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ABSTRACT

When concrete is subjected to shrinkage, a needdfmrmation will occur. If this
deformation is restrained, restraint forces wilpagr. When a concrete member is
cast against an existing concrete member restf@ioés may occur due to different
needs of movement, which may lead to cracking. ¥pecific cases are when edge
beams on concrete bridges are replaced and whemeterretaining walls are cast
against an existing concrete foundation slab. Etheugh cracks are natural in
reinforced concrete during the service state, ttagycause durability problems if they
become too large. Increased reinforcement amouhaddition of fibre reinforcement
to the concrete are two possibilities to contr@ tracking. However, guidance of
how to design restrained members with regardsackawidths is insufficient in codes
used today. Therefore, non-linear finite elemerdlyses were performed in order to
increase the understanding of the cracking respionssstraint situations and how to
design in these situations.

Results from non-linear finite element analysesewavmpared with test results on
tie-rod tests carried out on concrete specimens evilinary and fibre reinforcement.

When using uniform material properties determineuinf tests, good agreement was
achieved for the case with ordinary reinforcemeot. the fibre reinforced concrete it

was necessary to take into account the heterogeofeihe combined material. A new

model, showing good agreement with test resultss waposed to simulate the

behaviour of fibre reinforced concrete. When thedelling technique had been

verified, it was also used to investigate the cirmgkesponse in other applications.

Investigations on the edge beam and the retainalyskowed that continuous edge
restraint helps to create more and narrower craiise to the restraint edge.
However, reinforcement is still needed to keep lcradths at a sufficiently low
level. The standard reinforcement configurationnmally used today for bridge edge
beams has been concluded to be acceptable. Howavegnfiguration where
reinforcement is concentrated at a certain distaweay from the restraint edge was
suggested to control crack widths in retaining gvalist on foundation slabs.

Applying fibre reinforcement has been found to bgoad solution to improve the
crack control in edge beams and retaining wallghés increases the number of
cracks, and thus, reduces their crack widths. @rglimeinforcement, though, is still
needed.

Keywords:  Crack control, restraint forces, fibrnforced concrete, non-linear
finite element analysis, shrinkage strain, tie-redge beam, retaining
wall.
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SAMMANFATTNING

Nar betong krymper uppkommer ett behov av defomnatOm denna deformation
forhindras uppkommer tvangskrafter. Nar ett bettemgent gjuts mot en existerande
betongkonstruktion kan tvangskrafter uppsta pa dyraw olika rorelsebehov, vilket
kan leda till sprickbildning. Tva typiska exempel rir kantbalkar pa betongbroar
byts ut och nar stédmurar gjuts mot en befintligngiplatta. Aven om det ar naturligt
att sprickor uppkommer i en armerad betongkonswokinder dess livslangd kan de
orsaka bestandighetsproblem om de blir for stothoka armeringsmangden eller att
anvanda fiberarmering i betongen ar olika séatt ladgréansa och kontrollera
sprickbildningen. Anvisningar for hur man dimensoar konstruktioner utsatta for
tvang med hansyn till sprickbredder ar otillracklig dagens regelverk. Darfor har
olinjara finita elementanalyser utférts for att okdorstaelsen  for
sprickbildningsprocessen i tvangssituationer samnthfur man bor dimensionera i
sadana situationer.

Resultat fran finita elementanalyser har jamforedimesultat fran experiment utforda
pa armerade och fiberarmerade dragbelastade be&wags Vid anvandning av
konstanta materialegenskaper utvarderade fran iexgeten fanns en god
Overensstdmmelse i fallen med armerad betong.ibé&mafmerad betong var det dock
nddvandigt att ta hansyn till det sammansatta nadd¢s heterogenitet. En ny modell
som battre simulerar verkningssattet hos fiberaahéetong foreslogs och visade sig
ge god oOverensstammelse med testresultaten. Bitedeana modelleringsteknik
verifierats anvandes den for att undersOoka spihidklrigsprocessen i olika mer
realistiska tillampningar.

Undersokningar av kantbalkar och stodmurar visdtlkoatinuerligt tvang utefter en
kant hjalper till att framtvinga fler och finare rggkor ndra den inspanda kanten.
Vanlig armering behévs dock fortfarande for att lddsprickbredderna pa en
tillrackligt lag niva. En slutsats var att den stardutformning av armering av
kantbalkar som vanligtvis anvénds idag ar tillftédlande. En forbattrad

armeringsutformning dar armering koncentrerats favisst avstand fran den
inspanda kanten har foreslagits for fa effektivepackbreddbegransing i stédmurar.

Fiberarmering visade sig vara ett bra satt attdresg sprickbredder i kantbalkar och
stodmurar eftersom antalet sprickor O6kar och darmedskar sprickbredderna.
Emellertid visade det sig att aven vanliga armesst@nger fortfarande behovs.

Nyckelord: Sprickbegransning, tvangskrafter, filberarad betong, olinjara finita
elementanalyser, krympning, sprickbredd, betong#t@antbalk, stodmur.
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Notations

Roman upper case letters

Asl

As>
Asu rf

Total top reinforcement area
Total bottom reinforcement area
Surface area

Young’s modulus for concrete
Young’'s modulus for concrete, effective value
Young’s modulus for steel

Bond force

Bond force, mean value

Length

Length of a fibre

Normal force

Cracking load of concrete

Yield force of reinforcement

Pull out force

Restraint degree

Fracture energy

Temperature

Fibre volume

Roman lower case letters

as
b
fcd
fck
fcm
1:cpt
fot
fy
fyk
h

IeI

It
|t,max
Npar

ssgsc~gvo
QD

Vil

Distance from concrete face to the centre of tidorcement level
Width of the cross-section

Concrete compressive strength, design value
Concrete compressive strength, characteristicevalu
Concrete compressive strength, mean value
Concrete post tensile strength

Concrete tensile strength

Yield strength of steel

Yield strength of steel, design value

Yield strength of steel, characteristic value

Yield strength of steel, mean value

Height of the cross section

Element length

Transmission length

Maximum transmission length

Number of reinforcement bars

Slip

Standard deviation of a sample

Width of the interface between edge beam and baynda
Imposed displacement

Crack width

Critical crack width

Maximum crack width

Ultimate crack width
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Greek letters

OcT Coefficient of thermal expansion for concrete

0 Displacement

€ Strain

&c Concrete strain

&cT Thermal strain

&t Concrete tensile strain

Ecu Ultimate concrete tensile strain

&cs Concrete shrinkage strain

& tot Total concrete strain

&pl Plastic strain

A Fibre aspect ratio

é Input parameter in ADINA used to describe the udtienconcrete tensile
strain

Pl Longitudinal reinforcement ratio

Dt Transversal reinforcement ratio

Oc Concrete stress

Ocd Concrete normal stress, design value

Ocm Concrete normal stress, mean value

Oct Concrete tensile stress

h Bond stress

Ttd Mobilised shear stress, based on design values

Tim Mobilised shear stress, based on mean values

Tiu d Shear stress at= 2.0 mm, design value

Tfum Shear stress at= 2.0 mm, mean value

Tlim Limit value of bond stress

Tmax Maximum bond stress

@ Diameter of reinforcement bar

® Creep coefficient
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1 Introduction
1.1 Background

When a reinforced concrete structural member igestddl to temperature changes
and/or shrinkage, i.e. stress independent straimged for movement will occur. If

this deformation is restrained, restraint forcedl wiccur. Even though these

restraining forces may not be large enough to cdasere of the structure by

themselves, they may become important in the ddsigthhe serviceability limit state

as they will lead to cracking if the concrete ténstrength is reached.

Cracking of reinforced concrete is natural while Htructure is under service, i.e. the
service state. However, cracks are intolerable h# track widths impair the
appearance, serviceability, function, or resistasfdde structure. For instance, cracks
may expose the reinforcement to the environmenteidicions and because of
presence of moisture and oxygen steel bars may tetacorrode. This corrosion
process can result in severe durability problentsclvin the long way affect the load
bearing capacity and safety of the structure. Toegeat is of great importance to keep
the crack width below a certain value dependingh@nactual exposure. Increasing
the number of cracks is a way to reduce the cramkhwas the total need for
deformation in the member will be the same indepatig of the number of cracks
that have developed. Increased reinforcement amewniie way to achieve this, but
also to add fibre reinforcement to the concretegesiit gives concrete a more ductile
behaviour and acts as a ‘distributed’ reinforcement

In order to increase the knowledge about how reteftd concrete structures behave
while subjected to restrained forces and how tagdethem in order to keep the crack
widths acceptable, three master theses have redegwih carried out at Reinertsen
Sverige AS. Nesset and Skoglund (2007) studiedctheking behaviour and crack

pattern of a member with fixed short ends, see reigul (a). Alfredsson and

Spéals (2008) investigated the influence of differ@arameters in a continuously
restrained edge beam, see Figure 1.1 (b), whilankston and Lantz (2009) looked
deeply into the influence of restraint cracking amack widths in a continuous edge
beam of a bridge, see Figure 1.1 (c). This thesésdontinuation of their work.

N SRNNNVNNAMUVNNNNNNNARNN

(a) (b) ()

Figure 1.1  Examples of (a) short end restrain); ¢bntinuous edge restraint; (c)
edge beam at a bridge.

A special situation where cracks can appear dueegtraint forces is when a new
concrete member is cast against an existing cananetmber. The concrete in the two
members will have different needs of movement ahd to this restraint situation,
restraint forces will appear. One case where ttoblpm occurs is when edge beams
on concrete bridges are replaced, which usualioree a number of times during the
lifetime of a bridge. Another similar case is whamncrete retaining walls are cast
against an existing concrete slab, schematicatbyvshn Figure 1.2. Guidance of how
to design these members regarding restraint fandscrack widths is insufficient in

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2011:70



codes used today. Therefore it is of interest tdop@ finite element analysis, in
order to increase the knowledge on how to desighdse situations.

LY

I _ |

Figure 1.2  Concrete wall cast against a concré#d s

1.2 Aim

The general aim of this thesis is to increase thewkedge of how to design
reinforced concrete structures with regard to a@strforces that are obtained due to
stress-independent strains. Focus will be put eneffect of different parameters on
the crack widths of concrete structures with carduns edge restraint. It is of special
interest to study the effects on the cracking pgscef adding fibre reinforcement.
Investigations using non-linear finite element ga@l will be carried out on bridge
edge beams and retaining walls.

The different goals for this project are listeddvel

* Verify the finite element modelling procedure, usedhis and previous theses
to describe concrete structures subjected to mesfaaces, by comparing with
test results from Jansson (2011).

* Investigate the applicability of the finite elemenbdel for cases with fibre
reinforcement.

* Increase the parametrical study done by JohanssdnLantz (2009) on a
bridge edge beam.

» Study the effect of size and reinforcement amoandther applications with
continuous edge restraint such as retaining wall @gainst a concrete slab.

» Check the possibility to reduce crack widths byiaddibre reinforcement to
concrete in various applications with continuougeeckestraint.

1.3 Method

The beginning of the project consisted of literatatudies to increase the knowledge
on restraint forces and the cracking behaviour aiceete. Further on, literature
studies were also made concerning fibre reinforcenaand its influence of the
cracking process.

Tie rod tests on specimens with ordinary and fiemforcement carried out by
Jansson (2011) were simulated by non-linear figliéenent analyses in order to verify
the reliability of the type of model used in theegent work and previous theses; i.e.
Nesset and Skoglund (2007), Alfredsson and Sp8B8 and Johansson and
Lantz (2009). The analyses were carried outthe commercial FE software
ADINA (2010).
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Further on, non-linear finite element analyses wengormed on various applications
with continuous edge restraint subjected to shgeka

1.4 Limitations

The specimens modelled in this thesis project vessaimed to have fully developed
concrete strength, i.e. the 28-days strength. Aditemal properties were time
independent, including the creep coefficient. Doeliinitations in ADINA fibre
reinforced concrete was modelled with multi-lindaghaviour, just affecting the
ductility of concrete. No initial stresses or stikaifrom casting were considered. No
external loads have been included in the analygespe the effect of restrained
shrinkage strain.

1.5 Outline of the thesis

In Chapter 2, a theoretical background to the sibgepresented. It includes a short
introduction to restraint forces, the cracking msxand motivates why it is needed to
control crack widths. Material behaviour of ordithareinforced concrete and fibre
reinforced concrete is introduced. Recommendatidrem CEB-FIP Model
Code (1993) and CEB (1997) publications on how taleh the interaction between
reinforcement and concrete and at concrete intesface also shown.

Chapter 3 presents different tests carried outamsson (2011) and their results are
compared to results from finite element analysisoider to verify the model for
concrete specimens with ordinary and fibre reiréarent.

In Chapter 4 non-linear finite element analysesadiridge edge beam are presented.
Analyses comprehend studies on how the crack padted crack widths are affected

by the reinforcement arrangement and other parameteh as the fracture energy
and the creep coefficient. The effect of addingdileinforcement is also presented.

Chapter 5 presents non-linear finite element aealys a retaining wall cast on top of
an existing concrete slab. Different reinforcemamangements and geometries of the
wall were analysed.

Finally, in Chapter 6, conclusions drawn from tthissis project and suggestions for
further research are presented.
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2 Restraint forces and material behaviour
2.1 Introduction

This chapter gives a theoretical background to ¢bacepts of restraint forces,
restraint cases, restraint degrees and the mabetiaviour of steel, concrete and fibre
reinforced concrete. The interaction between cdacend steel and the cracking
behaviour of reinforced concrete is also presented.

2.2 Restraint forces

It is of great importance to understand the diffieezbetween the concepts of applied
load and restraint forces. Applied loads are loadsnposed displacements that are
applied at the boundaries of a structural conaregmber.

On the other hand, restraint forces appear in aretemember when it has a need to
move, but the movement is prevented to some de{iee.restraint forces in the
structure cause stress dependent strain, whiadisdato the stress independent strain.
The sum represents the final deformation that takase. Strain due to shrinkage
and/or temperature changes are examples of swds strdependent strains.

2.2.1 Restraint cases

There are several different types of restraint €abat fully or partially prevent
movements. However, the different cases can balelivinto external and internal
restraints.

A structural member that is prevented to move jreele to its support conditions and
natural surroundings is subjected to external a@ds. A concrete member fully fixed
at both short ends, shown in Figure 2.1 (a), ohwitcontinuous fixation along an
edge, shown in Figure 2.1 (b), are two examplexxtérnal restraints.

Internal restraints are commonly caused by differeeds for movement of different

parts of the cross-section. If, as an example, iaforeed concrete member is

subjected to shrinkage, the reinforcement will hate the same need for movement
as the concrete, see Figure 2.1 (c), thus the areieinent gives rise to internal

restraint. Internal restraints also appear dudfferdnt need for shrinkage when new
concrete is cast on mature concrete, such as stleallyashown in Figure 2.1 (d).
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(@) (b)

©) (d)

Figure 2.1  Example of external, (a) and (b), angtinal restraints, (c) and (d).

2.2.2 Stress independent strains

Stress independent strains are those which resujist deformations and not in
stresses when a structural concrete member is edldar deform freely. This can be
caused, for instance, by concrete shrinkage or¢eatyre changes. Constant or linear
variations of, e.g., temperature will cause the esastribution of stress independent
strains across the cross-section, as can be dethooedrigure 2.2.

5 5

AE.‘CT &86-?

5 A

Figure 2.2  Different stress independent strairtribsitions across the same cross-
section caused by temperature change.

2.2.3 Stress dependent strains

Stress dependent strains are caused by exterm, Ibat also as a result of external
or internal restraints acting on a structural cetermember subjected to stress
independent strains. As can be seen in Figuretle3same stress independent strain
distribution can cause very different stress dstions depending on the restraint
case. For example a rectangular distribution @fsstindependent strain can develop
to a rather complex distribution of stress depend#ain, as shown in Figure 2.3 (b).
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Figure 2.3  Stress dependent strains caused bgssirelependent strains for (a)
fixed end restraints; and (b) continuous edge aastr

2.2.4 Restraint degree

If stress independent strains appear, there wik Ioeed for deformations. This need
for movements can be satisfied in mainly threeedéint ways:

e There is no restraint, thus all movements neededatisfied, resulting in that
no stress dependent strains will appear.

« No movements are allowed by full restraint. Strdspendent strains will
appear and since all deformations are preventery, will be of the same
magnitude as the stress independent strain butopjbsite sign.

* Free movements are partly restrained. The strgzsndent strains will not be
equal to the stress independent strains, as sofosrdgion of the boundaries
or the member itself is permitted.

To what extent a structure is prevented to movelyres described by the restraint
degreeR. This is defined as the relation between the aatygosed strain, i.e. stress
dependent strain caused by restraint, and the etpssain in case of full restraint,
see Equation (2.1) and Equation (2.2).

) actual imposed strain
restraint degree = - — - (2.1)
imposed strain in case of full restraint

&
R=|—

(2.2)

—&cT

In case of a member between fully fixed end sugp@s in Figure 2.1 (a), and since
no movement is allowed in the longitudinal direntithere is a full restraint aritl=

1. If, however, the supports are flexible to someeekthe restraint degree will be
lower,R < 1.

This report especially treats cases with continusase restraints. If a member with
this kind of restraint has a need of longitudinabrsening, the restraint degree will
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vary within the cross-section. This can be sedhénexample in Figure 2.4, where the
upper part of the member is almost free to movdenttie areas close to the fixed
edge are more or less fully restrained. The actaahtion of the restraint degree
depends on the relation between the length anletgt of the member.

/cx

40%

60%
90%—_ ——80%— _90%

AONNN NN NN NN NNNNNNNANN

Figure 2.4 Example of variation of restraint degrin member with continuous
base restraint, Svensk byggtjanst (1994).

2.3 Material behaviour

2.3.1 Concrete

Concrete has different material behaviours dependin whether it is loaded in
compression or tension, as schematically showngarg 2.5. The failure modes for
both cases are also different. When concrete isleldain compression, evenly
distributed microcracks will form and finally ledad crushing failure. On the other
hand, a concrete member subjected to tension sl form microcracks, but these
will localise into narrow zones and form macrocsaclConcrete in tension is
considered, simplified, to be a linear elastic mateintil it cracks. However, once the
tensile stress is reached, a localised crack zorfailare zone is initiated and its
behaviour becomes non-linear and non-linear fractonechanics needs to be used to
describe its behaviour, Plos (2000).

Oc
A tension
Octt
» Ec
Ect Ecu

compression

Figure 2.5  Typical material response for concrete.

In Figure 2.6 (a), post cracking behaviour of ceteris shown as a stress-
displacement relation. In order to capture the beha of deformations
independently of the specimen length, the specimesubdivided into two parts. In
Figure 2.6 (b), the stress-strain relation outgitke fracture zone is shown and the
stress-crack width relation of the fracture zone lsa seen in Figure 2.6 (c). The area
under the stress-crack width curve representsréotuire energyGy, and it represents
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the energy that is consumed in order to form ayfdkveloped crack in a concrete
member.

Oc Oc
A A
oc=f(w)
+
Ec W
Gt
»Ec > W
(b) (© Wu

Figure 2.6  (a) Stress-displacement relation, (less-strain relation and (c)
stress-crack width relation. Based on Plos (2000).

The crack width development in a concrete prisnmjesued to uniaxial tension can be

seen in Figure 2.7. Microcracks are formed in wegkénts. When tensile strength is

reached, microcracks will connect and form a cardus crack at the weakest section,
see Figure 2.7 (c). No larger stress can be tremesfehrough this crack and the

deformation within the fracture zone will increaséth decreasing load, see

Figure 2.7 (d). The concrete stress will be eqoatdro when the crack opening has
reached its ultimate valuey,, see Figure 2.7 (e).
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Figure 2.7  Fracture development of a concrete spen subjected to tension till
failure. Based on Johansson (2000).

2.3.2 Steel fibre reinforced concrete
2.3.2.1 Introduction to fibre technology

Fibre reinforced concrete (FRC) is a composite natehat results from adding
fibres (discontinuous material) to a concrete neanfinuous matrix). This is usually
done during the mixing process and the amountlo&$é added to a concrete mix is
expressed as the volume fractiafy, of the total volume of the composite typically
ranging from 0.1 % to 2 %. However, by using SIFCCHurry Infiltrated Fibre
Concrete) technology for which the fibres are pthae the mould before casting,
fibre volumes of up to 12 % can be achieved, Fal Bielsen (2010).

Fibres can be obtained from different materials #rel can be categorised in two
main groups; natural fibres (e.g. bamboo, cellylegalastonite and asbestos fibres)
and manufactured fibres (e.g. metallic, glass amihetic fibres). Some examples of
different commercial fibres can be seen in Figuge 2
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Figure 2.8 Examples of commercially available férebtained from different
materials, Léfgren (2005).

For most structural purposes, steel fibres arentbst commonly used. Therefore, in
this thesis, focus will be on steel fibre reinfatceoncrete (SFRC). However,
synthetic fibres (e.g. polypropylene and nylon) aleo commonly used for other
purposes, such as controlling early cracking ibhsIglastic shrinkage cracks) and to
prevent spalling of concrete during fire, Bentud &findess (1990).

Independently of the fibre material, fibres aredweed with different shapes and
sizes. Some examples of typical shapes are sdégure 2.9.

]

Straight ~ End-hooks Paddles  End knobs  Coned

! ‘ K
i

Crimped Bow shaped Toothed Surface Irregular  Twisted
(wave shaped) indente(

Figure 2.9  Examples of some typical fibre shapesnfLofgren (2005).

Adding fibre reinforcement does not show a largpriomement on the tensile strength
of ordinary concrete, why it is generally used asosidary reinforcement combined
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with a conventional reinforcement system that piesi the required structural
resistance. However, the post cracking behaviouhighly affected, making the
material much more ductile. This results in inceshaumber of cracks and therefore,
it helps to reduce their crack widths. Becausehd, tit is broadly used for structural
elements that need to keep crack widths at verylewegls, such as structures that
need to be waterproof or are subjected to a higissure (e.g. dams, water tanks,
channel and tunnel linings). Fibre reinforcemendl® commonly used for non load
bearing concrete elements that need to presenf@mnrsurface without large cracks
(e.g. pavements and slabs lying directly on thesgdd. For these special cases, crack
control can be achieved without any primary reioémnent, which will lead to
decreased building time and costs.

2.3.2.2 Material response of SFRC

The effect of adding steel fibres on the compressand tensile strength of the

concrete can be divided into two opposite influende large amount of pores in the

matrix decreases its original compressive strerigth randomly spread fibres across
the micro cracks bridge them together and, theeefalso increase their resistance to
concentrate into macro cracks. Depending on therete mixture and the kind and

amount of fibres, the concrete tensile and compresstrength may be increased,
decreased or kept at the same values as in ordioagrete, Schumacher (2006).

If microfibres (fibres whose length is smaller thidwe maximum aggregate size) are
used, the development of micro cracks into macezks may be delayed and the
tensile and compressive resistance is then inadeaségren (2005).

On the other hand, fibres are of great importametlie post cracking behavior.
Response of SFRC is a result of the combined aatibsingle responses from
ordinary concrete and fibres. This can be cleadgnsin Figure 2.10, where the
material response of a fibre reinforced concretenber loaded in uni-axial tension is
obtained from the addition of the material respsneé concrete and fibres when
loaded separately in uni-axial tension. SFRC shewdsctile behavior allowing cracks
to transfer larger stresses than plain (unreinfhrasoncrete, which has a brittle
fracture.

o(w) /fLI

’

! -

= (.05 we=0.3 Li/2 w[mm]

Figure 2.10 Fibre reinforced concrete response whaaded in uni-axial tension,
Lofgren (2005).
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The ductility increase is a result of the load rezedo pull out a fibre from the
concrete matrix when the crack width increasesFiyure 2.11, pull-out loads are
compared for different fibre geometries. It is atvee that higher loads are needed to
pull out end-hooked fibres, or any other engineegedmetries seen in Figure 2.9,
than straight ones. This is due to some energyeatktal create plastic hinges in the
end hook, as well as the energy needed to overdaoimn and break the fibre-
concrete bond at the interface.

| R

P

P
A /Deformation of
B \\end hook
g
Hooked-end fibre
Straight fibre
F
0

Lcé‘

Figure 2.11 Relation between pull-out load and shpl for a straight fibre and an
end-hooked fibre, based on Lofgren (2005).

Two major cases can be observed when studying ehsilé behaviour; strain-

softening and strain-hardening. Strain-hardeningabi®ur, where post cracking

strength is larger than the cracking strength (Sgere 2.12), can be obtained for
some special cases and they are called high-peafarenfibre-reinforced concrete
(HPFRC). This performance is achieved by diffener@thods, such as using a very
high fibre volume or a densified matrix, using eregred cementitious composites,
combining use of micro and macro fibres or by ussiegne engineered fibres (e.qg.
Torex fibres), Jansson (2008). However, these ar@ery common cases, and in this
thesis just the strain-softening behaviour willshedied.
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- deformation

Figure 2.12 Classification of tensile behaviour @ément-based materials, from
Lofgren (2005).

It is generally agreed that steel fibres also iaseethe ductility of concrete in
compression as well as the strain at which the mawi compressive strength is
reached, Schumacher (2006). However, since thesfocthis thesis is on restrained
structures mainly subjected to tensile stressesettect of fibres on the behaviour in
compression is not further considered in this repor

2.3.3 Steel

A typical stress-strain relation for reinforcingest is shown in Figure 2.13 (a). It is
generally assumed that steel has a linear behaviatiir yielding is reached, where
plastic deformations start to occur. However, igenerally simplified to a bilinear
elastic-plastic material, as can be seen in Figukd (b) and (c). If the load is
removed before reaching yielding, no plastic defatrans will remain. However, if
the yield stress is reached some plastic deformatid still remain after unloading.

In this thesis, all analyses concern the serviatesind steel subjected to small loads
will only act in the elastic part of the curve. Henthe bilinear behaviour assumption
corresponds, in this study, with the real behavafueinforcing steel.
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Figure 2.13 (a) Typical material response of reming steel, (b) simplified
response when unloading before reaching yield steesl (c) simplified
response while unloading after yielding in reinfioig steel.

2.4  Cracking process

The cracking process of ordinarily reinforced ceaterconsists of three principal
stages: uncracked stage, crack formation and stadbiracking. The different stages
are schematically shown in Figure 2.14 for a raicdd concrete member loaded in
pure tension.

4 stabilised cracking
state [ . 7 state 11
—’l’  —————

crack formation

uncracked stage

>

Figure 2.14 Global average response of a reinfdrcencrete region at various
cracking stages.

While the tensile stresses in reinforced concreteemot reached the tensile strength
of concrete, f, the concrete is uncracked. At this stage bothcria and
reinforcement behave in a linear elastic mannertardstrains are almost equal for
the two materials.

The first crack appears when the concrete tensgagth is reached in a section of the
reinforced concrete member. Due to the fact thdtallosections of the concrete
member cracks in the crack formation stage, tHénefis of the uncracked regions
between the cracks contribute to the overall s88) a phenomenon called the
tension stiffening effect, see Figure 2.14.

While looking at a reinforced concrete member dyidbaded in tension, see
Figure 2.15, the cracking behaviour can be desdriddter formation of the first
crack, the member can be considered as dividedtiboparts. In each part new
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cracks may form outside a certain distance from fite¢ crack. When a crack is
forming, the reinforcement immediately takes oves tensile force in the cracked
section. Due to bond action between steel and etactensile force is transferred to
the concrete between adjacent cracks. The redisisibof forces takes place within a
certain length from the crack; the transmissiorgten;. A new crack is able to form
at a distance no shorter than the maximum trangsnidength,l; mayx from the first
crack, as seen in Figure 2.15.

No further cracks can appear when the distancedsgtvall cracks is less than two
times the maximum transmission length. The staddllisracking is then reached. At
this stage a further increase in load will not @asy more cracks, but rather increase
the crack widths of already existing cracks.

JVC,. 17\’701'
4 =5 5= —»
Ve Ot "'f;r

|
L
‘ I ma L New crack possible L max
A A Ll
N, T Ner
T T T—
f ~ Ot "“f-.:'z
Tt < Jet +—
/ MJ
| |Crack not possible [ F— I,_New crack possible_| It max
7 T Lyl
N, cr _L _L‘ N:‘r'
T T T T
g~ f;‘r
Ot {:f{‘? Tt *:ﬁx
- ::: |- » ‘il,mf{r L 1 - JFr,?’”ﬂ_T 4%
\ '
“ Crack not possible -/ " New crack possible

Figure 2.15 Cracking process of a reinforced catermember axially loaded in
tension. From Engstrém (2008).

When looking at the crack formation there are twitecent responses of the structure
depending on how the load is applied. If a reinddrconcrete member is loaded with
a tensile force, the deformation for each new criankeases instantaneously, see
Figure 2.16 (a). If, on the other hand, the memisersubjected to an imposed
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elongation, the force decreases instantaneously dach new crack, see
Figure 2.16 (b).

(a) (b)

Figure 2.16 Response of a reinforced concrete neesitbjected to (a) applied load
and (b) imposed elongation.

The inclination of the lines in Figure 2.16 reprasethe global stiffness of the
member. The inclination decreases with formationeath new crack, hence the
global stiffness decreases with each new crack.

The same cracking stages presented in Figure 2eléleserved during cracking of
fibre reinforced concrete too. However, cracks doneach the fully developed state
as they, due to the presence of fibres, are &t to transfer stresses. Therefore, the
difference between the stresses in cracked andhcke sections is smaller and the
transmission length is decreased, which allowsctieation of more cracks closer to
each other. Further, as fibre reinforced concret dome ductile behaviour, no such
drastic drops in the reaction force are producedhmsvn for ordinary concrete in
Figure 2.16 (b). Tension stiffening effect has aleen reported to be higher than for
ordinary concrete, Jansson (2011) and Bischoff 200

2.5 Design for crack control

Cracking of concrete is natural during the servide of a reinforced concrete
structure. However, cracks are openings where mr@istind oxygen can penetrate the
structure and if the reinforcement is exposed ® e¢hvironmental conditions, steel
bars may start to corrode. This corrosion process result in severe durability
problems and in the long run affect the load bepmapacity and safety of the
structure. Therefore, it is important to keep tmack width below certain values,
depending on the exposure. Maximum crack widthgéreral buildings according to
Eurocode, CEN (2004), are shown in Table 2.1. Foeiaforced concrete structure
placed in the most severe environmental conditiores;k widths will need to be kept
below 0.3 mm. However, this limit value may chamgpending on the function and
location of the structure. It shall be mention aglwhat other values may be stated by
national codes, e.g. Swedish code put higher desnanmdrack widths.
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Table 2.1

Recommended values gfxn mm, from CEN (2004).

Exposure class

Reinforced members and
prestressed members with
unbounded tendons

Prestressed members with
bonded tendons

Quasi-permanent load

Frequent load combination

combination
X0, XC1 0.4 0.2
XC2, XC3, XC4 0.2
XD1, XD2, o3 Decompression
XS1, XS2, XS3 P
Note 1: For X0, XC1 exposure classes, crack width o influence on durability and this limit |is

set to guarantee acceptable appearance. In thecagbeé appearance conditions, this limit
may be relaxed.
For these exposure classes, in additiorprdpression should be checked under the quasi-
permanent combination of loads.

Note 2:

Steel fibres will also corrode when used in aggwessnvironments. If crack widths
are limited to values shown in Table 2.1, corrosioth mostly take place close to the
surface, which can impair the appearance. Howdigt, corrosion may occur on the
fibres bridging cracked regions without reducingititross-section. Then, strength of
fibres can even be increased since rust on theiac makes it more difficult for
them to slip out of the concrete matrix, Granju &adbouch (2005).

Guidance on how to limit crack widths is given byr&code, CEN (2004), for cases
where stabilised cracking is reached. In case tdreal loading, all cracks will form
under a small load increase above the tensilegitieassumed to be 30% according
to fib (2009). Reinforcement is designed in order tolile & transfer the tensile load
across the cracks until stabilised cracking is iolethwithout yielding.

However, when the cracks are formed due to resti@aaling, restraint forces depend
on the structural stiffness and the restraint dios. The stiffness of the structure
and the restraint forces are decreased during ioigackee Figure 2.16 (b), and thus,
there is no known force to design the reinforcenfent Restraint forces may even
decrease so much that no further cracks are aldpgear after formation of the first
crack. Then, the cracking process may be stoppddrebestabilised cracking is

reached and crack widths cannot be determinedafgwith restraint loading by the
method presented in CEN (2004).

For such cases, a method to estimate the numbmadis and crack widths based on
the restraint degree was presented in Engstron0j2dbhansson and Lantz (2009)
also introduced a simplified method to estimate itiean crack width of an edge
beam based on their results from non-linear fieleanent analyses for different cross-
sections. However, influence of more parameteraulshbe included in order to
develop their method and be able to use it in desig
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2.6 Bond behaviour

2.6.1 Interaction between concrete and reinforcement

If there is a different need for longitudinal defation between reinforcing steel and
concrete, shear stresses will appear at the icetfatween the two materials. These
shear stresses are called bond stresses and thegssociated with a local slip
between steel and concrete. The bond stegsis, dependent of the local slig,and a
typical relation for ribbed reinforcement bars ¢enseen in Figure 2.17 (a).

Th Th

crack T shear-keys broken

.~ e
ft T L
SOMEINE /fnctmnal phase Tmax

fe—adhesion

(a)

Figure 2.17 (a) Typical and (b) simplified, accorg to CEB-FIP (1993), bond
stress-slip relation between reinforcing steel andcrete.

A schematic relationship to be used in calculatisngrovided in CEB-FIP Model
Code 1990, (CEB-FIP (1993)) and it can be obsemddgure 2.17 (b). This curve is
defined for confined concrete with good bond cand# by Equations (2.3) to (2.6).

5\ 0.4 _
75 (S) = Trmax <S_) if s<s (2.3)
1

Tp(S) = Tmax = 2.5/ fex if si<s<s (2.4)
T — Ty

Tp(S) = Tax — (5 — 52) - UL if o<s<sg (2.5)
S3 — S2

Tp(S) = Tiim, = 0.4+ Ty fs>g (2.6)

where: 7, = Bond stress

fex= Concrete compression strength, characteristiceval
s = Slip, should be inserted in mm

Tmax= Maximum bond stress

7im = Final value of bond stress

s = 1.0 mm, according to CEB-FIP (1993)

s, = 3.0 mm, according to CEB-FIP (1993)

s; = Clear rib spacing, should be inserted in mm

An alternative way to calculate the first branchtloé curve in Figure 2.17 (b) was
proposed by CEB (1997). This part of the curve lparcalculated by Equation (2.7)
and the maximum bond stress is obtainesi=ail mm.
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1,(s) = 0.22 « fip, + 5921 (2.7)

where: fom= Concrete compression strength, mean value
s = Slip, should be inserted in mm

Possible effect on the bond interaction betweerciaia and ordinary reinforcement
by adding fibres has been studied by different @astlin the literature but no general
agreement has been reached. In case of pull-out fadlre, conclusions vary from
confirming an increase in bond strength to haveeffect at all. However, it is
accepted that the bond strength in case of sgjitiond failure is increased by adding
fibres, but no relation has been found with theefibolume, Bigaj-van Vliet (2001).

In the same way, there are contradictory opinidsuaithe influence of fibre content
in the bond stiffness before the maximum bond stiegeached. It is more evident
that the post-peak behavior is affected and it bexsomore ductile when fibres are
added, particularly in case of splitting bond fegluBigaj-van Vliet (2001).

2.6.2 Interaction at concrete interfaces

Concrete cast against old concrete creates sonstaree to relative displacements at
the interface between the different members in a@ntThis can be regarded as a
reinforcing effect and therefore it will help tosttibute smaller cracks in the member
subjected to stress independent strains. CEB-FP3)1lgives some guidelines about
how to calculate the mobilised shear stress-sliptiom, 7i4(S), when the slip is
smaller than 2.0 mm, see Equations (2.8) to (2.10).

de = 5 . Tfu,d S |f S< 01 mm (28)
T 4 T 3

< fd) —0.5( fd) = 0.3-5—0.03 if0.1<s<2.0mm (2.9)
Tru,d Tru,d

Trua = 0.40 - fcd2/3 *(Ocq + pr 'fyd)1/3 (2.10)
where 714= Mobilised shear stress

s= Slip, should be inserted in mm

tiu,4= Design value of shear stress at s = 2.0 mm

f.a = Design value of concrete compressive strength
ocd = Design value of concrete normal stress

pt = Transversal reinforcement ration

fya = Design value of yield strength of steel

In Johansson and Lantz (2009) a modified way afutating the ultimate mobilised
shear stress was used. This modified relatig(s), was based on mean values instead
of design values and it was obtained by replacmdequations (2.8) and (2.9, q
with =, i, as defined by Equation (2.11).

Trum = 0.50 - fcmZ/3 “(Ocm + pr fym)1/3 (2.11)
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where tium= Mean value of shear stress at s = 2.0 mm
fem = Mean value of concrete compressive strength
ocm = Mean value of concrete normal stress
pt = Transversal reinforcement ratio
fym= Mean value of yield strength of steel

In order to be able to compare the results in thgort with those obtained by
Johansson and Lantz (2009), the bond-slip relatiased on the mean values, i.e.
Equation (2.11), will be used when defining the@ete interface properties.
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3 Verification of FE model using tie-rod tests
3.1 Introduction

Finite element analyses are nowadays commonly isegsearch as well as industry
as they can save a lot of costs and time when eadyd in design. In previous theses
in this field, non-linear analyses have been usegrédict the behaviour of concrete
structures, while subjected to restraint forces Tihite element modelling technique
used in this thesis, based on the work of the previtheses, is presented in this
chapter. In order to verify this modelling techrégand check the applicability in case
of fibre reinforced concrete structures, non-lin@aalyses were made in order to
simulate tie-rod tests carried out by Jansson (ROIfie material data used in the
finite element analyses was based on experimessalts from uni-axial tensile tests
and bar pull-out tests carried out by Jansson (2011

3.2 Tests

Three different types of tests were carried out Jansson (2011) on concrete
specimens with different fibre volumeg,= [0 %, 0.25 %, 0.5 %, 0.85 % and 1.0 %].
Material properties were determined by uni-axialstke tests, where the influence of
the fibre content in the stress-crack opening imiatvas measured. Bar pull-out tests
were carried out to check possible effects of fibeeforcement on the bond-slip

response at the interface between reinforcementcandrete. Furthermore, tensile
tests were performed on reinforced concrete tis-raith a centric reinforcement bar

and with different fibre dosages. Results of thiaser tests were used to verify the
finite element model for only two cases; the ontéhwio fibre reinforcement and the

case with a fibre volume of 0.85 %.

Self-compacting concrete was used for both mixed, far the fibre reinforced mix
end-hooked steel fibres from Bekaert were usedsdliires have a tensile strength
of 1100 MPa, a length of 35 mm and an aspect i@tmtion between length and
diameter) of 65.

Apart from the tests presented in this thesis, gesgive testfollowing the Swedish
standard SS-EN 12390-3:2009 were performed ondrmytial specimens resulting in a
mean compressive strength of 64.5 and 54.1 MPardinary and fibre reinforced
concrete, respectively.

3.2.1 Uni-axial tensile tests

Uni-axial tests of cylindrical concrete specimengension were made according to
Figure 3.1. A crack was forced to occur in a notckection where the crack opening
was measured by three displacement transducermsdodaound the concrete specimen
and spaced from each other by 120°. The test wadedaout as displacement
controlled with a constant rate of 0.005 mm/mineTbad was transferred through a
glued connection between the concrete specimen thedloading plates of the
machine. For each fibre volume, five specimens wested.
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Figure 3.1  Geometry and setup of uni-axial tentgkts by Jansson (2011).

The displacement across the crack (crack openiag)evaluated as the mean value of
the elongations measured by the three differemisthacers. Stress-displacement
curves resulting from the tests made in ordinaryceete can be observed in
Figure 3.2.

5.0

4.0
E Specimen 1
=, ST = T Specimen 2
§ ......... SpeCImen 3
= 20 .
0 = = = Specimen 4

Specimen 5
1.0
0.0 i .

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Displacement [mm]

Figure 3.2  Stress-displacement curves for specimghs\Vt = 0 %.

As explained in Section 2.3.1, the stress-cracknimgerelation can be obtained by
stress-displacement graphs by subtracting thei@@estormation just before cracking.
By doing so, stress-crack opening curves obtaioeaddch specimen can be seen in
Figure 3.3.
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Figure 3.3  Stress-crack opening curves for specawath \f = 0 %.

The fracture energy can be graphically underst@otha area below the stress-crack
opening curve. Therefore it can be obtained forhesigecimen by integrating the

functions shown in Figure 3.3. A summary of thet tdsta and mean values for the
specimens witlvs = 0 % is shown in Table 3.1.

Table 3.1 Summary of test data obtained from urdta@nsile testing of ordinary

concrete.
Specimen 1 2 3 4 5 Mean
fet 2.57 MPa| 2.94 MPa 3.17MPa| 3.27 MPa 3.47 MPa| 3.09 MPa
Gk 101 N/m | 132 N/m| 113 N/m 103 N/m 139 N/m 118 N/m

In Figure 3.4 stress-displacement relations forefibeinforced specimens with
V; = 0.85 % are shown. It can be clearly seen thatstresses transferred through the
crack zone (fracture zone) at a certain displacémenmuch higher than for ordinary
concrete. At the same time, higher displacement® \aehieved without reaching a
fully developed crack. Two different behaviours ateserved: specimens 3, 4 and 5
show strain softening behaviour, while specimerand 2 were able to carry higher
stresses after having cracked.

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2011:70 23



5.0
4o LA
. .l'[, \\\
4 \
\
g \
Q 3.0 {== = Specimen 1
= o\ P
7 PR . \ ----- Specimen 2
e 20 f Tmas T ~ Specimen 3
- L | S TN :"~ - ‘~“ ......... ecimen
n "-....:‘.\ - ~ ~~~\\ p .
W\ R et S - — — Specimen 4
1.0 - T LT — ST .
\ ------------ = —— Specimen 5
T ——
0.0
0.00 1.00 2.00 3.00 4.00 5.00
Displacement [mm]
Figure 3.4  Stress-displacement curves for specimts\V; = 0.85 %.

In the same way as for ordinary concrete, streaskcopening curves were calculated
and are shown in Figure 3.5. The first millimetastbeen zoomed in, since for fibre
reinforced concrete just the first part of the euiw of interest, as cracks usually will
not reach those large values in a real structut@lé/agnifying this zone, it is easier
to notice that the stress that was transferred mromuickly to an almost constant
value once the crack had been initiated.
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4.0 /""' .
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L 30 o Specimen 1
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$ 20 =7 --= Specimen 3
5 - \ ......... pecnmen
\ .
- = = Specimen 4
1.0 .
Specimen 5
0.0
0.00 0.20 0.40 0.60 0.80 1.00
Crack opening [mm]
Figure 3.5  Stress-crack opening curves for specawath \f = 0.85 %.

As the displacement transducers were not ablectwrdeany displacement greater than
5 mm, the fracture energy was calculated assumiognatant slope from 5 mm till
zero stress and equal to the slope of the stress-apening curve between 3 and
5 mm. The calculated fracture energy values togetlith the tensile strength of the
fibre reinforced concrete specimens obtained byaxral testing are summarised in
Table 3.2.
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Table 3.2 Summary of test data obtained duringaxni tensile testing of fibre
reinforced concrete (\= 0.85 %).

Specimen 1 2 3 4 5 Mean

fet 3.71 MPa| 3.37 MP&a3.27 MPa| 3.89 MPa| 3.92 MPa| 3.63 MPa

9 009 9172 5527 15 627 12 461 10 359

G
f N/m N/m N/m N/m N/m N/m

3.2.2 Bar pull-out tests

Pull-out tests of reinforcement bars in ordinaryl ditore reinforced concrete were

carried out by Jansson (2011) according to Figuse@ne@l6 reinforcement bar was

pulled out from one end until ultimate failure washieved. The concrete specimen
was supported at the same end, forcing the bdiptaleng the embedded length. The
relative displacements between the steel bar amd cthncrete specimen were
measured by displacement transducers at the tomtatice bottom faces. When the
embedded length is small it is possible to assurmaethe slip is constant along this
length. Therefore, it was decided to determinediife of the bar at its passive steel,
which needs not to be corrected due to the eldsticrmation of the bar. The same

consideration was taken by Magnusson (2000).

=16 mm ?LVDTl
g=16mm__

3 N 3¢ 4N
580% g4 4% o5 112 mm

110 mn

Soor, /. 551 B o
| e

Figure 3.6  Geometry and setup of bar pull-out téstdansson (2011).

Some results from these tests are shown in Figurardd Figure 3.8 for ordinary and
fibre reinforced concrete, respectively. Mean valuere determined by calculating
the mean bond stress at certain discrete slip saluthin the range before failure had

occurred in any specimen.
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Figure 3.7  Experimental bond stress-slip relationdrdinary concrete (V= 0 %).
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Figure 3.8  Experimental bond stress-slip relatiar fibre reinforced concrete

(Vt = 0.85 %).

Comparisons of the experimental results with bomess-slip models suggested in
CEB-FIP (1993) and CEB (1997) are shown in Figufeahd Figure 3.10. For both
concrete specimens with ordinary and fibre reirdarent, the experimental results
show good agreement for slips smaller than 0.1 nitim the bond stress-slip relation
proposed in CEB (1997). Model Code 1990 suggesigy s less stiff behaviour for

the bond stress at lower slips; however, it providemaximum bond stress that
corresponds better with the values observed dutésging. This is due to that
proposal in CEB (1997) is only aimed to be used goedictions of the service

behaviour and the final point of the first branchosld not be understood as
corresponding to a bond failure.
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Figure 3.9 Comparison of mean experimental bonesstslip curve and proposed
schematic relations for ordinary concrete &/0 %).
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Figure 3.10 Comparison of mean experimental borésstslip curve for fibre
reinforced concrete specimens; &0.85 %) and proposed schematic
relations for ordinary concrete.

Both CEB-FIP (1993) and CEB (1997) suggest relatiatnere the bond stress is a
function of the concrete strength. Then, in order check the effect of fibre
reinforcement in the bond stress-slip relationss ileeded to normalise the results to
the actual concrete strength, since the ordinad fame reinforced concrete mixes
had different compressive strengths. Assuming aalinrelation with the mean
compressive strength, as in CEB (1997), normalgades are shown in Figure 3.11.
No clear effect of including fibre reinforcement tike mix is observed, since all
specimens show similar behaviour with respectiftness and peak value. There is a
slight tendency in fibre reinforced specimens, tilguo show lower stiffness at small
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slips and to produce higher slips without failudmwever, fibre reinforced specimen
number 4 is an exception. No final conclusions wan@vn, and also contradictory
opinions on this are reported in literature, segaBvan Vliet (2001).

e
g 0.40
% 0.35 /_,-' T E— 0% #2
2 AR 0% #3
7 0.30 <ot
3 4|7 g
S 025 Ry 0% #4
g / /‘:/ ......... 0 850/ #1
g 0.20 ,' 7€ ) 0
I e
Lot ot | 7777 0.85% #2
2.
2 0.10 Irca - - -0.85%#3
o 4
B 0.05 --= 0.85%#4
©
,§ 0.00 — —0.85%#5
0.0 0.2 0.4 0.6 0.8 1.0
Slip [mm]

Figure 3.11 Normalised bond stress-slip experimentarves for ordinary
(Vs = 0 %) and fibre reinforced concrete+(¥ 0.85 %).

3.2.3 Tie-rod tests

Tensile tests were carried out on reinforced cdmcpeisms with square section. A

@16 mm reinforcing bar was placed in the centre ofdiuss-section. The dimensions
of the cross-section were the same as for the bi&opt test, in order to be able to

use those results for finite element analysis. Tde&l was applied as an imposed
displacement on both ends of the reinforcementbdrit was increased at a constant
rate of 0.007 mm/min till yielding of the steel marcement. Two displacement

transducers were placed on each end of the specandnits was calculated by

addingthe mean values at each end. The setup téshean be seen in Figure 3.12.
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Figure 3.12 Geometry and setup of tie-rod testddnysson (2011). All dimensions
in mm.

For each fibre volume, five specimens were tesiecimens with ordinary or fibre
reinforced concrete (with A= 0.85 %) after testing can be seen in Figure @)l3
and (b), respectively. By looking at the developeatks, it can be stated that the fibre
reinforced specimens present more cracks and beatctack spacing is smaller,
compared to the specimens with ordinary concrétes also observed that not the
whole section is cracked in some regions. The nurmberacks ranges from 3 to 4 for
ordinary concrete and from 5 to 6 for fibre reirfed concrete.

(a) Ordinary concrete, ¥ 0% (b) Fibre reinforced concrete;=0.85%

Figure 3.13 Crack pattern on tested specimens fdinary (a) and fibre reinforced
concrete with Y= 0.85 % (b).
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The load elongation response during testing is shdar each specimen in
Figure 3.14. As can be seen it is a significarfed#nce in behaviour between the two
series. The fibre reinforced concrete specimenslateédnigher loads to obtain the
same elongation as ordinary concrete. The respoases do not show as many
drops as for ordinary concrete specimens becausieedibres were able to transfer
stresses across them. The ability of transferriregses even through large cracks also
increased the tension stiffening effect.

120
100
Fibre reinforced
concrete
80
E‘ /
=,
- 60
8 VOrdinary
- 40 / concrete
/
20 -
0
0.0 0.5 1.0 15 2.0 2.5

Elongation [mm]

Figure 3.14 Load-elongation curves during testirigi@-rods with ordinary or fibre
reinforced concrete (\& 0.85 %).

3.3 FE model

3.3.1 Software

The non-linear finite element simulations of the-riod tests were carried out in the
commercial FE software ADINA (2010), where ADINAasts for Automatic
Dynamic Incremental Non-linear Analysis.

3.3.2 Geometry

The concrete specimens tested in the tie-rod wwsete modelled as a prism with
square section with @16 mm reinforcement bar in the centre of the crossise.
The dimensions of the model are shown in Figur® arid are the same as explained
in Section 3.2.3, except for the length of the spea, which was decreased 4 mm in
order to make the meshing of the model easier arfdrin over the specimen with an
element length of 8 mm.
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Figure 3.15 Geometry modelled in ADINA for thewdation of the tie-rod tests.

3.3.3 Material models
3.3.3.1 Concrete

In this thesis, the concrete properties were ddfibg using an existing material
model called CONCRETE in ADINA. This model has atem@l response that is
multi-linear on the tensile side, see Figure 36 énd non-linear in compression, as
can be seen in Figure 3.16 (a).

A

(@) (b)

Figure 3.16 (a) Concrete material model used in WB] (b) enlargement of the
tensile side.

With regard to the different geometries, loads aodndary conditions used in this
thesis project, concrete compression failure wats expected to occur. However,
some numerical problems were discovered by Alfredsand Spals (2008). In order
to avoid this, the compressive capacity was comaiilg increased, which should not
influence the results. The values used in ADINA fbe compressive parameters
defined in Figure 3.16 (a) are shown in Table 3.3.
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Table 3.3 Inserted values of concrete compressiaeampeters defined in
Figure 3.16 (a).

i 1 2

os | -100 MPa| -97 MPa

Eci -10.0 %o -13.5 %o

The behaviour after having reached the maximumileerstress,f., is of great
importance for the cracking process of fibre reioéal concrete. At this tensile stress
concrete starts to crack and there is a sudden idrtipe ability to transfer stresses
across the crack zone, see Figure 3.16 (b). Thenmoax stress that the cracked zone
is able to transfer is called the post-tensilergjtie, f.,. When the strain continues to
increase, the stress being transferred througlréiek zone decreases linearly until it
reaches the ultimate concrete straig, where a fully developed crack is reached and
no stress can any longer be transferred.

The relation betweer,, ande is defined in ADINA by using a parametérs it is
seen in Equation (3.1).

Ecu =€ * &t (3.1)
wheree is obtained by the relation in Equation (3.2).
f
ot = E—t (3.2)

For the smeared crack approach of reinforced ctmenembers, considering a bond-
slip, the crack zone is assumed to concentratasihgne element row, which means
that the ultimate strain is related to the elenemgth,le, and the crack widthw, (see
Section 2.3.1), by Equation (3.3).

Ecu =7 (3.3)

In Section 2.3.1, the fracture ener@, was explained as the area below the stress-
crack opening curve. If we assume a linear relasisnin Figure 3.16 (b), its value is
obtained by using Equation (3.4).

* W,
Gf — prtZ u (3.4)

By combining Equations (3.1) to (3.4), an expressklased on geometrical and
material properties for the parametér can be derived, and it is shown in
Equation (4.5).

2-Gs - E,

f B lel : fct : fcpt (35)
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For ordinary concrete with no fibre reinforcementsi commonly assumed that the
stress being transferred through a crack zone dsesdinearly with increasing strain,
see Figure 3.17 (a) and (b). This is due to the ttaat ordinary concrete has small
fracture energy and therefore the crack developmenii a fully open state is
achieved within a small strain interval, which makee shape of this descending
branch less significant than the total fracturergpén the crack zone.

Oc
A

fet 1

Figure 3.17 Enlargement of the tensile side ofrttaerial model used for ordinary
concrete.

In ADINA this is defined by setting the post teesstrength equal to the tensile
strength. In the same way as explained beforefrdwture energy is determined by
the parametef, which then can be calculated by Equation (3.6)

_Z'Gf-EC
lel'f;:zt

In the modelling the material properties of conenere determined according to the
test results shown in Section 3.2.1. Mean valuegeansile strength and fracture
energy were used for both ordinary and fibre reitdd concrete. In order to
determine the post tensile strength of fibre reicéd concrete, mean stress values
were calculated at certain crack openings and ttjusy a linear relation as can be
seen in Figure 3.18. Mean values were taken foy thd first milimeter, as it is only
the behaviour in this interval which is of interest no larger crack widths are
expected to occur. If the resulting slope is exdfaged to the whole post-cracking
model seen in Figure 3.16 (b), a post tensile gtrerf 3.12 MPa and a fracture
energy equal to 10 659 N/m are obtained. This see@sonable with regard to the
mean experimental value of the fracture energychviias 10 359 N/m.

(3.6)
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Figure 3.18 Mean post tensile stress values obsemvdesting of fibre reinforced
concrete (Y= 0.85 %).

The material properties used in the analysis toatdtarise the material behaviour of
ordinary and fibre reinforced concrete according tagure 3.17 (b) and
Figure 3.16 (b), respectively, are summarised inld 8.4.

Table 3.4 Material properties used in modelling ioaty and fibre reinforced

concrete.

Ordinary concrete Fibre reinforced
(V+=0%) concrete (4=0.85%)
fem 64.5 MPa fem 54.1 MPa
fet 3.08 MPa fet 3.63 MPa
fept 3.08 MPa fopt 3.12 MPa

Ec 30 GPa Ec 30 GPa
Gt 118 N/m Gr 10 500 N/m
Qct 1.010° 1°C Qct 1.010° 1°C

3.3.3.2 Reinforcement

The material response of reinforcing steel was rhedeas bilinear in both
compression and tension. The yield strendjh,and Young's moduluss, for the
actual steel type are shown in Table 3.5.
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Table 3.5 Material properties for reinforcing steel

Reinforcing steel B500B

i 500 MPa

Es 200 GPa

A small strain hardening effect was included intiegterial model. This is reflected in
the final stress-strain relation used for reinfogecsteel shown in Figure 3.19.

600

2.5,500 12.5, 502
500

400
300 / /
200 / /
100
/0,0 / 10,0
0

0 2 4 6 8 10 12 14

Steel stress [MPa]

Steel strain [%o]

Figure 3.19 Material model for reinforcing steeb@®0B.

3.3.3.3 Bond between concrete and reinforcement

The bond behaviour was modelled in ADINA by defmispring elements with non-
linear properties between concrete and reinforcémedes. The non-linear properties
are defined as a force-slip relation, which carcéleulated from the bond stress-slip
relation, as seen in Equation (3.7).

Fy(s) = tp(s) - Asurf =T(8) T * Ppar * le (3.7)

Consequently, two different spring properties wededined to simulate the bond

behaviour. These were based on the results frorpudaout tests made on specimens
with ordinary or fibre reinforced concrete previushown in Section 3.2.2. When a
new crack is formed, the surrounding concrete glip towards opposite directions

and, hence, it is also necessary to define spriogesties for negative slips, see
Figure 3.20.
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Figure 3.20 Spring properties as defined in ADINA dimulate bond behaviour
between concrete and reinforcement.

For the end node of the reinforcement bar sprirgpgnties considering just half of
the element length were defined for each casehesetnodes are just surrounded by
one element in the longitudinal direction.

3.3.4 Boundary conditions and load

The boundary conditions were defined on the coecratism as described in

Figure 3.21. During the real testing the concrgtecsmens were pulled from both
ends of the reinforcement bar. However, as the inoekds to have at least one fixed
point, the test was modelled as imposed displaceawimg on one reinforcement bar
end, the other end being fully fixed. In order tapture the slip behaviour,

reinforcement nodes were constrained to have thme sisplacement in z-direction as
its surrounding concrete nodes. As a consequeriee tcan only be relative

displacement between concrete and reinforcemenesaal y-direction, which is

controlled by the springs explained in Section33.

\{ L

J

L.,

Figure 3.21 Boundary conditions used on the FE-fatan of the tie-rod tests.

The load was applied as a horizontal displacenrareasing with time at a constant
rate till yielding of the steel bar was reachedma&ximum positive displacement of
the right end node of the bar of 5 mm was defined.
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3.3.5 Mesh

The concrete was modelled with 2D solid plane strelements that define a 2D

surface with a considered thickness of 112 mm. ddrerete elements were meshed
with a right-angled triangular mesh. A triangulagsh type was preferred rather than
a quadratic mesh, since analyses carried out neddbon and Spals (2008) showed
some difficulties to develop inclined cracks inwadratic mesh. An element length of
les = 8 mm was chosen, see Figure 3.22.

Figure 3.22 Right-angled triangular mesh with eletngze {, = 8 mm.

Two node pipe elements, with the same element heiagt used for the concrete
elements, were used to model the reinforcing siéek type of element was chosen
rather than truss elements as it is not possiblapply thermal strains on truss
elements. Therefore, the model is able to simuthtierent load cases, such as
including shrinkage or thermal effects.

3.3.6 Method

In this thesis static analysis were carried oue itaration method used was Broyden,
Fletcher, Goldfarb and Shanno (BFGS-Method). Thisthmd was used since
Alfredsson and Spals (2008) found some numericdlcamvergence problems while
using the full Newton and modified Newton iteratianethods. The applied

displacement was divided in 1000 steps and, heeaeh step corresponds to a
positive displacement increment of 0.005 mm.

The results obtained by non-linear finite elemamdlgsis are shown by crack widths
and crack pattern graphs. The crack widths in thesis project were calculated
according to Equation (3.8). The concrete strais maasured in ADINA at different

reinforcement layers and crack widths at thesetpoirere obtained by multiplying

the total concrete strain by the element length.

w =gl (3.8)

In order to be able to compare the crack width& wach other in one specimen, the
crack widths at a certain level are plotted agaihstlength of the specimen at the
final step of the analyses, i.e. when the reinfaycbar has started to yield, see
example in Figure 3.23.
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Figure 3.23 Example of graph showing crack widtlug the specimen length.

While studying crack patterns it is possible toabitcracks at different stages of
crack development from ADINA. Looking at Figure 8,2vhen concrete reaches its
tensile strength, micro cracks start to form, €% open cracks. These will increase
for higher strains until the crack zone is not aolecarry any further load, and it is
assumed at this point that cracks are 100 % fudlyetbped. Any intermediate state
between these two points corresponds to crack zihkaesre still able to carry some
stresses.

0%

fctm -1

Ect Ecu

Figure 3.24 Percentage of total crack opening.

While looking at the crack patterns at differerastggts shown in Figure 3.25, it is easy
to see that there is not much difference betweefo3d 100 % fully developed
crack states. For this reason, in this and in #llewing sections, focus will be just on
crack formation and fully open crack states. Whem ngfer to crack formation
patterns this is related to 0 % fully developed ropeacks, and fully open cracks
pattern will just show cracks which strains areggéarthan the ultimate strain, i.e.
100 % fully developed cracks.
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Figure 3.25 Crack pattern graphs for different pemtages of crack opening.

When looking at crack patterns for fibre reinforcamuhcrete, 100% open cracks does
not refer to their actual ultimate strain. In ca$digh fracture energies fully opened

cracks are not reached for the maximum imposedatisment. The same strain value
as the ultimate strain for ordinary concrete wasdusistead in order to be able to

compare crack patterns with different fracture gies, see Figure 3.26.

Oc
A
0%
foom
33%
prt T 66 %
100 %
I Y gC
Ect Ecu € cu

Figure 3.26 Definition of 33 %, 66 % and 100 % opeacks for fibre reinforced
concrete compared to ordinary concrete.

3.4 Comparison of results

3.4.1 Uniform material properties

The crack pattern obtained by simulation of tie-tedts for ordinary concrete is

shown in Figure 3.27. It is clearly seen that fitheough cracks have appeared and
they are almost symmetrically and equally spacedamMvalue of 4.2 cracks was

counted on the surface of ordinary concrete spewmm the analyses some skew
cracks also formed close to the ends but they wetéully developed.
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Figure 3.27 Crack pattern obtained by finite eletmanalysis of tie-rod test with
ordinary concrete for u = 1.49 mm.

In Figure 3.28, where crack widths at the steeklleare plotted, it is possible to
observe that inner cracks are larger than the olose to the ends of the specimens.
Crack widths range from 0.15 to 0.40 mm.
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Figure 3.28 Crack widths at steel level obtained finite element analysis of
ordinary concrete for u = 1.49 mm.

In Figure 3.29, the load-elongation relation, om¢al by finite element analysis, is
compared with the relations observed during testfigspecimens with ordinary

concrete. The relation obtained by simulation shawgood agreement in stiffness
before cracking and in the state of stabilisedldrar(when all cracks have formed).
However, cracking is delayed in the analyses amcdcthcking load is higher than the
mean value observed in the tests. This increastheofinitial crack load could be

caused by ignoring possible shrinkage induced sgsesor having used the mean
tensile strength in the whole model. There may dlawe been some geometrical
imperfections in the specimens that could creaters® order bending moment and
reduce the cracking load.
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Figure 3.29 Load-elongation relation obtained bynite element analysis of
specimen with ordinary concrete in comparison watt results.

Finite element analyses were also carried outnhalsite the tie-rod tests of specimens
with fibre reinforced concrete. When using homogerse material properties as
explained in Section 3.3.3.1, the crack patternnshim Figure 3.30 was obtained. It
can be observed that no 100 % open cracks wereetbridowever, almost every
section of the model has started to crack. Thalse apparent in Figure 3.31, where
crack widths along the reinforcing bar are plott€de crack width is very small but
constant along the central part of the model,vileere the reinforcing bar has been
able to transfer tensile stress to the surroundomcrete. Since a material with very
ductile behaviour was applied to all elements i itodel, all crack zones are able to
transfer high stresses through themselves andrmasgluniform tensile stress state
was achieved in the model. Then, not large enotrgsses can be redistributed in the
cracked sections from the concrete to the barusebocalization of cracks.
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Figure 3.30 Crack pattern obtained by finite elemanalysis of fibre reinforced
concrete for u = 1.03 mm.
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Figure 3.31 Crack widths at steel level obtained finite element analysis of
specimen with fibre reinforced concrete for u =3.rAm.

These difficulties to localise cracks and reprodube real behaviour of fibre

reinforced concrete are also apparent from FiguB2,3where some numerical
problems can be observed in the stage where théewinadel starts to crack at once.
The predicted load-elongation curve shows unréalistlues from the initiation of

cracking to an elongation of about 0.3 mm.
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Figure 3.32 Load-elongation relation obtained bynite element analysis of
specimen with fibre reinforced concrete in companigvith test results.

3.4.2 Heterogeneous material approach

As seen in Section 3.4.1, when using uniform malgmnioperties in the simulation of
tie-rod tests on fibre reinforced concrete specsnehere were some problems to
localise cracks. Therefore, analyses on fibre oceg#d concrete specimens with
random material properties were carried out, sepeAgdix A. The tensile strength
was randomized following a normal distribution lhsen the mean and standard
deviation values obtained in the uni-axial tensédsts of fibre reinforced concrete
specimens. The parametérsee Equation 3.6, was varied in order to havestimee

fracture energy in every case. These new analysasesl an improved behaviour,
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having some element rows where cracks were coratedtr However, all elements
had very high fracture energy and, thus, high segsould still be transferred through
the cracks. Hence, no significant stress redidiobudue to crack formation took
place.

Due to this, another approach to simulate fibrefoeced concrete was considered.
Till now, material data from tests had been usedescribe the material behaviour in
all elements in the model. However, as seen inreigulLo, fibre reinforced concrete
behaviour in tension is a result of the combinddatfof the individual behaviour of
ordinary concrete loaded in tension and respondiEs when pulled out from the
concrete matrix.

In order to simulate this, two different materiaioperties with the same tensile
strength were defined, see Figure 3.33, and appdiedomly all over the model with
the same probability of appearance. One materiapegrty had the same fracture
energy as observed during testing of ordinary cetecspecimens and simulates plain
concrete elements. The other one had the sameiahgteperties that were used for
modelling fibre reinforced concrete with uniformoperties, but with the aim to
simulate just the fibres themselves. Three differematerial distributions were
analysed; results from these analyses are shovppendix B.

5.0 4.0
3.0 /‘ |
4.0 20
RN 0.0000 0.0002
E 3.0 - . Fibre
= Y elements
? \\
g 20 SNl T Concrete
n = S elements
1.0 hNE
\\\
\\\
0.0 =
0.000 0.002 0.004 0.006 0.008 0.010

Strain

Figure 3.33 Material properties as defined in ADINAr fibre and concrete
elements.

It shall be mentioned that this approach does naotespond exactly to the material
behaviour shown in Figure 2.10, since it underestia® the material properties. This
is further discussed in Section 3.5. However, bggithis new approach of modelling
fibre reinforced concrete specimens, a better bhehawas captured. Elements with
concrete behaviour loose stresses once they atkett@and this allows cracks to grow
in concentrated element rows. At the same timerethae still stresses being
transferred through fibre elements, which decredbestransmission length and
therefore, initiate more cracks than in ordinarymarete, see Figure 3.34. Some of
these cracks did not develop to through crackswaei concentrated towards one
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face only, which was also observed during the testsfibre reinforced concrete
specimens shown in Section 3.2.3.

e i by bbb 1"
(@) 0% i?, H{li" 4l w#’y.(?ﬁ\w”‘q o :;H ) (T4 24
Al B AR
\zm_lj | 41 g i |
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(D) 100 % 1-----=m e de e iJg ______________
i

Figure 3.34 Crack pattern obtained for specimenhwibre reinforced concrete
analysed with heterogeneous material distributidnf& u = 1.10 mm.

Since weaker elements were randomly distributedsascthe model, cracks may not
form through the whole specimen. In order to be parable with the test results it
was obtain the crack widths at the surfaces imtbdel, i.e. the top and bottom faces.
In Figure 3.35 and Figure 3.36 predicted crack kgdat the top and bottom face,
respectively, of the fibre reinforced concrete $pen can be seen. It can be observed
that cracks differ in position and width from oreeé to the other. The mean number
of visible cracks obtained on all faces of the ¢hdkfferent material distributions
analysed was 6.5, which is reasonable as a mear vll6.2 cracks were determined
at the tested fibre reinforced concrete specimens.
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0.25
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0.0
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Distance [m]

Crack width [mm]

Figure 3.35 Predicted crack widths at the top fau®ained for fibre reinforced
concrete specimen analysed with heterogeneous iaatistribution
R1 for u =1.10 mm.
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Figure 3.36 Predicted crack widths at the bottormefabtained for fibre reinforced
concrete specimen analysed with heterogeneous iaatistribution
R1 for u =1.10 mm.

The relation between load and elongation obtainethé analysis with heterogeneous
material properties is shown in Figure 3.37 in cangon with experimental results.

With regard to stiffness a very good agreementreedmd after cracking is observed.
However, the cracking load is too large in the gsed compared to that observed in
the tests. As discussed concerning the analysrdihary concrete specimen with

homogenous material properties, the reason mapdieshrinkage effect on the real
specimens before testing was not considered ianhgysis.
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80 = ——FER1
AT | | FE R2
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40 = Tests
20 7/

0.0 0.5 1.0 15 2.0
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Figure 3.37 Predicted load-elongation relation fepecimen with fibre reinforced
concrete modelled with different heterogeneous nateroperties
distributions in comparison with experimental résul
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3.5 Concluding remarks

The model used to simulate tie-rod tests on spetinith ordinary concrete showed a
good agreement with the test results. In averagerhcks per tie-rod specimen were
observed in the test series with ordinary concnetele 5 cracks were formed in the
finite element simulation, see Figure 3.38. Asahde seen in Figure 3.27, good
correlation was shown between predicted and obddoasl-elongation curves, except
concerning the cracking load, for which possiblarses of error were explained in
the previous sections. Therefore, for ordinary cetecit seems to be appropriate to
assume uniform material properties obtained dutesging in order to reproduce a
realistic behaviour.

However, while trying to simulate tie-rod testsfdre reinforced concrete it was not
appropriate to assume uniform material proper@éssiting from the tests. Due to the
presence of two materials with different behavipursSection 3.4.2 it was suggested
to model the average material response as a cotidnnaf the individual behaviour
of both of them. This approach gave a better agee¢rnetween the model and the
test results and was also used in Jansson (2011heltie-rod test an average of 6.2
cracks per specimen was observed for cracks hagpgared at any face, while in the
finite element simulation a mean value of 6.5 100utfy open cracks were formed at
the faces of the three different samples, see E€ig188. The stiffness of the load-
elongation response obtained from finite elemerdhas also showed very good
agreement with the observed before and after angckHowever, cracking was
initiated at a higher load in the model, see FilIBY .

7

6
5
4+
3 +—— Tests
5 ® FE Model
1 4
0 .
0.00 0.85

Fibre volume [%]

Number of cracks

Figure 3.38 Comparison of average number of craokthe tested specimens and
the finite element analysis.

The approach with two different materials has bessd in this thesis project as a way
to understand the behaviour of fibre reinforcedcorete and check its possible effects
on various structural elements with continuous edggraint. However, in this

project, due to limitations in ADINA, fibre elementave been modelled as very
ductile concrete. This assumption has shown goadeagent with the tests results
concerning the number of cracks appeared. Howedtier mean material response
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added to the model does not correspond to the mlaterhaviour obtained during
testing as the total fracture energy is undereséichaAnalyses using this model would
help to understand the behaviour of fibre reinfdrcencrete, but will not correspond
to any specific fibre dosage. In order to reprodaceore realistic behaviour, it would
be necessary to use a more suitable material niodibre elements, as it is shown in
Figure 2.10. Also, the probability of appearanceaidcrete and fibre elements should
be specified in order to, after adding the weightahtribution from fibre and
concrete elements, getting the same fracture eressgy the tests. Weighting values
could also be determined by the expected numbébm&fs per unit area for a certain
fibre volume.
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4 Non-linear FE analyses of edge beams with
continuous edge restraint

4.1 Introduction

One type of structural component with continuougeetkstraint of special interest is
edge beams of bridges. Due to being highly exposesh aggressive environment,
edge beams often need to be replaced during thiesdife of a bridge. When a new
edge beam is cast to an existing concrete bridgk, dieere will be different thermal

and shrinkage strains in the two members and thecoacrete may crack due to the
need for movement in combination with a continugastraint. Because of the
importance of protecting reinforcement against ¢én@ironment, it is necessary to
take restraint cracking into account during thagleprocess.

In order to understand how the cracking processeldeg, Alfredsson and
Spéls (2008) carried out some finite element amalyen edge beams. They studied
the influence of beam length, boundary conditiostiffness of the joint in plain
concrete edge beams subjected to a temperatureadecand also the effect of adding
reinforcement to it. A typical reinforcement configtion for a bridge edge beam,
shown in Figure 4.1, was chosen to be analyselein thesis project. Johansson and
Lantz (2009) continued their work by studying diéfet reinforcement configurations
and their effects on crack widths and crack pasteinfluence of beam length,
transversal reinforcement ratio and width of thentjdoetween different concrete
members, in reinforced edge beams, was also awialyse

T r__ ¢16 5300
400 =
> 200
x
L ) o | <
L 400, 125250

Figure 4.1  Sketch over a typical edge beam, basedagverket (2001).

One aim of the actual project was to expand the&ipue work; and therefore the
following parameters were studied.

* Possible rearrangement of the main reinforcemerttilewincreasing the
transversal reinforcement ratio.

» Effect of using different bar diameters, while kimgpthe same longitudinal
reinforcement ratio.

* Influence of the thickness of the concrete cover.

» Effect of using concrete with different fracturecegies.

* Influence of adding fibre reinforcement.

» Effect of concrete creep.

This study on bridge edge beams is presented ifollesving sections.
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4.2 FE model

4.2.1 Introduction

The non-linear finite element analyses on edge Beasre carried out according to
the modelling methodology explained in Section 3vBich showed good correlation
with experimental results for concrete speciment$ wrdinary reinforcement. Basic
studies on how fibre reinforcement affects cracldtivé were also carried out
according to the same approach as presented in&8c4.2.

4.2.2 Geometry

A reference case was defined with a reinforcemeamtfiguration consisting of
4@16 mm reinforcement bars in the top an@l@ mm reinforcement bars at the
bottom, which corresponds to a longitudinal reinénent ratiop,, of 0.88 %. This
configuration seemed to give the best results adogrto the reinforcement study
made by Johansson and Lantz (2008). The geometheakference case is shown in
Figure 4.2, wheréds; and As; are the total steel areas at the top and bottwel, le
respectively, as they were defined in the FE mobi@nsversal reinforcement, as seen
in Figure 4.1, was defined with a reinforcementorat;, of 0.62 % with regard to the
area of the interface with the width

Dimensions
-------------------------------------- h =400 mm
h b =400 mm
L =2000 mm
as=50 mm
t =200 mm

-
—
L

N N N N
N N N N

Al N
N e ...%‘ras N %kas
Asl

Asy
o () ()
e % ds N % ds

SEIE S

Figure 4.2  Geometry of the edge beam for the esie case.

4.2.3 Material model
4.2.3.1 Concrete

Concrete material properties were defined as falinary concrete according to
Section 3.3.3.1, see Figure 3.17. It was decidedis® concrete of strength class
C30/37 in the analysis in order to be able to campaith results from previous
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works. The material properties for this concretesslare shown in Table 4.1. In order
to avoid numerical problems and since the modédl lvél subjected mainly to tensile
stresses, the compressive strength was also ircréashe same values as introduced
in Section 3.3.3.1.

Table 4.1 Material properties for the reference case

Concrete class C30/37
fem 38 MPa

fet 2.9 MPa

fopt 2.9 MPa

Ec 33 GPa

Gt 100 N-/m
acr 1.010° 1rC

When studying the effect of adding fibre reinforesm the same heterogeneous
material approach as described in Section 3.4.2 wgasl. The material properties
shown in Table 4.1 were applied to concrete elemdrdr fibre elements, based on
the material behaviour observed in the tie-rodstesth fibre reinforced concrete, the
post-tensile strength was assumed to 85% of thsiléestrength and the fracture
energy was increased to 10500 N/m.

4.2.3.2 Reinforcement

Reinforcing steel was modelled as a bilinear makéni both compression and tension
with material properties as defined in Table 3.5.

4.2.3.3 Bond between concrete and reinforcement

In Figure 3.9, a comparison was made between #&datahd bond-stress slip relations
suggested by CEB-FIP (1993) and CEB (1997) formadi concrete. It was observed
that the experimental results had a better agreemih the relation proposed by

CEB (1997) for slips lower than 0.2 mm. In abseoteexperimental data for the

concrete strength class presented in Table 4.1, hiwed stress-slip relation

recommended by CEB (1997) was used in the analgsesips up to 1.0 mm. For

larger slips the bond stress-slip relation reconaednby CEB-FIP (1993) was used.
This combined relation is shown in Figure 4.3.
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Figure 4.3  Assumed bond stress-slip relation betwencrete and reinforcement.

The bond behaviour was modelled by non-linear ggribetween concrete and
reinforcement nodes at each reinforcement layeerdfbre, spring properties should
be defined as seen in Equation (4.1), where thebeuraf reinforcing bars at each
layer is taken into account, cf. Equation (3.7).

Fy(s) = tp(s) - Asurf =Tp(S) * Npar " TP+ lgy (4.1)

The corresponding force-slip relation for the catene@l6 mm reinforcement bar is
shown in Figure 4.4.
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Figure 4.4 Bond force-slip relationship for elemhelength 25 mm and one
@16 mmreinforcement bar

4.2.3.4 Shear transfer at the joint interface

The interaction at the joint interface between ¢dge beam and the concrete bridge
deck is described by the bond stress-slip relatnroduced in Section 2.6.2. This
relation for the material properties used in tHfenence case is shown in Figure 4.5.

Bond stressz [MPa]
O P N W M 01 O N 0O ©

0.0 0.5 1.0 15 2.0 25 3.0
Slip, s[mm]

Figure 4.5 Bond stress-slip relation at the jamterface for the reference case.
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As for the concrete-reinforcement interaction,describing the bond behaviour at the
joint interface, springs with non-linear properti@sre defined connecting nodes at
the joint interface with auxiliary nodes. The capending bond force-slip relation
can be obtained from Equation (4.2), wherns the width of the joint between the
beam and the bridge deck.

Ffm(s) = Tfm(s) “Asury = Tfm(s) tely (4.2)

The bond force-slip relation for the reference casd an element length of 25 mm
can be observed in Figure 4.6.

50

R e
20//

0

Bond force, Fy, [KN]

0.0 0.5 1.0 15 2.0 25
Slip, s[mm]

Figure 4.6  Bond force-slip relation at the joinmitérface with an element length
ley= 25 mm.

4.2.4 Boundary conditions and load

The boundary conditions were defined on the edganbas described in Figure 4.7.
Just half of the edge beam was modelled becaussyrofnetry conditions being
applied on the left boundary. Auxiliary nodes, whéhne springs defined in Section
4.2.3.4 were attached, were set as fully fixed.

Reinforcement nodes were constrained to have time shsplacement in z-direction
as its surrounding concrete nodes. The displacemegptirection was restrained at
the end nodes of the each bar. In this way, theetsichulates the behaviour of an
uncracked edge beam region between two fully opaoks spacedl m, where the
reinforcement is taking the entire load.
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Figure 4.7  Boundary conditions for the edge beath wontinuous edge restraint.

The edge beam was analysed to check effects ofkstye induced deformations. This
was modelled in ADINA by a temperature decreasm@ain the whole model. Since
no shrinkage strain develops in steel, the coefficfor thermal expansiongr, was
set to zero for the steel material. A total tempee decrease of T=100 °C was
applied during the analysis, corresponding to alfshrinkage strain af.=1.00 %o,
which is about three to four times higher than whkatild be expected.

425 Mesh

The concrete specimen was modelled with 2D sobaglstress elements that define a
2D surface with a thickness of 0.4 m for the rafeeecase. The concrete elements for
the reference case were meshed with a right-artgkeagular mesh and an element
length ofl¢=0.025 m, see Figure 4.8. Two node pipe elemerith,the same element
length as used for the concrete elements, weretoseddel the reinforcing steel.

Figure 4.8  Right-angled triangular mesh with elem&ize {;= 25 mm.

4.2.6 Method

The BFGS-Method was used in the analyses. Theeappdimperature decrease was
divided in 1000 steps and, hence, each step camdspd to a negative temperature
change of 0.1 °C.

The results concerning crack patterns show the 16086 cracks in the same manner
explained in Section 3.3.6. However, when showiaguits for fracture energies
larger than 100 N/m it shall be stated that 100%nopracks does not refer to the
actual ultimate strain. In order to get comparatdsults, the same value of the
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ultimate strain as for the reference caSe=100 N/m) was used to define the crack
development stages, see Figure 4.9.

Oc
A
0%
fom 33%
66 %
, 100 %
I N4 €c
Ect Ecu € cu

Figure 4.9  Definition of 33 %, 66 % and 100 % openc&s states used during
investigations with fracture energies larger tha®DIN/m.

In order to show and understand the formation atks with increasing shrinkage
strain, each crack will in the following sections bumbered referring to the order of
appearance in the analyses. This is exemplifiekignire 4.10, where the first crack
appears close to the symmetry line, the secondk appears at the middle of the
modelled beam and the third and fourth cracks forriine regions between previous
cracks and free edges.

Figure 4.10 Example of crack pattern.

The shrinkage strain needed for each crack to app#éan the following be shown in
graphs like the one in Figure 4.11. These figuresasapproximately the shrinkage
strain for which a new fully open crack has develb@nd this is a clear way to
compare the effect of different parameters.
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Figure 4.11 Example of graph showing the shrinkagrain at which fully open
cracks have developed.

Since the concrete member was subjected to shenkagin the crack widths were
calculated according to Equation (4.3). The totalarete strain was measured at the
top and bottom reinforcement layers and the cradths at these points were
obtained by multiplying the difference between tibi@l concrete strain obtained from
ADINA and the applied shrinkage strain times thenetnt length.

w = (Ec,tot — &cs) " e (4.3)

In some cases, it can be important to know how diezk widths develop with
increasing shrinkage strain. For that reason, andrder to be able to compare the
edge beam results with the results obtained bynkswam and Lantz (2009), crack
width developments are shown in this chapter aBigire 4.12. Crack widths have
similar values at the top and bottom reinforcemewmels and crack width graphs at
both levels for each analysis are shown in its @eipe appendices. However, just
crack widths at the bottom reinforcement level presented in the report, as it was
chosen as well by Johansson and Lantz (2009). CGraicibers are related to the order
of appearance and they correspond to the numbevensim the crack pattern figures,
shown in Figure 4.10.
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Figure 4.12 Example of graph showing crack widtivedepments with increasing
shrinkage strain.

Using the smeared crack approach, the stress-sataition is given by assuming that
cracks will concentrate to one single element réis assumption is true for most of
the cracks. However, in some cases, e.g. the sexa# in Figure 4.10 at the top
reinforcement level, the crack is smeared over édnents. An iterative process
would be needed in order to capture a more reals&haviour. A new specific stress-
strain relation should be given for these elementgre the ultimate strain should be
calculated according to Equation (4.4). Cracks iobth with this new stress-strain
relation should smear over these two elements whiegerelation was changed.
Otherwise it would be needed to redefine this i@tatintil the cracks concentrate on
the same number of elements that they were asstoneadhile defining the stress-

strain relation, Johansson (2000).

gcu :&
2,

Such an iterative solution with different stressist relation for some specific

elements is considered to be very time consumimgrdfore, in this thesis project,

crack widths due to fully open cracks smeared awere than one element will be

treated as one single crack with a crack width ridomtion from each element, as seen
in Equation (4.3).

(4.4)

4.3 Results

4.3.1 Influence of reinforcement configuration

In Johansson and Lantz (2009) ten different reggorent arrangements were studied.
It was concluded that the standard reinforcemantyeference case, is a good enough
arrangement concerning restraint forces. This oetgiment case is shown in
Figure 4.13 (a) and is henceforth referred to asssection 1 (CS1). However, since
the bond at the joint interface contributes toriétraint at the bottom, it was also of
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interest to study another reinforcement case. i ¢hse one reinforcement bar was
moved from the bottom level to the top level. Henfoe this case, hereby denoted
cross-section 2 (CS2), there are five bars atdpddvel and two bars at the bottom
level, see Figure 4.13 (b). With this rearrangemiet longitudinal reinforcement
ratio was kept constant. All results from the amafy/on this subject can be found in
Appendix C.

[ [ J o O e 6 6 o o
[ J [ [ [ [ J
(a) Cross-section 1 (b) Cross-section 2

Figure 4.13 The two different reinforcement arrangents examined.

To compare the two different cases, crack pattamscrack widths were studied. In

Figure 4.14 the shrinkage strain needed to crdeectacks can be seen. It can be
noticed that for cross-section 2 the second crapleared somewhat earlier. However,
both the third and forth cracks were delayed. Thiakes it possible for the crack

width of the first and, particularly, the secon@ak to increase more than in cross-
section 1.

CS1 A O L 2 O—
ACrack 1
OCrack 2
&®Crack 3
CS2 A 0 L 2 ©Crack 4
0.0 0.2 0.4 0.6 0.8 1.0

Shrinkage strain, &, [%o]

Figure 4.14 Shrinkage strain at which fully operaaks have developed for two
different reinforcement arrangements.

The crack patterns for the two cases, presentédyire 4.15, show some differences.
Generally the cracks are straighter for cross-sectk, see Figure 4.15 (b).
Furthermore, the small crack in the bottom betwaracks 1 and 3 for cross-section 1
does not appear for cross-section 2. This is pHglzake to the decrease in restraint by
the reinforcement in the bottom compared to cressian 1.
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(a) Cross-section 1

(b) Cross-section 2

Figure 4.15 Crack pattern for fully open cracks f@) cross-section 1 and (b)
cross-section 2.

As can be seen in Figure 4.16, when a new cracldreccrack widths for previous
cracks decrease instantaneously and the stiffsessmewhat decreased.

When comparing the crack widths for the two cases, Figure 4.16 and Figure 4.17,
it can be noticed that, in general, crack widthe kErger for cross-section 2. A
difference can be seen for the second crack edlyetias crack width is significantly
larger in cross-section 2. Hence, there is a @ffact of the decrease in numbers of
bars in the bottom.
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Figure 4.16 Crack width developments at the botteimforcement level for cross-

section 1.
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Figure 4.17 Crack width developments at the bottemforcement level for cross-
section 2.

Since the results of the study above did not shawngproved behaviour for the
alternative reinforcement configuration (cross-gect2), new analyses were made
with an increased transversal reinforcement ratioBy increasing the reinforcement
ratio by 100 %, fromp; = 0.6 % top; = 1.2 %, the total restraint at the bottom was
increased, and this could motivate rearrangingriaa reinforcement bars.

The shrinkage strain for which the cracks for theo tdifferent transversal
reinforcement ratios appeared is shown in Figut8.4The effect of increasing the
transversal reinforcement ratio is seen to be exacliacking, especially for the forth
crack. There is also a pretty clear difference wbemparing the appearance of the
third and second crack for cross-section 2. Howeabere is not such a clear effect of
transversal reinforcement for the reference regdorent configuration, where the
third crack is an exception and appears at a highenkage strain. The first crack
appears almost at the same shrinkage strain foasds.

Comparing different reinforcement configurations thwi higher transversal
reinforcement ratio shows an improved behaviour darss-section 2, as its latter
cracks appear at lower shrinkage strains tharhforeference case.
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Figure 4.18
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different reinforcement configurations and differ&ansversal
reinforcement ratios.

When analysing the crack pattern for cross-se@jahcan be seen that, by increasing
the transversal reinforcement ratio go= 1.2 %, a small crack has appeared in the
bottom between cracks 1 and 3, seen in Figure@)9rhis, together with the fact
that the third crack is less straight with lessiskgersal reinforcement make the crack
pattern forp; = 1.2 % more similar to the reference case, sgar€i4.15 (a) and (c).
This indicates that the increased transversal ogiefent ratio, hence increased
restraint, leads to an improved behaviour.

|3 2 ‘f;u 4 1 3 2 4
""""ﬁf‘"":z""""y """" L N 6 e et it
(@)p=0.6% (bp =0.6 %
1 3 2 4 1 3 2 4
C©)p=1.2% dp=12%
Figure 4.19 Crack patterns a¢s= 1 %o of fully open cracks for cross-section 1), (a
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(c), and for cross-section 2, (b) (d), for differéransversal
reinforcement ratios.
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By increasing the transversal reinforcement ratiocfoss-section 2, the crack widths
generally decreased to some extent. When compé&igge 4.17 and Figure 4.21 it
can be seen that the third and, especially, thth forack appeared for a smaller
shrinkage strain for the casemf= 1.2 %; something that keeps the crack widths at
lower level.

However, when increasing the transversal reinfosrgmatio, crack widths are still
smaller for cross-section 1, even when a thirdoorth crack has appeared in cross-
section 2 but not for cross-section 1. The reasomnhis might be that in cross-section
2 the deformation is more concentrated into themseéarack than in cross-section-1,
where the widths are more distributed betweenratiics.
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£
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S /l//-‘/ Crack 1
; 0.15 —— = e Crack 2
S .
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/| |
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0.05 : ' |
, . __l' I
OOO —‘—-—--—¢$ - -
0.0 0.2 0.4 0.6 0.8 1.0

Shrinkage strain [%o]

Figure 4.20 Crack width developments at the botteimforcement level for cross-
section 1 with a transversal reinforcement ratipefl.2 %.
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Figure 4.21 Crack width developments at the botteimforcement level for cross-
section 2 with a transversal reinforcement ratipefl.2 %.

4.3.2 Influence of bar diameter

In order to study the influence of an increase he toond force between the
reinforcement and the surrounding concrete, analygi¢h different bar diameters
were performed on the reference case. All resudis these analyses are presented in
Appendix D. While changing the bar diameters, thegitudinal reinforcement ratio
was approximately kept constant. Hence, a decrgadmr diameter results in an
increase of the number of bars. Apart from thediameter used in the reference case,
16 mm, three different bar diameters were invetgdalhe three other bar diameters
were 12, 10 and 8 mm and the number of bars usadadlysis of these four cases is
presented in Table 4.2.

Table 4.2 Number of bars in the top and bottom tfee four different bar

diameters studied.

Bar diameter

Number of bars

Number of bars

[mm] in the top in the bottom
8 16 12
10 10 8
12 7 5
16 4 3

In Figure 4.22 the shrinkage strain for which csaekpeared are shown for different
bar diameters. From the figure it can be noticeat the general behaviour was a
delayed cracking with increasing bar diameter, decreased bond force. However,
the third crack for the case with a bar diametetdfm is an exception.
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Figure 4.22 Shrinkage strains at which fully operacks have developed for
different bar diameters.

Reinforcement configurations with different barrdieters from 10 to 16 mm showed
similar behaviour for the development of the secenack, which had the largest
crack width for every case, see Figure 4.23. Eenigh the third crack appeared at
different shrinkage strains, the crack widths walraost of the same magnitude. The
case with bar diameter of 8 mm, on the other hahdwed lower crack widths than
the other cases. This can partly be explained Hieeappearance of the second crack
and theoretically, one can conclude that 8 mm bhmwv the best effect. However,
due to the large number @f8 bars needed, in practice they can be excludedau
difficulties and extra work during constructionn&e there are only small differences
between the other three cases, it was concludéd @ham bars are the best option.
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Figure 4.23 Comparison of development of the wilththe second crack at the
bottom reinforcement level for different bar diaaret
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4.3.3 Influence of thickness of the concrete cover

For the reference case the reinforcement bars placed at a distance from the edges
to the centre of the reinforcement layers of 50 nithe effect of increasing the
concrete cover was studied by increasing this nligtaas, see Figure 4.24. Results
from these analyses are shown in Appendix E. Theahealues of the concrete cover
are half bar diameter lower than values presemtetthis section. Analyses to check
the effect of location of reinforcement were cadraut for larger values @& than the
reference case. Smaller values were not considasethey may lead to durability
problems. The distance from the edges to the mmiafoent bars was increased
stepwise with 50 mm for both reinforcement layen@f 50 mm to a limit case of
200 mm. For this maximum value both layers merdge ome at half height of the
cross-section.

« e + ol a

) ) oias

Figure 4.24 Definition of distances from the edigethe reinforcement layerss. a

Increasing the thickness of the concrete cover nthdethird crack appearing at a
lower shrinkage strain, but it had a not such arckffect on the fourth crack, see
Figure 4.25. The first and second cracks appea@e or less for the same shrinkage
strain for each concrete cover studied.

a;= 50 mm A O V'S o

a;= 100 mm A O 2 o | ACrack1l
OCrack 2
#Crack 3

= 1
a,= 150 mm A O L 4 oCrack 4
a;= 200 mm A O *
0.0 0.2 0.4 0.6 0.8 1.0

Shrinkage strain, &, [%o]

Figure 4.25 Shrinkage strains at which fully operacks have developed for
different values ofa
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When looking at the crack patterns, it can be dttiat wheres was small, the cracks
tended to bend in the big unreinforced area betwihenreinforcement layers, see
Figure 4.26 (a). If the concrete cover was largeme cracks developed just grow
towards one edge; i.e. from the bottom to the tidgee see Figure 4.26 (c) and (d).
More straight cracks were obtained for a more euatliktributed location of
reinforcement; see Figure 4.26 (b). Almost perfedtraight cracks were formed
independently of how the restraint degree variedsacthe cross-section.

______________________________________________________________________

1 3 2 4 1 3 2 4
(8) as=50 mm (b)as = 100 mm
1 3 2 4 1 3 2 4
(c) a =150 mm (d)ae = 200 mm
Figure 4.26 Crack patterns at=1 %o for fully open cracks for different concrete
values of a

The crack widths were for all cases evaluateddistiance of 50 mm from both edges
in order to be comparable with each other. It wis® assumed that the two first
cracks to the left in Figure 4.26 (c) and (d) behas one single crack, as they
appeared for the same shrinkage strain and thagkcopenings complement each
other. Therefore, the crack width was calculatecdging them together.

The crack widths for the first crack from analys#sdifferent values ofas are
presented in Figure 4.27. For certain shrinkaggrsintervals, the crack widths were
smaller for larger values s than for the reference case. Since, for certamirst
intervals, crack widths are lower for larger valdsas than for the reference case,
where even one more crack than for the referense ¢@d appeared, no clear
conclusion can be drawn from Figure 4.27. For tmes number of cracks along the
beam, however, the crack widths were smaller inréference case. It would be of
interest to do the same kind of analysis for longgge beams where more cracks can
form. Then the effect of more cracks appearingieacbuld reduce crack widths to a
larger extent for thicker concrete covers.
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Figure 4.27 Comparison of width developments effitst crack for different values
of &, determined at 50 mm from the bottom concrete.edge

4.3.4 Influence of fracture energy

One of the main effects of adding fibre reinforcemt® concrete is that the fracture
energy,Gs, increases. Because of that, it was of interepetéorm a parametric study,
concerning just the single influence of fracturergy on crack patterns and crack
widths of concrete members with ordinary reinforeaim A variation of the fracture
energy was obtained by varying tkievalue in Equation (4.5). Analyses were
performed for four different values of the fractueeergy; Gs =[100, 250, 375,
500] N/m. All results from these analyses can lense Appendix F.

According to the results of our analyses, see Eigu28, the main effect of increasing
the fracture energy was a delayed and slower dpredat of cracks. Even though the
same shrinkage strain is needed to initiate cragckinthe member, higher values of
strain were needed to concentrate into one visitdek when the fracture energy is
increased. Hence, more shrinkage was also neeakxv&bop a crack zone into a fully
developed crack, i.e. crack that is not any mote @btransfer stresses, and less fully
developed cracks formed, compde= 100 N/m and 250 N/m in Figure 4.28. As a
result of reducing the number of fully developedas, crack widths were increased
for increased fracture energy. However, for evegdafracture energies, s€g= 375
and 500 N/m in Figure 4.28, it was not possiblediacks to fully develop. In these
situations, cracks at lower stages of developmeitt \ess spacing were created,
which helped to keep crack widths at a low valuewkver, if the shrinkage strain
would had been large enough to develop at leastadnose cracks to a fully
developed crack, it would have concentrated all deéormation and become too
large.
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Figure 4.28 Comparison of width developments @f finst crack at the bottom
reinforcement level for different fracture energies

The effect of creating more cracks at earlier statedevelopment when the fracture
energy is increased can be observed in Figure(®)28nd (e), where more cracks
were formed for a fracture energy @f = 500 N/m. However, these cracks were not
fully developed, not even those shown in Figur®4fp as it was explained when
defining the concept of 100 % open cracks for cetecrwith different fracture
energies in Figure 4.9. For the reference case sdlmo cracks remain at an
intermediate stage, except the fully developed owespare Figure 4.29 (a), (b)
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Figure 4.29 Crack pattern ats=1 %o for 0 %, 33 % and 100 % open cracks for
(@), (b), (c) with =100 N/m and (d), (e), (f) with&G 500 N/m.

4.3.5 Influence of fibre reinforcement

A possible application of adding fibre reinforcemhea reduce crack widths was
studied by using the heterogeneous material appno@sented in Section 3.4.2. As it
was discussed in Section 0, this does not nechssarrespond to any specific fibre
dosage, but will help to understand the behaviduiboe reinforced concrete and its
applicability to concrete structures subjectedetstraint forces. Results from analyses
of edge beams when including fibre reinforcemeatsdwown in Appendix G.

More and earlier cracks were formed when fibre fogoement was added to the
analysed edge beam. Fibre reinforced concreteléstaltransfer large tensile stresses
after through cracks have formed and then new eraek be initiated for a small
increase of the shrinkage strain. This is cleadgnsin Figure 4.30, where the first
crack was formed at the same shrinkage strainases but the second crack appeared
much earlier for the fibre reinforced case. All ades were developed at lower
shrinkage strains and also a fifth crack was forrmedhe edge beam with fibre
reinforcement, see Figure 4.31. Since tensile stesre transferred through the
cracks, the transmission length was decreased fmréfore, cracks could appear
closer to each other.
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Figure 4.30 Shrinkage strain for which 100 % opeaciss start to develop for edge
beams with cross-section 1 with ordinary and fikemforcement.
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Figure 4.31 Crack patterns of 100 % open cracks.at 1 %o for edge beams with
cross-section 1 with ordinary and fibre reinforcarne

The crack widths were reduced significantly, whediag fibre reinforcement to the
concrete, compare Figure 4.16 and Figure 4.32.al aiso observed that cracks did
not develop all of a sudden and that they had aendoictile behaviour. This was
expected from the results shown in Section 4.34ha same behaviour was obtained
for materials with high fracture energy.
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Figure 4.32 Crack widths at the bottom reinforcemkavel for fibre reinforced
concrete with cross-section 1.

New analyses were carried out on edge beams withrdirtary reinforcement bars in
order to check the need of ordinary reinforcemehenvusing fibre reinforcement.
This unreinforced cross-section is referred to esssection 0 (CS0). More and
earlier cracks were also obtained when using fitmi@forcement for this cross-
section; see Figure 4.33. One additional straigiticappeared in the edge beam, but
also more distributed cracks are formed close édrie end, see Figure 4.34.
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Figure 4.33 Shrinkage strain for which 100 % opeac&s start to develop for the
edge beam with cross-section 0, with or withouefileinforcement.
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(a) Ordinary concrete (b) Fibre reinforced concrete

Figure 4.34 Crack pattern of 100 % open cracks folgee beam with cross-
section 0, with or without fibre reinforcement.

When studying the crack width of the only throughaok that was formed for both
plain and fibre reinforced concrete, it is cleasgen that the crack width was reduced
to almost half when fibre reinforcement was prodideee Figure 4.35. This effect is
more apparent at a level close to the restrainegk,eavhere more cracks not
developing through the entire height have appearedthe case with fibre
reinforcement. However, ordinary reinforcement nsyl be needed to force the
cracks to develop through the whole cross-secti@hta control the crack widths at
the top face.
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Figure 4.35 Crack widths 50 mm above joint inteefdar plain and fibre reinforced
concrete.

4.3.6 Influence of concrete creep

The effect of creep was also studied, but in a Bfilep way. In Nesset and
Skoglund (2007), influence of creep was studiedyaically. They concluded that
with creep the first cracking was delayed, i.e. enshrinkage was needed, but the
crack widths increased compared to correspondingescawithout creep. This
observation was found interesting to be furtherckbd by finite element analysis.
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The effect of creep was considered by definingatiffe values of Young’s modulus
with different creep coefficients according to Etjoa (4.10). Due to limitations in
ADINA the creep coefficient could not be added dsrection of time, which would
have resembled the influence of creep in a bettamar. The investigation only
considered a reduced value of Young's moduluswiaat constant with varying
shrinkage strain, which is not reasonable in asiahtion.

Ecm

__cm 4.1
1+ Qi ( 0)

Ec,ef =

Two different values of the creep coefficient weh®sengp = 1, ¢ = 2 and these cases
were compared with the reference case, which didimdude any effect of creep,
@ = 0. All results from finite element analyses aresented in Appendix H.

When studying the effect of creep on at which #age strain cracks appeared, see
Figure 4.36, it can be seen that all cracks wetaydd with increased value of the
creep coefficient. For the cases witlr 1 andg = 2 a forth crack never developed,
despite the fact that the analysis was expandadigxrrease in temperature of 200 °C,
which resembles a shrinkage strain of 2.0 %.. Stheecracking was delayed to a
large extent, this was done in order to be abktudy the full effect of creep.
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Figure 4.36 Shrinkage strains at which fully operacks start to develop for
different values of the creep coefficient.

A comparison of crack width developments of thstforack for these three cases is
shown in Figure 4.37. It is clearly seen that theck formation was delayed and the
crack width development was slower when the creegfficient was increased.
Therefore, fewer cracks were formed, and accorglirthe crack widths were
markedly increased.

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2011:70 73



0.60

0.50
'E =
E, 0.40 P >
= -~ "5’,
S 0.30 PR Py -
. " No creep
S PR i ———
5 0.20 oY —— ¢
S~ -
/
0.10 A~
V [
(1
0.00 -t =
0.0 0.5 1.0 15 2.0

Shrinkage strain [%o]

Figure 4.37 Comparison of crack width developnudrihe first crack at the bottom
reinforcement level for different values of theegreoefficient.

4.4  Concluding remarks

Finite element analysis carried out on edge beaawe tshown that the standard
reinforcement case, i.e. four bars in the top dnéet at the bottom, was the best
reinforcement arrangement concerning crack widtngte two different transversal
reinforcement ratios studied. Doubling the contumiedge restraint is therefore not a
reason to change the arrangement of the longituckirdorcement bars.

Concerning the diameter of the reinforcement bashen the longitudinal
reinforcement ratio was kept constant, the use win8 bars resulted in the lowest
crack widths. However, the number of bars needdeis four times larger than when
using 16 mm bars, in which case the behaviour diddiffer much from using 10 and
12 mm bars. Therefore, using 16 mm bars is consilas the best option for real
application, as it will decrease the difficultieshen placing reinforcement at the
construction site.

When the concrete cover was increased, cracks eggb@a lower shrinkage strains,
but through cracks were not always developed antiamncentrate towards just one
surface. Therefore crack widths could be largeselo the surfaces.

A clear effect of increasing the fracture energycohcrete was the delay of crack
development. Fully developed cracks were formedagger shrinkage strains and
cracks became wider. However, if the fracture eypewgs large enough, no fully
developed cracks occurred and smaller and cloaeksiformed instead.

With fibre reinforcement the crack widths decreasigaificantly. Large stresses were
transferred through the cracks, the transmissingttewas reduced and more cracks
were able to form. However, if ordinary reinforcerhes not used at all it may not be
sufficient to control cracks widths across the heigf the cross-section. Use of fibre
reinforcement together with a lower number of reining bars may therefore be a
way to achieve the desired resistance of the streicind control the crack widths
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below an allowable value in aggressive environmeantsl then, the durability of the
structure can be increased.

Due to the creep effect the concrete could withdstanger shrinkage strains before
each new crack was formed. Hence, this lead to rfenseks for this short member,
but those that developed became larger. Howevercdimcept of having a constant
creep factor for restrained shrinkage is not asgalassumption.
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5 Non-linear FE analyses of concrete retaining
walls with continuous edge restraint

5.1 Introduction

This chapter presents analyses of a wall with oowtis edge restraint, shown
schematically in Figure 5.1, subjected to shrinkaggain. The walls investigated in
this thesis resemble concrete retaining walls iddar and road constructions. When a
retaining wall is cast against an already matureccete foundation slab, the
behaviour will be similar to an edge beam cast regjaan already existing bridge
deck. There will be different thermal and shrinkageins in the two members and
the wall may crack due to the need of movement omhkination with of the
continuous restraint.

Non-linear finite element analyses were performednwestigate the influence of
different reinforcement arrangements and geometa®svell as the influence of fibre
reinforcement.

LY

I _ |

Figure 5.1  Concrete wall cast against a concretanfiation slab.

5.2 FE-model

5.2.1 Introduction

Since the wall in many ways resembles the edge pbtwaFE-model of the wall was
created based on the model of the edge beam. Howsorae differences needs to be
explained and are presented here.

5.2.2 Geometry

The reference geometry of the wall was chosen lengthL = 6 m and a height of

h=2.9 m. However, analyses with different heiglas the wall, according to

Figure 5.2, were also performed. The heights ofwh# were chosen to correspond
approximately to different ratios between lengthd &eight; 1:1, 2:1 and 4:1. The wall
heights where also chosen to be able to arrangerdinéorcement in a suitable
manner. Hence, some heights do not exactly cornespo the given length/height
ratio.

Analyses were carried out without reinforcement wsll as with different
reinforcement arrangements, see Figure 5.2. In ralhforcement cases the
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reinforcement bars were uniformly distributed othex entire height of the wall with a
spacing ok =200 mm.

x Dimensions
b h=1.5,2.9,59m
b =400 mm
i T L=6m
S as _
h i a;= 50 mm
s =200 mm
wzm| Ay A =0, 216, 416
PN
\ L J
T N

Figure 5.2 Geometry of the wall and schematic parsiing of reinforcement.

5.2.3 Material model

The material models used for analysis of the wals the same as the one described
in Section 4.2.3. Walls including the behaviour fidre reinforced concrete were
modelled as described in Section 3.4.2.

5.2.4 Boundary conditions and load

The boundary conditions for the wall are describe&igure 5.3. Different from the
modelling of the edge beam, for this applicatioa ¥hole wall was modelled. Thus,
no symmetry line was used in these analyses. Runtire, the reinforcement bars are
not restrained at their edges, compare to Sect@d 4Apart from this the boundary
conditions and the load are defined as in Sectiari4

N ittt taieieteteieieteteleiettebeleteetaatetete

: NI XTI T oI TSI I3

T—vy \L L J

Figure 5.3  Boundary conditions for the retainingliwa
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5.2.5 Mesh

The element length was choseriga= 50 mm. Otherwise the mesh was created in the
same way as described in Section 3.3.5.

5.2.6 Method
The same iteration method, the BFGS-method, agideddn Section 3.3.6 was used.

The results in this chapter are presented by fgygh®mwing the crack patterns and the
crack widths. The crack patterns are presentedgurds in the same way as for the
edge beam, described previously in Section 4.2t& dracks considered in these
figures show 100 % open cracks, as explained itic3e8.3.6.

The crack widths in concrete structures subjeateshtinkage strain are calculated as
described in Section 4.2.6. In this chapter thelcnaidths are plotted against the

length of the wall at the final step of the anab/ses= 1.00 %o, see example in

Figure 5.4. This way of illustrating the crack widtwas considered to be a clearer
way for this application since many of the analysesulted in a large number of

cracks, compared to the case with edge beams.

Some of the analyses were stopped at an earligrkalge strain due to convergence
problems. For these analyses the crack width aversiior the last reliable load step
of the analysis. However, crack widths are shownth® end of the analysis, if

nothing else is stated.

It should be noticed that this way of presenting ttrack widths contains some
inaccuracies concerning skew cracks. Since skegksralso have a contribution from
strains in the vertical direction, the crack widgi®wn for skew cracks are not always
true. However, crack widths for vertical cracks aceurate and are the ones of largest
interest concerning crack widths.

w=1.08
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Length along the wall [mm]

Figure 5.4  Example of graph showing crack widthstie analysed walls.

To make it easier to compare the different resahasck widths are only shown up to a
width of 0.40 mm. Values of 0.40 mm and above avaswlered as undesirable.
However, cracks with a width larger than this aik af interest in this study and the

maximum crack widths for those cracks are presestezhown in Figure 5.4.

Crack widths in this chapter are presented and eoedpfor different heights of the
walls. Mainly three different levels are consider&tie level of the bottom layer of
reinforcement was chosen as one of these levdis tible to see the influence of the
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edge restraint. This level is located 50 mm fromltbttom edge and is in this chapter
referred to as “level 1”. The other two levels weh®sen to the fourth and sixth layer
of reinforcement, since the maximum crack width vimsnd at one of these two
levels for all reinforcement and geometry casegs€Hevels are located 650 mm and
1050 mm from the bottom edge, respectively, andirarthis chapter referred to as
“level 4" and “level 6”, see Figure 5.5.

_____________________________________________________________ <«— Jevel ¢

------------------------------------------------------------- <+— Jevel¢

------------------------------------------------------------- <+— level ]

Figure 5.5 Levels for which crack widths are prdserin this chapter.

5.3 Results

5.3.1 Influence of reinforcement amount and arrangement

In order to investigate how the amount of reinfoneat influence a wall with
continuous edge restraint subjected to shrinkageget different reinforcement
arrangements were studied. These cross-sectionsecaren in Figure 5.6. A cross-
section without reinforcement, cross-section 0, \waalysed as a reference. Two
reinforcement arrangements were analysed. Crossised, Figure 5.6 (b), is
provided with 2016 mm bars in 15 layers with a spacingsef 200 mm, resulting in a
reinforcement ratio of, = 0.5 %. This arrangement of reinforcement cowasps to
the minimum amount of reinforcement according tod€ade 2, CEN (2004). Cross-
section 2, Figure 5.6 (c), is provided with the loleureinforcement amount compared
to cross-section 1. This reinforcement is arraniggddding 16 mm bars in each
layer, resulting in ¢16 mm bars in 15 layers with a spacingsef 200 mm, which
resembles a reinforcement ratio @f= 1.0 %. All analyses in this section were
performed on walls with the reference geometry, %m. In this section, only
selected parts of the results are presented. Allie from these analyses are
presented in Appendix .
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(a) Cross-section 0 (W¥ross-section 1 (c¥ross-section 2

Figure 5.6  The three different cross-sections asedy (a) plain concrete, (b)
minimum reinforcement, (c) doubled reinforcement.

The results concerning the crack patterns for esestion 0, 1 and 2 are shown in
Figure 5.7, Figure 5.8 and Figure 5.9 respectiv€he general behaviour that can be
seen is that there is one or several vertical sratkhe middle of the wall, while skew

cracks appear towards the free edges. When congptiréncrack patterns for cross-
section 0 and cross-section 2, the main differaadbe number of cracks. It can be
noticed that while providing reinforcement or ingseng the reinforcement amount,
the number of cracks increased. The cracks alselag®d to larger heights while

providing reinforcement or increasing the reinfonemt amount.
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Figure 5.7  Crack pattern for cross-section 0 atiskage straire.s = 1.00 %o.
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Figure 5.8  Crack pattern for cross-section 1 atiskage straire.s= 1.00 %o.
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Figure 5.10 to Figure 5.12 show the crack widthdeael 4, the level where the
maximum crack widths were found. When comparingseéhdigures it can be
concluded that while adding reinforcement the cragkiths were considerably
decreased. The maximum crack width decreased fr@& rim to 0.42 mm when
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providing reinforcement according to cross-sectioiy doubling the reinforcement
amount the maximum crack width decreased further value of 0.24 mm. Of these,
only the latter value can be considered a suffttyesmall crack width when
comparing to the limits given in Section 2.5.

Furthermore, it can be seen that the number ofksraccrease at level 4 when
reinforcement was provided and when the steel a@sincreased. This behaviour

can be explained by the increase in bond force dmvthe reinforcement bars and the
concrete.

w=1.08

0.40
€
£ 0.30
=
S 0.20 |
5 0.10 I\ \
E . Al \ \
O 0.00 ——

0 1 2 3 4 5 6

Length along the wall [m]

Figure 5.10 Crack widths for cross-section O at elevd at shrinkage strain
SCS: 100 %O.
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Figure 5.11 Crack widths for cross-section1 atelev at shrinkage strain
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Figure 5.12 Crack widths for cross-section 2 atelevt at shrinkage strain
SCS: 100 %O.
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Studying the crack widths at level 1, see Figule%o Figure 5.15, it can be seen that
they are generally significantly smaller than atele4. The cause of this is the

boundary condition present at the bottom edge.rResforces are created at the joint
interface between the wall and the slab, actingragxternal restraint, resulting in a

larger amount of cracks.

Furthermore, the crack widths also at level 1 desed when providing
reinforcement. However, the decrease at this lexa not as large as at level 4. By
adding reinforcement the maximum crack width dezedarom 0.36 mm to 0.26 mm
and by doubling the reinforcement amount it deadagurther to 0.18 mm. If
comparing the maximum crack widths for the wallhwgilain concrete to the wall
with cross-section 2, there is a difference of 5@#bile the corresponding decrease at
level 4 is almost 70%.
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Figure 5.13 Crack widths for cross-section O ateled at shrinkage strain
8C5= 1.00 %0.

0.40

0.30

0.20

0.10 AN, AAA.II\AII\.A A A
000 = VLWLV ips

0 1 2 3 4 5 6

Crack width [mm]

Length along the wall [m]

Figure 5.14 Crack widths for cross-section 1 ateled at shrinkage strain
SCS: 100 %O.
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Figure 5.15 Crack widths for cross-section 2 ateled at shrinkage strain
8C5= 1.00 %0.

It can be observed that the restraint from the Hamn condition at the bottom edge
had a significant effect on the crack pattern. presence of reinforcement bars at this
level had the effect that more restraint forcesen@eated and more cracks appeared.
It can be stated that even though the bottom iesthelps keeping the cracks at a
lower level, reinforcement is still needed to desethe crack widths sufficiently.

Cross-section 1 showed somewhat large crack wiathertain levels, while cross-
section 2 showed sufficiently small crack widthseTatter, however, showed a very
large number of cracks and even through cracks.tBti@s it was of interest to study
an alternative reinforcement arrangement. A nevges®ction, cross-section 3, was
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introduced to see if a improved behaviour could reached by doubling the
reinforcement at three layers in cross-section Hes€ three layers were chosen to
layer 4 to 6 from the bottom, see Figure 5.16.Hat tway more reinforcement was
provided in the region where the maximum crack sdwvere found for cross-section
1 and 2.

x
0/\/0

Figure 5.16 Cross-section of the combined reinforest case, cross-section 3.

Figure 5.17 shows the crack pattern for this retdment arrangement. It can be seen
that about the same number of cracks was forméar dse case with cross-section 1,

previously shown in Figure 5.8. However, the craiehsd to develop to a more even,

and intermediate, height than for the wall withss:@ection 1, where heights of the

cracks varied more.

b~

—
Figure 5.17 Crack pattern for cross-section 3.

The maximum crack width for cross-section 3 at llede was 0.28 mm, see
Figure 5.184). By comparing crack widths at level 4 for theetlarcross-sections it
can be seen that cross-section 3 resulted in sntadelk widths than for cross-section
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1 at level 4, which is the level where the largasick widths were observed. When
comparing cross-section 3 with cross-section 2ethera slightly wider maximum
crack width for cross-section 3. However, the défee is small and the crack width
can still be considered to be sufficiently smallemtcomparing to the limits discussed
in Section 2.5.

At level 6, see Figure 5.18) the maximum value of the strain was found farser
section 3. At this level the maximum crack width sgmilar to level 4, found to be
between the maximum values of the crack widthstlier other two reinforcement
cases. However, the crack width, 0.29 mm, is stihsidered reasonable, since it is
below 0.3 mm. Hence, it can be concluded that thekcpattern and the crack widths
can be improved by providing the three layers of fears in the critical region.
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Figure 5.18 Comparison of crack widths for the thréifferent cross-sections at

level 4,(a), and level 6, (b).
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5.3.2 Influence of geometry

In the previous section the study of the reinforeatrarrangement was performed on
only one specific case of geometry, the refereneentetry 6 x 2.9 m. In order to
study the influence of geometry, analyses wereiearout on walls with different
heights. Two other geometries were studied; onb haif the height compared to the
reference geometry and another with twice the heajhthe reference geometry.
Thus, three cases with different ratios betweegtlerand height were chosen. The
three different cases have the ratios 4:1, 2:11ahénd are shown in Figure 5.19.

N 6m J
N N
N
N
J 6m J
N N
2.9m
1.5m
<
(@) (b)
J 6m J
N N
x
59m
§<
(c)

Figure 5.19 Three wall geometries studied with aspatio (a) 4:1, (b) 2:1, (c) 1:1.

The results in this section come from analysesiezarout on these three different
geometries using the reinforcement arrangementro$sesection 1, described in
Section 5.3.1. Convergence problems was found Herwall withh=5.9m at a
shrinkage strain of ats = 0.86 %.. The results for all walls shown in thection are
therefore at this shrinkage strain. Analyses wése performed on cross-section 0
and 2 for all geometries. The results from all ge@$ can be seen in Appendix .

The crack patterns obtained in the analysis of ttitee geometries are shown in
Figure 5.20 to Figure 5.22. It can from these fggube seen that the crack patterns for
all three walls with different length/height ratare rather similar. The general
behaviour for all three cases is that there isarseveral vertical cracks in the middle
part of the wall, while skew cracks appeared towdhe edges. It can also be noticed
that the three different geometries show abous#me number of cracks. However, it
can be seen that for the height 1.5 m there are four cracks across the wholghhei
while no cracks go across the whole height for ltsig = 2.9 anch = 5.9 m. Hence, a
larger ratio between length and height resulteshame cracks developing through the
entire height.
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The crack widths at level 1 for the three differeates are shown in Figure 5.23 to
Figure 5.25. Similarities can be found betweentkinee cases also by looking at these
figures. All cases showed a large number of cratkkis level and the largest cracks
appeared in the middle of the wall. The maximumckravidths for the three
geometries arev = 0.27 mmw = 0.24 mm andv = 0.22 mm for length/height ratios
of 4:1, 2:1 and 1:1 respectively. Even though theck widths are within a rather
small interval a tendency that the maximum cracHtiwvidecreased with increasing
height of the wall can be observed.

%23 A Wl
Ao\ 70 W A o

Length along the wall [m]

Figure 5.23 Crack widths at level 1 for wall withHL.5 m atecs = 0.86 %eo.
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Figure 5.24 Crack widths at level 1 for wall witheh2.9 megs = 0.86 %o.
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Figure 5.25 Crack widths at level 1 for wall with=l56.9 m ate.s = 0.86 %eo.

The crack widths at level 4 are shown in Figuré63@Figure 5.28. At this level more
differences can be seen between the three wall ge@® compared to the crack
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widths at level 1. An increased number of crackeettped large crack widths for
lower heights of the wall. It can be observed tlwatthe length/height ratio of 4:1
there are eight cracks with crack widths largemtl@®20 mm. The corresponding
numbers for the cases with ratios 2:1 and 1:1 areet and two, respectively.
However, the maximum crack widths for the threeesaae about the same.

W= 0.45
0.40
€ w=0.42
£ 030
3 020 \ | \ |
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Length along the wall [m]

Figure 5.26 Crack widths at level 4 for wall with=hL.5 m atecs = 0.86 %eo.
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Figure 5.27 Crack widths at level 4 for wall withei2.9 m atecs = 0.86 %o.
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Figure 5.28 Crack widths at level 4 for wall with=l56.9 m ate.s = 0.86 %eo.
Even though some differences were found for thelswalith three different

length/height ratios, it can be concluded that ¢ffect of height was rather small
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concerning the crack patterns and the crack wid@hslies on crack development due
to imposed strains in concrete walls fully restegirat the base were carried out by
Pettersson (2000). A conclusion drawn from his wtu@s also that that the crack
width was not highly influenced by the height oétivall, for walls with the same
reinforcement ratio as in this sectiprns 0.5 %.

5.3.3 Influence of fibre reinforcement

The FE model including material properties thatidates fibre reinforced concrete,
as explained in Section 4.2.3.1, was also apptigtie wall. This was done in order to
study if providing fibre reinforcement would haveetintended positive effect on the
cracking behaviour of walls.

Analyses considering fibre reinforcement were pented on walls with the reference
geometry. It was of interest to check the influentdibre reinforcement for a wall
without ordinary reinforcement, cross-section 0, well as on a wall with
reinforcement, cross-section 1. All results forstheases are presented in Appendix J.

The crack pattern obtained for the analysis onntal, with fibre reinforced concrete
only, is shown in Figure 5.29. The correspondingulte for the wall with plain
concrete, cross-section 0, shown previously in iBec6.3.1, is presented in
Figure 5.30 to compare with. For the wall includitige reinforcement it can be seen
that more cracks appeared than in the case with ptencrete. For the wall with plain
concrete there is mainly one crack in the middi¢hefwall developing almost across
the height to the top edge. When fibres are addddaeased number of more or less
straight cracks in the middle developed to an mestiate height of the wall. This
indicates that the fibres help to smear out thersirto create more cracks.

Towards the left and right edges, more skew cragigeared for the fibre reinforced
wall than for the plain concrete wall. Also thisiis agreement with the expected
effect of fibre reinforcement.

=

g i

Figure 5.29 Crack pattern for wall with Cross-secti 0 including fibre
reinforcement.
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Figure 5.30 Crack pattern for wall with Cross-sectiO, plain concrete.

The effect of more cracks while providing fibre m@rcement can be seen by
analysing the crack widths. At the bottom leveljelel, where the bottom restraint
had a large influence, the maximum crack width @25 mm, see Figure 5.31. The
corresponding value for the case without fibre figitement was 0.36 mm, shown
previously in Figure 5.13. Apart from this diffe@nin maximum crack widths the
behaviour at level 1 was similar for the two casasicks were smeared out over
almost the whole length.

20:30 | l
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Length along the wall [m]

Figure 5.31 Crack widths at level 1 for cross-sectd with fibre reinforcement.

The maximum crack width for the fibre reinforced Ilw®.36 mm, was found at

level 6. At this level, see Figure 5.32, only thracks in the middle showed crack
widths above a value of 0.1 mm. However, the largesck was markedly higher than
the surrounding ones. When comparing these cradihwito the crack widths for the

wall with the same cross-section but without filbeegnforcement, see Figure 5.33, a
large difference can be found. When fibre reinforeat was added, the maximum
crack width decreased from 1.08 mm to 0.36 mm,aedse of 67 %. It can be seen
that more cracks developed to level 6 when fibrefoecement was included, which

resulted in smaller crack widths.
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Figure 5.32 Crack widths at level 6 for cross-sectd with fibre reinforcement.

w=1.08

0.40
=
£ 030
z
S 0.20
2 A
3 0.10 \ _Ag
S 0.00 +—Aa—A

0 1 2 3 4 5 6

Length along the wall [m]

Figure 5.33 Crack widths at level 6 for cross-sewctd, plain concrete.

The result concerning crack pattern from the anslysthe fibre reinforced wall with
cross-section 1 is shown in Figure 5.34. It carséen, when comparing to the same
cross-section without fibre reinforcement, see FBgu35, that more cracks appeared
when including fibre reinforcement. As for providifibre reinforcement to the plain
concrete, in this case also more straight crack®ldp in the middle of the fibre
reinforced wall. The heights of these cracks ditddiffer as much, though, as for the
wall without fibre reinforcement and, generallyacks were kept at a lower height.
This indicates that strains were more smeared ertthe length of the wall.
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Figure 5.34 Crack pattern for wall with cross-secti 1 including fibre
reinforcement.
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Figure 5.35 Crack pattern wall with cross-sectian 1

The maximum crack width found for the fibre reirfed wall with cross-section 1
was 0.22 mm at level 6, see Figure 5.36. Compardte wall with the same cross-
section but without fibre reinforcement, previoust$yhown in Figure 5.11, the
maximum crack width was about 50 % lower for thedireinforced wall.
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Figure 5.36 Crack widths at level 6 for cross-sewtl with fibre reinforcement.
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Lastly, an interesting observation was found whenresults from the fibre reinforced
wall with cross-section 0 were compared to the Itedor the ordinarily reinforced
wall with cross-section 1. The fibre reinforced Wwalithout reinforcement bars
generally showed a more favourable behaviour caomogr crack widths. The
maximum crack width for the fibre reinforced wall36 mm, was found to be smaller
than the maximum crack width for the wall with @gesection 1, 0.42 mm, previously
shown in Figure 5.32 and Figure 5.11 respectivEhys indicates that by adding fibre
reinforcement, in the way it was done in this pcgjehe cracking behaviour was
improved even compared to a wall reinforced witinfeecement bars as cross-
section 1.

5.4 Concluding remarks

It was concluded that the restraint caused by thentbary condition at the bottom
edge had a significant effect on the crack pattetowever, reinforcement is still

needed at the bottom level to keep crack widttsuticiently low levels. Concerning

the influence of reinforcement it was observed thadss-section 2 showed an
improved behaviour, with crack widths well belonB®.mm, compared to cross-
section 1. To see if a good cracking behaviour @chg obtained with a smaller
reinforcement amount than the one in cross-se@ioa third cross-section, cross-
section 3, was introduced. Analyses of this cresdign, where more bars were
provided at three levels in the region where th&imam crack width was expected,
showed that crack widths can be kept at almostémee level as for cross-section 2.
Hence, it can be concluded that the cracking belawian be improved by adding
reinforcement bars at certain levels in a suitatdaner.

Analyses of walls with different length/height ishowed that the height of the wall
did not have a significant influence on the craaktgrns and crack widths.

The general behaviour observed when applying tive fieinforced concrete model to
the wall was that the number of cracks was incitas®l thereby the crack widths
decreased. The largest improvement was found whetaia concrete wall was

provided with fibre reinforcement only. This fibreinforced wall showed even better
behaviour concerning crack widths than the wallhwiginforcement arrangement
according to cross-section 1. However, since tlekcwidths in the fibre reinforced

wall were still above 0.30 mm, reinforcement bamild still be needed to keep crack
widths at a sufficiently low level. When fibre réancement was provided in the wall
with cross-section 1, the maximum crack width wa20mm, which can be

considered to be sufficiently small.

The maximum crack widths at the three levels stlidier all cross-sections
investigated in this chapter are summarised indaMl.
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Table 5.1 Maximum crack widths at the three leveldisd for all cross-sections
of the wall. Bold numbers show the maximum craalthwvfor each
cross-section.

Cross-section Crack width [mm]
case Level 1 | Level 4 | Level 6
CSO 0.36 1.08 1.08
Cs1 0.26 0.42 0.35
CS2 0.18 0.24 0.19
Cs3 0.22 0.28 0.29

CSO+fibre 0.25 0.27 0.36
CS1+fibre 0.15 021 | 0.22

What is not stated earlier but can be observetistable is that the wall with fibre
reinforcement and a reinforcement arrangement dotgpto cross-section 1 showed a
smaller maximum crack width than the wall with g@®ction 2. This also indicates
that a combined use of fibre reinforcement andrandi reinforcement may be a way
to optimise the control of cracking.

However, no optimal combination of ordinary reildement and ordinary
reinforcement was determined and a more thorougésiigation is still needed with
different combinations before a certain combinatan be recommended.
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6
6.1

Final remarks
Conclusions

The FE model used in this and previous thesis ptejen this subject was verified by
comparisons with results from load tests on tiesrothe following conclusions can
be drawn:

The FE model for ordinary concrete, with uniformteral properties, has
shown good agreement with test results.

Use of material properties, based on tests reqapjed uniformly the model
was not enough to reproduce the behaviour of filmi@forced concrete
specimens by FE analysis.

A combination of material models with two differematerial properties,
corresponding to plain concrete and fibre respaomseectively, gave better
agreement with test results and seems to be a moaklling approach to be
further developed.

Conclusions drawn from the parametric studies edrrout on edge beams are
summarised as follows

The standard reinforcement arrangement, i.e. féumfn bars in the top and
three 16 mm bars in the bottom, was found to be st reinforcement
arrangement concerning crack widths for the twofed#nt transversal
reinforcement ratios studied. Doubling the contumiedge restraint by an
increased amount of transverse reinforcement iettie not found to be a
reason to change the arrangement of the longitucgirgorcing bars.

When using 8 mm bars the smallest crack widths @ued. However, the
cracking behaviour with 10, 12 and 16 mm bars dat differ much.
Therefore, 16 mm bars are considered to be thedpdisin, as a significantly
lower number of bars are needed, something thatidically preferable.

The shrinkage strain needed to create fully opescks decreased for
increasing concrete cover. However, cracks actossvhole section were not
always developed and since they might concentmat@rtds only one face of
the edge beam, their crack widths could be widéhése regions.

An increase in fracture energy of concrete delatfed crack development.
Fully developed cracks were formed at larger slagek strains, and those
cracks that formed became wider since the total bmunof cracks was

decreased. However, if the fracture energy waselaegough, no fully

developed cracks occured.

Due to creep effect the concrete can withstancelasgrains before each new
crack is formed. This leads to fewer cracks fos tehort member, but the
cracks that develop will be larger. Hence, creep danegative effect on the
resulting crack widths once a crack has occurred.

Parametric studies were also carried out on ametawall. Conclusions drawn from
these analyses are as follows:
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The continuous edge restraint helped to create mnwdenarrower cracks close
to the bottom edge. However, reinforcement wakrstiéded at a level close to
this edge in order to keep the crack widths smraugh.

A configuration where reinforcement was concenttadé a certain distance
away from the restrained edge was suggested tarotoctack widths in
retaining walls cast on foundation slabs.

It can be concluded that the effect of height vaker small concerning crack
patterns and crack widths.

Based on the analyses carried out on edge beamsetamaing walls considering the
effect of fibre reinforcement by using the suggedteterogeneous material approach,
it can be concluded that:

6.2

Fibre reinforcement increased the number of cramhkd decreased crack
widths significantly. However, ordinary reinforcentewas still needed to
further decrease crack widths to sufficiently snieels and to distribute the
cracks along the whole height of the wall.

A combined use of fibre reinforcement and ordina@yforcement may be a
way to optimise the reinforcement arrangement whaetrolling the crack
widths below an allowable value in aggressive emmments. Then, the
durability of the structure can be increased.

Further investigations

Since the time and resources for this thesis wagdd, some subjects could not be
investigated and are proposed for future research:
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Development of the FE model for fibre reinforcechoete by using a more
suitable material model for elements simulatingdibehaviour. Determine the
probability distributions for elements resemblirancrete and fibre behaviour
based on the total fracture energy or observed puwitfibres per unit area.

Study the possible influence of shrinkage indudegsses and long term effect
during testing of plain and fibre reinforced conerspecimens.

Further investigation on the effect of creep byudmg time dependent creep
coefficients and corresponding material properties.

Investigate the effect on crack widths and cracttepas of edge beams and
retaining walls of different parameters, such a&sdbncrete strength.

Use results from this thesis project in deeper stigations on the effect of
more parameters in order to develop the simplifiredthod proposed by
Johansson and Lantz (2009) for design of bridge &dgms.

Include into the analysis the effect of externalds in the cracking process of
concrete structures subjected to restraint forces.

A more comprehensive investigation on combinatiohdibre and ordinary
reinforcement could be done in order to reach amuged cross-section for
the retaining walls.
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Appendix A Randomised material properties study

Some problems while localizing cracks were foundleveimulating tie-rod tests of
fibre reinforced concrete with uniform propertiés.order to try to avoid this, new
material properties, where tensile strength wagddollowing a normal distribution,
were defined. Normal distribution parameters,mean value and standard deviation,
were determined by results from uni-axial tenséigts described in Section 3.2.1 and
are shown in Table A.1.

Table A.1 Parameters used to determine the tessgagth normal distribution.

SN 0.295 MPa

To transform the continuous probability function thie normal distribution into
discrete values, 12 different tensile strength eslwere established. The cumulative
probability for each interval is shown in FigurelAHighest and lowest intervals got
higher probability as they also include all valaé®ve and below them, respectively.
Same number of material definitions was createdMNA. For each of them, the
fracture energy was kept constant at 10500 N/m drying the parametef and the
post tensile strength was equal to 85 % of itsesponding tensile strength, according
to the mean values observed during testing of fiei&forced specimens.

14%

12%

10%

8%

6% -

Probability

4% -

2% -

0% -
3.135 3.225 3.315 3.405 3.495 3.585 3.675 3.765 3.855 3.988544.125

Tensile strength [MPa]

Figure A.1 Cumulative probability for each tensistrength interval used in
analysis of fibre reinforced concrete with randormatenial properties.

All elements in the model were randomly assignedagerial definition according to
its probability of appearance. Three different sl®pi.e. R1, R2 and R3, with
different material properties distribution wereatexl. The number of elements which
were assigned for each material definition is comgafor each sample with the
theoretical normal distribution in Figure A.2.
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400

® Normal distribution
350

il

3.135 3.225 3.315 3.405 3.495 3.585 3.675 3.765 3.855 3.983544.125

Number of elemetns

Tensile strength [MPa]

Figure A.2 Distribution of elements with each matkerdefinition in all three
samples.

In Figure A.3 to Figure A.5, crack patterns andckravidths graphs are presented for
each sample. Although some small localization hesuwed, most of the central
region of the model is still cracked. As materiabgerties are not uniform in the
model, crack widths may vary along the section.réfuge, it is needed to check crack
widths at the surface, rather than at the steal|evhich were not visible during the
tests. If crack widths graphs are observed, it lmarseen that crack widths are too
small and localization of cracks is too small tarial00 % developed cracks.
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Figure A.3 Crack pattern and crack widths at topp(tfigure) and bottom surface
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(bottom figure) of fibre reinforced concrete anagzwith random
material properties R1 for u = 1.05 mm.
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Figure A.4  Crack pattern and crack widths at topp(tfigure) and bottom surface

(bottom figure) of fibre reinforced concrete anagzwith random
material properties R2 for u = 1.05 mm.
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Figure A.5
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Crack pattern and crack widths at topp(tfigure) and bottom surface
(bottom figure) of fibre reinforced concrete anagzwith random
material properties R3 for u = 1.05 mm.
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In Figure A.6, the load elongation response obthihgring analysis with random and
uniform material properties are compared with & tesults. Use of random material
properties reduces difficulties to calculate thkigon after cracking and had a better
behaviour compared to the tests. However, althabhghtensile strength has been
decreased in some elements, the cracking loadilist@ high. This could be
explained because of an element with low tensikength has the same probability of
being surrounded by a weak or strong element, whileality it can be expected to
concentrate into weaker sections.

120
- / ~ S
80 7 = Uniform
= / Random #1
=, 60 [
3 m e e LU Random #2
o
—
40 -1 [ ===~ Random #3
20 - Tests
0
0 0.5 1 1.5 2

Elongation [mm]

Figure A.6 Comparison of load-elongation relatiobtaned during testing and
finite element analysis.

In conclusion, use of randomized tensile strenglipsthe finite element analysis by
providing weaker sections where the cracks cart sbagrow. However, it is not
enough in order to simulate behaviour of fibre f@iced concrete, as the whole
model still has a very ductile behaviour and ngéastresses are redistributed due to

crack formation.
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Appendix B Heterogeneous material approach

In this Appendix, results from non-linear finiteeeient analyses using heterogeneous
material approach on tie-rods are presented. Twienmh properties were assigned
along the model with the same probability of appeee for both of them. Three
different distributions were analysed.

(@) 0%

AT
di ittt t
L b 45,

(0) 100 06 1---s-snoeo- 1--*% -------------- e I
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0.10 ) i

0.05 A A
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
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—

Crack width [mm]

Figure B.1  Crack pattern and crack widths at topp(figure) and bottom surface
(bottom figure) of fibre reinforced concrete ana&gz with
heterogeneous material approach and material propsrdistribution
R1 for u =1.10 mm.
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Appendix C Influence of reinforcement
configuration

Two different reinforcement configurations, whidmncbe seen in Figure C.1, for edge
beams were analysed by non-linear finite elementyars on edge beams. Results
from these analyses are presented in this Appendix.

[ [ J o O e 6 6 o o
[ J [ [ [ [ J
(a) Cross-section 1 (b) Cross-section 2

FigureC.1 Different cross-sections analysed.
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Appendix D Influence of bar diameter

In this Appendix, results from non-linear finiteegient analyses carried out on edge
beams with different reinforcement diameters areash Longitudinal reinforcement
ratio was kept constant by changing the total arhofirbars for each case studied.
Results for a bar diameter of 16 mm are not presemt this Appendix as they were

already shown in Appendix C for cross-section Ihwiansversal reinforcement ratio
of Pt = 0.6 %.
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Figure D.1 100 % open cracks patternsat= 1 %o and crack widths at the top (top
figure) and bottom reinforcement level (bottom feuwhen diameter
of the bars is 8 mm.
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Appendix E Influence of concrete cover

Results from analyses concerning influence of cetecicover in edge beams are
shown in this Appendix. It should be stated thdu&s ofas presented do not directly
correspond to the depth of the concrete coveridtite distance from the edges to the
reinforcement level, as shown in Figure E.1. Hélfhe diameter of the bar should be
subtracted from this value in order to get the vadlie of the concrete cover.

« o e oL

° ° oias

Figure E.1  Definition of the distance to the remtiement level, a

Results foras=50 mm are not shown in this Appendix as theyewpreviously
presented in Appendix C for the case with crossi@ecl with transversal
reinforcement ratio gf; = 0.6 %.
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from top (top figure) and bottom concrete edge t(huot figure) for
as =100 mm.
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Appendix F  Influence of fracture energy

In this Appendix results from finite element analyon edge beams with different
fracture energies are presented. Crack width gr&mhSF = 100 N/m are not shown

in this Appendix as they were previously presentedppendix C for the case with

cross-section 1 with transversal reinforcemenoratp; = 0.6 %.
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i &

H ! H
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Figure F.1  Crack pattern at.s = 1 %o for 0, 33 and 100 % fully developed cracks
for Gs = 100 N/m.
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Appendix G

Influence of fibre reinforcement on

edge beam

Results from non-linear finite element analysesgisihne heterogeneous material
approach for edge beams are shown in this Apperdifect of adding fibre
reinforcement is analysed for both reinforced anceunforced edge beams. Results
for the ordinarily reinforced edge beam are notah@n this Appendix as they were
previously presented in Appendix C for the casdnwibss-section 1 with transversal

reinforcement ratio gf; = 0.6 %.
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Figure G.1 Crack pattern ai.s =

1 %o for 0 and 100 % fully developed cracks for

fibre reinforced concrete with cross-section 1.
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fibre reinforced concrete with cross-section 0.

0.40

0.35

0.30

0.25

Crack width [mm]

Figure G.6 Crack widths at the original reinforcemidevels for fibre reinforced

134

0.20

0.15

./....,.ou'

oo
.o
0o ®

.o

0.10

0.05

-

d

0.00
0.0

0.2 0.4 0.6

Shrinkage strain [%o]

concrete with cross-section 0.

CHALMERS, Civil and Environmental Engineerind/laster’s Thesis 2011:70

0.8

1.0

—Top

ecccee Bottom




Appendix H Influence of creep

Effect of concrete creep on an edge beam was athlyg non-linear finite element
analyses. Results from these analyses are shothisiAppendix, except fap = 0, as
they were already presented in Appendix C for tasecwith cross-section 1 with
transversal reinforcement ratiomf= 0.6 %.
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Appendix I  Crack patterns and crack widths for
retaining walls  with  different
geometries and cross-sections

In Section 5.3 selected parts from the analysethefwall was presented. In this
appendix, all results concerning the crack pattamds the crack widths for different
reinforcement arrangement and geometries are gessen

It shall be stated that numerical problems occufoedsome of the analyses. Hence,

the results from the last reliable step for eacthefe cases are shown in the figures in
this appendix. At what shrinkage strain the resalts presented is stated in the

caption of each figure. Different geometries andfogcement arrangement should be

compared with this in mind.
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Appendix J  Crack patterns and crack widths for
retaining wall with fibre reinforced
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Figure J.1  Crack pattern for O (top figure) and 190(bottom figure) open cracks
at ecs= 1.00 %o for wall with h =2.9 m and cross-sectibnwith fibre
reinforced concrete.
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Figure J.3  Crack pattern for O (top figure) and 1@0(bottom figure) open cracks
at ecs= 1.00 %o for wall with h =2.9 m and cross-secti@nwith fibre
reinforced concrete.
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for wall with h=2.9m and cross-section 1 wittbré reinforced
concrete.
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Appendix K Input files for ADINA

K.1 Introduction

In this Appendix an example is presented of theuinext files as introduced in
ADINA. They correspond with analysis of tie-rod ttearried out on specimen with
ordinary reinforcement. However, changes in thesfiheeded to be included in order
to simulate tie-rod tests on fibre reinforced ceterspecimens are also presented.

K.2 Coordinates
.
SYSTEM NAME=1 TYPE=CARTESIAN MODE=1,
XORIGIN=0 YORIGIN=0 ZORIGIN=0,
AX=1 AY=0 AZ=0,
BX=0 BY=1 BZ=0,
MOVE=NO
.
COORDINATES POINT SYSTEM=1
@CLEAR

*

*»** GEOMETRY BOUNDARIES ***

*

1 0 0 0 1
2 0 0.816 O 1
3 0 0.816 0.112 1
4 0 0 0.112 1

*

*+* REINFORCEMENT POINTS ***
*

210 0  -0.002 0.056 1
211 0 001 0.056 1

311 O 0.81 0.056 1
312 O 0.818 0.056 1

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2011:70 153



K.3 Lines

*

*** GEOMETRY BOUNDARIES ***

*

LINE STRAIGHT NAME= 1 P1= 1 pP2= 2
LINE STRAIGHT NAME= 2 P1= 2 P2= 3
LINE STRAIGHT NAME= 3 P1= 3 P2= 4
LINE STRAIGHT NAME= 4 P1= 4 P2= 1

*

**+ REINFORCEMENT LINES ***

*

LINE STRAIGHTNAME= 5  P1= 210 P2= 211
LINE STRAIGHT NAME= 6  P1= 211 P2= 212

LINE STRAIGHT NAME= 105 P1= 310 P2= 311
LINE STRAIGHT NAME= 106 P1= 311 P2= 312

K.4 Surface

*

SURFACE VERTEX NAME= 1 Pl= 1 P2= 2 P3= 3
P4= 4

*

SFTHICKNESS

@CLEAR
1 0.11200 0 0 0
@

*

SURF-ELEMDAT TWODSOLID

@CLEAR
1 1 0 'DEFAULT' 'DEFAULT' O 0 ‘NO'" O
@

*
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K.5 Material properties (for analysis of ordinary concrete)

*

*»** CONCRETE NON-LINEAR MATERIAL PROPERTIES ***
*
MATERIAL CONCRETE NAME=1 OPTION=KUPFER E0=3.000E+10
NU=0.200 SIGMAT=3084600,
SIGMATP=0 SIGMAC=-10.00E+07,
EPSC=-0.01 SIGMAU=-9.700E+07,
EPSU=-0.0135 BETA=0.750,
C1=1.400 C2=-0.400 XSI=92.22,
STIFAC=0.0001 SHEFAC=0.500,
ALPHA=0.0 TREF=0.000 INDNU=CONSTANT,
GF=0.0 DENSITY=2400.000 TEMPERAT=NO,
MDESCRIP="Concrete'

*

*** STEEL MATERIAL PROPERTIES ***
*
MATERIAL PLASTIC-BILINEAR NAME=2 HARDENIN=ISOTROPIC
E=2.0E+11 NU=0.3,
YIELD=5.0E+08 ET=2.0E+08,
EPA=0.01 STRAINRA=0 DENSITY=7800,
ALPHA=0.0 TREF=0.0 DEPENDEN=NO,
TRANSITI=0.0001 EP-STRAI=0.0 BCURVE=0,
BVALUE=0.0 XM-INF=0.0,
XM0=0.0 ETA=0.0 MDESCRIP="Steel'

K.6 Material properties (for analysis of fibre reinforced
concrete)

*

*** CONCRETE NON-LINEAR MATERIAL PROPERTIES ***

*

MATERIAL CONCRETE NAME=1 OPTION=KUPFER E0=3.000E+10
NU=0.200 SIGMAT=3632420,
SIGMATP=0 SIGMAC=-10.00E+07,
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EPSC=-0.01 SIGMAU=-9.700E+07,
EPSU=-0.0135 BETA=0.750,

C1=1.400 C2=-0.400 XSI=66.5051,
STIFAC=0.0001 SHEFAC=0.500,

ALPHA=0.0 TREF=0.000 INDNU=CONSTANT,
GF=0.0 DENSITY=2400.000 TEMPERAT=NO,
MDESCRIP="Concrete'

*

** STEEL MATERIAL PROPERTIES ***
R
MATERIAL PLASTIC-BILINEAR NAME=2 HARDENIN=ISOTROPIG
E=2.0E+11 NU=0.3,
YIELD=5.0E+08 ET=2.0E+08,
EPA=0.01 STRAINRA=0 DENSITY=7800,
ALPHA=0.0 TREF=0.0 DEPENDEN=NO,
TRANSITI=0.0001 EP-STRAI=0.0 BCURVE=0,
BVALUE=0.0 XM-INF=0.0,
XMO0=0.0 ETA=0.0 MDESCRIP="Steel

*

*** FIBRE REINFORCED CONCRETE MATERIAL PROPERTIES™*
*
MATERIAL CONCRETE NAME=3 OPTION=KUPFER E0=3.000E+10
NU=0.200 SIGMAT=3632420,
SIGMATP=3117800 SIGMAC=-10.00E+07,
EPSC=-0.01 SIGMAU=-9.700E+07,
EPSU=-0.0135 BETA=0.750,
C1=1.400 C2=-0.400 XSI=6953.5447,
STIFAC=0.0001 SHEFAC=0.500,
ALPHA=0.0 TREF=0.000 INDNU=CONSTANT,
GF=0.0 DENSITY=2400.000 TEMPERAT=NO,
MDESCRIP="Concrete'
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K.7 Reinforcement

*

*** REINFORCEMENT CROSS-SECTION PROPERTIES ***

*

CROSS-SECTIO PIPE NAME=1 DIAMETER=  0.0160000000 THNES=
0.0080000000 SC=0 TC=0 TORFAC=1 SSHEARF=0 TSHEARF=
SOLID=YES

*

@

*

*** REINFORCEMENT ELEMENTS***

*

LINE-ELEMDAT PIPE

@CLEAR

5 2 1 'DEFAULT' 'DEFAULT' O 0 ‘NO'
6 2 1 'DEFAULT" 'DEFAULT' O 0 ‘NO'
105 2 1 'DEFAULT" 'DEFAULT" O 0 '‘NO'
106 2 1 '‘DEFAULT" 'DEFAULT' O 0 ‘NO'
@

K.8 Boundary conditions
FIXITY NAME=SURFACE
@CLEAR

'X-TRANSLATION'

'X-ROTATION'

'Y-ROTATION®

'Z-ROTATION'

'OVALIZATION'

@
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*

FIXBOUNDARY SURFACES FIXITY=ALL

@CLEAR
1 'SURFACE'
@

*

FIXITY NAME=REINFORCEMENT
@CLEAR

‘X-TRANSLATION'

‘X-ROTATION'

Y-ROTATION'

'Z-ROTATION'

'OVALIZATION'

@

*

FIXBOUNDARY LINES FIXITY=ALL
*
'REINFORCEMENT'
'REINFORCEMENT'

105 'REINFORCEMENT
106 'REINFORCEMENT
*

FIXITY NAME=GROUND
@CLEAR
‘X-TRANSLATION'
'Y-TRANSLATION'
'Z-TRANSLATION'
‘X-ROTATION'
Y-ROTATION'
'Z-ROTATION'
'OVALIZATION'

@
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*

FIXBOUNDARY POINTS FIXITY=ALL
*

210 'GROUND'

@

*

*** REINFORCEMENT CONSTRAINTS ***

*

CONSTRAINT NAME= 1 SLAVETYP=POINT SLAVENAM=
210 SLAVEDOF=Z-TRANSLATION MASTERTY=POINT SBODY=0
OPTION=0 GENERALI=NO / @CLEAR / 107 'z-

TRANSLATION' 1 0 / @

CONSTRAINT NAME= 2 SLAVETYP=POINT SLAVENAM=
211 SLAVEDOF=Z-TRANSLATION MASTERTY=POINT SBODY=0
OPTION=0 GENERALI=NO / @CLEAR / 108 'zZ-

TRANSLATION' 1 0 / @

CONSTRAINT NAME= 102 SLAVETYP=POINT SLAVENAM=
311 SLAVEDOF=Z-TRANSLATION MASTERTY=POINT SBODY=0
OPTION=0 GENERALI=NO / @CLEAR / 208 'Z-

TRANSLATION' 1 0 / @

CONSTRAINT NAME= 103 SLAVETYP=POINT SLAVENAM=
312 SLAVEDOF=Z-TRANSLATION MASTERTY=POINT SBODY=0
OPTION=0 GENERALI=NO / @CLEAR / 209 'Z-

TRANSLATION' 1 0 / @

K.9 Load

*

LOAD DISPLACEMENT NAME=1 DX=FREE DY=5E-03 DZ=FREE XFREE
AY=FREE AZ=FREE

*

APPLY-LOAD BODY=0

@CLEAR

1 'DISPLACEMENT" 1 'POINT' 312 O 1 0 0
-1 0 0 0 ‘NO'" O 0 1 0

@

*
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K.10 Element groups
EGROUP TWODSOLID NAME=1 SUBTYPE=STRESS2 DISPLACE=DREILT,

STRAINS=DEFAULT MATERIAL=1 INT=DEFAULT RESULTSSTRESSES
DEGEN=NO,

FORMULAT=0 STRESSRE=GLOBAL INITIALS=NONE FRAGIR=NO,

CMASS=DEFAULT STRAIN-F=0 UL-FORMU=DEFAULT PNTBS=0
NODGPS=0,

LVUS1=0 LVUS2=0 SED=NO RUPTURE=ADINA INCOMPADEFAULT,
TIME-OFF=0 POROUS=NO WTMC=1,

OPTION=NONE DESCRIPT='Concrete' THICKNES=1,
PRINT=DEFAULT SAVE=DEFAULT TBIRTH=0,

TDEATH=0 TMC-MATE=1

*

EGROUP PIPE NAME=2 DISPLACE=DEFAULT MATERIAL=2 RINF1 SINT=1
TINT=4,

RESULTS=STRESSES OVALIZAT=DEFAULT INITIALS=NOR ICALRA=0,
RADTOL=0.001 CMASS=DEFAULT RUPTURE=ADINA,

TIME-OFF=0 OPTION=NONE,

BOLT-TOL=0.01 DESCRIPT='NONE' SECTION=1,

PRINT=DEFAULT SAVE=YES TBIRTH=0,

TDEATH=0 BOLTFORC=0 BOLTNCUR=0,

TMC-MATE=1

K.11 Meshing

SUBDIVIDE SURFACE NAME=1  MODE=LENGTH 0.008
@CLEAR

1

@

*

SUBDIVIDE LINE NAME=2 MODE=LENGTH 0.008
5

to

106

@
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*

GSURFACE NODES=3 PATTERN=8 NCOINCID=BOUNDARIES
NCEDGE=1234,

NCVERTEX=1234 NCTOLERA=1.0E-05 SUBSTRUC=0
GROUP=1,
PREFSHAP=AUTOMATIC MESHING=MAPPED SMOOTHIN=NO

DEGENERA=NO,
COLLAPSE=NO MIDNODES=CURVED METHOD=ADVFRONT

FLIP=NO

@CLEAR

1

@

"

GLINENODES=2 ~ AUXPOINT=4  NCOINCID=ENDS NCENDS=12,
NCTOLERA=1.0E-05 SUBSTRUC=0  GROUP=2
MIDNODES=CURVED

5

to

106

@

K.12 Random material model distribution (only for fibre
reinforced concrete)

EDATA SUBSTRUC=0 GROUP=1 UNDEFINE=IGNORE

@CLEAR
1 1
2 3
3 3
4 1
5 3
6 1
7 1
8 1
9 3
10 3
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2847
2848
2849
2850
2851
2852
2853
2854
2855
2856

@

W KRk PP W R PWwWWw W R

K.13 Non-linear springs

*

*** INNER NODES SPRING PROPERTIES ***

*

PROPERTY
-0.00100000
-0.00080000

-0.00001000
-0.00000500
0.00000000
0.00000500
0.00001000

0.00080000
0.00100000

@

*

162

NONLINEAR-K

-7403.8442
-7400.4865

-1789.1456
-1637.8103
0.0000
1637.8103
1789.1456

7400.4865
7403.8442
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*** OUTER NODES SPRING PROPERTIES ***

*

PROPERTY NONLINEAR-K NAME=12 RUPTURE=NO
-0.00100000 -3701.9221

-0.00080000 -3700.2432

-0.00001000 -894.5728
-0.00000500 -818.9051
0.00000000 0.0000
0.00000500 818.9051
0.00001000 894.5728

0.00080000 3700.2432
0.00100000 3701.9221
@

*

*** DEFINING SPRING PROPERTIES ***
PROPERTYSET NAME=11 K=0 M=0 C=0 NONLINEA=YES NK=NM=0 NC=0

*

PROPERTYSET NAME=12 K=0 M=0 C=0 NONLINEA=YES NK=1M=0 NC=0

*

*** SPRING ELEMENT GROUP ***

*

EGROUP SPRING NAME=4 PROPERTY=1 RESULTS=FORCES
NONLINEA=MNO OPTION=NONE DESCRIPT='Spring’ PRINT=FRULT
SAVE=DEFAULT TBIRTH=0 TDEATH=0

*

*** OUTER NODES SPRINGS ***
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SPRING POINTS

1 107 2 210 O 12 '‘DEFAULT" 'DEFAULT' O 0
0 0 0

2 209 2 312 O 12 '‘DEFAULT" 'DEFAULT' O 0
0 0 0

@

*

*** INNER NODES SPRINGS ***

SPRING POINTS

3 108 2 211 O 11 'DEFAULT" 'DEFAULT' O 0
0 0 0

4 109 2 212 O 11 'DEFAULT" 'DEFAULT' O 0
0 0 0

102 207 2 310 O 11 'DEFAULT' 'DEFAULT' O 0
0 0 0

103 208 2 311 O 11 'DEFAULT' 'DEFAULT' O 0
0 0 0

@

K.14 Solution process

*

KINEMATICS DISPLACE=SMALL STRAINS=SMALL UL-FORMU=DHE-AULT
PRESSURE=NO INCOMPAT=NO RIGIDLIN=NO

*

ITERATION METHOD=BFGS LINE-SEA=YES MAX-ITER=999
PRINTOUT=ALL PLASTIC-=1

*

TIMEFUNCTION NAME=1 IFLIB=1 FPAR1=0 FPAR2=0 FPAR3=6GPAR4=0
FPAR5=0 FPARG6=0

@CLEAR
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00
11

@

*

TIMESTEP NAME=DEFAULT
@CLEAR
1000 0.001

@

*

MASTER ANALYSIS=STATIC MODEX=EXECUTE TSTART=0.0 ID6=0,
OVALIZAT=NONE FLUIDPOT=AUTOMATIC CYCLICPA=1 IRDSIT=STOP,

REACTION=YES INITIALS=NO  FSINTERA=NO IRINT=DERULT
CMASS=NO,

SHELLNDO=AUTOMATIC AUTOMATI=ATS SOLVER=SPARSE,
CONTACT-=CONSTRAINT-FUNCTION TRELEASE=0.0,

RESTART-=NO FRACTURE=NO LOAD-CAS=NO LOAD-PEN-N
MAXSOLME=0,

MTOTM=2 RECL=3000 SINGULAR=YES STIFFNES=0.0001

MAP-OUTP=NONE MAP-FORM=NO NODAL-DE=" POROUS=BIO
ADAPTIVE=0,

ZOOM-LAB=1 AXIS-CYC=0 PERIODIC=NO VECTOR-S=GBIETRY EPSI-
FIR=NO,

STABILIZ=NO STABFACT=1.0E-10 RESULTS=PORTHOLE,

FEFCORR=NO BOLTSTEP=1 EXTEND-S=YES CONVERT-=NO
DEGEN=YES,

TMC-MODE=NO ENSIGHT-=NO

*

AUTOMATIC TIME-STEPPING MAXSUBD=10 ACCURACY=NO,
DISTOL=0.001 DTMAX=3.0,
RESTORE=AUTOMATIC RESPS=NO RESFAC=0.0001,
DIVFAC=2.0 LSMASSF=1.0

CHALMERS, Civil and Environmental Engineerindlaster’s Thesis 2011:70 165



