviour is assumed, the ultimate strain level can be related to the
fracture energy by the expression:

=0y (7.5)
where G and % are the fracture energy and characteristic length, respectively. In
absence of experimental tests for plain concrete, G is estimated according to fib (2010),
resulting in 0.154 N/mm. The common assumption that the crack localizes in one
element, yields to the value &,”=6.7-10". From Fig. 7.15 it can be seen that the use of
this value leads to a significant overestimation of the capacity after cracking. A possible
explanation is that a linear softening underestimates the initial softening behaviour.
Alternatively, the o-¢ relationship proposed by RILEM (2003), for the specific case
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0, = Y0, leads to &,” = 0.3-10>. This value represents an abrupt drop of strain after
cracking, which makes that the peak in the load-deflection response disappears, as seen
from Fig. 7.15. The local tensile strengths o; are not put in effect since they are not
addressed simultaneously. A step size refinement has been carried out to confirm this.
The outcome of these two cases leads to the consideration of an intermediate strain
value &’ of 0.15-107 used in the previous section. A more solid definition of the
softening part of the curve is recommendable.
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Fig. 7.15. Load-deflection curves for different values of parameter ¢,

Finally, the sensitivity to the discretization of the specimens was evaluated by studying
a second discretization with volumes of 25 mm x 25 mm x 150 mm, and an equivalent
finite element model with plane stress elements of 25 mm x 25 mm. The input tension
curve o-¢ from Fig. 7.3a was modified, reducing parameter ¢, by factor % to obtain
constant energy dissipation for the plain concrete region of the o-¢ relation. The need of
rescaling the post-peak stress-strain relationship when changing the element size has
been reported by other authors based on the concept of the characteristic crack band
width, which applies to softening materials (Beghini et al., 2007, Tlemat et al., 2006).

The load deflection curves obtained from analysis and experiments are presented in Fig.
7.16. While the load at large deflections does not significantly change for curves S1 and
S2, compared with the results from a finer mesh (Fig. 7.10), curve S3 shows a larger
capacity. This overestimation is ascribed to variations in the residual tensile strength o,
caused by homogenizing the fibre properties in large or small volume regions. These
variations are presented in Fig. 7.17. By the relatively large discretization volumes,
possible weak residual tensile paths are “averaged away”.
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Fig. 7.16. Load-deflection curves for the coarse discretization (25 mm *x 25 mm *x 150 mm).

a) b) 4.5

Fig. 7.17. Variation of the residual tensile strength o, over the elements, for discretizations:
a) 25 mm % 25 mm X 150 mm, and b) 12 mm x 12.5 mm x 150 mm.

In contrast with the results for a finer mesh, a coarser mesh cannot capture the opening
of a second crack for specimen S1 and, therefore, a drop of the load capacity after | mm
deflection is not observed in this case.

Large differences in the strains are observed between the two meshes. Fig. 7.18
illustrates the principal strains at the integration points for the same horizontal line B-B’
(Fig. 7.11b) over the notch, corresponding to a deflection at midspan of 3.5 mm.
Despite the differences of the maximum strain, both cases localize the crack within one
element, leading to similar energy dissipation over the failure surface.
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Fig. 7.18. Principal strain at the integration points for line B-B’ (Fig. 7.11b).

7.4 Conclusions

In the current work, a numerical approach for analysing FRC structural elements was
presented, in which the fibre structure was included assuming volume-wise constant
material properties. In this respect, the model used a single phase material definition for
each volume. The applicability of the model was described and explored by presenting a
case study.

The numerical finite element analysis revealed a good agreement with the experimental
observations. The distinct load-deflection responses of the simulations of the three tests
could only be attributed to the inclusion of the spatial variations of fibre orientation and
fibre dispersion in the model. The main characteristics of the experimentally observed
responses were captured, both qualitatively and quantitatively.

The approach is relevant to evaluate to which extent the scatter from standard tests can
be ascribed to the fibre dispersion. It should be pointed out that the commonly observed
scatter on the residual strength is one of the actual drawbacks for design of FRC
structures. Furthermore, the application of this numerical approach is especially relevant
to structural elements for which the flow of FRC at the pouring stage and subsequent
sedimentation of fibres is expected to lead to uneven distribution of fibres.

Further refinements of the numerical approach should include a more detailed study of
the influence of the volume discretization, linked with a possible improvement of the
homogenization approach of the fibre distribution. The definition of the used stress-
strain relations should be reconsidered, especially for the strain softening part. The
numerical model can be extended to structural elements where the fibre dispersion is
obtained by flow simulations.
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Abstract

This paper presents a modelling approach for fibre-reinforced concrete elements in
which the fibre structure is taken into account in simulating the mechanical behaviour.
The fibre structure is discretized in volumes and two fibre parameters are defined for
each discrete volume: the dominant fibre orientation and the fibre volume fraction.
These parameters are incorporated in a numerical model that uses a single-phase
material definition dependent on the fibre parameters. The first part of this paper
describes the methodology and constitutive modelling. The second part addresses the
simulation of two beams that exhibited large differences in bending because of uneven
fibre distribution. Data on the fibre structure was obtained using Computed
Tomography scanning. The modelling approach captured the large difference in the
flexural response of the two beams and provided an adequate prediction of the location
and propagation of the critical cracks.

Keywords
Fibre reinforced concrete, Inhomogeneity of the fibre structure, Fibre orientation tensor,
Fibre volume fraction, Nonlinear finite element modelling
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8.1 Introduction

Predicting the overall mechanical behaviour of a fibre-reinforced concrete (FRC)
element usually requires the characterization of the post-cracking behaviour of the FRC.
This is often determined either directly, in direct tension tests, or indirectly by
performing inverse analysis of bending tests, splitting tests, or other indirect tension
tests (European Standard, 2005, ASTM International, 2012a, Ozyurt et al., 2007,
Lofgren et al., 2008, Di Prisco et al., 2013b). Inverse analysis of the test results makes it
possible to determine the material tensile behaviour considering a certain stress-strain or
stress-crack width relationship. Bi-, tri- and poly-linear functions are usually proposed
in the literature to describe the post-cracking behaviour of FRC (Uchida et al., 1995,
Kooiman, 2000, Griinewald, 2004, Meda et al., 2004, Barros et al., 2005, De Oliveira e
Sousa and Gettu, 2006, Tlemat et al., 2006, Cominoli et al., 2007, Lofgren et al., 2008,
Cunha, 2010). Several technical recommendations (RILEM, 2002a, RILEM, 2003, fib,
2010, DAfStb, 2012) also provide simplified formulations of the constitutive behaviour
of FRC based on bending tests, which facilitate the material characterization for design
purposes.

The post-cracking behaviour of FRC in a structural element, especially if it is flowable
or self-compacting FRC, can differ from the post-cracking behaviour of a test specimen.
The rheological properties, the casting procedure, and the structural geometry can lead
to an uneven fibre structure in the element, meaning inhomogeneity of the fibre volume
over the length or depth of the element and a preferred alignment of the fibres (Ferrara
and Meda, 2006, Stihli et al., 2008, Vandewalle et al., 2008, Boulekbache et al., 2010,
Ferrara et al., 2011, Abrishambaf et al., 2013). In such cases, modelling the FRC as if it
were a homogeneous material can lead to inaccurate results.

In an attempt to take into account its fibre structure, FRC can be modelled as a two-
phase material (Radtke, 2012, Cunha et al., 2012, Huespe et al., 2013), where the
concrete matrix is described as a homogeneous material, while the fibres are treated
explicitly as discrete entities. This approach has the advantage of directly including the
effect of fibre location and orientation, but requires a definition of the concrete matrix
model, the fibre model, and the interface model for the fibre-matrix bond response. This
response is often based on results from pull-out tests of single fibres and/or analytical
expressions that include effects such as the fibre embedded length, fibre inclination, or
the anchorage of the fibre end (Laranjeira de Oliveira, 2010, Cunha et al., 2010). It is
commonly assumed that fibres do not interact with neighbouring fibres, but when a
large fibre dosage is used, failure mechanisms can be interactive, creating a collective
failure that cannot be captured by describing the failures of individual fibres (Laranjeira
de Oliveira, 2010, Sandbakk, 2011).
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The current paper presents a modelling approach for analysing FRC structural elements
in which the fibre structure is modelled by assuming volume-wise constant material
properties. Since the material cannot be assumed to be homogeneous on the scale of the
structural element, a spatial discretization of the element is defined within which the
material can be considered homogeneous. The process consists of (see Fig. 8.1):
(i) obtaining the fibre structure, (ii) discretizing the structural element in volumes,
(iii) determining the fibre structure properties within each discrete volume, (iv) defining
an adequate constitutive model that describes the behaviour of the FRC at the discrete
volume level making use of the fibre structure properties, and finally, (v) simulating the
structural response using finite element (FE) modelling.

a) b)
\./ B \./
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Fig. 8.1. a) Matrix and fibre structure, b) discretization in volumes, c¢) homogenization within

discrete volumes, and d) finite element model.

The constitutive model (iv) is applied at an intermediate level which is between the fibre
level and the structural element level. It uses a single-phase material definition, with the
consequent computational advantages for application to structural elements. In this way,
the definition of the matrix-fibre interface behaviour is circumvented. However, a new
issue is raised. As already mentioned, single-phase material models for FRC are
commonly calibrated by inverse analysis of test results at the scale of test specimens.
Such an approach is not feasible for the intermediate level. Since the focus of this
research was on the modelling approach as a whole (i-v) and in the absence of a well-
established constitutive modelling technique for this intermediate level, heuristic
assumptions were used for the constitutive modelling.
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8.2 Modelling approach

Starting from a complete characterization of the fibre structure, this section describes
the modelling steps that result in the proposed constitutive model for FRC for use at the
discrete volume level. The section ends with an illustration of the constitutive model for
various fibre structure parameters.

8.2.1 Fibre parameters within a discrete volume

In the present investigation, fibre structure properties were derived from a complete
characterization of the fibre structure in which the precise position of every fibre is
known. Several methodologies can be utilized for assessing the fibre structure of an
FRC element, including flow simulations (Svec et al., 2011), numerical algorithms
based on probabilistic distributions (Cunha et al., 2012), X-ray Computed Tomography
(CT) (Stdhli et al., 2008), and visualization of fibres within a viscous transparent fluid
(Zhou and Uchida, 2013).

To define the local fibre properties, a discretization of the structural element in volumes
was considered. The discrete volume size had to take into account criteria related to the
size of the fibres and be sufficiently descriptive of the inhomogeneities of the fibre
structure. Fibre properties were determined considering the fibres located in each
volume. Because fibres can intersect one or several discrete volumes, the intersection
points with the boundaries of the volumes needed to be determined. In this way, each
segment of a fibre is considered in the volume in which it is located (Fig. 8.1b).
Intersection points were obtained by assuming that fibres are perfectly straight.

This model incorporates the information from the spatial distribution of the fibres which
can potentially influence the mechanical performance of a flowable FRC element,
namely the fibre orientation and the local fibre content. The fibre orientation pattern of a
body can be described using a set of second-order orientation tensors (Advani and
Tucker, 1987, Ferrara et al., 2011, Sanal and Ozyurt Zihnioglu, 2013, Svec et al., 2014)
defined over a set of discrete volumes of the body. Each orientation tensor describes the
fibre orientation state within the volume and can be defined as:

aLap,p,”
A=Z @D

where A is the orientation tensor of a discrete volume. For all the fibres and fibre
segments in the volume, p, is a unit vector in the fibre direction, and L, is the length of
the fibre or fibre segment. By definition, the orientation tensor has the properties of
being symmetric and having normalized components. Symmetric second-order tensors
can be visualized using ellipsoids, where the eigenvectors, a;, and eigenvalues, 4;, give
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the direction and half-length of the principal axes of the ellipsoids. In this way,
ellipsoids are used as a visual tool to identify the dominant direction of the fibres in
each discrete volume.

The second aspect, the local fibre content, is expressed in terms of volume fraction (v)
and can be computed for each discrete volume as:

_ Zn LnAf
Ve

(8.2)

where Ay is the fibre cross-section area and V. the discrete volume. The procedure
described here makes it possible to represent the orientation and distribution pattern of a
structural element by choosing a certain discretization of the element in volumes and
assessing the fibre parameters A and v, within each discrete volume. This is illustrated
in Fig. 8.2 for the example shown in Fig. 8.1a.

a) b)
11\‘\ ]
1|

Fig. 8.2. a) Orientation ellipsoids and dominant fibre orientation, and b) fibre volume fraction.
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8.2.2 Definition of fibre efficiency

When a crack arises, the efficiency of a fibre that bridges the crack depends on its
orientation with respect to the crack plane. This can be expressed by the angle 0
between the direction normal to the crack plane (n) and the fibre direction. In a similar
manner, it can be assumed that the efficiency of a group of fibres depends on the angle
between n and the dominant fibre direction of the group of fibres. For the group of
fibres (or fibre segments) in each discrete volume, the dominant fibre direction is given
by the eigenvector associated with the largest eigenvalue of the orientation tensor (a;).
The angle with respect to the crack plane may therefore be formulated as:

cosf=a;'n  (llall =IIn]l =1) (8.3)
Fig. 8.3 depicts two fibre orientation states represented by ellipsoids and illustrates the
relevance of the variable cosé as a measure of fibre efficiency.
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Fig. 8.3. Orientation state of fibres represented by ellipsoids for a) a predominantly
unfavourable orientation, and b) a favourable orientation.

For convenience, a single variable is introduced that integrates the local fibre orientation
with the local volume fraction. This fibre efficiency variable x is defined as a linear
combination:

11 =w; (cos6) (‘f) (8.4)

where w; and w, are weightings for the orientation and volume fraction components,
respectively (with w/+w, = 1), and V, is the nominal fibre volume fraction of the mix.

It is worth noting that a; and vy are material parameters that describe the characteristics
of the fibres in each discrete volume of the specimen. In contrast, cosd and therefore
also u are evaluated at each integration point of the FE model, and they are actually
variables that depend on the cracking model adopted and the crack plane, so they may
change during the simulation. It is worth noting that the FE mesh may not necessarily
coincide with the discretization of the fibre structure (as depicted in Fig. 8.1d).

It should also be mentioned that defining the orientation term in Eq. 8.3 entails the
simplification of the overall orientation state to the direction a;. This aspect is illustrated
in Fig. 8.4, where the orientation tensors of two groups of fibres are visualized using
ellipsoids. In Fig. 8.4a, an elongated ellipsoid represents a markedly unidirectional
orientation, while the more spherical ellipsoid in Fig. 8.4b describes a more isotropic
orientation. Both groups have the same dominant direction (a;), but simplifying the
orientation state to a; seems to be adequate only in the first group. This means that the
fibre efficiency variable, here defined based on a;, requires a certain degree of
unidirectionality of fibres within each discrete volume. This is ensured if the
eigenvalues of tensor A satisfy the condition that 4, is significantly greater than A, and
A3.
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a)

Fig. 8.4. Orientation state of fibres with equal a, for a) a markedly unidirectional orientation,
and b) an orientation closer to isotropic.

8.2.3 Uniaxial stress-strain relationship

It is generally agreed that fibres contribute primarily after crack initiation. For this
reason, compressive and pre-cracking responses are assumed to agree with those of
plain concrete. The uniaxial stress-strain relationship in tension is assumed to be as
depicted in Fig. 8.5, which describes an initial linear-elastic response up to the tensile
strength (o;), which characterizes the onset of cracking. After this point, the post-
cracking behaviour is described with a tri-linear diagram, as used by several other
researchers (Barros et al., 2005, Cominoli et al., 2007, Lofgren et al., 2008, Cunha,
2010). The residual tensile strength (¢,), which defines an ideal plastic post-cracking
behaviour, is defined as dependent on the fibre efficiency variable («). When the value
of o, results in strain softening, o, <o, the post-peak drop is assumed to follow the
behaviour of plain concrete until it intersects with the residual post-cracking branch,
point (2) in Fig. 8.5a. In contrast, when o, exceeds the tensile strength, a hardening
response, the residual strength is assumed to be reached at a strain &, (Fig. 8.5b). Both
plateaus end at a strain level 3, which activates a softening branch that ends at the
ultimate strain &,,. Only the strain levels &’ and e, which are associated with
localization of the crack (see Fig. 8.5), are regularized in terms of the finite element
size.

a)

T

a;

o’;(Ju)

N\ (2)

— : : : &n
& En &3 Eun &l &> &3 Eun

Fig. 8.5. Uniaxial tensile stress-strain relationship for a) strain softening, and b) strain
hardening behaviour.
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The relationship between the residual tensile strength and the fibre efficiency variable
needs to be established based on the type and geometry of the fibres, as well as on the
properties of the concrete where the fibres are embedded.

It should be noted that the focus of this paper is on the use of a material model based on
actual fibre structure, rather than proposing a more sophisticated description of the
stress-strain behaviour for the numerical implementation. With this in mind, it is worth
mentioning that the proposed model limits the number of parameters that depend on
fibre efficiency to one, namely o, and makes it possible to calibrate the o,-u
relationship against data from standard mechanical characterization tests (RILEM,
2003, fib, 2010). This is discussed in later sections.

8.2.4 Constitutive modelling

The uniaxial stress-strain behaviour can be generalized to multiaxial stress and strain
states by embedding it in a rotating crack model based on a total strain concept, see e.g.
Rots (1988). This means that an explicit modelling of the shear retention after cracking
is not needed. During an analysis, upon rotation of the principal strains, the (potential)
crack orientation rotates and the uniaxial stress-strain behaviour normal to the crack
changes too, since it depends on the angle 6 with the dominant fibre direction.

The dependence of the uniaxial stress-strain relationship on the fibre parameters and on
the crack direction is shown in Fig. 8.6. This figure illustrates an FRC specimen similar
to that in Fig. 8.1a-c. For the sake of clarity, the FE mesh coincides with the volume
discretization of the fibre structure in this case. The uniaxial tensile stress-strain
relationship at the integration point of each element depends on two main aspects: 1) a;
and vy as the fibre parameters, and 2) the direction normal to the crack (m), which
depends on the current state of stresses. In Fig. 8.6a, the stress-strain relationships of the
two elements differ depending on the dominant fibre direction of each element.
Similarly, in Fig. 8.6b the stress-strain relationships differ based on a variation in the
fibre content. Unlike the two previous cases, the two elements in Fig. 8.6¢ have the
same fibre parameters, but this time different crack directions. Depending on n, the
variable x and therefore also o, are different in each element, which leads once again to
two different stress-strain relationships.

This modelling approach is therefore able to take into account both the inhomogeneities
of the fibre structure and the dependence of the material on the direction of the principal
strains, which is related to the anisotropic behaviour of the material.
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Fig. 8.6. Tensile constitutive model for two elements with differences in a) fibre orientation,

b) fibre volume fraction, and c) the direction normal to the crack.

8.3 Two beams in four-point bending tests

The structural performance of a flowable FRC mix with high fibre content was
investigated experimentally. In material characterization tests, this mix had previously
exhibited high ductility and high residual flexural strength. Two full-scale beams tested
in bending showed load-carrying capacity and ductility lower than typically expected,
and a significant mutual difference in response.

8.3.1 Materials and specimens

The mix was developed during research work by Kjellmark et al. (Kjellmark et al.,
2014) on the optimization of flowable FRC mixes with high ductility. It has reasonably
good casting properties, with adequate flowability and compactability, and it does not
require vibration. The mix contains 2% vol. hooked-end steel fibres, with a length of
60 mm and an aspect ratio of 67. Table 8.1 gives the mix proportions.
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Table 8.1. Mix proportioning.

Component Dosage
Cement [kg/m’] 492.2
Silica fume [kg/m’] 24.6
Total free water [kg/m’] 197.5
Aggregate 0-8 mm [kg/m’] 1594
Super-plasticizer [kg/m’] 7.4-9.8
Stabilizer [kg/m’] 0.5
Steel fibres [kg/m’, (% vol.)] 156, (2)
w/b ratio [-] 0.35
Matrix volume (< 0.125 mm) [I/m’] 400

The two beams with dimensions of 200 mm x 300 mm % 3000 mm were cast with a
falling stream of concrete from a single discharge point, which was initially located at
one end of the formwork. When approximately 70% of the formwork was filled, the
casting point was moved towards the centre of the formwork to complete the filling.
The two beams, FSB-a and FSB-b, were cast with concrete from two different batches,
for which the same mixing procedure was adopted.
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Fig. 8.7. Experimental setup and final crack pattern of a) beam FSB-a, and b) beam FSB-b. The
shaded parts were sawn and CT-scanned.
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Both beams were tested at the age of 28 days under the bending conditions given in Fig.
8.7. The beams were loaded using a hydraulic jack acting on a steel profile that
transferred the load to the loading points. The deflection at midspan was measured with
displacement transducers attached to the bottom face of the beams. For more details on
the experimental programme, the reader may refer to Sarmiento et al. (2015).

8.3.2 Experimental results

The crack patterns in Fig. 8.7 and the load-deflection curves in Fig. 8.8 show clearly
different behaviour in the two beams. In beam FSB-a, several flexural cracks developed,
mostly in the central span, after the load reached 50 kN. In the absence of ordinary
reinforcement, these cracks were only arrested by the fibres. After cracking, the load
applied continued to increase up to 87 kN, when the deflection at midspan was 9.3 mm
(deflection-span ratio ¢/L of 1/280). From this deflection, damage localized in one crack
and the load decreased gradually. The critical crack arose within the central span,
developed vertically, and merged with multiple inclined cracks resulting in diffuse and
tortuous paths. During the flexural failure, the beam exhibited some ductility; at a
deflection of 17 mm (J/L = 1/150), the beam supported approximately half of its
maximum load. Beam FSB-b had a much lower capacity than beam FSB-a. The onset of
cracking led to sudden failure along a single crack. This crack started 17 cm from
midspan, and propagated at an angle of approximately 60° towards the end of the beam.
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Fig. 8.8. Experimental load-deflection response of full-scale beams FSB-a and FSB-b.
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8.4 Modelling and analysis results

The proposed modelling approach was evaluated modelling the beams FSB-a and FSB-
b. As a first step to the numerical modelling, the fibre structure had to be obtained and
the dependence of the residual strength on the fibre parameters had to be established.
Numerical solutions in terms of load-deflection relationships and crack patterns were
then compared with the experimental results to validate the approach and determine the
predictive ability of the model.

8.4.1 Fibre structure and fibre parameters

CT scanning has been successfully used as a non-destructive method for the qualitative
and quantitative evaluation of the orientation and distribution of steel fibres in FRC
(Stéhli et al., 2008, Suuronen et al., 2013, Svec et al., 2014, Sarmiento et al., 2014a).
Scanning of an element produces a large number of radiographic images, and digital
analysis of the sequence of images allows 3D visualization of the structure of fibres.
Moreover, post-processing the images to a skeleton converts fibres into 3D segments
located in the volume from which their topology, length and direction can be extracted.

Pieces 400 mm in length containing the critical cracks (Fig. 8.7) were sawn and
examined using a medical CT scanner (Siemens SOMATOM Sensation 4). The fibre
skeletons in Fig. 8.9 provide a first insight into the inhomogeneity of the fibre structure.
The figure illustrates the skeleton of fibres in a longitudinal slice just 20 mm thick to
avoid too dense an accumulation of fibres in the image.

To locally define a; and v, from the fibre structure of the sawn pieces, two
discretizations in rectangular prismatic volumes were considered. The first
discretization comprised 25 mm x 25 mm x 200 mm volumes. These volumes
anticipated structural analysis with plane stress elements of 25 mm x 25 mm and a
thickness of 200 mm. The second discretization consisted of 50 mm x 50 mm x 200 mm
volumes.

Fig. 8.9 illustrates the sets of orientation ellipsoids and local volume fractions using the
fine discretization. The grayscale maps of the volume fractions indicate the presence of
areas with low fibre content. Beam FSB-b has a low density of fibres in its upper part,
which shows that segregation of fibres has occurred. The orientation ellipsoids look like
elongated ellipses in the height-length plane, and the direction of their major axis
indicates the dominant fibre orientation (a;). The orientation tensors of the 48 discrete
volumes of beam FSB-a in Fig. 8.9a have average ratios of the eigenvalues 1,/4; = 0.37
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Fig. 8.9. From top to bottom: skeleton of fibres, local fibre volume fractions, orientation
ellipsoids, and crack patterns of the scanned parts of a) beam FSB-a, and b) beam FSB-b.
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and /43/A; = 0.17. Note that in isotropic conditions the ratios would satisfy 1,/4; =
A3/A; =1 and the orientation ellipsoids would be spheres. This confirms that there is a
markedly unidirectional orientation of the fibres within the volumes in the direction ay,
which supports the use of the fibre efficiency variable as described in Eq. 8.4.

8.4.2 Relationship between the residual tensile strength and fibre efficiency

The relationship between the residual tensile strength (o) and the fibre efficiency
variable (1) was established from the experimental results of material characterization
tests. The set of test specimens consisted of 12 notched beams (150 mm X 150 mm x
550 mm) and 10 notched cylinders (@150 mm x 150 mm) that were either cast in
moulds or sawn/drilled from a structural element (Sarmiento et al., 2015). All the
specimens were entirely CT scanned before being tested. The beams were put through
three-point bending tests in accordance with EN14651 (European Standard, 2005) and
the cylinders were tested in uniaxial tension based on RILEM (2001).

For the beams, the residual flexural tensile strength corresponding to 2.5 mm crack
opening, often denoted fz3;, was used to calibrate the uniaxial residual strength (¢,) in
accordance with the relationship o, =fz3/3. The principles and assumptions of this
relationship can be found elsewhere, e.g. in fib (2010). For the cylinders, o, was taken
as the tensile stress measured at a crack strain value of 0.02. This choice was based on
the need to provide a consistent relationship between the results from bending and
uniaxial tension tests (Ferrara et al., 2012b), despite the different strain distribution
along the ligament of the respective specimens. Assuming a linear distribution of strains
in the beams and the structural characteristic length equal to the ligament depth
(125 mm), a crack width opening of 2.5 mm corresponds to a maximum tensile strain of
0.02 (Ferrara et al., 2012b). It is worth mentioning that two of the cylinders did not
provide stable measurements at this strain level due to the initially unstable opening of
the crack. These two cylinders were therefore excluded from the data set.

To characterize u (Eq. 8.4), the fibre parameters a; and vy were determined in a slice
located in the middle of the specimen with the thickness of the fibre length (60 mm).
Because the specimens were notched, n was assumed perpendicular to the plane that
contained the notched section. Normalized weightings w; and w, of 0.6 and 0.4,
respectively, gave the best curve fit of the data set (see Fig. 8.10) with the power law:

0,=7.7u3 (in MPa) (8.5)
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Fig. 8.10. Relationship between fibre efficiency and residual tensile strength derived from test
specimens.

The values of w; and w; highlight the importance of including the variation of the fibre
content, and not just the orientation, when defining the post-cracking response of FRC:
60% of the residual strength is explained by variations in the fibre orientation and 40%
by variations in the local relative fibre volume fraction. This topic is further discussed in
Sarmiento et al. (2014b).

8.4.3 Models with inhomogeneous and homogeneous fibre parameters

Due to the geometry and casting conditions of the beams, inhomogeneities of fibres
across the width were negligible. In general, the dominant fibre directions a; align
parallel to the height-length plane of the beams. For this reason, and without limiting
the generality of the foregoing, simulation of the beams FSB-a and FSB-b was
addressed as a 2D plane stress problem.

The outline of the model of beam FSB-b is depicted in Fig. 8.11a. The darker shading
corresponds to the scanned region where the fibre parameters were determined. For the
rest of the beam, it was assumed that fibres oriented and distributed homogeneously,
with a; aligned with the longitudinal direction and fibre content v, = .
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Fig. 8.11. a) Outline of the FE model of beam FSB-b. Variations in the fibre orientation and
volume fraction that were considered in the elements of models: b) 25/25, c) 50/50,
and d) 50/25.

Eight-node quadrilateral plane stress elements were used with 2 x 2 Gauss integration.
Two models were defined with the element size (/.; x [,; x width of the beam) coinciding
with the volume discretization presented in Section 8.4.1. Elements with /,; of 25 mm
and 50 mm are considered sufficiently fine to allow kinematic modelling of the
observed failure patterns and sufficiently coarse to justify a homogenization of the fibre
properties within the volumes. A third model combines the coarser discretization of the
fibre structure with the finer FE mesh. The models are denoted 25/25, 50/50 and 50/25,
where the first term refers to the discretization of the fibre structure, and the second
term indicates /,; of the finite elements. For example, the fibre parameters assigned to
the elements of the inhomogeneous regions of the three models of beam FSB-b are
illustrated in Fig. 8.11b-d. For comparison, models denoted hom/25 and hom/50 were
analysed with homogeneous fibre parameters along the entire beam.

The steel profile that distributes the load (Fig. 8.7) was modelled with beam elements.
Incremental loading was applied using deformation control of the centre of the profile.
In this way, the external load was transferred symmetrically to the two loading points.
The convergence criterion was set at 5% based on a force norm.
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8.4.4 Material parameters for the stress-strain relationship

The material modelling framework presented in Section 8.2.4 was used. The
compressive behaviour was defined using an elastic-ideal plastic model. A compressive
strength of 86 MPa was determined experimentally, while the elastic modulus was
simply assumed to be 30 GPa. The material parameters that define the stress-strain
relationship in tension (Fig. 8.5) are discussed in the following.

The uniaxial tensile strength o; was determined as the average tensile strength of the
notched beams and cylinders described in Section 8.4.2. For the beams tested in
bending, the uniaxial strength was estimated from the flexural strength in accordance
with the relationship in fib (2010). The strain ¢’ was defined based on an approximation
of the ultimate strain of plain concrete. In smeared cracking, such a strain is considered
to be an element-related material property, which is usually estimated from the tensile
strength, the fracture energy (Gr), and a characteristic length of the element, the
equivalent length (%). An ultimate strain determined from a linear softening model could
underestimate the steepness of the initial softening behaviour, as discussed in Sarmiento
et al. (2014a). Because the initial part of the softening curve is the most decisive in the
current model, it was considered more appropriate to define ¢,’ in accordance with an
exponential softening model (TNO DIANA, 2014). In this case, ¢, can be expressed as:

€] G
=24 7
& 2 ha (86)

Due to the absence of experimental data, the fracture energy was determined in
accordance with CEB-FIP (1990), and & was assumed to be /.; (note that all elements are
square). The strain &3 was calibrated against the experimental results of the cylinders. In
Fig. 8.12, the tensile stress is normalized by the residual stress measured at a crack
strain of 0.02 (taken as o, in Section 8.4.2) to make it possible to compare the post-
cracking responses, which varied greatly depending on the fibre structure. As shown in
the figure, the end of the plateau was assumed at a strain ¢; of 0.1. The test
measurements were unstable at the onset of cracking, even for cylinders with a
hardening response. This meant that the hardening strain &, at the initiation of the
plateau could not be calibrated against the test results. In the absence of experimental
data, ¢, was estimated to be:

&,=¢;+1.5 %o 8.7
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Fig. 8.12. Calibration of the material parameter &; against the experimental uniaxial tension
tests of cylinders.

The ultimate strain (g,;,) was defined on the basis of the ultimate crack opening (wy;)
and regularized with the size of the finite element in accordance with &,;, = w,;/l.;. Some
investigations, e.g. Kooiman (2000) and Cunha (2010), have related w,;, to the average
projected embedded length of the fibres, which in turn can be determined as /r/4, where
lr1s the fibre length. In accordance with this, w,;, = 15 mm was used in the present work.
Lateral contraction effects were neglected because the material was extensively cracked
from an early stage of the analysis. The material parameters for this example are
summarized in Table 8.2.

Table 8.2. Material input parameters.

Component

Young modulus [MPa] 30000
Poisson ratio [-] 0
Compressive strength [MPa] 86
Fracture energy of plain concrete, G [N/mm] 0.113
Tensile strength, o; [MPa] 5.12

e [-] 1.71-10*
&, [] for I, =25 mm /50 mm 9.67-10%/5.26-10™
& [-] 1.67-10°
&[] 0.10
&ur [-] for ;=25 mm /50 mm 0.60/0.30

8.4.5 Analysis results and discussion

Fig. 8.13a and b compare the experimental load-displacement curves of the beams FSB-
a and FSB-b with their respective numerical solutions. The markers indicate the points
where the analyses failed to reach full convergence. Non-converged steps were always
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alternated with converged steps: within any deflection interval of 1.6 mm, at least one

step converged.
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Fig. 8.13. Experimental and modelled load-deflection responses of full-scale beams: a) FSB-a,

and b) FSB-b.

As expected, all the models predict exactly the same load-deflection relationship up to

the onset of cracking. From that point on, the response depends greatly on the model.

The homogeneous models provide a large load increase associated with strain hardening

of the tensile stress-strain relationship. Note that for the homogeneous fibre parameters
(a; = (1,0,0) and v,= 2%) and a vertical crack plane (n = (1,0,0)), the residual strength
0, in Eq. 8.5 takes the value 7.7 MPa. This value represents a theoretical case and is not

intended to correspond to the results of standard beams, for which the average residual

141



Part Ill. FE modelling of FRC as an inhomogeneous and anisotropic material

strength was somewhat lower (6.3 MPa). A change of slope in the load-deflection
curves of the hom/25 and hom/50 models occurs when the strains in the central span
reach the plateau of the o,-¢, diagram. Beyond this point, the load increases due to the
spread of the fracture area, which activates an increasing number of fibres.

There are large differences in the load-deflection curves between homogeneous and
inhomogeneous models, especially for beam FSB-b, whose fibre properties were
particularly unfavourable. Apart from this, the three inhomogeneous models are able to
predict the different structural performance between the two beams just by considering
the fibre parameters in the inhomogeneous region. Nevertheless, the 50/50 and 50/25
models significantly overestimate the experimental results. Only the 25/25 model offers
a realistic prediction up to the peak load; although it still overestimates the post-peak
response.

Fig. 8.14 illustrates the crack propagation phenomenon with the 25/25 model. The
contour plots depict the maximum principal strain at various deflection stages (A, B, C
and D in Fig. 8.13). At stage A, cracking has initiated in the lower part of the beams.
With increasing load, the crack localizes in the inhomogeneous region. In beam FSB-a,
an inclined crack develops at the same time as the damage zone grows (see stage B in
Fig. 8.14a). At stage C, cracking has spread over the inclined crack and in the lower part
of the central span. The highly deformed areas sustain a constant stress, because the
strains range within the limits of the plateau of the o0,-¢, diagram. Globally, the beam
has reached the maximum load. Increasing the load causes crack localization in the
inhomogeneous region once again. The load decreases gradually due to the unloading of
the adjacent regions and the strain softening of the critical crack when reaching the
strain level ;. Stage D shows the critical crack around a densely fractured area.

a)
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Fig. 8.14. Strain levels of the maximum principal strain for beams. a) FSB-a, and b) FSB-b. The
deflection levels A, B, C and D are depicted in Fig. 8.13.

The critical crack of beam FSB-b develops at the onset of cracking (Fig. 8.14b). At
stage B, the beam has reached the maximum load, and the critical crack has developed
beyond 80% of the height of the beam. Increasing load leads to propagation of the crack
towards the compressive zone. The crack path bifurcates in two opposite horizontal
directions (see stage C). This splitting crack is the result of the large reduction in the
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Part Ill. FE modelling of FRC as an inhomogeneous and anisotropic material

compressive zone depth above the crack, causing transverse tensile stresses. The crack
casily propagates horizontally due to the low residual tensile strength in the vertical
direction. This is related to the lack of fibres aligned in this direction and the low fibre
content in the upper part of the beam. From a numerical point of view, the bifurcating
crack path can also be due to the complex stress fields at the tips of the cracks paths
(Jirasek and Bauer, 2012, Slobbe et al., 2014). Experimentally, the crack branched and
inclined close to this area, but only in the direction of the end of the beam.

In general, the 25/25 model accurately predicts the location of the critical crack.
Limiting the fibre inhomogeneity to a part of the model undoubtedly helped localize the
crack in this region, but besides the crack location the model is able to capture
adequately its propagation and the overall fracture process as well.

Comparison of the load-deflection results of the 50/25 and 25/25 models provides actual
information on the extent to which the inhomogeneity of the fibre structure is well
captured. The two models correlate closely only at large deflections. Otherwise, the
50/25 model estimates a greater post-cracking response and peak load. This can be
ascribed to variations in the residual strength o, caused by homogenizing the fibre
parameters in smaller or larger volume regions. If larger volumes are used, possible
weak paths are “averaged away” (see Fig. 8.11b and d), which explains why the load-
carrying capacity of the 50/25 model is greater than that of the 25/25 model.

Up to its peak load, the results of the 50/25 model agree with those of the 50/50 model.
The 50/50 model, however, reaches its peak load at a considerably greater deflection.
Since the load decreases when the maximum strain exceeds &3, it seems that this strain
level may not have been properly calibrated. This parameter needs further study,
especially in terms of its mesh-size dependence.

Fig. 8.15 illustrates the strain contours of the three models of beam FSB-b at the
deflection stage B. Only the inhomogeneous region is depicted. The 25/25 model shows
the highly concentrated strains that follow the weak path of the fibre parameters (Fig.
8.11a). In the 50/25 and 50/50 models, the location of the critical crack is slightly offset
because of the greater homogenization of the fibre structure in coarser volumes.
Nevertheless, both models capture a certain inclination of the crack.
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Fig. 8.15. Strain levels of the maximum principal strain and vectors for the inhomogeneous
region of beam FSB-b in the three models: a) 25/25, b) 50/50, and c) 50/25.

8.5 Summary and conclusions

The current paper presents a modelling approach for FRC structural elements in which
the fibre structure is considered at an intermediate level between the fibre level and the
structural element level. The fibre structure is discretized and homogenized in volumes,
and incorporated in a numerical model. The model uses a single-phase material
definition depending on the local fibre parameters. In the absence of well-established
constitutive modelling techniques for this intermediate level, a simplified stress-strain
relationship was adopted. Heuristic material parameters were assumed, and a
phenomenological relationship to describe the effect of the fibre parameters in the post-
cracking response was calibrated. Further refinements should be aimed at establishing a
fundamentally-based definition of the material at this level to make it possible to
generalize the use of the method.

The modelling approach was implemented to analyse two beams in bending tests. The
fibre structures of the beams in their critical region were obtained using CT scanning.
The numerical results of the models incorporating these actual fibre structures presented
large differences from the models assuming homogeneous fibre properties. The
approach was able to capture a large difference in the bending capacity of the two
beams, which can only be attributed to the differences in their fibre structures.
Furthermore, it provided an adequate prediction of the location and propagation of the
critical cracks. The estimated maximum load proved to be sensitive to the volume
discretization of the fibre structure. A discretization in the range of half the fibre length
led to a good agreement with the experimental maximum loads. In general, the post-
peak responses were somewhat overestimated, which might be expected in view of the
simplicity of the material model.
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Part Ill. FE modelling of FRC as an inhomogeneous and anisotropic material

The use of this numerical approach is especially relevant to structural elements in which
the flow of FRC at the casting stage is expected to lead to an uneven distribution of the
fibres. The approach can be applied to structural elements whose fibre structure is
obtained using flow simulations. Furthermore, the low computational cost of the
numerical analyses makes it possible to study more complex structures.
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Chapter 9

Towards an integrated simulation of
casting and structural performance

9.1 Introduction

In the previous chapters, a novel modelling approach was presented in which the fibre
structure was taken into account in simulating the mechanical behaviour of FRC
elements. The actual fibre structure was experimentally determined using CT scanning.
This made it possible to validate the predicting ability of the proposed approach. In
practice, though, CT scans will not be available.

In this chapter, the approach is applied to a structural element whose fibre structure is
obtained using simulation of the concrete flow during casting. The aim is to
demonstrate the coupling between the two simulation approaches. A validation will not
be provided.

The demonstration example comprises the analysis of a wall element cast with self-
compacting FRC. The investigation by Dgssland (2008) revealed large variation in fibre
orientation within wall elements using a vertical casting process. Her study served as a
precedent for later analysis of these elements at NTNU. The wall element here
presented was described in Zirgulis et al. (2015b). The authors performed numerical
simulations of the casting process and a comparison of the fibre orientation with
experimental results. Standard test elements were sawn from the wall element. For this
reason, full-scale testing was not possible and experimental results are not available to
validate the results of the present chapter.

The fibre structure from the flow simulation presented in Zirgulis et al. (2015b) is
incorporated in the numerical approach to investigate the flexural behaviour of the wall
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Part Ill. FE modelling of FRC as an inhomogeneous and anisotropic material

element in relation to the inhomogeneity of the fibre distribution and orientation. A
three-point bending test was modelled for this purpose.

9.2 Materials and casting

The wall element illustrated in Fig. 9.1 was cast from a single point using self-
compacting FRC. Four tie bars were used to tie the vertical walls of the formwork. In
addition, nine standard beams (150 mm % 150 mm X 550 mm) were cast for three-point
bending testing in accordance with EN14651 (European Standard, 2005).

Fig. 9.1. Formwork dimensions, casting point, and position of the four tie bars. Dimensions in
mm (Zirgulis et al., 2015b).

The mix design is given in Table 9.1. It contained 0.5% vol. of steel fibres, which had
hooked-ends, a length of 60 mm, an aspect ratio of 80, and a minimum tensile strength
of 1050 N/mm? according to the manufacturer.

The concrete was stable and had a satisfactory workability to fill the formwork by its
own weight. The casting point was located close to one edge of the wall, see Fig. 9.1.
Mixing procedure, fresh concrete properties and casting process are described in detail
in Zirgulis et al. (2015b).
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Table 9.1. Mix design for steel FRC with 0.5% vol. fibres.

Component Dosage
Cement [kg/m’] 388
Silica fume [kg/m’] 19.4
Total free water [kg/m’] 196
Aggregate 0-8 mm [kg/m’] 1182
Aggregate 8-16 mm [kg/m’] 570
Super-plasticizer [kg/m’] 4.7
Air entrainer (1:7) [kg/m’] 1.0
Steel fibres [kg/m’, (% vol.)] 40, (0.5)
wi/b ratio [-] 0.47
Matrix volume (< 0.125 mm) [I/m’] 364

9.3 Simulation of vertical wall casting

A numerical framework was recently developed which is capable of predicting the free
surface flow of a suspension of rigid particles in a non-Newtonian fluid (Svec and Skodek,
2013, Svec et al., 2012b). The framework is a combination of the lattice-Boltzmann method
for fluid flow, a mass tracking algorithm for free surface representation, the immersed
boundary method for two-way coupled interactions between fluid and rigid particles, and an
algorithm for the dynamics and mutual interactions of rigid particles. The numerical
framework models steel fibres as thin rigid cylinders and takes into account features such as
the interaction between the fluid and the fibres, collisions between the fibres or between the
fibres and the formwork, though unfortunately it does not include the segregation effect.

This numerical framework was used to simulate the vertical casting process of the wall
element (Fig. 9.2). In Zirgulis et al. (2015b), the simulated fibre orientation pattern was
compared to the actual fibre structure, which was experimentally investigated using CT
scanning. The comparison showed reasonably good agreement and validated the use of the
numerical simulation tool.

At the end of casting, fibre orientation appeared to be strongly influenced by the casting
process. Most of the fibres were horizontally oriented in the area below the casting point
and close to the bottom surface of the formwork. Furthermore, the results revealed a
great impact of the tie bars on the fibre orientation and distribution.
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Fig. 9.2. Simulation of fibre orientation during vertical wall casting’. The white bars represent
the bars used to tie the vertical walls of the formwork.

9.4 Simulation of a bending test

9.4.1 FRC as an inhomogeneous and anisotropic material

The flow simulation presented in Section 0 can fully describe the fibre structure in the
investigated wall by providing the location of every fibre at the end of casting. The fibre
structure was discretized in volumes with dimensions of 50 mm X 50 mm X 150 mm, in
length, height and thickness direction, in order to define the local fibre properties. The
variations of the fibre orientation and distribution across the element thickness were
negligible, which explains why the wall is not discretised in that direction.

The fibre skeletons in Fig. 9.3a provides a first insight into the inhomogeneous and
anisotropic fibre structure. The figure illustrates the skeleton of fibres in a longitudinal
slice just 50 mm thick to avoid a too dense image. Fig. 9.3b and c illustrate the set of
local volume fractions and orientation ellipsoids obtained from the fibre structure. The
grayscale map reveals an uneven fibre distribution within the wall, though the low fibre
content along the edges seems unrealistic.

The nonlinear FE simulation of the wall was addressed as a 2D plane stress problem.
Eight-node quadrilateral plane stress elements with 2 X 2 Gauss integration were used.
The model was defined with the element size (50 mm X 50 mm X thickness of the wall)

5 www.dti.dk/4c-flow/33808
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Fig. 9.3. a) Skeleton of fibres, b) local volume fractions and c) dominant fibre directions (a;).
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Part Ill. FE modelling of FRC as an inhomogeneous and anisotropic material

coinciding with the volume discretization of the fibre structure. The model is denoted
50/50, where the first term refers to the volume discretization and the second term
indicates the size of the finite elements.

An imaginary loading was applied at the central point at the topside of the wall. The
horizontal displacement of this point was constrained, as well as the vertical
displacement of the two supports (Fig. 9.4). The load was applied incrementally using
displacement control. A linear elastic behaviour was assumed for the elements adjacent
to the supports and loading point. The convergence criterion was set at 5% based on a

{76

force norm.

Fig. 9.4. Mesh with 50 mm % 50 mm elements, supports and loading system for a wall element.

The nonlinear behaviour of the material was modelled with a rotating smeared crack
model based on a total strain concept. The compressive behaviour was defined using an
elastic-ideal plastic stress-strain model. The uniaxial tensile stress-strain model was
assumed to be as depicted in Fig. 9.5. Most parameters were derived from experimental
data and are related with the composition and characteristics of the FRC under
consideration. The calibration of the material parameters was already described in
previous sections (Sections 7.2.3 and 8.4.4). Table 9.2 summarizes the material
parameters considered in this case study.

g
" a1t)
o 5
’ a(1)
o ~&,
I'e, e,¢,
-

Fig. 9.5. Uniaxial tensile stress-strain relationship.
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Table 9.2. Material input parameters.

Material parameter

Young modulus [MPa] 38000
Compressive strength [MPa] 65
Fracture energy of plain concrete, G [N/mm] 0.154
Tensile strength, o; [MPa] 3.8
&[] 1.0-10*
&’ [-] (Eq. 8.6) 8.6:10™
& [-] (Eq. 8.7) 1.6:107

The FE modelling evaluates the fibre efficiency variable u at each integration point
based on the fibre parameter vy and the angle 0 between the fibre dominant orientation
(a1) and the principal strain direction (Eq. 7.4). The model thus assesses the residual
tensile strength o that defines completely the uniaxial stress-strain model. Eq. 9.1 and
9.2 describe the relationship between o, and u. For the present mix, this relationship was
established in Section 7.3.3 from the analysis of an experimental set of 15 specimens
which covered a wide range of fibre dispersions (see Fig. 7.7).

0,=720p1-320, if u>0.5 (9.1)
0:=077p, if 4<0.5 (9.2)

This model is therefore able to take into account the inhomogeneities of the fibre
structure and the anisotropic behaviour of the material.

9.4.2 FRC as a homogeneous and isotropic material (Reference model)

A reference model, denoted Reference/50, was considered for the purpose of
comparison. This model did not incorporate the local fibre parameters. The material
behaviour was therefore assumed to be isotropic and homogeneous throughout the wall
element. The uniaxial tensile behaviour was defined in accordance with Fig. 9.5, but in
this case the residual tensile strength o, was fixed as any other parameter of the
diagram. Its value was derived from three-point bending tests of the standard beams cast
in addition to the wall, and calibrated in accordance with the relationship o, = fz3/3 (fib,
2010). The average residual flexural tensile strength fz; obtained for the nine beams was
8.9 MPa; therefore o, was assumed to be 3.0 MPa.

The material parameters and the FE mesh for this model were the same as those for the
50/50 model (Table 9.2, Fig. 9.4).
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9.4.3 Analysis results

Fig. 9.6 compares the load-displacement curves of the 50/50 and Reference/50 models.
As expected, the two models predict exactly the same load-deflection relationship up to
the onset of cracking. Fig. 9.7-Fig. 9.10 illustrate the crack propagation phenomenon of
the two models using contour plots that depict the maximum principal strain at the
deflection stages A-D indicated in Fig. 9.6.

—=— 50/50
—©— Reference/50
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£
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Deflection at midspan [mm]

Fig. 9.6. Load-deflection responses of the wall for 50/50 model, and Reference/50 model.

At stage A, cracking has been initiated in the lower part of both models (Fig. 9.7). The
Reference/50 model reaches the peak load at the deflection level B. At this stage the
damage zone has extended and large strains concentrate at midspan in the lower part of
the wall (Fig. 9.8a). From that point on, the damage area grows upwards (Fig. 9.8a-Fig.
9.10a), and the load decreases gradually; at stage D the value is 79% of the peak load.

At stage B, the 50/50 model sustains 13% larger load than the Reference/50 model.
Moreover, Fig. 9.8b shows a smaller area of large strains compared to Fig. 9.8a. The
load increases up to stage C, at which the value is 26% larger than for the Reference/50
model. Increasing the deflection causes a sudden load reduction. At stage D, the applied
load is 76% of the peak load. For the 50/50 model, damage extends over a larger area
than for the Reference/50 model, and large strains do not propagate uniformly, but are
governed by the local material properties (Fig. 9.9b-Fig. 9.10b).
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b)

Fig. 9.7. Strain levels of the maximum principal strain of the wall at a deflection level A (Fig.
9.6) for: a) Reference/50 model, and b) 50/50 model (grayscale levels are defined in Fig. 9.5).

a) {7

Fig. 9.8. Strain levels of the maximum principal strain of the wall at a deflection level B (Fig.
9.6) for: a) Reference/50 model, and b) 50/50 model (grayscale levels are defined in Fig. 9.5).
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Fig. 9.9. Strain levels of the maximum principal strain of the wall at a deflection level C (Fig.
9.6) for: a) Reference/50 model, and b) 50/50 model (grayscale levels are defined in Fig. 9.5).
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Fig. 9.10. Strain levels of the maximum principal strain of the wall at a deflection level D (Fig.
9.6) for: a) Reference/50 model, and b) 50/50 model (grayscale levels are defined in Fig. 9.5).

The results in Fig. 9.6 indicate that modelling the walls disregarding the inhomogeneous
and anisotropic fibre configuration leads, in this case, to an underestimation of the load-
carrying capacity.

9.5 Conclusions

In this chapter, the coupling between the simulation of the casting process and the
modelling approach presented in Chapters 7 and 8 was demonstrated.

The flexural behaviour of a wall element cast with self-compacting FRC was analysed.
The fibre structure simulated in Zirgulis et al. (2015b) was incorporated in a FE model
based on the principles of the proposed modelling approach. The analysis was able to
take into account the inhomogeneities of the fibre structure and the anistotropic
behaviour of the material. This model was compared with a reference model, in which
the behaviour of the FRC was assumed to be isotropic and homogeneous throughout the
wall element. The comparison of the results revealed significant differences in the load-
carrying capacity and in the crack pattern.

This coupling between simulation tools offers a comprehensive framework linking the
casting process to the structural response. Simulations integrating casting and testing
might contribute to further investigate the limitations and opportunities of the use of
flowable FRC in load-carrying structures.

Chapters 4 and 5 had revealed mainly negative effects of the inhomogeneous and
anisotropic fibre configuration on the flexural behaviour of full-scale beams cast with
flowable FRC. The analysis presented in this chapter suggests, however, that the uneven
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fibre distribution and orientation may also have a beneficial effect, especially in
elements that can provide high levels of stress redistribution.
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Concluding remarks
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Chapter 10

Conclusions and future perspectives

10.1 Conclusions

This thesis has investigated the application of flowable FRC to structural beams. The
research included comparison between the performance of standard specimens and full-
scale beams with regard to fibre distribution and orientation, and their influence on
design assumptions and structural behaviour. Moreover, the research project involved
development of a modelling approach especially devised for structural elements cast
with flowable FRC.

The scope of this work aimed at covering the objectives presented in the introduction of
the thesis. In the following, the main conclusions of the project are presented in relation
to its original aims.

The structural behaviour of full-scale beams cast with flowable FRC

The results from the experimentally tested beams cast with flowable FRC reveal that the
increase in the load-carrying capacity provided by the fibres did not correspond to the
expected behaviour.

The mix with 2% vol. of steel fibres presented large deviations between the four tested
full-scale beams, a significant loss of ductility and atypical crack patterns. Similar
deviations were not observed for the hybrid polymer-steel FRC mix, whose fibre dosage
was limited to 1% vol. In both cases, however, full-scale beams exhibited considerably
less load-carrying capacity than estimated from the results of the standard three-point
bending tests.
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Fibre distribution and orientation in full-scale beams and their impact on flexural
behaviour

The characterization of the fibre configuration revealed that uneven distribution and
orientation of fibres can occur in full-scale beams cast with flowable FRC even though
inhomogeneity is not detected at the production stage.

The following observations were made for the full-scale beams cast with the hybrid mix
with 1% vol. of fibres:

. The polymer fibres distributed uniformly over the height and length of the beams.

. The tendency of the steel fibres to segregate depended on the consistency of the
fresh concrete; in any case, a non-uniform distribution was observed after a certain
flow length.

. The most pronounced orientation in the length direction occurred in the bottom half
of the beams.

. A higher degree of orientation was observed for polymer fibres than for steel fibres.

. These uneven fibre configurations led to varying mechanical properties of the FRC
within the beams. As a consequence, the overall structural performance of each
beam was most likely governed by a locally unfavourable fibre configuration.

The following observations were made for the full-scale beams cast with the mix with
2% vol. of steel fibres:
. CT scanning revealed that the fibres were oriented in accordance with wavy flow
lines.
. The fibre distribution presented an uneven pattern with bands differing in fibre
content and signs of segregation for some of the elements.
. The bands with low fibre content and the varying fibre orientation played an
important role in crack propagation and triggered early failure and loss of ductility.

Despite the apparently beneficial conditions of beam casting with regard to fibre
orientation, the present investigation has highlighted the potential existence of fibre
inhomogeneities associated with it. Furthermore, this study has helped disclose the
strong connection between variations in fibre configuration and variations in structural
behaviour, which might otherwise have been understood as variations intrinsic to the
material.

Fibre distribution and orientation in standard test specimens and their impact on
the material characterization

Chapters 4 and 5 evaluated the representativeness of small-scale specimens for the
characterization of the behaviour of full-scale beams for two types of specimens:
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specimens cast in a standard procedure, and specimens sawn or drilled to represent the
material in a structural application as closely as possible.

The results show that the fibre configuration in the standard beams differed little from
the average fibre configuration in the full-scale beams. This suggests that standard
beams can be representative for the material used in full-scale beams. Nonetheless:

. The inhomogeneities observed in the full-scale beams were not present in the
standard beams and, as previously mentioned, the presence of weak regions
governed the overall structural performance of the full-scale beams.

. CT scanning revealed a preferred orientation of fibres in planes perpendicular to the
vertical casting direction. This was observed in both full-scale beams and standard
beams, but the 90° rotation of the standard beams means that fibres were distributed
in vertical planes during testing.

. The presence of the notch in the standard beams reduced the influence of the fibre
configuration on the mechanical response.

The fibre configurations obtained by using CT confirmed that a test beam sawn from a
full-scale element and tested in the relevant direction is certainly a more representative
specimen than a standard beam. However, if a non-uniform fibre configuration occurs in
the full-scale element, the structural behaviour of the sawn beam will depend on its
location within the full-scale element.

Cylinders for uniaxial tension test showed large variations in their fibre configurations.
For cast cylinders, these variations were the result of constrained casting, while for
drilled cores they were related to the location of the cores within the full-scale beams.
The test results demonstrated the strong impact of fibre configuration, which indicates
the great difficulties associated with the use of this test.

This research project has demonstrated that variations in fibre content may be
significant in both test specimens and full-scale beams. If a non-uniform distribution of
the fibres occurs in an element, the determination of the orientation factor without
considering the actual volume fraction may lead to unsound conclusions. The combined
effect of the fibre orientation and the local volume fraction appears to explain the
variations in the post-cracking behaviour of FRC. A single parameter that incorporates
the contributions of both the fibre orientation and the local volume fraction, denoted the
fibre efficiency parameter (u), has been found to correlate well with the residual tensile
strength.
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Incorporating the effect of fibre configuration in the prediction of the structural
behaviour of flowable FRC

Based on the observations of non-uniform distribution and orientation of the fibres in
the full-scale beams studied, procedures for estimating the structural performance of
flowable FRC need to include determinations or predictions of the fibre configuration.

From a design-oriented perspective, one possible solution is to use small-scale standard
beams to evaluate the quality of the FRC and correct the design material properties
derived from this test to include favourable or unfavourable effects of the fibre
configuration, as recommended in e.g. the Model Code 2010. However, this correction
is based on the fibre orientation alone. In view of the large variations in fibre content
that were identified, both in test specimens and in full-scale beams, it is suggested that
correction methods should take account of potential variations in the fibre content as
well as orientation.

As a more advanced solution, a novel approach for FRC structural elements is proposed,
in which the actual fibre configuration is taken into account to simulate the mechanical
behaviour using FE modelling. The analyses presented in this thesis demonstrated that
this methodology was able to properly predict the large differences in bending capacity
of the beams tested, their loss of ductility, and their atypical crack patterns. Further
refinements should be aimed at improving the robustness of the simulations and
establishing a more fundamental definition of the material.

The application of the proposed approach calls for the use of predictive methods based
on flow simulations to determine the fibre configuration in the intended structural
application. The example presented in Chapter 9 showed that a coupling of the two
simulation approaches is possible and can lead to integrated simulations of casting and
structural behaviour. The proposed modelling approach combined with flow simulations
could contribute to a more efficient structural use of FRC.

10.2 Future perspectives

The present research project has helped illuminate the significance of fibre
configuration for the mechanical behaviour of flowable FRC. However, the correlation
of fresh concrete properties with structural design is a topic that deserves much further
investigation.

Some of the findings of this thesis suggest that to achieve material development there is
a need to characterize the robustness and fresh state performance of flowable FRC
under full-scale casting conditions. Both the casting process and the flow length require
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consideration. Flow-induced effects on fibre distribution are differentiating features of
flowable FRC that should be treated as such already in the material development stage.

Accurate design approaches require characterization of fibre distribution and orientation
in the structural application. Further development of detection methods to assess the
fibre configuration in multiple structural applications would help. Research in this field
is already ongoing, but further investigations should address increasing their availability
for industrial use. It is equally important to further develop the numerical tools that
simulate the casting process and predict the most likely fibre configuration. Further
development is needed to incorporate the fibre segregation effect, and to overcome the
limits imposed by computational time on the size of the structures or the number of
fibres that can be simulated.

The identification of design material properties based on the assumption of random
distribution and orientation of fibres does not seem to be appropriate for flowable FRC.
This is already recognized in several design guidelines for FRC; the Model Code 2010,
for instance, allows for favourable and unfavourable effects to be considered based on
an experimental evaluation of fibre orientation. However, at present there is a lack of
specifications for how this favourable or unfavourable fibre orientation can be identified
and implemented to correct the design material properties. The present thesis has helped
identify that, in addition to fibre orientation, variations in volume fraction should be
carefully considered. Further research is needed, however, to help establish a robust
methodology for practical applications.

For research and development purposes, the modelling approach presented in this thesis
has shown a potential to describe the influence of fibre structure on flexural behaviour.
However, there are still a number of possible improvements, for instance with regard to
the robustness and definition of the material. The basis for a fundamental definition of
the material should be established to enable more general use of the method. An
obvious next step is to evaluate the ability of the approach to both describe and predict
the structural behaviour for other geometries and/or loading conditions that lead to other
failure mechanisms than flexure.

Variations in fibre distribution and fibre orientation have been shown to have a strong
impact on the structural performance of the full-scale beams investigated in this project.
However, different structural elements have different sensitivity to the effects of fibre
configuration. This is related to the stress redistribution ability of the structural element,
and further investigations should address the investigation of this topic.

One specific focus area would be the investigation of dapped-end beams. Experimental
research at NTNU has confirmed that flowable FRC may efficiently simplify the high
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Part IV. Concluding remarks

concentration of reinforcement in the discontinuity region. Future work is planned to
analyse these elements with the modelling approach proposed in this thesis and some of
the elements have already been simulated and CT-scanned.
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