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Abstract

Fibre reinforcement can provide an alternative to conventional steel bars in
order to improve the efficiency and working conditions on construction sites
and in the prefabrication industry. Through the fibres ability to bridge cracks
they improve the structural behaviour of the concrete by increased shear,
moment and punching resistance, increased dowel effect, reduced crack
spacing and crack widths, increased flexural stiffness and increased ductility
in compression. A main reason for limited use of FRC in load-carrying
structures seems to be the lack of accepted design guidelines.

The principal aim of this research project is to improve the current knowledge
of the mechanical and structural behaviour of fibre reinforced concrete,
focusing on practical applications. An experimental study is carried out where
the following parameters are investigated: fibre volume, fibre length, steel
versus synthetic fibres, size effect, influence of conventional reinforcement,
self compacting versus vibrator compacted concrete, casting process and type
of structural element.

Most of the test series were evaluated through calculations and finite element
analysis (FEA) and compared with available design rules. Generally the
agreement was good, both with discrete and smeared crack approach. This
shows that FEA is an appropriate tool to determine the contribution of fibres
to the load bearing capacity. Moreover, the results of the test series implied
that the theoretical framework that exists today describes the behaviour of
fibre reinforced structures relatively well, and that the design rules which are
developed is satisfactory.






Sammendrag

Bruk av fiber som erstatning for vanlig slakkarmering i betongkonstruksjoner
er svaert aktuelt pd grunn av sterre krav til rasjonell utferelse, samt HMS-
forhold for jernbindere og mangel péd arbeidskraft. Fiberarmering 1 plasstopte
betongkonstruksjoner er 1 Norge 1 dag hovedsakelig begrenset til
stilfiberarmering 1 golv pd grunn og pastep og 1 spesialutferelser som
spraytebetong. En viktig arsak til at bruk av fiberarmering er sépass begrenset
er at en mangler generelt aksepterte regler for beregning og utferelse av
fiberbetong.

PhD prosjektet har hatt som hovedmil & eoke kunnskapen om bruk av
fiberbetong, bdde med hensyn pa utferelse og dimensjonering. Det
eksperimentelle arbeidet har 1 hovedsak vert finansiert gjennom et
utvikingsprosjekt der intensjonen har vaert & utvikle retningslinjer for
dimensjonering og utforelse av stalfiberarmert betong som igjen kan legges til
grunn for godkjenning fra byggherrer og bygningsmyndigheter. 1 tillegg har
PhD prosjektet omfattet syntetiske makro fiber, og felgende forseksserier er
utfort:

Heftegenskaper - Uttrekksforsek
Uttrekksforsgk av enkeltfiber med ulik betongfasthet, innstepingslengde og

fibertype (syntetisk makro fiber, stalfiber med endekroker). Forseksserien
viste blant annet at syntetiske fiber oppnar maks uttrekkskraft med heyere
uttrekkslengder enn stdlfiber. Det var tydelig at okt betongfasthet forbedret
heften mellom fiber og betong. Dessuten understreket uttrekksforsgkene at
endekrokene pa stilfibrene utgjor hovedbidraget til uttrekksmotstanden.



Fiberorientering - Konstruksjonselement av vibrert betong og SKB

Vegg og plateelement med selvkomprimerende (SKB) og vibrert
stélfiberarmert betong. Sma bjelker ble saget ut fra elementene og testet for a
finne boyestrekkfasthet og restfasthet etter opprissing. Formélet med
forsgksserien var & undersgke fiberorienteringen gjennom elementene.
Spesielt for plata med SKB var orienteringen jevn og gunstig. For de andre
elementene viste den store spredningen i resultatene at fiberorienteringen
varierte betraktelig. Forsgkene viste dessuten at middelspenningen i fibrene

var heyere med SKB enn med vibrert betong selv om fastheten var tilnermet
lik.

Bijelkepraving - moment og skjaerbrudd

16 bjelker med planlagt moment- eller skjerbrudd ble testet. Parametere som
ble undersegkt var vanlig vibrert betong kontra SKB, fibervolum, fiberlengde
og innflytelse av tradisjonell armering. For momentkapasiteten var effekten av
stdlfibrene dobbelt sd stor for den selvkomprimerende som for den ordinaere
betongen, noe som skyldes stor ensretting av fibrene i1 underkant av
bjelketverrsnittet. Det var liten forskjell 1 skjerkapasitet mellom bjelkene med
vibrert betong og de tilsvarende bjelkene med SKB. Forsgksresultatene var i
god overensstemmelse med dimensjoneringsreglene.

Syntetiske fiber
36 sma bjelker ble saget fra vegg og plateelement med ulike fibertyper og

konsentrasjoner. Formélet var & sammenligne restfastheten for SKB med
syntetiske fiber og SKB med stélfiber. Resultatene viste at syntetiske fiber kan
overfore strekkspenninger over betongrissene pd samme mate som stélfiber,
men siden maksimal spenning blir oppniddd ved heyere rissvidder kan
kapasiteten til betong med syntetiske makro fiber kun utnyttes ndr det blir
tolerert relativt hoye verdier for maksimal rissvidde.



Sterrelseseffekt
Bayeproving av 9 bjelker med tre ulike dimensjoner ble utfert for & undersoke

starrelseseffekt av stélfiberarmert betong. Tre bjelker var armert med 1 %
fiber, tre med 0,3 % fiber, og tre var armert bdde med 1 % fiber og kamstal.
Effekten av ekende tverrsnittsheyde pa beyestrekkfastheten tilsvarte vanlig
armert betong. For bjelkene med 1 % fiber minket maksimal last og duktilitet
relativt til last ved opprissing med ekende tverrsnittsheyde.

Plater med punktlast

13 plater med dimensjon 1,2 x 0,15 x 3,6 m fritt opplagte pa to render ble
palastet med en punktlast i midten. Formaélet var & underseoke effekten av ulike
fibertyper og armeringsforhold med hensyn til rissfordeling, duktilitet og
maksimal last, og & kontrollere om fibrene kunne overfore lasten fra midten av
platen til armeringsstengene som var plasserte nart langsidene av platen.
Resultatene indikerte at maksimum avstand mellom armeringsstengene 1
henhold til standard dimensjoneringsregler for vanlig betong kan ekes ved
bruk av fiber. Videre viste fibertelling at fibrene hadde en hovedorientering
langsetter platen, noe som tyder péd at fibrene hadde rettet seg parallelt med
flyteretningen til betongen.

Fiber som skjerarmering i1 hulldekkelement

12 fritt opplagte hulldekkeelement med dimensjon 4 x 1,2 x 0,32 m ble
belastet med en linjelast 800 mm fra opplegg for & undersegke om fibrene
kunne oke skjerkapasiteten til elementene. Produksjonsteknisk og med
tilslaget som var tilgjengelig viste det seg & vaere vanskelig & oppnd god
komprimering av betongen rundt spennstilet. Konsekvensen var at
kapasitetsokningen var neglisjerbar fordi det oppstod uttrekksbrudd av
spenntauene for skjarkapasiteten var oppnddd. Den eneste fordelen med
fibertilsetningen var derfor ekt duktilitet.



Fullskala lastforsek pd dekker
Fullskala lastforsek pd tre dekker ble gjennomfort i et betonghus pd Rena

militerleir der hele huset var utfert med stélfiberarmert SKB. Forsgkene viste
at fiber kan erstatte all tradisjonell armering 1 lastbaerende dekker med relativt
korte spenn.

Stepemetode

Fire veggelement av fiberarmert SKB ble stopt med pumpe og neddykket
slange ved Contigas elementfabrikk 1 Moss. Formalet var & preve om det var
mulig & produsere en stabil SKB for pumping med det tilgjengelige tilslaget, &
kontrollere om det ville oppstd fiberblokkering 1 rer/pumpe, og undersgke
fiberfordeling og -orientering gjennom veggene. Tre fibertyper ble brukt, to
typer stalfiber med endekroker og en type makro syntetisk fiber, og
fibervolumet var 0,6 %. I en av veggene ble slangen fort frem og tilbake, noe
som resulterte i en mer gunstig fiberorientering. Resultatene viste at
fiberkonsentrasjonen minket noe med ekende avstand til slangen, noe som
indikerer at betongen var pa grensen til separasjon. Betongens flyteretning var
mer konstant 1 denne forsgksserien enn for veggelementene som var stept med
tobb gjennom trakt fra toppen av forskalingen.

Forsgk sammenlignet med teori

Resultatene ble evaluert vha handberegninger og elementanalyser og
sammenlignet med tilgjengelige dimensjoneringsregler, og generelt sett var
overensstemmelsen god. Dette viser at det teoretiske rammeverket som
eksisterer 1 dag 1 hovedsak kan beskrive oppferselen til fiberarmerte
betongkonstruksjoner godt, og at dimensjoneringsreglene som er utviklet er
tilfredsstillende.
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Notations

Roman Capital Letters

A Concrete cross section
Ar Area of the cross-section of a single fibre
Aq Steel cross-section
Agy Stirrup cross-section
E. E-modulus of concrete
E, E-modulus of steel
F Force
Fa Anchorage capacity (pull-out model)
Froax Maximum force
F, Load at failure
Gt Fracture energy of concrete
L Member length
Lg Damage zone length
Moment
M., Cracking moment
Mijax Moment at maximum load
M Plastic moment
N Normal force
N¢ Number of steel fibres per unit area.
v Shear capacity
Ve Contribution of concrete to the total shear capacity
Vi Shear contribution from stirrups
V¢ Shear contribution from fibres
W Fibre content

Roman Lower Case Letters

Shear span
Width of cross-section

a
b

by Minimum width of cross-section
c Clear concrete cover on the bar

d Effective height of a cross-section
ds Fibre diameter

e Eccentricity

for Bonding strength for fibres (pull-out model)

fe Concrete compressive strength

fo* Concrete compr. strength at the most compressed side (CDZ model)

[mm’]

[mm’]
[mm’]
[mm’]
[N/ mmz]
[N/mm?]
[kN]
[kN]
[kN]
[kN]
[mm]
[mm]
[mm]
[KNm]
[kKNm]
[KNm]
[kKNm]
[kN]

[kN]
[KN]
[kN]
[kN]
[kg/m’]



fit Concrete tensile strength

fhieq Average equivalent bending strength

fires Residual strength of concrete after cracking

foy Yield strength of steel

h Height of cross-section

he, Crack band width

k Proportionality factor

kn Factor to determine characteristic values depending on number of tests

1 Span

1 Fibre length

n Number of cracks

Pe Size factor

S Bar spacing

Srm Average crack spacing

Sn Standard deviation

Vi Volume ratio of fibres

A4 Crack width

We Localized deformation (CDZ model)

X,Y,Z Cartesian coordinate system

Greek letters

o Fibre orientation factor

Olfq Filling degree (CDZ model)

B Share of uni-directed fibres

€ Strain

€0 Strain at maximum stress (CDZ model)

€ Compressive strain

€5 Tensile strain

e Elastic strain

gh Inelastic strain

€6 Steel strain

) Reinforcement diameter

n Factor which indicates how much of the fibre forces that acts in one
direction

A Ratio between fibre length and diameter 1¢/d¢

p Reinforcement ratio

Pr Section ratio of fibres

o Stress

Ofaverage Average stress in fibres

G Concrete compressive stress

Or Fibre bridging stress

— e e e e e e e e
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[N/mm~]
[N/mm®]
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6f,average
Gf,max
Gs

T

Average bridging stress in fibres
Maximum bridging stress in fibres
Steel stress

Shear resistance

Share of plane-orientated fibres

[N/mm?]
[N/mm?]
[N/mm?]
[N/mm?]






1 Introduction

1.1 Background

Fibre reinforcement can provide an alternative to conventional steel bars in
order to improve the efficiency and working conditions on construction
sites and in the prefabrication industry. Although fibres most often are used
for non-structural applications to control plastic and drying shrinkage, they
can also be applied to reduce or in some cases even replace ordinary
reinforcement bars. The labour cost makes roughly 40% of the total cost of
a concrete building [Lofgren, 2005], where a main part is related to the
reinforcement work. The reduced labour can in some cases offset the
increased material costs when fibres are used as replacement for
conventional bars, especially in Norway where the recruitment of
construction workers is particularly low. Moreover, the physically hard
reinforcement work often leads to health complaints and an early
retirement age. Fibres combined with self compacting concrete (SCC) is
furthermore a very promising concept which improves the working
conditions further, both with respect to efficiency and to health and safety
benefits, since the heavy and noisy vibration work is avoided.

From a structural aspect, the main reason for adding fibres is to improve
the fracture characteristics and structural behaviour through the fibres
ability to bridge cracks. Fibre bridging over the cracks leads to increased
shear, moment and punching resistance, increased dowel effect, reduced
crack spacing and crack widths, increased flexural stiffness and increased
ductility in compression.

The use of fibre reinforcement for structural applications is in Norway
mainly limited to slabs on ground and sprayed concrete for rock support.
Although extensive research has been done over the years to evaluate the



effect of fibres, existing standardised tests and design methods have not
always been consistent in its treatment. A main reason for limited use of
fibre reinforced concrete (FRC) in load-carrying structures seems to be the
lack of accepted design guidelines. A more general utilization of fibre
reinforced concrete in structural concrete structures require more detailed
design rules, combined with guidance regarding choice of fibre types,
concrete composition, execution rules and test methods.

1.2 Scope of the research

The principal aim of this research project is to improve the current
knowledge of the mechanical and structural behaviour of fibre reinforced
concrete, focusing on practical applications. An experimental study is
carried out, and the results are compared with available design rules and
with finite element analysis. Further, the connection between casting
method and fibre orientation is investigated, since the behaviour of fibre
reinforced structures strongly depends on the orientation and distribution of
fibres.

The experimental investigations in this thesis are financially supported by
the Norwegian industrial research project “Industrialisation of cast in place
concrete — Steel fibre reinforced concrete”, chaired by the contractor
Veidekke ASA. This has been a Norwegian joint programme with 14
partners (Consultants, material suppliers, contractors, building owners,
government agencies, universities and research institutes), with the main
objective to develop nationally accepted guidelines for design and
execution of fibre reinforced structures. Hence, a secondary objective of
the experimental program has been to support these design guidelines.



1.3 Outline of the thesis

A theoretical background for this work is given in chapter 2 and 3 while the
experimental study is presented in chapter 4 to 10. Chapter 2 describes
fibre characteristics, concrete mix design and also the mechanics of crack
propagation. Moreover, a summary of mechanical properties and testing
methods is presented, considering compressive, tensile, shear and pull-out
behaviour. Fibre orientation and fibre distribution is also treated, including
both theoretical orientation models and fibre orientation in practice; the
latter by describing the factors which imposes a pronounced fibre
orientation in a particular direction. A number of approaches are available
for structural analysis of fibre reinforced concrete both in the ultimate and
in the serviceability limit state. Chapter 3 describes some of these methods
considering both flexural and shear design and also including finite element
modelling. Further, design methods for fibre reinforced concrete in the
serviceability limit state are reviewed.

A series of pull-out tests is presented in chapter 4, where three main factors
are investigated; compression strength, fibre type and cast in length.
Chapter 5 focuses on fibre orientation based on bending tests on beams
sawn from different structural elements made with vibrator compacted
concrete (VCC) and self compacting concrete (SCC). Chapter 6 studies the
effect of steel fibres on the shear and flexural behaviour based on four point
bending tests on beams made with VCC and SCC. A comparison with
different available design rules are presented together with finite element
analyses. In chapter 7 the influence of synthetic fibres and steel fibres on
the flexural behaviour is compared, and size effect of fibre reinforced
concrete beams is treated in chapter 8. Chapter 9 examines the effect of
different fibre types and reinforcement ratios in slabs exposed to
concentrated loads, particularly in order to control if fibres are able to
transfer large stresses which enables increased maximum spacing between
reinforcement bars. Chapter 10 presents the results of three different field
tests. Firstly, steel fibres are used as shear reinforcement in prestressed



hollow core units. Secondly, full scale load testing is carried out on three
slabs in a fibre reinforced concrete building. The last field test covers a
series of SCC walls cast with tube, with the objective to study the
connection between casting method and fibre orientation. Chapter 11
summarises results and experiences gained from the experimental study
and presents the final conclusions.

Chapter nr
Parameters 4 (5|16 |7]|8]9]101]10.2]10.3
Compression strength X | (X)
Fibre volume X | X | X | X | X | X
Fibre length X X X | X X
Steel versus synthetic X X X X
Size effect X
Influence of reinfo. bars X X | X X
SCC versus VCC X | X
Casting process X | X | X X (x) X
Type of structural element X X

Figure 1.1: An overview of parameters investigated in the experiments,
which are described in the following chapters: 4. Pull-out tests, single
fibres. 5. Beams sawn from plates and walls with VCC and SCC. 6. Beams
designed for moment- and shear failure (VCC/SCC). 7. Synthetic/steel
fibres, beams sawn from wall/plate elements. 8. Scale effect. FRC beams
with different cross-section heights. 9. Simply supported slabs (fibres +
bars) with concentrated load. 10.1. Prestressed hollow core elements with
steel fibres. 10.2. Full scale loading on three slabs in FRC building. 10.3.
SCC wall elements cast with tube.




2 Fibre reinforced concrete

2.1 General — development and use of FRC

Research on fibre reinforced concrete has been conducted since the 1960°s
[Shah and Skarendahl 1985]. During the 1970s the commercial use of this
material began to increase, particularly in Europe, Japan and USA [Clarke,
Vollum et al. 2007]. Common application areas today are shotcrete,
pavements, industrial floors, precast elements and various kinds of repairs
[Carlswérd 2006].

The addition of randomly distributed steel fibres increases the cracking
resistance of concrete, i.e. the fracture toughness, ductility, impact
resistance, fragmentation and spalling resistance [Shah and Skarendahl
1985]. However, since fibres generally are distributed through the cross
section it is not possible to achieve the same area of reinforcement with
fibres as with conventional bars. Hence, for normal fibre contents, the
concrete exhibits a softening response.

Fibres are primarily used as replacement for conventional reinforcement in
non-structural applications in order to control early thermal contraction
cracking and drying shrinkage cracking. However, the use of fibres for
structural applications as part of the overall structural design is
continuously increasing. In some types of structures with relatively low
reliability levels for structural safety such as slabs on grade, foundations
and walls, fibres can replace ordinary reinforcement completely.
Furthermore, in load carrying structures in general, fibre reinforcement
may be used in combination with conventional or prestressed reinforcement.

Although economical issues has been the main limiting factor for practical
use of SFR, it is presently a more interesting alternative due to lack of



skilled concrete workers and need for industrialisation of the construction
industry [Kanstad & Dgssland 2004].

2.2 Fibres — material, geometries and physical
properties

A wide range of fibre types exists, which are made of different materials
and with various geometries. Some types of fibres are mainly used to
improve the toughness and reduce crack widths, while others are used to
reduce plastic shrinkage cracking or to avoid spalling of concrete during
fire [Lofgren 2005]. Commonly used materials are steel, glass, carbon,
polyvinyl alcohol (PVA), polypropylene, (PP) and cellulose. The fibres
come in many different shapes and sizes; PP-fibres can for instance be
twisted, fibrillated or monofilament. Macro fibres are often characterized
by their aspect ratio, i.e the length to diameter (or equivalent diameter)
ratio. Most steel fibres are round in cross-section with diameters between
0.4 and 0.8mm and lengths ranging between 25 and 60mm [Clarke, Vollum
et al. 2007]. The draft BS EN 14889-1 [British Standard institution 2006]
classifies steel fibres into fibre groups as follows:

Group | Cold-drawn wire

Group II  Cut sheet

Group Il Melt extract

Group IV Shaved cold drawn wire

Group V.  Milled from blocks
To enhance the bonding between fibre and concrete matrix, the fibres are
often deformed, i.e. by end-hooks or end knobs, or they can be crimped
(wave shaped) or twisted.

This work focuses on fibres used for structural applications, and for this
purpose slender high strength steel fibres are considered to be most
efficient. Further, synthetic fibres are becoming more attractive since they
can offer similar post-crack ductility to steel fibres.



2.3 Concrete mix design of fibre reinforced concrete

2.3.1 Concrete mix design - VCC with fibres

Fibres affect the workability of the concrete, and at high fibre dosages it is
often necessary to increase the filler content or the sand-to-coarse
aggregate ratio in the mix composition in order to obtain an optimum
packing density. If the maximum fibre volume is reached for a maximum
grain size and aspect ratio, the probability for fibre balling increases.
Moreover, the volume of coarse aggregate should not be too high compared
to the total aggregate volume.

The mix design of SFRC can be based on the same volume design
procedures as for plain concrete, where the fibres are considered as
additional coarse aggregates in the mixture. With fibres, a larger internal
surface needs to be moistened by cement paste, thus it is recommended to
increase the cement weight in SFRC compared to plain concrete.
Consequently, the surface area of the relevant fibre type should be
considered in the design phase. Moreover, limiting the maximum grain size
improves the workability and decreases the probability of fibre clustering.
[Kooiman, 2000].

2.3.2 Concrete mix design — SCC with fibres

Self compacting concrete (SCC) is flowable and fills formwork and
densely reinforced areas without vibration. With fibre reinforced SCC,
further improvements can be obtained with respect to working conditions,
time-saving and reduced labour costs. However, extended preliminary
investigations are often required as regards to mix design.

The slump flow decreases with increasing fibre volume and fibre length
[Groth 2000a]. Similar to VCC, adjustments in the mix design can be done
to account for fibres, and most often it is necessary to carry out test mixes



to ensure that the concrete maintain self compactability. The components of
fibre reinforced self compacting concrete  (FRSCC) have to be
homogenously distributed to avoid sinking particles, fibre clustering and
blocking [Griinewald 2004], and it is important to aim at a smooth grading
curve without gap grading [Thorenfeldt, Fjeld et al 2006].

Nemegeer [1999] studied the passing ability of FRSCC with the J-ring in
combination with the slump flow test in order to determine the bar spacing
required to avoid blocking. He found that a bar spacing of about two times
the fibre length was required to avoid blocking. The recommendations for
bar-spacing proposed by Groth [2000b] also include the aspect ratio and the
volume of fibres. However, the composition of the FRSCC was not
considered [Table 2.1].

s/ly | Lgde[-] | Max m; [kg/m’]
>3 |80 30
65 60
>2 |65 30
45 60
>1.5| 45 30

Table 2.1: Guidelines for assessment of blocking of SFRSCC where
s=(minimum) gap distance between re-bars, [=fibre length, d=fibre
diameter and m;=fibre amount. [Groth 2000b]

Griinewald carried out an extensive study to optimise the mixture
composition of FRSCC. The following criteria were applied to judge the
self-compactability; a slump flow larger than 600mm, no segregation of the
fibres, and a homogenous distribution of FRSCC on the flow table. In the
study, 11 reference mixes with maximum aggregate size of 16mm were
composed according to the Japanese method [Okamura and Ouchi 1999],
proportioned at the upper level of self-compactability. Different fibre types
were tested, and the maximum fibre contents obtained were 140, 100, 60



and 60 kg/m3 for Dramix 45/30, Eurosteel 50/50, Dramix 65/40 and
Dramix 80/60 respectively. With lower maximum aggregate sizes, even
higher maximum fibre contents were reached. However, the study indicated
that although the maximum fibre content depends on the mixture
composition, the upper limit is a fibre characteristic, which for instance
results in an upper limit of 80kg/m’ for Dramix 80/60.

The results were calibrated with a method for predicting the maximum
fibre content based on the CBI concept ‘risk of blocking’ [Peterson et al.
1998]. With the CBI method, the minimum amount of paste is calculated
based on the aggregate’s grading curve, its nature (natural or crushed) and
by using a “risk curve”, where the “risk of blocking” has to remain below
l:

7 <N

Risk of blocking : » — =% _« <
e
where n,; = aggregate contribution of group 1 to blocking [-]

N,y = blocking volume ratio of group 1 [-]; Napi=Vani/ Vi

V.= total volume of the concrete mix [m’]

V.i= aggregate volume of group i [m”’]

Vi = blocking volume of aggregate group i [m’]
Further, the blocking volume ratio n,,; is determined as a function of the
bar spacing to fraction diameter of the aggregates c/dy.

In Griinewald [2004] the CBI concept was adjusted by replacing the bar
spacing to aggregate fraction diameter ratio c/d¢ with the ratio of fibre
length L; to aggregate fraction diameter. The experimental study lead to
maximum fibre factor (v Ly/dg)max:
Maximum fibre factor= (0.781-MFC)/0.211

where the maximum fibre content (MFC) depends on the kind of
aggregates (crushed or nature), the volume of each fraction and the fibre
length.

MFC=Y ta o3
i=1

i=1 na,mﬁ i=1 " a,mfi

Vi
7
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The contribution of aggregate group 1 to the maximum fibre content (n,;) is
equal to the volume of each fraction (V) and has to be divided by the
blocking volume (V,ms) which is equal to the MFC-ratio n,m,s The
characteristic points of n, .,z were varied to obtain a high correlation with
the experimental results on the maximum fibre factor [Figure 2.1]. Hence,
the content and distribution of the aggregates determine the maximum fibre
content.

U7 1808 14081 300/0.96

0 T T T T 1
0 5 10 15 20 25

LDyt [-]

Figure 2.1: Relation between the ratio fibre length to equivalent
aggregate diameter L/D s and the MFC-ratio n, . [Griinewald 2004]

In addition to the filling ability, Griinewald found that steel fibres affect the
passing ability and segregation resistance significantly. The required bar
spacing for non-blocking was increased with increasing fibre content.
Hence, to optimise the mixture composition of FRSCC, the filling ability
and segregation resistance have to be balanced and the geometrical effect
of the fibres on the packing density has to be taken into account.
[Griinewald and Walraven 2003], [Griinewald 2004] and [Griinewald and
Walraven 2005].
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2.4 Mechanics of crack formation and propagation

The main benefit of fibres is their ability to transfer stresses across a crack,
and consequently enhancing the toughness and ductility of the concrete as
well as the absorption capacity under impact [Clarke, Vollum et al. 2007].

Concrete is a heterogeneous material with pores and micro-cracks caused
by shrinkage and thermal strains, which have been restrained by coarse
aggregates and boundary conditions. During loading, the matrix transfers
part of the load to the fibres before any macro-cracks are initiated. Hence, it
is theoretically possible to increase the strength of the material by adding
fibres. Yet, for the relatively limited fibre volumes that usually are added to
conventional concrete, the fibre reinforcement does not cause any
pronounced improvement of strength. This is related to the low tensile
strain capacity of the cementitious matrix and also to the increased porosity
that the fibre addition may induce. [Lofgren 2005]

Provided that fibre rupture is avoided (depending on the tensile strength of
the fibres) debonding between fibre and concrete starts on the shortest
embedded lengths until full debonding occurs. The initial micro cracks will
then start to grow and eventually lead to a macro crack which covers
several micro cracks [Kooiman 2000]. The bridging of fibres across cracks
provides a post-crack tensile strength to the concrete as illustrated in Figure
2.2. In addition to debonding and fibre pull-out, other mechanics like
matrix spalling and plastic deformation of the fibre might be present, which
will be discussed further in chapter 2.5.4. A detailed overview of the
mechanics of crack formation is given by Lofgren (2005).
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Figure 2.2: Schematic description of the stress-crack opening
relationship for plain concrete and for FRC [Lofgren 2005].

Depending on the amount of fibres crossing the crack and on the fibre-
matrix bonding, the post-crack stress can be larger than the cracking load,
resulting in a so called strain hardening behaviour where multiple cracking
occurs [Figure 2.3]. However, for normal fibre dosages (<1%) the material
exhibit strain softening behaviour, i.e the damage localises immediately
after initiation of the first crack.

“U[cl B y -
) HEFEC near tiple o
L\T elastic cracking ~ Localization
A cuasi stram hardening it W mﬂ
"W = =]
FEC O :% LB % B
witheut fibres % R
o > Hidh v Hih

Figure 2.3: Definition of high performance fibre reinforced concrete
[Kooiman 2000].



13

2.5 Mechanical properties and testing methods

Different test methods are available to estimate the mechanical properties
of fibre reinforced concrete. The reliability of the methods described in this
section is dependent on whether the difference in fibre orientation between
specimen and structure are accounted for, since the wall-effect can be
pronounced in the test specimens. The influence of wall-effect is primarily
depending on the relation between fibre length and specimen size. Other
aspects that influence the reliability of the methods are production and
storage of specimen. One example regarding production of specimens for
bending tests is given in Figure 2.4, which illustrates recommend casting
methods aiming on avoiding weakness zones with unfavourable fibre

orientation.
Pouring SCC
from one side of
the formwork
2 1 2

Figure 2.4: Filling method of beam specimens for FRVCC and FRSCC
[Griinewald 2004].

2.5.1 Compression

Moderate concentrations of fibres do not influence the compressive
strength significantly. However, fibre addition causes a less brittle failure.
Failure of concrete in compression is related to failure in tension, as tensile
stresses act perpendicular to the direction of the compressive load. The
tensile stresses cause growth of the pre-existing micro cracks in the
concrete, which eventually are bridged by mortar cracks as the stress
continues to increase. [Schumacher 2006]
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In a fracture mechanics based Compressive Damage Zone (CDZ) model
proposed by Markeset (1993), the failure is distinguished into two modes.
After reaching a stress of 0.75f., longitudinal cracking is initiated in a
limited part of the specimen, the so-called damage zone. The second failure
mode occurs after reaching the tensile stress, when lateral deformations
within the longitudinal tensile cracks forms a shear band as the adjoining
parts start sliding relative to each other. The effect of fibres in the presence
of cracks is mainly based on preventing these lateral deformations, which
results in a more ductile response [Kooiman 2000].
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Figure 2.5: The CDZ model for plain concrete in uni-axial compression
[Markeset, 1993]

The CDZ model is a constitutive macro-mechanical model which can be
used to calculate the stress-strain relation of concrete in compression. The
model has also been extended for additional confinement of the
compressive zone with stirrup reinforcement. An overview is given in
Schumacher (2006). Based on her research, Schumacher also proposed an
extended CDZ model to steel fibre reinforced self-compacting concrete
(SFRSCC).
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Figure 2.6: Average stress-strain relationship in the extended CDZ model
by Schumacher (2006).

All points in Figure 2.6 can be calculated from the following parameters:

Filling degree o = 0.9 for NSSCC

Nominal compression strength f'= fc-1430(e/h)2+3 80(e/h)
Youngs modulus E.= 0.9 - 9500f, "

Strain at maximum stress €= 0.7fc0'3 L0.8 - 7.5(e/h)2 +4.7e/h
Proportionality factor k=3.5+10Vd/ds+ 60e/h
Localized deformation w.= 0.7 for NSSC

Damage zone length/total length Ly/L =0.8-0.2Vd¢de- e/h

These parameters are determined by curve-fitting from several series of
deformation-controlled compressive tests described in Schumacher (2006).
Here e/h is the eccentricity versus cross section height, V¢ the fibre volume
and l¢d; the fibre length/diameter. The additional strain Ae takes into
account confinements provided by stirrup-reinforcement or other boundary
conditions. In her beam experiments, Schumacher accounted for the
confining action of the loading platen in the region with the maximum
moment by adding a strain A¢ and by increasing the concrete compressive
strength.
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The compressive strength for FRC can be determined by simple standard
tests, either on concrete cylinders or cubes [RILEM 2003]

2.5.2 Tension

The fibres influence the tensile behaviour of the concrete. It is mainly the
ductility which is affected, not the tensile strength, and the influence is
strongly dependent on the fibre content and fibre type. For engineered
cementitious composites (ECC), the fibre concentration can be large
enough to increase the tensile strength considerably, but for the moderate
fibre content that can be applied in ordinary concrete the effect on the peak
stress can be neglected.

Figure 2.7: Typical tensile behaviour for SFRC. The value of the post-
crack stress after cracking is called the residual strength fr ... Different
approaches exists for modelling the post cracking stress.

It is when concrete is exposed to bending that the fibres come fully into
effect as the softening response leads to a redistribution of stresses which
imposes a new state of equilibrium across the cross-section after cracking.
As a result, the maximum moment capacity may exceed the maximum
moment of plain concrete [Kooiman 2000].

Uni-axial tensile test

The post-crack response of strain softening FRC can be determined directly
in terms of stress-crack opening relation with the uni-axial tensile tests
(UTT) as described in the recommendations by RILEM (2001). This test is
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conducted as a displacement controlled tensile test on a notched cylindrical
specimen where both ends are fixed with respect to rotation. However, the
applicability of this test method is relative low due to the complex test
setup. The uni-axial tensile test is time-consuming and difficult to carry out,
and it demands highly trained and experienced personnel. It is therefore
more economical to determine the post-crack indirectly by bending or
splitting-tests without compromising on the reliability of the method. The
uni-axial tensile test is ideal for determining the basic 6— relationship
which is used in advanced design procedures. For development work on
fibres and for assessing the influence of fibre type and dosage the beam test
is more suitable [Clarke, Vollum et al. 2007].

Three point bending test
In the three-point bending test (3PBT) proposed by RILEM (2002), the
tensile behaviour is evaluated in terms of the load bearing capacity at a

certain deflection or crack mouth opening. Notched beams of dimensions
150x150mm cross-section with a minimum length of 550 mm are used as
standard test specimens [RILEM 2002]. The advantage of the notch is that
the crack forms in a predefined position and not in the weakest section.
Consequently, notched beam tests tend to give higher values of flexural
strength than un-notched beam tests but with a higher coefficient of
variation [Clarke, Vollum et al. 2007].

Wedge splitting test

In the wedge splitting test (WST) a cube or cylinder is split from one side
by a wedge. The load is applied in a deformation controlled way, and the
crack opening displacement is measured on top of the specimen. The
method does not require sophisticated test equipment. The UTT, WST and
3PBT were compared in a study carried out by Lofgren (2005). It was
found that the scatter of the WST was somewhat lower than for the two
other methods, although the scatter in general was large for all methods.
This can mainly be explained by the variation in number of fibres crossing
the cracks [Lofgren 2005]. Despite the fact that the test method is time- and
cost-efficient with good reproducibility, it is still not widely applied.
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Figure 2.8: Test setup for the uni-axial tensile test (UTT) [Rilem 2001],
three point bending test (3PBT) [Kooiman 2000] and wedge splitting test
(WST) [Van Mier 1997]

Four point bending test

The JCI bending test is used in the design guidelines for Dramix steel fibres
[Nemegeer 1997] and a corresponding method is also recommended by the
Norwegian design rule draft [Thorenfeldt et al. 2006]. In this test, 150 x
150 x 600 mm long un-notched beams are loaded to failure under four
point bending across a span of 450mm as illustrated in Figure 2.9. A
constant bending moment occurs in the section between the two upper
point loads. The deflections in the middle are measured and from this the
toughness and the equivalent flexural strength can be calculated.

The advantage with the four point un-notched bending test is that it
incorporates the effect of variation in the material’s strength [Kooiman
2000] since the first crack will appear at the weakest section. One
disadvantage is that the position of the crack cannot be predicted, which
makes it hard to measure the crack opening deflections.



19

R

L2 L/2 b
< <>

L@ —
.

Figure 2.9: 4-point bending. Rig for deflection measurements. L=450mm,
d=150mm, b=150 [Thorenfeldt et al. 2006]

In this thesis, the four point bending test is used to determine the tensile
behaviour, based on the recommendations in the Norwegian design rule
draft. The load is applied with a constant deformation rate at 0.1 mm/min.
The residual strength after cracking is taken as f..=0.37f;q, where fj¢q 1s
the average equivalent bending strength recorded between 0.5 and 2.5mm
deflection:
fiee= Fa12L/(bd")

where L, b and d is given in Figure 2.9 and F5)z) is the average load
between the deflections 6,=0.5 and 6,=2.5 mm which can be calculated
from the area under the load-deflection curve in this interval. The factor
0.37 expresses the difference between the tensile stress in the uncracked
section and the equivalent tensile stress in the cracked section. This is
based on the assumption that the depth of the compressive zone in the
cracked stage is 1/10 which results in a ratio between the section modulus
in the uncracked and cracked state of 0.37 [Kooiman 2000].

The fibre orientation is considered by cutting a block from the beam
specimen and counting the fibres crossing the cross-section. The block is
taken from the middle part of the beam between the twin loads at a
minimum distance from the crack of 2/31;, where I is the length of the fibre.
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Fibre counting is done on both sawn sections on the block (corresponding
to the longitudinal direction of the beam), and the average value is taken.
The method is based on test specimens sawn from plate- or wall elements,
depending on the structural elements in which it is intended to use fibre
reinforcement. The advantage is that wall effects are reduced, i.e. the fibres
tendency to orientate parallel to the walls of the formwork, and that the test
results are more representative for the real structure. A drawback of the
method is cut-off fibres on the sides of the beams which have reduced pull-
out resistance due to reduced anchorage as illustrated in Figure 2.10. The
estimated fibre orientation based on fibre counting on sawn-out blocks does
not consider that some fibres may be ineffective due to reduced anchorage.

L 2% g
. S e

Figure 2.10: Sawn surface — example of cut-off fibres without anchorage.

Testing of sprayed concrete [EN 14488 2006]
To determine the flexural behaviour of fibre reinforced sprayed concrete,

special testing methods exists. According to the European Standard [EN
14488 2006] the flexural strengths (first peak, ultimate and residual) are
determined by 4-point bending of specimens with dimensions 125 x 75 x
550, and the energy absorption capacity is determined from FRC slab
specimens. [Figure 2.11] The loads are applied at a rate of 0.25 and 1.0
mm/min for the beam and slab respectively, and the flexural behaviour is
determined from the load-deflection curves. It should however be noted
that it is not recommendable to characterize FRC by its energy absorption
only, since it does not relate the contribution of fibres to crack widths or
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deflections. Especially if synthetic fibres are used it should be considered
that the maximum pull-out resistance might be reached at relatively large
crack widths.
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Figure 2.11: Loading of test specimen for testing of sprayed concrete
according to EN 14488.

2.5.3 Shear

Fibres can be used as shear reinforcement as a replacement of stirrups in
beams and similar structural applications. Numerous tests have indicated
that the addition of steel or synthetic fibres significantly increase the shear
strength of concrete structures and transform the failure mode from a
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brittle-fracture to a more ductile one [Voo and Foster 2006]. As soon as the
matrix cracks, the fibres are activated, resulting in a pronounced
toughening behaviour due to fibre pull-out [Lofgren 2005]. The shear
transfer capacity can be significantly increased, depending on fibre
quantities [Barrigan 2002]. Moreover, the punching shear resistance can be
increased considerably with fibres [Shaaban and Gesund 1994].

Determining the shear behaviour of fibre reinforced concrete is challenging
due to the large number of parameters involved, e.g. shear span to depth
ratio, scale effect, type of fibre, fibre content and orientation, bonding
between fibre and concrete and also contribution from any longitudinal
reinforcement bars placed to sustain high flexural moments [Uomoto et al.
1986]. Several methods exist for determining the shear capacity. The post-
crack shear resistance is often based on post cracking tensile stresses
determined from uni-axial tensile tests [e.g. Casanova (1997)], or
equivalent post-crack flexural strengths determined from standardized
beam tests [e.g. Nemegeer 1996, RILEM 2003]. Different methods for
determining the shear capacity will be presented and discussed in section
3.4.

2.5.4 Pull-out

After cracking, the fibres transmit tensile stresses over the crack into the
surrounding concrete. To avoid brittle failure, fibre pull-out has to be the
dominating mechanism. Fibre fracture is not desirable. A potential fibre
rupture depends mainly on the fibre strength, matrix strength, embedment
length, fibre geometry and the inclination angle to the crack plane.
Obviously, it is of major importance to choose a suitable fibre-concrete
combination to minimize the probability for fibre rupture and at the same
time keep the adhesion high enough to ensure a sufficient residual strength
after cracking. Pull-out tests are fundamental to characterize the behaviour
of FRC, and can be used to optimise the fibre-matrix combination.
Together with knowledge about the orientation and distribution of fibres,
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the pull out tests can also be used to estimate the average tension over a
crack in a structure. A number of models are developed for this purpose,
and one of them will be briefly presented later in this section.

The pull-out process is simplified divided into different stages where the
following mechanisms are governing [Robins et al 2002]:
1)  Mechanical adhesion as a shear bond at the fibre-matrix interface
(bonded phase)
2)  Frictional shear bond along the fibre-matrix interface when the fibre
slips from the matrix (de-bonded phase)
The mechanical bond is the governing mechanism at very small pull-out
lengths, up to a few micrometres [Dupont 2003]. Since the material at the
interface zone is less hard than the surrounding bulk material due to higher
porosity, very fine cracks spread at a small distance (20-50 pwm) from the
fibre in the de-bonding phase [Markovic 2006]. At larger pull-out lengths
the second mechanism, friction, takes over. Since the displacements in the
first stage are ignorable compared to the second stage, the general cohesive
interface models are based on a perfectly bonded — de-bonded behaviour.
With this assumption, the pull-out force can reach a critical value without
any pull-out displacement taking place. Beyond this critical force, the
frictional pull-out in the de-bonded phase takes over. With deformed fibres
a third mechanism is introduced:
3)  Mechanical anchorage creating localised load transfer points
between the fibre and matrix [Robins et al 2002].
For hooked fibres the pull-out behaviour is dominated by the mechanical
anchorage. Through the pull-out process, the hooked end has to be
deformed into a straight end, provided that concrete spalling or fibre
fracture is prevented [Figure 2.12]. Since hooked end steel fibres are used
in all experiments carried out and discussed in this thesis, the effect of
mechanical anchorage is emphasized in the test methods and models
described in this chapter.
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Figure 2.12: Typical pull-out response for hooked-end steel fibres, de-
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Figure 2.13: Double side specimen for pull-out test [Robins et al 2002].
First, a fibre is cast in a high strength mortar. Thereafter the test matrix
is cast to embed the protruding fibre. The two concrete specimens,
connected by the fibre, are then pulled from each other.

Pull-out tests can either be preformed on a group of fibres or on single
fibres, and several models and test setups are in use. The pull-out test can
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be preformed both on double- and single side specimens. Different test
methods for fibre pull-out are described by Patrik Groth [Groth 2002a]. An
example of a pull-out test well suited for hooked-end steel fibres is
illustrated in Figure 2.13 [Robins et al 2002]. The test is adapted to
different embedment lengths and angles. For inclined fibres, it is a major
advantage to use a double side specimen, since force is directed in a way
that is more true to the real pull-out behaviour in cracked concrete.

Constitutive relation — modelling the pull-out behaviour

Extensive studies have been carried out in order to model the pull-out
behaviour of fibres. Two fundamentally different approaches were
developed in the 80’s to identify the bond parameters, the stress approach
[Nammur and Naaman (1989)] and the fracture mechanical approach
[Stang and Shah (1986); Gao (1987); Morrison et al (1988)]. Both
approaches describe the pull-out behaviour of a single straight fibre
embedded perpendicular to the crack surface.

In the first approach, a general stress-based equation is developed for a
perfectly bonded — de-bonded material, where the criterion for growth of
the de-bonded fibre/matrix interface is expressed in terms of interfacial
stress. At a certain de-bonded length, the shear stress has a maximal value
where the de-bonded zone ends. By combining an equation for the maximal
shear stress and an expression for the displacement the total fibre
displacement versus pull-out load can be determined numerically. A
detailed calculation can be found in [Stang, Li, Shah (1990)]. The model
gives a good approximation of the material behaviour, but it is rather
complex, primarily because some of the input parameters have to be
determined from complicated fibre pull-out tests. [Dupont 2003].

In the fracture mechanical approach, the criterion for interfacial de-bonding
is expressed in terms of energy equilibrium [Stang, Li, Shah 1990]. As
opposed to the stress based model, an analytical solution is possible with
the fracture mechanical approach, but also here the extensive input
parameters put a limit on the practical use of the model.
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The average tension over a crack in a structure can be estimated from
single fibre pull-out tests. The individual stresses carried by each fibre with
different embedment lengths and angles are then summed and divided by
the area of the crack plane. [Dupont 2003]. Models developed for
averaging are developed by Balaguru and Shah (1992), Van Gysel (2000)
and Stang and Li (2005) among others. The fibre bridging stress versus

crack-opening relation 64d) can generally be expressed:

g 1 - ~
(5)=% [ [ P&.L)g@cosop(@)dL.dg [Stang and Li 2005]
4

Oy

where

V¢and Aris the volume and cross-section area of the fibres,

0 is the inclination angle,

P(J,L.) is the single fibre bridging force [Lin, Kanda and Li (1999)],

g(0) is a function for the normalized load and inclination angle, which may
be obtained analytically or from data fit to experiments and

p(®) is a probability density function.

Fiber pull-out behaviour — conclusions from experiments carried out

Several factors have to be considered when transforming the stress-crack

width relation from a single pull-out test to an average stress for a group of

fibres with different orientation and embedment lengths crossing a crack. In

addition to fibre and matrix properties, the following parameters affect the

pull-out behaviour:

- Matrix spalling: If the embedment length is too short, the hook, together
with the surrounding matrix is pulled out. To incorporate this into the

calculation, the stress in the fibre should be put equal to zero if the
initial embedment length becomes smaller than a certain fraction of the
fibre length.

- Ineffective anchorage: Even when matrix spalling is avoided, a fibre
with end hook will not be fully effective unless the hook is straightened,
and it will not be straightened if the embedment length is too short.
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— Inclined fibres: The toughness of hooked end and straight fibres has
been shown to maximise at a non-zero inclination angle, typically
between 15-40 degrees [Robins et al 2002]. This is mainly due to the
snubbing effect which results in a higher pull-out force [Dupont 2003].

Snubbing effect causes the fibre segments bridging a crack to remain
essentially normal to the crack plane as the crack opens [Stang and Li
2005], but at a certain limit other mechanisms are introduced; the
concrete will get a local spalling and the fibre bends. Spalling often
follows snubbing because of the high concentrated load where the fibre
is forced to bend [Dupont 2003], illustrated in Figure 2.14. Another
observation with regard to inclined fibres is that the pull-out response
becomes increasingly less influenced by matrix strength and
increasingly more influenced by the mechanical properties of the fibre
as the inclination to the concrete crack surface increases [Robins et al
2002]. This is due to the snubbing effect; the fibre attempts to straighten
in line with the direction of loading, and so inclined pull-out is often
associated with yielding of the fibres. Hence, the snubbing effect also
leads to higher probability for fibre-rupture. The behaviour of synthetic
fibres in pull-out is similar. The pull-out resistance increases with
increasing angle due to snubbing, but unlike steel fibre, the additional
force due to fibre bending is negligible for synthetic fibres as a result of
their low bending stiffness. As for steel fibres, the probability for matrix
spalling increases with increasing inclination, and so the strength of the
cement matrix influences the pull-out resistance at high angles. Another
observation from experiments carried out is that the scatter in the data
increases at inclination angles. [L1 Wang and Backer 2006]

- Spacing between fibres: When the fibres are very close to each other in

a group it can happen that a part of the concrete breaks off, especially
with hooked end fibres [Dupont 2003]. This reduces the efficiency of
the fibres considerably. The risk of concrete pieces breaking off
increases with increasing fibre content.

- Fibre pre-stressing: Shrinkage of the test specimens before loading leads

to pre-stressing in the fibres. The pre-stressing magnitude is gradually
relaxed and diminishes to zero when the fibre is fully de-bondend. It
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decreases rapidly with increasing crack-width and becomes negligible
beyond 100um. [Stang and Li 2005]
- Cook-Gordon effect: When a crack propagates normally towards a fibre,

de-bonding occurs between the fibre and matrix. This happens before
the crack actually reaches the fibre since the maximum tensile stress is
located at a distance ahead of the matrix crack. The so called Cook-
Gordon effect creates an additional crack-opening that should be
accounted for. [Stang and Li 2005]

Spalling

Snubhing

Figure 2.14: Spalling often follows snubbing because of high
concentrated load where the fibre is forced to bend.

To be able to adopt a good fibre-matrix combination, it is important to be
aware of all the above mentioned basic mechanisms of fibre pull-out. But
for practical applications, it appears to be too time- and cost consuming to
determine all of the parameters needed to calculate a comprehensive
constitutive relation, like the approaches developed by Stang, Li & Shah
(1990), [Balaguru & Shah 1992, Stang & Li 2001, Van Gysel 2000]. And
even if these preliminary tests and calculations are carried out, the natural
variations in the material may still result in an inaccurate estimate of the
behaviour during failure in the actual structure. Since practical use of FRC
is emphasized in this thesis, a more simple approach is presented in the
next section.
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Test method: Pull-out tests on single fibres [Thorenfeldt et al 2006]

The test method presented here is part of the Norwegian design rule draft
for steel fibre reinforced concrete [Thorenfeldt et al. 2006]. Through this
procedure, the anchorage capacity of single steel fibres in concrete is
determined, dependent on the type of fibre, anchor-length and concrete
strength. The load-deformation relation through pull-out is used to establish
the characteristic maximal stress and expected average stress in the steel
fibres after crack formation.

| |
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Figure 2.15: Test setup

Ji

Cylindrical concrete specimens (diameter = 100 mm and height = 60 mm)
with one single fibre partly cast in perpendicular and centric to the concrete
surface are placed in a test rig, as shown in figure Figure 2.15. A gripping
device is fixed to the protruding fibre, and the fibre is pulled out of the
concrete with a constant deformation of 0.2 mm/min up to a deformation of
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3 mm. The load and deformation is logged every sixth second. The pull-out
is defined as the summation of fibre slip and fibre elongation.

The reference cube compressive strength f; ., for the concrete is calculated
as the average of the measured strengths on minimum three cubes taken the
same day as the pull-out tests. The corresponding tensile strength is

calculated:
Sorrer= 0,3 (fire)™® NS 3473 (2003)]

The pull-out load versus displacement is plotted for each test, and the
anchorage capacity is taken as the average load between pull-out
displacements in the interval of 0.5-2.0mm (minimum three specimens):
Fi, : Average anchorage capacity for tests specimens with anchorage
length [, = [;/2.

F,, : Average anchorage capacity for tests specimens with anchorage
length /,, = [;/6.

The corresponding characteristic values (with index “k) are determined
from:

Fik =Fim—Kasa Fax = Fomn—kysp
where s, is the standard deviation, and k, is a factor depending on the
number of tests [Table 2.2].

N 3 4 5 6 8 10 {20 |30 |

k, (s known) 1.89(1.83 | 1.80|1.77{1.74|1.72 | 1.68 | 1.67 | 1.64

k, (s un-known) | 3.37 | 2.63 | 2.33 | 2.18 | 2.00 | 1.92 | 1.76 | 1.73 | 1.64

Table 2.2: Standard deviation s, and factor k,.

The characteristic maximum tension in the fibre and corresponding average
bonding strength:

Oficmax = F 1k /Af

S  =Ful/(mdly)) = 2F ;. [(drly)
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where A is the cross-section area of the fibre, d; is the fibre diameter and I;
the length of the fibre. For fibres with hooks or other anchoring, the
bonding strength for the straight part of the fibre is calculated as:

o = (Fix — Fo)/(mdy (I 12- 15)) = (F i — Fo)/ (redy 1y /3)

The anchorage capacity is F, = F—0,5-fys;'m-d¢’ls, and the corresponding
expected characteristic average stress for FRC in tension can be taken as:
O}k,average = (ﬁk / ﬁ:t,re}‘) 075 O}k,max
for straight fibres, and for fibres with hooks/anchoring:
O-fk,average = (ﬁk /j;’t,ref) : (Oazsﬁflndflf—i_ 037 Fa)/Af
where f; = characteristic tensile strength.

All embedment lengths are included in this expression, therefore oy uq has
to be multiplied with a factor 0.5 (corresponding to an average embedment
length of 1¢/4). The anchorage capacity in the second term for the fibres
with hooks is multiplied with a factor 0.7. This is done to account for the
short embedment lengths where the hook is not fully straightened. The
effect of increased capacity for fibres with inclination 15°-40° is not
regarded, as it is assumed that the reduced capacity at higher inclination
angle due to spalling neutralizes the former advantage.

In the end, the characteristic average stress can be used to determine the
residual post cracking strength of the concrete: fixres= 1 * V¢ * Ok average-

2.6 Orientation and distribution of fibres

2.6.1 Introduction

The post-crack tensile strength of fibre reinforced concrete is very much
dependent on the distribution and orientation of fibres, which again is
governed by the casting process, the concrete mix, the size and geometry of
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the specimen and potential obstacles like reinforcement bars. In this section
the factors affecting the orientation and distribution of fibres will be
discussed, and a theoretical model for fibre orientation is described.
Moreover, a method for estimating the fibre orientation based on fibre
counting on sawn sections is introduced.

2.6.2 Factors influencing the orientation and distribution

The composition and workability of the concrete affects the orientation and
distribution of fibres. The fibre orientation in self-compacting concrete
(SCC) depends strongly on the flow of the concrete during casting, whereas
the vibration is the main influence factor with vibrator compacted concrete
(VCCO). Since factors influencing the orientation are different for VCC and
SCC, they are treated separately in this section.

VCC:

It is widely accepted that compaction by vibration of SFRC generally
results in an anisotropic material [Kooiman 2000]. When the concrete is
compacted on a vibration table, it is likely that a planar-random orientation
occur perpendicular to the direction of the vibration [Kooiman 2000,
Barrigan 2002]. Yet, if the specimen is only vibrated for a short time,
vibration will not have a significant effect on the orientation [Dupont 2003].
Obviously the vibration time depends on the workability of the fresh
concrete; if the workability is too high a short vibration time will result in
poor compaction.

The use of to use immersion vibrator for compaction is not recommended
since the fibres disperse where the vibrator is placed into the concrete. This
can cause weakness zones where almost no fibres are present, or where the
main orientation of fibres is pronounced differently from the average
orientation in the element. However, immersion vibrator may often be the
only possible compaction method for practical use in full scale structures.
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Several studies have shown that the main orientation of fibres is
perpendicular to the direction of casting [Bonzel and Schmidt 1986, Lin
1996, Barragan 2002, Rosenbusch 2003]. This is based on tests performed
on cylinders drilled from beams [Bonzel and Schmidt 1986, Barragan
2002] and slabs [Lin 1996] taken parallel and perpendicular to the direction
of casting. The compaction of concrete in these tests was done either by
tamping or by shortly using a vibration table (15-40 sec), and the vibration
was not considered to have any noticeable influence on the orientation.

SCC:

The SCC has to be very stable to avoid an uneven distribution of fibres. If
the concrete tends to separate, a higher steel-fibre concentration in the
lower part of the structure can be expected. For synthetic fibres, the
opposite will occur.

Nemegeer (1999) found a pronounced orientation of long steel fibres in a
direction parallel to the flow. In his study slices taken from hardened
SCFRC from an L-box were analyzed. It has to be noted that general
conclusions from these tests are undermined by the strong wall-effect
during casting which might cause a deviating orientation. [Griinewald
2003]

Griinewald (2003) found the opposite; several cylinders were drilled from a
series of tunnel segments to determine the orientation, and the results
indicated that the main orientation of the fibres were perpendicular to the
flow [Griinewald 2003]. However, it is likely that the funnel used during
casing pre-orientated the fibres, which subsequently affected the orientation
through the segment. Hence, no categorical conclusions can be drawn from
the test series.

The flow of SCC is strongly dependent on casting procedure. For instance;
a more uniform flow will occur along a beam if it is cast from one end of
the formwork than when the concrete is poured from the middle of the
beam. The same is observed for slabs. The flow direction through a wall is
complex and hard to predict. In a study by Nyholm Thrane (2005), a series
of SCC-walls were cast with tube fixed near one bottom corner of the wall.
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Plexiglas formwork made it possible to observe the flow during casting,
and colour was added to the concrete. The main flow direction is illustrated
in Figure 2.16. The observations show that the flow is mainly vertical
closest and furthest away from the casting point and mainly horizontal in
the middle of the wall. Moreover, it was shown that a single fluid
simulation of a Bingham fluid captured the observations of the flow
patterns observed in the form filling experiments.

 Toersm

Figure 2.16: Flow during casting and the wall after demoulding, side of
inlet [Thrane 2005]. During casting the new concrete removes the already
placed concrete first longitudinally and then upwards further away from
the casting point.

Uneven fibre distribution due to obstacles

Obstacles like reinforcement bars and cut-outs influence the orientation and
distribution of fibres. It should be taken into consideration that the
minimum distance between the bars is related to the fibre length and fibre
volume, otherwise blocking may occur. This is especially important for
structures with SCC, since the flow of the fibre concrete easily get hindered.
Groth (2000) studied the passing ability of FRSCC and recommended the
bar spacing to be at least three times the fibre length. In a study by
Griinewald (2004) the CBI-approach ‘risk of blocking” was extended for
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the effect of the steel fibres. The content and the distribution of the
aggregates, the type and the content of the steel fibres was considered to
calculate the bar spacing for non-blocking. Griinewald defined the blocking
factor:
BF = ROBgg) * v¢ * BD

where ROBggs) 1s the risk of blocking dependent on bar spacing, v is the
fibre content (vol%) and BD is the blocking diameter BD=0.553d;""!
(de=fibre diameter).

By curve-fitting a series of experiments, a model for the blocking factor
was defined:

BF =0.607 * c/L¢— 0.857
where c is the clear spacing between the reinforcement bars [mm] and L is
the fibre length [mm].

To calculate the bar spacing required for non-blocking, the blocking factor
is determined from the mixture composition. To calculate the ROB, the
actual bar spacing has to be estimated. A comparison between the
estimated and calculated bar spacing is required to control the assumed bar
spacing. [Griinewald 2004 ]

The fibre orientation in a structural member is also influenced by its
boundaries since the fibres tend to orientate themselves parallel to the wall
of the formwork. Especially for small specimens with long fibres, the wall-
effect affects the orientation. Calculation models to estimate the wall-effect
are developed, and will be presented in the next section.

2.6.3 Theoretical model for orientation

Various analytical and semi-empirical expressions for the combined effect
of fibres on the mechanical properties of FRC can be found in literature. As
a basis for modelling in this thesis, the influence of fibres after cracking is
considered according to [Thorenfeldt 2003]. Compared to the
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comprehensive work by Li et al. (1991), several simplifications related to
the modelling of single fibres are made.

The most important factor in tension modelling is the force resultant in the
fibres crossing a crack. However, the relative amount of fibres crossing a
section, i.e. the section ratio, is also of interest because the theoretical value
can be related to results from fibre counting and used to describe for
instance systematic anisotropic fibre orientation. [Kanstad & Dgssland
2004]

r sing

Figure 2.17: Determination of force resultant in the fibres crossing a
crack. [Thorenfeldt 2003]

The horizontal plane in Figure 2.17 represents an area of the crack plane
while the hemisphere represents the directions in which the fibres will be
evenly distributed if isotropic conditions are assumed. The fibre fraction
with the angle (¢ Ad/2) is given as the relation between the area of the
ring on the surface shown in Figure 2.17 and the area of the hemisphere
2mr® [Thorenfeldt 2003]:

Prap = (2Trsing rAQ)/2nr’ = sind Ad (1)

The corresponding volume ratio for this fraction is:
Veap = Ve SING Ad (2)
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where v; is the fibre volume. The section ratio py is defined as the area of
fibres per unit concrete area. Integration of Equation (2) multiplied by cosd
for all fibres with direction angle ¢ between 0 and n/2 gives the section
ratio for all fibres crossing the crack plane:

Py = V¢ Jsing cosd dd = v [(1/2) sin’d] = v¢ /2 (3)

The result demonstrates that 50% of all the fibres present in a unit volume
will cross a plane in any direction. If it is assumed that all the fibres are
evenly distributed in a plane, the section ratio normal to this plane will be
0.637v;. Furthermore if the orientation is unidirectional the section ratio
will be equal to v¢. [Thorenfeldt 2003, Kanstad & Dgssland 2004]

Returning to the isotropic conditions, and assuming that the fibres behave
in accordance with the theory of plasticity, the corresponding normal force
resultant per unit concrete area can be determined as [Thorenfeldt 2003]:

fop = Vfcaverage_[ sind coszq) do = -v¢ Gaverage[cos3 ¢O/(2+1)] = V¢ Caverage!3 (4)

where Ojyerage 1S the average stress in the fibres crossing the crack at
relevant crack width. This stress is mainly determined by the adhesion of
the fibres to the concrete, including anchorage capacity for fibres with end
hooks, and it is limited by the tensile strength of the fibres.

As basis for this equation it is also assumed that the fibres keep their
original direction after cracking. The normal force per unit concrete area
will hereafter be called the residual stress of the concrete, fi.. For an
arbitrary orientation, the normal force can be expressed as:

ft,res =M Vg Gaverage

where 1 is a capacity factor which indicates how much of the fibre forces
that are effective normal to the crack plane. The capacity factor is /5 for
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isotropic orientation, 2 when the fibres are plane orientated and equal to 1
if all of the fibres are directed normal to the crack plane. Simplified the
capacity factor n for a given fibre orientation can be taken as [Thorenfeldt
et al. 2006]:

n=2/3 o when 0.3<0<0.5

n=4/3 o—1/3 when 0.5<0<0.8

In which the orientation factor is defined as o0 = p/ve=ng A¢/(ve-A,) and ny is
the number of fibres. The upper and lower limit of 0.3 and 0.8 is set
because an orientation that exceeds these limits is highly unlikely in
practical applications.

Some advantages of the present model, compared to other approaches, is
that it is linearly related to the fibre content, and that anisotropic fibre

orientation relatively easily can be accounted for.

Estimating the fibre orientation in a specimen

According to the test method proposed in the preliminary Norwegian
design method for FRC [Thorenfeldt et al. 2006] described in section 2.5.2
the orientation factor can be estimated by counting fibres on a sawn block
taken near the cracked section of a beam exposed to 4-point bending. In
this method, the volume of fibres may be determined by crushing the prism
and extract and weigh the fibres. Another approach suggested here is to
count the fibres on three sections perpendicular to each other to estimate
the fibre volume. The latter approach is based on the theory of Thorenfeldt
(2003). It 1s assumed that all orientations can be described as a combination
between three ideal orientation situations as illustrated in Figure 2.18. If the
orientation is isotropic, the section ratio of each direction 1s p; =p, =p;
= v¢/2. If fibres are horizontally orientated in plane 1-2, the section ratio in
the two directions will be p; = p, =2/m#v, =0.64 v (p; = 0). If all fibres are
uni-directed, the share of fibres in this direction would be p;=Vv, (p> = p3
= 0). It is proposed that the share of fibres in each direction for a prism with
an arbitrary fibre orientation can be described by combining the three ideal
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orientation situations [Figure 2.18]. This gives the number of fibres in each
plane as a function of v, ® og B (N;>N,>Nj3):

A
N, = AC v,-(0,5+0,140+0,5/3)
f

N, =2y (0,5+0,140-0,55)
Af

N, =2
4

A

v,-0,5(1- )

where 3 is the share of uni-directed fibres and ® the share of plane
orientated fibres. Combining these equations leads to an expression for the
fibre volume:

16 16 A

c

9 7 )4
Vf:(Nl+—N2+—N3j—f

Isotropic Plane Uni-directed Total

Direction 3
p=v 0.5 (1-0-P)
P3

P1 Direction 1
P2 2 R
p=v [0.5(1-0—P) + 0.64w + B]

/ Direction 2

p=v [0.5 (1-0—P) + 0.64m]
Figure 2.18: Share of fibres in each direction p, under the assumption that
every orientation situation can be described by a combination of uni-
directed fibres (f), plane orientated (@) and isotropic orientated fibres
(1—w—L). The number of fibres in the three directions N;>N,>Nj.



40

Hence, the fibre volume can always be estimated by counting fibres on
three cross-sections perpendicular to each other. This method requires less
work then the previous mentioned, where the concrete is crushed and the
fibres are extracted in order measure the fibre volume in the specimen.
Another advantage is that the orientation in all three directions can be
estimates. On the other hand it 1S more uncertain, since it is based on an
idealized even distribution of fibres in the prism.

Bounderies — wall effect

Fibres tend to orientate parallel to the boundaries, inducing an orientation
which is increasingly two-dimensional with decreasing thickness of the
element. To account for this, Rosenbush (1996) made use of the following
function proposed by Lin (1996):

0=0.382¢""""+0.37
where h is the thickness of the structural element.

5 08

5

g 0’6 \

04

g 02

.§ 0 I T 1
S 0 500 1000 1500

Cross section height [mm)]

Figure 2.19: Effect of boundaries - Fibre orientation factor as a function
of cross-section height according to Lin (1996) [Rosenbusch 2003].

Dupont (2003) divided the cross-section of a beam into three different
zones as illustrated in Figure 2.20. In the middle of the cross section (1),
the fibres are assumed to rotate freely in all directions, which results in an
isotropic orientation and an orientation factor o;=0.5. Secondly one
boundary condition is considered (2), where the orientation factor is
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determined as 0,,=0.6. Finally, a second boundary is added perpendicular to
the first boundary for the corners (3), resulting in an orientation factor
03=0.84. Combining the orientation factors for the three zones results in the
following expression for the overall orientation:

o, (b—1)(h=1)+a, [(b—1)l, +(h=1)],1+a;- I’
. | |

b-h
/2
— .
W2[ 137 2 i3]
| i
2. 1 2 h
(3° 2 '3 |

Figure 2.20: Wall effect according to Dupont (2003). 1; s the fibre length.
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3 Structural analysis

3.1 Introduction

A number of different analysis approaches are available for structural analysis
of fibre reinforced concrete. The approaches are either analytical, primarily
developed for cross-sectional analysis, or based on the finite element method.
The latter can be used both for cross-sectional and structural analysis and
several different methods and constitutive models are available. [Lofgren
2005] This chapter gives an overview over different design methods which are
available for calculating the response of FRC structures, focusing on the
flexural and shear loading.

3.2 Tensile response: 6—€ and 6—w relations

Basically there are two non-linear approaches of describing the behaviour of
SFRC under tension: the stress-strain relation (6—€) and the stress-crack
opening relation (6—w). [Schniitgen and Vandewalle 2003]

3.2.1 o-w relation

A crack can be modelled using the fictitious crack model which originally was
developed by Hillerborg (1980) for cracking in plain concrete, with the
objective to use the model in combination with finite element modelling
(FEM). In the fictitious crack model, a crack propagating in concrete is
modelled by a zone of diffuse micro-cracking, called the process zone, and a
localized crack. For plain concrete, the tension drops to zero when the
aggregate interlock ends. For fibre reinforced concrete, the fibres crossing the
crack will resist further crack opening and impose crack bridging effect on the
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crack surface. The fictitious crack model for fibre reinforced concrete is
illustrated in Figure 3.1. The stresses carried by fibres across a tensile crack
are described as a function of the crack opening, where the tensile stress at the
top of the crack is assumed to be equal to the concrete tensile strength. To
determine the G-w relation, material testing based on fracture mechanics has
to be performed.

0] 1‘ c
agpregale  process zone a
P interlock . > W W
fiber bridging
: h\ G
»
fictitious crack 1A% » W

FCM

Figure 3.1: A crack in steel fibre reinforced concrete [Vanderwalle 2002]
and examples of simplified o-w relations: a) Drop-constant b) Three
degrees of freedom with shape parameter c) Bi-linear d) Multi-linear.

Several models for determining the o-w relation exists. Based on micro-
mechanical modelling, Li et al. (1993) developed a semi-analytical modelling
procedure. They derived an equation for the stress-crack width relation by
analysing the fracture processes in FRCC under uni-axial tension. Although
the model provides a basic understanding of the influence of the micro-
mechanical parameters on the shape of the stress-crack width curve, it is
relatively comprehensive. In addition, some input parameters are difficult to
determine. A simplified approach can be achieved by inverse modelling. In an
inverse modelling procedure, an idealised strain softening ¢-w diagram is
assumed, and the deviation between the computational and experimental
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results is calculated. The softening diagram is then modified until the
deviation is within an acceptable limit. [Kooiman 2000]. Examples of

idealised 6-w relations are shown in Figure 3.1.

3.2.2 o—¢€ relation

Different methods are available for determining simplified stress-strain
diagrams based on bending tests on prisms. Three approaches are presented
here developed by Bekaert [Nemegeer 1997], RILEM [RILEM TC 162-TDF
2003] and a Norwegian design rule draft [Thorenfeldt et. al 2006].

o—¢ by Bekaert [Nemegeer 1997]
In the design rules proposed by Bekaert the residual strength is determined on

the basis of standardized beam tests. The equivalent bending strength is
calculated from the load-displacement response of a beam of dimension b x h
x L=150 x 150 x 450 mm exposed to three point bending.

A
Load
Fmn.300

/\/\ Fm150

»
»

1.5 3.0 Displacement

Figure 3.2: Load-deformation relation, determination of the equivalent
bending strength f.; .,

The equivalent bending strength can be decided from the load-displacement
response as illustrated in Figure 3.2, where:
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From the equivalent bending strength the residual strength is taken as
fres=0,37ffcreq- In the stress-strain diagram, the residual strength decreases
linearly from f;=0,3 71 ¢q,300 0 fres=0,3 7ftct eq,150-

When it is not practical to perform this test, the residual strength can
conservatively be taken as fi.= 0,37ffc(cq,150 , Where i cq.150 15 taken as:

180W,A,d,° 0,3/;"

173 2 Jemfl T
180C + Wfﬂfdf 0,6

Rem,l 50 ctm, fl

. =————— where R =
f}‘ctm,eq,lSO 100 em

and the characteristic equivalent bending strength fryeq150 = 0.7 fiimeq. Here
W; is the fibre content [kg/m’], A; is the ratio between fibre length and
diameter ratio 1;/d; and C=20 for Dramix fibres with end hookes.

These formulas are based on experiments with maximum cube strength of
f,=40N/mm”. For higher concrete strengths additional test are recommended.

RILEM TC 162-TDF (2003)
The design parameters in the c—¢ relation are determined by means of

displacement controlled bending tests on notched prisms, as described in
section 2.5.2.

The stress-strain diagram adopted by RILEM is illustrated in Figure 3.3,
where the stresses 0, and o3 are defined in terms of the residual flexural

tensile stresses f; and f;, which corresponds to crack mouth opening
displacement (CMOD) of 0.5 and 3.5 mm in the RILEM TC 162 beam tests.
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Figure 3.3: Stress-strain diagram in the o—¢ design method by RILEM
[Vandewalle 2003].

Norwegian design rule draft [Thorenfeldt et. al 2006]

The residual strength is determined from the tension resultant per unit area for
fibres crossing a crack going through the concrete with deflections in the
range of 0.5 to 2.5 mm. It is taken as a constant value over a completely
cracked section. The method is solely based on the fibre contribution, and the
residual strength, £z, can be expressed as a function of the fibre content:

ﬁfesidual = 770 X Vf X af,average

where vy 1s the fibre content [volume percent] and Of average 1S the average
stress in all steel fibres with a random orientation. 0y 4yerqge primarily dependent
on fibre properties and concrete quality and can be determined from pull-out
tests or inverse analysis. Mg i1s a direction orientation factor which indicates
how much of the fibre forces that acts in one direction. Theoretically, the
direction orientation factor is 1/3 when the fibres are isotropic orientated, Y4
for plane orientated fibres and 1 when all of the fibres are uni-directed.

The residual strength can also be determined from 4point bending tests as
fresiaqna=0.37fieq, Where f; o4 is the average equivalent bending strength recorded
between 0.5 and 2.5 mm deflection as described in section 2.5.2.
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3.3 Analytical approaches — design for flexure

Various methods have been proposed for calculating the moment of resistance
for FRC sections. The available analytical models for cross-sectional analysis
are based on different assumptions regarding cinematic and constitutive
conditions [Lofgren 2005].

In the simplified calculations given in the Norwegian Design rule draft
[Thorenfeldt et. al 2006] the moment of resistance of a beam with rectangular
cross-section is taken as M=O.4-fresidua1-b~h2-pe where b 1s the width and h the
depth of the beam. p,. is a size factor p.=1.1-0.7h>0.75, where h is given in
metres. These calculations are based on the assumption that a constant residual
strength (given in the previous section) acts over 80% of the cross-section
height.

3.3.1 Multi-layer force equilibrium

The equilibrium based multi layer beam model used by Hordijk (1991) is well
suited to reproduce the experimental results of bending tests. Kooiman (2000)
showed that the model can be used for modelling the flexural response of fibre
reinforced concrete beams, and Griinewald (2004) applied the model for self
compacting concrete. Further, Lappa (2007) found that the model, with some
modifications, was also applicable for high-strength concrete with strain
hardening in tension.

In the model, the cross section is divided in a defined number of layers
connected by springs, and a linear distribution of displacement across the
height is assumed. The response of the beam is then the sum of the behaviour
of all springs. Based on a flow chart for SFRC, the average stress of each layer
can be calculated for any iteration step (i.e. a given strain) until equilibrium is
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achieved by solving the equations for the normal force and the bending
moment:

N:io;-hi-t:O
i=1

P S
i=1

where t is the width of the beam and y;, h; and o; is illustrated in Figure 3.4. A
spreadsheet solver might be applied to determine the equilibrium for each
iteration step.

h| i

-
|II|II||I|—|_h

Oy

Straims Stress n each layer

Figure 3.4: Multi layer model.

3.3.2 Non-linear hinge model: 6-w method

The o-w method based on a non-linear hinge model [Rilem 2002] is a
simplified method for modelling the hinge rotation at a crack in FRC. The
non-linear hinge model is based on non-linear fracture mechanics, and a
stress-crack opening approach is used to describe the tensile behaviour of the
concrete. Structural calculations of beams and pipes can be done by
introducing a non-linear hinge in the structure to describe a cracked section,
and the non-linear response is assumed to be concentrated within the cracked
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hinge. Hence, the moment capacity of the hinge is related to the hinge
rotation, which again is related to the crack width [Clarke et al. 2007]. The
procedure can shortly be described as follows: By prescribing the angular
deformation on the non-linear hinge, the non-linear hinge solution can be used
to solve the generalized stresses. The linear elastic solution for the structure is
then established given the generalized stresses at the non-linear hinge and
finally the structural response can be found by solving for the applied load and
the total deformations [Rilem 2002]. It is important to note that the length of
the hinge has to be assumed. However, it has been shown that the length of the
hinge is approximately half the depth of the beam [Ulfkjer et al 1995].

To apply the non-linear hinge model in a structural analysis, the deflections
are described in three terms; the elastic deflection of the beam without a
crack/notch, the elastic deflection due to the presence of a crack/notch (if such
exists) and the deflection due to the crack band. [Lofgren 2005].

When the crack surfaces remain plane, the overall angular deformation of the
hinge is equal to the crack opening angle. According to Lofgren (2005) the
sectional forces can be written as:

h—a

N h—a
= j . (e, y)dy + j o, (w,y)dy +0,- 4,

M h—a h h—a h h
—=|o/(&y)|y——=|dv+ | o,(Wy)|y——=|dv+0,-A | d ——
b ! o ( y)(y 2)y ! f(wy)(y 2jy s 5(1 2)

where the different parameters are illustrated in Figure 3.5.
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Figure 3.5: Non-linear hinge, or “crack-band” concept for a beam with
reinforcement [Lofgren 2005] and [Rilem 2002].

Further information and details about the non-linear hinge model can be found
in Rilem (2002), Olesen (2001), Casanova and Rossi (1997), Pedersen 1996)
and (Lofgren 2005).

3.3.3 Yield line design

Yield line theory is widely used for the design of FRC ground bearing slabs
and is commonly used to design pile supported ground floor slabs made from
FRC. The method is relatively simple to apply and is suitable for calculating
collapse loads in flexure. [Clarke et al. 2007].

Yield line theory is an ultimate load analysis that establishes either the
moments in a structural element at the point of failure or the load at which an
element will fail. The theory is based on the principle that the work done in
rotating yield lines equals the work done in loads moving. According to
Kennedy and Goodchild (2004) a yield line is defined as crack in a reinforced
concrete slab across which the reinforcing bars have yielded and along which
plastic rotation occurs.
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Although yield line theory results in a quick and versatile design tool which
generates economic concrete slabs, it also has some limitations. Firstly, no
information is given on support reactions or deflections. Secondly, the method
is only valid if the slabs have adequate ductility for the assumed yield lines to
develop. Since yield line design concerns itself with the ultimate limit state, it
does not purport to deal with serviceability issues such as deflection. Hence, it
is difficult to verify that the ductility is sufficient. Another limitation is that
yield line design demands familiarity with failure patterns, i.e. knowledge of
how slabs might fail [Kennedy and Goodchild 2004]. There is however
considerably experimental evidence to support the use of yield line analysis in
the design of SFRC [Clarke et al. 2007].

There is no generally accepted way of calculating the plastic moment of
resistance to be used in yield line analysis for FRC. In a semi-empirical design
method for circular FRC slab tests Destree (2004) assumes that the plastic
moment M is associated with a rectangular compressive stress block in
compression over 10% of the cross section height and a constant tensile stress
fi. over the remaining 90% of the cross section height. f, is then given by:
£,=M;/0.45h>. The method was developed based on the fact that beams made
of strain softening SFRC do not, as opposed to slabs, develop multiple
cracking and hence should be considered inappropriate for determining the
structural response. However, the number of yield lines and the size of the
loaded area are not considered by Destree (2002). These factors are taken into
account in the circular slab test method used by Marti et al. (1999), which
derived the following equation for the moment per unite length along the yield
lines:
M, =F-[b cos(mt/n)-1]/[2n(b+2c)sin(1t/n)]

where F is the load, a, b and ¢ are the dimensions defined in Figure 3.6 and n
is the number of cracks.
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Figure 3.6: Test principles and failure mechanisms: a) modulus of rapture

test, b) square slab test and c) circular slab test according to Marti et. al
1999.

In plastic analysis in general, it is important to note that when fibres are used
in a combination with conventional reinforcement the moment of resistance
provided by the fibres reduces with increasing reinforcement ratio due to the
increase in depth to the neutral axis. [Clarke et al. 2007]

3.4 Shear capacity

Various models are available for calculating the strength of fibre reinforced
concrete beams in shear. Yen Lei Voo and Stephen J. Foster (2006) did an
extensive study on shear strength of steel fibre reinforced concrete. In their
work, they compared the results of various models available for calculating
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the strength of fibre reinforced concrete beams in shear without stirrups. The
strengths calculated from the models were compared with data from 220
prestressed and non-prestressed beams reported in the published literature
from 27 researchers. In these experiments, the cylinder compressive strengths
varied from 20MPa to 170MPa, the shear span to effective depth ratios were
in the range of 0.46 to 5.2, the total depths of 100mm to 800mm, the volume
of steel fibres of 0.2 to 3.0% and the longitudinal steel ratio from 0.8 to 9.6%.
When compared with the test results, a large scatter was observed for most of
the models, e.g the models proposed by Narayanan & Darwish (1987) and Al-
Ta’an & Al-Feel (1989) resulting in covariances of 46 % and 41 %
respectively [Table 3.1]. In addition, most models did not induce a safe design
as the ratios between theoretical and measured values were larger than one for
a large share of the data pool. The models for shear capacity proposed by
Nemegeer (1996) and Khuntia et al. (1999) performed satisfactorily.
Moreover, Voo & Foster (2006) introduced a plastic shear model that reduced
the covariance to 20.9% when compared to the results from the beam
experiments.

It is, however, complicated to make a complete comparison between all
models proposed in literature due to the variety of data required for each
model. The input parameters in some models are e.g. based on information
about the equivalent strength related to the crack tip opening displacement,
which rarely are available for published experiments [Voo & Foster 2006].
Another example is the model by Li et al. (1992) which is based on
standardized tests on beam and cylinder specimens in order to determine the
flexural and splitting strength. Due to lack of data, these models are not
included in the study done by Voo and Foster (2006). Moreover, some models
are developed based on semi-empirical design equations where the test
programs place emphasis on certain parameters like prestress or shear-span.
Obviously, a good curve fitting for a given test program does not ensure
correspondingly accuracy when the model is compared with a data pool where
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other parameters are treated. This may be one main reason for the large scatter
found by Voo and Foster (2006).

The models referred to above are presented in Table 3.1. The fibres are either
considered by an additive method, i.e the shear supplement due to the fibres
are added to conventional equations for plain reinforced concrete [Nemegeer
1996, RILEM 2003] or interaction is considered [Narayanan & Darwish 1987,
Li et al. 1992]. The latter two models were not included in the study by Voo
and Foster (2006).

Design equations for shear strength [MPa] Authors

1,=¢(0.241,+80pd/a)+0.41T-F; where Narayanan & Darwish 1987
F=(1¢/d¢)v{} and 17=4.15MPa

e=1 for a/d>2.8; else e=2.8d/a

B=0.5, 0.75 or 1.0 for plain, crimped or

hooked fibres respectively.
fi=Te/(20-F*)+0.7+F"

T.=[(1.6£.°+960p-¢-d/a)+8.5Kv(1¢/dp)]/9; Al-Ta’an & Al-Feel 1989
where

e=1 for a/d>2.5; else e=2.5d/a

K=1.0, 1.3 or 1.2 for plain, crimped or hooked
fibres respectively.

7,=(0.1670+0.25F )f.°; where Khuntia et al. 1999
o=1 for a/d>2.5; else 0=2.5d/a<3 for a/d<2.5;
Fi=B-ve(l¢/dy)

B=0.67 for plain concrete, B=1.0 for hooked/
crimped fibre (normal concrete) or 3=0.75 for
hooked/crimped fibre (lightweight concrete)

T,= Toqt T, Where Nemegeer 1996
Tea=[0.12k(100p-f,) "*+0.156,,]; (Dramix Design Method)
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p=A/bd<2%;  k=1+\(200/d)
0.,—Pc/A. where P.=longitudinal force
T=keTia=ke 0.54f ik ox(R/1.5);

foea=0.21£,"; R=1.1WA/(360+W L)
k=1+n(h¢by)(h¢d) for k<1.5;

n=(bgby)/h=<3 or n>3b,/h¢

T,= Teat T, Where RILEM 2003
Teq as for Nemegeer (1996)

T=0.7k k;+ Tar; where T4;=0.121gy 4 and fri4 1S
determined from standardized beam tests. ks
includes contribution of flanges in T-sections.

1,=1.25+4.68[(f,+ ) (pd/a)d '] for a/d>2.5 | Li et al. 1992
1,=9.16[f.7° p'” d/a] for a/d<2.5
foe = flexural strength, f,=splitting strength

Table 3.1: Shear strength models for FRC beams without stirrups. Here
d=effective depth, a=shear span, vy is the volume fraction of fibres, Wy is the
fibre content [kg/m’], Asis the fibre length to diameter ratio l/dy; b,,=minimum

width of section, A;=tensile reinforcement, f.,the compression strength.

In Norwegian Standard Code NS3473 the shear contribution from stirrups is
given as:

-A .
Vi =M-z~(cot0+cot0()~sm0{

for an arbitrary crack angle 0 as illustrated in Figure 3.7. z can be taken as
0.9d, where d is the effective depth of the cross section.
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Figure 3.7: Beam with stirrups.

If the fibres are isotropic orientated the force component normal to any section
will be 1/3V{Oayerage due to fibres [Thorenfeldt 2003]. By replacing the
reinforcement bars in Vg with steel fibres, the analogous expression will

become:

1 T 1
V.=—v,.-o -b- sin(——60)=—v,-o -b-z-cotf
f 3 f average Sin9 (2 ) 3 f average

provided that the fibres are continuously and isotropic orientated. It is here
chosen a section parallel to the crack, which gives o=mn/2-0. It is also assumed
that all fibres have a stress Gayerage, Which equals the average stress in all fibres
at failure. With a cracking angle of 45° and assuming z=0.9d, the shear
resistance due to fibres can be written:

= 0.9-1/3'V¢ Oaverage-

3.5 Finite Element Method

3.5.1 Finite element modelling

The Finite Element Method (FEM) accounts for the redistribution of stresses
that takes place in reinforced concrete structures upon cracking. The accuracy
of the results is dependent of the choice of mesh, the type of element, the
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constitutive modelling and the numerical iteration techniques [Noghabai
2000]. Two main approaches exist for modelling cracking in concrete, namely
discrete and smeared crack models. In the discrete approach, cracking is
assumed to occur as soon as the nodal force in an element exceeds the tensile
strength for the concrete. A geometrical discontinuity develops between the
node and a newly created node. For the smeared crack model the cracking
process is lumped into the integration points within the elements. The stress-
strain relation is modified to account for the stiffness and strength degradation
that accompanies cracking and the original mesh is kept through the cracking
process [de Borst 1999].

3.5.2 Discrete crack approach

For discrete crack modelling, interface elements are used as predefined cracks.
These elements have a dual set of nodes, which have the same coordinates in
the initial state, and the traction is expressed as a function of the displacements
between the nodes. The design principle for the discrete approach is based on
the fictitious crack model, which is modelled by a stress-crack opening
relationship o (w) as described in 3.2.1.

The discrete model is attractive physically, as it reflects the localized nature of
cracking. The advantage with the discrete approach is to get a simple
representation of tension softening. The behaviour of the discontinuity is not
connected to the concrete, and due to this the main material is assumed to
behave in a linear elastic fashion, while the discontinuity captures the non-
linear effects.

The main disadvantage is that the solution depends on a correct estimate of the
crack propagation path. It can be very difficult, or even impossible, to predict
where the cracks will occur. In addition, the cracks have to follow the element
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boundaries; thereby the modelling requires an introduction of additional nodal
points, or a rearrangement of the original mesh [Dahlblom and Ottesen 1990].

3.5.3 Smeared crack approach

In the smeared crack model, the cracked solid is imagined to be a continuum
where the notions of stress and strain remain valid. An orthotropic stress-strain
relation can describe the behaviour of cracked concrete after cracking. The
topology of the original mesh remains preserved, and this is a major
computational advantage [de Borst 1999].

Fixed crack model

Two models for the smeared crack concept have been developed, namely the
fixed and the rotating crack model. In the first model, the normal to the crack
is fixed after initiation of the crack. Before cracking it is reasonable to model
the concrete as an isotropic linear elastic material. For plain stress, the stress-
strain relation can be expressed as

. 1 v 0 €,
6=|0, |= E2v1 0 e, |=Ce
1-v 3 I
I-v
Tyy 0 0 Yy

and the same relation is valid in the principal system (1-2 system):

o, 1 v g
E
6=|0, |= v 1 0 g, |=Ce
I-v 1-v°
Ti 0 0 Y12

After cracking, an orthotropic law replaces this model, i.e. the stress-strain
relation is only valid in the principal system. For uni-axial stress, the stress-
strain relation can be expressed as
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Figure 3.8: Defined local principal directions at cracking.

If the crack width 1s small, there will be some shear resistance in the crack.
This resistance can be accounted for by assuming a reduced shear modulus
BG, with B as the shear retention factor; 0<B<I1. In addition, numerical
problems in the simulations are avoided, or at least reduced, with the
introduction of B. In the same manner, a normal reduction factor W is
introduced to avoid a sudden drop of stress from f; to zero upon crack
formation; a problem that arises because the stiffness normal to the crack is set
equal to zero [de Borst 1999]. The principle expression can now be written:

c, hE 0 0 | g
6,=|c,|=| 0 E O |¢g, |=C,
Ti 0 0 BG]vy,

After cracking, this relation ¢, =C,g, is only valid in the local 1-2 system. The
stiffness relation can now be transformed to the global x-y system using a
transformation matrix T(0y), where 0 is the angle between local and global

coordinate system. This angle is constant for the fixed crack model (6 = 6,).
G, = T(6,)" C,T(6, L
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The main disadvantage when using the fixed crack model is that cracks can
occur in other directions than normal to the crack, due to the shear stresses
that develops in the fixed crack plane. Another problem is the introduction of
the shear retention factor, which has to be specified by the user.

Rotating crack model:

In the rotating crack model, the angle in ¢, = T(6)" C,T(6)s,, may change. The

stress-strain relation is consequently evaluated in the principle directions,
which are rotating. By introduction of a tangential shear stiffness (6,-6,)/2(€;-
€), which automatically arise from the rotation of the principle axes, the
expression can be written:

o, nE 0 0 g
o, |=| 0 E 0 g,
O, —O
Tin 0 O 1 = Yi2
2. (81 _82)

The advantage with this model is that there is no need to assume a shear factor
and that new cracks only can occur in a direction normal to the crack. A
disadvantage is that the crack pattern will be complex; it is hard to see the
connection with experimental results.

3.5.4 Choice of crack model in finite element analyses of FRC.

The smeared crack approach is much more user-friendly than the discrete
crack approach and for concrete with fibres in addition to reinforcement bars
the smeared crack method is the most practical approach. However, for
concrete reinforced with fibres only, the smeared crack approach does not
provide a representative picture of the non-linear behaviour, at least not at
moderate fibre concentrations. Since the failure in these structural elements is
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concentrated in one or a few cracks, the cracks should not be distributed over
large areas as the smeared crack approach requires. If too many elements are
cracked in the model, the consequence is that the ductility and load resistance
will be overestimated. Therefore, cracks ought to be pre-defined in analysis of
structures reinforced with fibres only, for instance by use of interface
elements. Still, it is possible to use a smeared crack approach if non-linear
material properties are applied only to the elements which the cracks are
assumed to cross.

3.6 FRC in the serviceability limit state

Fibre reinforcement can be used to control crack widths if the fibre volume is
sufficiently high. A lower fibre volume is adequate if crack control partly is
maintained by the structural system itself, if external parameters related to
prestressing are present, or if fibres are combined with conventional
reinforcement [RILEM 2003]. Most current models for calculating crack
spacing and width are empirical based and does not consider the material
properties that influences the crack spacing, i.e. the post cracking or residual
tensile strength. Moreover, almost no models consider cracking caused by
restraint stresses, only cracking caused by external load [Lofgren 2007].

In the proposed design method for SFRC by RILEM (2003), the calculation of
average crack spacing is based on the design rules in Eurocode ENV 1992-1-

1, and the formula is slightly modified to account for the beneficial effect of
the fibres [RILEM 2003]:

s, = 50+o.25k1k2ﬁ 0
p. )\L/¢

where:
50/(L/9)<1

Op: the bar size in mm;
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k;: a coefficient which takes account of the bond properties of the bars;

k,: a coefficient which takes account of the form of the strain distribution;

pr: the effective reinforcement ratio AJ/A.. where Ag is the area of the
reinforcement contained within the effective tension area A .

L: length of steel fibre in mm;

0: diameter of steel fibre in mm

The design crack width wy can then be calculated from the following
expression: wi=Bsm€m, Where B is a coefficient relating the average crack
width to the design value. When calculating the mean steel strain &g, it as has
to be taken into account that the tensile stress in the SFRC after cracking is not
equal to zero but equal to 6F=0.45fr 1, where fry,; is determined from four-
point bending of standardized beam tests.

When cracking is caused by an external applied force, the crack width
depends on the applied force. However, if cracking is caused by an imposed
deformation the force in the member depends on the actual stiffness and the
crack width on the number of cracks formed. Most codes do not distinguish
between these two cases [Lofgren 2007].

Lofgren (2007) proposes two different methods for calculating crack spacing
and crack width when cracking is caused by an external applied force. The
first method is based on EC2, were the fibres are considered by an additional
factor ks=(1-op/f;) leading to a modified expression for the average crack
spacing s, n=(ks-ctki-kyka'ks ¢/pserr). The second method is developed from
the non-linear hinge model as described in Lofgren (2003).
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Figure 3.9: Imposed deformation on member of length [. [Lofgren 2007]

To account for restraint induced cracking, Engstrom (2006) proposes to model
the crack by non-linear springs. By expressing the crack widths as a function
of the steel stress the response during the cracking process can be described
with the following deformation criteria:

—N(azﬁ:‘“)'l(1—¢ej.)+n.w(as):R.gs v

where N(o,,fxs) 1 the force acting on un-cracked parts, n is the number of
cracks and R is the degree of restraint. N(of.s) can be taken as
N(O,ffires) =05 At Trres (Ac-As). If N(0,frres) 18 larger than the force required
to initiate a new crack, N;, more cracks will be formed. However, if N(og, {5 es)
1s smaller than N only one crack will be formed. The force required to initiate
a new crack, N, can be calculated as:

E,
Nl :f;'tm (Aef-i_(EL _I)Asj

N

With fibres only, the number of cracks n=1 provided that the material exhibit a
strain softening behaviour. The deformation criteria lead to the following
expression for the crack width:

To induce more than one crack, a strain hardening FRC is necessary, or
alternatively a high friction and/or adhesion to sub-base [Lofgren 2007].
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More research is needed to determine the influence of fibre reinforcement in
the serviceability limit state. Ongoing work is done to establish the combined
effect of reinforcement and fibre bridging on the crack spacing and crack
width. Another objective is to include cracking caused by restraint stresses in
the design models [Lofgren 2007]. Other aspects like shrinkage and creep in
FRC structures are also not yet fully understood.
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4 Pull-out tests

4.1 Introduction

The pull-out behaviour of fibres in concrete is mainly influenced by four
parameters: Fibre embedment length, fibre orientation, matrix strength and
type of fibre; the latter including fibre geometry, strength and Youngs
modulus. In this research, single fibre pull-out tests were carried out to
evaluate the effect of the following parameters:

- Concrete strength

- Fibre type

- Embedment length
Furthermore, the objective was to estimate the expected average stress in
the fibres over a crack in FRC, based on the data from the pull-out tests.

The tests were carried out according to the method proposed by
Thorenfeldt (2006), described in section 2.5.4, where single fibres
orientated perpendicular to the concrete surface are fastened in a gripping
device and pulled out of the concrete at a constant rate.

Inclined fibres are not tested in this experimental series even though it is
evident that the pull-out load is strongly influenced by the inclination of the
fibre.

There are two reasons why inclined fibres are not included:

1) Inclined fibres demand a more complex test set-up. In a real structure,
an inclined fibre in a crack is never pulled out with an initial force
normal to the crack surface; the fibre will have a corresponding angle
through the opposite concrete surface in the crack. To model this, the
fibre has to go through two parallel concrete surfaces pulled from
each other as done by Robins et al. (2002). [Figure 2.13]

2) Extensive work by others [Balaguru & Shah 1992, Stang & Li 2001,
Van Gysel 2000] has shown the connection between fibre
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embedment length, fibre orientation and matrix strength. It is
assumed that the influence of orientation on the fibre-concrete
combination is similar in the experiments described in this chapter.
The scope of the pull-out experiments carried out here is to include
the fibre dimensions and concrete qualities which are relevant in this

thesis.
4.2 Concrete specimens — materials and casting
procedure

Two self-compacting concrete mixes were used, both with a maximum
aggregate diameter size of 16 mm. The concrete strengths were 62.4 and
93.7 N/mm?®, henceforth referred to as normal- and high-strength concrete.
Details about the mix design, mixing procedure, fresh concrete properties
and compression strength are shown in Table 4.1 and Table 4.2.

Material Normal-strength SCC | High-strength SCC
[kg/m3 ] [kg/m3 ]

Mass ratio* 0,6 0,45
Cement Norcem St FA 306 380
Elkem Microsilica 46 30

Water 211 185
Absorbed water 12 12
0-8mm 819 895
0-2mm 327 265
8-11mm 246 249
11-16mm 246 249
Glenium Sky 550** 4.5(1.46 % of C) 10.1 (2.65% of C)
Silica air entrancement 1.53 (0.5 % of C) 2.73 (0.72% of C)

Table 4.1: Mix design. Remarks: * Mass ratio = water/[cement + powder
and pozzolans] ** Glenium Sky 550 is a polycarboxylate based
superplasticizer (water reducer)



The following mixing procedure was used:

Aggregate Mix
Sand

Cement
Silica

\4

Imin

Mix Mix
Water 5 D
Admixtures 1min 1min

Fresh concrete properties

Normal-strength SCC

High-strength SCC

Density [kg/m’] 2267 2380
Air [%] 6.3 1.4
Slump flow [mm] 590 790

Compression strength

Normal-strength SCC

High-strength SCC

fck,28days [N/ mmz]

44.9

82.9

fck,test day [N/ mm2]

62.4

93.7
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Table 4.2: Fresh concrete quality and compression strength after 28days

and at the date of testing.

Two types of fibres were used, Dramix 65/60 steel fibre and Barchip

Kyodo synthetic fibre. The product data is given in Table 4.3:

Name Dramix 65/60 | BarChip Kyodo
Material Steel Polyolefin
Length L [mm] 60 48

Eq. diameter, d [mm] 0.9 0.9*

L/d 65 53

Densit [kg/m’] 7850 910

Weight pr fibre [g] 0.30 0.028*
E-modulus [N/mm”] 200.000 6000

Tensil strength [N/mm®] | 1000 550

Table 4.3: Product data for the two fibre types. The cross-section area of
the synthetic fibres was determined by the average weight of 400 fibres,
where the density and fibre length was given in the product data sheet from

the producer.
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Figure 4.1: Formwork test specimens. The fibre was fixed in the bottom

Formwork (pice of plastic tube

d=100mm)

fibre)

Plexiglass (drilled whole for

Bottom plate of expanded
polystyren

plate. Then the SCC was poured carefully around the fibre.

4.3 Test setup

The tests were carried out according to the method proposed by
Thorenfeldt (2006) as described in section 2.5.4. The pull-out load was

deformation controlled, and set to 0.2mm/min and 0.6mm/min for

specimens with steel and synthetic fibres, respectively. An overview of the
test specimens is given in Table 4.4.

Series Fibre Concrete | Embedment length | Number of tests
Hbar2 | Barchip Kyodo | HSCC L¢/2=24 7 (+4%)
Nbar2 | Barchip Kyodo | NSCC Ly/2=24 8 (+1%)
Hdr6 | Dramix 65/60 | HSCC L/6=10 8 (+1%)
Ndr6 | Dramix 65/60 | NSCC L/6=10 9 (+1%)
N2dr6 | Dramix 65/60 | N,SCC L#/6=10 4

N2dr2 | Dramix 65/60 | N,SCC Ly#2=30 5

Table 4.4: Overview of test specimens
*) Some of the fibres were cut off in the gripping device during pull-out.
These results are not reported.
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Ndré6

Normal "N or high-
strength "H” concrete

Type of fibre Dramix “dr”
or Barchip Kyodo “bar”
Embedment length 1/6 or 1/2

The main objective of the four first pull-out series, Hbar2, Nbar2, Hdr6 and
Ndr6, was to investigate the influence of the concrete strength on synthetic
and steel fibre. Later, two additional series were cast to include the effect of
embedment length on Dramix fibres, or more specific to estimate the
contribution of the end-hook to the total pull-out response of the fibre. In
the latter two series, Nbar2 and Ndr6, the mix design for the normal-
strength concrete was used to achieve comparable results [ Table 4.4].

.’ . -

Figure 4.2: Rig. The fibre is fastened in a gripping device and pulled out.
The third picture shows how the end-hook is completely straightened after
pull-out.
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4.4 Results

Table 4.5 shows the average maximum pull-out load for each series, with
corresponding pull-out displacement. In general, it can be seen that the
steel fibres have a high exploitation ratio, as the steel fibres reach a stress
during pull-out which in average for all tests is 69% of the tensile strength
of the fibre. More accurate, the steel fibres in the normal-strength concrete
reach stresses between 49% and 78% of the tensile strength while the
exploitation ratios are found to be between 67% and 97% for the fibres cast
in high-strength concrete. In the case of high-strength concrete, the
exploitation ratio is too high, considering that inclined fibres may reach
higher pull-out loads then fibres orientated normal to a crack surface.
Consequently, it is likely that fibre fracture occurs with the latter fibre-
concrete combination.

For synthetic fibres, the stress during pull-out is close to the tensile strength
of the fibres. In average the fibres reach 84% of the tensile strength, and in
one of the tests with high-strength concrete the stress approaches 94% of
the tensile strength. Here, the difference between the two concrete qualities
is not so evident; the average maximum pull-out load is only 5.5% higher
for the high-strength concrete than for the normal-strength concrete.

Series Number of | Maximum | Corresponding
tests pull-out load | displacement
Hbar2 7 303N 2.648 mm
Nbar2 8 287N 2.573 mm
Hdr6 8 506 N 0.620 mm
Ndr6 9 379N 0.850 mm
N2dr6 4 439N 0.552 mm
N2dr2 5 425N 0.888 mm

Table 4.5: Average maximum pull-out load and displacement for all
specimens in each series.
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One of the main objectives of performing these tests was to provide a basis
for subsequent experiments and to make use of the results in further
calculations. As described in section 2.5.4, the response of single fibre pull-
out tests can be used to estimate the expected average stress in the fibres
over a crack, which in the design phase is used to find the residual strength
of cracked concrete. For this application, the average pull-out load over a
relevant displacement interval is more interesting than the maximum pull-
out load. The pull-out load versus displacement is shown in Figure 4.3 to
Figure 4.5. In Figure 4.6 the average pull-out load between 0.5 and 2mm
displacement is illustrated.

The difference in pull-out response for steel fibres in normal- and high-
strength concrete is more pronounced at small crack-widths. The maximum
pull-out load is in average 33.5% higher for series Hdr6 than for series
Ndr6, while the difference is 23.7% for the average pull-out loads between
0.5 and 2mm displacement. Hence, the positive effect of higher matrix
strength seems to diminish as the pull-out increases; at 3mm pull-out the
difference between Hdr6 and Ndr6 is only 3.2%. For synthetic fibres, the
distinction between the two concrete qualities is not that evident; the
average pull-out load in the displacement interval 0.5 to 2mm is only 2.6%
higher for series Hbar2 than series Nbar?2.

Figure 5.3 to 5.5 shows that the pull-out response of synthetic fibres is very
different from the response of steel fibres. Due to the low modulus of
elasticity, the synthetic fibres reach their maximum load at a larger
deformation. Hence, it is not adequate to compare the response of steel and
synthetic fibres directly. As illustrated Figure 4.6, the average pull-out load
between 2 and 3 mm crack width is around 30% higher than between 0.5
and 2mm crack width for synthetic fibres. Moreover, the difference in pull-
out response between the two concrete qualities increases from 2.6 % at the
lower displacement interval to 7.1% at the upper interval. The pull-out tests
reflect one of the drawbacks of synthetic fibres; the crack widths needed to
make the fibres efficient are relatively large, something that has to be
accounted for in the serviceability limit state. On the other hand, the
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maximum pull-out loads of the synthetic fibres are quite high; 60% of the
average maximum pull-out load of steel fibres in high-strength concrete
and 76% in case of normal-strength concrete. Further, the pull-out
resistance remains at the same level after the initial peak, even at large pull-
out lengths, which will lead to a very ductile FRC. Moreover, with
embedment length 1¢2 the pull-out length of the synthetic fibres is shorter
than that of steel fibres. Consequently, the relative difference between
maximum pull-out loads of steel and synthetic fibres is even lower than the
test-results displays. The synthetic fibres have clear advantages when it
comes to cost-saving. They are also easier to handle. So from this point of
view, synthetic fibres may compete with steel fibres. Another benefit is the
low scatter of the synthetic fibre pull-out tests, illustrated in Figure 4.6.
Nevertheless, the high deformations put restrictions on the use of synthetic
fibres.

Regarding the effect of different embedment lengths of Dramix 65/60 steel
fibre, the average pull-out load of the specimens in series N2dr6 (1¢/6) and
N2dr2 (14/2) is similar; Fip,n2a2=0.402kN and Fopnoas=0.397kN between
0.5mm and 2.0mm deformation. With the relatively high scatter for the
four specimens in series N2dr6 [Figure 4.5] it is perhaps more appropriate
to use the average pull-out load for all specimens in series Ndr6 and N2dr6,
owing to the fact that the compression strength f.xoa6~fcnas. With
Fommodarenars=0,37kN, the average pull-out load for the fibres with
embedment lengths 1¢2 is 9.7% higher than for the fibres with embedment
lengths 1¢/6. Accordingly, a rough estimate from these tests is that the end-
hook contributes to around 90% of the total pull-out response at a crack
width between 0.5 and 2mm for a fibre orientated perpendicular to the
crack.

Average stress in fibres after cracking

As described in section 2.5.4, an estimate for the average stress in fibres
over a crack can be found from the average pull-out load taken between 0.5
and 2.0mm displacement. The intention is to control if the estimated
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average stresses correspond to the results of other experiments carried out
in this thesis. Therefore, average values and not characteristic values are
used (no safety factor). For hook-end fibres the average stress can be
determined as:
Otaverage = (0,25 fonmde le+ 0,7 Fo)/Ag
where
for 1s the bonding strength from the straight part of the fibre;
fort = (Fim — Fom)/(mtdg 15 /3)
F. is the anchorage capacity; F, = F,,, — 0.5 fyamde I¢
F., is the average pull-out load between 0.5 and 2mm displacement
for tests specimens; F, with anchorage length 1,; = I /2 and F,,
with anchorage length 1y, = 1;/6.
For the steel fibres in the normal-strength concrete, Fimnoda) = 402N and

FaomNaren2drs) = 367N, which gives a average stress Ofayerage = 426 N/mm?>.

No steel fibre specimens with embedment length 172 were cast with high-
strength concrete. Therefore, the average stress cannot be calculated
directly. Yet, since the average pull-out load with 176 was 23.7% higher for
the high-strength concrete compared to the normal-strength concrete, the
average stress can be estimated indirectly. A correspondingly increase from
normal to high-strength concrete leads to a average stress Otayeragestar = 927
N/mm?, provided that no fibre-rupture occurs. As discussed earlier, the risk
of fibre-rupture in the high-strength concrete is present. Hence, the average
stress calculated here might be overestimated.

An analogous evaluation of the synthetic fibres would not be adequate. The
method for estimating the average stress presented in 2.5 is intended for
steel fibres. As pointed out earlier, the load-deformation progress is very
different for synthetic fibres. While the steel fibres reaches an
approximately constant plateau at a crack width around 0.5mm, the
synthetic fibres needs crack widths larger then 2.5mm to fully come into
effect, and when the maximum load is reached, it does not remain constant.
The reason for the wave-shaped pullout response that occurs after
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maximum pullout load [Figure 4.3] is the embossed surface of the synthetic
fibres, which are made to maximise the bonding to the matrix. During pull-
out the embossed surface probably deforms gradually along the fibre,
which causes the pull-out load to increase and decrease several times.
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Figure 4.3: Barchip Kyodo with embedment length L/2 a) “Nbar2”
Normal-strength f.y=62.4 N/mm’ b) “Hbar2” High-strength f,;=93.7

N/mm’.
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Figure 4.4: Dramix 65/60 with embedment length L/6 a) “Ndr6” Normal-
strength f.y=62.4 N/mm’ b) “Hdr6 " High-strength f. ;=93.7 N/mm’.
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Figure 4.5: Dramix 65/60 with compressive strength f.n,=63.9 N/mm’ a)
“N2dr6” Embedment length L/6, b) “N2dr2"” Embedment length L,/2
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Figure 4.6: Average pull-out load [kN] and standard deviation between
0.5 and 2mm deformation. (Nbar2* and Hbar2* between 2 and 3mm
deflection)

Remark — drawback of the test method

It should be stressed that the test method used in this chapter was intended
for steel fibres. A possible problem using the same test-setup for synthetic
fibres is the elastic deformations in the area from the concrete surface to the
point in the gripping device where the fibres can be expected to be
completely fixed. This is illustrated in Figure 4.7.

The distance from the concrete surface to the fastening point in the
gripping device 1S L= huing + Ix fastening point. Over this length, the fibre will
deform, and this deformation is not related to pull-out. Therefore it gives a
false contribution to the measured pull-out deformation.

The height of the ring is hyi,,=2.43mm. If the total free length of the fibre
for instance is assumed to be L,=5mm, the false contribution to the pull-out
deformation at the average maximum load would be AL=0.39mm:
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AL= & Ly= Praxaverage/ (As* Earchip) * L,=295/(1-0.45>6000) mm = 0.39
mm, which in average is 15% of the measured pull-out deformation at
maximum load.

7 Gripping device

Defomation in fibre over a

%777
2 /i ] Tength L= Puing+ Iy osoingpoint

Figure 4.7: Distance from the concrete surface to the fastening point in
the gripping device.

Since the Young’s modulus is so much higher for steel fibres, the
deformation in the part of the fibre not embedded gives a much lower
contribution to the measured pull-out. An analogous estimation would give
a contribution at the maximum load AL=0.017mm, which is 2% of the
measured pull-out deformation at the maximum load.

4.5 Conclusions

Although more comprehensive methods for determining the pull-out
behaviour exists, the method applied here seems be more suitable for
practical applications.

The following observations were done from the pull-out tests:

- The pull-out load increased with increasing concrete strength. The
difference between the two concrete strengths was most
distinguished in the steel fibre pull-out tests, but there was also a
noticeable difference in the pull-out tests with synthetic fibres.
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Moreover, the difference in pull-out load between high- and low
strength concrete diminished with increasing pull-out length.

The utilization of the fibres were high; the maximum pullout loads
were close to the tensile strength of the fibres, especially in case of
high-strength concrete

The pull-out response for the synthetic fibres was very different from
the steel fibres. In the first place, the deformation is much larger
when the maximum pull-out force is reached. This is due to the
relatively low Young’s modulus; only 3% of the Young’s modulus
of steel. In average, the steel fibres reached the maximum load at
0.72mm pull-out length, whereas the average pull-out length at
maximum load was 2.6mm for the synthetic fibres. Secondly, after
the maximum pullout load was reached, the pullout force for the
synthetic fibres decreases and increases in waves as a result of the
embossed surface of the fibre. For a steel fibre pull-out, the force
stays more or less constant for a while, and then it diminishes
gradually. The high deformations put a restriction on the use of
synthetic fibres.

The scatter of the results is relatively low, especially in case of
synthetic fibres.

The pull-out behaviour of steel fibres is dominated by the
contribution from the end-hooks. In tests carried out here the end-
hook, roughly estimated, contributes to around 90% of the pull-out
resistance.

The post cracking tensile strength of the steel fibre in the normal-
strength concrete was estimated from the pull-out tests to be 426
N/mm’, taken between 0.5 and 2.0mm pullout length. Assuming that
no fibre fracture occurs, the estimated post cracking tensile strength
is 527 N/mm® for the high-strength concrete. An analogous
evaluation of the synthetic fibres is not adequate.
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S Steel fibre reinforced self compacting
concrete

5.1 Advantages and drawbacks with FRSCC compared
to FRVCC

The positive effects of FRC regarding increased productivity and better HSE
conditions can be further improved by using self compacting concrete. With
SCC the heavy and boisterous vibration work is avoided. Furthermore SCC
improves the quality and appearance of the concrete. The major drawback
with SCC instead of VCC is the material costs. In addition, more work has to
be put into the concrete design phase to achieve self-compacting properties for
FRC as discussed in chapter 2.3.

In FRVCC the orientation and distribution of fibres is dependent on the
vibration. If the concrete is compacted by using a vibration table, it is likely
that a planar-random orientation occur perpendicular to the direction of the
vibration. It is not recommendable to use immersion vibrator for compaction,
since the fibres disperses where the vibrator is put into the concrete. Still, in
full scale constructions immersion vibrator may often be the only possible
compaction method. In FRSCC the orientation is dependent on the flow of the
concrete, which again is governed by the casting method. It is important to be
aware of the impact of the casting method on the concrete flow in order to
ensure a favourable orientation of fibres through a construction element.
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5.2 36 beams sawn from wall and slab elements with
SCC and VCC.

5.2.1 Introduction

Two wall and two slab elements were cast to investigate the orientation and
distribution of fibres in structures of realistic dimensions. One wall and one
slab element were made with vibrator compacted concrete (VCC), one wall
and one slab element with self compacting concrete (SCC). Afterwards, 36
small beams (150 x 150 x 600 mm) were sawn from the elements and tested in
a deformation controlled rig, exposed to four point bending [Dgssland (2003)
and Grimheden (2003)].

5.2.2 Concrete and casting

Both concretes had a water/cement ratio of 0.59 and a fibre content of 0.7%
(56kg/m’) Dramix 65/60. The matrix volume was 339kg/m’ and 367 kg/m’ in
the VCC and SCC respectively. The concrete composition of the VCC and
SCC is shown in Table 5.1.
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VCC SCC

Material [kg/m’] Material [kg/m’]
Cement standard 302.3 Cement standard 321.6
FA FA

Silica 6.2 Silica 15.1
0-2 sand 186.0 0-10 sand 910.6
0-8 sand 864.7 0-4 sand 250.3
8-16 aggregate 357.2 8-16 aggregate 348.7
16-24 aggregate 525.4 16-25 aggregate 402.0
Added water 179.8 Added water 191.0
Admixtures: Admixtures

P-stoff 1.542 SP: VC140 5.39
AD 18 1.540

Dramix 65/60 56 Dramix 65/60 56

Table 5.1: Concrete composition, VCC and SCC. The VCC was delivered by
the supplier NorBetong, the SCC by Unicon.

The fibres were added to the concrete lorry and mixed a couple of minutes.
Further the concrete was mixed additionally on the drive to the construction
site some kilometres from the mixing plant.

One wall (4 x 2.4 x 0.15m) and one slab element (2.65 x 2.65 x 0.15) was cast
with VCC, the other wall and slab element was cast with SCC. The concrete
was poured through a concrete scip from one side of the formwork. One week
after casting, elements were sawn from the walls and slabs as illustrated in
Figure 5.1, and finally three beams were sawn from each element.
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Figure 5.1: Elements sawn from wall W2 and slab P2 with SCC. W2 and P2
were cast from a concrete scip which were held still in one corner, illustrated

by the arrows. Analogous elements were sawn from wall W1 (W11, W12, W13,
W14) and slab P1 (P11, P12) with VCC. From each element three beams were
sawn as indicated by the dashed lines.

The compression strength of the VCC after 28 days was fisvec=60.7. The

compression strength of the SCC was estimated based on the measured values

after 7 days to fi285cc=59.0 N/mm?. Half of the beams were tested at age 28

days, the remaining were tested later. An overview of the hardened concrete

properties is given in Table 5.2.

Element Concrete | Age [days] | f.** [N/mm®] | f* [N/mm"]
V11 V12 P11 | VCC 28 60.7 2.4
V13 V14 P12 | VCC 34 62.9 2.5
V21 V22 P21 | SCC 28 59.0 2.4
V23 V24 P22 | SCC 41 63.0 2.5

Table 5.2: Hardened concrete properties
*) Design tensile strength interpolated from table 5, NS3473
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The time development of the cube strength was estimated according to CEB-
FIP 1990 Model Code:

s |2

)= foge "

where t. is the maturity (or equivalent time) which is affected by the concrete
composition and the temperature. Here t. = t, where t= time from casting until
testing, because the temperature in the specimen is approximately 20°C during
hardening. The parameter s=0.38 for standard cement.

5.2.3 Experiments

The flexural beam tests (four-point bending) were performed according to the
recommendations Norwegian Design Rules for SFRC [Thorenfeldt E et al
(2006)] which are based on the guidelines by ASTM C1018 (see section
2.5.2). The load was applied with a constant deformation rate of 1mm/min.
The deflections were measured by LVDT’s at both sides of the beams and the
tests were ended when the deflections exceeded 8mm. Afterwards, the residual
strength was determined from the average equivalent bending strength
recorded at 0.5 and 2.5mm deflection as fiesiquar=0.3 7feq average-

pd N

r L/3 £ L/3 % L/3 |
! 1 | @2

Figure 5.2: Rig, deflection measurement.
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5.2.4 Orientation and distribution of fibres

To determine the actual fibre content in the failure zone, a block from each
beam was sawn, about 9cm (1.5:l¢gpe) from the failure zone [Ch 2.5.2]. First,
the fibres over the cross-section were counted, thereafter, the sawn block was
crushed, and finally all fibres were pulled out.
The fibre orientation-factor is previously [Chapter 2.6.3] defined as:
o=n"-Ad(A; vy
where n is the number of fibres crossing the cross-section, A¢ is the cross-
section area of one fibre, A, is the area of concrete in the current part of the
cross-section, and v¢ is the fibre-volume in percentage. Theoretically, the
residual strength can be determined as:
ffik res = Mo Vr Caverage
where v 1s the volume of fibres and Gjyerage 15 the average tension in all fibres
which intersects the crack with arbitrary orientation and anchor length. 1 is a
capacity factor which describes the relation between the normal force resultant
of fibres of current distributed orientation and the resultant force in uni-
directed fibres with the same stress. For uni-directed fibres n=1, for plane
orientated fibres N=1/2 and for isotropic orientated fibres n=1/3.

The result of fibre-counting is shown in Table 5.3. The volume of fibres in the
block that was crushed was close to the added fibre volume for all beams,
which implies an even distribution of fibres through the structural elements.
The volume was only controlled in one of the three beams for element P11,
P21, W11, W12, W21 and W22. For the remaining elements, the volume in all
three beams was controlled.

Even though the fibre volume in element P12 with VCC is close to the added
fibre content, the capacity factor is very low, indicating that the main part of
the fibres is orientated parallel to the cross-section. The average orientation
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factor for element P11 is more than twice the size as for element P12. Hence,
the fibre orientation through the slab is far from isotropic. The average
orientation factors in the four elements from the VCC wall were higher for the
horizontally sawn beams than the vertically sawn beams. For the SCC wall,
the orientation factor is also higher for the horizontally sawn beams near the
casting point, but highest for the vertically saw beams on the other end of the

formwork.

Vi p o n

[7o] [-] [-] [-]
P11 | VCC |0.67*/%*0.62|0.0049 0.79 0.72
P12 “ 0.68 0.0025 0.37 0.25
P21 | SCC [0.71 */0.72*%* 0.0040 0.56 0.42
P22 “ 0.71 0.0056 0.78 0.71
W11 VCC | 0.74/*0.81 [ 0.0041 0.56 0.44
w12 0.75/*0.85 | 0.0035 0.47 0.33
w13« 0.77 0.0052 0.68 0.58
W14 0.79 0.0038 0.48 0.34
W21 SCC | 0.71/%*0.74 | 0.0040 0.57 0.43
w22« 0.68/*0.63 | 0.0025 0.37 0.24
W23 0.70 0.0023 0.33 0.22
W24 0.72 0.0044 0.62 0.49

Table 5.3: Result of fibre-counting for each element. For more details see
Appendix A. *) The fibre content was only controlled in one of three beams
(showed after the slash). To estimate the average value, the fibre content in
the two remaining beams is assumed to be equal to the added volume.

5.2.5 Results

The load-defection curves of the 12 beams sawn from the VCC wall 1s shown
in Figure 5.3. The relation between the residual strength from the measured
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response and the orientation factor from fibre-counting is similar for all
beams. It is clear that the fibres are not isotropic orientated. This is partly due
to the wall effect. According to Dupont (2003), the orientation factor can be
determined by:
L=yt e,
h
With a wall thickness h=150 and Dramix 65/60 steel fibres, the theoretical
orientation factor Olpramixess0=0.54. The average orientation factor for all
beams in the VCC wall is 0.55, which is close to the theoretical factor. The
scatter is probably partly caused by vibration. Figure 5.3 also illustrates that

, where 0o;=0.5 and 0,=0,6. [Ch 2.6]

the post-cracking strength of the concrete first of all is dependent of the share
of fibres over the cross-section, here quantified by o. The residual strength is
determined from the equivalent bending strength recorded at 0.5 and 2.5mm
deflection, as described in section 2.5.2. Moreover, the average residual
strengths for the four elements from the VCC wall were higher for the
horizontally sawn beams than the vertically sawn beams.
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Figure 5.3: Wall with vibrator compacted concrete, result from beam tests.
The residual strengths f,., are determined from the average equivalent bending
strength (average of three beams). o is the average fibre orientation factor

determined from fibre counting.
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The fibre-orientation for the SCC-wall was mainly horizontal in the elements
near the side of casting, while the fibres were more vertically orientated in the
elements on the other end of the wall. This is also verified by the residual
strength which is largest for the horizontally sawn beams near the casting
point, and largest for the vertically saw beams on the other end of the
formwork. The orientation of the fibres in SCC is dependent on the flow
during casting. If the fibres mainly are orientated parallel to the flow, a
hypothesis is that the direction of the flow could have been as illustrated in
Figure 5.4.
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Figure 5.4: Wall with SCC, result from beam tests with the average residual
stress and the average orientation factor for each element. If the fibres are
assumed to orientate parallel to the flow, the direction of the flow would be as
indicated by the arrows.

An important observation is that the fibre orientation factors and the
concentrations in the two elements sawn from the VCC slab were very
different from each other, with average orientation factors 0.70 and 0.37 for
element Py, and Py, respectively. As already stressed, the fibre content in the
controlled blocks from element P12 was close to the added fibre volume,
which implies that an unfavourable fibre orientation causes the low post-
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cracking strength, not an absence of fibres. The uneven fibre orientation must
have originated from the vibration and casting work. The residual strengths for
the two elements sawn from the SCC slabs, on the other hand, were quite
similar. [Figure 5.5]
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Figure 5.5. Load-deflection curves for the 12 beams taken from the two plates.
The residual strengths determined from the average equivalent bending

Strength are. ﬁes,p1]:].28, ﬁesjp]2:0.46, ﬁes,PZ]:2-01; ﬁes,P22:2-55 N/I’I’ZI/I’IZ *)
Two beams were tested upside down.

The results for VCC slab illustrate a common problem for FRC; immersion
vibrators can cause an uneven fibre distribution and orientation which leads to
weakness zones, and should therefore be avoided. Still, in full-scale
constructions, it is often impossible ensure a sufficient compaction without a
immersion vibrator.

Residual strength from fibre counting

The residual strength determined from the average equivalent bending
strength can be compared with the theoretically determined residual strength



91

fhikres = Mo V¢ Oaverages Where the capacity factor m 1s estimated from fibre
counting. The theoretically determined residual strengths illustrated in Figure
5.6 are based on an average post cracking stress in the fibres of Gayerage =
400MPa. Even though the average values for the experimental and theoretical
determined residual strengths are similar, the scatter is large. When the crack
is initiated, only the fibres in the lower part of the beam are active. As the
crack expands, more fibres are activated. In Figure 5.6 the theoretically
determined residual strengths are shown, both when the section ratio of fibres
in the lower part of the cross section is accounted for, and when the number of
fibres at the whole cross section is considered. The difference is small, and
illustrates that the distribution of fibres is even.
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Figure 5.6: Theoretical residual strength from fibre-counting vs.

experimental, Oyyerage=400 N/mm®,

Average post-cracking stresses

The post-cracking stress is dependent on the concrete strength, as confirmed in
Chapter 5. However, the compression strength for the two concrete types used
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here are similar. It is still clear that the average post-cracking stress for the
VCC is much lower than for the SCC. By comparing the average theoretical
residual strength with the average residual strength found from the measured
data for each of the concrete types, the average post-cracking stress
Cav.vec=300 N/mm? for the VCC while it is Cav.vec=500 N/mm? for the SCC.
The result is illustrated in figure 6.7. One reason for the difference in post-
cracking strength between the VCC and SCC might be the amount of added
micro silica which is 6kg/m’ in the VCC and 15kg/m’ in the SCC. It has been
found that micro silica has beneficial effects on the bond between concrete
and fibres due to [Lofgren 2005]:

- Microfiller effect: Micro silica increases the packing density around the
fibre [Lofgren 2005]

- Pozzolan effect: The particles consist of amorphous silica and have a
large surface area, causing a reaction with ions in the alkaline pore
fluid. The reaction product resembles the hydration products of
hardened cement pasta, and stabilizes and enhances the separation into
finer pores. [Hjort 1982] The refined capillary pores and improved pore
distribution leads to a more dense and homogenous microstructure.

- Internal bleeding is reduced due to a higher coherence of the fresh
paste. [Lofgren 2005]

The results from experimental research on the effect of improved packing and
fibre-matrix bonding is ambiguous. In a study by Glavind (1992) on the
optimization of matrix packing density, steel fibre pullout tests with various
cement matrixes were carried out. No increase in interfacial bond strengths for
the matrices containing silica fume and clay were found, which indicates no
correlation between packing density and interface bond strength. These
findings are supported in the work by Chan and Li (1997). They found that a
densification of the transition zone between fibre and concrete had little effect
on the adhesive bond failure that occurred for steel and polyethylene cement
systems. Yet, if the densification of the transition zone results in an
enhancement of contact surface area between fibre and transition zone



93

material, the adhesion must improve. Most experimental results imply that an
improved bond capacity will be achieved by increased packing density due to
silica, e.g. [Guerro and Naaman 2000], [Robins et al 2002], [Stroeven and
Stroeven 2003], [Lappa 2007], [Cunha, Barros and Sena-Cruz 2007].

Another factor that may improve the porosity further is that the matrix volume
for the SCC (367kg/m’) is larger than the matrix volume of the VCC (339
kg/m’). The effects of matrix volume and micro silica might not be sufficient
to explain the large difference between the average post-cracking stresses
found in these experiments; further investigation is needed to establish the
influence of porosity. However, this is not made allowances for within the
scope of this thesis.
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Figure 5.7: Theoretical residual strength from fibre-counting vs.

experimental. Here Opyyerqge vcc=300 N/mm® and Ouverage,scc=00 N/mm?®.

One main reason for the scatter between the theoretical and experimental
residual strength is that the fibre-counting of the block taken 5-10cm away
from the crack differs from the fibre orientation and fibre concentration in the
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actual failure zone. Another reason is the chosen representative cross-section
for the theoretical residual strength included in m. In Figure 5.7 the whole
cross-section is included. Yet, as illustrated in Figure 5.6, considering only the
lower third of the cross-section does not reduce the scatter. Obviously, the
number of activated fibres increases as the crack develops. Hence the cross-
section area of fibres contributing is not constant, and therefore it is difficult to
choose a representative cross section area of activated fibres between 0.5 and
2.5 mm deflection, corresponding to the residual strength determined from the
equivalent bending strength.

5.2.6 Finite element analysis

Finite element analyses were carried out to find a simplified stress-crack width
relation which assures correspondence between the analyses and the
experimental results. Further, this stress-crack width relation will be used as a
basis for stress-strain relations in the total strain rotating crack model used in
chapter 7,9, 10 and 11.

For all beams, one crack developed near the middle as shown in figure 6.8. A
simple model of the beams is made in FEMGEN DIANA 9.1, using a discrete
crack approach with interface elements to define the crack. The traction is
expressed as a function of the displacements between the nodes in the
interface elements; three different multi-linear approaches are used, FEM1,
FEM2 and FEM3, as illustrated in Figure 5.10. The main material is assumed
to behave in a linear elastic fashion, while the discontinuity captures the non-
linear effect. By comparing the analyses with the experimental results, the
objective is to find a simplified stress- crack width relation which describes
the material behaviour.
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Figure 5.9: Element mesh and deflection shape of the beam in DIANA. Six-
node interface elements define the crack in the middle of the beam.
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Figure 5.10: Three multi-linear stress-crack width relations in tension. The
residual strength is reached at a crack width of 0.05mm, and the stress is zero
at 10mm. In model FEMI, the stress decreases linearly after reaching the
residual strength, while it is constant until 2mm and Smm for model FEM?2
and FEM3 respectively.
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The three multi-linear stress-crack width relations are applied in the finite
element analysis of nine beams. The residual strengths are calculated from the
equivalent bending strength as described earlier. Figure 5.11 to Figure 5.13
illustrates the results of the beams sawn from element W13, W14 and W24. It
is clear that the second approach, FEM2, is closest to the registered load-
deflection relation, which is not unexpected since the residual strength is
determined from the average load response between 0.5 and 2.5mm
deflection. Yet, at larger deformations the first model, FEM1 is in best
agreement for three of the beams: W13-3 and W14-2 and W24-2.
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Figure 5.11: Measured load-deflection relation compared with FEA results
for the three beams sawn from element W13 with VCC.
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Figure 5.12: Measured and calculated load-deflection relation for the three
beams from element W14 with VCC.
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Figure 5.13: Measured and calculated load-deflection relation for the three
beams from element W24 with SCC.

5.2.7 Conclusions

From the experiments, the following observations and conclusions are made:

- The relation between the fibre orientation and the residual strength is clear,
although the scatter is relatively large.

- The volume distribution of fibres through the structural elements is
approximately constant, both with VCC and with SCC. For the VCC-wall the
average residual strength is 38 % higher for the horizontally sawn beams than
the vertically sawn beams. Moreover, the average orientation factor for all 12
beams in the VCC wall 1s 0.55, which is close to the theoretical factor of 0.54
when the wall-effect is considered. For the VCC slab, the main orientation of
the fibres is varying, and is far from isotropic for the six sawn-out beams.
From these tests, it is difficult to make general conclusions on the fibre
orientation in construction elements of VCC when an immersion vibrator is
used, since the vibrator causes zones with uneven orientation and distribution
of fibres. Therefore, when compaction has to be done with an immersion
vibrator, it is important to avoid the zones which are most critical or exposed
to tension in the construction. For the SCC slab the residual strength is higher
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then in the VCC slab, at the same time as the scatter is relatively low. Based
on these tests, FRSCC seems more suited in slab elements, assuming that the
casting method provides a propitious concrete flow. The fibre-orientation in
the SCC wall is mainly horizontal near the casting point, while it was more
vertical in the other end of the formwork. The result of the beams taken from
the SCC wall underlines the dependence of the flow, which with the current
casting method causes a complex and non-uniform flow direction.

- The post cracking strength is higher for the SCC beams than for the VCC
beams. By comparing the average theoretical residual strength with the
average residual strength found from the measured data for each of the
concrete types, the average post-cracking stress Gyvcc=300 N/mm” for the
VCC while it 1S G,y,vcc=500 N/mm? for the SCC, even though the compressive
strength of the two concretes was similar. One possible reason for the
difference in post cracking strength is that the pore structure is more refined in
the SCC due to higher content of silica, which again might lead to improved
bonding between matrix and fibres. Moreover the matrix content is higher in
the SCC, which may influence the porosity in a favourable manner. Still, the
difference in post-cracking stress is higher than expected.

- Using a discrete crack approach with interface element, FEA shows that a
good approximation to the material behaviour in tension for the 60mm long
hooked end steel fibres is a multi-linear relation where the tension is kept
constant to a crack width of 2mm after reaching the residual stress. In the
applied material model the tension then decreases linearly to zero at a crack
width of 10mm.



6 Concrete beams reinforced with steel
fibres and bars

6.1 Fibres as additional reinforcement

Use of FRC as replacement for ordinary reinforcement bars is limited to
structures of short spans and can only be recommended for relatively low
reliability classes. FRC combined with reinforcement bars has however a
much wider range of application. As discussed introductorily, the fibres can be
used to reduce the amount of reinforcement bars, primarily in order to
improve the productivity and to reduce the heavy reinforcement work.

Earlier experiments show that beams with fibres as additional reinforcement
exposed to bending have similar behaviour as traditional reinforced beams,
although, at failure, all inelastic deformations concentrate in one single
cracked section for FRC. [Espion et al (1993), Schumacher (2006)].

Moreover, as discussed in section 2.5.3, fibres can with advantage be used as
shear reinforcement. This chapter presents the effect of fibres in experiments
with beams designed for moment failure as for shear failure. It also
emphasises the influence of concrete type and casting process.

6.2 Experiments: SFRC beams with VCC and SCC
designed for moment and shear failure

6.2.1 Introduction

Two series of concrete beams were tested, the first with fibre reinforced
vibrator compacted concrete (FRVCC), the second with fibre reinforced self-
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compacting concrete (FRSCC). In total 7 beams were designed for moment
failure (“moment beams”) and 9 for shear failure (“shear beams”). An
overview of the two series is given here:

Series A [Vabo 2001]:
— Four beams designed for moment failure and five beams for shear

failure.

— The dimensions of the beams were b x h x L = 150 x 250 x 2850mm.

— The compression cube strength was f,, = 50 N/mm* (VCC)

- A minimum of reinforcement bars was used in the moment beams,
2¢6mm, resulting in a reinforcement ratio of p=Ay/A=0.00166. The
shear beams were reinforced with 3¢16 (ps=0.018).

- Dramix steel fibres with a length/diameter ratio of 65 were added. The
fibre lengths were 35mm and 65mm, and the fibre volumes 0 %, 0.5 %
and 1.0 %.

Series B [Dgssland 2002]:
— Three beams were designed for moment failure, five for shear failure.

- The beams were made with SCC with compression cube strength f., =
60 N/mm>.
— Same dimensions and reinforcement as Series A.

The objective with the experiments was to investigate the effect of different
fibre types and fibre volumes on beams in shear and bending, and to compare
the test results with different available design methods. Moreover, the effect
of concrete type (VCC/SCC) and casting procedure examined, focusing
mainly on the orientation and distribution of fibres through the beams. Finally,
finite element analyses were performed on all beams.
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6.2.2 Reinforcement

The beams designed for shear failure were made without stirrups in the shear
zone, except for one VCC reference beam without fibres. The shear beams had
a higher reinforcement ratio than the beams designed for moment failure.
Table 6.1 shows the tensile properties of the three reinforcement diameters.

Bar Modulus Stress at offset | Stress at | Strain  at
Aut Young Yield 1 Max. Load | Max Load
[MPa] [MPa] [MPa] [%]

06 Series A 227754 606 690 4.95

06 Series B 218653 651 717 3.98

08 207196 516 618 11.8

016 211809 505 603 13.1

Table 6.1: Average values of three samples from each reinforcement
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Figure 6.1: Geometry and reinforcement layout of beams designed for
moment failure.
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Figure 6.2: Geometry and reinforcement layout of beams designed shear
failure. Beam S0-A had additional stirrups in the shear zone, as illustrated.

6.2.3 Concrete and casting
An overview of the beams with appurtenant concrete properties in the fresh

and hardened state is given in Table 6.3.
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Material VCC SCC
Cement “Norcem Standard FA”  320.0 335.1
Silica “Elkem Mikrosilika” 8.0 26.8
Fine aggregate 0-8 mm, river sand [912.4 981.9
Fine aggregate 0-2 mm, river sand |{182.5 292.6
Aggregate 8-11 mm 365.0 263.0
Aggregate 11-16 mm 365.0 263.0
Water 186.2 153.6
Admixture

Scancem P 2.300 1.34
Mighty 150 0.259 -
Scanflux SSP2000 - 3.35
Dramix 65/60 38.5 38.5

Table 6.2: Concrete composition, VCC and SCC with 0,5% fibres. The other
mixtures in the two series were similar, but the content of admixtures (Mighty
150/ Scanflux SSP2000) was increased with increasing fibre content.

Aggregates |2min Amin lmin | Scancem P
Cement »  Water > Fibres » Mighty/ [
Silica SSP2000

- Rest . Sto
2min p
—* 4min Imin,

Figure 6.3: Mixing procedure.
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Series 1, VOO j Series 2, SCC
3

Figure 6.4: Casting. In series 1, the concrete was filled and vibrated in three
layers as sketched. In series 2 the concrete was poured through a funnel
from one side until the formwork was filled

In series A, the concrete was poured from a concrete scip in 2-3 layers and
vibrated until the formwork was filled. For the SCC beams, the concrete was
poured from the scip through a funnel from one side of the formwork. In both
series, the fibres tended to cluster when opening and closing the concrete scip.
The scip therefore had to be opened fast and nearly wide open to ensure an
even distribution of fibres. Some problems did occur while casting the SCC
shear beams, where the flow was hindered by fibre blocking in front of the
stirrups. This problem was especially pronounced for beam S4-B, were
complete blockade occurred. The reason for this was that some additional
stirrups were placed in the middle of beam S4-B and S5-B in an attempt to
force the fibres in to a more uni-directed orientation (66 c160, shape as
additional stirrups SO-A, Figure 6.2). Due to the difficulty that occurred while
casting beam S4-B, shorter fibres were used for beam S5-B. After
demoulding, all beams were stored for 28 days in moistened burlap sacks at
room temperature. The following test specimens were taken from each
mixture:
— 6 cubes 100 x 100 x100 to measure the compressive strength.
— 3 cylinders 145 x 300 to measure the splitting tensile strength.

The E-modulus (2 cylinders 145 x 200) was measured only on the reference
mixtures without fibres (M1-A and MI1-B) as E.ycc=34620 N/mm® and
E.scc=31550 N/mm”.
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Beam | Name | Fibre Slump/ | Air | Density | Cube Splitting | Tensile
test volume | Slump strength | tensile str.**
flow strength
[%] [mm] |[%] | [kg/m’] | [N/mm?*] | [N/mm?] | [N/mm?]

Series | M1-A | 0 90 24 1240 51.6 3.06 2.17
A M2-A | 0.5 120 22 242 48.9 3.59 2.10
VCC | M3-A | 1.0 110 24 (245 54.1 4.42 2.33

M4-A | 1.0* 120 3.8 | 240 433 4.44 2.05

SO0-A |0 Equal to M1-A

SI-A |0 Equal to M1-4

S2-A 10,5 Equal to M2-A

S3-A | 1,0 Equal to M3-A

S4-A | 1.0* Equal to M4-A
Series | M1-B | 0 610 1.0 [2.36 60.3 4.3 2.46
B M2-B | 0.5 700 1.2 |2.38 60.7 4.1 2.47
SCC | M3-B | 1.0 700 0.8 |2.36 59.2 4.8 243

S1-B | 0 Equal to M1-B

S2-B | 0.5 Equal to M2-B

S3-B | 1.0 Equal to M3-B

S4-B | 0.5 Equal to M2-B

S5-B | 0.5* 625 |- |- (623 |47 2,52

Table 6.3: Concrete properties in the fresh and the hardened state for Series A
(VCC) and Series B (SCC). “M” denotes the beams designed for moment
failure and “S” the beams designed for shear failure. The beam S0-A was
made with stirrups in the shear zone, the other shear beams without. *)
Dramix 65/35. Dramix 65/60 is used for all other beams. **) interpolated
from NS3473

6.2.4 Instrumentation and test setup

The strains were measured by extensometer and by strain gauges. The
measuring points for the extensometer are shown in Figure 6.5. The beams
designed for moment failure had two strain gauges fastened on the
reinforcement bars in the middle of the beam to measure the tensile strain.
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One PL-60 strain gauge were glued on top of the beam to capture the
compressive strain [Figure 6.5]

Strain gauge on top of the beam to
measure compressive strain

20 —i—
70 —F—
70| . =
2 6y 6 1. 7.8
LZUULEUUJ" 00\ Two strain gauges glued on reinforcement bars in the

middie of the beam to measure tensile strain

- 3, 6 9 A8 15 12
212 2. 58 S a7 & A 250
— 1\. 4‘& ?\. 1{16 ./13 10
19| 265 =
576 140 | 140 |70 |70/ 140 | 140 575

Figure 6.5: Brazen patches were glued on the concrete surface as measuring
points for the extensometer. The figure illustrates the location of the patches
on the moment- and shear beams respectively.

The deflections were measured over the supports, at the loads and in the
middle of the beams. Dial gauges were used in series A, while LVDTs were
used in series B with SCC.

All beams were simply supported and loaded with two equal point loads. The
moment beams had a/d ratio 2.00 while the a/d ratio for the shear beams were
2.97 (a= horizontal distance from support to load, d = effective beam height).
The load was applied by hydraulic jacks and held constant for about five
minutes at each load step while the extensometer were read and the crack
patterns were drawn.
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6.2.5 Results - beams designed for moment failure.

An overview of the loads at first crack and at failure is given in Table 6.4. The
load at the first visually observed crack varied with 18% for Series A and 38%
in Series B. Roughly, these observations corresponds to the measured load-
deflection ratios [Figure 6.8].

Beam ([Fibrevolume [P, M., P, M,
[%o] [kN] [kNm] |[kN]  [kNm]
M1-A |0 16.2 7.3 21.7 9.8
M2-A 0.5 18.6 8.4 27.1 12.2
M3-A [1.0 17.7 8.0 31.4 14.1
M4-A (1.0 15.7 7.1 29.9 13.5
M1-B |0 15.7 7.1 22.1 9.9
M2-B (0.5 15.7 7.1 34.3 15.5
M3-B |1 21.6 9.7 43.7 19.6

Table 6.4: Load at first crack and maximum load with appurtenant moments.
Here:

P.. - Load as the first crack is observed
M. - Moment at first observed crack
P, - Failure load/maximum load

M, - Moment at maximum load

Jires - Residual strenght

Compared to the reference beam without fibres, M1-A, the increase in
moment capacity was 25%, 45% and 38% for M2-A, M3-A and M4-A,
respectively. For Series B, the increase in capacity from the reference beam
was 57% for M2-B and 98% for M3-B. The effect of fibres was accordingly
more than twice as high for the beams with SCC compared to VCC. 1t is
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important to stress the fact that the relative effect of the fibres would have
been considerably smaller with a higher reinforcement ratio.

. 40 - B vCC
=2 30 __ SCC
=
o 20 -
=
= 10

0

No 0.5% 1.0% 1.0%
fibres 60mm 60mm 35mm

Figure 6.6: Ultimate loads for the beams designed for moment failure.

As illustrated in Figure 6.8 the moment capacity increases with increasing
fibre content, at the same time as the ductility decreases. Beam M4-A with 1%
35mm long fibres reaches almost the same level as Beam M3-A with 1%
60mm long fibres, and the ductility is, surprisingly, larger. Nevertheless, it is
difficult to get an accurate picture of the ductility, because the experiments are
load controlled, not deformation controlled, which makes it hard to capture the
descending branch of the load-deflection relation.

The measurements show that the strains increase considerable for all beams
after reaching a tensile strain of around 0.1%o [Figure 6.7], implying that the
concrete starts cracking.
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Figure 6.7: Strains in the middle of the beams. The strain was measured by
strain gauges on top of the beam (compressive strains in concrete) and on the
reinforcement bars (tensile strains).

Load [kN]
Load [kN]

Deflection [mm] Deflection [mm]
—+—MI-A - - - -M2-A —e+—MI1-B - - - -M2-B
—&— M3-A ——M4-A —a—M3-B

Figure 6.8: Load-deflection ratio in the middle of the beams designed for

moment failure

The cracks were more or less evenly distributed between the two loads with
average crack distances as shown in Table 6.5. It is clear that the number of

cracks increased with increasing fibre content.
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MI-A | 200 MI1-B 200
M2-A | 123 M2-B 80
M3-A | 80 M3-B 64
M4-A | 107

S1-B 77
SI-A |91 S2-B 63
S2-A |63 S3-B 63
S3-A |45 S4-B 71
S4-A |71 S5-B 67

Table 6.5: Average crack distance between the two loads [mm].

Figure 6.9: Cracks in beam M2-A; average crack distance 123mm. The
cracks were traced with a marker for each load-step.

As the beams reached their peak load, the deformations localized in one large
crack, and failure followed as the concrete crushed in the compression zone.

6.2.6 Design load - beams designed for moment failure

Similar to RILEM’s ¢-¢ method [RILEM 2003] the behaviour of SFRC under
tension can be described by a flow chart for uni-axial stress. The flow chart
used in this research [Figure 6.10] to estimate the capacity of the beams is
somewhat simpler than the recommendations of RILEM.

Especially two parameters are important to establish the post-cracking

behaviour; the residual strength f; s« and the appurtenant strain limit €.
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The post-cracking strains are dependent on several factors; mainly the crack
widths in the interval where the residual strength is approximately constant,
the distance between the cracks and the fibre length. For the subsequent
calculations, it 1s sufficient to use constant values for the ultimate strain and

the negative slope after cracking; here taken as ¢€,=10%o0 and
E. neg=10000N/mm”.
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Figure 6.10: Flow chart for SFRC [Dassland, 2002]

Here:

€c=(2,5€.0/€cn - 1,5)/€cn
€en=-fen/Eecn,y
€.0=-0,0019-0,004f,

Eres™ fet/Eon T(fer-Tetres)/Ee neg
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The stress in the different strain intervals marked 1-5 in the figure can be
found from the following expressions, where the compressive behaviour is
taken from NS3473 (2003):

1 O-c = _.fcn
m=0,6
-E,,+0,6 -l
2 O-c =E e gc + (l’l’l - l)ﬁn 80 < : <
(0’6 - m) f;‘n
3 o =E, ¢
4 O-c :f;_(gc _gj'Ec,neg
5 O-c = ctresidual

Two methods for estimating the residual stress fi esiqual are considered; The
method proposed in the Norwegian SFRC design rule draft, and the procedure
suggested in the Dramix guidelines.

In the Norwegian Design rule draft, the residual strength can be taken as
[Chapter 4.1.2]:

fot residual = Mo * Vf © Ofaverage
where :
1o 1s a factor dependent of the fibre orientation
vrthe fibre content

O average 15 the average post-cracking stress

In the Dramix guidelines, the residual strength is determined based on three
point bending tests on beams of dimension 150 x 150 x 450mm. The method
is described in chapter 4.1.1. When it is not practical to perform beam
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experiments, the residual strength can be taken as f.=0,37fxcq150 , Where
ffet.eq,150 18 determined from the following expressions:
R

_ "tem,150 ’ ctm, fl

ffctm,eq,lSO - 100

1/3 2/3
where 7 — 180, Ad] _03f2

" 180C+W, A dF T T 0,6

and the characteristic equivalent bending strength freyeq150 = 0.7 foimeq. Here
W: 1s the fibre content [kg/m3], A¢ the ratio fibre length 1; to diameter d; and
C=20 for Dramix fibres with end hooks. These expressions are based on
experiments where the concrete cube strength f.<40N/mm®. For higher
concrete qualities it is recommended to substantiate the calculated residual
strength with experimental results.

The reinforcement bars are assumed to follow an idealized stress-strain
relation with a maximal strain of 10%eo.

Calculation and evaluation of the test results — multi-layer model

The multi-layer model for the flexural response of beams was developed by
Hordijk (1991). Later on, Kooiman (2000) showed that the model was
applicable for FRC, and further, Griinewald (2004) used the multi-layer model
for FRSCC.

The beams evaluated in this chapter are calculated by dividing the beam cross-
section into 20 layers as shown in Figure 6.11.
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Figure 6.11.: Multi-layer model with the beam divided into 20 layers

Axial force and moment can approximately be taken as:

N = z t—+0'A +0,'4,'=0

M = Z t—y+O'Ay+0"Ay

With a linear strain distribution over the cross section height, a chosen strain
(for example in top of the beam) gives the stress in each layer by the formulas
1-5 in Figure 6.10. The strain is also used to determine the resulting stresses in
the compressive and tensile reinforcement bars. For each strain that is chosen,
a simple spreadsheet is used to calculate the strains and stresses over the
whole cross-section by solving the equation for the moment and fulfil the
criteria N=0. Subsequently the moment-curvature relation for the beam can be
determined.

Comparing the calculated moment-curvature relation to the moment-curvature
ratio deduced from the recorded deflection data indicates that the residual
strength for the experiments were higher than the calculated strengths based
on Dramix Guideline. The values determined by Sintef’s method correspond
slightly better to the test results, but for the SCC beams, the capacity is
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considerably underestimated. The occurring residual strength in the beams is
determined by adjusting the theoretical moment-curvature relation to the
registered one by changing the residual strength in the multi-layer model until
the curves are similar. One example of this is shown in Figure 6.12. The
calculated values for the moment beams are presented in Table 6.6.

B 257 —— M3-B measurements
E 20
: 1 5 | A—N—N—N—DA
S 10 - —e— Mu.lti—le.1yer (Dramix
g 5 - Guideline)
- 0 | | — Multi-layer (curve

0 20 40 fitting)

Curvature [E-6]

Figure 6.12: Moment-curvature ratio for beam M3-B compared with the
results of the multi-layer model With frespramix Guidetine=1 78N/mm’. The
appearing residual strength is determined by curve-fitting to the curvature
determined from the deflection data (here fres curve fitting=2- 83N/mm2).

Beam | fres bramix=0,3 7fteteq,150 | fres=Mo -V -Ofmean | fres Curve fitting
M2-A 1.07 0.83 0.85
M3-A 1.66 1.67 1.65
M4-A 1.35 1.67 1.50
M2-B 1.29 0.83 1.70
M3-B 1.78 1.67 2.83

Table 6.6. Residual strength determined from three different methods, Dramix
Guidelines (1997), Sintef’s method and experimentally by curve fitting.

Table 6.6 shows that the occurring residual strengths determined by curve
fitting are in good accordance both with Dramix and Sintef’s method for the
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VCC beams. The residual strengths for M2-B and M3-B, on the other hand,
are much higher than the calculated residual strengths. For M3-B the residual
strength estimated from curve fitting is even higher than the tensile strength of

the concrete.

6.2.7 Distribution and orientation of fibres — moment beams

After the experiments had been carried out,

fibres were counted on blocks

sawn from the moment beams in series B with SCC. The fibres were counted

on three planes perpendicular to each other.

M2, M3, M2, M3,
Castin Jké} ‘ i 1X
q e L TTE
BT N
AR
1 ' 1
100 400 100 700 |
I 1 t t 1
I 2850

Figure 6.13: Sawn out blocks for fibre counting, beam M2B and M3B.

In the lower part of the cross-section, the
fibres clearly had a preferred orientation in
the longitudinal direction of the beam. By
considering the fibres partly as isotropic,
partly plan-orientated and partly uni-directed,
the fibre counting showed that between 16%
and 27% of the fibres had an isotropic
orientation [Figure 6.15]. This is quite far
from the typical orientation in vibrator
compacted concrete, where it often is
considered sufficiently accurate to assume an
ideal situation with 100% isotropic orientation.

D
: gg :

Figure 6.14: The fibres were
counted on sawn-out planes
perpendicular to each other
as illustrated.
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Figure 6.15: Fibre orientation in the lower half of the beam; two blocks
from beam M2 with 0.5% fibres and two from beam M3 with 1% fibres.

As described in chapter 2.6.3, the fibre volume can be estimated from fibre
counting on three planes perpendicular to each other:
vi= (N;19/16-N,+7/16-N3)-A¢/A.,

where the number of fibres is denoted according to the following assumptions:
N;>N,>N3. Using this equation on the four sawn-out sections leads to fibre
volumes of vin:1=0.55%, vinm2=0.59%, vemzi=1.34% and viuvso=1.24%, which
are higher than the added volumes of v¢\,=0.5% and v¢y3=1.0%. This shows
on one hand that the volume of fibres is not entirely constant through the
beam. On the other hand, it indicates that the segregation resistance of the
concrete is large, since the fibre volume does not decrease with increasing
distance to the casting zone. This is also supported by fibre counting in the
upper and lower half of the beam, which showed that in average 53% of the
fibres were located in the lower half of the beam. Hence, the fibres did not
sink much in the concrete.

X-rays were taken on two blocks with dimensions 400x250x54mm [Figure
6.16]. Although the pictures show that the fibres have a preferred orientation
in the longitudinal direction of the beam, it is evident that the scatter is quite
high. Still, the x-rays do not give a clear picture of the orientation, since a 3D
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orientation situation is projected into a 2D photo. In order to use x-rays to
establish the fibre orientation in a plane, thinner slices should be sawn from
the concrete.

150

M3,

M3 !

M2, | !

Figure 6.16: X-ray photo through 54mm thick blocks taken from beam M2-B
and M3-B with SCC
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The large difference in moment capacity between the VCC and SCC beams
can primarily be explained by a favourable fibre orientation. The number of
fibres counted in the longitudinal direction of the beams is in average 77%
higher than the number of fibres in an ideal situation with evenly distributed
isotropic orientated fibres. Yet, the capacity increase due to fibres for the SCC
beams compared to the VCC beams is even larger than 77%; as illustrated in
Figure 6.6 the increase due to fibres was more than twice as high for the SCC
beams. Another factor that enhances the difference between the VCC and SCC
beams is the increased post-cracking stress due to improved fibre-matrix
bonding in the SCC. The reason for this improved fibre-matrix bonding is
related both to the matrix strength and the concrete composition. Since the
SCC has higher matrix content and contains more silica, it is likely that the
pore structure is more refined, something that improves the fibre-matrix
bonding. This is further discussed in section 5.2.5.

From the fibre counting it can be concluded that:

— In the lower half of the beam the fibres had a main orientation in the
longitudinal direction, which indicates that the fibres had a preferred
orientation parallel to the flow. The large share of uni-directed fibres
can not be explained by wall-effect only.

— The volume of fibre did not decrease with increasing flow distance, nor
was any considerable volume increase with increasing specimen depth
observed. This indicates that the segregation resistance of the concrete
was large.

— The large difference in moment capacity between the VCC and the SCC
beams can primarily be explained by the favourable fibre orientation.
Most likely the fibre-matrix bonding was higher in the SCC than in the
VCC which enchanted the difference in moment capacity.
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6.2.8 Results - beams designed for shear failure.

An overview of the loads at cracking and failure for the nine shear beams is

given in Table 6.7
Series | Beam | Fibre volume | P, P, P,
[70] [kN] | [kN] | [kN]

Seriesl | SO-A* |0 34.4 53.0 68.7
SI-A |0 46.8 49.1 54.0

VCC S2-A 0.5 353 69.7 79.5
S3-A | 1.0 37.3 53.0 110.9
S4-A | 1.0** 49.1 68.7 103.0

Series2 | S1-B | 0 0.0 58.9 58.9
S2-B 0.5 27.0 63.8 81.4

SCC S3-B 1.0 27.0 73.6 103.0
S4-B  |0.5 19.6 65.2 67.7
S5-B | 0.5%* 19.6 73.6 83.4

Table 6.7: Loads at first crack, first cross-crack and ultimate load. Here P,, is
the load at the first observed crack, Py the load at first observed shear crack
and P, the ultimate load *) Beam S0-A were made with stirrups in the shear
zone [Figure 6.2], the other beams were made without any shear
reinforcement. **) Shorter fibres, Dramix 65/35
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Figure 6.17: Ultimate loads for the beams designed for shear failure. Beam
S2 and S§3 with Dramix 65/60, §4 and S5 with Dramix 65/35. *) S0-A were

made with ¢6¢150 stirrups in the shear zone.

Figure 6.17 illustrates how the shear capacity increases with increasing fibre
content. The effect of fibres on the shear capacity is, in average, similar in the
two series. As described in the previous section, fibre counting on the moment
beams in series B indicates that the main share of fibres is orientated
horizontally through the beam. It is therefore likely that there is an analogous
reduction of the amount of fibres available to take up shear force in the five
shear beams in the SCC beams. Yet, the differences between the two series are
negligible. This may imply that no pronounced uni-directed orientation did
occur in the shear-zone of the shear beams. But it is perhaps more likely that
the post-cracking strength of the FRSCC is higher than in the VCC due to
better fibre-concrete bonding, as the results in chapter 6 indicates. If so, a
lower number of fibres are needed to achieve the same ultimate load as in
series A.

S2-B and S4-B were originally expected to behave similar, since the only
difference between them is the extra stirrups in the middle of S4-B, set up in
an attempt to influence the fibre orientation. As already explained, this attempt
failed as fibre blocking occurred. Therefore beam S4-B had a weakness zone
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almost without fibres, which reduced the capacity noticeably. Beam S5-B with
0.5% Dramix 65/35 fibres reached approximately the same ultimate load as

beam S2-B with longer fibres.

100 - 100 -
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—+—S0-A----SI-A——S2-A —+—SI-B----82-B——S3-B
— S3-A —x—S4-A ——S4-B —x— S5-B

Figure 6.18: Load-deformation relation for the beams designed for shear
failure; a) Series A with VCC b) Series B with SCC.

The deformation behaviour is approximately similar for all shear beams,
although the beams with higher fibre content exhibit a somewhat more ductile
behaviour. This especially holds for the VCC beams. Figure 6.18a shows that
the deformation per load step is larger for the beams with most fibres. In
addition, the figure shows that the behaviour of SO-A with stirrups in the shear
zone is almost the same as S2-A with 0.5% fibres. Compared to the beam
without fibres and stirrups (S1-A), 0.126% stirrups gives an increase in shear
capacity of 27%, while 0.5% fibres gives 47% increase. This is reasonable
since it is expected that 1/3 of the fibres are active in each direction. The
behaviour of the SCC beams is more brittle than for the VCC beams, and it
can also be seen from the figure that the E-modulus for the SCC beams is
lower, which corresponds to the E-modulus measured on the test specimens.
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6.2.9 Design load — beams designed for shear failure

Various models exist for calculating the shear capacity of FRC, of which some
are reviewed in section 3.4. The ultimate loads measured for the beams
designed for shear failure are compared with three of the models given in
Table 3.1, here denoted A, B and C. The fourth model, D, used for comparison
is deduced based on the contribution of stirrups to the shear capacity
according the Norwegian Design rules NS3473 (2003) as described in section
3.4. Figure 6.19 present the relations between the test results and calculated
shear capacities with the four alternative methods:

A: 1:u=(0.1670(+0.25F1)fco'5 [Khunta et al.1999]
B: 1,=[0.12k(100p-f4)"*+0.156,] + k¢0.54f ox(R/1.5); [Nemegeer 1996]
C: 1,=¢(0.24f;,+80pd/a)+0.41t-F; [Narayanan & Darwish 1987]
D: T, =Tcqt 0.9:1/3ViOaverage-
where T4 is calculated from the Norwegian standard code NS3473.

For method D, an average stress in all fibres is taken as o0r=500N/mm?, and it
is assumed that the distance to the pressure zone z=0,9d=200mm. The angle of
the shear crack is taken as 45°. Further details on the input-date are given in
Appendix A.

In both series, the ultimate loads from the beam tests were higher than the
calculated shear capacities, as illustrated in Figure 6.19. In average the ratios
between the ultimate loads and the calculated capacities P./Veae for all
beams without stirrups were 1.32, 1.45, 1.23 and 1.05 for series A, B, C and D
respectively. It is clear that method D based on the shear design load with
traditional shear reinforcement corresponds best with the test results.
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Figure 6.19: Relation between test results and calculated capacity, series A
and B. Input data for calculations are listed in Appendix B.

6.2.10 Finite Element Analysis

Modelling the material behaviour

A smeared crack approach is used in the finite element modelling, assuming a
homogenous isotropic material. For the beams reinforced with bars only the
tensile behaviour of the concrete is modelled by a linear stress-strain relation,
limited by tensile strength. Thereafter the stress decreases in an exponential
strain-softening part. The strain-softening branch is determined by the fracture
energy Gy and the numerical crack band width h,, where:
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Gi= 0y * (f./10)*7

Here f., is the mean cylinder strength in MPa and o; is a factor dependent on
the maximum grain size d,.x [CEB-FIP Model code, 1991]. Here 6=0.03
Nmm/mm? for d,,,=16mm.

The crack band width (or the equivalent length) is dependent on the element
size and shape and on the crack direction. Dahlblom and Ottesen (1990)
introduced the crack band width to obtain a realistic modelling of crack
sharing. This was essential for the objectivity of the smeared constitutive
relations so that it was possible to establish a smeared version of the fictitious
crack model. For higher order 2D elements, the value is normally taken as h;
= VA where A is the total area of the element [de Witte, 2002].

o / %
fCt r-=-""-"7"-- . ,//
X x
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Figure 6.20: Strain softening curve used for the beams without fibres. Here
Jer IS the tensile strength, E is the Youngs Modulus, Gy the fracture energy
and h,, the crack band width.

For the beams with fibres the tensile behaviour is modelled by a multi-linear
relation, as shown in Figure 6.21. The stress-strain relation is based on the
stress-crack width relation found in Chapter 6, and the plastic strains are found
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by dividing the crack width with the average distance between the occurring
cracks for each beam [Table 6.5]

A

I > W
0.05 2 10
A Relation between w and €:
6 € = Eelastic + €crack = Eelastic + W/I—c
fy - where:

®  Eopsic= O/E

e L. is the average crack distance in the
middle of the beam where the moment is
constant, given in Table 6.5.

fres -

»
»

f«/E+0.05/ L.

Figure 6.21: Multi-linear stress-strain relation based on a simple stress-
crack width relation taken from earlier experiments with similar concrete
and steel fibres.

The tensile strength is estimated from the compressive strength according to
Table 5 in NS3473 (2003) [see Table 6.3], and the residual strength is taken as
fies™Mo0 Vi "Ofmean- 1t 1S assumed that the fibres are isotropic orientated with an
average post-cracking stress of 500MPa. The values are given in Table 6.6.
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The E-modulus was measured for the reference mixtures without fibres, and in
both series assumed to be similar for the mixtures with fibres. The Poisson's
ratio is taken as 0.2, assumed not to be affected by the fibre addition.

The compressive behaviour of the concrete is described by the extended
Compressive Damage Zone (CDZ) model introduced in Chapter 2.5.1 with
stress-strain relation determined from the expressions given in Figure 2.6. The
following input parameters were used [Schumacher 2006]:

Filling degree o = 0.8/0.9 with VCC/SCC

Nominal compression strength f'= 0.8f; cube (Ffec cylinder)

Youngs modulus E~=0.9 - 9500fc*(1/3)

Strain at maximum stress €= 0.7fco'31°0.8

Proportionality factor k=3.5+10Vdyds+ 60e/h, where e/h=1/6
Localized deformation w.=0.7

Damage zone /total length Lys/L=0.8-0.2Vd/d;-e/h

Total length L = distance between supports

The compressive strength is taken as 80% of the measured cube strength,
corresponding to the estimated cylinder strength. Due to the strain gradient in
the compressive zone of the beams, an eccentricity of e/h=1/6 was used to
estimate the proportionality factor k in the CDZ model, according to
Schumacher (2006). To account for the confining action of the loading platen,
an additional strain was introduced in the region under the load and further the
compressive strength was increased by 10%.
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Figure 6.22: Compressive stress-strain relation for the three moment beams
in series B.

The tensile material properties presented in Table 6.1 was used to model the
hardening behaviour of the reinforcement.

Finite Element Model
An eight-node quadrilateral isoparametric plane stress element is used, based

on quadratic interpolation and Gauss integration.

Figure 6.23: Plane stress element CQ16M in DIANA [De Witte et al. 2002]

The reinforcement is modelled with embedded reinforcement bars; any slip
between the concrete and the reinforcement bars is not taken into
consideration.

Due to symmetry, only half of the beams are modelled, as illustrated in Figure
6.24. The load was applied as a nodal force in deformation controlled steps.
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Figure 6.24: Element mesh for the shear beams. The figure also illustrates
the crack pattern by vectors according to cracking strain size for beam S1-A
when the shear crack is initiated (Green crack strain).

The results of the finite element analyses are compared with the test results in
Figure 6.25 and Figure 6.26. In general, the agreement is good. However, for
beam M2-B and M3-B the analyses underestimate the capacity. This is
reasonable since the residual strengths in the analyses were based on isotropic
orientated fibres, even though fibre counting showed that the fibres had a
favourable distribution and orientation in the SCC beams. When the residual
strengths, which were estimated by curve fitting between the experimental
data and the multi-layer model are applied, the results of the analyses
correspond with the experiments.

The capacity of beam M4-A is slightly overestimated by the analysis. Since
the multi-linear stress-strain relation shown in Figure 6.21 is based on
experiments with 60mm long fibres [5.2.6], it may not be appropriate use the
same relation for beam M4-A with 35 mm long fibres. Still, due to lack of
data, the same €(w) ratio is used for beam M4-A. No fibre counting was done
on the beams with VCC, but if the orientation through beam M3-A and M4-A
1s similar, the results imply that it is not sufficient to apply the current multi-
linear stress diagram FRC with Dramix 65/35.
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After cracking, the response of the test results appears to be stiffer than the
analysis results. This can primarily be explained by the simplifications made
in the material model [Figure 6.21]. The average crack width is determined
from the total number of cracks after cracking in the zone with constant
moment [Table 6.5]. In the experiments, the average crack widths decrease
with increasing deflections, as more cracks develop. Thus, the constant crack
width used in the FE-model results in too high cracking strains at an early
stage.

For the shear beams, the response of the analysis also corresponds relatively
well with the experiments, although the capacity of beam S2-B with 0.5%
fibres 1s somewhat underestimated by the analysis. Moreover, the FE analyses
seem to slightly overestimate the ductility of the beams with 1% fibres. As for
the moment beams, the average crack width for the shear beams is taken as a
constant value, determined from the total number of cracks that developed
between the loads. In the experiments, the deformations localize in one shear
crack. Hence, the simplification based on the total number of cracks may no
longer be sufficient after initiation of the shear crack. Yet, altogether it seems
like the FEA are able to capture the effect of fibres on the shear capacity of
beams exposed to bending.
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Figure 6.25: Load-deflection curves for the beams designed for moment
failure compared with the result of the FEA.
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Figure 6.26: Load-deflection curves for the beams designed for shear failure
compared with the result of the FEA.
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6.3 Conclusions

The effect of the steel fibre content on the deformational properties and the
failure capacities was significant. For the beams with VCC designed for
moment failure, the moment capacity increase caused by addition of 0.5% and
1% Dramix 65/60 fibres were 24.5% and 43.5%. With SCC the corresponding
capacity increases were as large as 55% and 98%. The main reason was a
favourable orientation of fibres through the SCC beams. In addition, the effect
of the fibres was probably better in the SCC due to a higher fibre-matrix
bonding.

The moment-curvature relation of the beams designed for moment failure was
estimated by a multi layer model based on a flow chart where the post
cracking strength was taken as a constant residual stress. By comparing the
estimated moment curvature relation with the measured data, an approximate
value of the residual strength was found. This value was compared with the
residual strength determined from available guidelines, based on isotropic
orientated evenly distributed fibres. A good correspondence was achieved for
the VCC beams. For the SCC beams the residual strengths estimated from the
experiments were considerably higher, which is reasonable since fibre
counting proved that a large share of the fibres were orientated in the
longitudinal direction of the beams.

The shear capacity increase due to fibres was similar in the two series with
VCC and SCC. However, the SCC beams designed for shear failure had a
somewhat more brittle behaviour than the beams with VCC. Compared to the
VCC reference beam, 0.126% stirrups gave an increase in shear capacity of
27%, while 0.5% fibres increased the shear capacity with 47%. The design
loads of the beams were calculated from different guidelines, and the overall
agreement was good. Especially an expression developed from the Norwegian
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design rules for plain concrete (NS3473) corresponded well with the
experimental results.

Based on the observed average crack distance, the beams were analysed in a
FEM program with a smeared crack approach. A multi linear relation was
used to model the tensile behaviour. In general, the results of the FEA were in
good agreement with the test results. An exception was the two beams with
0.5% 60mm long fibres designed for shear failure, where the ultimate load
was overestimated by the FE analyses.



7 Synthetic macro fibres

7.1 Advantages and limitations of synthetic fibres in
load carrying structures

7.1.1 Background and range of application

Lately, the interest for synthetic macro fibres for industrial applications has
increased, and some research has been done to establish the impact of these
fibres. Synthetic macro fibres have many advantages compared to steel
fibres:

— Lower costs (per volume)

- Synthetic fibres are easier to handle in the production; they are light and
without sharp tips, which makes it possible to add them manually
without gloves as protection.

— The fibres are not corroding and therefore fulfil higher requirements for
endurance in constructions in aggressive environment

- Aesthetic advantages; the synthetic fibres does not corrode when the
surface is left unprotected.

The use of synthetic macro fibres is still limited, partly due to lack of
documentation. Some research has been carried out to determine the
contribution of synthetic fibres to the ductility and the residual strength
after cracking, but not to the same extent as steel fibres. When it comes to
creep and fire resistance, very little documentation can be found. The latter
one, fire resistance, causes a major drawback for macro synthetic fibres
because of their low melting temperature. The contribution of fibres will
therefore disappear in a fire. The micro synthetic fibres, on the other hand,
are used to prevent damage during a course of fire. These fibres will melt
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and create room for the evaporating water in the concrete, so that cracking
is reduced.

Because of these limitations, the manufacturers of synthetic macro fibres
primarily recommend to use them as temporary supports, for instance in
mining. There are several other applications for the synthetic fibres, but
most often they are used in addition to reinforcing bars. Examples are
floors, staircases, walls and shotcrete applications.

While the steel fibres has an E-modulus at around 210 000 N/mm?, the E-
modulus for the macro synthetic fibres is in the region of 3-6000 N/mm’.
With hooked end steel fibres, a crack opening at around 0.05mm is
required to achieve the maximum fibre stress. For the synthetic fibres, the
crack opening will naturally be larger when the fibres reach their maximum
stress. This puts a limitation on use of synthetic fibres in structures in
aggressive environment where the allowance for maximum crack with is
low. The large strains in the synthetic fibres also make it difficult to
compare them directly with steel fibres based on the post-cracking strength
of the FRC.

7.2 Experiments - Beams sawn from wall and slab
elements of FRSCC

7.2.1 Introduction

Two series of experiments with synthetic macro fibres were carried out at
NTNU in 2005:
e Series 1: 12 beams sawn from 4 slab elements. Three of the slabs
were reinforced with Barchip Kyodo macro synthetic fibres. The
fibre content in these three slabs was 0.55%, 1.10% and 1.65%. 0.7%
Dramix 65/60 steel fibres were used in the fourth slab.
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e Series 2: 24 beams sawn from 6 wall elements. Four of the wall
elements were reinforced with macro synthetic fibres; 0.77% Barchip
Kyodo, 1.10% Barchip Kyodo, 0.77% Synmix and 1.10% Synmix.
Two of the wall elements were cast with steel fibres, and the fibre
volumes in these were 0.5% and 0.7% Dramix 65/60.

All slabs were reinforced with fibres only, and the concrete was self
compacting. Three beams (150x150x600mm) were sawn from each slab
and tested in a deformation controlled rig. The experiments are also
reported by Fjerdingstad [2005] (Series 1) and Gjestemoen [2005] (Series
2).

The objective for the experiments was to compare the post-cracking tensile
strength of synthetic and steel fibre reinforced concrete.

7.2.2 Concrete and casting

The product data of the three fibre types are given in Table 7.1.

Name Dramix 65/60 | BarChip Kyodo | Synmix
Material Steel Polyolefin Polyolefin
Length L [mm] 60 48 55

Eq. diameter. d [mm] 0.9 0.9% 0.82

L/d 65 53 70
Density [kg/m’] 7850 910 910
Weight pr fibre [g] 0.30 0.028* 0.026
E-modulus [N/mm"] 200 000 6000 6000
Tensile strength [N/mm-] | 1000 480-550 350

Table 7.1: Fibre properties specified from producer.®) The equivalent
diameter for the BarChip fibres are found by weighing 400 fibres, using the
specified density and fibre length.
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The two concrete mixtures are compared in Table 7.2. A lower quality
concrete was used in Series 2 than in Series 1. The reason for this was to
obtain a more economical concrete, and also to investigate the effect of a
lower concrete strength with the current fibre types. It is an advantage to
reduce the difference between the tensile and post-cracking tensile strength
in strain softening materials, and so it might seem favourable to use a lower
concrete quality for a given fibre content. On the other hand lower matrix
strength also reduces the pull-out resistance of the fibres, as shown in
chapter 5. It is therefore interesting to investigate whether the relative
difference between tensile and post-crack tensile strength changes with the
concrete strength or not.

Series 1|Series 2
Materials [kg/m’]|[kg/m’]
Cement Norcem Standard FA| 369 297
Elkem Microsilica 29.5 | 44.6
Water 222 217
Aggregate 0-2mm 250 327
Aggregate 0-8 mm 850 819
Aggregate 8-11mm 236 246
Aggregate 11-16 mm 236 246
Scanflux SSP2000 43 -
Glenium 151 - 4.5
Air entrainment, concentrate | 0,1 0,1
Scancem P 1,77 -
PP-fibre 10 10

Table 7.2: Concrete mixtures for the two series with 10 kg/m’ synthetic
fibres (Barchip). The concrete mixes with different fibre types and content
were similar, although the admixtures were adjusted slightly to achieve the
desired consistency.

The slump flow of the concrete mixes was in average 533mm. Although
the concrete here is characterized as a self-compacting (no vibration was
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done), it is strictly spoken not within the definition of a SCC. A common
rule of thumb is that a concrete is self-compacting when the slump flow is
beyond 600mm. The following definition of a SCC was used by Grunewald
(2004): “a slump flow larger then 600mm, a round shape of the outflow
and a homogenous distribution”. Still, since the flow distance in these
elements was short, the slump flow of the concrete was considered to be
sufficient.

Fibre |Fresh concrete properties| Compr.
volume|Slump flow| Air | Densit |strength, f,'
Name | Fibre type [%)] [mm] |[%] |[kg/m’]| [N/mm?]
0.55Bar| Barchip K 0.55 550 1.5] 2310 67.0
1.10Bar| Barchip K 1.10 545 1.6 | 2310 70.3
1.65Bar| Barchip K 1.65 530 2.4 2300 63.2
0.7Dra | Dramix 65/60 | 0.7 540 3.7 | 2340 71.7
0.77Bar| Barchip K 0.77 510 3.3 | 2246 54.1
1.10Bar| Barchip K 1.10 470 5.1 2236 45.1
0.77Syn|  Synmix 0.77 560 >15] 2131 31.0

S1

S2
1.10Syn|  Synmix 1.10 530 >15( 2038 31.3
0.5Dra | Dramix 65/60 | 0.5 560 5.1 2253 43.6
0.7Dra | Dramix 65/60 | 0.7 530 6.0 | 2240 45.6

Table 7.3: Concrete properties, fresh and hardened state.

The air content in the two concrete mixes with Synmix synthetic fibres was
very high, and exceeded the maximum limit of the measuring device. The
reason is probably that the content of air entrainment concentrate was
increased from 0.10kg/m’ to 0.17kg/m’ for three of the mixes: 0.77Syn,
1.1Syn and 0.5Dra. The content of super-plasticizer, on the other hand, was
reduced. The motive for adding more air entrainment concentrate was to
increase the stability of the concrete, since signs of mortar separation were

! f. is the characteristic compressive strength from NS3420 L5 [xx]: f=f.,-w-s where f.,, is the average
compressive stress from 100x100x100mm cubes, w=2.5 when the number of tests is three, and s is the
standard deviation. The cube strength is measured the same day as the beam tests were performed.
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observed for the two first mixes. Based on the concrete mixes in Series 2 it
seems like the Synmix synthetic fibres entraps more air when mixed into
the concrete than the Dramix-steel fibres, which seemed insensitive to the
variation in air entrainment concentrate; 0.17kg/m’ air entrainment
concentrate was added in mixture “0.5Dra”, 0.10kg/m’ was added in
mixture “0.7Dra”. It is not so likely that the high air-content is caused by
the Synmix fibre in particular, since the two synthetic fibres that were used
were similar and they both had embossed surfaces [Table 7.1]. It rather
indicates that synthetic macro fibres are more sensitive to air entrainment
than steel fibres. Due to the high air-content, the compressive strengths of
the two mixes with Synmix are much lower than the remaining mixes. The
test series illustrates a common problem with FRSCC: The variation of air
content in the fresh concrete after adding fibres is large and can be hard to
predict as it is dependent on the mixing procedure, the concrete consistence,
the fibre type and the fibre volume.

The concrete was pored carefully from one point at the element, illustrated
in Figure 7.1. In Series 2 a funnel was placed on one end of the wall, and
the concrete was poured very slowly from a bucket to reduce whirling
motion.

After demoulding, moistened sacks were packed around the elements, and
finally they were wrapped in plastic to keep the humidity high. After two
months, three beams were sawn from each element as illustrated in Figure
7.1. The end pieces were cut off to reduce the wall-effect on the fibre
orientation in the beams. Then, flexural beam tests were carried out as
described in chapter 5.2.3, and the results were logged accordingly.
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SERIES 1 Casting from
wheelbarrow
$ 150m
3 x 150mm
SERIES 2 Casting through funnel
v
\ <1 150mm
) by
150mm
150mm
/lSOm
600m

Figure 7.1: Plate and wall elements in Series 1 and Series 2. Both elements
were cast from one point, which led to a main direction of the flow as
indicated by the arrows. The beams were sawn and numbered as illustrated.

7.2.3 Results

Series 1

The load-deflection response of the beams in Series 1 is illustrated in
Figure 7.2. The results are very promising, and show that synthetic macro
fiber reinforcement is able to transfer tensile stresses across cracks in a
similar way as SFR. In average the beams with 1.65% synthetic fibres
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reach a maximum load Py 1658, =58kN, which is close to the maximum
load of the beams with 0.7% steel fibres Pax 0. 70.=66kN. The scatter is also
lower for the synthetic fibres compared to the steel fibres. Still, the
maximum load is achieved at higher strains with synthetic fibres, which
demonstrates that the synthetic fibres need larger crack widths to utilize the
capacity of the fibres. This is expected due to the low E-modulus of the
synthetic fibres, and is in accordance with the results of the pull-out tests in
Chapter 4.

60 0.55Bar 60 1.10Bar ,
% 40 % 40 1
g 20 S | g 20 3
=} =}
] b} ]
0 I I 1 0 I I 1
0 2 4 0 2 4
Deflecion [mm] Deflecion [mm]
1.65Bar ) % 0.7Dra2
z 60 zZ 3
= 40 3 = 60
= 1 = 40 1
g 20 g
— = 20
O I I 1 0 | T 1
0 2 4 0 2 4
Deflecion [mm] Deflection [mm]

Figure 7.2: Series 1; Load deflection relation of the twelve beams sawn
from four plate elements with different fibre content, the three first with
synthetic macro fibres, the last one with steel fibres.

In average the load at first crack is 35, 39, 32 and 41 kN for element
0.55Bar, 1.1Bar, 1.65Bar and 0.7Dra respectively. The variation in the load
at first crack seems to be in proportion to the compressive strengths of the

four mixes, showed in Table 7.3.

For plate element 0.55Bar, the post-cracking strengths of the three beams
are similar. For the three other series, beam number two in the middle has a
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higher post-cracking strength. This indicates that the fibres to some extent
was orientated parallel to the flow since the plate was cast from one point
in the middle one side as illustrated in Figure 7.1.

The residual strength was determined as 0.37 times the average equivalent
bending strength recorded between 0.5 and 2.5mm deflection. In average,
the residual strength for the four elements were f}es’o.55Bar=O.91N/mm2,
fres1108a=1.73N/MM’,  freq 1 658=2.37N/mm’  and  fres070=2.71N/mm’
[Table 7.4]

fres
Beaml Beam2 Beam3 Average
Name | Fibretype |[N/mm?][N/mm’][N/mm’][N/mm?]
0.55Bar |Barchip Kyodo| 0.97 0.81 0.95 0.91
1.10Bar |Barchip Kyodo| 1.69 2.22 1.28 1.73
1.65Bar |Barchip Kyodo| 2.32 2.47 2.33 2.37
0.7Dra | Dramix 65/60 | 2.04 3.48 2.63 2.71
0.77Bar |Barchip Kyodo| 1.13 1.54 1.50 1.39
1.10Bar |Barchip Kyodo| 1.37 1.59 1.44 1.47
0.77Syn Synmix 0.93 0.93 0.46 0.77
1.10Syn Synmix 1.20 1.16 0.90 1.09
0.5Dra | Dramix 65/60 | 1.20 1.34 1.41 1.32
0.7Dra | Dramix 65/60 | 2.31 2.02 1.37 1.90

Table 7.4: Experimental residual strength taken between 0.5 and 2.5 mm
deflection.

S1

S2

Remark: In both series, inserts were placed between the load and the beam
to ensure an even force transfer to the beam surface. As cracking occurs
and the load drops, the inserts leads to some resistance due to expansion,
which makes it hard to catch the decreasing branch of the load-deflection
relation right after cracking. Therefore, the load-drop actually happens
more abruptly in the concrete structure then what the load-deflection curve
indicates. This error is accounted for when estimating the equivalent
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bending strength after cracking, which are used to determine the residual
strength.

Series 2

Figure 7.3 shows the load-deflection curves for all beams in Series 2. The
average residual strength for each element was ﬁes,o.77Bar=l.39N/mm2,
fros1108a= 1L A4TN/MM®,  f00778yn=0.77N/mMm’,  fieq1 108yn=1.09N/mm?’,
fres.0.5Dra=1 32N/mm? and fres.0.7Dra=1 90N/mm?” [Table 7.4]
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Figure 7.3: Series 2; Load deflection relation of the 18 beams sawn from
six wall elements with different fibre types and content.
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There is not a systematic difference between the three beams sawn from the
wall elements. For the two series with Barchip synthetic fibres the upper
beam, beam 1, has the lowest post-cracking strength, whereas the opposite
is the case for the two series with Synmix synthetic fibres. For the two
series with Dramix steel fibres, the post-cracking strength is lowest for
beam 1 with 0.5% steel fibres and highest with 0.7% steel fibres. The
reason for the relatively large scatter for the three beams from element
“0.7Dra” 1s most likely that some pasta separation did occur during casting,
which led to a higher concentration in the last buckets poured through the
tract. The average value of the residual strength should still be
representative for the added fibre concentration.

For design purposes it is desirable to avoid a sudden drop in the load after
cracking. Therefore, as mentioned introductorily, it is relevant to
investigate whether the relative difference between tensile and post-crack
tensile strength changes with the two concrete qualities. For Series 2 the
average load at first crack is 44, 43, 28, 35, 39, and 45 kN for element
0.77Bar, 1.1Bar, 0.77Syn, 1.1Syn, 0.5Dra and 0.7Dra, respectively. Hence,
the load at first crack is lower in Series 1 then in Series 2 for the elements
with Dramix and Barchip fibres. This is unexpected since the measured
compression strength is higher in Series 1 then in Series 2, and therefore
the tensile strength and the load at first crack should both theoretically be
higher in Series 1. The tensile strength of the concrete is strongly
dependent on the humidity. In both series the elements were wrapped and
stored in wetted sacking and plastic. Still, it is possible that the humidity
during storing was not constant or similar for all elements. Nevertheless,
the post-cracking strength in Series 2 was generally lower compared to the
load at first crack then in Series 1, and therefore no advantages regarding
the tensile behaviour were gained by using a lower quality concrete in
Series 2.

Figure 7.4 gives an overview of the beam tests in Series 2. As for Series 1
it is evident that the beams with synthetic fibres reach their maximum post-
cracking stress at a larger deformation than the steel fibres. Moreover, even
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though the product data of the two different fibre types resembles and the
Young modulus specified from the producer is similar, the Synmix fibres
needs much larger crack widths before the fibres comes fully into effect.
The results of the Barchip fibres are more promising; at a deflection of
0.8mm, the beams reinforced with 0.77% Barchip reaches the same level as
the beams with 0.5% steel fibres.

50 - —o—(0.5Dra
= 40 u‘:_%\ﬂ\a\c\q —o0—(0.7Dra
% LRI\ E= = = = 0.77Bar
s 20 hS NN —— S 1.1Bar
= 10 - —x—0.77Syn

0 = T T T ] —— llsyn
0 1 2 3 4

Deflection [mm]

Figure 7.4: Comparison between the 6 wall elements in Series 2. The
average values between the three beams in each element are taken.
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Figure 7.5: Comparison between the three different fibre types in Series 2.
a) The figure shows the measured load-deflection relations for the three
wall-elements with similar fibre content. b) The assumed load-deflection
relations after cracking are sketched, as the inserts under the load made it
impossible to capture the sudden drop in load.

The three wall-elements with resembling fibre content are compared in
Figure 7.5; 0.7% Dramix steel fibres, 0.77% Barchip Kyodo fibres and
0.77% Synmix macro fibres. At small deflections, the steel fibres are much
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more efficient than the synthetic fibres. At a deflection of 1mm, the
average load is 42kN for the steel fibre beam, 29kN for the beam with
Barchip synthetic fibres and 16kN for the beam with Synmix fibres. This
implies that a fibre volume of 1.2% Barchip fibres would give the same
post-cracking strength as 0.7% Dramix steel fibres at this deformation,
presuming that the post-cracking strength increases linearly with the fibre
content. Hence, in constructions where relatively large crack widths are
tolerated, macro fibres are able to compete with steel fibres.

Comparing the efficiency of fibres in the two concrete mixes.

The results show that the post-cracking strength of fibres is higher in Series
1 than in Series 2. This was also expected due to higher concrete quality
which increases the adhesion between fibre and matrix. The results for the
beams with 1.1% Barchip synthetic fibres are compared in Figure 7.6,
where the estimated average residual strengths are 1.73 N/mm® and 1.43
N/mm® for Series 1 and Series 2, respectively. The corresponding
compression strengths are fcm,51=70N/mm2 and fcm=41N/mm2.
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Figure 7.6: Results for the beams with 1.1% Barchip synthetic fibres in
Series 1 and 2. The average values for the three beams in each element

are taken.

The difference between the two series is more pronounced with steel fibres,
illustrated in Figure 7.7. For 0.7% Dramix steel fibres the average residual
stress is 2.71 N/mm? in Series 1 (fcm=72N/mm2) and 1.9 N/mm? in Series 2
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(f.n=42N/mm?). This is reasonable, since steel fibres tend to sink in the
SCC, causing a higher fibre concentration in the lower half of the beams in

Series 2, which increases the post-cracking strength. The opposite effect is
expected for the synthetic fibres due to their low density. Hence, the
difference between the residual strengths in Series 1 and Series 2 induced

by the difference in concrete strengths is most likely reduced as a result of

a disadvantageous fibre distribution in the slabs with synthetic fibres, while

the difference 1s enhanced due to a favourable fibre distribution in the slabs

with steel fibres.
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Figure 7.7: Average load-deflection relation for the tree beams from each

series with 0.7% Dramix steel fibres.
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Figure 7.8: Average residual strength and standard deviation for the three

beams in each element.
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An overview of the residual strength and standard deviation for each
element is given in Figure 7.8. The experiments imply that the pull-out load
of the current steel fibres is more dependent on concrete strength than the
pull-out load of the synthetic fibres. Moreover, the post-cracking strength
increases approximately linearly with the fibre content, except for the two
elements with Barchip synthetic fibres in Series 2, where the difference
between the two fibre concentrations is less then expected. Yet, in this
evaluation the orientation of the fibres is not taken into consideration.

7.2.4 Orientation and distribution of fibres

In Series 2, blocks were cut out from each beam according to the
Norwegian design rule draft [Thorenfeldt, Fjeld et al 2006] to determine
the fibre orientation factor. Fibre counting were performed on the beam
cross-section, the average from the two planes from the block were taken.
For some of the beams, fibres were also counted on planes perpendicular to
each other, as illustrated in Figure 7.9, in order to estimate and control the
fibre volume.

A,
ey | i V¥ 7
: ! 1 : """" i/—; A
iy M L ) V= N,+2N2 +lN3 -
s | 162 16 )4
9\ Ox = Ny A/ ViAcx where
> N1>N2>N3

Figure 7.9: Sawn-out block from beam for fibre-counting. When fibres are
counted on three planes perpendicular to each other, the fibre volume vy
can be estimated as described in Ch. 2.6.

The fibre orientation factors with corresponding capacity factors for all
beams in Series 2 are shown in Table 7.5. An estimate of the average post-
cracking stress in the fibres can be done by comparing the experimental
residual stress with the theoretical residual stress based on the orientation
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and volume of fibres. If the distribution of fibres in the entire element is
constant, the experiments indicates an average stress of 254 N/mm’ with
Barchip synthetic fibres, 184 N/mm” with Synmix synthetic fibres and 508
N/mm* with Dramix steel fibres [Table 7.5]. The large scatter in the
estimated stress is most likely caused by an uneven fibre distribution.

Fibre | vi | b | h | no| pr | & | M | fiesexp | Oaverage | Caverage
type |[%][[mm][mm] [-] | [-] |[%]| [-] [N/mm’][N/mm’][N/mm’]
150 | 151 |15710.0044/0.58{0.43| 1.13 336
Barchip|0.77] 150 | 151 {206 0.00580.760.67| 1.54 296
1501 151|214 10.006010.7910.71| 1.50 272 254
149 | 150 (297 (0.0085/0.770.70| 1.37 178
Barchip|1.10] 150 | 150 {261 ]0.0074/0.67|0.56| 1.59 256
1501150 130110.0086/0.780.70| 1.44 186
151 |150(20510.0048/0.62[{0.49| 0.93 244
Synmix|0.77| 151 | 150 {233 0.0054/0.70|0.61| 0.93 199
1521151 17810.0041/0.530.37| 0.46 159 183
150 | 150 (35410.0083/0.76[0.67| 1.20 162
Synmix| 1.1 | 151 | 151 [329/0.0076/0.69|0.59| 1.16 179
1521151 |131410.0072/0.660.54| 0.90 151
150 | 150(11610.0033/0.65[0.54| 1.20 448
Dramix|0.5( 150 [ 150 | 90 [0.0025[0.51(0.35| 1.34 777
150 | 150 1 125(0.0035/0.71]0.61| 1.41 464 508
150|151 |3161]0.00890.80%* 0.73| 2.31 450
Dramix|0.7 | 152 | 151 |1711(0.0047,0.68 [{0.57| 2.02 507
151 | 150 1154 (0.0043[0.62|0.49| 1.37 401

Table 7.5: Average stress in fibres between 0.5 and 2.5mm deflection,
determined from the experimental residual strength and the section ratio of

fibres. *) For 0.7Dra-1, the section ratio leads to a=1.27, demonstrating

that the fibre volume is not constant. Here « is set as ,,,=0.8.

The fibre volume was controlled by counting fibres on three planes
perpendicular to each other on sawn out blocks near the crack [Figure 7.9].
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An extensive control by extracting and weighing the fibres was not done.
As illustrated in Figure 7.10, the fibre volume in the sawn-out blocks is not
far from the added volume. Still, the fibre counting showed that the fibre
volume was not entirely even over the element. Especially for beam
0.7Dra-1, it is clear that the fibre volume must be quite high, owing to the
fact that the added volume would have given an orientation factor a=1.27,
which exceeds the maximum orientation factor for uni-directed fibres o=1.
According to Thorenfeldt et al. (2006), 0,x=0.8 for practical applications,
therefore 0l 7pr..1=0.8 1in Table 7.5. It is also possible that the orientation in
the crack varies from the orientation in the sawn out prism, which would
give an inaccurate estimate of the average stress. Yet, by averaging the
estimated post-cracking stresses for the six beams with the current fibre
type, the estimate of Gayerage 15 assumed to be applicable for this concrete

mix.
—  12-
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%n 1,0 " 110%S ynmix
E 08 * 077%Barchip
’ 2 0.77%Synmix
S .+*0.70%Dranix
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E%’ 04 | x 0.50%Dramix
%)
£ o2
=
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0 02 04 06 08 1 1,2
Added fibre volume [%o]
Figure 7.10: Control of fibre volume by counting fibres on three planes
perpendicular to each other on sawn-out blocks near the cracks. This

check is performed on beam nr 2 for all of the mixes and in addition on
beam 0.77Bar-1 and 0.5Dra-3.
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7.2.5 Conclusions

The results show that synthetic macro fibres are able to transfer tensile
stresses across cracks in a similar way as steel fibres, but the fibres reach
their maximum stress at a larger crack width than the steel fibres. The
synthetic fibres can therefore only be used in an efficient way in structures
with relatively high tolerance regarding maximum crack width.

Two types of synthetic fibres were tested: Barchip Kyodo and Synmix.
Even though the given fibre properties resemble, the results were quite
different. The Synmix fibres required larger deflections to come fully into
effect, and the crack widths when the maximum post-cracking strength was
reached were beyond 3mm.

The air content in the concrete with Synmix synthetic fibres were very
high; it exceeded the maximum limit of the measuring device of 15%. The
mix designs indicated that synthetic fibres are more sensitive to air
entrainment then steel fibres.

The post-cracking strength increased with increasing concrete strength, and
the difference between the two concrete qualities was most pronounced in
the beams with steel fibres. This is probably due to the density of the fibres,
which caused a larger concentration of steel fibres in the lower part of the
slabs, while the concentration of synthetic fibres was largest in the upper
part of the slabs. The post-cracking strength increased approximately
linearly with fibre content, both with steel- and synthetic fibres.

The results of the beam experiments in Series 1 with average compression
strength 68 N/mm’ implies that the fibre content of Barchip synthetic fibres
must be approximately 2.5 times higher than the content of Dramix 65/60
steel fibres in order to achieve the same residual strength. For Series 2 with
lower compressive strength a fibre content of V¢pgarchip=1.5Vepramix Would be
required to reach the same residual strength, provided that the residual
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strength increases linearly with increasing fibre content. The residual
strength of the Synmix fibres were lower; a fibre volume of
Ve synmix=2- 7 V¢ pramix 18 Needed to achieve the same effect.

The post-cracking strength of the beams from plate elements implies that
the fibres in some extent had a preferred orientation parallel to the flow.
Still, no categorical conclusion can be made due to the short flow distance
and lack of data on the fibre orientation. For the second series, no
systematic difference in post-cracking strength was found between the
three beams from each wall element. Fibre counting showed a main fibre
orientation horizontally along the beams, parallel to the apparent flow
direction during casting.
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8 Size effect on beams exposed to
bending

8.1 Background

The material strength of the concrete appears to decrease with increasing
structural size. Several comprehensive studies have been carried out to
confirm and explain this phenomenon, called size effect. For a long time
the size effect was explained statistically as a consequence of the
randomness of material strength, based on the fact that it is more likely for
a large than a small structure to encounter a material point of lower strength.
Later Bazant proposed [Bazant 1984, 1986] that the size effect should be
explained by energy release caused by macrocrack growth, claiming that
the randomness of strength only plays a negligible role. The latter
explanation, based on strain energy release due to fracture growth, has
gradually been widely accepted and has been thoroughly supported by
laboratory evidence [Bazant 1994].

Another reason for size dependency is that shrinkage is dependent on the
ratio between volume and drying surface area. A variation in thickness
affects the shrinkage strain rate as well as other time-dependent properties
of concrete, which again changes the cracking behaviour. [Groth 2000,
paper E] However, size dependency due to shrinkage is not treated in this
chapter.

The most extensive study done so far to investigate the size effect in SFRC
structures is a Brite EuRam project reported by Erol Erdem (2003). In this
project, an experimental program was carried out at several research
laboratories and universities in order to explain and quantify the
dependence of the size, and formulate simple rules to achieve a safe design.
In addition to specimen depth, the specimen width, the span-to-depth ratio
and the influence of additional compression forces was investigated. The
o—¢ relationship proposed by RILEM Committee 162 [2002] was defined
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as a basis. The influence of different member depths was investigated by a
total amount of 36 specimens with three depths; 100, 400 and 600mm. In
general, the calculated loads based on the 6—¢ relation were higher than the
experimental loads. The ratio of experimental to calculated loads were
descending in the range of small to medium depths and maintained at a
constant plateau from medium to large depths. Furthermore, when the fibre
content was increased and the conventional reinforcement lowered, the size
dependence increased. [Erdem 2003]. This is also in accordance with the
results of a study by Sener et al. (2002), where it was concluded that the
bending failure in the steel fibre reinforced beams exhibited a greater size
effect than beams plain concrete.

In the same manner as for plain concrete, it is evidently practical to include
a size factor in the design models for FRC. Moreover, it is useful to carry
out more experiments investigating the size effect in FRC structures in
order to establish more clearly the dependence of the specimen depths.

8.2 Experiments — effect of cross section height for
different reinforcement conditions

8.2.1 Introduction

To investigate the size-effect of fibre reinforced concrete, nine beams of
three dimensions were exposed to bending:

a) bxhxL=150x150x 900

b) bxhx L=150x250x 2850

c) bxhxL=150x 500 x 4000

The a/d relations were (150/130=) 1.15 for beam dimension a, (450/219=)
2.05 for b and (625/436=) 1.43 for beam dimension ¢, where a is the
distance between the support and the load, and d is the effective depth
(Figure 8.1 to Figure 8.3). Three experimental series were carried out, each
series containing all three beam dimensions:

1) 1% fibres combined with reinforcement bars
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2) 1% fibres only
3) 0.3% fibres only

The load was deformation controlled which made it possible to capture the
descending part of the load-deflection curve.

8.2.2 Concrete and casting

The mix design of the concrete was similar to Series A in Chapter 6. Table
8.1 shows the measured compression strength on cubes and cylinders after
28 days and at date of testing. The E-modulus was not measured, but was
estimated after the Norwegian design rules NS3473; E~kg £.”?, where
k=10000 and f is taken as the cylinder strength at 28 days. For the beams
of mix 3 with 0.3% fibres the cylinder strength at 59 days is used,
according to date of testing.

Mix 1 | Mix 2 | Mix 3
Density [kg/m’] 2420 | 2410 |2400
f. 28 days, cube [MPa] 47.6 |48.5 |48.4
f.c 28 days, cylinder [MPa] 38.1 |38.8 |38.7
f. 59 days, cube [MPa] - - 57.0
f.c 59 days, cylinder [MPa] - - 45.6
fin 28 days interpolated from NS 3473 [MPa] | 2.07 |2.09 |2.08
fin 59 days interpolated from NS 3473 [MPa] | - - 2.30

Table 8.1: Measured compressive strengths and tensile strengths
interpolated form the Norwegian design rules NS 3473. The beams of mix 1
and 2 were tested after 28 days

Dramix 65/60 steel fibres were used in all beams. In Series 1, additional
reinforcement bars were used as shown in Figure 8.1 to Figure 8.3. The
content of reinforcement bars varied between 0.48 and 0.62% for the three
dimensions, which is 3 to 4 times as much as the reinforcement bars used in
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the experimental series in Chapter 6. The reinforcement data is shown in
Table 8.2. Series 2 and 3 were cast with fibres only.
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Figure 8.1: Test rig and dimensions for beam la, 150 x 150 x 900 mm

(All numbers in mm).
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Figure 8.2: Test rig and dimensions for beam 1b, 150 x 250 x 2850 mm.
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Figure 8.3: Test rig and dimensions for beam Ic, 150 x 500 x 4000 mm.
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Reinfo. diameter [mm] | Reinfo. content [mm°] | Yield stress [N/mm”]
Beam dim. a): ¢8 100.5 (p=0.515%) 530
Beam dim. b): ¢10 157 (p=0.478%) Not tested
Beam dim. c): 016 402 (p=0.615%) 552

Table 8.2: Reinforcement data. The Youngs modulus was not tested.

8.2.3 Test setup and instrumentation

The beams were exposed to four-point bending as illustrated in Figure 8.1
to Figure 8.3. The deflections were measured by LVDTs in the middle of
the beams, under the loads, and at the supports for the medium and large
beams. For the smallest beams dimension, the deflection was measured at
the supports and at the middle of the beams only.

The strains were measured by LVDTs and by extensometer according to
Figure 8.4. In addition, the strains in Series 1 were measured with strain
gauges on the tensile reinforcement bars.

— LVDT
' ' ' ' ,
o x XX ox ---- LVDT, one side only
—_— x x x x *  Extensometer
= AN pras AN measurement
! ¥
x x X X x X X
X TR Tk % % x
L v
x x x x B X_ E 3 a X_ - x x x
A A

Figure 8.4: Strain measurements. Both sides are shown for the smallest
dimension. For the two larger dimensions, the measurements were identical
on both sides, except from the LVDTs illustrated with the dashed lines.
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The load was applied in deformation controlled steps. At prescribed load
steps, the load was held constant while the extensometer measurements
were taken, and the crack patterns traced with a marker.

Figure 8.5: Beam of medium size during testing.

8.2.4 Results

Table 8.3 shows the observed loads at cracking and the maximum loads for
all nine beams. In addition, the loads at a 2.5 mm deflection are registered
in order to compare the effect of fibres after cracking in the beams
reinforced with fibres only. Load-curvature and load-crack-width relations
for all beams are shown in Figure 8.17 to Figure 8.19.

Bjelkenr. | P .. [KN] [P, [KN] | P 2.5mm [KN]
la 18.7 60.3

1b 14.4 52.7

1c 49.6 175.3

2a 14 19.2 15.6

2b 12.1 16.0 14.0

2c 30 33.2 26.0

3a 13.6 13.6 4.6

3b 11.0 11.0 4.1

3c 299 299 16.5

Table 8.3: Load at first crack P, and load at failure P,. T
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The bending strengths at first crack are estimated from the moment-
curvature relations and illustrated as a function of the cross-section height
in Figure 8.6. A significant size effect on the bending tensile strength was
observed. It can also be seen that the bending tensile strength is higher for
the concrete with 1.0% fibres than with 0.3%. In the Norwegian design
rules, NS3473, a scale factor k, is used for plain concrete to calculate the
load at first crack and the shear capacity. This scale factor k,=1,5-h >1 (h in
metre) is illustrated in the figure, and it is seen that the agreement with the
experiments is rather good. The Norwegian design rule draft for SFRC
suggest a scale factor p=1.1-0.7h>0.75.

= 3]
on
= 4 7 &=
S~y T
£ E 3 - : -
%” > 2- ¢ 1% fibres
= & = (0.3% fibres
g 1 - NS3473
M 0----DraﬁSFRC
0 200 400 600

Cross section height [mm)]

Figure 8.6: Bending strength determined from the first stiffness reduction
on the load-curvature relations. The size dependence according to the
two scale factors k, and p is also illustrated in the figure.

Figure 8.7: Cracks in beam 1b (medium size) marked and numbered according
to load-step. The small and large beam had a similar distribution of cracks.

The three beams in Series 1 with steel fibres in addition to reinforcement
bars behaved in a ductile way with cracks distributed over the whole zone



162

with constant moment. The tests where ended after reaching maximum
crack widths over 10mm, with tensile strains around 50%o. Since the load
was increasing until this point, it is concluded that the ductility is
satisfactory. After reaching the peak-load, the deformations localized in
one large crack, and failure followed as the concrete crushed in the
compression zone. This behaviour corresponds to the observations that
were done in the experimental series described in Chapter 6. The average
crack distances between the twin loads were 88, 87 and 96mm for the small,
medium and large beam respectively.

The behaviour of the beams with fibres only was quite different. Figure 8.8
to Figure 8.10 shows the cracks in the medium size beam with 1.0% and
0.3% fibres. For the beams in Series 2 with 1% fibres 2, 4 and 1 crack
developed in the small, medium and large beam accordingly. These cracks
were branched, especially the one that developed in the large beam. After
cracking, the load was increasing further with 37, 32 and 11% for the small,
medium and large beam.

The results of these tests indicate that both the bending strength, the
maximum load and the ductility is size-dependent. One practical
consequence of this is that higher fibre content is needed in large beams to
maintain a corresponding capacity as a small beam.

For all beams with 0.3% fibres, only one crack developed, and the load at
the first observed crack was even with the ultimate load. Table 8.4 shows
how the loads dropped immediately after failure with 66, 63 and 45% for
the small, medium and large beam, respectively. Hence, the size effect on
these beams is the opposite of the observations done for the beams in Series
2 with 1% fibres, which makes it difficult to draw any categorical
conclusions.
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Beam Increase from 1st Drop after max load
crack to max load [%)] |[%]
2a 37 19
2b 32 13
2c 11 22
3a 0 66
3b 0 63
3c 0 45

Table 8.4: Comparison of the beams in Series 2 and 3 with 1.0% and 0.3%
fibres.

Figure 8.8: Beam 2b. The cracks are marked and numbered according to load
step.

Figure 8.9: Crack in beam 3b.

Figure 8.10: Cracks in the failure zone for beam 2b and 3b.
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8.2.5 Orientation and distribution of fibres

To investigate the orientation and distribution of fibres, a 90mm thick
block was sawn a short distance from the fracture zone and the number of
fibres on each side of the sawn out block were determined. Figure 8.11
illustrates the ratio between the observed and theoretical number of fibres.
The theoretical number of fibres is taken as ngpeoy=0.- Vi A/Ay, where the
wall-effect i1s included in the orientation factor o according to Dupont
(2003):

a:al-(b—zf)(h—zf)mz-[(b—zf)zf+(h—1f)1f]+a3-zf

b-h

The relation between the observed and theoretical number of fibres was in
average for all beams Npeasured/Nineory=1.00. The scatter 1s relatively small for
Series 1 and 2 with 1% fibres. For Series 3 with 0.3% fibres the scatter is
larger, and varies between Nmeasured/Nineory=0.70 and 1.22. The measured
average orientation factors are =0.55, 0.58 and 0.60 for the small, medium
and large beam, respectively, while the corresponding theoretical
orientation factors according to Dupont (2003) are a=0.60, 0.58 and 0.56
for the three beam sizes. The theoretical orientation factor is o=0.5 for an
ideal isotropic orientation. For the largest beam size, the degree of
unidireced fibres is beyond the expected value, even with the wall-effect
included. The opposite is the case for the smallest beam. Still, some scatter
will always occur for FRC, and the scatter observed in this experimental
series is acceptable.

No systematic difference between the orientation in the upper and lower
part of the cross-section is observed.
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Figure 8.11: Results of fibre counting on the small (S), medium (M) and
large (L) beam in Series 1, 2 and 3. The figure also shows how the number
of fibres varied on the upper and lower half of the cross-section

8.2.6 Finite element analysis

Finite element analysis was performed for all nine beams. The objective
was to control if the size effect in the three series were captured by the
analysis, and also, for the beams with 1% fibres only, to compare the
results of a discrete crack approach with a smeared crack approach.

The finite element analysis was based on the stress-crack width relation
proposed in Chapter 6. For the beams with ordinary reinforcement, the
smeared crack approach was used, while the discrete crack approach was
used for the beams in Series 3 with 0.3% fibres only. The beams in Series 2
with 1% fibres were analyzed both with a discrete and a smeared approach.

It is assumed a plane stress state. For all beams, an eight-node quadrilateral
isoparametric plane stress element is used, the CQ16M element [Figure
8.12]. For the discrete analysis, the CL12I element is used; an interface
element between two lines in a two-dimensional configuration.
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Figure 8.12: a) CQ16M eight-node element, b) CLI12I interface element.
The opposite nodes may overlap: 1 and 4, 2 and 5, 3 and 6.

In the FE analyses, the fibres are assumed to be isotropic orientated with an
average post-cracking stress of 500 N/mm’, which gives a residual
strength: f..= 1/3-:0.01-500=1.67 N/mm?. The 6—w relation is based on the
calculations in Chapter 6, and the 6—¢ relation is determined by dividing
the crack width on the average crack spacing, Layerage, as illustrated in
Figure 8.13.
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Figure 8.13: Multi-linear stress-crack width and stress-strain relation as
presented in Chapter 7.
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Figure 8.14: Reinforcement and element mesh, beam 1b. Only half of the
beam modelled due to symmetry.
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The three beams in Series 1 are modelled with a smeared crack approach
with o—¢ relation as given in Figure 8.13. Lgyeraee 15 taken from the
experiments as 88, 87 and 96 for the small, medium and large beam
respectively.

In Series 2 the beams are modelled both by the discrete and the smeared
approach with two, four and two vertical cracks for the small, medium and
large beam, respectively. In the smeared crack analysis, all elements except
from the elements marked with A and B in Figure 8.15 have a high tensile
strength to ensure that cracking only occurs in the same zone as where the
interface elements were placed in the discrete analysis. For comparison, the
stress-strain relation for the smeared analysis should correspond to the
stress-crack width relation for the discrete analysis. In the smeared crack
analyses, cracks occur in all four integration points (2x2 Gauss), i.e. two
cracks develop for all element-columns that are modelled with lower
tensile strength. This results in a relation between the strain and crack
width of €5k = W / (lelem/2). On the other hand, the fracture energy is best
reflected if the same number of cracks develops in the smeared and discrete
crack model, and that leads to the relation €.,cc = W / lejem, In the following,
two smeared crack analyses for each beam have been carried out, one
where one crack per element are considered (‘SM1°), the other one with
two cracks per element (‘SM2’). It is here considered sufficient to model
half of the beam, although this is a simplification since the distance from
the cracks to the middle of the beam is not equal on both sides.
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EEE NN T EEEEEE .
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Figure 8.15: Beam 2B with 4 cracks. The elements in the prescribed
cracks A and B have a tensile strength of 2.09 N/mm’, while the tensile
strength in the surrounding elements is higher.
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A discrete approach was used in Series 3 with the interface elements placed
in the middle of the beams. Figure 8.16 shows the element mesh and
deflection for the medium beam in Series 3.

. I [ _
iy jnii S IS 0 I
o et R ap ]
SRR AT B eSmMRRREC S S A s S unna
bt e R e
T R R R

Figure 8.16: Element mesh and deflection, beam 3b with 0.3% fibres.
(output DIANA 9.1)

The test results for the three beams in Series 1 with ordinary reinforcement
in addition to fibres are in relatively good agreement with the results of the
smeared analysis, especially for the small and medium beam [Figure 8.17].
For the large beam, the maximum load from the analysis is slightly higher
than the measured maximum load. The beams reach their maximum load at
a later deformation-stage in the experiments than in the analyses, indicating
that the stiffness of the beams is somewhat overestimated by the analyses.
This may be due to the fact that the average crack widths are based on the
number of cracks that has developed by the end of each experiment. In the
first part of the load-deflection curve, the number of cracks is gradually
increasing until the maximum force is reached, which indicates that the
tensile strains prescribed in the 6—¢ relation are underestimated in this
region.
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Figure 8.17: Measured and calculated moment-curvature and load-
deflection ratio for the three beams in Series 1 with 1% fibres and
reinforcement bars. The curvatures are determined from the LVDTs in
the middle of the beams [Figure 8.4].
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The load-deflection relations and the local load-crack opening relations for
the three beams with 1% fibres only are shown in Figure 8.18. For the
small beam, the SM1 analysis with one crack per element is closest to the
discrete solution and in good agreement with the test results.

For the medium beam, the measured and analyzed load-deflection and
load-crack width relations corresponds, and the difference between the two
smeared crack analyses is ignorable. The load-crack width relations in
Figure 8.18 illustrate the average value of the cracks. For all beams with
1% fibres, only half of the beams are modelled due to geometrical
symmetry. Consequently, two and two of the cracks are forced to expand
equally, which is not true to the observed behaviour, where one crack
suddenly expanded rapidly and led to complete failure. The phenomenon is
partly reflected in the finite element analysis with four cracks; at a certain
deflection the cracks do not expand steadily anymore. The deformation is
concentrated in crack A (see Figure 8.15). This is most pronounced in the
discrete analysis, where crack B stops expanding at a deflection of 12mm.
In the two analyses with the smeared crack approach, the cracks expand
evenly until the beam reaches a deflection of 20mm. Thereafter, crack A
starts to expand more rapidly. The difference between the cracks is more
pronounced in the SM2 than the SM1 analysis. Even though there is a
difference in crack growth between crack A and B in the three FE analyses,
the average cracking behaviour and the overall load deflection ratios are in
good agreement.

For the large beam, there is a great difference between the measured and
calculated results. The analysis overestimates the capacity of the beam
considerably. As opposed to the small beam, the result of the SM2 analysis
with two cracks per element is in best agreement with the discrete analysis.
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Figure 8.18: Beams with 1% fibres without reinforcement bars. The test
results are compared with the FEA results where DIS=discrete crack
approach, SM1 and SM2= smeared crack approach with the o—¢ relation
determined from one and two cracks per element respectively. For the
crack-width relation, the measurements of the extensometer (“Ext”) and
the LVDTs over the cracks are shown. The crack withs from the analysis
is taken as the average value of the 2, 4 and 2 cracks that were modelled
for the small, medium and large beam.
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In Series 3 with 0.3% fibres only, the analyses and the measurements are in
relatively good agreement for all three beams, although the analysis slightly
underestimates the post-cracking response of the large beam. In addition,
the cracking loads are underestimated by the analyses, indicating that the
tensile strength of the concrete might have been larger than prescribed in

the FE analyses.
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Figure 8.19: Beams with 0.3% fibres. The measured load-deflection and load-
crack width data are compared with the FEA results, discrete crack approach.
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8.2.7 Conclusions

Nine beams of three dimensions were exposed to bending to investigate the
size-effect of FRC. The results showed that the influence of cross section
height on the bending strength (1st crack) was similar to plain concrete.

For the beams with steel fibres in addition to reinforcement bars the cracks
were distributed over the whole zone with constant moment, and the
average crack distances between the twin loads increased slightly from the
small to the largest beam.

The results of the beams with 1% fibres only indicated that both the
bending strength, the maximum load and the ductility is size-dependent.
After cracking, the load increased further with 37%, 32% and 11% for the
small, medium and large beam, respectively. However, the opposite
behaviour was observed for the beams with 0.3% fibres only. In
percentages, the drop in load after cracking decreased with increasing cross
section height. This makes it difficult to draw any categorical conclusions
regarding the size effect.

In average, the number of fibres counted on sawn out blocks from the
beams corresponded to the theoretical number of fibres when the wall-
effect is included according to Dupont (2003). For the beams with 1%
fibres the scatter was relatively low, while it was slightly larger for the
beams with 0.3% fibres.

Finite element analyses of the beams with fibres as an addition to ordinary
reinforcement underestimates the capacity slightly for the smallest beam,
while it overestimates the capacity for the largest beam. This implies that
the size effect probably is not fully described by the FEM.

A comparison between a smeared and a discrete crack approach was done
for the beams reinforced with 1% fibres only. In the smeared approach, the
material was modelled both with one and with two cracks per element. For
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the small beam, the smeared analysis with one crack per element was
closest to the discrete solution, while the opposite was the case for the
largest beam. The analysis corresponded well for the small and medium
beam, but the measured loads for the largest beams were considerably
lower than the calculated loads.

For the beams with 0.3% fibres only, the FEA were in relatively good
agreement with the measurements, although the post-cracking strength for
the large beam was slightly underestimated.

The overall agreement between the analysis and the experiments implies
that the material model that was used in the FEA is adequate to describe the
behaviour of FRC structures.



9 Slabs exposed to bending
9.1 Introduction

In all standard codes, a minimum bar spacing is required to insure that the
forces are distributed through the structure when cracking occurs. With fibres
as an additional reinforcement, it is reasonable to assume that the minimum
distance between the bars can be increased, because the fibres contribute to
more distributed cracking and increase the toughness of the concrete. When a
structure for instance is exposed to a concentrated load, the punching
resistance will increase due to the fibres, since the fibres can take up shear
stresses. Several researchers have shown that the use of FRC significantly
enhance the punching shear capacity [Swarmy (1982), Harajli et al. (2006),
Choi et al. (2007)]. To add further knowledge on FRC structures with a
minimum of ordinary reinforcing bars, two series with slabs exposed to
concentrated loads have been carried out.

9.2 Simply supported slabs with FRSCC exposed to
concentrated loads

9.2.1 Experiments

13 slabs of dimension 1.2 x 0.15 x 3.6m were exposed to bending. The slabs
were simply supported with a concentrated load applied in the middle of each
slab, and the loading platen had an area of 50 x 50mm. All slabs were made
with SCC. In the first series, Series A, the reinforcement ratio was very low,
with a section ratio of p=0.07% and 0.15%. The fibre content was 0.7vol%. In
addition one reference slab was made without fibres (p=0.33%). In the second
series, Series B, the reinforcement ratio was higher; p=1.12% and 1.36%.
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Both steel fibres and different types of synthetic fibres were tested, with fibre
contents of 0.7% and 1%. An overview of the slabs is given in Table 9.1.

Name Fibre volume Fibre type Reinfo. bars
SOA ¢ 0 - 6010
S1A¢ 70135208 0.7 % Steel, Dramix 65/35 208
Series A | S2A¢ 7pr60,208 0.7 % Steel, Dramix 65/60 208

S3A¢. 701352012 0.7 % Steel, Dramix 65/35 2610
S4A0 701602012 0.7 % Steel, Dramix 65/60 2610

S1B1pr3s 4025 1.0 % Steel, Dramix 65/35 4425
S2Bgn 4025 1.0 % Synthetic, Enduro 4425
S3By 70r60.4025 0.7 % Steel, Dramix 65/60 4425
S4B 701602032 0.7 % Steel, Dramix 65/60 2032

Series B :
S5B1pr60,4025 1.0 % Steel, Dramix 65/60 4425
S6B1Dr60.2032 1.0 % Steel, Dramix 65/60 2032
STB1Ba4025 1.0 % Synthetic, Barchip K 4425
S8B1Ba2032 1.0 % Synthetic, Barchip K 2032

Table 9.1: Simply supported slabs; Name and reinforcement.

The objective was to investigate the effect of the different fibres and
reinforcement ratios with respect to crack distribution, ductility and peak load,
and to control if the fibres were able to transfer the loads from the middle of
the slab to the reinforcement bars placed near the sides.

9.2.2 Reinforcement

The slabs were reinforced as illustrated in Figure 9.1. Reinforcement bars of
quality B500C were used, which has a guaranteed minimum yield stress of
500N/mm’. Due the difference in bar diameter, the effective height was
reduced from d=130mm in Series A to d=120mm in Series B.
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Figure 9.1: Reinforcement in the slabs. The effective height was d=130 for

the FRC slabs in Series A, and d=120 for the reference slab and for the
slabs in Series B
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9.2.3 Concrete and casting

The fibres were added in the concrete mixer truck with a mixing time of 10
minutes. A concrete scip was used for casting, and the concrete was poured
from one side of the formwork until the height of the formwork was covered
as illustrated in Figure 9.2. The scip was then gradually moved towards the
other end to fill the formwork completely. This casting procedure was adopted
in an attempt to obtain a constant flow direction of the concrete.

f/ —
=

Figure 9.2: Casting

The slump flow was measured before and after casting. For all mixes, the
slump flow increased after casting. The two mixes that were used for S1B and
S3B/S4B were on the verge of separation, and tendencies of pasta separation
were observed by the end of the casting. The change of concrete
characteristics during casting indicates that the mixing time was too short. For
the last mixes the mixing time with fibres was therefore increased by 5
minutes. The fresh concrete properties are given in Table 9.2. For three of the
mixes in series A, the slump flow shows that the concrete is not within the
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definition of a SCC, strictly speaking. Still, no vibration was needed to fill the
formwork, and the concrete will henceforth be regarded as a SCC.

Fibres Density Air Slump flow

[kg/m’] content | after casting
[%6] [mm]
SOA - 2474 1.8 640
S1A 0.7% Dramix 65/35 2280 | 6.37/9.4” 535
S2A S4A | 0.7% Dramix 65/60 2411 4.2 560
S3A 0.7% Dramix 65/35 2404 | 2.7/4.5" 480
S1B 1% Dramix 65/35 2459 3.4 620

S2B 1% Enduro (synthetic) | 2421 0.9 600 — 650
S3B S4B 0.7% Dramix 65/60 2511 1.0 670
S5B S6B 1% Dramix 65/60 2385 2.7 660
S7B S8B | 1% Barchip (synthetic) 2421 34 600

Table 9.2: Fresh concrete properties ) Measured at 0.5 Bar. ) Calculated
air content (1.0Bar) ~ ) Lacking slump flow data for this mixture, but
pictures show that the slump was in the indicated range.

The air content for series S1A was measured according to NS EN 12350-7
(the pressure method) requiring an air pressure of 1.0Bar. For two of the
mixtures, SIA and S3A, the air pressure applied was only 0.5 Bar. The air
content can simplified be estimated from the density of the concrete based on
the reference mixture as follows:

The mix with 0.7% long fibres (S2A S4A) had an air content of 4.2% and a
density 2411kg/m’. With 4.2% air, the expected density of mix S1A is equal
to S2A/S4A. However, the measured density was only Psiameasured =
2280kg/m’. If 1% air corresponds to 25kg/m’ then Ap= 2411-2280 =
131kg/m’ indicates a difference in air content between S1A and S2A of 5.2%.
The air content of mix S1A should accordingly be 4.2+5.2 = 9.4%. An
analogous calculation for mix S3A leads to an air content of 4.5%.
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The high air content in the mix for slab S1A resulted in low compression
strength; 37% lower than the compression strength of the reference slab.
Moreover, it was found that the compression strengths of the two mixes with
synthetic fibres were somewhat lower than the compression strength of mixes
with steel fibres.

Fibres fox f, ! E-modulus

[N/mm?] [N/mm?] [GPa]

SOA - 55.5 2.3 31.43°

S1A 0.7% Dramix 65/35 36.8 1.8 27.74°

S2A S4A 0.7% Dramix 65/60 49.3 2.1 30.08"

S3A 0.7% Dramix 65/35 49.2 2.1 30.06°
S1B 1% Dramix 65/35 61.5 2.4 29.51
S2B 1% Enduro (synthetic) 58.3 2.4 27.38
S3B S4B 0,7% Dramix 65/60 62.1 2.4 31.12
S5B S6B 1% Dramix 65/60 58.4 2.4 28.66
S7B S8B | 1% Barchip (synthetic) 50.8 2.1 22.70

Table 9.3: Concrete properties in hardened state. The compressive cube
strength is taken as the average value of three specimens. The E-modulus was
tested on three cylinders from each mixture in series B. Average values are
used, not characteristic values.

9.2.4 Instrumentation and test setup

Figure 9.3 shows the instrumentation and test setup for the slabs in series B.
The same setup was used for series A with the following exceptions: Only 4

' The tensile strength is interpolated from table 5 in NS3473 (2003)
2In series A, the E-modulus is taken as 10000 fcck°'3, where the cylinder strength f. is
estimated from the compressive strength according to NS3473.
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LVDTs were used to measure the strains, two on top of the slab under the load
[Detail 2, Figure 9.3], and two on one of the sides [Detail 1, Figure 9.3].
Moreover, the distance between the supports was 3450mm in series A while it
was 3360 in series B.

|120

, Detail 1 . Detail2 T |
20 i —TF+—] : 100
g ! | 15 —p-------- - +
204+ +—— i 10 T [ — oo
- —_—

200 | ]
100 100
Figure 9.3: 8 LVDTs were used to measure the strains on each slab; two on
each side to capture the strains over the cross-section height [Detail 1] and
two over and under the slab with the same horizontal placement [Detail 2].
Also the deflections were measured by LVDTs; one at each support and one
in the middle of the slab. All units in mm.



182

9.2.5 Results

It is clear from the two series that fibre length influences the results. The
longer fibres were more effective than the shorter fibres.

In series A, the slabs with fibres reached a higher load than the reference slab
for deflections up to around 30mm. However, when the deformations
increased further, the load for the fibre reinforced slabs decreased, while the
load for the reference slab continued to increase at large deformations.
Consequently, when maximum allowed deflections in the serviceability limit
states for normal structures are considered, the FRC slabs were more adequate.

_ S0A
z | //“@" | S X% S0A- ref shb
S ——S1A LE35 2x8mm
g —— S2A LE=60 2x8mm
S3A LE35 2x12mm
| | | | | S4A LE=60 2x12mm

0 10 20 30 40 50

Deflection [mm]

Figure 9.4: Load-deflection measured by LVDTs in the middle of the slabs
for Series A.

Figure 9.4 illustrates that the longer fibres were more effective than shorter
fibres. Moreover, it shows that the decrease in load for the FRC slabs at
deflections over 30mm is larger with 2¢8mm bars than with 2¢12 bars, which
is reasonable since the fibres are most efficient at an early deformation stage.
The maximum loads for the four FRC slabs was 28.3kN (A=27mm), 32.6kN
(A=18mm), 29.2kN (A=16mm) and 33.9kN (A=26mm) for slab S1A, S2A,
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S3A and S4A respectively. Hence the maximum load increased, in average
with 3% from 2¢8 to 2¢12, while the difference in maximum load between the
shorter and longer fibres was 17%. Accordingly, the influence of the fibre
length on the capacity was more important than the reinforcement ratio for the
slabs in Series A.

For all slabs in series B, cracks initiated under the load gradually developed in
all directions at the bottom of the slab [Figure 9.5]. Owing to the fact that the
load increased considerably after crack initiation, it is clear that the fibres
succeeded in transferring the tensile stresses to the reinforcement bars.
However, the finale failure was dominated by an anchorage/shear failure, as
the reinforcement bars were pulled out at the supports [Figure 9.6]. This was
primarily due to the concrete cover and bar spacing, which was lower than

what is recommended in all design rule codes.

Figure 9.5: a) Loading. b) Cracks initiated under the load. c¢) Cracks under
the load after failure.
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Figure 9.6: Slab S1B. Anchorage/shear failure.

Figure 9.7 shows the load-deflection relation for the five slabs in Series B with
steel fibres. The maximum loads were 156, 151, 142, 164 and 145kN for slab
S1B, S3B, S4B, S5B and S6B, respectively. The maximum load for S5B was
13% larger than for S1B, showing that the longer fibres were more effective
than the shorter, which supports the observation done in Series A. An increase
in fibre volume from 0.7vol% to 1.0vol% had a smaller influence on the
results than the two fibre lengths; the increase from S3B to S5B with 4¢25
was 9%, and from S4B to S6B with 2032 the increase was 2% only. All slabs
reinforced with 4925 reached higher loads than the slabs reinforced with 2¢32.

Figure 9.8 illustrates the load-deflection relations for Series B with synthetic
fibres. The maximum loads were 126, 111, 105kN for S2B, S7B and S&B
respectively, implying that the Enduro fibres were more effective than the
Barchip fibres. Moreover, it was evident that the slabs reinforced with 4¢25
had a higher capacity than the slab with 2¢32.
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Figure 9.7: Load-deflection measured by LVDTs in the middle of the slabs
for Series B with steel fibres. At 0.75P,., SIB was un-and reloaded as

illustrated.
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Figure 9.8: Load-deflection for Series B with synthetic fibres.

9.2.6 Orientation and distribution of fibres

Four cylinders were drilled from each slab, and fibres were counted on the
surface. Afterwards the cylinders were sawn in three layers to count fibres



186

orientated vertically. The fibre volume and the residual strength could then be
determined as vy= (N;+9IN,/16+7N3/16)A¢/A. as described in section 2.6.3.

Direction ! $0.4m 0.4
of casting OE .4m§ . 2(:) 3
© | 40 1.2m
39
I 0.6m : $0.4m 0.6m
1.8m .
' 3.6m
4 X — Longitudinal direction of slab
I X
gt gt ABN

NE C/
D D

— h/4 T
Q ) T h \I}” Lstraight

curved

—~—

— h/4
@ 1 straight D/4\/5 2\/5

= =2 -0.90
h/4 Lcurved N D /(4 : 4) V2

N

Figure 9.9: Counting of fibres on cylinder surface. The number of fibres on
each curved surface (HA, BC, ED and FG) was projected to straight surfaces
as illustrated in the figure. The fibres in z-direction were counted in three

layers at a distance h/4.

To determine the fibres in the longitudinal and transversal direction of the

slabs, the fibres counted on the cylinder surface were projected to a straight

surface with length corresponding to the inscribed square [Figure 9.9]. If the
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share of uni-directed fibres is equally distributed over the length of the
diameter D of the cylinder, the number of uni-directed fibres will be
underestimated by (D-Lguaight)/D=29.3%. Thus, counting of fibres on cylinders
will underestimate the difference between the longitudinal and transversal
direction of the slabs due to the underestimation of uni-directed fibres.
However, this will not affect the estimated fibre volume.

Name | Reinforcement Gaverage Vi Velower | Mo fres.
[N/mm?] | [%] [%] [N/mm’]

S1A 1% Dr35+268 400 078 [0.84 10.34 |1.13
S2A 1% Dr60+208 500 0.71 |0.84 ]0.38 |1.58
S3A 1% Dr35+2¢12 400 0.58 [0.57 ]0.30 |0.70
S4A 1% Dr60+2¢12 500 0.65 [0.73 ]0.31 |1.13
S1B 1% Dr35+4¢25 400 0.87 |0.95' [043 |1.65
S2B 1% Enduro+4¢25 | 250 093 093 ]0.44 |1.03
S3B 0.7% Dr60+4¢25 | 500 0.74 081" 043 |1.74
S4B 0.7% Dr60+2¢p32 | 500 0.80 |0.87' |0.44 |1.92
S5B 1% Dr60+4¢25 500 128 |1.39" 045 |3.10
S6B 1% Dr60+2¢32 500 0.99 |1.08' [0.44 |2.40
S7B 1% Barchip+4¢25 | 250 097 (094 ]0.46 |1.09
S&B 1% Barchip+2¢32 | 250 1.17 | 1.18 ]0.55 | 1.61

Table 9.4: Results from fibre counting on cylinders. Here v,is the fibre volume
while Vi IS the fibre volume on the lower half of the cylinder. For series A
the capacity factor nmy=n,.. Due to the diagonal crack pattern, 1, is taken as
Mo=(Nox+MNo,)/2 in Series B.

'No isolated fibre counting on the lower part of the cross section was done; Vjower 1S
therefore based on Series A, where the fibre volume in the lower half was 9% larger than
in the upper half.
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Table 9.4 gives an overview of the results from the fibre counting. A more
detailed overview can be found in Appendix C. The residual stress after
cracking 1s calculated from fies= Mo * V¢ * Cayerage Where the fibres volume vy is
estimated from fibre counting on the cylinders and the capacity factor g is
determined from the orientation factor oi=n-A¢/(A.v¢) as [Section 2.6.3]:

No=2/30 for 0.3<0<0.5

No=4/30-1/3 for 0.5<0<0.8
The average stress is taken as Guyerage =500 N/mm? for the longer steel fibres,
Dramix 65/60, in accordance with the results in Chapter 6.2.5 and 8.2.4. Since
the experiments indicate that the shorter fibres, Dramix 65/35, is less effective
than the longer fibres, it is here assumed that the average post cracking stress
with these fibres 1S Cyyerage= 400 N/mm?. In chapter 8.2.4 it was found that the
average stress for the Barchip fibres was 250N/mm’ for a SCC with
compression strength 50N/mm?®. This corresponds to the concrete used in S7B
and S8B. Since no suitable data exists for the Enduro synthetic fibres, the
average post cracking stress is assumed to be 250N/mm” for all three slabs
with synthetic fibres.

Figure 9.10 illustrates the horizontal orientation of fibres versus the
coordinates in the longitudinal direction of the slabs, where 3.6m is the
location furthest away from the casting point. In general, the estimated
capacity factors m, are larger than the factor for isotropic orientated fibres
No=1/3, indicating that the fibres mainly were horizontally orientated. In
average the same amount of fibres are orientated parallel and perpendicular to
the casting direction. However, the share of steel fibres orientated in the
longitudinal direction increases as the concrete flows from the casting point
until the middle of the slab, while the share of fibres orientated perpendicular
to the flow direction decreases. As the flow distance increases further, the
average orientation of steel fibres remains constant. This may be due to the
velocity of the flow, which gradually decreases with increasing distance from
casting point. Hence, it is reasonable to conclude that the steel fibres tend to
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orientate parallel with the flow distance, provided that the flow has an
adequate velocity. For the synthetic fibres, the opposite tendency is found;
Figure 9.10 b/d indicates that number of fibres orientated perpendicular to the
flow increases with increasing flow distance. Yet, the number of tests is not
large enough to draw any certain conclusions, especially not with the large
scatter that is found.
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— 0.4 - S4A
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=02 —— S4B
——S5B
0,0 ‘ ——S6B
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—3S3B
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Figure 9.10: Fibre orientation versus distance from casting point,
cylinders drilled from slabs. Figure a/c with steel and b/d with synthetic
fibres, x: longitudinal direction of slabs, y: transverse direction. For
isotropic orientated fibres, 1ny=1/3, as indicated by the dashed lines in the
figures. The thick lines indicate the average values.

In average, the fibre volume was 9% higher in the lower half of the slabs with
steel fibres (measured in series A). Although no such beneficial volume
distribution of fibres was observed for the slabs with Barchip synthetic fibres,
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the orientation of fibres were favourable because more fibres were orientated
horizontally in the lower half, leading to an increased residual strength of the

concrete.

In general, the fibre volume is higher in cylinder 1 than cylinder 2,3 and 4,
with 13 % reduction from cylinder 1 to cylinder 2/3, and 15 % from cylinder 1
to 4, implying that the fibre volume decreases as the flow distance of the SCC
from the starting point of casting increases.
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Figure 9.11: Residual strength from fibre counting on the cylinders
compared with an ideal isotropic orientation.

Figure 9.11 illustrates the scatter in the residual strengths determined from
fibre counting over the whole cross-section height (i.e height of cylinders).
The residual strengths from fibre counting are compared with the residual
strength from an ideal situation with isotropic evenly distributed fibres. The
figure shows that the residual strength from fibre counting in Series B is larger
than the theoretical one, which is reasonable since the fibres were mainly
orientated horizontally. This favourable orientation was, however, not so
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pronounced for Series A. Moreover, as shown in Table 9.4, the fibre volume
determined from fibre counting in Series A was considerably lower than 1.0 %,
indicating that the fibre concentration added to the mixer truck might have
been too low. Yet, one of the most important conclusions from the fibre
counting is related to the scatter of the results, which shows that fibre counting
on small specimens is not sufficient to estimate the fibre content through the
structure.

9.2.7 Finite element analysis

The slabs are modelled with Q20SH, a four-node quadrilateral isoparametric
curved shell element. It is based on linear interpolation and Gauss integration
over the &n element area [Figure 9.12]. The number of integration points is
prescribed to 2x2x6 Gauss in the &, M and ( direction respectively. To avoid
shear locking, which results in an excessively stiff behaviour, Diana
automatically modifies the transverse shear strain fields.

4

2
Figure 9.12: Q20SH element used in the FEA [De Witte et al. 2002].

Due to symmetry, % of the plate is modelled in Series A with 512 elements.
For illustration purposes, the whole slab is modelled in Series B, with 672
elements. The load is applied as a deformation controlled load in the mid-node.

In the FEA a total strain rotating crack model was used, with a smeared crack
approach and embedded reinforcement. The FRC was modelled by a multi-
linear stress-strain diagram in tension, and a CDZ model in compression as
described and illustrated in section 6.2.10. The confinement in the zone under
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the load was accounted for by an additional strain, and the tensile and
compressive strength were both increased by 10%o in this area. The average
post cracking stress of the 60mm long fibres is assumed to be Gyyerage=500MPa.
The experiments described in this chapter imply that the 35mm long fibres are
less effective than the 60mm long fibres. This is also supported by the beam
experiments in Chapter 6. Obviously, the crack width where the stress
approaches zero is reduced with the shorter fibres. Moreover, there is a larger
uncertainty attached to the value of the average stress after cracking due to
lack of data. In the FEA, the relation between strain and crack width is
assumed to be identical with the longer fibres, and the average post cracking
stress 1s taken as Oyyerage=400MPa. The same was done in the analyses of the
slabs with synthetic fibres, but with an average stress of Guyerage=250MPa. The
latter approximation is questionable, since the post-cracking behaviour of the
synthetic fibres differs so much from the steel fibres as shown in the pull-out
tests in chapter 4.

For every slab, one initial analysis is run to find the deformation of the slab
due to its dead weight, which 1s determined from the measured density. Then
the slab is loaded with a deformation-controlled point load in the middle, and
the dead weight is accounted for by subtracting the initial deformation with
appurtenant load from the total load-deflection response. The FEA results are
compared with the measured data in Figure 9.13 and Figure 9.14.

In Series A, the FEA corresponds to the measurements for the reference slab
SOA, although the load at cracking is overestimated by the analysis. Also for
the FRC slabs, the cracking load in the analyses is higher than the
observations done in the experiments. This implies that the tensile strength
used in the calculation has been too high. The analysis underestimates the
capacity of the two slabs reinforced with 2¢8, while the opposite is the case
for the two slabs with 2012.
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The analysis captures the relative difference between the long and short fibres.

This indicates that the choice of average post cracking stress of 6(€)=400 for

the FRC with Dramix 65/35 is acceptable.
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Figure 9.14:FEA Series B conmpared with the measured deflection data.

In Series B, the FEA corresponds with the measured data for the slabs
reinforced with steel fibres, up to the point where anchorage/shear failure
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occurs. In the FEA, slip between reinforcement and concrete is not made
allowance for and, consequently, anchorage/shear failure cannot be captured
by the analyses. However, since the anchorage/shear failure breaks out after
the peak load is reached at large deformations this is not considered to be a
principal matter in the evaluations of the experiments. Yet, it illustrates the
importance of sufficient overcoverage in concrete structures.

Slab S5B had the highest capacity also in the FEA, but at a deflection of
64mm the load suddenly dropped from 170kN to 43kN as one crack expanded
across the slab under the load. This is illustrated in Figure 9.15.

cracking strains under the slab before and after the sudden drop in load in
the FEA.

The FEA overestimates the capacity of all three slabs with synthetic fibres.
This is not unreasonable, since the real stress-strain relation for synthetic FRC
i1s fundamentally different from steel fibre reinforced concrete. However,
convergence problems made it difficult to apply a stress-strain ratio related to
the observation done in the pull-out tests in chapter 4, which is why the G(g)
relation from section 6.2.10 was applied in the FEM. The analyses prove that
this approximation of the material behaviour in tension is not sufficient.

9.2.8 Conclusions

The experiments with 13 slabs exposed to bending illustrated clearly that
fibres are able to transfer the stresses from concentrated loads to
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reinforcement bars at a large bar spacing. Hence, the maximum bar spacing
requirements in the design codes can be increased if fibres are added.

It was obvious that the 60mm long steel fibres were more efficient than the
35mm long steel fibres. This was especially visible for the slabs with low
reinforcement ratio (p=0.07% and 0.15%). It also was observed that the drop
in load after the maximum load was reached was more sudden for the slabs
with shorter fibres, which can be explained by a shorter pull-out length of the
fibres. Moreover, the capacity increase due to synthetic fibres was much lower
than with steel fibres.

Due to the low concrete cover for the eight slabs with reinforcement ratios
1.12% and 1.36%, the final failures were dominated by anchorage/shear
failure. However, this failure occurred at a large deformation after the peak
load had been reached, showing that the fibres were able to transfer large
stresses through the structure.

Fibre counting on four cylinders drilled from each slab indicated that the fibre
volume slightly decreased with the distance from the casting point. The fibres
had a pronounced horizontal main orientation. Moreover, the fibre counting
implied that the steel fibres tended to orientate parallel with the flow direction,
while the opposite was the case for the synthetic fibres. Still, the large scatter
of the results showed that fibre counting on small specimens is not a
sufficiently accurate method to estimate the fibre content through a structure.

The FEA slightly underestimated the capacity of the slabs with reinforcement
ratio p=0.07%, while it overestimated the slabs with p=0.15%. Yet, the overall
agreement was good, especially for the steel fibre reinforced slabs with
reinforcement ratio p=1.12% and 1.36%. The tensile behaviour of the FRC
with synthetic fibres was modelled similarly as the FRC with steel fibres,
although with a lower residual strength. The FEA results for the three slabs
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with synthetic fibres showed that this approximation was not sufficient as the
analysis overestimated the capacity considerably.
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10 Field tests

10.1 Steel fibres as shear reinforcement in prestressed
hollow core units

10.1.1 Shear failure in hollow core cross-sections

The conditions for use of FRC is especially good in the prefabrication
industry since the production allows a closer control and better routines
when it comes to casting procedures. As already underlined, one main
challenge for use of FRC is associated with the production, since the
distribution and orientation of fibres in a structure is governed by the
concrete composition and the casting method.

Prestressed hollow core units are one of the most common products in the
precast industry, mainly designed to resist bending moment and vertical
shear. Due to the production techniques, there is no transverse or vertical
reinforcement, which makes the hollow core units sensitive to combined
shear and torsion. Practical examples in which shear forces, bending
moment and torsional moment are simultaneously present in hollow core
slabs are [Broo 2005]:

— Slabs supported on three edges

- Slabs carrying a trimmer beam to support interrupted units

- Floors with columns in alternating positions at the ends of units

— Slabs supported on beams with divergent inclinations

— Slabs with pronounced skew ends
When vertical shear and torsion act simultaneously, the shear stresses from
these forces interact, and may cause failure. Fibres can be used to increase
the shear capacity of the hollow core elements, providing that the
production technique allows sufficient fibre volumes. To investigate the
effect of fibres on the shear capacity, a series of hollow core elements was
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tested in cooperation with Contiga, a Scandinavian supplier of
prefabricated concrete. The tests were carried out in Contiga’s factory in
Moss.

One key parameter that has to be established when performing shear tests
on hollow core sections, is the distance from the support to the load; the a/d
relation (where “a” is the distance from load to support and “d” the
effective cross-section height). If the distance from the support to the load
is too small, a pull-out failure will occur as the adhesion between the
concrete and prestressing steel is exceeded. On the other hand, if the a/d
relation is too large, the final failure will be a result of bending moment. As
the influence of steel fibres on the adhesion between concrete and
prestressing steel is not fully established, the setup for the current
experiment is based on standard shear tests done on hollow core elements
at the Contiga factory, where the a/d relation is taken as 2.5. However, if
the fibres cause a poor compaction of the concrete around the prestressing
bars, it is expected that the failure will be dominated by pull-out rather than

shear.

Earlier experiments on hollow core sections without fibres have shown that
the probability for a pure shear failure is largest when [ Thorenfeldt 2002]:

— The number of prestressing bars for a 1.2m wide element is 13.
This i1s due to the adhesion between steel and concrete; if the
number of bars is high, the tension is more distributed. On the
other hand, if the number of prestressing bars is too high, the
compaction of the concrete might be poor.

— The prestressing force is high, since this reduces the chance of
moment failure.

- For different dimensions of the hollow core sections produced in
Norway, the probability of shear failure with a/d=2.5 is highest
for the larger elements with cross-section height 400mm.

These conclusions are based on the results of 388 experiments done on
hollow core units, which are described in the report by Thorenfeldt (2002).
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The cross-section heights of the elements were 200, 265, 320 and 400mm,
and in total 83 of the elements failed due to pull-out.

10.1.2 Experiments

Twelve simply supported hollow core units of dimension 4 x 1.2 x 0.32m
were exposed to a line load at a distance 2.5h=800mm from the support.
Six different mixes were applied, with two elements from each mix:

— Mix 1: Reference mix without fibres

- Mix 2 0.37 % Dramix 65/35 steel fibres
- Mix 3: 0.74 % Dramix 65/35 steel fibres
- Mix 4: 1.1 % Dramix 65/35 steel fibres
- Mix 5 0.37 % Dramix 65/60 steel fibres
- Mix 6: 0.74 % Dramix 65/60 steel fibres

The elements were tested 9-10 days after casting. All elements were loaded
first from one side and thereafter from the other as the element was rotated
180 degrees in order to repeat the testing procedure, which means that in
total 24 tests were run. Even though the deflections in the second test on
each element were influenced by the fact that the other end had a fracture,
the influence of this on the ultimate load can be neglected. An overview is
given in Table 10.1. The load was applied with a constant deformation rate.
For one test from each mix the deflections were measured by LVDTs at the
supports and under the load. In addition, the strains were measured on both
sides of the element as illustrated in Figure 10.5, where the 200mm long
LVDTs were placed to capture the cracks.

The concrete used in hollow core units is relatively dry and stiff, and fibres
reduce the workability even further. As shown in Table 10.1 the fibres were
taken into account by reducing the amount of aggregate compared to the
reference concrete. Even with this reduction, the workability was reduced
noticeably as the fibre content increased. However, the grading curve was
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not optimized since it was decided to use the aggregate and sand available

at the concrete factory.

Figure 10.1: Casting of hollow core sections. The concrete is filled and
compressed through the machine. The cores are made by rotating
cylinders. [Contiga 2007]

feceol:

1735, 283 | 283 | 283 1735
A A

Figure 10.2: Dimensions and loading of the hollow core elements. The
number of prestressing steel was 10.
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Concrete mix, Im’ Mix 1 Mix 2 Mix 3 Mix 4
Mix 5 Mix 6
Steel fibres [%] 0.0 0.37 0.74 1.10
Cement [kg/m3] 330 342 355 368
Water [kg/m’] 135 140 145 150
Sand 0-8 mm [kg/m’] 998 1055 1104 1150
Aggregate 8-16 mm [kg/m"] 928 826 734 645
Admixture RN15 [kg/m’] 1.72 1.78 1.84 1.91
Matrix content [kg/m’] 252 261 271 280

Table 10.1: Concrete mix with mass ratio 0.38 developed by Johansen

(2006).
Series 4 5 6 | Mean
1 p |[kg/m’]|2570 | 2570 | 2590 | 2580
f. | [MPa] | 68.1 | 65.7 | 64.5 | 66.1
2 | p |[ke/m’]|2550 | 2580 | 2550 | 2560
f. | [MPa] | 69.0 | 67.7 | 67.7 | 67.9
3 | p |[kg/m’]| 2550|2560 | 2560 | 2560
f.oc | [MPa] | 65.9 | 67.9 | 69.3 | 67.7
4 | p |[kg/m’]|2530 | 2550 | 2530 | 2540
f.oc | [MPa] | 71.1 | 68.6 | 69.4 | 69.7
5 | p |[kg/m’]| 2540|2540 | 2530 | 2540
f. | [MPa] | 60.6 | 63.0 | 62.8 | 62.1
6 | p |[kg/m’]|2550 | 2530|2550 | 2540
f. | [MPa] | 63.9 | 63.5 | 67.6 | 65.0

Table 10.2: Cylinder compression strength (f..;) and density (p) for the six

mixes.

To measure the compression strength, three cylinders (D x H = 185 x

94mm) were drilled from one of the elements from each mix as illustrated

in Figure 10.6. The results are shown in Table 10.2. The scatter was

relatively low, with the lowest measured compression strength of 61MPa
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for cylinder 5-4, and highest compression strength of 71MPa for cylinder
4-4. In average, the three mixes with the shorter fibres, Dramix 65/35, had
higher compression cylinder strength than the mixes with longer fibres, and
the cylinders taken from mix 4 with 1.1 % fibres had the highest measured
values. The variation in the measured density was negligible.

In addition, the cube strength was measured at the concrete factory at the
day of testing, with an average value of £,=77N/mm>.

10.1.3 Results

An overview of the test results is given in Table 10.3. The fibres did not
cause a clear improvement of the shear capacity. Even though the ultimate
load increased slightly with the longer fibres, the apparent difference
between the two fibre types can possibly be explained by the casting
technique, which improved slightly from mix 2 to mix 6. The feeding of
fibres to the machine gradually became more continuous and smooth,
resulting in a shorter casting time. The exception was mix 4 with 1.1 %
fibres, where blocking occurred so that the concrete remained in the
machine for more than one hour.

When the failure is caused by a large opening of a more or less vertical
crack under the load, at the same time as an appurtenant slippage of the
steel wires occur at the end of the slab, the failure is characterized as a pull-
out failure, indicated with “M” in Table 10.3. With the shorter fibres, pull-
out was the dominating failure mechanism, while shear failure occurred
more often with the longer fibres. Moreover, in series 2 and 4 with shorter

fibres, the ultimate load was even lower than in the reference mix without
fibres.
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ve/L¢ Load [kN] ve/Lg Load [kN]
la; | 23.5 S 4a; | 25.5 M
0 la, | 35.0 31 S 1.1% | 4a, | 29.6 ’5 M
b, | 34.0 S 35mm | 4b, | 29.2 M
b, | 32.3 S 4b, | 25.0 S
2a; | 28.2 M 5a; | 36.1 S
0.37% | 2a, | 27.0 -8 S 0.37% | Sa, | 32.2 13 S
35Smm | 2b; | 25.5 M 60mm | 5b, | 31.2 S
2b, | 33.1 S 5b, | 32.8 S
3a; | 31.8 M 6a; | 35.3 M
0.74% | 3a, | 30.9 1 S 0.74% | 6a, | 36.2 36 S
35mm | 3b; | 31.1 M 60mm | 6b; | 39.0 S
3b, | 33.2 S 6b, | 32.7 M

Table 10.3:Ultimate loads for the 24 tests. From each mix two elements (a
and b) were tested, each of them tested on both sides denoted by the index.
The average ultimate load for each mix is also shown. S and M indicates if
the fracture at failure was mainly due to shear or moment (bond failure).

The main advantage with the fibres was increased ductility. While the
fractures for the four elements without fibres were very brittle, the elements
with fibres all behaved in a ductile manner, both for the elements where
wire-slip occurred and for the elements with a more pronounced shear
failure. Figure 10.5 illustrates how the strains developed for one of the
elements where moment failure occurred (2a) and one element where shear
failure occurred (5a).
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—eo—2a1-0.37% short
—o—3al-0.74% short
=>¢=4al-1.10% short
——5a1-0.37% long
——6a1-0.74% long

Load [kN]

Deflection [mm]

Figure 10.3: Load-deflection measured under the load. For test la,
problems occurred with the measurements, the series is therefore not
included in the figure, but it was observed that the failure of this test was
very brittle.

Figure 10.4: The picture shows the placement of the LVDTs (Element
Sa;), and it illustrates the branching of the cracks caused by the fibres.
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Figure 10.5: Tensile strain development vs time for test 2a; and 5a;
(0.37 % fibres). The strains were measured by four LVDTs, two on each
side for every test. M measures the vertical cracks (horizontal LVDT), S
measures the shear cracks (inclined LVDT).

10.1.4 Orientation and distribution of fibres

To be able to explain the scatter in the results, fibres were counted on the
following test specimens [Figure 10.6]:
I. Half of the cross-section (b/2 x h = 1196/2 x 320)
II. Cylinders drilled from the lower flange of the cross-section.
Dimensions: diameter x length =100 x 220

[II. Middle pieces/webs between the hollow cores chiselled out and sawn
in order to count fibres in the y and z-direction [Figure 10.6]. It was
not possible to count fibres in the x-direction of this specimen since
the side coincided with the surface of the hollow cores. The
dimensions on the specimens were I, x Iy x I, = 50 x 90 x 220mm.

IV. Cylinders form the upper flange (Number 5, only for mix 5 and 6).
The surface of these cylinders was grinded in order to perform a
standard compression test on them, which erased the marking
indicating the x and y-direction. These cylinders could therefore only
be used to indicate the fibre volume in the upper flange, not the fibre
orientation.
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Y IV) Counting on cylinder nr 5
I) Counting on half of the
z X '. / cross-section
- =7

\ N IIT) Middle pice

linder 4 f
Cylinder 4, 5 and 6 for IT) Counting on cylinder nr 2

compression tests

Figure 10.6: Specimens for fibre-counting. Cylindre number 4, 5 and 6
were drilled out to determine the compression strength of the concrete.

Specimen Mix2 | Mix3 | Mix4 | Mix5 | Mix6

| Share of fibres, lower half | 0.42 |0.39 [0.40 |0.50 | 0.46
of the cross-section

11 Px/Ve 0.32 10.28 |0.41 |0.32 |0.35
py/Ve 0.38 [ 046 |0.31 [0.43 |0.31
P,/ Vs 0.29 10.26 |0.28 |0.24 |0.34
Vi 0.15 [0.44 |0.30 |0.26 |0.47

111 1y bottom/ Ty top 0.87 [1.05 |0.53 |1.57 [0.90
n,/ny 0.51 |0.28 |0.46 |0.56 |0.55

Table 10.4: Results from fibre counting. 1) The distribution over the cross
section is indicated. If the fibre orientation and distribution of fibres were
constant over the cross-section height, 50 % should be located on the lower
half. 1l) The results of the cylinders taken from the lower half, the
orientation of fibres in the three directions is shown. In an ideal isotropic
situation, p/vi=p/vi=p./v/=1/3. 1lI) Middle section; the number of fibres
per mm’ shows the difference between the upper and lower part of the
specimen, as well as the ratio between horizontally and vertically
orientated fibres.
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An overview of the results from fibre counting on specimen I, II and III is

given in Table 10.4. The main conclusions are that:

The number of fibres in the longitudinal direction of the slab was
larger in the upper than in the lower half of the cross sections
(specimen I).

In the lower part (specimen II), the share of fibres in the longitudinal
direction was somewhat lower than in the vertical direction, and the
fibre volume was much lower than the added concentration,
especially for the cylinder from mix 4 where the added volume was
almost four times as high as the volume estimated from fibre
counting.

Fibre counting from the web in the middle showed that the number
of vertically orientated fibres was decreasing in the lower part of the
section, presumably mainly caused by a lower concentration of fibres.
It also showed that the number of fibres in the vertical direction in
average was twice as high as the number of fibres in the longitudinal
direction of the hollow core element.

The fibre volumes estimated from fibre counting on cylinder 5 in the
upper half were 0.48 % and 1.0 % for mix 5 and mix 6 respectively,
which was higher than the added volume of 0.37 % and 0.74 %.

Figure 10.7 shows a cylinder drilled from the hollow core unit made of mix
4 with 1.1 % fibres. The cylinder is taken from the end of the element at the
support, and it illustrated how the steel wire has moved relative to the

concrete, resulting in a pull-out failure. It also shows that the packing of

concrete around the steel wire is poor.

Whole  where

the steel wire

8 has slipped into

the concrete

W after  pull-out
® failure.

Figure 10.7: Cylinder from mix 4 with 1.1 % added fibres.
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10.1.5 Experience and conclusions — hollow core units

The experiments described in this section demonstrate that the ductility of
the shear failure can be improved significantly with fibres. They also
indicate that the shear capacity can be increased by adding fibres, provided
that improvements are made with respect to concrete mix design and
casting procedure. It is apparent that the pull-out failure occurred more
frequently than shear failure as the fibre content increased. However, it
should be stressed that pull-out failure sometimes does occur in the
standardized tests for hollow core elements with plain concrete, even if the
reference slabs in this series failed due to shear.

Fibre-counting on specimens taken from the hollow core units showed a
larger concentration of fibres in the upper part of the cross-sections,
suggesting that some fibre blocking occurred as the concrete was pressed in
between the hollow cores. Moreover, visual observations of the sawn out
cross-section proved that the concrete was not always sufficiently
compacted around the steel-wires, which probably led to a pull-out failure
before the shear capacity was reached. No categorical conclusions with
respect to fibre content and fibre length should be made, as the casting
procedure improved from mix1 to mix6. Yet, it can not be expected that a
fibre concentration of 0.37 % (mix 2 and 5) will result in any substantial
increase of the shear capacity.

To be able to utilize the potential of the fibres, it is essential to do more
research on the mix design for the particular concrete that is used in
hollow-core elements. It is likely that the uneven grading curve of the sand
and aggregates is part of the reason for the poor compaction in experiments
described in this chapter. Moreover, it is advantageous if the feeding of
fibres to the machine can be automated in order to reduce the time of the
casting process.

If an improvement in mix-design and casting procedure can be reached, it
would also be of interest to increase the number of prestressing steels and
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the prestressing force as mentioned introductorily in order to determine the
influence of fibres on the shear capacity on hollow core elements.

10.2 House of SFRC, full scale testing of slabs with
SFRSCC

10.2.1 Introduction

In July 2004 the Norwegian Defence Estate Agency constructed a village
of concrete houses at Rena military training camp. In one of the buildings
at the camp, steel fibre reinforced self compacting concrete (SFRSCC) was
used in walls, slabs and in the roof. Through co-operation with the
contractor, and financed by a research project group [Section 1.2],
preliminary tests were carried out to control the concrete and casting
procedure. After completion, full scale experiments were carried out in the
building. A concentrated load was applied on three slabs with different
combinations of fibres and ordinary reinforcement; one reference slab with
ordinary reinforcement bars, one slab with steel fibres combined with a
minimum of reinforcement bars, and one slab with steel fibres only.

10.2.2 Concrete mix and preliminary test elements

Before casting the steel fibre reinforced concrete house at the training camp,
three test elements in realistic size were made: A slab, a wall and an
inclined plate with a slope corresponding to the roof of the house. These
elements were cast to check if it was possible to get an even distribution of
fibres, and to see if the ordinary reinforcement bars in the two plates would
lead to fibre blocking. Another objective was to investigate the relation
between the direction of the flow during casting and the fibre orientation.



212

The wall was made without reinforcement bars, while the slab and inclined
plate was reinforced according to the bar spacing of the roof and the slabs
in the house. The fibre content was 0.8 % Dramix 65/60 steel fibres. Table
10.5 gives an overview of the concrete composition.

Concrete composition Kg/m’
Norcem Anlegg, CEM 1 52.5 N-LA (HSC)|255
Norcem Industri, CEM 142.5 RR (RPC) |91
Condensed silica fume from Elkem 26
Free water 206
Absorbed water 17
Fine aggregate, 0-8 mm 850
Fine crushed sand, 0-0.5 mm 147
Crushed aggregate, 8-16 mm 620
Copolymer, Glenium 27, Degussa 6.7
AEA Scanair 1:9 8.4
Bekeart RC65/60 steel fiber 62

Table 10.5: Concrete composition.

The aggregate and sand available at the mixing plant did not have an
optimal grading curve, which made the FRSCC exposed to segregation.
Several test mixes were therefore made to find an applicable concrete
composition. To make the concrete adhesive and less prone to segregation,
a blend of normal and rapid cement was used. Condensed Silica Fume
(CSF) was necessary to decrease the segregation of the SCC, and test
mixtures with 5.0 %, 7.5 % and 10 % CSF of cement weight were made.
The mix with 7.5 % CSF was used in the delivery to the SIBO Village. The
addition of a copolymerbased superplasticizing agent was normally done at
the ready-mix plant, and it was observed that the slump flow measure
increased by 20 to 30 mm during the transport to site. However it was
sometimes necessary to add copolymer at the building site as well.
Preliminary tests revealed that to make FRSCC the matrix volume had to
be 40-50 1/m’ higher than for ordinary SCC. The main reason for using an
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air entraining agent was to increase the matrix-aggregate ratio. According
to Hammer and Johansen (2005) the entrained air influences the flowability
of the concrete in a similar way as increased matrix volume. In a series of
mortar tests they showed how the flowability increased with increasing air
content. Dispersed fine air bubbles made the concrete flow better without
segregation. [Busterud et al. 2005]

To get a description of the flow in the test elements, colour was added to
the concrete. One third of the elements were cast with grey concrete, then
red colour was added to the next third, while black colour was used in the
last part.

The wall element (4 x 2.5 x 0.15m) was made with fibres only, and was
filled with the three coloured mixes from one end of the formwork.
Plexiglass formwork made it possible to observe the flow. The main
tendency was that the concrete moved towards the bottom of the wall
where it was poured in and pushed the older concrete up towards the
opposite side of the formwork as illustrated in Figure 10.8.

o =038 , o =0.50 ;
frE ~1.09N/mm fre 5 1.76N/nun
o =0.43 ) o =0.45

_ — i 2
fres— 1.08N/mm fres— 1.32N/mm

Figure 10.8: Left: Wall filled with the three coloured mixes. Right: The
average residual strengths and the orientation factor for the 3x3 beams
sawn horizontally and vertically.

Twelve small beams cut from the wall were tested in a deformation
controlled rig to study the post-cracking behaviour, according to the test
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method described in section 2.5.2 [Thorenfeldt et al. 2006]. The residual
strength was determined as
fhikres = 0,37 fhikeq

where frpeq 1S the average characteristic equivalent bending strength
recorded between 0.5 and 2.0mm deflection. The residual strength was in
general somewhat lower for the beams closest to the casting point, although
the scatter for the beam series was relatively large. No pronounced
difference between the vertically and horizontally sawn beams was found
from the measured load-deflection data.

Figure 10.9: 4point bending of beams (150 x 150 x 600mm).

After testing, 90mm thick blocks were sawn from the beams near the
failure zone, according to the Norwegian Design rule draft [Thorenfeldt et
al. 2006]. The residual strength was then determined based on the fibre
counting results:
fhik res =Mo V¢ Otk average

The average stress is taken as 500MPa, and 1, is determined from the fibre
orientation factor as described in 2.6.3 while the fibre volume was
determined as [Section 2.6.3]:

16 16 A

(4

A
v=(N1+iN2+lN3j—f

As opposed to the results of the 4 point bending tests, the orientation
factors determined from fibre counting indicates that more fibres were
orientated horizontally than vertically through the wall [Figure 10.8]. The
results from the beam tests and the fibre counting were consequently not in
agreement.
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The observations done with the coloured mixes with respect to flow
direction, as well as the scatter in the results of the beam tests show that the
orientation of fibres through a wall is hard to predict with the applied
casting method.

The slab element (2 x 3 x 0.2m) was cast from one side of the formwork
[Figure 10.10]. Although some blocking did occur in front of the two
transversal bars, beam tests and fibre counting indicated a relatively even
fibre distribution [Figure 10.11]. The orientation of fibres was mainly
horizontal.

GOoN
7609

Figure 10.10: Casting of slab
a: The concrete was poured from one side of the formwork

b: First batch with grey concrete, the transversal reinforcement bar
hinders the concrete flow

c-d: Second batch with red colour. The new concrete partly pushes the old
concrete to the casting front and partly flows over it.

e: Before casting the last batch: the red concrete covers the whole surface.
f~g: Third batch with black colour. The first batch is again pushed forward
to the casting front; eventually the black concrete starts to flow over the
older concrete.

h: It is necessary to move the concrete scip along the formwork to fill it
completely.
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Figure 10.11: Left: 6 beams sawn from slab + 3 cylinders (d=100mm) for fibre
counting. The fibre volumes estimated from fibre counting are indicated
(average value of the three beams). Right: Load versus mid-deflection for the
sawn beams from the slab.

There were no problems during the casting of the test plate with a slope of
22°. However, when the roof of the house was cast, blocking did occur. The
reason for this was probably that the roof contained more transverse bars
than the test element.

Figure 10.12 illustrates that the residual strengths determined from fibre
counting on sawn blocks from the beams were higher than the residual
strength from four point bending, in average 30 %. The main reason for this
is most likely that several fibres at the sawn surface were without
anchorage as discussed in 2.5.2. Moreover, the fibre contents were
probably slightly higher in the sawn sections close to the cracks than in the
actual failure zones. Further, it is possible that the assumed average stress
after cracking of 500N/mm’ is too high, although this value was suitable
for other experiments with SCC described in chapter 5-10.
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Since the thickness of the slabs was 200mm, the heights of the beams sawn
from the slab were not within the specifications given in the Norwegian
Design rule draft [Thorenfeldt 2006]. According to Bazant (1984), the
span-to-beam height ratio I/h must be higher than 2.5 to prevent energy
dissipation at the supports. With h=200, 1/h=2.25, which is under the
minimum requirement of 2.5. However, the energy dissipation at the
supports will, if anything, overestimate the residual strength, and therefore
the difference between the two methods can not be explained by the
aberration from the prescribed dimensions. Besides, the differences
between the residual strength determined from bending tests and fibre
counting are approximately the same for the 150mm and the 200mm high
beams, which implies that the energy dissipation at the supports can be

neglected.
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T
g E R
s £ *
= b 2 A .
s 5 w2
o - . . \\ ’ .
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Figure 10.12: Residual strength from 4point bending test compared with
residual strength from fibre counting for the 18 sawn out beams. The
average value from the two methods is illustrated in the figure.

The residual strength from the beam tests were also determined according
to Dramix Guidelines [Nemegeer 1997] as f..=fcicqis50 described in section
3.2.2. The residual strengths according to the Norwegian Design rule draft
[Thorenfeldt et al. 2006] were in average 19 % higher than the residual
strengths determined from the Dramix Guideline. Hence, the deviation
from the residual strength based on fibre counting was even larger with the
latter method.
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10.2.3 Full scale experiment — loading of slabs.

The concrete composition developed for the preliminary test elements was
used in the full-scale experiments with FRC [Table 10.5], and a similar
concrete without fibres was used in the reference slab. The fresh and
hardened concrete properties for the FRC are shown in Table 10.6:

Density Air | Temperature | Slump flow | Cube strength (28d)

2319 kg/m’ | 6.0 % | 25°C 550 mm | 45.91 N/mm”

Table 10.6: Properties in fresh and hardened state.

Except from the slabs that were tested, the house was reinforced according
to the minimum requirements of the Norwegian Design rules for plain
concrete, NS3473. Hence, the distance and placing of the reinforcement
bars was not adapted to the FRSCC. Even though there were no
complications during casting of the preliminary elements, blocking
occurred several times as the house was cast, primarily around windows
and at the transversal reinforcement in the roof. Thus, the total
consumption of time was higher than for the surrounding traditional
reinforced houses in the SIBO village, but the final result was satisfactory.

Figure 10.13: a) Controlling the steel fibre content. b) The SFRC house.

A simple equipment was made for controlling the steel fibre content. The
concrete was poured on a sieve and washed down an inclined plate with a
fish-bone pattern. During this process the steel fibres were removed with a
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magnet [Figure 10.13]. The amount of removed steel fibres was in good

accordance with the prescribed dose.

Full-scale load experiments were performed on three slabs in the building:

L.

II.

I11.

Reference slab with ordinary reinforcement bars, ratio p=0.28 and

dimensions 3.0 x 3.4 x 0.15m.

Steel fibres in combination with a minimum of reinforcement bars in

the main span direction only. Dimensions 3.0 x 7 x 0.15m.

Fibres only (except from joint reinforcement bars between slab and

basement wall [Figure 10.14]). Dimensions 3.0 x 3.4 x 0.15m.

The fibre volume and concrete was the same as for the preliminary test

elements. A concentrated load was applied in the middle of the slabs, and

the tests were ended when the slabs were in the ULS just before failure. An

overview of the reinforcement in the slabs is given in Figure 10.14, and the

test setup and measuring devices are illustrated in Figure 10.15.
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Figure 10.14: The three slabs tested on the ground floor.
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Figure 10.15: Equipment for loading and deformation measurement. The
load was applied in the middle of the slab by a hydraulic jack held against a
stiff steel-beam. The deflections were measured by dial gauges and lasers,
while the compressive strains were measured by LVTDs on top of the slabs.
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10.2.4 Finite element analysis

The three slabs were analysed in DIANA 9.1, using a smeared crack
approach in a total strain rotating crack model. Due to symmetry, half of
the slabs were modelled. Four-node quadrilateral isoparametric curved
shell elements were used [Figure 10.10].

The material behaviour in tension and compression was modelled
according to Figure 7.20-7.22, where the residual strength for FRC after
cracking was taken as fiy res =To -Vt ‘O mia= 1/3-0,8% 500MPa= 1,3N/mm2.
Since the crack distances in the slabs will increase with increasing distance
from the load, the cracks had to be predefined in the analyses in order to
have reasonable relations between crack widths and cracking strains
[Figure 7.21]. A simplified crack pattern was therefore assumed as
illustrated in Figure 10.16. To initiate cracks in the prescribed areas, the
material strengths in tension and compression were increased by 10 % for
all elements surrounding the assumed cracks. The crack distance was then
taken as the diagonal length of the element. In the CDZ-model, the
compression strength was presumed to be equal to the cylinder strength of
the concrete, estimated from the cube strength [Figure 7.22].

The reinforcement was modelled according to von Mieses hardening
criteria with yielding stress 500N/mm?, increasing linearly to a stress of
550N/mm?” at a plastic strain of 10%o.

The load was applied in deformation controlled steps in the middle of the
slabs. It was assumed that the slabs had fixed boundaries due to the joint
reinforcement with the basement walls. Analyses were also run with 50 %
fixed boundaries (50 % restrained rotation). However, this had little effect
on the capacities of the slabs. Hence, the results of these calculations are
not presented here. The arc effect was included by restraining the slabs
horizontally at the boundaries.
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Figure 10.16: Slab III without bottom bars. Output from DIANA 9.1
illustrating the deflection of the slab and the pre-defined cracks which are
given a lower strength than the surrounding elements. The elements along
the boundaries are also modelled with lower tensile strength in accordance
with observations done in the experiments. Half of the slab is modelled due
to symmetry.

Figure 10.17: Left: Slab II after loading, seen from below. The cracks were
marked by a tracer at each load step. Right: Crack below Slab IlI,
illustrating fibre bridging. Small pieces of concrete were spalling off
around the fibres near the surface.
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10.2.5 Fibre counting on drilled out cores from the slabs

To check the orientation and distribution of fibres, two cylinders were
drilled from each of the slabs with fibres, close to the middle. First, the
fibres lying in the horizontal plane of the slab crossing the vertical cylinder
surface were counted, and then the cylinders were sawn in three sections in
order to count the vertically orientated fibres. The fibre volume was
estimated as vy = (N;+ 9/16-N, + 7/16-N3)-A¢/A., where the number of
fibres in the three directions N;>N,>Nj3 as described in 2.6.3, leading to a
fibre volume of 0.75 % and 0.82 % for Slab II and III, respectively, which
is close to the added fibre content. For Slab II, the fibre counting indicated
that 53 % of the fibres were located on the lower half, and that 78 % of the
fibres in the lower half were horizontally orientated. In an ideal situation
with isotropic orientated fibres, 66.7 % of the fibres will be orientated
horizontally. Hence, the fibres had an orientation and distribution
favourable with respect to the loading. For slab III, this effect was even
more pronounced; 72 % of the fibres were concentrated in the lower half,
and the share of horizontally orientated fibres in this part was 86 %.

10.2.6 Results

To assure that the tests did not induce any irreparable damage to the
building, the experiments were terminated before the maximum loads were
reached. The capacity of the slabs can therefore not be compared directly.
Moreover, for the reference slab the test was interrupted at an earlier stage
than for the two slabs with fibres. This was due to the loading; a 30 ton jack
was used for the reference slab, while a 50 ton jack was applied on the two
slabs with fibres.

The measured and calculated load-deflection relations are shown in Figure
10.18. As illustrated in Figure 10.15, the deflections were measured by two
dial gauges and two lasers. For the reference slab, problems occurred for
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two of the measuring devices; the dial gauge on top of the slab (“Dial
gauge a”) and the laser near the middle (“Laser a”). These measurements
are therefore disregarded. Since dial gauge b under the slabs was fastened
in the middle, these measurements are expected to correspond best with the
FEA. However, at large deformations, the cracks expanded rapidly under
the slab and concrete spalling occurred. This is probably the reason why the
deformations measured by dial gauge b gradually increases compared to
the deformations measured on top of the slabs, as well as the FE results.

The results of the FE analyses are in relatively good agreement with the
measurements until unloading. Still, the upward slope on the curves as the
tests are interrupted indicates that the maximum load was not yet reached.
On the other hand, the FRC slabs could probably not have been loaded
much further, since the deformations after unloading were rather large.
Nevertheless, the capacities of the two fibre reinforced slabs were
underestimated by the analyses. This can be explained by the favourable
orientation and distribution of fibres that were found from fibre counting on
the cores drilled from the slabs. It is difficult to estimate whether the FEA
underestimated the capacity of the reference slab, since the loading was
interrupted at an earlier stage.

The responses from the FEA were slightly stiffer than the measurements,
which probably is caused by deviation between the prescribed and real
crack pattern.

Even though the slab without reinforcement bars was loaded further into
the ULS than the reference slab, it was clear that a fibre volume of 0.8 %
was sufficient to replace all traditional reinforcement. Moreover, the
ductility was satisfactorily since the load was increasing for a long period
after crack initiation at large deformations. In addition, observations during
testing showed that a refined crack pattern occurred for all slabs.
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10.2.7 Conclusions — house with FRSCC

The full-scale experiments gave useful information and experience both
regarding the concrete composition and casting of FRSCC. A homogenous
and robust FRSCC was achieved based on locally available sand and
aggregate. Yet, when the concrete house was cast, blocking occurred in
front of the transversal bars. This illustrates how important it is to adapt the
placing of the reinforcement bars to the FRSCC, especially with respect to
fibre length and fibre volume.

Due to large scatter in the results from the preliminary test elements, it is
dubious whether fibre counting on small specimens taken from structural
elements can be used to predict the post cracking strength through the
structure. The deviation between 4point bending tests on beams sawn from
the preliminary test elements and the estimations from a method based on
fibre counting are considerable. Moreover, the 4point bending tests on
sawn beams indicate that the casting method used for the wall was not
propitious since the residual strength varied significantly through the wall.
The scatter for the beams sawn from the slab was lower, implying that the
casting method was more suitable for this type of structural element.

Even though some problems due to blocking was registered during the
casting of the house, controls from the fresh concrete and drilled out cores
after hardening indicated an even distribution of fibres through the slabs.
Hence, the final result was satisfactory.

FEA corresponded relatively well with the measurements, although the
ultimate load for the fibre reinforced slabs were somewhat underestimated
by the analysis. This can be explained by a favourable distribution and
orientation of the fibres. Further, the ductility of the FRC slabs was
satisfactory. Most important, the full scale experiments proved that load
carrying structures with relatively short spans can be reinforced with steel
fibres only, without any traditional reinforcement.
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10.3 Casting methods and fibre orientation - FRSCC
walls cast with tube

10.3.1 Introduction

The fibre orientation in a structure is strongly dependent on the flow of the
concrete and, thus, the casting procedure. It is beneficial to develop casting
procedures that induces favourable fibre orientations with respect to the
loads applied on the structural element. Especially in the prefabrication
industry, necessary conditions for optimizing the casting procedure are
present, since the production allows better routines with respect to casting
methods.

The orientation of the fibres in SCC structures is primarily dependent on
the flow direction of the concrete. However, the flow through a wall is
complex, and there are several factors that have to be considered in order to
simulate a form filling, for example the fresh concrete properties, the
velocity of the pouring, geometry and friction of formwork as well as
potential obstacles like cut outs and reinforcement bars. Moreover, the
casting method has a major impact on the flow. On-site, walls are either
cast with tubes or by concrete scip through funnels on top of the wall. If
tubes are used, the form filling will be dependent on whether the tubes are
submerged or not, and if the tube is held still at one point or moved along
the wall. In precast wall elements, the concrete is often pumped from a
bottom corner.

An extensive study on form filling of SCC was carried out by Thrane
[2005]. In his experiments, the casting was done by pumping from the
bottom corner of a wall at a filling rate of 10m*/h. By adding colour to the
concrete, he studied the flow direction of the concrete and found the dead
zones where blowholes occurred. Further, he simulated the flow based on a
FEM formulation of the Navier-Stokes equations, and a Bingham model
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was applied. The results corresponded well with the observed behaviour.
Although it would be useful to perform a similar study on FRSCC to
determine the relation between flow direction and fibre orientation more
clearly, this is not included in this thesis.

The SCC walls presented in Chapter 5 and section 10.2.2 were cast from a
concrete scip through a funnel on top of the wall. This casting procedure
led to a main orientation of fibres that varied strongly in the different cut
out sections of the walls. In the prefabricate industry, casting with tube is a
more common and practical approach. Obviously, this approach induces a
different fibre orientation through a wall than the orientation found for the
walls cast with concrete scip.

A series of wall elements were cast at Contigas concrete plant in Moss,
where the FRSCC concrete was pumped through a tube. The objectives
were to:
- Test if it was possible to produce a stable SCC for pumping with
sufficient fibre content by using the available aggregate at the plant.
- Control whether the fibres would cause blocking or not in the tube
and in the pump while casting.
- Investigate the orientation and distribution of fibres through the walls.

10.3.2 Concrete and casting

Four fibre reinforced SCC walls of dimension 5 x 2.5 x 0.2m were cast:

- Wall 1: Dramix 65/40 galvanized steel fibres. During casting the
tube was moved back and forward along the formwork [Figure
10.19].

- Wall 2: As Wall 1, but the tube was held still at one end of the
formwork.

- Wall 3: Dramix 65/60 galvanized steel fibres, tube at one end.

- Wall 4: Synmix synthetic fibres (length 55mm and diameter
0.80mm), the tube was held at one end of the formwork.
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All concrete had a fibre content of 0.6 %. The concrete composition and
hardened concrete properties are given in Table 10.7 and Table 10.8.

Dramix | Synmix

[kg/m’] | [kg/m’]
Cement 295 295
SH- Slite 159 159
Silica 22,7 22,7
Sand 0-8 972 972
Aggregate 8-14 698 698
Admixture SP-N 9.3 8.5
Air entrancement; Mapeair 1:9 | 0.7 0.7
Fibres 50 7

Table 10.7: Concrete mix [kg/m’]. Identical mixes for the two steel fibres,
Dramix 65/40 and Dramix 65/60.

Dramix 65/40 |[Dramix 65/60 |Synmix 55
f 7days 70.8 64.3 67.8

£ 28days 89.4 87.3 85.6

Table 10.8: Cube strenght [N/mm’]

::Locking the
<—> %fPrmwork on \
7 i

Figure 10.19: a) Casting Walll. The tube was moved back and forward
during casting as indicated. b) Casting Wall 2, 3 and 4 with the tube
standing still in one end of the formwork.
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It is most practical to cast the walls from one point, either through a rigidly
mounted footing on the outside the wall near the bottom or manually
through a tube submerged in the concrete. Yet, it may be favourable for the
distribution and orientation of fibres if the tube i1s moved back and forwards
along the formwork during casting. Hence, Wall 1 was cast to investigate if
any beneficial effects were achieved by the moving the tube, while Wall 2,
3 and 4 were cast from one end of the formwork. Due to the lock on top of
the formwork, and since the tube was held manually, it was not possible to
move the tube along the whole length of the formwork as intended for Wall
1. Instead, the tube was moved back and forward over the length indicated
in Figure 10.19.

The risk of separation increases when SCC is pumped through a tube. With
fibres, it can be challenging to make the concrete robust enough, especially
in this case, where the grading curve of the locally available aggregate was
not optimal. Several test mixes were therefore carried out to achieve
satisfactory fresh concrete properties. Yet, tendencies of pasta segregation

were observed for Wall 4.

Figure 10.20: Left: The fibre concrete
Wall4 with synthetic fibres from the opposite side of the casting point.

o

was poured in a pump. Right:

The picture shows that tendencies of pasta separation occurred.



231

10.3.3 Beam tests

In total 30 beams of dimension 200x200x800mm were sawn from the
walls: 6, 6, 9 and 9 from Wall 1, Wall 2, Wall 3 and Wall 4, respectively,
as illustrated in Figure 10.21. The main purpose of the beam tests was to
estimate the orientation and distribution of fibres through the wall, and
compare the casting method used for Wall 1 and Wall 2.

\Casting
250 ~O S, 80 la 2a 3a
65 $600 g)(] 1b 2b 3b
650 $65 1c 2¢ 3¢
1450, . 1050, . 1500 4009

5000

Figure 10.21: Dimensions and numbering of beams sawn from walls.
Beam 3a-c were sawn from Wall 3 and Wall 4 only.

Figure 10.22: Beam 2a from Wall 3

The tests were performed according to the Norwegian design rule draft for
FRC [Thorenfeldt et al. 2006]. However, since the thickness of the walls
was 200mm, the beam dimensions were increased to 200x200x800 mm,
and the test setup was upgraded correspondingly. The load was applied
deformation controlled at a speed of Imm/min, and the tests were ended at
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a deflection of 8mm. The residual strength was taken as 0.37 times the
average equivalent bending strength recorded between 0.5 and 2.5mm
deflection.

10.3.4 Results

The measured load deflection relations for the 30 beam are shown in Figure
10.23. The figure also indicates the average residual strengths for the three
beams (a,b,c) sawn from each section. The average residual strength
decreased with the flow distance in all four walls. Moreover, the residual
strength for Wall 1, where the tube was moved, was higher than for Wall 2
where the tube was held at one end of the formwork

The load at cracking was around 80kN for the beams, and for five of the
beams with Dramix 65/40 fibres the load increased further after cracking.
The average residual strength for all beams from the three walls with steel
fibres were fres=1.33N/mm2, which i1s above the theoretical orientation
factor for isotropic orientated fibres according to the Norwegian design rule
draft; fo = M Vi Ouerage = 1/3-0.006-500 N/mm* = 1.00 N/mm’. This
indicates that the fibre orientation in average was favourable.

Five of the nine beams with synthetic fibres went to brittle failure. The
results of these tests are not included in Figure 10.23 since no residual post
cracking strength was registered. Neither was any fibres observed crossing
the crack. The reason for this can either be that there was very few fibres
orientated horizontally in this area, that fibre rupture occurred due to a high
adhesion with the concrete, or it may be a combination of few fibres and
high adhesion. For the three beams closest to the casting point, the average
residual strength was fi.p1=0.48 N/mm?. The experiments described in
chapter 7 indicates that the average post cracking strength of SCC with
Synmix synthetic fibres is around 200MPa, which leads to a theoretical
residual strength of f.,= 1/3:0.6-200 = 0.4 N/mm?. This is not far from the
residual strength estimated for the three beams closest to the casting point.
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Figure 10.23: Load-deflection curves for the sawn out beams from the
walls. The average residual strength for the three beams (a, b and c)
taken from each of the sawn out elements are indicated
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To estimate the fibre content in the beam, blocks were sawn 90mm from
the failure zone, and fibres were counted on three planes perpendicular to
each other. The fibre volume was than taken as:

v, :(N1 +%N2 +%N3)%
where the number of fibres in the three directions N;>N,>Nj; as described
in section 2.6.3. The fibre orientation was considered by the factors o and
1, determined according to the Norwegian design rule draft [Thorenfeldt et

al. 2006] as described in section 2.6.3.

Bjelkeserie | Fiber- Vi o n fres counting = fres.test = Devi
type Mo Vi Opcmid | 0,37 fhkeq | ation
[%] | [-] |[-] |[N/mm?] [N/mm?] | [%]
Wall 1- Ic¢ | Steel 0.860.630.51|2.19 1.90 15
Wall 1-2b | Dramix | 0.72]0.59 | 0.45| 1.61 1.39 16
Wall 2— 1b | 65/40 0.7510.66 | 0.54 | 2.04 1.25 63
Wall 2—-2a 0.6910.4310.29(0.99 0.70 41
Wall 3— Ic¢ | Steel 0.76 1 0.68 | 0.57 | 2.15 1.47 68
Wall 3—2a | Dramix | 0.77 | 0.61 | 0.48 | 1.83 1.58 16
Wall 3— 3b | 60/60 0.63 [0.65[0.53|1.68 1.39 21
Wall 4— 1b | Syntetic | 0.63 | 0.68 | 0.57 | 0.73 0.54 35
Wall 4-2b | Synmix | 0.66 | 0.31 | 0.21|0.27 -
Wall 4-3a 0.50(0.22 (0.15(0.15 -

Table 10.9: Results of fibre counting on blocks from one beam (a, b or c)
from each element (the beam a/b/c with residual strength closest to the
average value for the three beams was chosen). Here v/~=fibre volume,
o=orientation factor, 1] is a function of the orientation factor, frecounting and
Jres.es: are the residual strengths determined from fibre counting and beams
tests. The last column shows the deviation between the two methods.

Table 10.9 shows that the residual strength determined from fibre counting
on sawn blocks from the beams is higher than the residual strength from
four point bending for all beams. This is similar to the results in 10.2.2, and



235

1s most likely primarily caused by cut-off fibres on both sides of the beams,
resulting in several fibres without anchorage. Further, the orientation factor
can be higher in the sawn block than in the actual failure zone of the beam.

The fibre counting indicates that the decrease in residual strength with
increasing flow distance is caused by a combination of decreasing fibre
volume and an unfavourable fibre orientation, since fewer fibres are
orientated in the longitudinal direction of the wall with increasing flow
distance.

For Wall 4 with synthetic fibres, the fibre counting indicated that few fibres
were orientated in the longitudinal direction of the wall for element 2 and 3.
The fibres were mainly orientated vertically, which was not propitious for
the beam tests. This explains the brittle failure that occurred for five of the
beams. As mentioned, the concrete used in Wall 4 was on the verge of
separation, and tendencies of separation were observed during casting. It is
likely that this caused an uneven fibre distribution, since synthetic fibres
due to the low density will flow to the surface whenever pasta separation
occurs. Hence, it is difficult to separate the effect of flow direction and the
influence of the apparent pasta separation on the distribution and
orientation of fibres. Therefore, the results of the beam tests from Wall 4
cannot be placed emphasis on.

10.3.5 Conclusions — wall elements

With the available aggregate, it was difficult to achieve a stable SCC with a
fibre content high enough to replace the traditional reinforcement bars
required in the walls according to the Norwegian design rules NS3473.
Since the concrete was pumped through a long tube, and had to flow
further for 10 meters, it was essential to obtain a robust concrete with high
flowability. Even though the concrete was stable before casting, the fibre
counting showed that the fibre volume decreased slightly with increasing
flow distance, which indicated that tendencies of separation did occur.
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The flow of the concrete cast with tube appeared to be more uniform than
the flow of the walls cast with scip described in 9.2.2. Fibre counting
showed that the fibres mainly were orientated in the longitudinal direction
of the wall, consequently parallel to the apparent direction of the concrete
flow. This corresponds to the results described in 7.2.3 and 9.2.6. As the
flow distance increased, the share of uni-directed steel fibres in the
longitudinal direction of the walls decreased, which probably is connected
to the deceleration of the flow. Moreover, the fibre orientation appeared to
be more constant through the wall where the tube was moved back and
forward during casting. However, more extensive studies on form filling
have to be carried out to establish the connection between flow
direction/velocity and fibre orientation.

For the wall with synthetic fibres, the main orientation of fibres was
vertical, except for the three beams sawn near the casting point. This may
indicate that synthetic fibres tend to orientate perpendicular to the flow.
However, since the concrete showed tendencies of separation, no
categorical conclusions regarding flow direction and orientation of
synthetic fibres can be made based on these experiments. Moreover, for the
SCC slabs with synthetic fibres described in chapter 7, the synthetic fibres
were mainly orientated parallel to the flow. Yet, it is not unlikely that the
orientation of synthetic fibres through a structure is considerably different
from steel fibres due to the large difference in density.
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10.4 Conclusions

The field tests emphasize the challenges that occur when experiments are
performed outside the controlled conditions in the lab. The available
aggregate is often not optimal, and adaptations regarding mix design and
casting procedures have to be done. Yet, if the contractor is aware of the
factors that influences the distribution and orientation of fibres through the
structure, the production can be adapted accordingly. In spite of challenges,
the results obtained through the full scale tests described in this chapter
were satisfactory, although further improvements are necessary before the
use of FRC is profitable for these types of applications. The potential of
fibre reinforcement can only be utilized when the advantages and
limitations are taken into account.



238



11 Conclusions

11.1 Summary and conclusions

This thesis provides further information on the use of fibre reinforcement in
load carrying concrete structures. An extensive experimental study was carried
out, investigating the effect of various parameters, both in the fresh and in the
hardened state. The results of the study are used to evaluate existing design
theories, and the measurements are compared with finite element analyses.
Through the work, it has been focused on fibre reinforcement in practical
applications. As a consequence, a large share of the experiments is carried out
using casting procedures and aggregates available on site, but also by
choosing testing methods which are not too time and cost consuming.

Interfacial bond properties

The interfacial bond properties of SFRC have been studied by single-fibre
pull-out tests considering three parameters: concrete strength, fibre type and
embedment length. The pull-out response of synthetic fibres was essentially
different from the response of hooked-end steel fibres. Due to the relatively
low E-modulus the synthetic fibres reached the maximum load at considerably
larger deformations than the steel fibres, and the post-peak response decreased
and increased in waves as a result of the embossed surface. For the steel
fibres, on the other hand, the maximum force stayed approximately constant
for a while, and then diminished gradually. The end-hook contributed to
around 90% of the pull-out resistance of the steel fibres. Further, the pull-out
load increased clearly with increasing concrete strength, and the increase was
most distinguished in the steel fibre pull-out tests.
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Structural elements of VCC and SCC — fibre orientation
Through the study it has been found that both the fibre-matrix bond and the
orientation of fibres through a structure are dependent on whether vibrator

compacted concrete (VCC) or self compacting concrete (SCC) is used. With
SCC, the orientation of fibres is governed by the flow of the concrete which
again depends on the casting method. Four point bending tests on small beams
sawn from structural elements indicated an even distribution of fibres through
a SCC slab and a horizontal main orientation. The results of the sawn beam
from a SCC wall, on the other hand, showed an uneven fibre orientation. This
underlines the dependence of the flow, which with the current casting method
lead to a complex and non-uniform flow through the wall, while it was more
constant for the slab. The scatter in post-cracking strengths for the cut out
beams from a VCC wall was somewhat lower than with SCC, whereas the
opposite was the case for a VCC slab where a weakness zone occurred with
very few fibres orientated in the longitudinal direction of the beams. Hence, it
is not recommendable to use immersion vibrator for fibre reinforced concrete.
The VCC and SCC used in the test series had similar compression strengths.
Yet, the difference in post-cracking strengths was considerable. The main
reason is probably a more refined pore structure in the SCC due to higher
silica content and higher matrix volume, which improves the fibre-matrix
bond. To get a better picture of the post-cracking response of FRC the beams
were analysed in a FEM program where the cracks were modelled by interface
elements. The results showed that a multi linear stress — crack width ratio
where the stress after cracking was taken as a constant value until 2mm and
then linearly decrease to zero at a crack width of 10mm lead to a good
correspondence with the measured load- deflection ratios.

Beams designed for moment and shear failure

Two series of beams designed for moment and shear failure, one with
SFRSCC and one with SFRVCC also demonstrated the influence of concrete
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type and casting procedure. The effect of steel fibres in the beams designed for
moment failure was more than twice as high for the beams with SCC
compared to the VCC, which can be explained by a combination of a
favourable fibre orientation and a better fibre-matrix bond in the SCC. The
residual strengths in the beams designed for moment failure were estimated by
inverse analyses based on a multi-layer model, and for the VCC beams the
estimated residual strengths corresponded well with the values determined
from available guidelines based on isotropic orientated fibres. The shear
capacity was similar for the VCC and SCC beams, and the results were in
agreement with the design loads calculated from different guidelines. All
beams were analysed in an FEM program with a smeared crack approach
based on the observed average crack distance and a multi linear relation in
tension and in compression, and the stress — crack width relation described
above was used to develop a stress — strain relation in tension. The overall
agreement was good. This indicates that the applied material model was
adequate to describe the material behaviour.

Synthetic fibres
The post-cracking stress of synthetic fibre reinforced concrete has been

compared with steel fibre reinforced concrete in a series of beams sawn from
wall and slab elements. It was found that synthetic fibres are able to transfer
relatively large stresses over the cracks. For the fibre types applied in the
study the volume of synthetic fibres had to be doubled to achieve similar
stresses as with steel fibre reinforced concrete. However, the maximum pull-
out stress for the synthetic fibre reinforced concrete was achieved at higher
crack widths, as demonstrated in the single fibre pull-out tests. Hence,
synthetic fibres can only be utilized when relatively high crack widths are
accepted.
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Size effect

Size effect of fibre reinforced concrete was investigated in a series of beams
with three different cross-section heights, of which three were reinforced with
1 % fibres, three with 0.3 % fibres and three with 1 % fibres combined with
conventional reinforcement bars. It was found that the bending strength
decreased with increasing cross-section height similarly to plain concrete.
Moreover, for the beams with 1 % fibres the maximum load and ductility
decreased relatively to the load at cracking with increasing cross-section
height. Generally, the finite element analyses were in agreement with the
measurements. Yet, for the beams with fibres in addition to reinforcement bars
the analysis underestimated the capacity of the largest beams slightly while
capacity for the largest beam was overestimated. This implies that the size
effect probably is not fully described by the FEM.

Structural elements - fibres combined with conventional reinforcement

To control the fibres ability to redistribute large stresses a series of simply
supported slabs were loaded with a concentrated load in the middle while the
reinforcement bars were placed furthest out on the sides. The results were
promising and indicated that maximum distance between reinforcement bars
in accordance with common design rules can be increased when combined
with fibres. Further, fibre counting on drilled out cylinders showed that the
steel fibres tended to orientated parallel to the flow while the opposite was the
case for the synthetic fibres. FEA was in relatively good agreement with the
measurements for the slabs with steel fibre reinforced concrete, but the
analyses did not reflect the results of the slabs with synthetic fibres, partly
because anchorage/shear failure occurred.

Fibres as shear reinforcement in precast elements

Hollow core elements are normally produced without shear reinforcement,
even though they often are subjected to large shear and torsion forces. It was
therefore attempted to use steel fibres as shear reinforcement in a series of
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simply supported hollow core elements. With the available aggregates and
production technique it turned out to be difficult to achieve a sufficient
compaction of concrete around the prestressed steel wires. As a consequence,
the increase in maximum load due to fibres was ignorable because pull-out
failure occurred before the shear capacity was reached. Hence, the only
advantage achieved was increased ductility. Yet, if it is possible to achieve a
better compaction of the concrete through improvements in mix design and
casting procedure, steel fibres may be applied as shear reinforcement also in
hollow core elements.

Full-scale load tests on slabs

Full scale load tests performed on three slabs in a house made of fibre
reinforced concrete indicated that fibres can replace all conventional
reinforcement in load carrying slabs with relatively short spans. One reference
slab was made with conventional reinforcement and one was made with fibres
only, both with a length-to-width ratio of 1.1. The third slab had a length-to-
with ratio of 2.3 and was reinforced with a combination of fibres and
conventional reinforcement. Even though the three slabs were loaded to
different stages in the ULS, the load-displacement ratios implied that the
capacities were similar. Moreover, the FEA were in good agreement with the
measurements.

FRSCC cast with tube versus concrete scip

A series of wall elements with SCC were cast with tube to investigate if it was
possible to achieve a more constant fibre orientation in the wall than in the
previous SCC walls cast with concrete scip through a funnel. The results
showed that the fibre volume decreased somewhat with the flow, which
indicated that the SCC was on the verge of separation. Moreover, a more
favourable orientation and distribution was achieved for the wall where the
tube was moved back and forward along the formwork during casting. Yet, the
fibre orientation in all walls cast with tube was more even than in the walls
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cast with concrete scip through a funnel. Hence, it is favourable to cast walls
with tube as opposed to concrete scip, although extra work might be required
in the mix design phase to achieve a fibre reinforced concrete which is stable
enough for pumping, especially when the locally available aggregates are not
optimal as in this case.

11.2 Final conclusions and future perspectives

Most of the test series were evaluated through calculations and FEA and
compared with available design rules. Generally the agreement was good, both
with discrete and smeared crack approach. This shows that FEA is an
appropriate tool to determine the contribution of fibres to the load bearing
capacity. Moreover, the results of the test series implied that the theoretical
framework that exists today describes the behaviour of fibre reinforced
structures relatively well, and that the design rules which are developed is
satisfactory. Even though there are still room for further improvements
regarding design rules, the main challenge ahead is related documentation and
execution. The main objective is to develop and describe material qualities
and casting methods which ensures an even and predictable distribution and
orientation through the structures.
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APPENDIX A

Overview: fibre counting on 36 specimen - Chapter 5.

Fibre counting

Experimental data

ok

Ve p o n fres>!< fres fft.eq fft.eq.res
[-] [-] [-] [-] [N/mm’] [N/mm’] | [N/mm’] [N/mm’]

P11-1 0.0062 0.0056 0.897 0.862 2.14 1.60 3.42 1.27
P11-2 0.0070 0.0052 0.740 0.653 1.83 1.37 3.91 1.45
P11-3 0.0070 0.0039 0.556 0.408 1.14 0.86 3.08 1.14
P12-1 0.0070 0.0025 0.362 0.241 0.68 0.51 1.09 0.40
P12-2 0.0070 0.0027 0.382 0.255 0.72 0.54 1.25 0.46
P12-3 0.0063 0.0023 0.363 0.242 0.61 0.46 1.38 0.51
P21-1 0.0072 0.0045 0.631 0.507 1.46 1.83 4.25 1.57
P21-2 0.0070 0.0037 0.521 0.362 1.01 1.27 6.81 2.52
P21-3 0.0070 0.0038 0.543 0.390 1.09 1.37 5.23 1.94
P22-1 0.0077 0.0061 0.801 0.735 2.25 2.82 6.59 244
P22-2 0.0069 0.0055 0.802 0.736 2.04 2.55 7.00 2.59
P22-3 0.0068 0.0051 0.747 0.663 1.82 2.27 7.12 2.63
Wi1l-1 0.0070 0.0028 0.404 0.270 0.75 0.57 1.33 0.49
WI11-2 0.0070 0.0049 0.694 0.592 1.66 1.24 2.95 1.09
WI11-3 0.0081 0.0048 0.586 0.449 1.45 1.09 2.95 1.09
WI11-1 0.0070 0.0030 0.426 0.284 0.79 0.60 2.12 0.78
W12-2 0.0085 0.0035 0.416 0.278 0.94 0.71 1.94 0.72
W12-3 0.0070 0.0040 0.573 0.430 1.21 0.90 1.54 0.57
W13-1 0.0081 0.0049 0.596 0.462 1.50 1.13 3.45 1.28
W13-2 0.0080 0.0054 0.683 0.578 1.84 1.38 3.75 1.39
W13-3 0.0071 0.0054 0.766 0.687 1.95 1.46 4.99 1.85
W14-1 0.0083 0.0030 0.359 0.239 0.79 0.59 3.54 1.31
W14-2 0.0077 0.0039 0.502 0.336 1.04 0.78 1.47 0.54
W14-3 0.0076 0.0045 0.594 0.458 1.40 1.05 1.49 0.55
W21-1 0.0070 0.0045 0.646 0.528 1.48 1.85 3.74 1.38
W21-2 0.0074 0.0043 0.586 0.449 1.33 1.66 3.22 1.19
W21-3 0.0070 0.0033 0.469 0.312 0.87 1.09 2.50 0.93
W22-1 0.0063 0.0020 0314 0.210 0.53 0.66 2.29 0.85
W22-2 0.0070 0.0027 0.386 0.257 0.72 0.90 2.03 0.75
W22-3 0.0070 0.0028 0.397 0.265 0.74 0.93 2.03 0.75
W23-1 0.0072 0.0025 0.349 0.233 0.67 0.83 1.80 0.66
W23-2 0.0071 0.0022 0.310 0.206 0.58 0.73 1.72 0.64
W23-3 0.0068 0.0022 0.330 0.220 0.60 0.75 2.16 0.80
W24-1 0.0076 0.0048 0.639 0.518 1.57 1.96 5.64 2.09
W24-2 0.0072 0.0041 0.575 0.433 1.24 1.56 4.41 1.63
W24-3 0.0067 0.0043 0.646 0.528 1.42 1.78 3.86 1.43

average: 1.22 1.21 1.21

* 0o =400 N/imm’ ** G yec=300 and Ges s5cc=500 N/mm?. These stresses are determined by comparing the

residual stress from experiments and fibre counting



APPENDIX B

Shear capacity calculations — Chapter 6

A: 1,=(0.1670-+0.25F D£." [Khunta et al.1999]
B: 7,=[0.12k(100p-f,) *+0.156,] + k¢0.54f, (R /1.5); [Nemegeer 1996]

C: 1,=¢(0.241,+80pd/a)+0.41T'F; [Narayanan & Darwish 1987]

D: 7=Teqt 0.9°1/3V(Gyyerage-

where T4 is calculated from the Norwegian standard code NS3473.

A: Khunta et al. 1999

1,=(0.1670+0.25F )f.*;

o=1 for a/d>2.5; else o=2.5d/a<3 for a/d<2.5

F=B-ve(lydy)

B=1.0
Here a/d= 3 hence o=1
l/de= 67 for Dramix 65/60
l/de= 65 for Dramix 65/35
S0-A| S1-A | S2-A| S3-A | S4-A
F, 0 0,335| 0,67 | 0,65
Viot.a [kN] 39,9 | 58,4 | 81,9 | 75,3

B: Nemegeer 1996 - Dramix design rules

T =TT Ty =[0.12k(100p-£) 40156 ] + Kr0.54 € ax(R/1.5) 4Ty

where the concrete contribution and the contribution from stirrups are determined

from Eurocode

S0-A| S1-A | S2-A| S3-A | S4-A

fog [Mpal|l 51,6 | 51,6 | 48,9 | 54,1 | 471

frenadN/mm?]| 2,91 | 2,91 | 2,81 | 3,00 | 2,74

V.4 [kN]| 353 | 35,3 | 34,7 | 359 | 34,3

Vi [kN]| 0,0 | 0,0 | 23,1 349|315

Vwa [kN]| 22,8 - - - -

Viots [kN]| 58,2 | 35,3 | 57,8 | 70,8 | 65,8
where b,= 150 mm
d= 222 mm

p=A/b,d=0,018 <2 %

S1-B | S2-B | S3-B | S5-B
0 ]0335| 0,67 | 0,325
43,2 | 65,1 | 85,7 65,2
S1-B | S2-B | S3-B | S5-B
60,3 | 60,7 | 59,2 | 62,295
3,23 | 3,24 | 3,19 3,30
37,2 | 37,3 | 37,0 37,6
0,0 | 26,7 | 371 26,7
37,2 | 64,0 | 741 64,4

k=1+(200/d)™°= 1,949 <2




Liw, A4,
V,=1,-b-d =054 f,, — "' .
e “ 3600+ w, 4,

2

and 3

ffctk,ax = 0a7ffczm,ax =0,7- 093ffik
we= 385 kg/m® for 0,5 % fibres and 77 kg/m?® for 1 % fibres
A+~ 60/0.9 Dramix 65/60, and A= 35/0,54 for Dramix 65/35

Stirrups, beam S0-A: V,,4=As,/s*0,9df,,4
where f,,= 606,3 N/mm’
A= 28,27 mm’
s= 150 mm

C) Narayanan & Darwish 1987

V’"' = VC + VJ - |:e(A’ f?p,wl +B' ps d) " 0’4 ITf'FJ :|bd
) a ,

_[L0-if _a/d>238
“|2.8—if _ald<2,8

F=(l/dviB T= 4,15 N/mm®
ald= 2,97 e= 1
A= 0,24 Ps= 0,016

B'= 80 Mpa =1 for hooked-end fibres

_ 0.5 0.5
£,,=F,,/(20-F*)+0.7+F

S0-A| S1-A | S2-A| S3-A | S4-A S1-B | S2-B | S3-B | S5-B

F=| O 0 (0,335|0,670|0,650 0 1]0,335|0,670| 0,325

fp=] 3,28 | 3,28 |3,797|4,339 | 3,96 4,3 41 4,8 4,7
Viot.c [kN]| 0,0 | 40,6 | 63,7 | 87,1 | 82,9 49,1 | 65,8 | 90,5 | 70,0




D) Proposed in this thesis: 7,=T.4t 0.9°1/3V(G,erage-
where 14 is calculated from the Norwegian standard code NS3473.
Concrete contribution [NS3473]:

k,-A
V.=03- (ftd Aj-bw-d-kv <0,6f,-b, d- k, INS3473 12.3.2.1]
Ye b, -d
where:
ka= 100 N/mm?
A, 603 mm’
k,= 1,28 for all beams without stirrups. k,=1 for beam S0-A
Yo~ 1
Gaverage = 900 N/mm?
S0-A| S1-A | S2-A| S3-A | S4-A S1-B | S2-B | S3-B | S5-B
fn=| 2,17 | 2,17 | 2,1 | 2,33 | 2,05 2,38 | 2,39 | 2,36 2,43
V.q [kN]| 39,8 | 50,8 | 49,9 | 52,9 | 49,3 53,56 | 53,7 | 53,2 54,2
Via [KN]} 0,0 0,0 | 25,0 | 50,0 | 50,0 0,0 | 25,0 | 50,0 25,0
Vioto [KN]| 62,6 | 50,8 | 74,9 | 102,8 | 99,2 53,5 | 78,6 | 103,1 | 79,2
SUMMARY
S0-A| S1-A | S2-A| S3-A | S4-A S1-B | S2-B | S3-B | S5-B
Py [kN] |69,65| 53,96 |79,46|110,9( 103 59 81 103 83
Pu/Va 0,00 | 1,35 | 1,36 | 1,35 | 1,37 1,36 | 1,25 | 1,20 1,28
Py/Vg 1,20 | 1,53 | 1,37 | 1,56 | 1,57 1,58 | 1,27 | 1,39 1,30
Pu/Vc 0,00 | 1,33 | 1,25 | 1,27 | 1,24 1,20 | 1,24 | 1,14 1,19
Pu/Vp 1,11 1,06 | 1,06 | 1,08 | 1,04 1,10 | 1,04 | 1,00 1,05




APPENDIX C

Fibre counting on cylinders: Slabs with concentrated load - Chapter 9

Whole cross-section

Lower half of cross-section

Vs Vs T]O T]O Vf,Iower Vf,Iower T]O,Iower T]O,Iower (Y fres
S1A-1 0,79 0,27 0,76 0,26
S1A-2 0,77 0,34 0,83 0,35
S1A-3 0.75 0,78 0.39 0,32 0.77 0,84 0.47 0,34 400 1,13
S1A-4 0,79 0,29 0,98 0,27
S2A-1 0,94 0,33 1,02 0,34
S2A-2 0,63 0,43 0,78 0,42
S2A-3 0.52 0,71 0.45 0,37 0.57 0,84 0.50 0,38 500 1,58
S2A-4 0,76 0,27 0,99 0,25
S3A-1 0,57 0,29 0,57 0,25
S3A-2 0,58 0,32 0,59 0,32
S3A-3 0.61 0,58 0.41 0,33 0.62 0,57 0.34 0,30 400 0,70
S3A-4 0,56 0,30 0,53 0,31
S4A-1 0,80 0,25 0,97 0,24
S4A-2 0,68 0,34 0,80 0,37
S4A-3 0.61 0,65 0.32 0,31 0.71 0,73 0.25 0,31 500 1,13
S4A-4 0,52 0,33 0,45 0,37
S1B-1 0,96 0,43
S1B2 | 0,83 0,43 i )
S1B-3 0.89 0,87 0.44 0,43 0,95 0,43 400 1,65
S1B-4 0,81 0,43
S2B-1 1,04 0,45
S2B-2 | 0,90 0,45 i )
S2B-3 0.90 0,93 0.41 0,44 0,93 0,44 250 1,03
S2B-4 0,89 0,45
S3B-1 0,79 0,46
S3B-2 0,70 0,43
S3B-3 0.69 0,74 0.43 0,43 - 0,81 - 0,43 500 1,74
S3B-4 0,79 0,41
S4B-1 0,87 0,41
S4B-2 | 0,76 0,43 i )
S4B-3 0.86 0,80 0.45 0,44 0,87 0,44 500 1,92
S4B-4 0,71 0,46
S5B-1 1,39 0,45
S58-2 | 1,35 0,41 i )
S5B-3 126 1,28 0.46 0,45 1,39 0,45 500 3,10
S5B-4 1,10 0,46
S6B-1 1,05 0,43
S6B-2 0,82 0,42 - -
S6B-3 110 0,99 0.43 0,45 1,08 0,45 500 2,40
S6B-4 0,98 0,50
S7B-1 0,99 0,54 1,00 0,55
S7B-2 0,90 0,48 0,84 0,52
S7B-3 0.99 0,97 0.47 0,45 0.87 0,94 0.50 0,46 250 1,09
S7B-4 0,98 0,30 1,04 0,28
S8B-1 1,47 0,50 1,48 0,60
S8B-2 1,07 0,49 0,98 0,60
S8B-3 108 1,17 0.46 0,49 120 1,18 0.55 0,55 250 1,61
S8B-4 1,06 0,50 1,06 0,44
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