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Summary

In a way to improve the production process andptindze the economics of precast
concrete elements, it has been investigated to weRk#nt fibres can be used as a
replacement of traditional steel stirrups. By tlee wf Steel Fibre Reinforced Concrete
(SFRC), the production time of prestressed girdarsbe decreased due to the elimination
of labour-intensive placing of stirrups. Howeveunrrent design standards do not provide
any design equations for the shear capacity ofs{sesed) SFRC elements and the
majority of design engineers are not familiar WBRRC for shear resistance applications.
During the past decade, a number of design guiekelimve been published in Europe by
RILEM and fib. In these pre-normative documents$fedént design approaches for the
shear resistance of SFRC are provided. In thisodalcstudy the feasibility and accuracy
of available design equations and a newly propesgiheering model, are investigated in
view of implementation in the daily practice of @gast concrete company.

The research strategy adopted in this study caubenarized by the following steps:

(1) The post-cracking behaviour of SFRC has beeardied (experimentally,
numerically and analytically) at the material lewebrder to understand how fibres bridge
a crack for different types of crack opening bebawi(i.e. mode | tensile crack width
opening or mixed mode cracking combining crack apgand transverse crack dilatation).

(2) The shear behaviour of full-scale prestresgeR(Sgirders has been determined by
means of 23 shear tests conducted on 9 differshn@ped and 2 IV-shaped girders.

(3) The observations from both the material testingd the full-scale shear tests have
been combined to develop an analytical model whigdicts the shear behaviour of the
prestressed SFRC girders. In addition to this Btamodel capable to describe the
complete shear stress-crack propagation path, @ sitople engineering model is proposed
for the prediction of the shear capacity for degigrpose.

(4) Shear resistance models have been evaluatettlys of an assembled shear test
database and inherent model uncertainties have deternmined. By taking into account
the model uncertainties, the safety levels of exgsshear strength models have been
reconsidered and suggestions for a practical desigimeering model are proposed.

Research at the micro- and mesoscale level

For the design of SFRC structures, the most impbgarameter to be known is the
post-cracking tensile strength. Currently, it idely accepted to test the post-cracking
behaviour of the adopted SFRC mix by means of ¢stattized) quality control or material
characterization tests. Hereby, the mode | postkang tensile behaviour can be either
derived directly from axial tensile tests, or irmditly from bending tests. Since the uni-axial
tensile test is relatively hard to perform, frorpractical point of view, the standard three-
point bending test according to EN 14651 is moegjdiently applied. According to this
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standard, the residual post-cracking bending terstiength is evaluated as a function of
the Crack Mouth Opening Displacement (CMOD).

Hence, though the best method to derive the paskirg tensile constitutive law for
SFRC is the uni-axial tensile test, due to the dewity of such direct test method, indirect
methods are more often used to determine the fiéxaughness of SFRC. Hereby, the
measured flexural stresses have to be transforonga ¢quivalent axial stress to obtain the
mode | post-cracking constitutive law. Furthermamnegrder to derive a characteristic value
of the residual flexural strength, a sufficient rhenof tests must be performed.

In this study, different methods have been verifedhodel the uni-axial and bending
behaviour of hooked-end SFRC. Taking into accotet available (semi-) analytical
models for the pull-out behaviour of single fibres, analytical model is developed to
derive the mode | post-cracking constitutive lakirtg into account the fibre orientation
and embedded length distribution, the fibre streragtd the concrete strength. Further to
this analytical model, a new method to implemestfibre pull-out behaviour into a 3D
finite element model has been proposed. With tEMFnodel, the multiple cracking of
SFRC prisms subjected to four-point bending canmuelelled successfully. In due
consideration of the observed mode | behaviouri-ltnéar constitutive law is proposed
for the flexural toughness of SFRC, which is albtedo represent the pseudo-hardening
behaviour observed for SFRC containing low amoahtggh-performance type of fibres.

Since the propagation of shear cracks will notilmélar to a pure mode | crack opening,
the effect of fibres crossing a shear crack plaamleen investigated by means of direct
shear tests. Hereby, a double notched SFRC prisymisnetrically subjected to two in-
plane shear forces. The adopted test method il loaste push-through test setup initially
proposed as the JSCE-SF6 test setup. In order uestigate the effect of lateral
compression on the direct shear behaviour, thétizadl unconfined test setup has been
modified to apply a horizontal confinement perpentir to the shear plane.

It is found that the maximum direct shear strengimearly related to the fibre dosage
and that the shear stress transfer capacity of SR€&€ases further as a function of applied
confining stress. This latter increase is relatedhe square root of lateral confining
pressure. In this study, as an extension of thitiedola direct shear strength models, a direct
shear behaviour model is developed based on tlodveny shear friction phenomena such
as crack propagation behaviour, fibre pull-outuefice by the transverse pull-out and
aggregate interlocking. This analytical model ikedb predict the maximum shear friction
capacity of cracked SFRC, as well as the post-angdiranch of the stress-slip curve.

Research at the macro-scale level

In total, 11 precast concrete girders have beerufaatured by Megaton, part of the
Willy Naessens Group, and 27 shear tests have dm®tucted in the Magnel Laboratory
for Concrete Research. The main research variaskedibre content and shear span to
depth ratio. Since the span of the girders is eipu20 m or more, the shear test is conducted
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at both ends. Between each testing phase, the gapgre moved in order to avoid the

damaged zone of the previous tests. For four gircetthird test has been conducted to
study the shear response of the girders when loagéter away from the prestressed

girder end blocks. All tested girders failed in@has intended, though some differences in
the failure aspect details have been observed.

For all of the tested girders, special attentios b&en given towards the crack
propagation of shear cracks in the thin web. This lbeen monitored by means of a grid of
extensometers at one hand, and by means of a Digage Correlation Technique (DICT)
at the other hand. Hence, the shear crack displatehbehaviour of the shear critical area
is continuously monitored as a function of the &gpshear load. By comparing the applied
shear load at a crack opening equal to 2.5 mm atlteanaximum shear capacity of the
girders, it has been found that fibres are morectiffe to limit the crack opening, than to
increase largely the maximum shear strength. Fotdsts with a shear span to depth-ratio
(a/d-ratio) equal to 3.0, the observed relationdigpveen the increase of residual flexural
stress (increase of nominal fibre dosage) witheesfo the increase in shear capacity is
more distinct, as for this a/d-ratio the influe€elirect transfer of shear load to the support
through an arching effect is less pronounced.

Based on the observations from the full-scale stesis and the gained insights into
the behaviour of SFRC on the material level, aigeat model has been developed taking
into account the equilibrium and compatibility citi@hs analogously to the Modified
Compression Field Theory (MCFT). The existing fotations have been adapted in order
to introduce the SFRC constituent behaviour in ement with the experimental
observations on the macroscale as well as the islateeso-scale.

The developed model is able to describe the pasikarg shear behaviour of full-scale
prestressed SFRC girders. However, for lower vatfigssidual flexural strength and for
beams without any shear reinforcement, the difie@ebetween the modelled and
experimentally observed maximum shear capacigléively large. For girders containing
fibre dosages between 40 and 60 kg/m3 and foritderg with traditional reinforcement,
the sectional model output matches the experimeasailts relatively accurate. Generally
speaking, the sectional model was observed to yieltservative results. This can be
explained by keeping in mind that this model i®arb-like shear model, so that it is unable
to take into account direct load transfer to thgpsut and inherent arching action.

Given that the iterative calculation procedurehs MCFT approach is less desirable
for straightforward design calculations in engimegpractice, a new resistance model is
proposed in this work. This proposed engineeringlehds based on the iterative MCFT
shear capacity model given in the Model Code 2@#0,converting it in a closed-form
solution through observed correlations with physjgaenomena influencing the shear
strength such as dowel action, shear span to detith size effect and level of prestress.
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Shear design

In order to evaluate current design shear resistamadels, a shear test database has
been assembled based on shear test results agaildidbrature. When selecting these test
results, a sufficient amount of information hadéoavailable on the post-cracking tensile
stresses (e.grivalues, compressive strength, prestress, etehter the database. After
collecting shear test results available in literata selection of suitable results have been
made and 99 test results have been retained, ogvboth reinforced and prestressed
concrete members. Since the majority of resultsnted in literature corresponds with tests
on members with relatively limited dimensions arithaut the presence of a prestressing
force, the obtained shear test results from tHesfidle prestressed girders are of great value
to extend the database.

The considered models that have been verifiedmghect to the test database are those
provided by RILEM, the Model Code 2010 (both thep@mal model and the model based
on the simplified MCFT) and a model based on trestpdity theory. Furthermore, the
newly proposed engineering model has been includedvell, in this verification of
accuracy of the resistance models. The analysibées done for the whole database and
for subsets of reinforced and prestressed congieders only. It has been found that
current design provisions will yield an acceptathssign in case of reinforced concrete
beams, but for most models a very conservativegdes obtained for the case of
prestressed girders. Improved model accuracy igirdd with the proposed engineering
model.

Extending on the quantified accuracy of the resistanodels, an assessment has been
performed on using these models as design equatogating for a safe design in terms
of reliability index. This assessment resulteddltulated values of the model safety factor
of each of the considered design formulations.

Based on these reconsidered safety factors, twigrdeases for SFRC roof girders
have been conducted. Following, these IV-shapelgioders have been manufactured and
tested to verify the design procedure. For botl goders, with an applied fibre dosage of
20 and 35 kg/m3 respectively, it was found thatrttaximum obtained shear capacity was
much higher than the design value of the sheastegsie. Regarding the crack opening
behaviour, a stable crack control has been obsepéd shear failure.

For an economical application of steel fibres aasheinforcement, high quality SFRC
mixes should be executed in the precast produetiwironment so that scatter on the post-
cracking tensile response of the SFRC is kept witlwundaries and hence more beneficial
characteristic values of the fracture toughnesthefSFRC mix are obtained for a given
concrete type, fibre type and fibre dosage.
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Samenvatting

Om het gebruik van voorgespannen beton door mates@nologische innovaties
economisch interessanter te maken, is in dezeestuierzocht in welke mate staalvezels
kunnen gebruikt worden ter vervanging (deels of ledifj) van traditionele
beugelwapening. Door een bepaald aantal staalvigielss het mix-proces aan het beton
toe te voegen, wordt een deel van het productiegrocan voorgespannen ligger
gereduceerd door het vermijden van de arbeidsiemndewerkingen zoals het knippen,
plooien en plaatsen van beugels. Echter zijn eopoheden nog geen ontwerpmethoden
voor voorgespannen liggers uit staalvezelbeton (SVBeschikbaar in de
berekeningsnormen en zijn de ontwerpingenieurs va#at vertrouwd met de
eigenschappen en de werking van het composiet@mate&SVB. Gedurende de afgelopen
10 jaar zijn er door RILEM en fib een aantal ontrathtlijnen gepubliceerd die kunnen
beschouwd worden als pre-normatief. Naast het érpeteel luik van dit
onderzoeksproject, wordt ook gekeken naar de mjkheden van bestaande
ontwerpmodellen om de dwarskrachtcapaciteit vanrgegpannen SVB liggers te
voorspellen (inclusief met oog op structurele gigid en kosten efficiéntie) en welke
modellen geschikt zijn om toe te passen voor dikgadiebruik in studiebureaus van prefab
betonproducenten.

De hiertoe ondernomen onderzoeksstappen kunnewolgissamengevat worden:

(1) Eerst is op niveau van de composietwerking (cf.roaicen mesoniveau)
onderzocht hoe vezels bijdragen tot het scheurowggend vermogen van SVB
wanneer het scheurvlak enerzijds onderworpen waedt een uitsluitend axiale
component en anderzijds waarbij het scheurvlak ovalpen wordt aan een
hoofzakelijk transversale component.

(2) Op het macroniveau zijn in totaal 23 dwarskrachgpem uitgevoerd op 9 liggers
met ware grootte (20 m overspanning).

(3) De onderzoeksresultaten die verworven worden opekbet materiaalniveau als
op het structureel niveau zijn samengevoegd tewikkéling van een model
waarmee het gedrag van voorgespannen SVB liggens geanalyseerd en
gesimuleerd worden.

(4) Verschillende beschikbare rekenmodellen voor derskvachtcapaciteit van SVB
elementen zijn afgetoetst aan de hand van een atstaimet resultaten van
relevante dwarskrachtproeven. Op basis van de &edekmodelonzekerheden
zijn de huidige veiligheidsmarges herbekeken erdemwoorstellen gedaan voor
een praktisch dwarskrachtontwerp met SVB.
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Onderzoek op micro- en macroniveau

Bij het ontwerp van staalvezelbeton is het van shawr belang de nascheurtreksterkte
van het SVB te kennen. Tegenwoordig is het algeraeenaard dat de eigenschappen die
in rekening gebracht worden bij ontwerp voor elpbgywan SVB afzonderlijk dienen
geverifieerd te worden door proeven. De naschestizekte kan enerzijds bepaald worden
door axiale trekproven (directe methode) en anpiirzia indirect wijze door middel van
buigproeven op standaardprisma’s. Aangezien deed®r uitvoering van axiale
trekproeven vaak moeilijk uit te voeren valt, woett vaak gebruik gemaakt van de
gestandaardiseerde drie-puntsbuigproef op gekpridma’s. Door middel van deze proef
wordt het spanning-scheuropening diagram verkreggn basis waarvan door
transformatieformules een constitutieve materiaaveor SVB wordt afgeleid. Verder
dienen er ook een voldoende aantal proeven uitgduweevorden opdat de spreiding van
de proefresultaten gekend is en een karakteristiglegde van de ontwerpparameter kan
bepaald worden.

In deze studie worden ter bepaling van de congtitetmateriaalwet van SVB na
scheurvorming verschillende methoden ter modeberioorgesteld en geévalueerd.
Vertrekkende van bestaande (semi-)analytische reodelie het uittrekgedrag van
gehaakte vezels beschrijven, is een analytisch modevikkeld om het Mode |
nascheurgedrag van SVB te simuleren. Hierbij wamkening gehouden met het
orientatieprofiel van de staalvezels, de ingebdddgte, de sterkte van de vezel en de
betonkwaliteit. Naast het analytisch model is ek @@n manier voorgesteld om het
nascheurgedrag van een vezel te implementerennireiedige-elementenmodel. Aldus
wordt een standaard buigproef driedimensionaal getfreerd en kan het buigingsgedrag
met meervoudige scheurvorming gesimuleerd worden. derde wordt op basis van een
inverse analyse van buigproefresultaten een vecertigd trilineair model voorgesteld dat
kan gebruikt worden ter bepaling van het naschelegewaarbij ook onderscheid kan
gemaakt worden tussen pseudo-hardening gedragypiath is waargenomen bij SVB
met lage gehaltes aan hoog-performante vezels mbicatie met een relatief hoge
betonkwaliteit.

Aangezien, de scheurvorming bij dwarskracht nienttek is aan een puur Mode |
scheurpropagatie, wordt ook het effect onderzoahtstaalvezels op het nascheurgedrag
van SVB wanneer het onderworpen wordt aan direfsehaiving. Daartoe wordt een
standaardprisma symmetrisch belast met een gedoveemte afschuifbelasting. De
aangewende proefmethode is gebaseerd op de door JBEE ontwikkelde
doorschuifproefmethode JSCE-SF6. Bovendien is gexfmethode verder aangepast om
het effect in acht te nemen van een zijdelingskldacht die horizontaal inwerkt loodrecht
op het afschuifviak.

Er is vastgesteld dat de afschuifsterkte lineaneemt in functie van het vezelgehalte.
Verder kan de afschuifsterkte verder verhoogd wordeor het toepassen van een
zijdelings drukspanning, maar deze toename is geleerd met de wortel van de
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toegepaste zijdelings spanning. In tegenstellirtgd® beschikbare modellen voor de
maximale afschuifsterkte, die voorgesteld zijn opsi® van eerder verkregen
proefresultaten, is er in dit onderzoek getrachtmedel te ontwikkelen dat kan gebruikt
worden om het volledige schuifspanning-slip diagtanibeschrijven. Daarbij kan in het
model rekening gehouden worden met de belangrijksteedsparameters zoals de relatie
tussen scheurwijdte en slip, de transversale veltalpt, en de haakweerstand van het
ruwe afschuifvlak (aggregate interlocking). Naast dhaximale waarde van de
afschuifsterkte kan ook de residuele tak van hsthafifspanning-slipdiagram bepaald
worden.

Onderzoek op macroniveau

In totaal zijn er door de firma Megaton, onderdesah de groep Willy Naessens, 11
voorgespannen I-liggers geproduceerd waarop 27 stnanhtproeven uitgevoerd zijn in
het Laboratorium Magnel voor Betononderzoek. Hijggbvoornamelijk de invloed van de
vezeldosering en de a/d-verhouding nagegaan opwadeskirachtsterkte nagegaan. De
reproduceerbaarheid van de dwarskracht proefrésnlia nagegaan door dezelfde liggers
meervoudig op dwarskracht te testen. Gezien ddderan de balken gelijk is aan 20 m,
worden voor alle liggers beide uiteinde beproefdzign een aantal liggers een derde keer
beproefd. Tussen elke dwarskrachtproef per balk,dg steunpunten verplaatst om geen
ongewenste effecten te verkrijgen ten gevolge weatder gevormde dwarskrachtscheur.

Bij alle uitgevoerde dwarskrachtproeven is voorngknegekeken naar de
scheurontwikkeling in de lijfplaat van de liggerits voor alle uitgevoerde proeven
opgemeten door middel van een vast grid van exteasss en voor een groot deel van de
proeven door middel van een DIC (Digital Image €lation) techniek. Hierdoor was het
mogelijk om de ontwikkeling van de dwarskrachtsekauin functie van de opgelegde
dwarskracht te monitoren voor de volledig dwarsktagne. Voor alle balken is een
dwarskrachtbreuk waargenomen. Wanneer gekeken waadtde dwarskrachtsterkte voor
een scheuropening gelijk aan 2.5 mm, kan geconefddeorden dat de toevoeging van
vezels aan het beton voornamelijk effect heeftetfbklemmeren van de scheurpropagatie,
eerder dan op het sterk verhogen van de bezwijklast de liggers. Voor de
dwarskrachtproeven uitgevoerd met een verhoudidg-&3 is, in vergelijking met a/d =
2.5, een meer uitgesproken stijgend verband waangen tussen de residuele
buigtreksterkte en de bezwijklast.

Op basis van de waargenomen proefresultaten oprigmet ware grootte en de
verworven inzichten met betrekking tot de scheurorgggende werking van vezels voor
zowel een axiale als een transversale scheuropesiegn sectionaalmodel ontwikkeld dat
steunt op de principes van de Modified Compresgieid Theory (MCFT). Hiertoe zijn
de bestaande materiaalwetten herbekeken om rekenimyden met de aanwezigheid van
staalvezels in het beton en de waargenomen sclopagatie bij de dwarskrachtproeven

op liggers.
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Het ontwikkelde model kan gebruikt worden om hdtedig niet-lineaire gedrag van
de staalvezelbetonbalken te beschrijven. Voor fggeet vezelgehaltes lager dan 20 kg/m3
en voor balken zonder dwarskrachtwapening is hetchd tussen de gemodelleerde en
experimenteel bepaalde dwarskrachtsterkte relgt@mst. Bij hogere vezelgehaltes en bij
liggers met traditionele wapening geeft het moaséle benaderingen. Algemeen gezien,
geeft het sectionaalmodel conservatieve resultételerdaad, rekening houdend met het
feit dat het sectionaalmodel een balkmodel benagésivoor de dwarskrachtwerking, kan
er geen rekening gehouden worden met de effectebaagwerking.

Ontwerpmodellen

Om de bruikbaarheid van bestaande ontwerpmodeliele gaan is een database van
dwarskrachtresultaten samengesteld op basis veesthikbare resultaten in de literatuur.
Bij de selectie van deze resultaten dient er reigemhee gehouden te worden dat er
voldoende informatie wordt gegeven met betrekking de eigenschappen van het
staalvezelbeton (residuele buigtreksterkte, betdrederkte, voorspanning, etc.). Na het
verzamelen van alle resultaten van dwarskrachtgmeen het toepassen van de
selectiecriteria zijn er in totaal 76 testresultateerhouden om op te nemen in de database.
Aangezien het merendeel van deze resultaten aflgmijst van proeven op relatief kleine
balken zonder voorspanning, zijn de proefresultaiedeze studie van zeer groot belang
om de verscheidenheid van parameters in de databeder uit te breiden. Uiteindelijk is
er een dataset bekomen waarbij 30 resultaten atigrig: van proeven op voorgespannen
liggers en 69 op gewapende balken.

De beschouwde modellen die afgetoetst zijn aaradesgestelde database zijn deze
van RILEM, Model Code 2010 (twee verschillende rodém), de plasticiteitstheorie en
een nieuw voorgesteld ingenieursmodel. De dwarkktapaciteit van deze vijf modellen
zZijn vergeleken met de volledige dataset en verder de subsets van enkel voorgespannen
of gewapende balken. Daarbij is tevens gekekendwavloed van de treksterkte van het
beton (gerelateerd aan de betondruksterkte) erasiehaurtreksterkte in geval van SVB.
Op basis van deze vergelijking is gevonden datatBtionele modellen over het algemeen
voor gewapende balken een goede inschatting maiende dwarskrachtsterkte maar
waarbij toch een relatief hoge modelonzekerheishtdie acht genomen te worden. Bij
voorgespannen elementen wordt de dwarskrachtsteskid sterk onderschat. Meer
accurate voorspellingen worden bekomen met hetgestelde ingenieursmodel.

Na de bepaling van de modelonzekerheden is vooekéomodel de veiligheidsmarge
herbekeken, op basis waarvan twee rekenvoorbeslaenhet dwarskrachtontwerp zijn
uitgevoerd voor dakliggers met veranderlijke hoo@eide liggers, ontworpen met een
vezelgehalte van respectievelijk 20 en 35 kg/njh zervolgens onderworpen aan een
dwarskrachtproef. Hierbij is gevonden dat de maleénaavarskrachtcapaciteit veel hoger
is dan de ontwerpwaarde en dat na scheurvormingvekels voor een stabiele
scheurpropagatie zorgen. Als aandachtspunt diembihiopgemerkt te worden dat het
noodzakelijk is om een goede kwaliteitswaarbordogyte passen in het productieproces,
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om op die manier het benodigd aantal vezels voarvemropgestelde karakteristieke
residuele buigtreksterkte economisch optimaal telbo.
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1 INTRODUCTION

1.1 General

During the last 50 years, the use of precast cteéoe construction has experienced a
strong growth [1]. Not only the quality of the coete elements is enhanced by means of
the controlled production environment, but also toastruction time can be reduced
strongly. Precast concrete girders are, due to thically larger spans, designed to resist
high bending moments and in a way to improve ttiecéffeness and economical use of
concrete for the precast industry, cross-sectiomg@nerally reduced which results in the
development of T, double-T and I-shaped crossestiFor roof girders, a variable height
is applied in order to reduce the self-weight amgrovide automatically a slope. Hence,
an optimal economic design of precast girdersdlsadlenge for further innovation.

However, due to the limited web thickness, slermErms become more sensitive for
other failure mechanisms such as buckling, toraiwhshear. As a result, special attention
is needed for the resistance of precast membenssagilaese actions.
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1.2 Problem statement

In the current design codes a distinction is magterben the shear resistance of zones
with or without bending cracks present in the Smrability Limit State (SLS) [2]. In the
case of prestressing however, bending cracks &arékety to occur in the SLS and the
effect of prestress has to be taken into accoumtvéduate the design shear crack load.
When the design shear load is lower than the destigar crack load, the shear forces are
taken by the concrete and the prestress actionekenva minimum amount of transverse
reinforcement has to be placed in order to progidiicient ductility when reaching the
Ultimate Limit State (ULS). If the design shearakdoad is lower than the design shear
load, the concrete contribution shall be negleeted the shear capacity of the girder shall
be provided by transverse rebars only. As a reslodt, application of current design
procedures for shear [2, 3] will automatically leaadhe placement of either minimum or
calculated amounts of transverse reinforcement.

In order to find a way to further improve the econcs of precast concrete elements,
solutions are sought to reduce both material abduacosts within the manufacturing
process. Since the placing of traditional stirraps labour-intensive, several alternatives
to omit (partially or completely) traditional stips as shear reinforcement have been
investigated in the past.

One of the most promising techniques widely ingg#d, is the use of steel fibres in
reinforced concrete. Fibres can be easily addede@oncrete during the mixing process
and provide significant increase of toughness amttility after cracking. If fibres can
provide sufficient post-cracking strength to theaete, the use of traditional stirrups can
be reduced or replaced and the precast productimcegs speed will be increased and
labour costs can be reduced significantly. Herebg, decrease of labour costs should
balance at least the increase in material costdaltiee use of high quality materials such
as fibres and high strength concrete.

Although the use of fibres as shear reinforcemastlieen proven to be feasible under
laboratory conditions by the scientific communidy9], real life structural applications are
rather limited. Only one example of the applicatadrsteel fibres as shear reinforcement
in practice is known to the author: for a warehoos#t in 2005 in Dortmund, 22 m span
ceiling girders were manufactured of Steel Fibrénfeeced Concrete (SFRC) to resist
shear forces [10]. The lack of practical case sidian be attributed to an insufficient
material knowledge by design engineers and thenglesaf internationally accepted design
guidelines. In order to increase the overall acege of this new technique within the daily
practice of design engineers, the transfer of kedgé acquired through research should
be facilitated. In this respect, the experimemakstigation of the shear capacity of full-
scale prestressed girders is fairly unique, whenpaved to shear test data available in
literature.
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A first step in the development of a unified apmto#o the shear design of SFRC was
proposed by the RILEM committee TC-TDF 162 in 2(D®] . More recently, the Model
Code 2010 [12] provides two design proceduresdhatbe used for the shear design of
SFRC elements. Nevertheless, it has not yet beavepror investigated whether these
procedures yield economical solutions or safe desion the case of prefabricated
prestressed concrete girders.

In short, the following problem statement is addeesin this study: although shear
design of SFRC members is recently implementectgigth guidelines, no evidence is yet
available on the feasibility of these models towgdtee design of full-scale precast concrete
girders when replacing traditional stirrups by SFRC

1.3 Aim of the thesis and research objectives

It is the aim of this study to verify experimenyaib what extent steel fibres can be used
to either reduce or replace traditional stirrupstasar reinforcement in full-scale precast
concrete girders and to evaluate existing or tp@se new shear design procedures which
can be adopted in the daily practice of designresggs. In order to reach this, research will
be done on different sub-domains or scale leveld tlhe following research objectives are
defined:

At micro- and mesoscale level

Since the enhanced post-cracking toughness of S§R@inly attributed to the pull-
out behaviour of both straight and deformed fibeeBitst research objective is defined on
the micro- and mesoscale level. To better undeddtaa post-cracking behaviour of SFRC
in bending and direct shear, it is the objectivedtablish an analytical relationship between
the single fibre pull-out behaviour and the comfmbiehaviour at mesoscale level (e.qg.
tests on standard prisms), both for the case dfigiieg the tensile response and the direct
shear response.

At macroscale level:

On the macro scale level, the shear behaviourlbE¢ale prestressed SFRC will be
experimentally investigated. In this part of theaarch, it is the objective to evaluate the
effectiveness of steel fibres used as shear re@afoent and to enlarge the existing set of
experimental data available in literature. Spefoals will be given to the shear crack
opening behaviour as a function of applied sheaudl.lo

At engineering level:

At engineering level, it is the objective to deyebn analytical model for the prediction
of the shear behaviour and shear resistance eéd¢ale SFRC girders. This is done by
making use of the experimental test results ardirfgs at micro-, meso- and macrolevel.
A second objective at engineering level is the watidn of resistance models in terms of a
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safe design (i.e. corresponding with a target bditg index), and their further application
in a design example of SFRC roof girders, whichfaualy tested up to failure to confirm
the design methodology

1.4 Outline of the thesis

Following this first chapter, in which the scopelabjectives of the doctoral study are
given, in Chapter 2, a state of the art overviethwespect to the mechanical properties of
SFRC subjected to axial and shear loading is pealat the mesoscale or material level.

An overview of relevant literature concerning shieehaviour and the use of fibres as
shear reinforcement, is given in Chapter 3. In dvsrview, special attention is given to
shear design equations for reinforced or prestdessacrete beams without stirrups and
with steel fibres as the only shear reinforcement.

Chapter 4 provides all research results obtaingti®@material level of SFRC in which
further distinction is made between pull-out bebaviand composite behaviour. Based on
the experimental observations at meso-scale arithBdasemi-analytical models for the
pull-out behaviour of hooked-end fibres, differenvdelling techniques (numerical and
analytical) are developed and evaluated to analysepost cracking behaviour in both
mode | (opening) and mixed mode (shear frictioapiag conditions.

Concerning the experimental work done at the maatesevel, research results are
described in Chapter 5 for the 23 full-scale shesis performed on prestressed I-shaped
girders. In total, 9 girders were manufactured iprecast concrete plant and tested in
laboratory conditions. Additional to the strain ateflection measurements of the girders
as a function of the applied shear load, the dhelaaviour of the prestressed girders is also
investigated in terms of the crack propagation bigha of the critical shear cracks in the
thin web. This is done by means of a Digital Im&gerelation Technique.

In Chapter 6, a method to model the shear behawitihe full-scale prestressed SFRC
girders is proposed. This model is implementedspational analysis software tool, based
on the theoretical principals of the Modified Coesgsion Field Theory (MCFT), which is
updated with the constitutive material models oRSF A verification of this analytical
model is performed on the basis of the experimetdtd from Chapter 5.

A shear test database is assembled in Chapter dsauto evaluate the accuracy of
different shear resistance models. As an extetita@xisting state of the art, a simplified
design model is proposed based on the experimesgrvations of Chapter 5 and
behaviour models from Chapter 6. Furthermore ingB#ras, an evaluation is performed of
the design safety factors when applying these steséstance models for design purpose
and aiming for a target reliability index.
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As a case study given in Chapter 8, the designegiure is applied on two different
girders with variable height. These girders are gilsoduced and tested up to failure.
Hereby, general observations are made towardsrhkinentation of fibres in both the
production and design stage of prestressed SFRIErgir

Finally, general conclusions are drawn and suggestre made for further research in
Chapter 9.
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2 LITERATURE REVIEW ON SFRC

2.1 Steel Fibre Reinforced Concrete

2.1.1 Historical background

More than 4500 years ago, in the ancient cultufédesopotamia and Egypt, natural
fibres were used to strengthen sun-dried mud grlwlizks. These fibres, e.g. straw or flax
fibres, were used to prevent the sun-dried bricksfcrumbling during transportation or
manipulation [1]. Other examples of the early useamposites in human history can be
found in Roman culture around 500-400 BC. The Ramesed lime-mortars and concrete
made of ‘puzzalano trass’ strengthened with haaed-goat hair.

Although the use of concrete was widespread arthatdime, together with the fall of
the Roman Empire, the use of natural cements focrete construction disappeared
completely. It was waiting until the discovery adelvelopment of the modern Portland
cement in the early ¥9century by Joseph and William Aspdin, for concretdoecome
more popular again and being applied as a congtruptaterial [2]. However, engineers

recognized the major deficiency of the concretbawe low tensile strength capacity and
its brittle nature.
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Around that time, the French engineer Joseph-Lbaiabot experimented with wire
reinforcement which led to the use of ferrocemémter in 1868, Joseph Monier was
granted a patent for the invention of a new systémeinforcement which led to the
development of reinforced concrete as known todag use of continuous steel bars to
bridge cracks in a concrete section led evideotiphé popularity of reinforced concrete as
an economical construction material.

However, instead of placing steel wires or barg guncrete in order to sustain tensile
stresses after cracking, the idea of using fibeea homogenous type of reinforcement to
increase the tensile strength of concrete wasanigithg many researchers at that time. The
first inventions which led to the development ofdem fibre reinforced concrete were
made in the late 19century. The first was made by Ludwig Hatschekpwwhoduced thin
sheets made of 90 % cement-paste and 10% asbiesess Since then, the use of asbestos
fibres began to spread worldwide and was usedn®mptoduction of both internal- and
external cladding and roofing materials [3]. Anatievention was made by A. Berard,
who filed his patent in 1874 for the productioncoihcrete with dispersed steel grains of
waste materials [4]. Around 1910, the use of naifise segments and metal chips were
mentioned in experimental test reports and paf8htéround 1940, glass fibres were first
used in construction in Russia.

Although several attempts were made to improvéethsile capacity of concrete during
the early 28 century, serious scientific work in the field dfre reinforced concrete started
in the 1960’s. Initially, it was believed that fés could enhance the tensile strength of the
concrete. First serious attempts to investigate cin@posite behaviour were done by
Romualdi & Batson [5] and Romualdi & Mandel [6]. €&l on linear fracture mechanics,
they found that the toughness of Fibre Reinforceddtete (FRC) is related to the square
root of fibre spacing. However, no significant biésecould be addressed to the use of fibre
reinforcement at that time.

During the 1970’s, due to improved testing equiptreard analysis procedures, the
concepts of energy absorption and fracture toughwese further introduced. The benefits
of fibres towards the improved post-cracking st&sain relationship of FRC were first
reported by Shah and Rangan [7]. They observedhbkanost significant effect of fibres
was derived after cracking of the matrix, enhandhmgfracture toughness instead of the
concrete tensile strength (see Fig. 2.1, left)oFioeir experimental work, it was concluded
that the post-cracking toughness of FRC was madsflyenced by the fibre length,
orientation and stress-strain relationship. In 19N@aman [8, 9] studied the behaviour of
FRC containing straight smooth steel fibres usecklatively high dosages. This can be
seen as a key point in history towards the devedyrand analysis of modern types of
FRC.
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Fig. 2.1 — Influence of fibres on the increaseenfsile strength and post-cracking toughness (from
Shah and Rangan [7]) and concept of fibre bridgifrgm RILEM [10])

The experimental results of Shah and Rangan (Figleft) evidence the enhancement
of post-cracking toughness rather than the incredsensile strength of the concrete
matrix. In the right graph of Fig. 2.1, the totabsp-cracking response of SFRC is
schematically visualised as the summation of ameand fibre contribution. This graph
shows that the fibres are mainly contributing te thnsile behaviour of the composite for

higher values of the crack opening. A typical viefxfibres bridging a crack is shown in
Fig. 2.2.

Fig. 2.2 — Bending (left) and axial (right) tensfllure planes of SFRC

2.1.2 Steel fibre types

The first types of steel fibre reinforced concretre made by using high dosages of
short straight fibres [1, 3]. However, it was foutidt for relatively high dosages, the
increase of post-cracking tensile strength waserdimited. As a consequence, different
types of fibres have been developed with a widgeaf shape, length, diameter and wire
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strength. An overview of various possible shapasodern types of fibres is given in Fig.
2.3. In Table 2.1, the range of variation of diffier material properties are summarized.

Smooth surface (round, fiat or of any shape)

Indented, etched, roughened surface

Round with end paddies
= =1

Round with end buttons

& 0

’:\\ Round with hooked ends f/:'

Crimped (round, flat or of any section)

Polygonal twisted

Fig. 2.3 — Different types of fibres and their peutar shape (from Naaman [11])

Table 2.1 — Typical range of steel fibre properties

Property Range
Tensile strength [N/mm?] 1000-3000
Ultimate strain [-] 1-5%
Fibre length k[mm] 10-60
Fibre diameter dfmm] 0.2-1

Aspect ratio (k/d) 20-100

One of the most popular types of deformed fibreshis hooked-end fibre which
provides high post-cracking ductility due to plastieformation of the hook during pull-
out. For fibre types with increased anchorage dapax loss of ductility is observed by
either failure of the concrete matrix or by fibtgpture. The first failing mechanism is more
likely to occur for a combination of a low-strengttatrix and high strength fibre, while the
second brittle failure mechanism is caused by tmakination of high strength concrete
with a relatively low fibre tensile strength. Thechorage capacity of a single fibre has
been studied in the past by means of pull-outrtgsfor both aligned and inclined
configurations. A more detailed description of pui-out process of hooked-end fibres is
given in Section 2.2.

2.1.3 SFRC in the fresh state

Both the workability and the final performance @increte with steel fibres can be
adversely affected, if the effect of addition dirés to the concrete is not properly taken
into account. During the mixing of SFRC, fibres aither added and mixed first together

10
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with the dry components or added to the fresh airafterwards. A too fast addition rate
of fibres can cause fibres sticking together amthiiog a fibre ball. Most common is a dry
fibre ball which is formed by tangling of loose ri#s and covering of this tangled fibres
with a layer of concrete. Inside the ball, onlyréib and dry sand is present. In general,
balling and clustering of fibres, due to a bad disfon, will cause undesirable cavities and
an overall loss of performance. To overcome theeflialling, a suitable fibre integration
method should be adopted. This can be done byangethe fibre addition rate of loose
fibres or by using glued fibres which will indudeetrelease of fibres in the concrete when
the glue is dissolved by the mixing water. Wetibglican occur when the mixing time is
too long, when the grading of the concrete is indized and if the aggregate size is too
large for the used type of fibre. The risk of badligenerally increases for higher fibre
lengths and inherent aspect ratio.

When fibres are added to concrete, special attestiould be addressed to the concrete
mix composition. In general, for increasing fibrentent, the workability of the SFRC
decreases [12] and in order to overcome workahggyes, the concrete grading has to be
optimized with respect to the adopted type of fierel dosage. This can be done by
increasing the mortar fraction and the use of watducing agents. In order to avoid
workability issues for SFRC mixes containing veigthvolumes of fibres (> 1.5%), self-
compacting concrete types are often used. Sinceribetation of fibres can be influenced
by the concrete flow during filling of the formwaqrkttention should be paid towards the
possibility of undesirable orientation of fibrestlwirespect to the main cracking pattern
expected. The influence of fibre dosage on the glyffow) and consistency were
experimentally investigated by Markovich [12]. ligF2.4, the effect of the fibre factor
(i.e. fibre volume fraction multiplied with the ratbetween fibre length and diameter) on
the slump flow of self-compacting concrete has b&sown for a SFRC containing only
short (13 mm) and both short and long (60 mm) &bre
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100 100 lL
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4.391 e
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30% e o 80 4 o N .
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Fig. 2.4 — Influence of fibre dosage on the workgbof SFRC [12]
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Further it should be noted that adding fibres camdase the air-content and have a
negative effect on the porosity of the concretee Buthe presence of fibres, the packing
density of the concrete matrix is affected anthefconcrete matrix design is not optimized,
it can eventually lead to a decrease of overallopgrance. Moreover, for increasing air-
content, the bond strength of fibres will decredige to the presence of air-bubbles at the
fibre/matrix interface. For normal concrete, threaintent will be around 1.5-2.0 of Vol-%.
However, when fibres are included, the air-conteay increase to around 5%. The effect
of fibres on the packing density is schematicatigwen in Fig. 2.5.

volume increase due
to fibre addition

N
/\
packing density of packing density of
coarse aggregates coarse aggregates

around a fibre

Fig. 2.5 — Schematic visualisation of the effedttot addition on the packing density of concrete
(from Bartos and Hoy [13])
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2.2 Pull-out behaviour of hooked-end fibres

2.2.1 General principles

Since the post-cracking tensile strength capadi§FRC is inherent to the anchorage
of fibres in the matrix, understanding the mechasisf fibre pull-out of both straight and
deformed fibres have been thoroughly investigatethé past. For the case of hooked-end
fibres, the entire pull-out mechanism can be digigetwo main parts: a debonding phase
and a mechanical deformation phase (i.e. the aptbhbut). A schematic of the pull-out
response of a hooked-end fibre is shown in Fig. 2.6

ngd A
P

m

B

Displacement (A)
Fig. 2.6 — Schematic of the pull-out response okied-end fibres [14]

During the debonding phase, shear stresses alenfjbite-matrix interface provide
pull-out resistance. For the case of aligned stidigres, the debonding load EFig. 2.6,
Zone 1) will lead to a completely debonded fibretrixainterface and will lead to the
pull-out failure. For the particular case of singtedouble hooked-end fibres, the existence
of additional curved segments at the fibre endsviges a mechanical anchorage
contribution equal to RPy (Fig. 2.6, Zone Il) which is much larger than tesistance
provided by the bond shear stresses only. Whefiiteedebonds, an increase of the pull-
out resistance is caused by the coulomb frictiéeces along the curved length of the fibre
as well as the plastic deformation due to bendintg@deformed hooks [15, 16].

When the fibre is completely debonded along its esdied length, the maximum pull-
out force has been reached. From this point, arthdu slipping of the fibre through the
pull-out channel will cause a gradual decreaseutifqut resistance. In a first stage of the
pull-out phase, the hooked-ends are straightenmdsenting the drop in the pull-out curve,
after reaching the maximum pull-out loagd. Rfter passing the last inflection point, the
hook is roughly straightened, providing an almaststant residual pull-out strength (Fig.
2.6, Zone Ill), until the embedded length beconaesshort and no pull-out forces can be
transferred anymore and a complete decay of pulfevce is observed (Fig. 2.6, Zone V).

For the case of crimped fibres, fibres with conieapaddled ends (cf. Fig. 2.3) and
fibres with more than two bended segments at thee fends, the pull-out forces will

13
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become very high due to an almost perfect anchavbggee hook. This implies that there
is no significant slipping phase when the fibre haguctility. Hence, the crack bridging
ability of fibres for higher crack-width has to peovided by a plastic elongation of the
debonded fibre length. As a result, pull-out fadlwvill occur either by loss of anchorage
due to failure of the concrete matrix or by excesgilastic deformation of the fibre.

2.2.2 Influencing parameters

2.2.2.1 Fibre dimension and relative strength

The main parameters influencing the pull-out betawof hooked-end fibres are the
embedded length, tensile strength and diametdreofilbre and the concrete compressive
strength. Van Gysel [16] studied the effect of éhparameters on the pull-out response of
hooked-end fibres with a length of 60 mm and déferfibre diameters of 0.50 and 0.80 mm
for both low and high carbon content steel fibréseth in a low and high strength concrete
matrix. Typical average pull-out curves are comganeFig. 2.7.

(a) (b)
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Fig. 2.7 — Influence of embedded length (a), calrccempressive strength (b), fibre tensile strength
(c) and diameter (d) on the pull-out response bbaked-end fibre (from Soetens et al. [17])

From Fig. 2.7, it can be seen that the influencembedded length has a negligible
effect on the debonding phase of the pull-out pgecElowever, since the fibre can only be
pulled out over its embedded length, the residtrasses can only be transferred until a
maximum slip equal to the embedded length. Conisigerack widths up to 2 to 3 mm as
the ultimate limit state of crack opening, the edded length is a parameter of minor
importance in case of single fibre pull-out.
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For both an increase of fibre tensile strength eodcrete compressive strength, a
constant increase of pull-forces over the entippsig range has been observed. For higher
concrete strengths, the bonding mechanism betviesdiibre and the matrix is stronger and
for a higher steel strength, the deformation ofttheked-end requires more energy.

A logical increase of pull-out force has been obsérfor higher fibre diameter since
the stresses in the fibre will be more or less w@oris Further, it was found by Van Gysel
that the residual pull-out strength is influencgdhe fibre diameter, concrete compressive
strength and fibre yield strength. An empiricalnfalation for the residual capacity of the
hook after being rectified by pulling it throughetimortar channel, has been proposed as
follows:

1
F ..=—ffd? Eq. 2.1
h,res 325 J)df q

Whereby, §is the compressive strengthj< the yield strength of the fibre andslthe
fibre diameter.

2.2.2.2 Fibre inclination

Since fibres are randomly dispersed in the conengtteix, all fibres crossing the crack
plane will be pulled out for a given inclinationgd@. The influence of fibre inclination on
the pull-out response has been investigated byrakeraesearchers [16-19]. Robins et al.
[18] performed pull-out tests on hooked-end fibersbedded at different inclination
angles. The average pull-out curves for each iatibn are shown in Fig. 2.8.
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Fig. 2.8 — Influence of fibre inclination on thellpout response [18]

As can be seen form Fig. 2.8 (left), the inclinataf fibres will lead to an increase of
fibre pull-out resistance. This increase is causgdhe additional frictional effects and
mechanical anchorage due to bending of the fibtheatrack surface. Due to local stress
concentrations at the fibre exit point, the coremtthe fibre exit point will be damaged
causing the fibre to be able to undergo an extr@ing displacement. This phenomenon
will lead to higher crack openings when reaching tiieximum pull-out load. For higher
values of the inclination angle, the coulomb foatat the fibre exit point will become large
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enough to change between ductile pull-out failora more brittle fibre rupture failure and
a decrease of toughness (Fig. 2.8, right).

2.2.2.3 Mutual fibre interaction

When the embedded length of fibres is relativelpiithe occurrence of matrix rupture
or splitting is possible. Further, when fibres spaced closely (i.e. for high fibre dosages),
the chance of fibres damaging the anchorage zaham#uencing the embedded conditions
of nearby positioned fibre is possible. In Fig.,2a8 idealized situation of three fibres in
one plane is shown and for which the second fibnefiluencing the nearby positioned fibre

(i.e. fibre 3).
fibre 1 T fibre 2¢ fibre .’J‘f

Lemb, ed

Lemb,ini

Fig. 2.9 — Fibre interaction due to a splitting li@e of the surround matrix (from Markovich [12])

From Fig. 2.9, it can be seen that due to the alagedailure of fibre 2, a concrete cone
is being removed. Since the volume of this irregotme also contains a part of fibre 3, the
embedded length of fibre 3 shall be decreased siyglded consequently, a lower fibre
pull-out capacity for fibre 3 will be observed. Whthe post-cracking tensile capacity is
analysed as the summation of the pull-out forcealldibres, the mutual fibre interaction
will decrease the post-cracking capacity of the SEEBmposite. Since the damaging of the
anchorage zone will be more pronounced for higitee fdosages, a non-proportional
increase of the post-cracking tensile strengthFRS with respect to the total amount of
fibres crossing the crack plane can be observedomparison between the effective
amount of fibres actually being pull-out and the&atamount of fibres crossing the crack is
shown in Fig. 2.10.
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Fig. 2.10 — Comparison between effective fibreswetotal fibres crossing the crack plane (from
Dupont [20])

2.2.3 Pull-out models

The basis for pull-out models of deformed fibreshis analytical description of the
debonding of the straight part. Based on pull-estg on straight fibres, different models
are proposed by Stang [21, 22], Grey [23-25], Naa&&lamur [26] and Wang et al. [27],
to predict the pull-out frictional stress decaydanction of pull-out distance. The pull-out
model of a straight fibre, as proposed by Wang [ diven in Fig. 2.11. The load on the
fibre increases linearly, until reaching a maximoomd capacity. After this, the load drops
to the frictional shear strength of the fibre whfcither decays with increasing pull-out

distance. This decreasing pull-out force is modedle linear, and relates to the increasing
damage of the fibre-matrix interface.

Matrl embedment length (42):0.5in
atrix - fiber diameter=0.01in
8 & 2,2600psi, 2i=275psi
o atastropic
. 8 debonding
k)
2222227 9 frictional
—» P - 4 pull-out T
7777777 2
Elastic Frictional 5 3 -==expt. Naaman
Bond Bond R o and Shah
Sl — pull-cut modei
o) ! ! P—— .
o Q.1 Q.2 03 04 05 C8 0.7

’ disp!f:cemént, 8 tin)

Fig. 2.11 — Modelling concept of fibre debondingamling to Wang [27].

With respect to deformed fibres, the most importeontribution to the pull-out
modelling has been done by Chanvillard [15], bypmsing a method based on the
principals of virtual work to calculate the pulltovesponse. This model was later

optimized, based on the experimental results frboua120 pull-out tests by Van Gysel
[16].
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In the semi-analytical pull-out model developedan Gysel [17], the debonding of
the straight part is taken into account by the enmntation of the shear lag model for
which the mathematical description has been praphseStang [21]. Furthermore, the
model takes into account several parameters sufibrasinclination, fibre shape, tensile
strength, embedded length and concrete compressigagth. A comparison between
modelled and experimental pull-out curves is shamwifrig. 2.12. Detailed information
about the model with a calculation example cando@d in [17].

(a) (b)

N
wn
(=3

[
[=3
=}

1004

Pull-out load [N]
H
]
|
27z
Pull-out load [N]

501

0

0 5 10 15 20 25 30 0 1 2 3 4 5
Slip [mm] Slip [mm]

Fig. 2.12 — Comparison between experimental andefiexipull-out curves by Van Gysel et al.
[16] for a normal strength concrete: a) completenaiand b) detail for a slip between 0-5 mm

A simplified empirical approach has been develdpgdliwan et al. [28]. The pull-out
load slip curve is defined by four key-points cepending to the pull-out load,.Pand
inherent slipAi... Similarly, another model has been proposed bwarjaira [19]. The
schematic representations of the pull-out curveatifi models are shown in Fig. 2.13.

Pull-Out
Load

N0

wO

Hook
~N Contribution [2 Plastic Hinges]

Hook
/—Conlribuﬂon [1 Plastic Hinge]
4

E.]
o

Smooth

Fibe
R \4

Frictional
o Pullout

AA, A3 A, Fiber End Displacement

Fig. 2.13 — Schematic representation of the putlfrocess according to Alwan [28] (left) and
Laranjeira [19] (right)

Regarding the shape of the modelled pull-out cshawn in Fig. 2.13 (right), the pull-
out behaviour is mainly defined by eight distincirgs. According to Laranjeira, these
points (H-s) are related to the specific pull-out situatiosshown in Fig. 2.14.
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Fig. 2.14 — Different stages defining the pull-outve

The spalling lengths de1 and Lsp, are determined iteratively as a function of fibre
inclination, pull-out force and coulomb friction efficient between fibre and matrix. The
first spalling length is denoted asph, While Lsp2is the additional length of spalling due to
progressive fibre pull-out and related deformatidthe fibre exit point. In contrast to the
spalling criterion adopted by Van Gysel, wherelopmpressive failure is assumed (contact
pressure induced concrete wedge failure), the maglproposed by Laranjeira, takes into
account the fibre inclination by means of a spgliiniterion based on the tensile capacity
of a concrete wedge being pushed off.
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2.3 Post-cracking behaviour

2.3.1 Crack propagation

When a plain concrete element is subjected toriater external loadings, it will either
fail in tension or in compression from the momérd principal stresses reach the tensile
or compressive strength, or a combination of both biaxial stress state). For both the
initiation and propagation of a tensile failureerth are in general three different crack
propagation modes (see Fig. 2.15), defined as opgeilode 1), sliding (Mode II) and
tearing (Mode IlI).

I IT I

Fig. 2.15 — Different failure modes

Mode | is one of the most common crack propagatiodes, since it occurs in uniaxial,
splitting and bending tensile failure. For Modétlshould be noted that in plane shear
stresses will generally not only cause crack stjdiot also crack opening. The latter is due
to the irregularity of the crack plane. This restt crack dilatation and is further referred
to as a mixed mode crack opening (i.e. Mode | #n®ut of plane shear or tearing (Mode
ll) is rare in reinforced concrete analysis, fohieh often a plane stress state can be
assumed.

A schematic of pure Mode | and a mixed mode opedisglacement for a crack in
SFRC is shown in Fig. 2.16.

AS, ) AS,
~—— A%=0 -

1
Mode 1 Mixed Mode

Fig. 2.16 — Schematic representation of a pure Mattack opening (left) and a mixed mode crack
opening displacement (right)

Given the two different types of crack propagatitwe, crack bridging mechanism will
be substantially different. For a pure mode | crapkning behaviour the only resistance
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of further crack opening is provided by the ancheraf fibres in between the two crack
faces. Hence, by superposition of the individudl-put response of all fibres crossing the
crack, the post-cracking stress capacity of SFRKade | can be described.

For the mixed mode crack propagation, the contidloubf fibre pull-out has to be
decomposed in an axial and transverse componentiiwel action at micro scale level).
Furthermore, the additional friction between the teugh crack interfaces will lead to an
increase of shear stresses needed to further ertlaegnormal A45,) and tangentialA3s;)
crack displacements.

2.3.2 Tensile behaviour

2.3.2.1 General

In the early stages of the developments and rdsearthe field of fibre reinforce
concrete, it was the aim to increase the tensimgth of plain concrete and similar to other
composites, the rule of mixtures was adopted tordesthe material properties of the new
cementitious composite. Today, it is generally askiedged that the use of steel fibres
only affects the post-cracking behaviour of coreiiestead of the tensile strength of the
concrete itself. This post-cracking response, daténg the performance of steel fibre
reinforced concrete, has to be measured by meansatefial testing, whereby uni-axial or
bending tests are adopted in order to derive pastking parameters needed for design.

Most commonly, the Mode | (i.e. pure opening, FR16 left) post-cracking
constitutive law of SFRC is obtained from experita¢bending tests. In order to compare
test results and to derive design strengths pasamdhese bending tests are included in
(inter)national standards. In Sections 2.3.2.228a.3, the most frequently used tests are
described and the relationship between the resbttined from different test methods are
discussed.

2.3.2.2 Uni-axial tension test

Although it can be stated that the best way ofrdaténg the post-cracking response
of SFRC is directly done by means of uni-axialitegtno standard method is available yet.
In general, uni-axial tests are difficult to perforand specialised test equipment and
experienced personnel is needed. Dog-bone shagtespbecimens and notched specimens
with round or square cross-sections are the maest types of test specimen. Examples of
the most frequently used test setups are showigir2R.7.

The main difficulty of the uni-axial test is thegitioning of the specimen in order to
apply a uniform tensile stress on the crack plémeeality, the tensile load will be applied
with a certain eccentricity and undesired bendimgmants will cause stress concentrations
at the crack surface.
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Fig. 2.17 — Different uni-axial tensile test setugeg-bone [29] (left and middle) and notched
cylindrical specimens (right) [4]

From the uni-axial tensile test, the Mode | relasibip between tensile stress and crack
opening is measured directly. A typical exampl@efived stress-crack opening curves is
shown in Fig. 2.19. These results are obtained dmarjeira [30] for a normal strength
SFRC containing fibres with a length of 60 mm, andgéter of 0.75 mm and fibre dosages
between 20-60 kg/m3.

Tensile stress (MPa)

--------- A0 = - A20 - = =-A40 A60

- BO B20 B40 B60

0,00 0,05 0,10 0,15 0,20 0,25 0,30
Displacement (mm)

Fig. 2.18 — Post-cracking tensile response obtaiinedh uni-axial testing (initial response at
cracking, range till 0.3 mm)

Tensile stress (MPa)

== A20 ===A40 ——A60

- = B20 —~— ~-B40 —B60

0,0 5,0 10,0 15,0 20,0 25,0 30,0 35,0 40,0
Crack width (mm)

Fig. 2.19 — Post-cracking tensile response obtaiineth uni-axial testing until complete fibre

pull-out
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2.3.2.3 Bending tests

In order to avoid the difficulties inherent to tbeect tensile test methods, the post-
cracking behaviour of SFRC is generally determibgdnore feasible bending tests. In
literature, different types of test setups and spens can be found and a variety of bending
test standards have been published over the lasted6s. An overview of the most
frequently used bending tests and their correspgirameters used to indicate the SFRC
post-cracking toughness is given in the following.

ASTM C 1018 (1984)

In 1984, the American standard ASTM C 1018 was &dopted for the determination
of toughness relative to the toughness up todnatking. This toughness is defined as the
area up to a specified deflectidexpressed as a multiple of the deflection measatréust
cracking. By dividing this toughness by the tougmat first cracking, a toughness index
la is determined. After a revision of this standand1B89, additional residual strength
factors were defined as the average strength egtaiha certain deflection as a percentage
of the first cracking strength (see Fig. 2.20).

FIRST 1In=n FOR R=100 FOR
‘ CRACK ELASTIC -PLASTIC ELASTIC-PLASTIC
B8EHAVIOR N\ A BEHAVIOR N\
R10,20210(120"1j0) R10,203100P,*
] lio Il Pre
! |
ol | 1
=3 IH - 20 Py lr R=100P,
O ' In | H Pte
- : 1 H 1 '
]
! ] I 1 T
1 1 I 1 1 1 1 (-
3 8 558 1058 8, 82

558 1058 (n+1)8
2

Fig. 2.20 — Toughness indices and residual strepgtameters determined by means of
ASTM C 1018

The load-deflection curves as shown in Fig. 2.20abtained by means of four-point
bending test (often referred to as a third-poimidireg test because at each third of the span
length, a point-load is applied) conducted on psismith a standard size of 153 mm x153
mm x 533 mm (i.e. 6 in x 6 in x 21 in). After witltadval of this test method in 2006, current
SFRC post-cracking properties are derived by apount bending test according to ASTM
C 1609. Hereby, from the obtained load-deflectiarve, the residual flexural strength at
a deflection equal to L/600 and L/150 are deterahifiég. 2.21) by means of Eq. 2.2

_ L L
" HBZn

Eq. 2.2

In which n is equal to 150 or 600 angli the area under the load-deflection curve until
a deflection of L/n. H and B are the height andttviof the cross-section.
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Net Deflection

Fig. 2.21 — Toughness indices and residual strepgtiameters determined by means of
ASTM C 1609

JCI-SF4 (1984)

Also in 1984, the Japan Concrete Institute propdsetktermine toughness of SFRC
by means of a four point bending test. Similaht® test method described in the ASTM C
1018 (and ASTM C 1609) the toughnessig evaluated as the area under the load
deflection point up to a deflection of the spargkardivided by 150. Further, an equivalent
flexural strengthosy, is determined by converting the toughness by usiagtic bending
formula.
T, L

g, = — Eqg. 2.3
T HB% a

with H and B, the height and width of the crosstisec The ratio of L and is equal to
150.

NBN B15-238 (1992)

In the Belgian standard NBN B15-238, the load vemsidspan deflection is measured
by means of a four-point bending test using 150x1B0 mm x 600 mm standard prisms
with a span length of 450 mm. The flexural touglsrgsis evaluated at a deflection of 1.5
mm and 3 mm, corresponding to the span lengthsati®00 and L/150 respectively (n =
300 or 150). The equivalent flexural strength iBrael as the flexural toughness averaged
over the prescribed deflection distance.

150
&

T2 mz

150 75 150 150 150 75

Fig. 2.22 - Four-point bending test setup
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f, = B.n Eq. 2.4

n BHZ

For n equal to 150, the equivalent flexural strarigtthe same as determined by using
the JSCE-SF4 method.

DBV (2003)

According to the German guidelines for steel fibeaforced concrete, the flexural
parameters are obtained by means of four pointibgndsts conducted on 150 mm x 150
mm x 700 mm. Based on the load deflection curve, rfsidual flexural stresses at a
deflection of 0.5 and 3.5 mm are determined touatal the post-cracking performance of
SFRC and to define the performance classes aseddfiythe magnitude of both,f; and
fen2 [31].

Ansicht Querschnitt

mittels Kleber
an Probe
JL JIT311 M befestigt
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B R | 1o~ - |\ s
auf der

Q é Unterseite
1= 600 = }

Fig. 2.23 - Four-point bending test setup accordindAfStb Richtlinie Stahlfaserbeton [31]

At a deflection of 0.5 and 3.5 mm, the followingsidual flexural stresses are
determined:

ofl,Li :W Eq. 2.5
In which F is the load at a deflection of 0.5 and 3.5 mm. Tir& value (fq,.1)
represents the post-cracking flexural strength@tServiceability Limit State (SLS) while
for a deflection of 3.5 mm (fi») the Ultimate Limit State (ULS) is considered.

UNI 11039-2 (2003)

On the basis of the Italian standards UNI 11038 toughness evaluation of SFRC
is determined by means of four point bending tpstformed on 150 mm x 150 mm x 600
mm specimens. The specimens have a central nothravieight aof 45 mm (Fig. 2.24).
During testing, the applied load is monitored asuaction of Crack Tip Opening
Displacement (CTOD).
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Fig. 2.24 — Schematic test setup and load-CTODeancording to UNI 11039-2

The post-cracking performance of SFRC is expregstms of an equivalent flexural
stress calculated by using the following equations.

eq(0- 0.6mm) OGB(H_ 30)2 g. 2.
uU,L
f, = 2 Eq. 2.7

0o 28(H- 3,7

In which U and U denote the absorbed energies (grey hatched anelas the load-
CTOD curve as shown in Fig. 2.24) within the range8-0.6 mm and 0.6-3 mm.

RILEM TC 162-TDF (2003) & EN 14651 (2005)

The standard test method as given in the Europeadard EN 14651 is similar to the
method described in the final recommendations ef RILEM technical committee TC
162-TDF which was first published in 2003. Accoglitp this recommendation, the
residual flexural strength of SFRC is obtained ®ans of a three-point bending test on a
notched prism @@= 25 mm) with standard size of 150 mm x 150 mn®& éim and with
a span length L equal to 500 mm. The applied lsachanitored as a function of Crack
Mouth Opening Displacement (CMOD). A schematic oftbthe test setup and a typical
load-CMOD curve are shown in Fig. 2.25 and Fig62.2

ll

125
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& [ | l

I

%

150 50 250 250 50

Fig. 2.25 - Three-point bending test setup witlchot
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CMOD, = 0.5

! CMOD (mm)
CMOD, = 1.5 CMOD; = 2.5 CMOD, = 3.5

Fig. 2.26 — Load-CMOD curve according to EN 14651

Based on the load-CMOD curve, residual stressesalceillated by using Eqg. 2.8 at

CMOD values equal to 0.5 (i=1), 1.5 (i=2), 2.5 (=%d 3.5 mm (i=4), respectively.
_3 FL

R, _Em Eq. 2.8

Additional to the residual strength, an equivaléetural stress is defined by RILEM
TC 162-TDF. Hereby, the area under the load-deflecturve is considered as shown in
Fig. 2.27.

F[KN) F [kN]
FL areo D'gzz ﬁ_ .

[ 1

|
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0.3, 2.35 ,
-

1
Fig. 2.27 — Load-deflection curves with the deiimitof energy absorption capacity (grey-hatched
zones) for a deflection range of 0.35 mm (left) 2185 mm (right)

The equivalent stresses are given by
¢ -3(Daa| L
eq,2 2
2{ 0.50)B(H -a,)
¢ =3(Dea) L
eq,S 2
2{ 2,50 )B(H -a,)

Round panel test (ASTM C 1550)

Eq. 2.9

Eq. 2.10

From the experimental work of Bernard [32], it waand that the reproducibility of
test results was better for round panel tests fimmbending tests on standard prisms. The
methodology has been adopted in ASTM C1550, ugangdard panels with a thickness of
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75 mm and a diameter of 800 mm and centrally loadsite vertically supported on three
points positioned at 120° degrees from each offrer.deflection is measured at the centre
of the panel. A schematic of the test setup is shiowFig. 2.28.

(R ik o N

Fig. 2.28 — Schematic of the round panel test neettozording to ASTM C 1550

Square panel test (EN 14488-5)

Alternative to the ASTM round panel test, a squzarel test method was developed
by the European Federation of National Associati®tepresenting producers and
applicators of specialist building products for €mte (EFNARC) [33] for determining
the flexural toughness of sprayed SFRC applieduonel linings. This test method was
later transformed into EN 14488-5. The square phasla side length of 600 mm and a
thickness of 100 mm. The load is applied centratiya square of 100 mm x 100 mm and
the panel is linearly supported on a square withedisions equal to 500 mm x 500 mm. A
schematic of the test setup is shown in Fig. 2.29.
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Fig. 2.29 — Schematic of the square panel testodetlccording to EN 14488-5

2.3.2.4 Correlation between test methods

As discussed in Section 2.3.2.3, for the evaluatitthe flexural toughness of SFRC a
wide range of possible test methods is available @hoice of which test is used will
depend on the purpose of using the obtained paeasaéior example: the EN 14651 will
be used when the Model Code 2010 design formulstima used to determine the bending
or shear design capacities. Further, the easermflihg and testing of specimens can be
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important: casting of specimens and performing pgests is more elaborate compared to
the four-point bending test setup. For a standestidn a notched beam, the position and
dimension of the notch have to be treated withtgraee.

Given the number of different test methods, a campa of performance between
SFRC mixes is difficult. For SFRC prisms testedoading to the Belgian standard NBN
B15-238 [34], the equivalent flexural strength ¢enconverted into the residual strength
defined in EN 14651 [35]. In Fig. 2.30, the cortiela between residual stresses &nd
fra and equivalent flexural stresseg.fand 43 are shown for SFRC mixes containing
hooked-end fibres with a length of 60 mm and a eimmof 0.75

Minelli et al. [36] determined empirical correlatis between the flexural parameters
as derived by means of EN 1465, UNI 11039 and t8&M round panel test method. The
adopted SFRC mixes contained 20 and 30 kg/m? okdwend normal strength (1100
N/mma2) cold drawn wire fibres with a length of 5@mand a diameter of 1 mm.

Other correlations have been established betwerre-gioint bending, four-point
bending and different panel tests with varying gpea size, e.g. by Minelli & Plizzari
[36]. It was concluded that the correlation betwelkfifierent values of toughness and
ductility performance parameters determined byeeitarge or small round panel tests and
the standard bending test on small prisms aregiraorrelated (see Fig. 2.31)
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Fig. 2.30 — Correlation between equivalent anddaal flexural stresses obtained from RILEM
standard prism tests (from Barros et al. [35])
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Fig. 2.31 — Correlation between round panel testd Halian standard bending test (from Minelli et
al. [36])

2.3.3  Scatter of post-cracking tensile behaviour

One of the most important issues related to therdenation of post-cracking strength
parameters of SFRC is the obtained scatter ofréssits [37-39]. This scatter is mainly
attributed to

e Variation in mix homogeneity

»  Orientation and embedded length distribution ofef#bin a crack plane
* Magnitude of the crack plane area

*  Concrete strength and fibre dosage variations

The homogeneity of a SFRC mix is influenced byrttieng procedure and rheological
properties of the concrete. In order to obtain adgdistribution of the fibres within the
concrete matrix, the stability of the concrete mnixerms of segregation sensitivity is of
concern. Furthermore, an appropriate mixing timeugthbe respected in order to distribute
the fibres into the concrete. A bad dispersionilmiels into the concrete mix will directly
lead to an unequal distribution of the amount effihres in specimens cast form the same
batch. For a discussion on mix design aspectsamte is made to section 2.1.3.

Even when a SFRC concrete mix is sufficiently hoerapus, the observed scatter of
test results can be addressed to the localisafidibmes in the crack plane, the fibre
distribution and embedded length. For the caselétempacting concrete, the flow of the
concrete will influence the alignment of the fibreish respect to the casting direction and
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can influence the magnitude of the post-crackirsidieal parameters measured on prisms
and due to the influence on fibre orientation,dme cases a reduction of the scatter of test
results has been observed [40, 41].

However, the flow of concrete can also have a ohetnital effect on the post-cracking
strength of SFRC. In the research conducted byshbrnbaf [42], the influence of the
general fibre orientation with respect to the cralelae has been investigated by performing
uni-axial tensile tests on specimens drilled fromlab. Fig. 2.32 shows the difference
between the test results for specimens with a noécpendicular and parallel to the flow
direction.

| 1600 (mm)
ER\ g
(04_) Flow direction / Bih\'lNotch direction
O — 1/ e=0
( gz’}\ > A <
\ c
b A\ Y
- (t3.) " (82— \
AN Y 1000
~ - = b — .
@1‘ < :/AiI \, -/A-B— < /d\ { YA
- Wy W L & (mm)
Notch direction <™\ " »
e:% TB“& )
e, A
i 'CDS} >
(b
o/
5.0 — 5.0 - —
Envel Notch [ Noch _
454 _Ac,..: f lé'““ 454 \Df'v':ﬂ:?l /__Zj‘"""
4.04 \‘/ 4.04 ’ \;—
_ 35 Flow’ ) _ 351 Flow direction
& 304 & 3.04
£ 25 £ 25]
2 2
o 2.04 o 2.04
& 151 & 151
1.01 1.04
0.54 0.5
0.0+ - - - - | 0.0 r r ; .
0.0 05 1.0 1.5 2.0 25 0.0 0.5 1.0 1.5 20 25
w [mm] w [mm]

Fig. 2.32 — Stress crack opening curves obtainechfcores, drilled out of a slab for different flow
directions of fibres (from Abrishambaf [42])

From Fig. 2.32, it can be seen that the relativentation of fibres due to the flow of
the concrete during pouring is significantly inflieing the post-cracking tensile strength
of SFRC. For the case of flow direction parallethie notch (Fig. 2.32, left), the average
post-cracking stresses are about three times ds dsgfor the case of flow direction
perpendicular to the notch (Fig. 2.32, right).
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Another parameter influencing the observed scaifetest results, is the adopted
experimental test used to derive post-cracking imgntensile behaviour. Studies have
proven the observed scatter of post-cracking stheisgeduced significantly by using test
procedures with higher effective cracking areasmeatier et al. [37] proved that for the
round and square panel tests on SFRC the coefficiemariation (CoV) of the post-
cracking tensile stresses is around 5-10 % instéagtpical values of 15-25% for the

experimental results obtained by means of starl#sths with cross-sectional dimensions
of 150 mm by 150 mm (Fig. 2.33, left).

Based on 96 performed standard prism bending tEstsiman [39] found that the
scatter of test results decreases for higher beathsv(Fig. 2.33, right), while for beams

with constant width and variable height, the magiét of observed scatter was nearly
constant.
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Fig. 2.33 — Influence of test method (left [37]dameam width (right [39]) on the dispersion of
post-cracking strength of SFRC

Furthermore, in the study performed by Kooimanwydis pointed out that for higher
fibore dosages and higher concrete compressivegttrdower values of CoV for the
residual tensile strength can be expected.
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Fig. 2.34 — Influence of concrete strength andefidlosage on the scatter of post-cracking stress
[39]
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In the left graph of Fig. 2.34, the CoV of the dzsll flexural stress as a function of
deflection is shown for a normal (mix 1) and higtesgth concrete (mix 2). For the higher
strength concrete, the CoV is about half of theigabbserved for the normal strength
concrete. The scatter of test results tends te@sa at higher deflections for both concrete
mixes. For an increase of fibre dosage from 0.5@06kg/m?3) to 0.77 % (60 kg/m3), the
CoV was reduced with about 50%. Between a deflectib0 and 0.5 mm, the CoV
increases from 10% to almost 25% for a fibre dosd@e51%.

Since relatively high scattering of test resultsiierent to the composite behaviour of
SFRC, the obtained test results will be used tivdea characteristic value for design
purpose. Based on the number of tests conductelotéain the residual flexural parameters
(cf. EN 14651), the characteristic value gfi$ derived by:

frei =Frmi —KSw Eqg. 2.11

In which fx« is the characteristic value of the residual flekstrength obtained from
a given number of tests on standard prisms fronséinee SFRC batchgf;is the average
value of obtained residual strength apdssthe batch standard deviation.

The appropriate values of k as a function of thealber of samples are summarized in
Table 2.2 (see also [43]).

Table 2.2 — Values of k as a function of numbéests
n 3 4 5 6 10 20 30 0
k 1.89 1.83 1.80 1.77 1.72 1.68 1.67 1.64

As a concluding remark, it should be mentioned thatamount of scatter of the post-
cracking tensile strength is directly influencedtbg scatter of mechanical properties of
the concrete matrix itself. In order to reduce shatter, it is essential to pay attention to
mixing quality and curing of the concrete.

2.3.4 Constitutive models for tension

2.3.4.1 General

In general, different approaches can be adoptetbtiel the constitutive tensile stress-
crack width relationship of SFRC. Thereby, a didion can be made between three main
methods:

1) Direct approach based on fibre pull-out,
2) Indirect approach based on predefined corredatio
3) Indirect approach based on inverse analysis.

The direct modelling approach considers the sifigle pull-out mechanism as the
basis for a Mode | post-cracking law, while theiiadt approaches start from bending test
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results from which the post-cracking stress-craplening law is obtained by either
predefined formulations to convert the residuakdlal stress to a post-cracking tensile
stress or by a more complex, but more accuratersevanalysis.

The tensile constitutive law can be formulated agrass-crack opening-{v) or a
stress-strain of€) constitutive law. The advantage of usingcaw relation offers
straightforward compatibility with respect to unii@ tensile test results. On the other
hand, for conventional reinforced concrete calcoitest, it iS more convenient to use a
stress-strain relationship similar to the adopteess-strain relationships for concrete in
compression and conventional steel reinforcemetarigion. When a-w constitutive law
is transformed into &-¢, the concept of characteristic length needs tadesidered,
relating a crack width to the corresponding stlairmeans of a lengtlsEqg. 2.12):

w

e== Eq. 2.12

cs

For the analysis of RC-structures, the charactetistgth is often taken as the average
distance between cracks. Hence, the stress-stoaficpacking constitutive law is size
dependent and should be treated carefully [44fnite element modelling, the magnitude
of les is related to the finite element size (i.e. theaan one element covered by an
integration point). Hence, by taking into accourfix@d stress-crack opening law, the
stress-strain constitutive law for SFRC is a fumctdf element size and average crack
spacing.

2.3.4.2 Direct approach based on fibre pull-out

By means of the direct approach, the Mode | canst# law of SFRC is determined
by taking into account the stress transfer mechalzetween crack surfaces. Considering
the experimental results or semi-analytical moddieh describe the pull-out response of
single fibres, thes-w relationship is obtained by superposition of timelividual
contribution of all fibres as a function of embeddength and fibre inclination. For a
detailed description of the models available ieréture reference is made to [30, 45-51].
A summary is given in the next paragraphs.

One of the simplest forms of the post-cracking law has been proposed in 1987 by
Lim [45], by assuming a constant post-crackingssttg to an ultimate strain. This is called
a rigid-plastic model (see Fig. 2.35). The rigidgtlc models are characterised by a sudden
drop of stresses just after reaching the tengimgth of the concrete matrix, after which a
stress plateau is maintained up to the ultimatarstin the model suggested by Lim, the
magnitude of post-cracking tensile stress is rdlatethe amount of fibres crossing the
crack plane combined with the average bond stoessaich fibre. Lim [45] used a bi-linear
bond stress-slip law for the pull-out responseathtstraight and hooked-end single fibres
and proposed a resulting post-crackistigv response based on the average maximum
tensile stress in the fibres. A similar model tajimo account the average fibre stress based
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on the bond stress slip relationship for straigites has been developed by Li [49] and the
post-cracking stress-crack opening relationshipgti strength concrete with fibre dosages
ranging from 0.5 to 2 % were modelled successfdilye considered pull-out stress-slip
behaviour of the straight fibres was modelled bking into account the analytical
formulations developed by Stang et al. [22].
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Fig. 2.35 — Load-CMOD curve according to Lim e{48].

With respect to the modelling techniques developgd.im [45] and Li [49], an
improved direct approach has been suggested by lirfd®]. By means of the pull-out
response of inclined pull-out tests on hooked-ehte$ with a length of 30 mm and a
diameter of 0.5 mm, the pull-out behaviour was nlledéby adopting a regression analysis.
A lumping of fibre contributions up to a crack opemof 3 mm provided satisfactory
simulation accuracy.

Further improvement for the direct approach modglbéf SFRC has been done by Voo
& Foster by the development of the Variable Engagr@nModel (VEM [47]). By the
analysis of the pull-out response of inclined fibitewas observed that the engagement of
fibres to provide tensile stress to the SFRC isi@rfced by the fibre inclination angle. The
model is able to deal with varying fibre inclinatiembedded length, concrete compressive
strength, straight and hooked-end fibres with défifie length and diameter. Similar
techniques have been adopted by Prudencio, Laraged Luccioni [48].

Next to the available analytical or semi-analytiveldels available in literature, a direct
approach by means of finite element analysis has beveloped by Cunha et al. [51]. By
introducing a two phase method, the matrix volusneodelled as a plain concrete and the
fibres are modelled as straight embedded reinfoecemlements, randomly distributed in
the matrix volume (Fig. 2.36).
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Fig. 2.36 — Two phase model components: concretexn®&D-mesh (left) and discrete fibre
elements (right) (from Cunha et al. [51])

As a concluding remark it should be noted that aith the direct modelling
approaches are quite accurate for the predictidrsanulation of thes-w constitutive law,
the methods require the input of a large numbebaih mechanical and geometrical
properties and are very difficult to be implemenitec day by day engineering practice.
However, from a scientific point of view, these retlithg techniques are the most rational
and deal with the majority of physical crack-brigigimechanisms involved. Furthermore,
these models can only be used to estimate thecpadding tensile response. In order to
derive the real composite behaviour, experimeetl iesults have to be considered.

2.3.4.3 Indirect approach based on predefined correlations

Since the uni-axial tensile test is difficult torfpem and given the complexity of a
direct modelling approach by the assumption ofedéht parameters such as fibre spacing
and inclination and inherent pull-out behaviour, rexaimple methods to derive a
sufficiently accurate constitutive law have beeopmsed in literature. Many of these
methods take into account the experimental resdltifferent bending tests available in
standards or (inter)national guidelines (see astian 2.3.2.2).

The most relevant design guidelines providing dautste laws for the tensile stress-
crack opening or stress-strain behaviour are pexpbyg the RILEM TC 162-TDF [43] and
by the fib in the latest Mode Code 2010 [52]. Ie RILEM recommendations, a stress-
strain relationship for SFRC is considered by assgra constant stress along the cracked
section. The height of this cracked part is takgmatto 2/3 of the section height for the
case of CMOD = 0.5 mm and 0.9 times the sectioghtdor the case CMOD = 3.5 mm
(Fig. 2.37). When the bending moment calculatednieans of the assumption of a rigid
plastic post-cracking tensile law is equated todiggn moment based on the residual
flexural stresses at corresponding CMOD, the m@hatiip between residual stressgasah
fra ando, ando; can be obtained (Eqg. 2.13 and Eq. 2.14).
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T » 01k, P— AC.
j -
0.34h,, e
c!
—_~—

09h,,

0.66h,,

preeteeeteete

a2 o3

Fig. 2.37 — Stress-strain laws for SFRC in tengiod compression according to RILEM TC

162-TDF
bh, 2
T"fm:b [0.66h,,000.56h,[® , Eq.2.13
bh, 2
T"fM:b[([).QOhSpljo.sor;pmr3 Eq.2.14

For the stress-strain relationhsip as shown in Eig7, the following values defining
the post-cracking bilinear constitutive law areaitéd:

0, =0.7(1600- ¢ f,,,, Eq. 2.15
0, =0.45f, K, Eq. 2.16
0,=0.37f K, Eq. 2.17
E, = 9500f,** Eq. 2.18
€ =% Eq. 2.19
El
£,=¢,+0.01% Eq. 2.20
€,=2.5% Eq.2.21
K, =1—o.e(h;71525j , 125< h< 600 Eq. 2.22

In which d is the effective depth and h the hewfhthe standard prism, both in mm.

In MC2010, the constitutive stress crack-opening ¢t SFRC is based on the values
of fr1 and ks. Two different models can be adopted for desigp@ses: a) rigid plastic or
b) softening/hardening (Fig. 2.38).
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Fig. 2.38 — Load-CMOD curve according to MC2010

According to the rigid plastic model, the modedai-bridging stress is taken equal to
fre/3 up to a critical crack opening,wThe second model allows to calculate a linear
softening or hardening branch after cracking. Tdwsile stress as a function of crack
opening w is given by Eq. 2.23 and Eq. 2.24.

. (W) =st—2ﬂ5(f re=0.5f 1 +0.2f ), 20 Eq. 2.23

fr =0.45f, Eq. 2.24

Alternatively, Model Code 2010 provides also asdrstrain curve for SFRC. Thereby,
a distinction is made between strain-softening €Clasrig. 2.39) and strain-hardening
behaviour (Case Il and lll, Fig. 2.40). The stries®ls £ an £, are calculated by means

of Eq. 2.23 and Eq. 2.24. The corresponding SLSWME strains are determined by Eq.
2.25 and Eq. 2.26.

CASE () CASE (D)
T2 ] ) .
Ec> & G.<fy
E.= & G=fu
CASE (1)
frr g,— g, < o, — 0T,
£ —&,  E,—&
q. D A B A
frs CASE (III)
. g, 0, - 0, — 0O,
ikl : -
Epl Lyl s 2
(a)

Fig. 2.39 — Stress strain curve laws according 102010 (case 1)
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CASE (II) CASE (1IT)

" ) Plain Concrete
- : ‘ >
gl' E.\'J‘ 5 z:lh’.i‘ & 6‘4 E.W..ﬁ' 8{ I8 &
(b) ()
Fig. 2.40 — Stress strain curve laws according ©82010 (Cases Il and Ill)
_ CMOD,
€5~ I Eq. 2.25
cs
o 2.5
€5 =MIn sFu,l— Eq. 2.26
cs

in whiches, sis the strain considered in the Sk§sis the strain considered in the ULS,
Iesis the crack spacing length asid is the ultimate strain taken as 2% for bending Htd
for uni-axial tension.

As a maodification to the rigid-plastic model, a tst@ps rigid plastic model has been
proposed by Dupont [20] (Fig. 2.41) for which theess levels are related to the residual
flexural stresses as derived by a standardise@-ftwant bending tests according to EN
14651.

Oe fcl,ﬂ
T
o
=)
g 0.39 gp fr 1
% 0.35 gp fr g

& 2 13
Strain [%/,,]
Fig. 2.41 — Load-CMOD curve according to Dupont][20
In addition to rigid plastic models, bilinear safileg models have been propsed by Di

Prisco [53]. Their schematic representations aogvaland Fig. 2.42.
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Fig. 2.42 — Load-CMOD curve according to Di Prig&3]

Di Prisco et al. related the valuesmafando; to the post-cracking equivelant stresses
feq0-0.6(i.€. 0a) and £q06-3(i.€. o) (See Section 2.3.2.3). The crack opening at whieh
second branch starts is kept constant at 0.3 mm.
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Fig. 2.43 — Load-CMOD curve according to Barrag&]

The tri-linear model suggested by Barragan [S54herely an adaptation of the rigid
plastic model to deal with the drop op residuag¢stes at small crack openings and an
increase of fibre engagement (see also VEM [47#])dmer crack openings.

2.3.4.4 Indirect approach based on inverse analysis

By means of an inverse analysis, experimentallpiokd bending test results can be
simulated by taking into account an assumed pastkang stress-crack opening or stress-
strain Mode | constitutive law. In general, theerse analysis starts with the estimation of
a first post-cracking law and simulating the begdiest. Then, the difference between the
simulated and experimentally obtained bending nespads evaluated and the parameters
of the assumed law are adopted. Iteratively, atiemluis found when the error between the
modelled and experimental bending response isceeritily low.
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Based on the obtained load-CMOD curves by meatiedftandard three point bending
tests, an effective way to estimate the Mode laxi@l tensile crack opening law is done
by applying inverse analysis (IA) procedures agdlesd in the Model Code 2010 (section
5.6) [52]. The solution procedure consists of ti®iving five steps:

1. Divide the beam in a sufficient amount of n layeith a defined heighah

2. Assume, for a specific value of CMOD, a certainodefation in terms of strain
(compression), or crack opening (tension) accortbirtge assumed post-cracking
constitutive law for SFRC in tension.

3. Apply stresses for SFRC in tension and compressioaccordance with the
chosen constitutive law (see Fig. 2.44).

4. Solve iteratively by changing deformations assunmedtep 2, by solving the
horizontal equilibrium using Eq. 2.27

5. Calculate the corresponding moment-CMOD relatiomstith Eqg. 2.28

By performing these five steps at different CMODues, a complete moment-CMOD
curve can be obtained.

N=>0,[dh(b=0 Eq. 2.27
i=1

M=) 0 dhy, b Eq. 2.28
i=1

with y; the distance of the centroid of the layer to thetral axis of the cross-section,
Ah the height of the layers, b the width of the tayando; the tensile or compressive
stresses as a function of the considered displatefsee Fig. 2.44).
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Fig. 2.44 - Schematic of used constitutive lawgdasion and compression of SFRC

In order to obtain a complete moment-CMOD curve, ititcremental deformation of
the standard prism can be done in terms of curedgarain distribution) or directly in terms
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of crack width. The difference between both apphescwill lead to the use of a
characteristic length as defined by Eg. 2.12 anbwns of a fictitious length, which concept
was introduced by Kooiman [39].

The bilinear softenig model proposed by Kooimarbased on the curve fitting of
obtained post-cracking bending behaviour by meahsineerse analysis. For the
experimental data obtained from SFRC mixes comtgiG0 kg/m3 of hooked-end steel
fibres Kooiman defined the bi-linear softening aias follows:

e The ratio of §m,equit0 fem,axis €qual to 0.2 — 0.3 for 30 mm and 60 mm longefb
respectively.

e The ratio of wwy is in the range of 0.20

e Theratio of wl/L: is in the range of 0.33-0.425.
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Fig. 2.45 — Load-CMOD curve according to Fig. 2.46 — Load-CMOD curve according to
Kooiman [39] Barros et al.[35]

In order to improve the simulation or predictiorta@cy of the constitutive laws, the
bi-linear approaches have been extended to muoéal approaches (Fig. 2.46 and Fig.
2.43). However, increasing the number of ascendimydescending branches of the post-
cracking law, the degrees of freedom increases els amd will lead to an increased
possibility of a non-unique solution when an ineeamnalysis method is applied.

In order to implement the post-cracking behaviofirS-RC into finite element
calculations, Barros et al. proposed a tri-lineaw law for tension based on the total
fracture energy . A solution is found by means of inverse analysighef test results
obtained from standard bending tests, the valuesawide can be obtained [55]. The tri-
linear model as shown in Fig. 2.46 consists ofdls@ftening branches. However, in order
to derive a good fit of flexural test data, thewetbranch may be ascending as well.
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2.3.5 Direct shear behaviour

2.3.5.1 General

When plain concrete is subjected to tensile stegssérittle failure is likely to occur.
Therefore a suitable type of tensile reinforcenter#t to be provided, in order to guarantee
sufficient post-cracking strength for concrete mersbsubjected to tensile stresses. It has
been proven [56-58] that for members subjectedhéaus traditional reinforcement can be
partially or completely replaced by the use of lsféwe reinforced concrete (SFRC).
However, under these loading conditions, the cradpagation behaviour will differ
largely from that of a pure mode | crack opening.(iensile stress normal to the plane of
the crack). As a result, the material propertieSBRC derived by standard bending tests
[59] will not necessarily be representative to beduas design parameters for shear.

2.3.5.2 Direct shear tests

In order to gain more insight into the crack bridgiability of steel fibres when
subjected to a combination of both mode | (openiagil mode Il (sliding) crack
propagation, i.e. mixed mode behaviour of SFRGedbht types of direct shear tests have
been adopted [60] to investigate the direct sheahear friction capacity of steel fibre
reinforced concrete. Commonly, the following typdsspecimens are used to investigate
the direct shear response of plain and reinforcedrete (Fig. 2.47):

a) Z-type push-off specimen
b) Double notched push-through specimen

c) Single notched FIP-type specimen

@

S

S

Fig. 2.47 - Different test setups used to investighe direct shear behaviour op plain and
reinforced concrete: (a) Z-type, (b) JSCE-type &)d-IP-type.

All of the three test setups shown in Fig. 2.47d@signed in order to reduce the effect
of bending and hence to achieve a pure state @frsHewever, in practice, bending can
occur due to irregularities of the test setup. getgpecimens (Fig. 2.47a) were used by
Walraven [61] and Mattock [62] to investigate thedamentals of aggregate interlock and
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the shear friction response of pre-cracked conevétereinforcement passing through the
cracking plane under certain inclination anglese [63] used this type of tests to
investigate the effects of fibres on the directstihaviour of SFRC. Due to the additional
reinforcement required in the two L-shaped conchidteks, the production of this test
specimen is elaborate. As a solution, a simple donbtched prism (Fig. 2.47b) is used.
This test setup is based on the push through amafign of the Japanese standard JSCE-
SF6 and was adapted by Mirsayah [64] with a doablkeh to induce a more controlled
crack plane. A third specimen type [65] is a singbéched prism used for a direct shear
test according to [66] (Fig. 2.47c).

Experimental research has proven that steel filoges increase the direct shear
toughness significantly [65, 67-71]. Valle et &9] and Khaloo et al. [70] studied the effect
of fibres on the direct shear strength of SFRC lewns of the Z-type specimen. The main
investigated parameters were concrete compressmegth, fibre aspect ratio and fibre
dosage. Valle concluded that the beneficial efbétibres towards the direct shear capacity
is higher for high strength concrete than for ndrstieength concrete.

Khaloo found similar results based on the expertaleresults of an extensive test
program varying concrete compressive strength @9N/imm?), fibre dosage (0.5-1.5
Vol-%). In this study, hooked-end fibres with twifferent lengths of 16 and 32 mm, a
triangular cross-section and slightly twisted amuhne longitudinal axis, were adopted.
The main influence of all parameters in the toughknes shown in Fig. 2.48. The
abbreviations LC, NC, MC and HC denotes low, nornmaédium and high strength
concrete.

IS
n

Toughness (MPa-mm)

I
1 05-16 1.0-16 1516 0532 1032 1532
Concrete Type

Fig. 2.48 — Influence of concrete compressive gtiterfibre dosage and fibre length on the direct
shear toughness increase of SFRC.

From Fig. 2.48, it can be seen that for low strerggincrete, the addition of fibres has
quasi no effect on the direct shear toughness &CSHn contrast, for high strength
concrete, the toughness increases linearly fordmnigibre dosages. Observations of the
crack plane after testing have revealed that ferltlwer strength concrete, fibres were
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pulled out while for the tests with higher strengtincrete, the fibres ruptured due to a
better bond between fibres and matrix.

Mirsayah and Banthia [64] adopted the JSCE-SF6stsip with and without a notch
and concluded that for unnotched specimens, tharéaplane deviated from the narrow
shear plane. Therefore, additional trials wereqreréd adding notches with varying depth.
It was found that for a 15 mm deep all-around sam@dh, the direct shear tests (see Fig.
2.47b) were providing reliable and reproduciblé tesults. With respect to the toughness
enhancement similar conclusions as Valle and Khal@ye obtained. Additional
experimental evidence was later provided by similaect shear tests performed by
Appa Rao [68] and Boulekbache [67].

Khanlou [65] adopted an alternative test setup Esge2.47c) to evaluate the influence
of fibre dosage and concrete strength on the dgleear test. The used fibres were type
DRAMIX RC-80/60-BN In contrast to the experimentasults obtained by means of the
modified JSCE-SF6 test setup, the increase of dafeear strength as a function of fibre
content is rather limited.

2.3.5.3 Direct shear strength models

Based on experimental observations, several empificormulations have been
proposed to predict the maximum shear stress tittesihacross cracked SFRC [64, 65,
67, 70]. The first reports on the direct shearngjtie modelling of SFRC focused mainly
on the shear strength of plain concrete and tharstteength that can be obtained when
adding a certain amount of fibres of different typemped, straight, hooked ...).

Based on experimental results, empirical equationsnax are proposed as a function
of concrete compressive strength ffore dosage Vand the ratio of fibre length:lto
diameter d Thereby, the direct shear strength capacity ®8Skserd is calculated as the
superposition of the contribution of plain concretand fibres:

Tsere = Tt Ty Eqg. 2.29

In which the expressions fof andt; are summarized in Table 2.3.

Table 2.3 - Overview of direct shear capacity folasifor SFRC

Shear capacity model Test type Fibre type 1. [N/mm?] T [N/mm?]
L
Boulekbache [67] JSCE-SF6  Hooked ends0.72f°% 0.08v, d—f
f
Mirsayah & Banthia [64]  JSCE-SF6 Flat ends 7.5 4.23V,
Khanlou [65] FIP Hooked ends 0.75f%% VAVARS
. Twisted / 050 2 3
- . + +
Khaloo & Kim [70] Z-type hooked ends 0.65f, C\V, +CV  +CV,
Mansur [72] Z-type No fibres  0.56f%% -
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For all the equations of given in Table 2.3, the dimension of fibre cont®atis
Vol.-%. The constants;G used in the equations from Khaloo & Kim are a tiorcof fibre
aspect ratio and concrete compressive strength [70]

2.3.6 Compressive behaviour

For lower strength concrete, the compressive ss&as curve has a quasi-parabolic
shape up to the ultimate strain and a softeningdiraan clearly be observed. However,
for higher concrete strengths, after reaching thwecete compressive strength, a more
brittle compressive failure occurs and a steep dfdpe stress-strain curve occurs. Similar
to the enhanced post-cracking ductility for SFRCemwtsubjected to tensile forces, the
residual compressive stresses can be increaseduaston of higher fibre dosage. For
regular types of fibres and for SFRC with relatywé@w fibre dosages (i.e. < 1%), the
compressive strength of concrete itself cannoti@aved.

The influence of fibre dosage on the toughnestf lbw and high strength concrete
has been studied by Glavind [73] and Taerwe [74]diAg fibres to normal strength
concrete, causes the softening branch to become pronounced, while for brittle high
strength concrete the addition of fibres is evemenedfective by providing a significant
increase of the post-crushing ductility. The maéméficial effect of fibres on an increase
of compression-ductility, has been attributed ®eéhhanced resistance of the SFRC to the
growth of longitudinal splitting cracks after reauipthe compressive strength. A schematic
description of the effect of fibres to the stregaia curves for low and high-strength plain
and SFRC mixes has been given by Lofgren [4] (Fig9).
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Strain [107]
Fig. 2.49 — Schematic compressive stress-straimesufor plain and FRC (from Lofgren [4])
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2.4 Conclusions

Regarding the historical evolution towards the expental and analytical
investigations done in the field of SFRC, it candomcluded that a consensus has been
found on how the post-cracking behaviour shouldgbantified. It is now generally
acknowledged that the mechanical performance ofCSRE&S to be determined based on
standard flexural tests and to use the resultgeduct the post-cracking constitutive laws.
However, the main drawback inherent to this contefhat different standard tests have
been developed and moreover, several approachesuggested in order to derive
parameters which describe the post-cracking tenkile. More recently, further
harmonization towards the mechanical performaneagatherisation of SFRC has been
suggested in the Model Code 2010.

On the other hand, the suggested simplified methagsh as the rigid-plastic or the
fixed softening/hardening behaviour, do not prowdéficient information when a more
detailed structural analysis has to be made (euinerical analysis). And the models are
too simplistic to reflect the fibre bridging meclems. Hence, from a more scientifically
point of view, it is desirable to know the completeess-crack opening relationship in
relation to the physical and mechanical phenomewalved.

In contrast to the available scientific literateoncerning the Mode | crack propagation
behaviour of SFRC, less information is availablewhthe post-cracking behaviour of
SFRC when subjected to a mixed mode crack propaydtie. a simultaneous crack
opening and sliding) which is the case for SFRCjexttbd to shear. Moreover, for the
limited amount of available scientific knowledgegsearch has been focussing on
quantifying the increase of ultimate shear stremgther than to understand how fibres
bridge a mixed mode crack propagation and how diladd a significant post-peak shear
stress-slip capacity.

Existing empirical formulations for the maximum ahetress capacity at the cracked
interface only take into account the fibre dosag@ncrete compressive strength. Hence,
the general applicability of the suggested modetsther types of SFRC is doubtful. A
more useful strength model should be made availabieh takes into account both the
shear crack propagation behaviour and residualléestsength parameters as derived by
standard bending tests.
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3 LITERATURE REVIEW ON SHEAR

3.1 Shear in reinforced concrete members

More than over 100 years, shear in reinforced @irdobeams has been the subject of
interest by many researchers. Based on the dage@rch results in the past, several shear
strength formulations have been proposed, furtivatuated and updated in order to
improve their accuracy. In the following, an ovewiis given of the development of
current approaches to evaluate the shear strefigtinorete beams.

3.1.1 Historical background

Given a shear force acting on a cross-sectionf stresses are induced along the depth
of the cross-section. In case of pure shear, straaks are formed at an inclination angle
of 45° when the shear stress equals the tensiémgiitr at the neutral axis. By using
Jourawski’'s beam shear formula, the cracking sbgass of a concrete section can be
derived as follows:
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Eq. 3.1

With S(y), the static moment at a height y in thess-section, | is the moment of inertia
and k,, the width of the cross-section at the considéesght.

However, modelling the shear strength of reinforcedcrete is much more complex
and cannot be treated as a simple linear elasildigm. The first attempts to model shear
critical beams were done by Ritter [1] and Mors2h py independently suggesting the
concept of truss analogy for a reinforced condoet@m (Fig. 3.1). After the occurrence of
shear cracking, the transverse reinforcement actemsion ties, while the concrete in
between these cracks are the compressive strutseAtottom of the beam, a tensile tie is
formed by the longitudinal reinforcement and in tipger region, the compressive zone of
the beam is acting as a compressive chord. Onédeffitst methods used as shear
reinforcement is known as the Hennebique systesh@sn in Fig. 3.2, which consisted of
flat steel strip bent around the longitudinal rercEment and anchored in the compression

region.

In this conceptual approach of shear, the influeatehe concrete in tension is
neglected and the shear strength of a reinforcathbie reached when the stirrups yield.
Hence the ultimate shear stress at failure is tled as follows:

:L‘s,tfy =p f

sty

T

u

b,s

Fig. 3.1 —Truss analogy for reinforced concretesaubjected to shear [3].

i

Fig. 3.2 —Hennebique system for shear reinforceroERIC beams [4]

Eq. 3.2

After introducing Ritters truss model in Americatedature, research by Whitey and
Talbot revealed that Eq. 3.2 yields conservativeaststrength predictions. In addition,

54



Literature review on shear

Talbot evidenced the influence of both a/d ratid #ire longitudinal reinforcement ratio on
the ultimate shear strength of 106 concrete beaith®w web reinforcement. Despite this
early knowledge, the influence of these paramet&s not introduced in national design
codes at that time. A safe shear design was olotdigdimiting the shear stresses to a
sufficiently low level [5].

The problem of shear became especially of inteviktthe collapse of the Wilkins Air
Force Depot in Shelby, Ohio which was caused bwisfalure of the main girders (Fig.
3.3).

665" (Typ)

i
/—o Prestressed Roof Purin (Typ.)

f Tfm-:gzzmy Tr
TR

" ___7"

kBeanng Pile

Fig. 3.3 — Localisation of shear failure girdertine Wilkin Air Force Depot (from Shepherd and
Frost [6])

Fig. 3.4 — Falled roof girders of the Wilkins AioFee Depot (from Lubell [7])

The shear stresses in the beam at failure werd &g0& MPa, which was only half of
the allowable design shear stress [8]. At the tifheollapse, the girders were only loaded
with the self-weight of the roof. The sudden cadlepvas caused by the combined effect of
loading and shrinkage, which caused the girdeaitarf shear even for a lower magnitude
of shear stresses. Moreover, the steeper crackation caused the shear crack not
crossing any of the stirrups [9].
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This incident triggred the importance of shear #mal effect of parameters such as
reinforcement ratio and shear span to depth ragwame a point of interest for many
investigations. As such, the Wilkins Air Force Demhear failure landmarked the
development of current shear design rules.

3.1.2 Types of shear failure

When subjecting concrete beams to a shear fortan,dhe flexural moment will first
cause vertical bending cracks to occur in the marinbending moment region. When
increasing the shear load, the bending cracksddaag¢ar the support, tend to rotate with
an inclination angle around 45°. However, whendfoss-section has a relatively thin web,
diagonal tension cracks can be formed before ragdhie flexural cracking moment and
shear-tension failure will occur.

This shear-tension failure will occur when thersiis reach the yield stress (Fig. 3.5a).
Antoher type of shear failure is caused by bonllifaiof the longitudinal reinforcement
near the support due to splitting of the concretéch is often refered to as an anchorage
shear failure (Fig. 3.5b).

For the case of bending-shear failure, it is alessible that the height of the
compression region becomes too small and reacHiagcompressive strength of the
concrete at the top fibre will lead to bending—sHa#ure (Fig. 3.5c).

In case of girders with relatively small web thielss and with high values of transverse
reinforcement, the concrete compressive stressdbeninclined struts can reach the
maximum compressive strength before yielding of stirups and the so called web-
compression failure will occur (Fig. 3.5d).

(a) 1 (b) 1

/1 ay
T

(©) 1 (d) n

T T

Fig. 3.5 — Different shear failure mechanisms
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3.1.3 Shear transfer mechanisms

In a traditionally reinforced beam, the main shetaength contributing mechanisms
are:

1) Shear strength of compression zone

2) Friction in the crack interface (i.e. aggregateiiuck)

3) Dowel action of longitudinal reinforcement

4) Tensile force in stirrups

Taylor [10] determined experimentally the sheaersgth components of reinforced
beams without shear reinforcement. It was foundl ttie aggregate interlock mechanism
is relatively important, contributing for about 38% to the total shear strength capacity.
The contribution of dowel action is found to be muower (15-25%) and for the
contribution of the compressive zone, values of4Q® are reported [10-12]. The
experimentally determined shear strength comporaetshown in Fig. 3.6.

o .
Shear Failure

Une G ]

10 ! | | | i

N 1

Aggregate interlock 1
g 80| - . - Ir~

1

g / I
= 60 y — : -

g First Crack R :
o1 +——Dowel force +

1

: .-kf’w 1

1
2 o ‘ I

i Compression zone!

|

" 1

o m m m m T a—
v &N)

Fig. 3.6 — Shear strength components for beamouiitshear reinforcement (from Taylor [11, 12]).

Based on shear tests on beams with a compressngt between 40 and 110 N/mmz,
Sarkar [13] found values different from Taylor. Earconcluded that the most important
shear strength mechanism is the dowel action witlue40-50% of the total shear capacity.
Aggregate interlock provides an additional 30-408d &he compressive zone represents
10-20% of the ultimate shear strength.
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Fig. 3.7 — Distribution of internal shear resistan{from ASCE [14])

3.1.3.1 Shear strength of compressive zone

In a cracked section of a reinforced concrete behencompressive zone is subjected
to both shear and axial compressive stresses. @wirgj a plane stress approach for linear
elements, the compressive zone will fail when reagh combination of both compression
and shear stresses according to a so called sikaefenvelope (see Fig. 3.8).

Mohr’s Failure Envelope

values of oy and
Txy corresponding

Compression

(Ux',Tx'y")

Fig. 3.8 — Geometrical construction of a shear-cosspion failure.

Based on the principal stress combinations as el@idy biaxial failure tests done by
Kupfer [15], a Mohr’s failure envelope can be consted. Assuming that the stresscan
be taken equal to O at failure, the shear-compyadsilure envelope can be constructed
geometrically by the points diametrically positidngorm the points with coordinates
(0, Ty ).

Hence, considering a plane stress approach, fazhndoicritical combination of shear
stresses and local compressive stress is reacltedh@essive shear failure will occur.
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3.1.3.2 Aggregate interlock & shear friction

The effect of aggregate interlock is related toshear friction mechanisms. During the
1980's, different physical and empirical modelsénaeen developed. An overview of the
most important models and their simplifications @escribed hereafter.

Two-phase model (Walraven, 1980 [16])

The two-phase model developed by Walraven is amrratiapproach to the problem of
aggregate interlock. In this model, the crack stnecis statistically analysed and the
stresses acting on the crack faces are descrilzflinstion of crack opening and dilatation.
The concrete crack and inherent roughness duetexistence of uncracked aggregates is
shown schematically in Fig. 3.9. In his theory, thacks are straight lines and aggregates
have an idealized spherical shape.

Fig. 3.9 — Shear crack interface model

The contact stresses, andtp, acting between the matrix and spherical particdes
shown more in detail in Fig. 3.10. the tangentiedsst,, is related to the normal stress
by means of a friction parameter:

T,, =HO,, Eq. 3.3

Horizontal and vertical equilibrium at the crackdawith unity width and length, leads
to the following general expressions for the sl{€aand normal stresses)(

1=0,,(Za,+uza) Eq. 3.4
0=-0,(Za -uza,) Eq.3.5

For a given distribution of spherical particles ssimg the crack plane, Walraven
[16]provided analytical expressions taking intoaatt the total projected areag @#nd A
in order to be able to calculate the concrete nbamd shear stress at the interface.

Fig. 3.10 —Normal and tangential component of foical forces at the crack interface (from
Walraven [16]).
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In order to derive a more simplified approach, dinecslationships were proposed by
Walraven & Reinhardt [17] based on regression aiglgf test results. Given the crack
width w and the shear slip (Fig. 3.10), the best fit of test results is gil®n

~f
T :T?;Y' +(1.8W %+ (0.234wW° "'~ 0.20)f, A Eq. 3.6

fC C) — —
o= 2’—5' - (1.35W°% + (0.191w"**~ 0.15)f,, 4 Eq. 3.7
With, fccy the compressive cylinder strength of concrete/mmN?.

Rough-crack model (Gambarova & Karakog, 1983 [18])

The rough crack model has been introduced by BaZartambarova in 1980
considering regular arrays of trapezoidal teethraggnting the roughness of the crack
surface (Fig. 3.11).
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Fig. 3.11 — Rough crack interface model by Bazadt @Gambarova
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n

The model is developed taking into account theikadalisplacement ratio r of the crack
surfaceAd/Ad,. For high values of r, it is assumed that the sisg@ss will be limited
asymptotic by the crushing failure of asperitied & very low values of r, the interface
shear stress will decrease due to loss of contiaehe; is equal to the half of the average
particle size.

Based on the experimental shear friction test tesalitained by Paulay & Loeber, a
first model was proposed in 1980 by Bazant and GaioMa which was later improved by
Gambarova & Karakog by taking into account theuefice of particle size. The transverse
and normal components of the shear friction modebaven by:

3
+
05, =T, 1- % rm Eq. 3.8
D | 1+a,r
c - r C
Oy = —3,8,/A3, (1+ rz)o.zscm Eq. 3.9
with
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r:& Eqg. 3.10
3,
aa = 0.62 Eq.3.11
2.45
= Eqg. 3.12
Ty
4
a,= 2.4{ 1—} Eg. 3.13
Ty
T, = O-2fc,cy| Eq. 3.14

And in which £y is the compressive cylinder strength of concretd/mm?2 and Rax
is the maximum particle size in mm.

Contact density model (Maekawa et al., 1989 [19])

Similar to the two-phase model as proposed by Wairathe contact density model
developed by Maekawa, Okamura & Li consists of tm&n components: the crack surface
geometry (Fig. 3.12a) and the interface contaesstas a function of contact displacement
and the orientation of the crack surface normahéocrack plané (Fig. 3.12c). The crack
surface geometry is represented by a probabitistitact density functiof2(6) describing
the orientation normal to the contact plane (Fi$j2B). The density function is independent
from strength, size and grading of aggregate pestic

Crack 0.5
surface

A . 8
Contact unit 0 | >
[y —
) /2 0 n/2 >
T G con Direction of contact unit Contact displacement
o : Contact stress

Contact compressive stress

(a) Idealization of crack surface (b) Contact density function (c) Contact compressive stress mode

Fig. 3.12 — Contact density model (from Maekawal €R0])

The total stress that can be transmitted throughctimtact areas is calculated by
integration of the contact density function ovex tomplete contact area:

1= | 0., (0)K (w)A Q(6)sin6de Eq.3.15

N‘:‘I’—.N\:l
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0= | O (8)K(w)A Q(B)cosdd Eq.3.16

N‘:I'—-N‘:l

In which K() is the effective ratio of contact area expresshwggloss of contact for
increasing crack dilatation and & the surface area of the crack equal to 1.2@dgithe
sectional area of the considered crack plane [ap, 2

Simplified expressions providing the relationshiptviieen both shear and normal
stresses as a function of crack dilatation wer@@sed by Li et al. [19] with similarity to
the rough crack model by introducing the ratiorahsverse to normal displacement of the
crack surface.

c,cyl

=383 T _ copty - T 3
> o2 Eq. 3.17

_ 0333 [T
r=3.83f [1+r2} Eg. 3.18

Aggregate fracture

Although these aggregate interlock models are pepular and commonly used in e.g.
finite element analysis procedures, it should b&ddhat the main drawback of these
models is the assumption that aggregates are sréimgn the surrounding matrix. In case
of high strengh concrete, cracks are propagatirauth the aggregates rather than around
them which will lead to a decrease of interfacegfmmess. Taking this into consideration,
the use of these models in such cases can be doubtarder to overcome this problem, it
is suggested [21] to reduce the patrticle sizei@idlfy as a function of concrete compressive
strength.

3.1.3.3 Dowel action

The importance of dowel action to the shear stieoghtribution is highly influenced
by the presence of transverse reinforcement. Fombees without transverse
reinforcement, dowel action shall not be very digant because the development of dowel
forces is restricted by failure of the concretearadue to splitting. The maximum dowel
forces are a function of concrete tensile streagith thickness of the concrete cover [22].
Fenwick and Paulay [23] and Taylor [10] found ttie contribution of dowel action for
beams without shear reinforcement, is not highan 26 % of the ultimate shear capacity.

For beams with stirrups, the longitudinal reinfonaant will be restrained and higher
dowel forces can be developed [24]. At the othemdhdor beams with transverse
reinforcement, the relative increase of shear gtredue to dowel action will be rather
small, compared to the direct contribution of siis. Fig. 3.13 shows schematically the
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development of dowel forces as a function of dosighlacement for a situation with and
without shear reinforcement.

Dowel shear Vy4

(2) After dowel cracking, without stirrup

Dowel displacement &

Fig. 3.13 — Dowel shear mechanism as a functiaioefel displacement and the presence of
stirrups (from Park & Paulay [24])

3.1.4 Important parameters influencing shear strength

For members without transverse reinforcement, ieaisstrength is mainly influenced
by four parameters: 1) the shear span to depih, 2)tithe depth of the member and 3) the
presence of an axial force and 4) the longitudieaiforcement ratio. In this section, an
overview is given of these influencing parametard additionally, the development of

different empirical and rational models for theesgth of members without transverse
reinforcement is further discussed.

3.1.4.1 Shear span to depth ratio

The influence of shear span to depth ratio (a/d firat documented by Kani [25]
which later on has also be referred to as the fgiddl Kani”. In his “comb with concrete
teeth” theory (see also Section 3.1.5.1), a distinds made between the shear strength
corresponding to the strength of the concrete teethetween flexural cracks and the
strength of the remaining arch of the uncracked e section, directly transferring shear
load to the support. As can be seen on Fig. 3drda/fl values between 1 and 5.6 a shear
failure is likely to occur. When a/d is lower th2ib, the shear strength is governed by arch
action, rather than beam action.
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Fig. 3.14 — Arch contribution and concrete toottesgth as a function of shear span to depth ratio,
with Mcr the bending moment at shear failure anel khe moment at flexural failure (from Kani
[25])

Further explanation of the difference between arahbeam action can be done starting
from the main principals of shear resistance. Giveninternal bending moment capacity
of a given reinforced concrete section with intétexzer arm z and tensile strength resultant
in the reinforcment N, the relationship between the flexural moment Wi ghe
corresponding shear force V can be written in dllewing form:

V:d—Mzid(st):zM+ Nsﬂ Eqg. 3.19
dx dx dx dx

In which the first term represents the beam actioth the second term the arch action
contribution. The variation rate of longitudinahtgle force N along the beam length is the
bond force applied to the flexural reinforcement peit length of the beam. Anchorage
failure of longitudinal reinforcement or failure tiffe concrete teeth acting as a cantilever
(cf. Kani [25]) can cause inability of the crosstien to provide this force component.
When this force cannot be provided (either pastiai completely), the magnitude of the
first term will decrease andsNhas to be replaced by an internal compressioref(re.
compressive force in the inclined struts).

Since the second term of Eq. 3.19 implies thatstiear is sustained by the inclined
compression, a horizontal tension force, mainly vigled by the longitudinal
reinforcement, is needed to obtain horizontal @guiim of forces. Fig. 3.15 shows an
idealized situation of a beam with fully anchoreddile reinforcement.
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Fig. 3.15 — Variation of internal lever arm and cesponding line of thrust along the shear span
(Park and Paulay [24])

From Fig. 3.15 it is clear that when considerinfixad beam height, the distance
between the load and the supports will determiree rtio of beam to arch action
contribution. For reducing length between load smpport the inclination, i.e. the line of

thrust becomes steeper and higher parts of the daadbe directly transmitted to the
support.
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Fig. 3.16 —Arch and beam action as a function dfratio (from Collins & Mitchell [3])

For relatively low values of a/d (< 2), deep bedmmas failure will occur due to diagonal
compression crushing or splitting. According to I@asl & Mitchell [3], the modelling of
shear resistance for very low a/d ratios is typycdbne by using strut and tie models to
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represent the arch action. Shear failure due tonkesaion can be analysed by means of
sectional models (Fig. 3.16).

3.1.4.2 Depth of the member

Based on experiments on beams width identical seteinent ratio, width, concrete
strength and loading conditions, Kani found thatéasing the beam height from 0.15 to
1.20 m (for a constant ratio of a/d) caused aiva@atecrease of shear strength for about
40% and pointed out that a size reduction factoukhbe incorporated in order to obtain
safe shear designs [8]. Further experimental e¢eléar this phenomenon was found by
Shioya et al. [26], Collins & Kuchma [8], Froschz]2Lubell et al. [7].

Shioya tested beams with depths ranging from 102to$10 m and found that the
shear stress at failure for the largest beam waiscezl by one third with respect to the
smallest beams. Collins and Kuchma drew similarckesions from their experimental
work. It was found that lightly reinforced highestigth concrete beams are more sensitive
to shear strength reduction due to the size effdért.same conclusions are drawn based on
the experiments on large wide beams by Lubell.et al
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Fig. 3.17 —Shioya’s test result for the size eféecthe shear strength of concrete beams without
transverse reinforcement (from Collins & Mitched]]

In general, it is assumed that the size effecised by larger crack widths and inherent
loss of aggregate interlock mechanisms. Assumiagttie main crack width of diagonal
cracks is the product of average strain in the itodipal reinforcement and the crack
spacing, Collins [8] found that the size effectsignificantly lower for beams with
longitudinal reinforcement well distributed alongetdepth of the beam cross section.
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Moreover, since the roughness of a crack interfadeherent to the aggregate size of
concrete, the relative roughness of the shear atackeases for constant particle size and
increasing member depth. Considering this, the sffect for shear will even be more
important in case of high strength concrete, wheerbughness decreases due to fracture
of the aggregates.

Using fracture mechanics, Bazant [64] has explaithedsize effect on the basis of
energy release on cracking. The amount of enelgased, increases with an increase in
size, particularly in depth. Although a portion tbk size effect can be attributed to an
energy release, Bazant found that the crack-widfita@ation of size effects fits the test
data trends more closely. From another point ofvyiBazant and Kim [28] proposed a
rational theory for the size effect based on naedr fracture mechanics where it is
assumed that the energy release rate by the faimatia shear crack increases for larger
members. It is suggested that there is a tranditesween a ductile failure related to the
strength criterion and the linear elastic fractomechanics (see Fig. 3.18). The structural
size effect factor k, artificially reducing the redgtl strength, as proposed by Bazant is
given by (Eq. 3.20).

d, Eq. 3.20

with da the aggregate size, d the depth of membeiaad empirical constant.

linear fracture mechanics

log(#y)

log (on)

\sfrengfh or yleld criterlon

i |
—
most existing tests

nonllnear fracture mechanics

Nominal Stress at Failure,

log (size d)

Fig. 3.18 — Size effect as a transition betweerstrength criterion and linear elastic fracture
mechanics (Bazant & Kim [28]).

Other well-known empirical based size effect fastarere implemented in the shear
strength equations as proposed in RILEM [29] (EB1B8and EC2 [30] (Eq. 3.22).
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K= 1600- h
1000

k=1+ /%’ (£2) Eq. 3.22

3.1.4.3 Axial force

(=1) Eq. 3.21

From a theoretical point of view, the presencerofaial force will cause an increase
of first shear crack load and influences the strciination. Shear forces acting in a cross
section cause principal stresses to occur in the Wen the principal stresses reach the
concrete tensile strength, a shear crack will bméal. Due to the presence of a prestress
force, the shear stress magnitude needed to caiagendl cracking is increased.
Considering a Mohr’s circle, the influence of agtress force on the cracking shear stress
of a beam can be calculated as follows:

(0}
T, = f2+f 0, =f, £+f—°” Eqg. 3.23
ct

In whicht is the cracking shear stress|d the tensile strength of concrete anglis
the compressive stress due to prestress forces.

Secondly the shear crack inclination angle is grilced by the presence of an axial
force. Even for non-prestressed members when cemsglflexural shear cracking, the
shear crack inclination tends to be flatter in tio&crete compressive zone than for the
bottom shear cracks. In case of a prestress ftreeshear crack inclination angle will be
lower than 45° and for elements subjected to amlaeinsile force, the shear crack
inclination will be higher than 45°.

3.1.4.4 Longitudinal reinforcement ratio

The effect of increasing longitudinal reinforcemeatio on the shear strength of
members without transverse reinforcement is atieidbio the reduction of crack widths
and inherent increase of aggregate interlock (sstiéh 3.1.3). Further, the contribution
of dowel action is directly related to the amouhlomgitudinal reinforcement.
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Fig. 3.19 — Influence of longitudinal reinforcemeastording to Kordina et al[31].
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Fig. 3.20 — Influence of longitudinal reinforcement the shear capacity of RC beams without
stirrups (from MacGregor [32])

As can be seen on Fig. 3.19 and Fig. 3.20, ther sfageacity is increasing for higher
longitudinal reinforcement ratios. However, theatyed increase is less than proportional
and often related to the cube rootppf Further, it can be noticed that the simplifie@ah
strength equation according to ACI 318 (see alstia®3.1.5) is only valid for longitudinal
shear reinforcement ratio values higher than 1%th@rother hand, current shear strength
equations as adopted in EC2 limit the increaseontiete shear strength contribution for
values ofp, higher than 2%.

3.1.5 Shear strength models

Based on literature survey, the available sheangth models can be divided in two
main groups: models based on rational approachipune empirically determined shear
strength models. The first group of rational apphas can be further divided in three main
sub-groups of shear strength models based on:

1) Kani's model

2) Plasticity theory
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3) (Modified) Compression Field Theory (CFT/MCFT)

3.1.5.1 Kani's model

Kani [25] considered a beam cracked in bending arecrete comb, with the
compressive zone as a backbone and the concrbeehireen flexural cracks as concrete
teeth (Fig. 3.21). In his theory, two possible typéfailure are considered. The beam-like
behaviour occurs when the bending capacity of amte tooth is exceeded. When the
concrete teeth resistance vanishes, the remainéhgsaproviding shear resistance, which
can be significantly higher.

Fig. 3.21 — Comb-like representation of a RC beahjexted to shear and bending (Kani, [25])

In Fig. 3.14 in Section 3.1.4, Kani distinguishedtshear governing regions. In the
first region (0 < a/d < 2.5), the arch contributisnhigher than the strength of concrete
teeth. Hence, the shear failure is governed bytble-action and shear failure is obtained
when the compressive strength of the arch hasieeehed. For a/d-values in between 2.5
and 5.6, the shear failure is governed by the gtheof the concrete teeth and beam-failure
will occur.

3.1.5.2 Plasticity theory

The most important work in the field of the pla#yi¢cheory for the analysis of shear in
reinforced beams has been done by Nielsen [33]aFaetailed description background
description of the theory reference is made to.[BBthe following, a short description of
the main principals behind the theory are discussed
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Fig. 3.22 — Geometrical definitions for the pla#ticheory (from Nielsen [33])

Considering the vertical shear reinforcement b@ilaged at a constant distance ¢ and
b the width of the beam, the transverse reinforcematio is defined as

= Eq.3.24

pw:cb

From the shear stress, which is assumed to beastradbng the cross-sectional height,
the compressive stress in the inclined struts eaolitained from:

o, =1(tand + co®) Eq.3.25

Further, it is assumed that the vertical stregsjigal to zero and the stress in the shear
reinforcement can be obtained by
_ Ttan®

o Eq. 3.26
* P

The basic assumptions of the plasticity theoré & safe stress field for an RC beam
is obtained when the concrete compressive stressver than the compressive strength
and that the tensile stress in the reinforcemeluwer than the yield strength. Hence, the
best lower bound solution is found for the follogivalue of the shear stress:

T=fJyl-v) Eq. 3.27
In which
f
W= Pulyw Eq. 3.28
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From the work equations considered for finding tipper bound solution [33], an
identical formulation as for the lower bound sadatican be found (cf. Eq. 3.27).
Considering the geometrical boundary conditionstier development of the shear crack,
the ratio between projected crack length and bezighhis taken into account, yielding the
following relationship:

1 a2 a a
=21 S| - Eq.3.2
K 2{ (hj h} llJh 4. 3.29

Both the curves defined by Eq. 3.27 and Eq. 3.2%hown in Fig. 3.23.

Eq. 3.27

0.5

Eq. 3.29

»
»

05 ¥

Fig. 3.23 — Geometrical definitions for the pla#ticheory (from Nielsen [33])

As can be seen from Fig. 3.23, the shear streragthat be further increased for values
of y higher than 0.5.

Although the theory presented herein has an aoalytiasis, empirical factors have
been introduced in order to take into account tfiects of element size, longitudinal
reinforcement ratio and prestress in order to redudo enhance the effectiveness of the
compressive strength. fFor a more detailed description of these redacfiarameters,
reference is made to Chapter 7, Section 7.2.4,hiciwthe application of the plasticity
model for the evaluation of the shear strengthERS is discussed.

3.1.5.3 Modified Compression Field Theory

The compression field theories applied for the ysislof the shear resistance of both
prestressed and reinforced concrete beams, omgirfabm the tension field theory as
proposed by Wagner in 1929 in order to evaluaterdsgdual shear resistance of thin
webbed metal girders [34]. In his theory, Wagneuased that the angle of inclination of
the diagonal tensile stresses coincide with théeaoijinclination of the principal tensile
strains. Applying the theory for reinforced conetethe shear resistance of the concrete
web will be provided by the diagonal compressiothef struts.
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By using the appropriate equilibrium and compaitpgquations from the compression
field theory, the complete load-deformation of anmber subjected to shear can be
obtained. However, the compression field theoryewtg the residual tensile stresses in the
compression struts and as a result, deformatiens\arestimated and conservative shear
strength capacities are obtained.

To incorporate the effect of residual tensile stess caused by tension stiffening of the
concrete in between the inclined shear cracks,nibdified compression field theory
(MCFT) was developed by Collins and Mitchell in 8985]. Fig. 3.24 shows the complete
set of equilibrium and compatibility equations tiats to be solved for a given state of
deformation, expressed in terms of principal s&ain
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Fig. 3.24 — Set of 15 equations of the MCFT (Bf2ith)

Assuming that in a cracked concrete section ofarbsubjected to both shear, axial
forces and bending moments, there are no vertitakses and the stress in the web
reinforcement equals the yield stress at maximueausktrength, Eqg. 5 from Fig. 3.24 can
be rewritten as:

v=v, +pf, cotd Eq. 3.30

Similarly, Eq. 2 from Fig. 3.24 can be rearranged a

v =f,cot8 +pf cotd Eq.3.31
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In Eqg. 3.30 and Eq. 3.31, v is the average shezssstv is the local shear stress due to
friction at the crack surface angdi$ the principal tensile stress.

Based on the MCFT, both the value gfand f are related to the concrete compression
strength and hence, Eg. 3.30 and Eg. 3.31 carvipéten in a general form of a concrete
contribution v and a contribution of stirrups:v

v=v +v =Bf . +pf cotd Eq. 3.32
with
I Ea PN >
Bzmln{ 1"‘3( ) Eg. 3.33

The first term in Eqg. 3.33 represents the resitkeragile stress of the concrete between
cracks due to the existence of tension softenimg Jecond term is accounting for the
maximum frictional stresses that can be transméated function of crack width. It should
be noted that in the modified compression fieldtlethe aggregate interlock and tensile
strength of the concrete is related to the squastof the concrete compressive strength.
According to the MCFT, the tension softening cusf’eoncrete after cracking is expressed
as follows:

C
fLed€) =| —F— |\f Eq. 3.34
1,res( J) (14_@} cm g.3.3

In which G is equal to 0.33 and.Cdetermined by curve fitting of test results egqual
200, 500 and 1500 according to experimental workexchio, Collins and Mitchell, and
Tamai respectively [36].

The second term in Eq. 3.33 represents the shesasstapacity between cracks due to
the existence of aggregate interlocking. Basedheneixperimental work conducted by
Walraven [16], Vecchio [35] proposed the followisignplified relationship:

2

v, =V, max{0.18+ 16415~ o.sE o ] ] Eg. 3.35

’ Vci, max \ ci,max
with
\jfcm

Vci,max :W Eq. 3.36

0.31+ g2
a, +16

According to Adebar & Collins [37], the shear sggin of members without shear
reinforcement, is found for a deformation situatiepresenting intersection values for
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taking into account Eq. 3.33 - Eqg. 3.36. A numidaifferent possibilities are summarized
in Fig. 3.25.
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Fig. 3.25 — Concrete contribution factgfor different combinations size and strain defotioraof
a member (Bentz [21])

The longitudinal strain of a cross section is dateed by taking into account both the
bending moment and axial forces acting on a crestion, which are transformed in a
principal tensile straine(). The crack width at whichcvhas to be evaluated is calculated
as the product of the principal tensile strain #redaverage crack spacing'sn.

Although the MCFT is a well-established rationapagach to solve the problem of
shear, some remarks can be made:

e The influence of aggregate interlock has been déhiced in the MCFT by the
term w;, which is a function of crack opening and aggregare. It should be
noted that the shear slip displacement is not ¢pkito account. However, based
on the available aggregate interlock models, tihésrelative increase of opening
and sliding which will determine the magnitude béar friction stresses.
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» The concrete contribution term related to the regidensile stresses has been
evaluated from shear panel tests containing reiefoent. Hence, it is doubtful
whether the suggested relationships are still vididmembers without shear
reinforcement.

« The MCFT, is a sectional analysis method which e&gl the arch action
contribution and for lower values of shear spadepth ratios, the shear strength
will be underestimated.

» The deformation at mid-depth of the section is make half of the strain at the
bottom of the cross-section. However, for presedsections with |- or T-shape
this relationship can be different.

3.1.5.4 Empirical models

In order to provide an explanation for the she@argjth capacity of reinforced concrete
beams without transverse reinforcement, it is ssiggkby Morsch to take into account the
tensile strength of the concrete in the truss modleé additional shear strength term
attributed to the plain concrete is implementethénmost common shear strength formulas
by the root of the concrete compressive strendtle. sSimplest formulation is suggested by
ACI as a lower bound for the shear capacity (T&ble Eq. 3.37). However, this equation
is only valid for longitudinal reinforcement ratibggher than 1%.

Additional research on the shear strength of reqaafd concrete beams without stirrups
has led to the development of improved empiricainidations taking into account the
effect of three main parameters: longitudinal reicément ratio, size effect and shear span
to depth ratio. In 1962, the ACI proposed a newatign based on 194 tests on beams
subjected to both single and double point-loadsdisiibuted loads. Later in 1977, it was
decided by the ACI-ASCE committee 426 to no longse the equation and to use the
lower limit equation again.

In 1971, an empirical equation has been proposedsigty [38] which takes into
account all of the main influencing parameters pktiee size effect ratio. Hence, the use
of Zsutty's equation will lead to an overestimatifrthe ultimate shear strength for beams
with large depths. Other improvements were sugdeatboth the Model Codes 1978 and
1990 and later in the European Standard EN 1992)YEThe empirical formulation
proposed in the MC78 resulted from a statisticallysis by Hedman and Losberg [39].
Later, the equations have been revised by Remm@ {d the formulations now
implemented in EC2.

An overview of the empirical equations as suggebiedCl, Zsutty, MC78 and EC2
is given in Table 3.1.
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Table 3.1 - Overview of the most relevant empirgtedar strength formula for RC beams without

stirrups
ACI V= fem Eq. 3.37
(lower bound solution) "6
_1 d Eq. 3.38
ACI[1962] V=g V., +120p— a.
a
d Vs Eq. 3.39
Zsutty [1971] V= 2_13{ fcm,plj g. 5.
a
MC78 [1978] v=0.002K 1 5@,) §, . with k =1.6- d(<1) Eq. 3.40

. 200 .
EN 1992 (EC2) [1994] V= ch(lquI fcm)% , with k =1+ \/% and with G an Eq. 3.41

empirical constant equal to 0.18

When concrete members are subjected to a prestgessce (it is further assumed that
prestress cables are straight and consequentiygntioal shear strength component has to
be taken into account), both the approaches swuybstthe ACI and EC2 differentiate
between zones with and without the occurrenceesduflal cracks. Due to the presence of
a prestress force, it is possible that web shemarksroccur when the lower flange is still
under compression. A schematic of a crack pattettm tvese different zones is shown in

Fig. 3.26.

A

IIIL[\))I!YTY[

a

1 ' l 1
YA L, B | C L B . A
7 % % —A

1 A \

Fig. 3.26 — Difference between zones with web stieak and flexural shear cracks

In Fig. 3.26, zone A represents the zone in whighprestress forces are not yet fully
developed. However, in this end zone of the prese@ beams, the web is often wider and
shear cracks will not develop. In zone B, web slwacks are likely to occur prior to
flexural cracks. In zone C, flexural cracks arelykto occur and for zones with relatively
high shear forces, the flexural cracks become stréaral cracks.

According to ACI 318-11 [41], the concrete shegramdty shall be taken as the lowest
value of \t determined by means of the following equations:
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N/ / Eq. 3.42
Vi = fem b, d+V, + VMg ;
V, =min 2 M,
Vg, = 0.3(\/ fem+ ocp) b,d Eq. 3.43

The equation for Y yields the shear capacity considered in zonekihdganto account
the shear force needed to induce a flexural cradkaam increment to change the flexural
crack to a flexural shear crack. For zone B, theaslcapacity of the webcyis evaluated
by means of Eq. 3.43

According to the EC2 [30], the location of zonesafl C shall be determined by the
verification of tensile stresses at the bottomdibf the cross-section. The zone C starts
where the tensile stress exceeds the tensile strefigoncrete in the serviceability limit
state. For zones uncracked in bending, a lineatielaalculation of the principal tensile
stress is conducted (Eq. 3.44).

|
v, = %\/f o’ * O Eq. 3.4

In case of a load situation for which the conctetesile strength is not reached due to
the effect of shear stresses and no shear craek®m@ned in the ultimate limit state, a
minimum amount of web shear reinforcement has tprbeided in order to meet ductility
requirements.

When a cross-section is cracked in bending, theufd shear capacity is determined
by means of Eq. 3.45.
V, = [CRk(loopl £.)%+ Cpacp} b,d Eq. 3.45

Similar to the equation for sections in zone C,likaeficial effect of a prestress force
is taken into account by an additional term whighresents the increase of external loading
to induce flexural cracking. In its original form7], the value of £has been assumed to
be equal to

C =o.096bA—°o Eq. 3.46

Typically, for T- or I-shaped prestressed girdéhng, ratio of gross concrete section to
the product of effective depth and web width isa&do 2 and the value of,Gas been
taken as 0.2 which was later reduced to 0.15
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3.2 Shear strength models for SFRC

3.2.1 Historical development

One of the first reports in literature regarding tthear strength of fibre reinforced
concrete beams has been done by Batson et al.7ia [43]. At that time, it was still
believed that the concrete tensile strength coalithbreased by adding high percentages
of short fibres. Based on their experimental inigasion, it was concluded that adding
fibres to concrete altered the failure mode for FiRR@ms from bending to shear.

From then, research efforts in the field of shé@mgth of FRC elements have evolved
together with the development of other types ofeffband concrete. During the past
decades, the most relevant investigations towdrelshear capacity of reinforced SFRC
beams were done by Swamy (1985) [44], Mansur (1888) Al Ta’an & Al Feel (1990)
[46], Ashour (1992) [47], Imam (1995) [48, 49], @asva (1997) , Khuntia (1999) [50],
Gustaffson (1999) [51], Kwak (2002) [52]; Nogaba0Q0) [53], Rosenbusch & Teutsch
(2003) [54],Cucchiara (2004) [55], Greenough, (2088], Cho (2009) [57], Dinh (2010)
[58], Aoude (2012) [59], Parmentier (2012) [60]nDi(2012) [61], Conforti (2014) [62].

One of the main drawbacks of all of these studiethat the size of test specimen is
relatively small with respect to real practicabsitions. Furthermore, the majority of these
investigations and inherent shear strength mod®sSFRC are not dealing with the
presence of a prestressing force. One of thedkgerimental investigations for the shear
strength of prestressed SFRC elements has beenatedcby Narayanan & Darwish in
1987 [63]. More recently, a significant step ineash towards the influence of fibre
reinforcement on the shear strength of full-scakrast girders has been undertaken by
Minelli (2005) [64], Voo (2006) [65], De Pauw (200®6] and Cuenca (2012) [67].

Given the current approaches to characterise tts¢-guacking tensile strength of
SFRC, several of these models can be considemadated. One of the first shear strength
models taking into account the residual flexuralapzeters as derived by the standard
bending test according to EN 14651, has been peapog Minelli [64]. Based on the shear
tests of both reinforced and prestressed SFRC hebhmexisting shear strength equation
for concrete cracked in bending was modified. Evalhy, this model has been included in
the Model Code 2010 [68] chapter 7 dealing withdbsign of SFRC.

As a general remark regarding the available sh&#angth models it should be
mentioned that the majority of them are not takimng account the effect of prestress on
the shear capacity.

With respect to the way in which the beneficiaketfof fibres is considered into the
shear strength equations, the developed modelsecdivided in basically two groups:
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(1) Afirst group takes into account the effect of &by means of a fibre factor (i.e.
direct method). One of the first design guidelisescerning the shear strength
based on a direct approach has been suggested in:

o DRAMIX guideline (1995)

(2) The second group explicitly takes into account plost-cracking behaviour as
derived from material testing (i.e. the indirect thoal). The latter is now
recognized to be the best approach to design tbar dtrength since the post-
cracking flexural parameters reflect the scatte8RRC mix and as a consequence
will yield a safe design. Based on the experimewtak conducted over the past
five decades, recent international codes have imgéed design equations for the
shear design of FRC beams. The most relevant degiglelines for the shear
strength of SFRC elements are chronologically @dend discussed below:

0 RILEM (2003)
o CNR-DT (2006)
o ACI (2008)

o MC2010 (2012)

3.2.2 Models based on direct methods

3.2.2.1 Empirically based

The majority of developed strength models is bamedxperimental calibration, in
which the shear strength component due to the pecess fibres is superposed to the shear
strength of the plain concrete. The total sheaaciépis then expressed as:

V, =V +V Eq. 3.47

fibres

In which V; and & are the concrete and fibre contribution respelstivEhe concrete
contribution term has been explained in more deteélection 3.1. For the additional shear
strength due to the presence of fibres,id/calculated by taking into account the post-
cracking residual stress. This has been propossdby Mansur [45] in 1986 and was
further improved for other combinations of concratel fibres, fibre type and dosage by
the investigations of Narayanan [69], Al Ta’an &Pdel [46], Ashour [47], Imam [48, 49],
Khuntia [50], Kwak [52], Choi [70] and Greenougl6]5
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Fig. 3.27 — Determination of post-cracking tensifeength and the shear strength model as
proposed by Mansur [45].

Taking into account the model of Fig. 3.27 in whickrack plane inclination angle is
assumed equal to 45°, the general expression &g.can be rewritten as:

V,=V_ +od Eq. 3.48

In order to adopt a correct valueaf, tensile tests have to be performed or values can
be estimated by means of indirect methods as destim Section 2.3.4. Alternatively, and
as often applied in the available literature, tlstgracking tensile strength of SFRC is
calculated taking into account the sum of singteeficontributionss;, and the general
formulation adopted to evaluate the additionalrgjtie can be written as

_&0' Eq. 3.49
A qg. o

cr

(¢}

tu
The number of fibres crossing a unit crack plargiven by
— = — Eq 3.50

In whichay is the effectiveness factor due to the orientibfiboes. Assuming all fibres
being randomly distributed [71], the effectivenéssor ae is calculated as follows: for N
fibres with a length [, the average fibre length projected on the x-éig. 3.28) is given

by:

Nﬁcosrp cos® ¢ &
00

T 2
v
2
Eqg. 3.51 shows that only 41 percent of the fibrieime is effectively contributing to
the post-cracking tensile capacity of the FRC.

=0.4053l, Eq.3.51
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{
N

Fig. 3.28 — Projection of fibre length on the xsxi

Assuming a constant bond stresslong a fibre and an averaged embedded length of
L/4, the average pull-out force of a fileis given by

T, L

o, = 4

Eqg. 3.52
Combining Eg. 3.49 and Eg. 3.50, the post-crackamgile strength can be estimated
by

O :aeer Eqg. 3.53

In which F is the fibre factor given by

L
F=V, -t Eq. 3.54
d,

For a given cross-section , the fibre factor regmés the relative amount of fibres in
terms of fibre dosage and slenderness of fibres.

In literature, different values fot, and o. are suggested based on experimental
observations. Hence, the method is inherent teeaifsp combination of concrete and fibre
type and is not generally applicable. In order v@roome this issue, a bond efficiency
factorn has been introduced to take into account the fibihorage capactiy as a function
of fibre shape. As a result, the general equatioriife estimation of post-cracking tensile
strength of SFRC is given by

Oy =Nt F Eq. 3.55

Al Ta’an [72] suggested a bond efficiency factor fimoked and crimped fibres equal
to 1.2 and 1.3 respectively. According to Khund8][ a bond efficiency factor of 1 was
taken into account for the case of hooked-end dtbmds. It is suggested to apply a
reduction factor of 0.67 for plain round fibreimmbination with normal strength concrete
and 0.75 for hooked and crimped fibres in a ligleight concrete matrix.

Regarding the value of the anchorage bond stregs3(&5), different values have been
proposed in literature. The most important refeesrare listed in Table 3.2.
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Table 3.2 — Expression for the average anchorageltstress according to several researchers

Researcher Bond stress [N/mm?]
Narayanan & Darwish [69] 4.15
Swamy[44] 5.12
Lim [73] 6.80
Khuntia [50] 0.68/f,,
Marti [74] 0.60f, /3

Hooked \/f .,
Straight 0.60,/ f,,,

Voo & Foster [75]

All of the proposed expressions for the anchoragedbstress of fibres are also
visualised as a function of concrete compressiength in Fig. 3.29.

14

12 [ —eee Lim

= - = Khuntia
Marti

- = =Voo (hooked)
— — V00 (straight)

10

T, [N/mm?]

0 20 40 60 80 100
fem [IN/Mm?]

Fig. 3.29 — Comparison of different equations fog anchorage bond stress

It is clear form Table 3.2 and Fig. 3.29 that tlsswuanption of a correct value of the
bond stress is difficult and has been determinedgecific fibre and concrete types which
leads inevitable to an increase of model uncestdiot the considered shear strength
models. Furthermore, a huge drawback of these mstisdhat the real pull-out behaviour
of fibres is ignored and the composite behaviounds taken into account by means of
material testing.
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3.2.2.2 Models based on the MCFT

Two different models based on the constitutive eauailibrium conditions as described
in the modified compression field theory, are depeld by Kim et al. [76] and by Ding et
al. [61]. Both of the models take into account ieaeficial effect of fibres by relating the
principal tensile stress of concrete after crackithe fibre dosage (see Fig. 3.30).

Approximately Ly=L/4

A N
T: bond stress
Tmaxs=2.5 fot

Crack width

Fig. 3.30 — Concept of fibres providing post-craxkstrength to a cracked thin web subjected to
shear (from [76])

However in doing so, an outdated (as discusseteeanl Section 3.2.1) approach is
adopted i.e. lumping the average bond stress fdibaés crossing the crack plane. An
example of the error made when assuming an idéaliead strength in stead of the real
pull-out behaviour of a fibre is shown in Fig. 3.31

8
® 30mm, hooked end
7 A 50mm, hooked end
________________ = 30mm, straight
.f.'l X e
6 » + 50mm, straight
___________ Py

o -
£ [

5 |
2 . i
2 ¥y
g 4| =4
7 ] XXX X

______ [ S XKD s

2 3 mA xxxxxx
=) u AR
@, wrx

Gl e BN s b v b G+t

+ C
<&
1 &
g imenw= Idealized bond strength

1 2 3 4 5 6 7
Slip (mm)

Fig. 3.31 — Comparison between idealised and erpantally obtained bond strength capacity
(from [76])

In the model proposed by Ding, the principal tensiresses in between the concrete
compressive struts are taken as the sum of bothetlidual tensile stress due to tension
softening and the post-cracking tensile strengtited to the fibre pull-out mechanism.
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However, when only fibres are used as shear raiafoent, the tension stiffening effect
will be vanished. It can be concluded that the nemcept of taking into account fibres into
the calculation procedures of the MCFT is an improent but that the implementation
should be further optimized and evaluated.

3.2.2.3 DRAMIX Guideline (1995)

In 1992, it was decided by the Belgian fibre maotifdng company Bekaert to provide
a guideline for the shear design of SFRC with ahauit traditional reinforcement based
on a survey of the state-of-the-art research.deoto fulfil this task, a scientific committee
was assembled in 1993 whose efforts resulted i@RAMIX guideline [77] which was
aimed to serve as a possible draft to be implerdenténe new version of the Eurocode 2
about that time.

In general, the design shear strength of steed filancrete beams is calculated as the
sum of a concrete contribution ¥nd a fibre contribution &/

Ved VgtV gy Eg. 3.56

The concrete contribution is similarly calculatedrmModel Code 1990 (MC90) or the
current European standard EN 1992-1-1 (Eurocode 2):

Vv, = (0'18 K ([1000p, (F,,) % + o.15@:cp] [h, Od Eq. 3.57
Y.

[

In which k is a size effect factor to reduce therage ultimate shear stress as a function
of increasing depth of members, given by

k=1+ }% Eq. 3.58

The average compressive stregsacting in the member caused by a prestressing forc
is calculated by means of Eq. 3.59.

_ anO(A p,SUP+A pvbO)
cp A

Cc

Eq. 3.59

In which fyis the initial prestress in the strands andsAhe total area of the concrete
section. The section of prestressing strands irladver region and the upper region are
denoted as Mot and Aviop respectively. When the prestress losses are ruaicigly
mentioned in literature, a loss coefficient faajas chosen equal to 0.8.

The longitudinal reinforcement ratjpis given by

— (As +A p,bot)
b,d

D, Eq. 3.60
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For design, the values of k, the longitudinal reinément ratip and the compressive
stress are limited to 2, 0.02 and Q.@&éspectively, in order to cut off the beneficitieet
of these parameters. However, for evaluation of shear strength formulation and
comparison with test results, these limitationsrareapplied when calculating the ultimate
shear strength of steel fibre concrete beams.

For the fibre contribution ¥the suggested approach is similar to the sheangitre
equations developed based on the fibre factohduksl also be noted that the DRAMIX
guideline only applies for uncoated fibres with ket ends. The shear strength provided
by the addition of fibres is calculated as follows:

Vig =K1, d Eqg. 3.61

In which k is a factor taking into account the beneficiakeffof flanges to the shear
strength of | and T-shape cross-sections given by:

h \( h
k., =1+n X ||+ |<1.5 Eq. 3.62
f (b)(dj 439
with
3
b —_
nzws b, Eq. 3.63
hf 3xh7
f

The shear strength supplement due to steel firescalculated by:

f
Ty 20_54@ Eqg. 3.64

Ye

with fexax the characteristic value of the axial tensilersgth of concrete and;,Ra
factor used to calculate the post-cracking stré#s0SFRC as a fraction of the axial tensile
strength. For uncoated hooked-end steel fibresD®A&MIX guideline suggests to derive
R: as follows:

R, =1 L Eq. 3.65
0.459+ F

3.2.3 Models based on indirect methods

3.2.3.1 Plasticity model

The theory of plasticity has been developed toutate the strength of both plain and
reinforced concrete successfully in the past. \Wipect to shear, different equations have
been proposed and validated with respect to exgetmhdata by Thurlimann and Nielsen
[33]. Since fibres are providing post-cracking dlitgtto concrete and tensile stresses can
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be transmitted up to relatively large crack widtBERC can be considered as a material
with high plasticity. Regarding this hypothesiswis first proposed by Voo et al. [78] to
use the plasticity theory to evaluate the sheangth of steel fibre reinforced reactive
powder concrete prestressed girders. In the proposelel, the effect of the flanges for T-
or I-shaped section is neglected.

The upper bound solution [33] for determining thear strength of a simply supported
concrete beam with rectangular cross-section aratleld with two symmetrically
positioned concentrated point loads, is given by

2
vu:;f;bh[ 1+(Ej —’;] Eq. 3.66

in which f is the effective concrete compressive strength/mm? given by

fo=vf,, Eq. 3.67

c

At the ultimate state of shear failure, the coreretruts are subjected to both
compressive strains and tensile strains perperatitoithe strut inclination. As a result of
this biaxial strain state, the compressive strerggtlthe concrete will be significantly
reduced with respect to a uniaxial compressive Yieba This compression softening
phenomena is implemented in the plasticity thegryneans of empirical factors based on
both material and geometrical properties. The rédndactor is given by Eq. 3.68.

VC:1.2[\7£](1Epl+ 0.53{ 0.26 1%]}( 1 o%:j Eq. 3.68

The geometrical parameters used in Eq. 3.66, arbdlght of the beam h, the width of
the beam b and the projected length of the crisbalar crack on the horizontal axis x. A
schematic figure is shown in Fig. 3.32.

JE’

L l Critical shear crack /
| N

/ / [

\% > | > °

Fig. 3.32 — Geometrical parameters considered ffier plasticity theory.

The plasticity theory was first used by Voo et[@8] to investigate the shear capacity
of prestressed Reactive Powder Concrete (RPC) rgirdg means of the Variable
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Engagement Method. Zhang [79] & Voo [78] proposedevaluate the ultimate shear
strength as given by Eq. 3.69 with respect to taeking load which is needed to exhaust
the shear critical crack.

V, ==th

Eq. 3.69
cr 2 a

1., P+, YR,
a

In which R is the resulting compressive force due to prestigds the effective depth
of the I" prestressing strand antlié the effective post-cracking tensile capacit&RC.
For the use of the plasticity theory in the cursmtly it is assumed that the crack width of
the shear critical crack is constant along theldepthe cross-section of the beam and is
equal to 2.5 mm at failure. Furthermore, a rigidspic model is considered in accordance
to the MC2010 provisions for fibre reinforced cagterand as a result, the value ofif
taken as

. f
fo=fr =%3 Eqg. 3.70

In order to find a closed solution for,\dnd \%, an appropriate value of the projected
crack length x is found by intersecting Eq. 3.6€ &qj. 3.66 (Fig. 3.33). Hence, the shear
capacity is found by solving iteratively for a valaf x. The corresponding values of both
the upper bound solution,\&nd the cracking loadcVare taken as the shear strength of the
SFRC beam.

VA

Vu Prestresssed
Beams

Ve

\/ Non-Prestresssed
Beams

o
—

X
Fig. 3.33 — Equilibrium between,¥nd \4 as a function of x

As can be seen from Fig. 3.33, the application pfestressing force causes the V
curve to shift upwards with a constant term. Agsult, the value of X’ (i.e. equal to a-x,
Fig. 3.29) at which equilibrium is found decreasesl the critical shear crack will be
steeper.
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3.2.3.2 RILEM (2003)

As a result of the work of the RILEM Technical Coittee TC 162-TDF, a more
comprehensive approach is suggested to calculdésign shear strength for FRC. Based
on the work of RILEM TC 162 TDF (Technical Commét#62 ‘Test and design methods
for fibre reinforced concrete’), final recommendat [29] were formulated in 2003
concerning the design of FRC members. This docuremtbe considered as a first step
towards code integration of structural design o€CER

The additional term taking into account the conittiitn of fibres to the design shear
strength of FRC is given by

Vig =Kk Ty b, L8 Eg. 3.71
In which an extra termikhas been added equal to:

1600- h
k, =
1600

Eq. 3.72

In contrast to the DRAMIX guideline, in the RILEMn&l recommendations it is
emphasised that the material properties of the E&®@posite used for design, have to be
measured by standardised bending tests on smalsfgee Section 2.3). Similar to the
DRAMIX guideline model, the effect of cross-sect&imape is taken into account.

3.2.3.3 CNR-DT 204/2006 (2006)

The shear strength equation implemented in théattaguidelines of the National
Research Council, was first published in the thesislinelli [64]. Based on his study, it
was assumed that the fibres act as a distributegitialinal reinforcement enhancing the
effect of aggregate interlock caused by smalleckcnaidth. Hence, the shear strength
equation for plain concrete from EC2 has been adhfiy a factor increasing the
longitudinal reinforcement ratio as a function loé residual stress of the FRC.

0.18 f Vs
Ve =| —= K [J100p | 1+ 7.537% |Of, | + 0.156,, |0h D¢ Eq.3.73

c ctk

3.2.3.4 ACI (2008)

Despite the increasing evidence from researchtegghe American Concrete Institute
did not allow SFRC as an alternative for converdloshear reinforcement (i.e. steel
stirrups) before 2008. For the use of steel fil@sninimum shear reinforcement in both
prestressed and non-prestressed members, the Aftiree a minimum flexural
performance based on ASTM C1609 four-point bentists. According to the ACI Code,
the residual flexural strength at midspan deflexid/300 and 1/150 of the span length
should be respectively higher than 90% and 75%efitst cracking stress. Furthermore,
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the fibre dosage shall not be lower than 0.75%thadoncrete compressive strength have
to be lower than 41.4 MPa (6 ksi).

Two main drawbacks are inherent to the ACI 318 qudeisions: first, when reaching
the flexural strength for fibre dosages lower tBarb%, the use of fibres is not economic
and second, for prestressed concrete elements;otiete compressive stress will be
traditionally higher than 41 MPa. As a result, eatrACI design guideline is holding back
the use of fibres as shear reinforcement for qadytice.

3.2.3.5 Model Code 2010 (2012)

A more recent model has been implemented in ModeleC010 (chapter 7.7, section
7.7.3). This approach is in line with the receratdtions to the shear design provisions in
the latest version of EC2. The shear strengthboéfieinforced section can be obtained as
follows:

1
VRd ZV[chm+k ; Ftukcot e]b WA Eaq. 3.74
E

Where i« is the characteristic post-cracking tensile stiiein§ SFRC determined from
axial tensile tests or indirectly from standarde#iipoint bending test results. The crack
width at which the post-cracking strength is coased shall be taken as:

w, =0.2+100@, = 0.125mr Eq. 3.75
In which the strain at mid-depth for prestressedhivers is obtained by

[NEd+VM+NMC%;eJ]

£ = Eq. 3.76
" 2 Zs ZP
SEA+TEA,

In which Meq, Veq are taken as positive quantities and i negative for compression.
The considered cross-section for design is showign3.34. In case is negative, it shall
be taken as zero.
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Fig. 3.34 — Definition of cross-sectional paramstenternal loads and strain profile according to
MC2010.

ks is a reduction factor taking into account the ation of fibre dispersion and inherent
post-cracking performance between three-point endést specimen and the actual
elements for which the shear design is conductied. vialue is proposed to be equal to 0.8,
without further comments provided in MC2010.

The factor ktakes into account both the strain and size effexh result, this factor is
computed as follows:

__ 04 1300
' 1+150@, 1006- k z Eq.3.77

with the aggregate size parameter given by

32
>0.7
ST 0.75 Eq.3.78

If the particle size is less than 16 mm, it is sgigd to take the value af;lequal to 1.

According to the variable inclination angle methtiie inclination of shear critical
cracks can be chosen between the following limits:

29° + 700@, <G< 48 Eq. 3.79

More detailed background information has been giedin Section 3.2.2.2.

3.3 Conclusions

Regarding the investigations on the shear capa€i8FRC elements, the majority of
all tests have been conducted on non-prestressedetatively small elements. Over the
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past three decades, the experimental work hasoléget development of different semi-

analytical shear strength equations or design ndsth®espite the large number of

investigations, only a few models deal inherentithwhe presence of a prestressing force
and apply the currently widely established residietural parameters, determined by

standardised three-point bending tests.

3.4 References

[1] Ritter, W. (1899). "Die Bauweise Hennebiqu8thweizerische Bauzeitungpl. February, pp. 41-
61.

[2] Morsch, E. (1902) Der Eisenbetonbau, seine Anwendung und ThtoKeustadt a.d. Haardt:
Technischer Leiter der Wayss & Freytag AG.

[3] Collins, M. P., Mitchell, D. (1991)Prestressed Concrete StructuteEnglewood Cliffs, New
Jersey: Prentice-Hall, p. 766.

[4] fib. (2012) 'Bulletin No. 62: Structural Concrete Textbook ohdgour, design and performance,
Second edition Volume 5: Through-life care and ngameent of concrete structures - Assessment,
protection, repair and strengthenihd.ausanne, Switzerland: fédération internatiomaidéton.

[5] ACI. (1999). "445R-99: Recent approaches tea8tDesign of Structural Concrete".

[6] Shepherd, R., Frost, J. (1995Fallures in civil engineering: Structural, foundati, and
geoenvironmental case studieNew York: ASCE.

[7] Lubell, A., Sherwood, T., Bentz, E. C., CoflinM. P. (2004). "Safe Shear Design of Large, Wide
Beams".Concrete InternationalVol. January(26), pp. 66-78.

[8] Collins, M. P., Kuchma, D. (1999). "How safeeaur large, lightly reinforced concrete beams,
slabs and footings’ACI Structural JournalVol. 96(4), pp. 482-490.

[9] Feld, J., Carper, K. L. (1997L0bnstruction Failuré. John Wiley & Sons.

[10] Taylor, H. P. J. (1974)The Fundamental Behavior of Reinforced ConcretenBeia Bending and
Sheat. In: ACI SP-42: Shear in Reinforced Concrete.rBigbp. 43-77.

[11] Taylor, H. P. J. (1970). "Investigation ofetifiorces carried across cracks in reinforced coacre
beams in shear by interlock of aggregate, Technegairt 42.447". London.

[12] Taylor, H. P. J. (1970). "Further tests tdelmine shear stresses in reinforced concrete heams
Technical report TRA 438". London.

[13] Sarkar, S., Adwan, O., Bose, B. (1999). "Stst@ess contributions and failure mechanisms gt hi
strength reinforced concrete beaniddéaterials and Structured/ol. 32(March), pp. 112-116.

[14] ASCE-ACI-Committee-426. (1973). "The Sheare8gth of Reinforced Concrete Members".
Journal of structural Division (ASCEYol. 99(6), pp. 1091-1187.

92



Literature review on shear

(15]

(16]

(17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

Kupfer, H., Hulsdorf, H. K., Rusch, H. (1969Behavior of Concrete Under Biaxial StrességCl
Journal Vol. 66(8), pp. 656-666.

Walraven, J. (1980)Abgregate Interlock - A theoretical and experiméatalysi$ (PhD-thesis),
Delft University of Technology.

Walraven, J., Reinhardt, H. W. (1981). "Theand Experiments on the Mechanical Behavior of
Cracks in Plain and Reinforced Concrete Subjecte®ear Loading'HERON Vol. 26, pp. 1-
68.

Gambarova, P. G., Karakog, C. (1983). "A rapproach to the analysis of the confinement role in
regularly cracking concrete element&th International Conference on Structural Mechanic
Reactor Technology, Chicago, US%. 251-261.

Li, N., Maekawa, L., Okamura, H. (1989). "Gact density model for stress transfer across srack
in concrete"Journal of the Faculty of Engineering, UniversifyTokyq Vol. 40(1), pp. 9-52.

Maekawa, K., Pimanmas, A., Okamura, H. (2008)nlinear Mechanics of Reinforced Conctete
London: Spon Press.

Bentz, E. C., Vecchio, F. J., Collins, M.(RP006). "Simplified Modified Compression Field Thgo
for Calculating Shear Strength of Reinforced CotecEelements"ACI Structural Journgl Vol.
103(4), pp. 614-624.

Dei Poli, S., di Prisco, M., Gambarova, P.(B990). "Stress Field in Web of RC Thin-webbed
Beams Failing in ShearJournal of Structural Engineering (ASGBjJol. 116(9), pp. 2496-2515.

Fenwick, R. C., Paulay, T. (1968). "Mecharssofi shear Resistance of Concrete Beadwirnal
Structural Division ASCEVol. 94(10), pp. 2325-2350.

Park, R., T., P. (1975)Reinforced Concrete StructufesNew York: Wiley-Interscience
Publication.

Kani, G. N. J. (1964). "The Riddle of Sheail&re and Its Solution 'Journal of the American
Concrete InstituteVol. 61(4), pp. 441-468.

Shioya, T., Iguro, M., Nojiri, Y., Akiyama, HOkada, T. (1990). "ACI SP 118: Shear Strength of
Large Reinforced Concrete Beams".

Frosch, R. J. (2000). "Behavior of Large-®cBkinforced Concrete Beams with Minimum Shear

Reinforcement"ACI Structural JournalVol. 97(6), pp. 814-820.

(28]

[29]

(30]

(31]

Bazant, Z. P., Kim, J. K. (1984). "Size effét shear failure of longitudinally reinforced lmes!'.
ACI Journal Vol. 81(5), pp. 456-468.

RILEM. (2003). "Final Recommendation of RILENMC 162-TDF: Test and design methods for
steel fibre reinforced concrete sigma-epsilon-desigethod". Materials and StructuresVol.
36(262), pp. 560-567.

CEN. (2004). "EN1992-1-1:2004 - Eurocode Zsign of concrete structures - Part 1-1: General
rules and rules for buildings". Brussels, Belgium.

Kordina, K., Blume, F. (1985). "Empirische sammenhange zur Ermittlung der
Schubtragféhigkeit stabférmiger Stahlbetonelemergetlin, Sohn Eu.

93



Chapter 3

(32]

(33]

[34]

(35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

94

MacGragor, J. G. (1992R¢einforced Concrete: Mechanics and DeSidginglewood Cliffs, New
Jersey: Prentice Hall.

Nielsen, M. P. (1999)Limit Analysis and Concrete PlasticityCRC Press.

Wagner, H. (1929). "Ebene Blechwandtrager seltr Dunnem StegblectZeitschr Flugtechnik
und Motorluftschiffahrt

Vecchio, F. J., Collins, M. P. (1986). "Theollfied Compression-Field Theory for Reinforced
Concrete Elements Subjected to Shea€l Journal Vol. 83(22), pp. 219-231.

Bentz, E. C. (2000)Sectional Analysis of Reinforced Concrete Menil{@sD-thesis), University
of Toronto, Department of Civil Engineering.

Collins, M. P., Mitchell, D., Adebar, P., Viguo, F. J. (1996). "A general shear design method"
ACI Structural JournalVol. 93(1), pp. 36-45.

Zsutty, T. C. (1968). "Beam Shear Strengtidrstion by Analysis of Existing DataACI| Journal
Vol. 65(11), pp. 943.

Hedman, O., Losberg, A. (1978). "Design oficete structures with regards to shear fordeEB
Bulletin 126 pp. 186-206.

Remmel, G. (1992).Zum Zugtragverhalten hochfester Betone und seinéfiugs auf die
Querkrafttragfahigkeit von schlanken Bauteilen o@whubbewehrurig Technische Hochschule
Darmstadt.

ACI. (2011). "ACI 318-11: Building Code Regeiments for Structural Concrete and
Commentary". Farmington Hills, USA.

CEB-FIP. (1987). "Shear in Prestressed Cdackéembers - State-of-the-Art Report (Bulletin
180)". Lausanne, Switzerland.

Batson, G. B., Jenkins, E., Spatney, R. (J973teel Fibers as Shear Reinforcement in Beams".
ACI Journal Vol. 69(10), pp. 640-644.

Swamy, R. N., Bahia, H. M. (1985). "The etigeness of steel fibers as shear reinforcement".
Concrete InternationalVol. March, pp. 35-40.

Mansur, M. A., Ong, K. C. G., Paramasivam(1®86). "Shear Strength of Fibrous Concrete Beams
without Stirrups".Journal of Structural Engineering (ASGEJol. 112(9), pp. 2066-2079.

Al-Ta'an, S. A., Al-Feel, J. R. (1990). "Euation of shear strength of fiber reinforced cotere
beams"Cement and Concrete Compositésl. 12, pp. 87-94.

Ashour, S. A, Hasanain, G. S., Wafa, F. B9). "Shear behaviour of high strength fiber
reinforced concrete’ACI Structural JournalVol. 89(2), pp. 176-184.

Imam, M., Vandewalle, L., Mortelmans, F., V&emert, D. (1997). "Shear domain of fibre-
reinforced high-strength cocnrete beanisigineering Structured/ol. 19(9), pp. 738-747.

Imam, M., Vandewalle, L., Mortelmans, F. (B99"Shear-moment analysis of reinforced high
strength concrete beams containg steel fib&@atadian Journal of Civil Engineerinyol. 22, pp.
462-470.



Literature review on shear

(50]

(51]

[52]

(53]

(54]

(55]

[56]

(57]

(58]

[59]

(60]

(61]

(62]

(63]

(64]

(65]

Khuntia, M., Stojadinovic, B., Subhash, C.(®999). "Shear strength of normal and high-stiengt
fiber reinforced concrete beams without stirrupsCl Structural JournalVol. 96(2), pp. 282-289.

Gustafsson, J., Noghabai, K. (1999). "Stésdrk as shear reinforcement in high strength atenr
beams"Bi annual report - Nordic Concrete Research (NOR)I. 1, pp. 1-18.

Kwak, Y. K., Eberhard, M. O., Kim, W. S., Kird. (2002). "Shear strength of steel fiber-reioéor
concrete beams without stirrup&Cl Structural JournglVol. 99(4), pp. 530-538.

Noghabai, K. (2000). "Beams of Fibrous Coteie Shear and Bending: Experiment and Model".
Journal of Structural Engineering/ol. 126(2), pp. 243-251.

Rosenbusch, J., Teutsch, M. (2003). "Sheasidgpewith c-¢ Method". RILEM TC 162-TDF
Workshop, Bochum, Germany

Cucchiara, C., La Mendola, L., Papia, M. (2DOEffectiveness of stirrups and steel fibrestasar
reinforcement"Cement and Concrete Composijtésl. 26(7), pp. 777-786.

Greenough, T., Nehdi, M. (2009). "Shear Beébawf Fiber-Reinforced Self-Consolidating
Concrete Slender Beam&nvironmental Engineering

Cho, J.-S., Lundy, J., Chao, S.-H. (2009ne& Strength of Steel Fiber Reinforced Prestressed
Concrete BeamsStructures Congress 2009: Don't Mess with Strudttrgineers, Austin, Texas
pp. 1058-1066.

Dinh, H. H., Parra-Montesinos, G. J., WightK. (2010). "Shear behavior of steel fiber reinéal
concrete beams without stirrup reinforcemeACI Structural JournalVol. 107(5), pp. 597-606.

Aoude, H., Mehdi, B., Cook, W. D., Mitcheld. (2012). "Response of Steel Fiber-Reinforced
Concrete Beams with and without Stirrup&ClI Structural JournglVol. 109(3), pp. 359-367.

Parmentier, B., Cauberg, N., Vandewalle,2012). "Shear resistance of macro-synthetic ara ste
fibre reinforced concrete beams without stirruf2FIB 2012, Guimaraes

Ding, Y., Zhang, F., Torgal, F., Zhang, Y0(2). "Shear behaviour of steel fibre reinforcel se
consolidating concrete beams based on the modd@dpression field theory'Composite
Structures Vol. 94(8), pp. 2440-2449.

Conforti, A., Tinini, A., Minelli, F., Plizza, G., Moro, S. (2014). "Structural applicabilitf
polypropylene fibres: deep and wide-shallow beantgested to shearFRC 2014 Joint ACI-fib
International Workshop - Fibre Reinforced Concreteam Design to Structural Applications,
Montréal, Canadapp. 341-355.

Narayanan, R., Darwish, I. Y. S. (1987). "8hén prestressed concrete beams containing steel
fibres". The International Journal of Cement Composites lagttweight ConcreteVol. 9(2), pp.
81-90.

Minelli, F. (2005). Plain and Fibre Reinforced Concrete Beams undeaBheading: Structural
Behaviour and Design Aspet{®hD-thesis). Brescia, University of Brescia.

Voo, Y. L., Foster, S. J. (2008). "Shear sgth of steel fiber reinforced ultra-high performan
concrete beams without stirrup$?! international Specialty Conference on Fibre Reinéat
Materials pp. 177-184.

95



Chapter 3

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

96

De Pauw, P., Taerwe, L., Van den Buverie, Mioerman, W. (2008). "Steel fibre concrete as an
alternative for traditional shear reinforcementnetensioned concrete beam&". international
RILEM symposium on fibre reinforced concrete: desigd applications (BEFIB 2008pp. 887-
898.

Cuenca, E., Serna, P. (2013). "Shear behatjmrestressed precast beams made of self-compacti
fiber reinforced concreteConstruction and Building Materigld/ol. 45(August 2013), pp. 145—
156.

fib. (2010). "Model Code for Concrete Struetsi 2010". Lausanne, Switzerland, fédération
internationale du béton.

Narayanan, R., Kareen-Palanjian, A. S. (198Bactors Influencing the Strength of Steel Fibre
Reinforced ConcreteThird International Rilem Symposium

Choi, C. K., Kwak, H. G. (1990). "The effeat finite element mesh size in nonlinear analysis o
reinforced concrete structure€omputers &amp; Structure¥ol. 36(5), pp. 807-815.

Romualdi, J. P., Mandel, J. A. (1964). "Témstrength of concrete affected by uniformly disee
and closely spaced short lengths of wire reinfoerethJournal of the American Concrete Institute
Vol. 61(6), pp. 657-672.

Al-Ta'an, S. A., Al-Saffar, N. S. (2008). "Nlinear Finite Element Analysis of Fibrous Reinfenic
Concrete Beam-Column Joint#\l-Rafidain EngineeringVol. 16(5), pp. 57-69.

Lim, T. Y., Paramasivam, P., Lee, S. L. (1p8Analytical Model for Tensile Behaviour of Steel
Fiber Concrete"ACI Materials JournglVol. 84(4), pp. 286-298.

Marti, P., Pfyl, T., Sigrist, V., Ulaga, T1999). "Harmonized Test Procedures for Steel Fiber-
Reinforced ConcreteACI Materials JournglVVol. 96(6), pp. 676-686.

Voo, J. Y., Foster, S. J. (2004). "Tensilacture of Fibre-Reinforced Concrete: Variable
Engagement Model6th RILEM Symposium on Fibre-Reinforced Concrét€Q) - BEFIB 2004,
Varenna, Italy pp. 875-884.

Lee, D. H., Hwang, J.-H., Ju, H., Kim, K. &uchma, D. A. (2012). "Nonlinear finite element
analysis of steel fiber-reinforced concrete memheisg direct tension force transfer model".
Finite Elements in Analysis and Desjdfol. 50, pp. 266-286.

Nemegeer, D., Vandewalle, L., Van Nieuwenhudg Van Gysel, A., Vyncke, J., Deforche, E.
(1995). "Dramix guideline: Design of concrete stanes - Steel wire fibre reinforced concrete
structures with or without ordinary reinforcementifrastructuur in het leefmilieu,4p. 227-239.

Voo, Y. L., Foster, S. J., Gilbert, R. |. (). "Shear Strength of Fiber Reinforced Reactiweqer
Concrete Prestressed Girders without Stirrupstirnal of Advanced Concrete Technoloygl.
4(1), pp. 123-132.

Zhang, J.-P. (1994 ptrengh of cracked concreet, Part 1 - Shear stienfitonventional reinforced
concrete beams, deep beams, corbels, and presiressaforced beams without shear
reinfrocemerit Lyngby, Denmark: Danmarks Tekniske Univ.



4 POST-CRACKING BEHAVIOUR OF
SFRC

4.1 General

In this chapter, research results are reportederoing the post-cracking behaviour of
SFRC. The post-cracking behaviour of SFRC is ingattd on both the micro-scale (fibre
level) and the meso-scale level (composite lewebualuate the crack bridging ability of
fibres when subjected to a pure Mode | (opening) arcombined Mode | and Mode I
(mixed mode) crack propagation.

In a way to understand the mechanisms influendiegpbst-cracking tensile strength
capacity of SFRC, research has been carried onté&stigate the crack-bridging ability
for SFRC subjected to bending. Based on the expeatiah observations from the bending
tests, different modelling techniques are propogdtof the models provide rational
approaches to analyse and to evaluate the coedtitiitof SFRC in tension by taking into
account the pull-out behaviour of fibres. Therefa®isting pull-out models of a single
fibre [1-4] have been revised and further optimized



Chapter 4

In order to investigate the response of a sindgdeefsubjected to pull-out conditions
inherent to a transverse displacement of the qukssie, a micro scale test method has been
developed and used to investigate the transvereuyturesponse of hooked-end steel
fibres. The experimental observations were therd usecombination with the revised
analytical pull-out models to be implemented into analytical model to simulate the
experimentally obtained direct shear behaviourkRS.

In this doctoral study, short (30 mm) and long&®) hooked-end fibres are used. The
used fibres are manufactured by Bekaert and coniatlgrdknown as DRAMIX®
RC-80/30-CP, RC-80/60-BP and RC-80/60-BN.

4.2 Bending behaviour

4.2.1 Introduction

Recent evolutions in the application fields of SF&€ focused on the replacement of
conventional reinforcement by hooked-end steelefibin concrete members where
minimum reinforcement is required, and so to prevédconcrete element the necessary
post-cracking strength [5-7]. In this case it iportant to know how many fibres have to
be added to the concrete mix in order to meet fpeabésign criteria such as maximum
deflection and crack width when subjecting the ceteemember to the desired design load.

To characterize steel fibre reinforced concretésnps with standard dimensions of
150 mm x 150 mm x 600 mm are used to derive rekithiairal parameters by means of
three- or four-point bending tests [8, 9]. In thiay, a performance classification of the
SFRC can be done and a Mode | crack opening cotigtittaw for SFRC can be derived
for structural design purposes. For the latter, Muglel Code 2010 (MC2010) provides
both a simplified rigid-plastic model and a mordaded bi-linear constitutive model in
which a distinction can be made between straindrdamd) and strain-softening. An
example is given in Fig. 4.1.

Although the current approach is widely acceptedhes drawbacks are inherent to the
procedure that has to be followed before a desagnke performed. First, a minimum
amount of bending tests have to be performed tam@tsight into the scatter of the flexural
load-deflection response and to deduct charadtevistues of residual flexural parameters.
It is assumed that the observed scatter from bgntists is mainly a consequence of
variability of the total amount of fibres crossitige crack plane, the orientation profile of
fibres, the difference in fibre embedded lengtmarete strength and fibre shape [10-12].
Moreover, it is a time consuming job to cast angtepare specimens and to conduct
laboratory tests.

Secondly, the obtained load-CMOD (Crack Mouth Opgridisplacement) curves for
SFRC are, according to MC2010 turned into pureirstiardening or -softening
constitutive laws which have two discontinuitiegy(F4.1 - Rigid plastic or Bi-linear): (1)
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just after cracking, when the concrete stress dfops the tensile strength to a lower
residual stress and (2) at the assumed ultimatdk a@ening w where stresses drop from
a residual stress to zero. In reality howeverssge are more continuous as a function of
crack opening and related to the pull-out condgiohfibres.
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Fig. 4.1 - Example of different post-cracking citnsive laws for SFRC withif4.1 N/mmg2,
fre= 6 N/mm?2 andss = 9 N/mm?

In this work, two modelling variants for the Modéédhaviour of SFRC are proposed,
which allow to also consider pseudo-hardening bielaof SFRC.

A standard three-point bending test accordingédatropean standard NBN EN 14651
[9] is used to determine the residual flexural pagters of SFRC mixes and by means of
inverse analysis [13-15] (see Section 2.3.4) amesibn of the Mode | constitutive law is
obtained. However, since any found solution is m®red to be non-unique, a certain
model error has to be dealt with. In this chapaetrj-linear crack opening law is adopted

in order to catch both the softening and hardefamgl combination of both) behaviour of
SFRC (Fig. 4.1).

In addition to the discussion about the uniqueésolutions found through inverse
analysis, another model is developed to calculeekial crack bridging ability of SFRC
based on the single fibre pull-out response of bdedénd steel fibres. The fibre pull-out
response of a steel fibre, both straight and deddsrembedded in a concrete matrix has
been widely investigated in the past [1, 3, 4, 1p{8ee section 2.2.3). Thereby, attention
is given to the influence of the type of fibre, ttencrete strength and the inclination of the
pull-out force. The developed analytical tool impknts an accurate axial pull-out model
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developed by Van Gysel [1, 2] and takes into actdii® matrix compressive strength,
fibre tensile strength, geometry, orientation, gpalistribution and embedded length of a
fibre.

In addition, a third modelling technique is pregehtvhich can be used to characterize
the non-linear behaviour of steel fibre reinforaahcrete subjected to bending and to
estimate the scatter of flexural response by meéfisite element modelling (FEM). The
composite material is considered to be a two-phassdel where the concrete matrix and
the individual fibres are modelled separately. €bgr the fibres are considered as
frictionless cable elements [22, 23]. In ordereoify the FEM-analysis, four-point bending
tests have been performed and compared with thelatied curves.

The relationship between all the proposed modeltiechniques is schematically
visualized in Fig. 4.2.

Bending test

EN 14631 /jfodel constitutive law \

l for design purpose

I Inverse analysis > f

Single fibre -
pull-out model I Analytical /E w /

T

FEM for bending
III. Numerical behaviour

!

Fig. 4.2 - Schematic overview of proposed modgti@cthniques

4.2.2 Experimental investigation

A total of 42 bending tests have been conductedSBRC prisms with nominal
dimensions 150 x 150 x 600 mm. The test matrixvsrgin Table 4.1 and comprised both
three- and four-point bending tests. Test paraméataiude fibre dosage, fibre type and
concrete type. For each of the test series, thpeeimens (six specimens for series LH20,
LH40) are casted and cured in a room with a coh&ahof 90% and temperature of 20°C.
Specimens are tested in a displacement controlieg av 28 days. For the three-point
bending tests (3P), concrete mix SFRC-1 (mean cesspre strengthf,cun= 68.7 N/mm2)
is used in combination with high strength fibreshwa length equal to 30 mm (SH) or
60 mm (LH). For the four-point bending test seli@B), concrete mix SFRC-2{fcun =
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57.4 N/mm2) is used in combination with 60 mm Iditbges with a high (LH) and normal
strength (LN). All fibre properties such as wireesigth (f), diameter (¢, length (L) and
fibre weight (M) are summarized in Table 4.2. The applied fibreades (V) for all SFRC

batches ranged between 20 and 60 kg/m3. The cerswatposition and average cube (side

length 150 mm) compressive strength is shown in€eTat8. In general, the workability

varied in between an acceptable range for both snikkbe observed air-content for series
3P-SH-60 and SP-LH-60 is significantly higher widspect to the average air-content of

about 2.0 % for the other specimens.

All of the fibres are made of bare steel, excepfifire type SH, which is a zinc-coated
fibre. To eliminate the negative effects on thearete quality by the hydrogen gas formed
by a chemical reaction between the zinc coatingthadilkalis in the fresh concrete [24],

these fibres are manufactured with a protectivetiea inhibitor. The zinc-coated steel

fibres are passivated by means of a chromium bes@gound which guarantees the good

bond between fibre and surrounding concrete irhtlrdened state.

Table 4.1 - Test matrix for all bending tests

Designation ~ Concrete Mix Fibre type  ; [Kg/m?3] fem.cun [N/Mm?)] # tests
3P-SH-20 20 71.8 3
3P-SH-40 SH 40 68.4 3
3P-SH-60 60 65.1 3
3P-LH-20 SFRC 20 68.8 6
3P-LH-40 LH 40 73.2 6
3P-LH-60 60 64.7 3
4P-LN-20 20 51.4 3
4P-LN-40 LN 40 58.8 3
4P-LN-60 SERC-2 60 56.5 3
4P-LH-20 20 59.7 3
4P-LH-40 LH 40 61.0 3
4P-LH-60 60 56.8 3

Table 4.2 - Overview of used fibres
Fibre type Fibre name « IN/mm?] L¢ [mm] o [-] M+ [g]

RC-80/60-BN LN 1236 60 0.75 2.19E-01
RC-80/60-BP LH 2520 60 0.71 1.96E-01
RC-80/30-CP SH 3096 30 0.38 2.69E-02
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Table 4.3 — Constituents of used concrete mixesfig

Mix SFRC-1 SFRC-2
Cement CEM 152,5N - 390
Cement CEM 152,5R 390 -
Crushed aggregate 2/7 257 150
Crushed aggregate 7/14 566 850
Sand 0/1 202 -
Sand 0/4 674 805
Fly ash 60 -
Superplasticiser (Glenium 51) 2.61 2.20
Water 190 188
wiC 0.46 0.48
wi/P 0.42 0.48
fem,cub[N/Mmm?] 68.7 57.4
CoV [%] 5.0 5.9

4.2.2.1 Three-point bending tests

Three point-bending tests on notched prisms ardwtied according to the European
standard EN14651 (see also section 2.3.4). In dodeapture the post-peak behaviour of
both plain concrete and fibre reinforced concrgiecsnens, the testing procedure is
controlled by a monotonic increase of the crack tmapening displacement (CMOD).
Until a crack opening of 0.1 mm is reached, thename rate is kept constant at 0.05
mm/min after which the crack opening displacematd is increased up to 0.2 mm/min.
The tests are conducted until reaching a CMOD Iefeet 4 mm. For all three-point bending
test series, the complete stress-CMOD curves anersin Fig. 4.3.

Due to the overall dispersion and different oriéintaof fibres within a concrete matrix,
it should be noted that fibre dosage as such camiptbe used as a parameter to quantify
the performance of a fibre reinforced concretedéfined in MC2010 [25], a classification
of FRC performance shall be done based on theuasilitxural stresses, obtained from
three-point bending tests on notched prisms (EN514)]), at defined crack mouth
opening displacement (CMOD) values:

SRL Eq. 4.1
" 2brg, a. 4.

With i=1..4, respectively for CMOD values 0.5, 1255 and 3.5 mm and in whicliF

is the applied load at CMOD =i, L the span len@tle. 500 mm), b the width of the prism
and hpthe height of the prism above the notch in mm. &eerimentally obtained average
values of k; and ks are summarized in Table 4.4. As expected, theduakistresses
increased for higher fibre dosages. Regarding élheeg for §s, short fibres provided lower
stresses than long fibres. All residual stressesbatween 2.81 and 10.70 N/mmz2. The
coefficient of variation for all tested series radgbetween 10 and 33 %. No clear
relationship between coefficient of variation aiité type and dosage is found.
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Fig. 4.3 - Three-point bending test results forieeBP-SH (left) and 3P-LH (right)

Table 4.4 - Average values and CoVrafaind ks

le [N/mmz] fR3 [N/mmz]

Series Average cov Average cov
3P-SH-20 281 11% 4.95 19%
3P-LH-20 3.98 12% 5.75 20%
3P-SH-40 5.41 26% 7.06 33%
3P-LH-40 5.81 17% 8.73 12%
3P-SH-60 10.25 12% 10.26 10%
3P-LH-60 9.01 25% 10.71 10%
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It has been reported that for SFRC with high dosaijdibres, due to the density of
fibres, interaction will occur and lead to lesseffveness [26, 27] (see Section 2.2.2). As
a consequence, the increase of residual stregseddss than proportional with respect to
the increase of added fibre content. This trend alan be observed in the three-point
bending test results (see Table 4.4).

4.2.2.2 Four-point bending tests

While the three point bending test is carried oulerive discrete crack-opening stress
relationships, another series of bending testbban performed in order to investigate the
bending behaviour of SFRC for prisms without a hadad hence with the possibility of
multiple cracking. Therefore, four-point bendingttebased on the Belgian Standard NBN-
B15-238 [28], are conducted (see Section 2.3.2%. §gan length is equal to 450 mm and
the distance between the two loads and the loadidath supports is equal to 150 mm.
During testing, the deflection is measured by meaina linear variable displacement
transducer (LVDT), attached to a brace which isdixo the prism by a hinge at one support
and free to slide at the other support. Testingeiormed displacement-controlled at a
deflection rate of 0.05 mm/min until reaching a spdn deflection of at least 4 mm. The
obtained flexural stress-deflection curves foreedP-LN and 4P-LH are shown in Fig.
4.4.

According to NBN-B15-238, the ductility of SFRC cha expressed in two ways. The
first method defines toughness as the ratio betvaggtied load at prescribed deflections
and the first cracking load. For the second methddughness parameter is proposed as a
conventional flexural strength given by

- Bnn
n th

f; Eqg. 4.2

In which B, is the area under the load-deflection curve up dieflection equal to the
span length divided by n. Typically, these convami flexural stresses are calculated at a
deflection of 1.5 mm (n = 300) and 3 mm (n = 120).overview of all obtained values for
fr300 and f1s0is given in Table 4.5. and Table 4.6.
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Fig. 4.4 - Four-point bending test results for ssrdP-LN (left) and 4P-LH (right)

Table 4.5 - Average values and CoVrefofand f 150 (series LN)

n Series Average,f [N/mm?] COV [%]
4P-LN-20 3.09 19%
300 4P-LN-40 5.65 23%
4P-LN-60 6.91 5%
4P-LN-20 2.96 18%
150 4P-LN-40 5.46 22%
4P-LN-60 6.32 5%

105



Chapter 4

Table 4.6 - Average values and CoVrefofand f1so (series LH).

n Series Averagef [N/mm?] COV [%]
4P-LH-20 4.42 25%
300 4P-LH-40 6.63 15%
4P-LH-60 8.00 6%
4P-LH-20 4.70 24%
150 4P-LH-40 6.72 12%
4P-LH-60 8.24 7%

4.2.3 Inverse analysis

Since the described approach herein is used totffiadelationship between a given
crack opening and corresponding tensile stresitiidus length method [13] (see also
section 2.3.4.4) is used in order to transformvarmgicrack opening to an equivalent tensile
strain for the tensile linear elastic phase anaéguivalent strain at the top of the cross
section (see Fig. 2.44, section 2.3.4.4). Thetificts length konly affects the stiffness of
the linear behaviour (initial part of the curvdje fproper fictitious length is found by fitting
the linear slope of the reference three-point bapdést without fibres and assuming a
bilinear softening cohesive crack mode accordingl@010. A comparison for different
values of Lis given in Fig. 4.5.

6.0

5.0 1 Exp. envelope

= Exp. average
Lf=62.5mm
[| eeeeeeees Lf=125mm
= = = Lf=250 mm

4.0 +

3.0 +

1.0 +
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Flexural tesnsile stress [N/mm?]

0.0 0.0

0 0.01 0.02 0.03 0.04 0.05 0 0.1 0.2 0.3 0.4 0.5

CMOD [mm] CMOD [mm]

Fig. 4.5 - Influence of fictitious length on thensilated linear stiffness and bending tensile stiieng

Based on the described procedure, a fictitioustieregual to 125 mm is chosen to
perform the inverse analysis for all of the tes3&dRC prisms.

In order to be able to catch the complete load-CM&DBpe of the bending tests, the
MC2010 bi-linear tension-softening law is changea tri-linear one. The overall benefit
of a tri-linear stress-crack opening law (Fig. h&s been proven to be successful in the
past by several researchers for both numericabaatitical purposes [29, 30]. However,
by introducing more parameters than can be derfraed the inverse analysis in order to
fit the flexural response, the uniqueness of ttiedisolutions may be doubtful. Therefore,
some restrictions are defined with respect to st &nd last point of the post-cracking
law: a) the tensile strength of concrete (at alcogpening equal to zero) is a fixed parameter
since it is calculated by using the compressivengfth of the concrete and b) the ultimate
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crack opening w(o: = 0 N/mmg?) shall be taken equal tg4_since it is the theoretical
average of fibre embedded length.

To apply a criteria for acceptance of the derivteglss-crack opening law by the inverse
analysis (IA) iteration procedure, an absolutetiegeerror R is defined by Eq. 4.3:

Rz Aul g Eq. 4.3

EXP

In which Aexp is the area under the experimental curve apdh® area under the load-
deflection curve obtained by inverse analysis. $suee a good fit between the complete
experimental and theoretical load-deflection cutwe intervals are considered: from 0.1
to 0.5 mm and from 0.5 mm to 4 mm. The assumed rhodeck opening law is accepted
when the relative error is lower than 1% for botteivals at the same time. The obtained
constitutive stress-crack opening laws for seriesSBl and 3P-LH are shown in Fig. 4.6
for a crack opening range from 0 to 4.5 mm (pecspen in grey, average in black).
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Fig. 4.6 - Tri-linear stress-crack opening curvesrheans of inverse analysis
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Based on the obtained post-cracking residual stsdsg means of three-point bending
tests and the values of: andot», which define the shape of the tri-linear postkiag
tensile curve, a strong correlation is found betwide values ofsh andor1 and &s andot 2
(Fig. 4.7).
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Fig. 4.7 - Relationship between stressgsandor2 and the residual stresseg &nd ks

Further, the crack-widths for corresponding valeésboth o1 and or> should be
defined. The crack width mcorresponding to the value of; will depend mainly on the
fracture energy release rate of plain concretelamte, being fixed as the average value
obtained from the IA, which equals 0.015 mm. Fergbcond point (woz?), it can be seen
in Fig. 4.6 that the crack-width opening relatedtlie maximum post-cracking stress
decreases for higher fibre residual stress le¥elghermore, for increasing fibre dosages,
the difference between point 1 and 2 will becomalimand the first branch of the tri-
linear model will be ascending(k o1 < o12), resulting in a transition between pseudo-

hardening and pure hardening post-cracking compdsthaviour. Fig. 4.8 shows the
relation between the values of and k.
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Fig. 4.8 — Relation betweenand &

Based on the observations from three-point bentlsgs and the inverse analysis
results, the complete Mode | post-cracking curvenfmked steel fibre reinforced concrete
used in this study can be defined as follows:
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W, =0 Eq. 4.4
w, =0.015mm Eq. 4.5
w, =1.6mm(1- f, /10MPa Eq. 4.6
w,=L,/4 Eq. 4.7
o0 =f, Eqg. 4.8
0y, =0.21f,1% Eq. 4.9
o, , = 0.35f, % Eq.4.10
0, =0 Eq. 4.11

When the proposed equations (Eq. 4.4 - Eq. 4. Elapplied to predict the three-point
bending response based on average valugg affl ks, the expected relative error R (Eq.
4.3) is expected to increase, compared to the Enasd during the inverse analysis of
individual specimens. Table 6 summarizes the vabfeR between the modelled and
average experimental curve for each series in nternvals CMOD = 0.1-0.5 mm and
CMOD = 0.5-4.0 mm. It can be seen that the erroreiases up to 7.4% for series 3P-SH-
40. All of the values are in an acceptable rangacofiracy and it can be concluded that for
the considered series of three-point bending testpredictive capacity of the proposed
model is acceptable.

Table 4.7 - Relative error (R) in % between averageerimental and predicted stress-CMOD

curves.

Series 0.1-0.5mm 0.5-4.0 mm
3P-SH-20 4.0 17
3P-SH-40 7.4 1.1
3P-SH-60 25 1.0
3P-LH-20 4.1 2.8
3P-LH-40 6.8 4.7
3P-LH-60 6.1 4.4

4.2.4  Analytical model based on fibre pull-out

An analytical model for the Mode | crack openingnéaour is developed based on the
pull-out of a single fibre. The stress crack-opgriaw can then be obtained by lumping all
fibre pull-out forces at a certain crack openingpticement and divide the force by the
surface of the considered crack plane. The malnenting parameters for the fibre pull-
out are implemented automatically by means of #maisnalytical pull-out model as
described by Van Gysel et al. [1, 2].

4.2.4.1 Material properties

When sampling an SFRC-mix, both concrete strengthséeel fibre strength variation
is assumed to be described with a normal distdoutiinction. The adopted values for all
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different types of fibre and for concrete in gethara those as experimentally characterized
(see Section, 4.2.2 in Table 4.1 and Table 4.2).

4.2.4.2 Crack-bridging capacity of a single fibre

When studying the effect of fibre inclination orethull-out behaviour of a single fibre
[1, 2, 4, 21], bridging a crack, the fibre pull-alitection is not perpendicular to the crack
surface. Moreover, the pull-out direction changedunction of crack opening w and
spalling length &, of the concrete at the fibre exit point. From Hd, it is clear that the
acting pull-out direction differs from the initifibre orientation anglé.

direction

W/

Fig. 4.9 - Schematic of the crack bridging mechianig an inclined fibre during debonding

Due to the inclined pull-out and related spalliagdeviatoric force will occur at the
fibre exit point, because the fibre deviates frésnnitial orientation with an angle The
deviatoric force D is given by:

D:ZFPosir% Eq. 4.12

To account for the additional frictional force lagétfibre exit point, the deviatoric force
is multiplied with a friction parameter p in ordertake into account the frictional effects
between fibre and concrete. For simplicity, thisgpaeter is taken equal to 0.6 [3, 4]. The

total pull-out load Fo tis then calculated by Eq. 4.13.
Fooot = Frot D Eq. 4.13

A state of equilibrium in the pull-out stage wheraking occurs is found by solving
the set of Eq. 4.14 - Eq. 4.16.

_ . wsin®
a =arcsin —— Eq. 4.14
2(nf+L,)
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Fq. L
A = AL+ Ay +-22ttmsp Eq. 4.15
: AfEf q
w=n, [\/Af Z+L,%cos’0+ 2L Af - L Spcose} Eq. 4.16

In which Af is the relative elongation of the fibre at thetgoint with respect to the
initial position before cracking occurs and is shen of the debonding lengti,, a pull-
out distanceAu (i.e. slip) and the elastic elongation of theefféore end. In the fibre
debonding stage, both embedded fibre parts areilootimg to the crack width amgl is
taken equal to 2 while the pull-out distante is zero. When the maximum pull-out load
is reached, the fibre starts to slip and only ombedded fibre part can contribute to the
increased crack opening. As a resgitbecomes equal to 1 amd is increased with the
value ofAu. The spalling lengthds is a function of the total pull-out load and hetice
equilibrium state will be found iteratively. Fordatailed calculation procedure, reference
is made to [1] and [4].

4.2.4.3 Fibre orientation and embedded length distribution

Theoretically, the embedded length of a fibre camxceed half of the fibre length. L
As a consequence, the embedded length is assunbedutaiformly distributed within the
boundaries 0 and2. The pull-out capacity of a single fibre canyobk fully reached
when the tensile pull-out forces are sustained byprecrete pull-out cone. By assuming
this, no fibre pull-out forces are considered whemembedded length is smaller than the
minimum required embedded length to avoid a teffigilere of the concrete matrix.

Given the influence of an inclined pull-out force the pull-out behaviour of a single
fibre, it is obvious that the overall orientatiof fdores in a cracked section is of great
importance. Gettu [31] determined the uniaxial lenisehaviour on cylinders, drilled in
standard bending prisms. Related to the place whesgdinder is drilled and the drilling
direction, large differences in residual tensileesgth for the same fibre content were
found. The research conducted by Grunewald [3&akad the influence of the fluidity of
SFRC. When fibres were added to self-compactingrete, fibres were more aligned to
the flow direction of the concrete when pouring 8HRto the mould. Due to the presence
of a large amount of aligned fibres, the flexuegdacity is higher than a conventional SFRC
with the same fibre content and the scatter omuesistrength decreased.

Also the method of placing SFRC into the mouldffecting the overall orientation of
fibres. Kang [33] found that when the materialleced in small layers which are separately
compacted, the load capacity is about 50 % hideer in the case were the mould is filled
transversely to the longitudinal direction of thesm. Another important aspect in the
production process of SFRC elements is the appidtion technique. External vibration
applied to the formwork may induce fibre segregatimd a preferential orientation of
fibres to the planes of the formwork. With all teesientation-influencing aspects in mind,
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adding fibres to the numerical simulation modeldse® be done in such a way that the
real orientation of fibres is approached. Kang &mganjeira proposed mathematical
models to describe the variability of inclinatiohfibres with respect to the longitudinal
axis of a beam. The mathematical formulation ofefibrientation, proposed by Laranjeira
[34], is based on an orientation numigrwhich is a base parameter that defines the mean
value and standard deviation of all orientationlesg@f the individual fibres. A truncated
Gaussian distribution was found to be in good ages with the experimentally
determined orientation. Furthermore, Laranjeiraleproved that the average orientation
angle itself is correlated with the spread of alkktation angles and hence, one parameter
(a dimensionless value between 0 and 1 and demstéte orientation numbeg) can be
used to determine the orientation profile of a SHRE@h. When assuming the valuenef
correctly, the average orientation an@eand standard deviatias (both in radians) are
calculated by Eq. 4.17 and Eq. 4.18.

8, =arccogn,) Eq. 4.17
0y =90xN,(1-n,) Eqg. 4.18

Fig. 4.10 shows the difference between the oriemtatistribution of fibres fon, equal
to 0.87 fm= 30°), 0.71 §=45°) and 0.506(, = 60°).
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Fig. 4.10 - Orientation distributions for differemélues ofje.
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Fig. 4.11 - Overview of sampled distributions bfdiinclination and embedded length

In the applied method, a two sided truncated noxistfibution is used to sample the
inclination angle between the limits of 0° and 9@8fth 0° being a fibre aligned with the
crack opening direction and 90° being a fibre pger&b the crack, and hence without any
crack-bridging ability. The cumulative distributifunction is then used to perform Monte
Carlo sampling [35].

Aiming for a balance between accuracy and calanatpeed, the orientation angle and
embedded length of fibres is divided into 15 edn#grvals, ranging from 3° to 87° and
from 0.033 to 0.966 times: kespectively. Hence, 225 different fibre pull-outrves are
computed and attributed consequently to a fibreh vaibrresponding orientation. An
example of a sampled distribution of 1125 fibrethwarientation profiledm = 50° and a
fibre length equal to 60 mm is given in Fig. 4.11.

4.2.4.4 Mode | composite behaviour

Based on the single fibre pull-out response, the@&lacomposite behaviour is obtained
analytically by lumping all individual fibre pulltd (Fo) curves while assuming
appropriate distribution of both fibre and concrpteperties as well as the dispersion of
fibres. The total pull-out force of all fibres isein divided by a crack surface area M
order to get the combined behaviour of plain catecaad fibres, a bi-linear softening law
[25] for plain concretedy) is also taken into account (Fig. 4.12). Hencega &snction of
crack opening w, fibre orientation distribution eerdbedded length, concrete compressive
strength §, and fibre strengthsf, the tensile response of SFRC can be expressed as:
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Fig. 4.12 — Bi-linear softening law adopted for ipl@oncrete.

A typical axial stress-crack opening result obtdingy means of the analytical
procedure based on single-fibre pull-out behavisshown in Fig. 4.13.
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Fig. 4.13 — Modelled post-cracking tensile stresseck width obtained from fibre pull-out: from 0 —
0.5 mm (left) and from 0 — 5 mm (right).

4.2.5

Comparison between analytical and inverse analysisodel

Fig. 4.14 shows a comparison of the Mode | compd®¢haviour, for the pull-out based
model and the inverse analysis (IA) procedure. @erall, a good agreement is found
between the detailed response of the analyticakirmased on single-fibre behaviour, and
the more simple predefined tri-linear model to lbébcated through inverse analysis or
through correlation with EN 14651 SFRC performatesgs. Further, it can be seen (Fig.
4.15) that the post-cracking peak stress is estinqutiite well by the model.
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Fig. 4.14 - Comparison between modelled Mode lkcigmening versus inverse analysis results
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Fig. 4.15 - Comparison between modelled Mode lkcigmening versus inverse analysis results

The integration of post-cracking stresses of theldbcrack opening behaviour from
zero until the ultimate crack width at which neesBes can be transmitted anymore (ie. w
= L4/2), is herein defined as the total fracture en€Egy 4.20).
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Gi = JGF(W) Eqg. 4.20
0
Fig. 4.16 shows good agreement between the tateluire energy as derived by the
inverse analysis procedure and based on the fibleopt mechanism. A quantitative
comparison (in terms of relative error) betweenttie methods is done for the Mode |
fracture energy between crack width intervals 0015-mm and 0.5-4.0 mm, as given in

Table 4.8.

BInverse analysism Fibre pull-out model

G'i/L; [N/mm?]

Fig. 4.16 - Mode | fracture energy based on IA &bk pull-out.

Table 4.8 - Relative error (R) in % between thetiiae energy derived by fibre pull-out (PO) and
inverse analysis (I1A)

Series 0.1-0.5mm 0.5-4.0 mm
3P-SH-20 27.2 22.1
3P-SH-40 15.0 1.4
3P-SH-60 10.2 4.3
3P-LH-20 0.1 21.8
3P-LH-40 3.9 154
3P-LH-60 9.3 5.4

4.2.6 Finite element Model based on fibre pull-out

4.2.6.1 Modelling concept

The SFRC finite element modelling approaches pregpay Soetens [22] as well as by
Cunha [29] are quite similar: firstly, a plain coate volume is defined and fibre elements
are added afterwards. The two phased model (Fig)4s then used to perform a non-
linear finite element analysis. Once a concreteneld is cracked, all fibres crossing that
element volume will be activated and start to pdewirack bridging stresses. Fibre forces
are calculated by taking into account the axialtypoacking strains (converted to a
fictitious pull-out displacement) and fibre inclin with respect to the longitudinal
bending-axis of the analysed prism.
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@) (b)

Fig. 4.17- Finite element two-phase modelling cai¢a) concrete prism (b) fibres

Once a volume is defined, a Monte Carlo sampliggrithm is designed to place fibres
randomly and because in reality the fibre positsoaffected by the presence of a formwork,
the wall effect phenomenon is implemented simubbaisty by a so called point-in-polygon
(PIP) algorithm [36]. Consequently, all sampleddtbwill lie within the boundaries of the
prism volume. The randomness of fibre inclinatienimplemented by assuming the
following conditions related to the fibre coordieat(x, y, z) in the matrix (see Fig. 4.18):

L
xlzxm+7fcosa Eg.4.21
L, .
V.=V, +7sma coP Eq. 4.22
Ly .
z2,=2, +? sina sirp Eq. 4.23
X, = 2%, + X, Eq. 4.24
Y2 =2Yn Vs Eq. 4.25
z,=22,+2 Eqg. 4.26

in which %, ymand z, are the coordinates of the midsection of the fianel the
orientation angles andp (see Fig. 4.18) are given by the following equagio

a=F'(X)o, +0, x0[0,]] Eq. 4.27
B=2xnF"(x) x0[0,1] Eq. 4.28

with oy and6, given by Eq. 4.17 and Eq. 4.18.
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(&

2

Fig. 4.18- Definition of fibre inclination anglesands

4.2.6.2 Implementation into finite element analysis

As mentioned before, the pull-out model developgd/an Gysel [2] can provide the
needed relationship between pull-out load and wdijues for every different pull-out
configuration (i.e. the combination of embeddedyterand pull-out direction). However,
these load-slip curves cannot be implemented hedihite element approach directly and
therefore, both pull-out load and slip values hevbe converted to an equivalent stress-
strain material behaviour.

When a concrete element is cracked, the cracksteae induced to all fibre elements
crossing this crack. These fibres are now activatetlwill be able to provide the crack to
sustain post-cracking tensile stresses. In caae&ompletely bonded cable element, strains
along the cable element will only increase locallyere the mother element is cracked
(Fig. 4.19a), which is not representative for tibeef pull-out slip behaviour. This is solved
by assuming a constant equivalent strain alongéh@orcement element (Fig. 4.19b),
whereby fibres are modelled as cable elements fixiéd ends (i.e. the cable element is
only fixed to the concrete mother elements at lewiths). In this way, the fibre element is
insensitive to the localisation of the cracked meotblement along its length. With the
equivalent material model assigned to the cablaef, inherently, an embedded length is
assumed and the fixed ends geometrical configuraioeglected (see also [23]).
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Z Cracked mother elements

€

(a)

| L, | X

Fig. 4.19- Strain distribution over fibre lengthtivia completely (a) and partially embedded (b)
cable element

Fig. 4.20 - Original and deformed cable elementrgetyy.

Assuming a cable element with fixed ends and ateanstrain, the fibre pull-out load-
slip behaviour can be transferred into an equivadéness-strain behaviour given by Eq.
4.29 and Eq. 4.30.

w
€q = T cos (w) Eqg. 4.29
f

c = Fo 1 Eq. 4.30
“ A, {coso(w) a-%

In which the variable pull-out directidi{A) due to geometrical effects (see Fig. 4.20)
is given by

8(w) = arcta _LysinG, Eq. 4.31
L,cosB, + w

in which 6y is the initial fibre inclination angle;lis the length of the fibre elementid~
is the pull-out load; w is the crack opening andsAhe cross-section of the fibre.
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4.2.6.3 Concrete properties

To implement the non-linear behaviour of the cotermatrix, a fixed smeared crack
model is adopted assuming an exponential crackiogéaw for the post-tensile cracking
behaviour of the plain concrete [37]. Linear cusiements are used to model the concrete
prism. The average values of the modulus of elastnd tensile strength of the concrete
are calculated based on the compressive strengte &8 by the equations given in Model
Code 2010. For the usage of the bi-linear softetangafter cracking Fig. 4.12, a fracture
energy G for plain concrete is calculated by the provisigih&n in MC90.

4.2.6.4 Fibre properties

As mentioned before, the pull-out model developg&an Gysel [2] can provide the
needed relationship between pull-out load and gilues for every different pull-out
configuration. However, these load-slip curves tha’implemented into the finite element
approach directly and therefore, both pull-out laad slip values have to be converted to
an equivalent stress-strain material behaviouxpgmed in Section 4.2.6.2).

4.2.7 Model verification

For each conducted series of experimental fourtpbiending test, six three-
dimensional finite element models are sampled avadyaed. All six numerical models
were parallel calculated on a personal computeoolk about one complete day to finish
one series. A typical post-processing result, idiclg the occurrence of multiple cracking,
is shown in Fig. 4.21.

Left support Activated fibres \ Right support
Cracked element

Fig. 4.21 — Activation of fibres in case of mukigracking

120



Post-cracking behaviour of SFRC

Since all finite element models are unique throudjfierent fibre distribution,
orientation, fibre tensile strength and concretageession strength, scatter on the flexural
response is obtained. The experimental envelofigedbur-point bending tests are shown
together with the envelope of modelled flexura¢ssrdeflection curves in Fig. 4.22.
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Fig. 4.22 - Comparison between the numerically exgerimentally obtained flexural response of
SFRC

From Fig. 4.22, it can be seen that the developedielris quite accurate in predicting
both the first cracking stress as well as the dveracking behaviour. Only for SFRC with
fibre dosage equal to 60 kg/m? at higher deflestipriL.5 mm), an overestimation of the
post-cracking flexural stresses is made. This diffee between the model and the
experiments can be attributed to the fact thateality fibres at higher dosages are
interacting with each other in damaging the comcreatrix, resulting in a reduced post-
cracking ability of the composite at higher defiess. Nevertheless, both the numerical
and experimental curves have no significant ineeafsflexural stresses for deflections
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higher than 1.5-2.0 mm and the numerical curveghsii start to drop for a deflection of
about 2.0 mm. The relative error between the aeeexgerimental and average modelled
curves are shown in Fig. 4.23 for series 4P-LH dRdLN respectively. From this
comparison, it can be concluded that the average & in the range of 10-1% for
deflections between 0 and 1.5 mm. For series 4RHOH4P-LH-60 and 4P-LN-60, the
model overestimates the flexural stresses for a®B80 % when the deflections are higher
than 1.5 mm.

50% 50%
40% Mod. < Exp. 40% - Mod. < Exp.
30% 4 30%

20% - 20%

10% - 10%
/ A _——-- ___________ LA

0% S 7 = 0% 7

-10% - . -10% A

-20% - -20%

4P-LH-40 4P-LH-40

Rel. error [%]
-
Rel. error |%]

40% 1 -~~~ 4P-LH-20 Mod. > Exp. -40% 1 - - -~ 4P-LH-20 Mod. > Exp.
-50% . ) . -50% .
00 05 10 15 20 25 30 00 05 10 15 20 25 30
Deflection [mm] Deflection [mm]

Fig. 4.23 — Relative error between modelled anckerpental 4P-bending response

In Fig. 4.24, a comparison is made between the feseand experimental
conventional flexural stresses {Eq. 4.2), in terms of minimum, maximum and mean
values for bothfoo and fis0. The values shown in Fig. 4.24 reveal a good (tron
between the model and the experiments and it itelcthe feasibility of the model to
predict the flexural behaviour of SFRC. Moreovig tnodel proved to be able to predict
the multiple cracking behaviour (Fig. 4.24) as ekpentally observed during the four-
point bending tests. Regarding the overall siniyabietween finite element simulations
and experimental tests, the proposed method casdfal to gain a quick insight into the
flexural behaviour of SFRC prior to testing.

10.00 OExp. WFEM 10.00 OExp. ®FEM

8.00 - 8.00 -

£ 6.00 E 6.00
Z

E,; 4.00 A = 4.00 -

2.00 - 2.00 -

0.00 - 0.00 -

20 | 40| 60| 20| 40| 60 20 | 40| 60| 20| 40| 60
n =300 n =150 ‘ n =300 n =150

Fig. 4.24 - Comparison between the numerically exigerimentally obtained values fegb and
fr.150
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4.3 Transverse pull-out behaviour

4.3.1 Introduction

In contrast to the high number of investigationat tink the pull-out behaviour of a
single fibre to the tensile or bending behaviouSE6RC, only one study is known to the
author that applies the same approach for examihiedracture of SFRC under Mode I
[38]. In this study, Lee conducted a large numidepush-off tests on Z-type specimens
with a total of eight fibres crossing the verticalear plane with each of them fixed in a
known position and orientation. Based on the expenital results, a Variable Engagement
Model (VEM) was developed to predict the directasheapacity of SFRC. For the testing
of the transversal pull-out, different test configiions can be adopted as discussed in
Section 2.3.5. In this work, the modified (smal&s) JSCE SF4 push-through test [39, 40]
is used.

4.3.2 Materials and methods

Based on the push-through tests on standardizeehg(L50 mm x 150 mm x 500 mm),
which was firstly developed by the JSCE [40] andlified by Banthia [39] afterwards, a
similar test setup was adopted to investigate ridrestersal pull-out response of a single
hooked-end steel fibre. In total, for each différébre orientation angl® (+60°, +30°,
0°, -30° and -60°), five series of mortar prism8Q2nm x 70 mm x 40 mm) were casted.
Therefore, a casting procedure was followed whiststs out of two phases. In the first
phase (Fig. 4.25), the central part of the prisms vegplaced by two wooden blocks with a
thickness of 20 mm. Between these wooden platesfibres were clamped symmetrically
and hence, their orientation and position weredfixehen, the empty right and left part of
the mould were filled with mortar and they were gatted by allowing the mould to fall
through a controlled height (20 mm), at the raté®jolts per min. One day later, the first
phase mortar pieces were demoulded and the woddeksbwvere removed. The position
and orientation of the fibres is then fixed by tregdened right and left mortar blocks. To
avoid bond between the first and second phase marfalastic foil was placed between
them and finally, the second phase mortar (Fig6y\®as poured and compacted.
Immediately after casting, the mortar prisms weozesl at 20 °C and 95 % of relative
humidity.

The used mortar contained 1310 kg/m3 of sand 0d%&b kg/m?3 of cement type CEM
1 52,5 N with a W/C ratio equal to 0.45. The fibresed in this study are hooked-end steel
fibres (DRAMIX RC-80/60-BP) with a length of 60 mamd a diameter of 0.75 mm and a
tensile yield strength equal to 2000 N/mm2. Foheast series, standard mortar prisms (40
mm x 40 mm x 160 mm) were casted and used to deterboth flexural @q) and
compressive strengthffof the used mortar at the testing age of 28 d&gs. each
orientation, all measured values are listed in @&h9.
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Wooden plates > Wooden formwork

a ‘: = 3 Sl S

S
Fig. 4.26 - Second moulding phase

Table 4.9 - Mortar properties at 28 days

Test series ofn [N/mm?] f. [N/mm?]
+60° 8.1 69.3 69.9
8.4 73.5 729
+30° 7.0 67.8 68.9
7.3 68.2 71.4
9.0 72.3 75.0
+0°
6.9 69.5 67.9
30° 7.7 733 75.0
8.4 715 70.2
-60° 7.3 65.0 71.0
6.8 72.7 69.6
Average 7.7 70.7
St. Dev. 0.8 2.6
CoV 9.8 % 3.7%

A displacement controlled load was applied withirdatial rate of 0.0025 mm/s until a
peak load was reached. The rate was then increas®d1 mm/s until fibres were
completely pulled out on both sides or fibre ruptaiccurred at one side. The relative
vertical displacementA was continuously measured by means of a lineaiahlar
displacement transducer (LVDT) with a nominal ran§80 mm. The applied compression
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load was measured by means of a load cell, plaeedelen the specimen central part and
the loading equipment. Due to the symmetry of #s¢ $etup, the measured vertical load is
equal to the sum of pull-out forces of the two éibcrossing the vertical sliding plane and
thus, to derive the pull-out load of a single filtiee total load has to be divided by two. A
schematic of the test setup is shown in Fig. 4.27.

i

- Load cell

80

=

0>0°, Z

/ é Fibre
Sliding \ /

Z plane

_ _ woT
[~ = Tu 4 50 mm -

Mortar prism

70

180

777 77 7777 Z Z Z

Fig. 4.27 - Single fibre push-through test setup

4.3.3 Test results and discussion

For each different orientation angle, the loadfiime (averaged over two fibres) as a
function of shear sli@ is plotted in Fig. 4.28 to Fig. 4.33. To have eatlview on the
difference in pull-out behaviour due to the vaoatof the orientation angle, the maximum
axis value of both vertical displacement (40 mng pall-out load (1 kN) is kept constant
for all graphs. The grey lines are representingrttizidual experimental test results, while
the black curve and the dotted grey line are raspdyg the mean value and the standard
deviation of the pull-out load during the pull-qarbcess.

1.0 1.0
Test1 Test1
Test2 Test 2
Test3 Test3
08 Test4 08 Test4
Test5 Test5
M Mean
o 0B | T St Dev. SR TR L s o St. Dev
Z Z
r 04 A\\ ping 0.4
0.2 \K\ ) 0.2
N
0.0 £ Bt ¢ 0.0 : R L
0 10 20 30 40 0 10 20 30 40
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Fig. 4.28 - Pull-out force vs1 [+60°] Fig. 4.29 - Pull-out force vst [+30°]
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Fig. 4.32 - Pull-out force vst [-60°] Fig. 4.33 - Average pull-out curves

Generally, two types of failure were observed &snation of initial fibre orientation
angled: in case of an aligned transversal pull-&ut(0), the pull-out behaviour is highly
similar to the axial pull-out and the fibre is cdetely pulled out of the surrounding matrix
on at least one sliding plane. Hence, fibres bagsversally pulled out aligned with their
orientation will lead to a ductile failure behavioof SFRC failing in shear. A positive
orientation angle of the fibre leads to a direcistie loading of the fibre and debonding
starts taking place immediately. When the fibredmpletely debonded, the fibre starts to
slip and the pull-out load decreases until a ghasizontal branch (i.e. the residual pull-
out strength) is reached. The average residuadvessal pull-out force increases linearly
with decreasing values 6f (Fig. 4.34). This increase can be attributed ® allditional
friction forces, acting on the fibre exit point.

In contrast to this relatively ductile pull-out teetiour, a more brittle rupture of fibres
was observed for the case of an initial orientatibfibres opposite to the pull-out direction
(i.e.8 < 0). For negative values 6fthe effect of snubbing takes place (cf. [38]) aigher
values ofA at the peak pull-out load are observed. Due tsttubbing effect, initially the
fibre is subjected to compression and bending,iderably higher frictional forces act on
the fibre during the debonding phase and may lealdet rupture of the fibre before it starts
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to slip significantly. For decreasing valuestofthe peak pull-out load increases linearly
(see Fig. 4.35)
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Fig. 4.34 - Residual pull-out force &. Fig. 4.35 - Peak load v¥.

Further analysis of the experimental data has bleee with respect to the observed
slip at peak load and the total work needed toirequcomplete pull-out failure of a fibre.
The relationship between orientation angle andatlipeak load is shown in Fig. 4.36 and
the average pull-out work as a function of initradlination angle is shown in Fig. 4.37.
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Fig. 4.36 — Shear slip displacement at peak Fig- 4.37 — Total pull-out work as a function of
load as a function of fibre inclination fibre inclination

From Fig. 4.36, it can be seen that the snubbifereis exponentially increasing for
higher opposite pull-out direction. Hence, for #epull-out conditions, the fibre
deformation at the exit point will first cause sfggant damage to the surrounding matrix
prior to develop tensile forces in the fibre itself

For initial fibre orientations between +60° and %3the required total pull-out work
(Fig. 4.37) is increasing linearly. This can beiltited to the existence of a residual branch
after debonding takes place during the pull-outpss. However, for orientations equal to
-60°, it is found that the mechanical anchoragetduection at the fibre exit point leads
to fibre rupture and no residual pull-out forcen ba developed. As a result, the total pull-
out work (as a measure for ductility) decreases.
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4.4 Direct Shear Behaviour

4.4.1 Introduction

Whereas in Section 4.3 the transverse pull-out \iebea at single fibre level is
discussed, in this section, the direct shear bebavof SFRC is considered. The
experimental study makes use of the modified JSE& t8st method (Section 2.3.5),
extending on the single fibre experiments of Sectid.

Based on the observed direct shear behaviour @hdegults reported in literature, a
new modelling approach for the direct shear capaéiSFRC is presented herein. Starting
from existing aggregate interlock models [41-43]e tbeneficial effect of fibres and
confining forces towards the shear friction behaviare integrated into a semi-analytical
calculation tool which takes into account the dffefocrack propagation.

In this way, the model can not only estimate therfiace shear strength of a crack in
SFRC, but it can also be used to simulate the cetmpthear stress — slip response.
Comparison between the test results and the c#dculeesponse demonstrates the
feasibility of the proposed semi-analytical model.

4.4.2 Materials & methods

4.4.2.1 Mix composition and test programme

A test programme, comprising 69 direct shear téstsarried out in order to investigate
the influence of fibre dosage, fibre type, conctgfee and normal stresses on the direct
shear behaviour of SFRC. The used steel fibre gggefl concrete grade is C50/60 and
contains hooked-end DRAMIX cold drawn wire highesigth steel fibres &f > 2000
N/mma2). Two different fibres with a length equal@® mm (L) and 30 mm (S) are used in
combination with a self-compacting concrete (SC@) a traditional concrete (TC) with a
slump between 160-210 mm (i.e. consistency classc8drding to the European Standard
EN 206-1:2000). The following mixing procedure @oated: the concrete constituents (see
Table 4.10) are first mixed without the cement anith half of the water volume for one
minute. Then the fibres, cement and the other dfathixing water are added and the
concrete is mixed an additional two minutes whileliag the superplasticizer. Since the
use of a superplasticizer can increase the inalusi@ir during mixing, the air-content is
measured according to the European Standard NBMZBNO0-7 immediately after mixing.
Because a high air-content can decrease the fiatexninteraction mechanisms, the air-
content of SFRC-mixes should be kept lower than 4494. Specimens in traditional
concrete are compacted on the vibrating table dudne minute. In this way, heavy
compaction is avoided which can cause fibre setimygar bad dispersion of fibres in
general.

For material characterisation of each steel filmi@forced concrete batch, standard
prisms sized 150 mm x 150 mm x 600 mm and stancidiaders of 150 mm x 300 mm
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[45] are cast and stored under wet conditions (R.B5%) for 28 days. An overview of all
test series and the obtained SFRC properties ferftesh and hardened state are
summarized in Table 4.11.

Table 4.10 - SFRC mix constituents [kg/m3]

Constituent TC SCC
Sand 0/1 202 -
Sand 0/4 674 816
Crushed limestone 2/7 257 346
Crushed limestone 7/14 566 388
Cement CEM 52.5 (N/R) 390 (R) 360 (N)
Limestone filler - 240
Superplasticizer 2.2 35
Fibres 30 / 60 mm 20-60 20-60
Water 190 165
W/C 0.49 0.46

Table 4.11 — Fresh and hardened properties foS&RC-batches

Designation fc,cyl Air Slump Flow No. of  Fibre content %?2225:2
[N/mm?] [%0] [mm] [mm] tests [kg/m3] (N/mm?]

TC-0-0 57.8 - 160 - 3 0 0
TC-20S-0 65.9 25 210 - 3 20 0
TC-40S-0 59.9 2.9 210 - 3 40 0
TC-60S-0 57.7 5.9 180 - 3 60 0
SCC-0-0 65.1 1.0 - 825 3 0 0
SCC-20L-0 63.6 15 - 745 3 20 0
SCC-40L-0 62.7 2.0 - 805 3 40 0
SCC-60L-0 60.0 2.0 - 825 6 60 0
SCC-20S-0 64.3 2.2 - 740 6 20 0
SCC-40S-0 58.3 18 - 770 6 40 0
SCC-60S-0 60.5 2.8 - 650 6 60 0
SCC-20L-5 65.1 18 - 705 3 20 5
SCC-20L-10 65.1 18 - 705 3 20 10
SCC-40L-5 70.4 2.3 - 725 6 40 5
SCC-40L-10 70.9 2.3 - 656 6 40 10
SCC-40L-25 72.1 0.9 - 790 6 40 25

4.4.2.2 Direct shear test specimen and setup

All shear tests are done by means of the modif@@E direct shear test [40]. A
schematic of the test setup is shown in Fig. 48 ( In order to obtain predefined crack
planes, 30 mm deep notches are sawn verticallptht dides of the standard prisms (Fig.
4.38, right). Hence, the shear plane is equal 350 mm2,

During testing, linear variable displacement trarcsals (LVDT'’s) are used to measure
the relative vertical displacement (slip). Simuéansly, the crack dilation is monitored by
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means of horizontally placed extensometers (FigB,deft). The vertical load is applied
displacement controlled by means of a hydraulik gtca load-displacement rate equal to
0.02 mm/min until a maximum load is reached andeased to 0.1 mm/min afterwards.

In order to investigate the effect of confining gsere, further modifications are made
to the test setup (Fig. 4.39). A horizontal compi@s load is applied by a horizontal jack.
By means of a load cell this compression force amitored and kept constant (manually
controlled). The reaction forces are balanced hyrsgtrically positioned steel beams
connected by threaded bars (Fig. 4.39).

1 Load

Notch 30 mm
N .
(top)
wort ! 14 Loty £ |4
¢ |[Prvor2:
Ex LVDT2 ¢
b i
(bottom)
J—‘/ y_l—

Fig. 4.38 - Schematic of the test setup (left) dowble-notched specimens (right)

Vertical
Hydraulic jack

s Hydrauli ack L, e
I : I s

Support frame
Fig. 4.39 - Schematic of the confined test setup.

The confined pressure is transferred to the siiarface by the rigid outer parts of the
test specimen. In this way, the complete loadirgjesy as depicted in Fig. 4.39 is fixed,
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except for the vertical hydraulic jack and the calart which moves downwards between
the two outer parts.

4.4.3 Direct shear behaviour

During testing, all specimen failed by shearinghatnotched interface. In a first stage
of the test, a linear elastic behaviour is obseru#idl a first crack is induced in both shear
planes near the bottom of the specimen. While aging the load, this crack propagates
towards the upper side of the specimen until a mami or peak load is reached. This
behaviour reveals secondary effects, in which aiéytbending occurred prior in reaching
the ultimate shear stress at the interface andehemulesirable compressive stresses are
acting in the upper region of the shear interféea consequence, the adopted test setup
did not fully result in the desired pure sheanfi@l Fig. 4.40 shows the difference between
the shear stress-crack width relationship for {yen and lower extensometer.

Lower
extensometer

Shear stress [N/mm?|

-025 -0.05 0.15 0.35 0.55 0.75
Crack width [mm]

Fig. 4.40 - Difference between horizontal cracktiigropagation near top and bottom of the
specimen.

Important slipping (vertical crack displacementyurs at the shear interface after the
upper region of the specimen is cracked and agtmon-linear response is observed. After
the peak shear stress, an exponential decay of streas is observed reaching a quasi-
horizontal branch at a slip of about 8 mm and cmg#ning ranging between 1.5 and 2
mm.

When analysing the cracked surface after testirogyni be observed that the aggregates
are broken and crushing of local asperities damé#wgedhear interface. The post-cracking
strength is provided by friction and pull-out dbifes.

In Fig. 4.41 till Fig. 4.44, the experimentally abted direct shear behaviour is given
for all tested series, showing the individual testults as well as the average curve (black
line).
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Fig. 4.41 - Shear stress-slip behaviour for plaimcrete series SC-0 and T-0
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Fig. 4.42 - Shear stress-slip behaviour for seB&C-L
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Fig. 4.44 - Shear stress-slip behaviour for sefi€sS
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4.4.3.1 Influence of fibre dosage and type

The maximum shear stress of cracked fibre reinfbroencretetserc increases for
higher fibre dosages. Table 4.12 summarizgs. ... in terms of averaget{:. ...).

FRC, max.

MINIMUM (Tgere mex) @Nd Maximum {2, ..) values, normalized by the square root of the

compressive strength for each serigg,. ... as a function of fibre dosage i¥ also shown
in Fig. 4.45.

3.0
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251 m@scc-s

20/ B®SCC-L ‘}
1.5 A
1.0
0.5 A
0.0 T T T
0 20 40

Vi [kg/m?]

Tsrre,max! Vf oy [N/MM?2]

60

Fig. 4.45 - Normalized maximum direct shear strarag a function of fibre dosage.

For test series TC, the average increase of streas svith respect to the plain concrete
series is equal to 45%, 75% and 88% for fibre desad 20, 40 and 60 kg/m?3 respectively.
This clearly indicates that for series TC the iasee rate of shear strength is less than
proportional with the fibre dosage. For series S®&€,increase of shear strength is more
than proportional with added fibre content. Regagdhe influence of fibre type for series
SCC-S and SSC-L, the increase of direct sheargttrés larger for longer fibres than for
shorter fibres with a same fibre aspect-ratio. ffar series with the shorter fibres, the
coefficient of variation (CoV) is in the range be®n 8-20 % while for the series with long
fibres the CoV is between 1 and 8 %. All valuessamamarised in Table 4.12.

Table 4.12 - Maximum shear stress for all testeise

Test series Tarrc. max IN/Mm?] TSrre max IN/MM?] Tarre, max IN/Mm?] CoV [%]
TC-00 7.64 6.34 9.06 17.9%
TC-20S-0 11.1 9.4 13.4 18.8%
TC-40S-0 13.4 11.8 15.5 14.3%
TC-60S-0 14.4 12.6 16.0 11.7%
SCC-0-0 11.9 11.2 12.9 7.4%
SCC-20L-0 133 12.7 138 4.0%
SCC-40L-0 15.9 15.7 16.1 1.4%
SCC-60L-0 19.6 17.3 213 7.5%
SCC-20S-0 12.8 11.2 13.9 8.4%
SCC-40S-0 145 9.8 16.4 17.4%
SCC-60S-0 17.2 14.1 19.6 12.9%
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4.4.3.2 Crack propagation

For all of the direct shear tests, the averagekavpening (i.e. the average of measured
crack width near top and bottom of the test spec)rigeshown as a function of the relative
vertical displacement or slip, in Fig. 4.46 tillgFi4.48. The individual crack propagation
curves are shown as a solid grey line and the gedm each series as a solid black line.
The observed crack propagation behaviour has time sdape for all tested series with
steel fibres. In the initial branch of the cracldthi-slip curve (corresponding with the pre-
peak branch in the shear stress-slip curves) dtie af crack widening to sliding is larger
than for the branch at higher slip values (corresjiig with the post-peak branch in the
shear stress-slip curves). Hence, after reachiagrtaximum shear stress, crack sliding
becomes more important with respect to crack wiatgni
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o
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0.0
0 2 4 6 8
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Fig. 4.46 - Crack propagation curves for test seffé€C-S
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From the curves of Fig. 4.46 till Fig. 4.48, norsfgcant effect of fibre dosage and type
can be observed on the crack propagation behavibig indicates that the crack dilatation
is likely inherent to the adopted test setup. Asm@sequence, the shear crack propagation

is of key importance to be able to compare diffetest results obtained from different
kinds of direct shear tests.

4.4.3.3 Influence of confining pressure

According to the Coulomb friction law, the maximwgtnesses that can be transferred
through the shear interface will increase with Bigtonfining stresses. Fig. 4.49 shows the

obtained shear stress-slip curves for series 20e48-S as a function of applied stress
normal to the shear crack interface.

Shear stress [N/mm?)

Shear stress [N/mm?]

6 w°

S ~0
Slip [mm 8

Fig. 4.49 - Shear stress -slip curves as a funatibconfining stress for series SCC-20-L (upper)
and SCC-40-L (lower)
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From Fig. 4.49, a shear stress increase can bevelssgith higher normal stresses over
the complete range of slip considered (0-8 mm). tEst series SCC-40-L however, the
biaxial stress state, for a confining stress etudb N/mm?2, caused a compressive failure
after reaching the peak shear stress. In ordendwkhe effect of slip on the increase of
shear stresses, the shear stresses observegaathend at a slip value of 4 mm are shown
in Fig. 4.50.
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Fig. 4.50 - Shear stress -slip curves as a funatibconfining stress for series SCC-20L and
SCC-40L at peak and a slip of 4 mm.

For the shear stresses at peak, the increasesighlas proportional with the stress
applied normal to the shear interface. This caattsibuted to severe damage and crushing
of aggregates due to the confined stress at snealk ©penings. Further, it can be seen that
for normal stresses in the range of 0 to 5 N/mra?rtitio of normal to transversal stress
decreases for larger slip values and hence forlemaltios of crack width to slip. This
indicates that the frictional effects are dependenthe crack propagation behaviour.

4.4.4 Shear friction models for SFRC

Most of the direct shear models for SFRC foundterature [39, 46-48] (see Chapter
2, Section 2.3.5) focus on the maximum shear stiessrved during testing rather than the
overall shear behaviour. Therefore, a distinctomade between two types of modelling
concepts namely the direct shear strength modelsrendirect shear behaviour models.

4.4.4.1 Direct shear strength

Unconfined shear strength

A validation of the empirical models found in lisddure (see Section 2.3.5, Table 2.3)
is performed by looking into both the shear stramgbvided by the plain concreteand
by the addition of fibres (see also Section 2.3.5, Eq. 2.3). Starting wiéhptlain concrete
component, in Fig. 4.51 a comparison is given between asddtaf direct shear test
results and the available models. The dataset @erssiesults for plain concrete found in
literature [39, 46-54] and the reference specinwdrikis study. Two criteria were used in
order to select proper data: 1) the used test sewifher the modified JISCE method or the
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Z-type specimens method and 2) all specimens aracdked prior to testing. In total, 32
different test results ranging from 20-80 N/mmAarger compression strength are included
in the database.

25
©  Exp. Z-type
20 A Exp.JSCE-type
& Exp. JSCE-type (this study)
N pe— Mirsayah & Banthia [5]
——— Khanlou [6]
Boulekbache [8]

- === Khaloo[12]

T, [N/mm?]

10 4

— - — - Mansur [23]

10 20 30 40 50 60 70 8 90
f. [N/mm?]

Fig. 4.51 - Comparison between experimentally olesgtplain concrete (PC) direct shear strength
and proposed models

As can be seen in Fig. 4.51, both the equatiortéhahlou and Khaloo show a good
correlation for the maximum shear capacity derivgdneans of Z-type push-off tests. The
plain concrete contribution as suggested by Bowekb is systematically overestimating
the shear strength of plain concrete for concreemgths between 20 and 80 N/mmz. The
equation proposed by Mirsaya and Banthia doesaketihto account the effect of concrete
compressive strength although there is a cleareladion found through experimental
testing. The model by Mansur is more in agreemdtit the shear strength derived for
plain concrete by means of the JSCE test setup.

Further, it can be noticed that when the sheardaigpia determined by means of the
modified JSCE test, higher shear stresses arevaaseompared to the tests for which the
Z-type specimens are used. This can be attribotedlifference in shear crack propagation
and failure aspects. To evaluate this, more detailormation is needed with respect to
the slip and crack opening displacement for theskests, which is not reported by the
authors.

In order to evaluate the existing empirical forntislas which take into account the
effect of fibre dosage (see Section 2.3.5, Tab®))2.the experimentally observed
maximum shear strength is plotted as a functiofiboé dosage for both series TC-S and
SCC-L (see Fig. 4.52).
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Fig. 4.52 - Influence of fibre content on the maximdirect shear capacity for series TC-S and
SCC-L

Given the available shear strength models (seédBezB.5, Table 2.3), the fibre effect
1 can be written in the following general form:

1, =AV,® Eq. 4.32

In which A and B are constant values, definingittemental effect of fibres on the
maximum shear capacity of the concrete. Based@plikerved direct shear behaviour for
series TC-S and SCC-L, a regression analysis yieltisear relationship (i.e. B = 1)
between fibre dosage and shear stress increasel(b®) leading to the values of A equal
to 10.3 and 9.8, respectively. The value of A agppsed by Boulekbache (A = 6.4 for
L+/dr = 80) is underestimating the fibre contributiotieTsame conclusion can be drawn
when considering the proposed equation by Khamdou 4). Since the used fibres in this
study have hooked ends, a comparison with the marfekKhaloo [52] and Mirsayah &
Banthia [39] is not made.

Furthermore, the experimental tests of series T&@8 SCC-L indicate that the
equations proposed by Boulekbache and Khanlou rdseapplicable for SFRC made of
low-strength steel fibre (i.e. with a tensile sggnequal to 1100 N/mm?2) and that the
proposed equations do not take into account thekenfibre-matrix interaction (i.e. fibre
pull-out mechanism as a function of matrix strergyti fibre type). From the test results,
it can be observed that the increase of sheaioiniciapacity is higher when high-strength
fibres (with a tensile strength of at least 220nM#) are combined with a concrete grade
C50/60.

Confined shear strength

As suggested by Loov [55], the increase of the maxrn direct shear capacity of
cracked concrete with traditional reinforcement sbarossing the shear interface
perpendicularly is related to concrete compressiirength and normal confining stress due
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to yielding of the reinforcement bridging the cratkis additional effect.oncan be written
as follows:

1'—conf = k\/foOf y

in which . is the cylinder compressive strength in N/mm_?js the geometrical
reinforcement ratio, ,fis the yield stress of reinforcement in N/mm?2 akdis a
proportionally constant which is determined by W@5@] to be equal to 0.46 and 0.57 for
initially uncracked and cracked specimens respelgtivihese values of k are obtained
from push-off tests on concrete specimens withrapressive strength between 16 and 31
N/mm?2 and a confining pressure not higher than Afirhg.

Eq. 4.33

When the confining pressure is a result of an eslr applied force, Eq. 4.33 can be
rewritten as

Tconf = k\/fco cp

in whichog, is the externally applied confining stress perparidr to the crack plane.

Eq. 4.34

The increase ofsrrc maxWith respect tof .o, is shown in Fig. 4.53 for confined test
series SCC-20L (left) and SCC-40L (right).
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Fig. 4.53 - Correlation between confining presswncrete compressive strength and the
maximum direct shear strength for series SCC-26it)(&nd SCC-40L (right).

From Fig. 4.53, it can be concluded that for higtmmcrete strengths (60-70 N/mm?)
and normal confining stresses (5-25 N/mm2) theevaliuk in Eq. 4.34 is equal to 0.62 and
0.61 for series SCC-20L and SCC-40L respectivelys Behaviour implies that the shear
friction capacity is not a linear function of thenfining pressure and the coulomb friction
law cannot be applied straightforward. For highemmal confining stresses, the frictional
stresses do not increase proportionally.
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4.4.4.2 Direct shear behaviour

In order to consider SFRC properties and crack ggapion into more detail, a more
fundamental model is proposed based on the expetandata derived from the direct
shear tests. The shear design equation of an anterintersected by dowels or
reinforcement bars according to the Model Code 22%Dor the similar expression in ACI
318-11 [57], is used as a basis for further develam of a SFRC shear stress transfer
model. Similar attempts to model the direct shedwalviour of fibre reinforced mortar were
made in the past by Lee [38] and Ng [58] basedhen/ariable Engagement Model (VEM)
developed by Foster et al. [59].

It is considered that the shear friction capacftgracked fibre reinforced concrete is
attributed to:

e Transversal fibre pull-out mechanism of all fibres.
»  Aggregate interlock of the rough interface.

* The normal stress componewtyf, which can be attributed to yielding of the
reinforcement or a physically applied normal stifgssl.

The proposed model neglects the bending stiffnEsglividual fibres and it is further
assumed that dowel action does not contributegtgltiear strength of the cracked interface.
This assumption is made based on the observed staadr opening behaviour. Since the
opening of the crack is primarily more importardrtihe shear slip, the fibre will be bended
rather than sheared. As a result, the shear strémigirface equation can be written in the
following general form:

< FPO,i(C0£f‘i tH Siref,i)

TSFRC =T agg+ uc cp+ z A
i=1

Eq. 4.35

[

In whichtaggis the aggregate interlock component, p is aidmnctoefficient, Nis the
total amount of fibres crossing the shear cragk;, iE the pull-out force of thé'ifibre with
pull-out direction angl®:; and A is the shear crack area.

Aggregate interlock

During the 1980’s, several aggregate interlock nskave been proposed based on the
outcome of extensive experimental testing of theashransfer mechanism in cracked
concrete. As a consequence, available models foreggte interlock generally have a
pronounced empirical basis and for each modelati@icability is inherent to specific
boundary conditions of the research programme fochva curve fit is applied. Attempts
to provide a more physical modelling of aggregaterlocking has been done by Walraven
[42] and Li [43], by assuming a distribution of peles at a cracked interface and
considering mechanical effects on the micro-le¥ahe rough interface. Although these
models have a more physical basis and are abledelthe aggregate interlock quite well,
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their simplified forms are more often applied. Amaitestablished yet fully empirical model
was developed by Bazant and Gambarova [41] basdideoexperimental work of Paulay
and Loeber [60] and improved by Gambarova and Kay§&l]. A detailed description of
the two-phase model, the rough crack model anddh&act density model can be found in
Chapter 3, Section 3.1.3.

Aggregate interlocking is strongly influenced bye tbhrack propagation behaviour
which is a combination of both opening and slidiigereby, it is assumed that crack
opening and sliding increase simultaneously aftaclking of the concrete. According to
Model Code 1990 [62], the crack-width opening lielaghip can be written as:

w = As® Eq. 4.36
in which w is the crack width perpendicular to #track plane (horizontal), s is the
vertical displacement of the sliding crack planed the parameters A en B are empirically
determined constant values. From the obtained awpatal data, it is found that these
constants are mainly dependent on the boundarnyittamslof the adopted direct shear test
setup. A regression analysis of the average expetahcrack propagation curves (see Fig.

4.46 till Fig. 4.48) resulted into crack propagatjparameters A en B for each series (see
Table 4.13).

Table 4.13 - Crack propagation parameters A en B.

Test series A B
TC-20S 0.63 0.45
TC-40S 0.62 0.42
TC-60S 0.60 0.41

SCC-20L 0.51 0.60

SCC-40L 0.34 0.67

SCC-60L 0.46 0.51

SCC-20S 0.50 0.58

SCC-40S 0.45 0.60

SCC-60S 0.37 0.61

A comparison between the simplified aggregate liotking models as suggested by
Walraven & Reinhardt [42], Li & Maekawa [43] and tBabarova & Karakog [61] is shown
in Fig. 4.54, for a concrete compressive stren@tG0oN/mmz2, Dhax= 7 mm and a shear
crack propagation law according to Eq. 4.36 witar&l B taken equal to 0.6.
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Fig. 4.54 - Comparison between existing simpliigdregate interlock models.

Based on the overall shape of the shear stressisies obtained experimentally, the
model as proposed by Gambarova and Karakog [GHdsen for the,ggterm in Eq. 4.36.
In order to deal with the observation that the slesck goes through the aggregates rather
than around them, a lower roughness of the interfeeeds to be considered. Since, this
interface roughness is mainly dependent on theécfmiize distribution of the concrete
matrix, the maximum aggregate particle sizg.s replaced by half of its value.

Fibre pull-out

For traditionally reinforced concrete, the effedt reinforcement inclination with
respect to the sliding plane is investigated byréledn & Reinhardt [63] and Mattock [64].
It was found that rebars with an orientation opplosethe sliding direction resulted in a
significant decrease of ultimate shear frictionamfy. For rebars oriented in the same
direction as the sliding occurs, a maximum shepacity is reached for an orientation
angle equal to 45°.

In Section 4.3, the influence of fibre orientation the transverse pull-out behaviour
has been investigated. It was found that fibrek afit opposed fibre inclination with respect
to the sliding plane caused increased damage dibtieeexit point and bending occurred
prior to fibre pull-out. Due to the increased cuwve of the fibre at the exit point, high
coulomb friction is developed locally and fibreadeto break. When fibres are orientated
in line with the sliding direction, the pull-out teanism is more similar to pure axial pull-
out behaviour.

However, the experimental investigation of transeguull-out behaviour has been done
in a two-dimensional situation without taking imtocount the effects of aggregate interlock
and inherent crack dilatation. In contrast to théividual fibre tests, fibre pull-out in a
composite situation will be fundamentally differeall fibres are randomly distributed in
a 3D-space and the crack dilatation state govdradibre pull-out condition. Since the
proposed model herein will deal with a three-dini@mal approach to implement the
transversal fibre pull-out, assumptions as disaligsehe following are made in order to
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define the geometrical conditions of fibres crogsrcrack sliding plane. A schematic of a
single fibre positioned arbitrarily at the shedeiface is shown in Fig. 4.55.

I\

f———————————————

4

Fig. 4.55 - Influence of fibre inclination towarttee direct shear pull-out behaviour of a singledib
(65]

During the debonding phase, the fibre pull-out midp (MM) follows the crack
dilatation path defined by a crack width and sigpthcement. During the pull-out process
spalling will occur at the fibre exit point (EP) &h is defined based on the spalling
criterion as proposed by Laranjeira [3, 4]. Furthtbe initial position of the fibre with
respect to the shear plane is defined by the apgled and the location of pointPBased
on the fibre dosage and orientation profile, thsifpan of all fibres along the shear crack
interface can be defined by means of a Monte Ganfopling algorithm [22, 35]. Thereby,
the angleg and( are randomly distributed in the following ranges:

XD[O,E[ Eq. 4.37
2
m[_g,g[ Eq. 438

During the pull-out of a fibre, four different s#tions can be considered. Fig. 4.56
shows a two-dimensional view of these theoretioafigurations.
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Fig. 4.56 - Different pull-out conditions considdrfor direct shear.

The situations as shown in Fig. 4.56 are a comioinaf anglel, which can be either
positive (Fig. 4.56a and Fig. 4.56b) or negativeg.(B.56¢c and Fig. 4.56d), and the
direction of the deviatoric force D, which can bréented to the right (Fig. 4.56a and Fig.
4.56¢) or to the left (Fig. 4.56b and Fig. 4.56d).

In the 3D-space, the fibre pull-out behaviour ikgkated in the plane defined by the
three points B EP and MM. During the pull-out process, the lagabf MM is defined by
the crack propagation behaviour of the shear cmatkface while the position of EP
depends on the spalling of concrete at the fibitepeint. A solution algorithm is developed
which calculates the complete fibre pull-out bebavias a function of crack width and
inherent slip according to the pull-out model depeld by Van Gysel [1, 2, 66]. The
contribution of all individual fibres is given bge last term of Eq. 4.35 and depends on the
friction coefficient p.

In literature, different shear friction coefficiarfior concrete to concrete sliding can be
found, ranging between the values 0.35 and 1.4dertgnt on the type of concrete and
roughness of the crack surface [25, 67]. AccordinyVong [56], a distinction should be
made between the coefficient of static friction,isthdepends only on the concrete
constituents, and the effect of shear dilation.implement the effect of crack dilation,
Wong [56] proposed the following relationship beénwdransversal and axial loads:

F .
ES =tan@ + i) Eqg. 4.39
in which
p=tan'p Eq. 4.40
dw

i=— =ABs®* Eq. 4.41
ds

In order to obtain a suitable value of |, the expental observations from the confined
push-off tests are used in combination with theeoled crack propagation behaviour (Fig.
4.46 - Fig. 4.48).
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4.45 Model verification

In order to verify the proposed simulation moddie texperimental envelope is
compared with respect to the simulated shear sslgssurves for the nine tested series. In

Fig. 4.57 - Fig. 4.59, the comparison of all testedes with respect to the modelled curves
are shown.
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Fig. 4.57 — Model verification for a fibre dosaggual to 20kg/m?3
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It can be seen form Fig. 4.57 - Fig. 4.59 thatdineulated curves fit quite well with the
observed direct shear behaviour. Hence, the prdposelel is not only able to simulate
the interface peak shear stress but also the ctenmbe-linear branch for larger slip values.
Fig. 4.60 shows a comparison between both the geesanulated and experimentally
obtained peak shear stresses.
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Fig. 4.60 - Parity diagram for the maximum inteidashear strength of SFRC

4.5 Conclusions

4.5.1 Axial fibre pull-out and related behaviour in bending

Three point bending tests according to the curBambpean Standard EN 14651 are
conducted in order to obtain residual flexural paeters for SFRC. Based on the results of
an inverse analysis procedure, a tri-linear poastiing behaviour is proposed for the Mode
| constitutive model. The model parameters have lledéined as a function of the standard
residual flexural parameters:fand ks, following EN 14651. The advantage of the new
model with respect to the linear model proposeitiénMC2010 is the possibility to model
a pseudo-hardening behaviour instead of pure sofie hardening.

Alternative to the tri-linear Mode | constitutiveoatel, an analytical model based on
single fibre pull-out is developed and found toféasible to simulate the uni-axial post-
cracking constitutive law of hooked-end SFRC. Admatch is found between the Mode |
constitutive law derived by inversed analysis amelfibre pull-out approach. This proves
the validity of the performed inversed analysis auhfirms its physical meaning.
Regarding the numerical simulations of four-poiahing behaviour of SFRC prisms, it
can be concluded that with modern computer teclyyodnd finite element modelling,
experimental results can be simulated successhnitycan be used to estimate the post-
cracking response of SFRC prisms subjected to fount bending. Hereby, the proposed
finite element approach takes into account theabdity of concrete and fibre properties
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as well as the spatial distribution and global mta¢ion of fibres. However, since a lot of

other parameters (which are inherent to the praalugirocess of the SFRC mix) are not

feasible to be implemented in these modelling tephes, these methods should never be
used to obtain design parameters.

For fibre dosages higher than 40 kg/m3, mutuakfibteraction will become important
and local damage of concrete matrix will reduceefibfficiency at larger crack openings.
Further research is needed in order to define aahibre interaction damage factor as a
function of crack opening and the amount of fibbeglging the crack. To confirm or
improve the proposed models and its applicabifitther assessment against larger data
sets is necessary.

4.5.2 Transverse fibre pull-out

A newly developed test method, inspired by the J8@h-through test on larger SFRC
prisms, was used to characterize the transverdabpiubehaviour of a single hooked-end
steel fibre. Although the experimental testing waste easy to conduct and test results
could be obtained relatively fast, a better cagpirugedure should be developed to decrease
the undesirable influence of the vertical sheaclcidening and hence, to reduce scatter
and increase the reproducibility of test results.

The observed transversal pull-out behaviour is lgigependent on the initial
orientation of the fibre with respect to the cratikling direction. In case of an aligned
orientation, the pull-out behaviour is quite simtiathe axial pull-out. However, for fibres
crossing the shear crack plane with an orientgtiemqpendicular or opposite to the shear
crack slip direction, the fibres are first bentla crack interface causing damage at the
fibre exit point. As a result, the anchorage capdoicreases due to the higher frictional
forces and for an initial fibre orientation anglgual to -60° (i.e. opposite to the slip
direction oriented at 60°), the mechanical anchepacity will induce brittle failure due
to fibre rupture.

Although the obtained test results provide bettesight into the crack-bridging
mechanism of cracked SFRC subjected to shear,st beinoted that the conducted tests
on single fibres and inherent pull-out behavioundoreflect the real composite behaviour
of the SFRC. Hence, in a crack, the fibre pull-canditions will be defined by means of
the crack opening propagation due to the roughoifetsee crack surface.

4.5.3 Shear friction

The modified JSCE test setup can be used to imastihe direct shear behaviour of
plain and steel fibre reinforced concrete. Howetles,following remarks should be made:

* The observed relatively low crack width to slipiodeads to high shear stresses
due to aggregate interlock and shear friction. dtaek dilatation is inherent to
the adopted test setup and is not clearly affeltedither fibre type or dosage.
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This should be considered when comparing direcrstests results obtained by
means of other types of test setups.

« Alinearincrease of direct shear stresses is sbdexs a function of fibre content.
The direct shear capacity of SFRC is clearly relate the amount of fibres
crossing the shear crack interface.

A widely accepted standardized test method shoeldidveloped in order to
reduce experimental scatter and increase the repimlity of test results.
Thereby, the following remarks should be made:sranetric failure is more
likely to occur for low reinforcement ratios (¥ 20 kg/m3) and 2) for higher fibre
dosages, the shear strength of SFRC increasescampression failure at the
supports is possible and an adaptation of the niepith is needed.

Similar to the approach applied for the Mode | stiedl model based on single fibre
pull-out, a direct shear analytical model for SHR(S been developed making use of single
fibre transverse pull-out. It can be concluded thatdeveloped model is able to simulate
the direct shear behaviour by taking into accoutdrabination of fibre pull-out, coulomb
friction and aggregate interlock. In this way, ttencept of a cohesion plus friction shear
stress transfer model is extended to the applicatfasteel fibre reinforced concrete. The
strength of the model follows from the integratmfrfibre pull-out mechanisms by means
of a semi-analytical transverse pull-out model whigable to deal with different strengths
of both fibres and concrete, fibre dosage and fiiagpe.
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) FULL SCALE SHEAR TESTS

5.1 Introduction

The shear capacity of reinforced and prestressedrete has been the subject of
comprehensive research since the past centurggé]dlso Chapter 3). The complex nature
of shear can be attributed to a number of differgatameters influencing the shear
behaviour such as concrete strength, longitud&iafercement ratio, shear span to depth-
ratio, element height, cross-section type, aggeegiae, shear reinforcement ratio and load
conditions. As a consequence, high scatter ofrésstlts is observed in experiments and
therefore, research efforts are still undertakeimiprove existing shear strength models
and to better understand the shear failure meamanis

Since, the tailoring and placement of traditionidrgps is considered to be labour
intensive by precast concrete manufacturers, alties to avoid traditional stirrups will
be of great economic benefit. Typically, prestrddaege span concrete elements, are often
designed to resist high bending moments and relgtlimited shear forces. In these cases
where minimum required traditional shear reinforeatnshould be placed, as obliged by
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current design provisions for RC structures [2,a3}jable solution can be found by using
steel fibres [4-8].

Although the feasibility of steel fibres to replataditional stirrups either completely
or partially has been investigated and proven dier past two decades by several
researchers [8-12], the number of practical apfitioa is yet limited and engineers are not
familiar with this new technique. The reasons Fis tare twofold. Firstly, shear test results
for fibre reinforced prestressed or non-prestressettrete elements are derived from
experiments on relatively small specimens whichndo match realistic dimensions of
structural elements. Therefore it is necessarxtienel the existing shear test database with
results from full-scale tests on large span gird&rsecond reason is that only a few design
standards [2, 13] have shear provisions for elesneihforcement with fibres. Recently,
this drawback was recognized by the Internatioealefation for Structural Concrete (fib)
and in the current Model Code 2010 (MC2010) [2] wadculation methods are presented
for the shear capacity of FRC elements.

In order to investigate the shear capacity of $alde girders, prestressed elements were
made by Megaton (a Flemish precast concrete compantyof the Willy Naessens Group)
and tested under laboratory conditions (at Ghentéysity). In total, 23 shear tests have
been conducted on prestressed concrete girdersaemgplain concrete reference girders
with SFRC girders with a fibre dosage ranging betw@0 and 60 kg/m3. This chapter
provides a detailed overview and discussion oblthined test results from the full span
girders as well as the additional specimens usddtiermine the SFRC material properties.
To allow a more thorough investigation of the cracpagation, the post-cracking shear
behaviour of the girders is monitored by means d@igital Image Correlation (DIC)
technique covering the complete shear critical argha thorough investigation of crack
propagation has been done more in detail.

5.2 Materials & methods

5.2.1 Test specimens

To investigate the shear capacity of 20 m spantiqesesed precast SFRC girders,
experimental shear tests are conducted on ninadeshgirders manufactured by Megaton
(a Flemish precast concrete company, part of tHy\Waessens Group). All girders have
a constant height of 1 m. The cross-sectional d&oas and prestress strand configuration
is shown in Fig. 5.1. The prestressing is achidygdneans of high strength 12.5 mm
strands pretensioned at an initial tensile strgaaldo 1453 N/mm?. The initial prestressing
force for each strand equals 135 kN. In the girdeoss-section, mild reinforcement is
placed at the upper side to resist tensile stragses the girder is loaded by its self-weight
and prestress only.
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Fig. 5.1 - I-shaped cross section (dimensions i) mm

Table 5.1 — Shear reinforcement and designatioreémh girder

Girder  Designation Shear Reinforcement
1 REF Plain concrete
2 REF/ TR Plain concrete / Traditional stirrufts
3 TR Traditional stirrups
4 20A 20 kg/m? RC-80/30-CP
5 20B 20 kg/m? RC-80/30-CP
6 40A 40 kg/m3 RC-80/30-CP
7 40B 40 kg/m? RC-80/30-CP
8 20+20 20 kg/m3 RC-80/60-BP + 20 kg/m3 RC-80/30-CP
9 60 60 kg/m?3 RC-80/30-CP

@ At one side of the beam, traditional transversif@icement is placed and the other side of the besam
plain concrete.

For all of the SFRC girders, the fibre volume vdretween 20 and 60 kg/m3. In order
to decrease the risk of fibre blocking due to ladifree space between the prestress strands
(i.e. 35 mm), it was decided to use short fibre.used SFRC mixes contained high
strength cold drawn wire hooked-end fibres (typeAMRX RC-80/30-CP). This type of
fibre has a length of 30 mm, a diameter of 0.38 amu a wire tensile strength of at least
3000 N/mma2, This high performance steel fibre imbmed with a concrete strength class
of C50/60. Preliminary to the casting of the gigdat the precast company, the SFRC mix
composition has been optimized and trial batche® wéxed first in the quality control
laboratories of the admixture supplier. After obtagg evidence of good mixability,
workability and strength development of the mixég, mix compostion as shown in Table
5.1 has been chosen for the production of the girde
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Table 5.2- Constituents of used concrete mix [Kg/m3

Constituent Dosage [kg/m?3]
Sand 0/1 202
Sand 0/4 674
Crushed limestone 2/6 257
Crushed limestone 6/14 566
CEM 152.5 RIHES 390
Fly ash 60
Water 190
Superplasticizer 2.61
RC-80/30-CP 20-60

The production process of the girders consistsheffollowing steps. The concrete
without fibres is made in a ready mix plant adjdderthe precast plant and the concrete is
mixed for about 2 minutes and charged in the tméker. Then, the fibres are added to the
concrete in the truck mixer and the concrete isachbor an additional 5 minutes. The SFRC
is then transported to the precast company andjetidrom the truck mixer into a concrete
bucket (Fig. 5.2a) and poured into the formworlg(/H.2b). Compaction of the concrete is
done by means of vibrators attached to the formwork

Fig. 5.2 - Production process: a) charging of ttencrete bucket, b) filling of the formwork, c)
demoulding and d) application of prestress
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During casting of the girders, additional sampled specimens are cast from the same
SFRC batch:

» 3 fresh concrete samples with a volume of eighe ldare taken in order to
determine the fibre content in the fresh state.

e 12 cubes with a side length 150 mm, for determimedif the compressive strength
on three cubes for the age of 2, 7, 14 and 28 (ys12390-3).

e 4 cylinders with a diameter equal to 150 mm andemght of 300 mm, for
determination of the compressive strength at 28 d&N 12390-3) and the
modulus of elasticity (NBN B 15-203)

» 4 prisms were vertically casted to perform testsvaluate the shrinkage (2 tests
according to NBN B 15-216) and creep (2 tests NBAR228).

e 31to 6 prisms with standard dimensions 150 mm x b9 x 600 mm were cast
in order to characterise the post-cracking tenslgacity of the SFRC mix, by
means of three-point bending (EN 14651). The nurobéending tests for each
batch is given in Section 5.2.3 (Table 5.5).

After one day, the girders were demoulded (Figchatd when the cube compressive
strength exceeded 50 N/mmz (at an age of aboud&y8), the pretensioned prestressing
strands are cut and the prestress is applied ogirither (Fig. 5.2d). The girders are stored
in the production hall of the precast manufactumed at the age of about 28 days, the
girders are transported to the laboratory hall b&é@ University for testing.

5.2.2 Shear test programme & measurements

The test matrix of the 23 conducted shear tegivén in Table 5.3 in terms of applied
test phase, shear span to depth ratio, shear reémfi@nt, concrete strength, age of testing
and the application of the DIC-technique. The preggramme involves multiple tests per
girder as indicated in Fig. 5.3. In phase 1, thidagiis first tested at one end (so called left
shear span zone). In phase 2, the left supporbisethand the girder is tested at the right
shear span zone. For girders REF, 20A, 40A, 60réhd third phase test is conducted with
a more central shear span zone. The shear spaptio @htio is kept constant for phases 1
and 3 at 2.5.

For the shear tests done in phase 2, the a/disagither 2.5 or 3.0. A schematic of all
different test setups adopted in this study is shawFig. 5.3. As a result of these test
combinations, a total of 23 different shear tests @erformed on 9 precast prestressed
girders.
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Table 5.3- Test matrix with indication of concretempressive strength, used test equipment, a/d
and testing age.

. . Shear fem.ey Age

Test Nr. Designation Phase a/dreinforcement (Nmm?  [days] DIC
1 1-2.5-[REF] 1 25 27 -
2 2-2.5-[REF] 2 2.5 REF 68.5 28 Y
3 3-2.5-[REF] 3 25 107 -
4 1-3.0-[REF/TR] 1 3 REF 57.7 25 Y
5 2-3.0-[REF/TR] 2 3 TR 57.7 27 Y
6 1-2.5-[20A] 1 25 29 Y
7 2-2.5-[20A] 2 2.5 20A 41.0 30 -
8 3-2.5-[20A] 3 2.5 101 -
9 1-2.5-[20B] 1 25 208 64.8 28 Y
10 2-2.5-[20B] 2 3 31 Y
11 1-2.5-[40A] 1 2.5 24 Y
12 2-2.5-[40A] 2 25 40A 70.4 25 -
13 3-2.5-[40A] 3 25 73 -
14 1-2.5-[40B] 1 25 25 Y
15 2-3.0-[40B] 2 3 408 °8.8 26 Y
16 1-2.5-[20+20] 1 25 26 Y
17 2-3.0420+20] 2 g  20+20 56.1 28 Y
18 1-2.5-[60] 1 25 26 Y
19 2-3.0-[60] 2 3 60 66.5 28 Y
20 3-2.5-[60] 3 25 71 Y
21 1-2.5-[TR] 1 25 26 Y
22 2-2.5[TR] 2 25 TR 73.2 27 -
23 3-2.5[TR] 3 25 67 -
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Chapter 5

The girders with a height of 2000 mm have an effeaepth equal to 886 mm. For the
adopted shear span-depth ratios equal to 2.5 &ndaoncentrated load is applied at a
distance of 2210 mm and 2660 mm from the suppspgeetively. Rather than to support
the beam at its physical end, the supports are@latthe beginning of the I-section zone.
In this way, the shear cracks will occur only ire tthin web section and the undesired
beneficial effect of the rectangular end-blocks hesn avoided. The point-load is applied
by means of a hydraulic jack with a capacity of Q&N and a load pad of 400 mm by
160 mm (i.e. for the complete width of the flangE)e girder is supported by means of a
hinge at one end and by means of a roller at thera&upport. The roller support is located
nearest to the point load. During testing, the igdplbad is manually controlled at a load
rate equal to 25 kN/min. At intermediate stages, Ittad was kept constant in order to
perform manual control measurements of the defiastand strain deformations.

During testing, displacements at the point loadpidspan, at an extra point in between
the midspan and the other support and at the stgppor monitored by means of linear
variable displacement transducers (marked withsygdbols on Fig. 5.3). For the shear
critical area, the shear crack propagation is cadtby means of a grid of extensometers
at one side of the girder and by means of a Digitalge Correlation (DIC) technique at
the other side. The position of the extensometarsdch test is given in Appendix C.

The DIC-technique is fully covered in [14]. In brierms, DIC is an optical technique
which gives the displacement field that provides blest correlation between the image of
a deformed surface (i.e. during testing) and areefee image of the undeformed surface.
Hence, by using a DIC-technique, it is possiblmtmitor continuously the full-field shear
deformations within a selected area of interests Hnea is divided into a dense grid of
analysis points. To quantify this correlation, ansof squared differences (SSD) is
calculated for every point within the grid, comparithe grey values of a square subset of
pixels around the point in the reference image ulih same — but transformed by an
assumed displacement field — subset in the defoimage. The displacement of that point
is then obtained by minimizing this SSD-functiomllField information is obtained by
interpolation between the points within the grid.

A proper DIC analysis requires images with a noifeurn high-contrast speckle
pattern. This pattern was achieved by sprayingitoum white layer of paint and, after
drying, projecting black paint droplets upon thedmen area of interest (a rectangle of
1100 mm by 500 mm as illustrated in Fig. 5.4). Phecedure was optimized to aim for a
speckle size of approximately 3 by 3 pixels as setviin [14]. This roughly corresponds
with speckles of 0.5 by 0.5 mm2 to 1 by 1 mm2. Aset size of 21 by 21 pixels for
calculating the SSD-functions was chosen. Moreildetbout the DIC test setup are
explained for another case study in [15].

The covered area and DIC-test setup is shown in5=g Two monochromatic 5 MPx
cameras were positioned next to each other andtéidgerpendicular towards the surface.
The overlap between images of both cameras is Ifipatiowing to combine the images
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of both cameras into a composite analysis, anddbuering the total area of interest. Two
diffuse light sources were adopted. Their positi@s empirically optimized with the aim
to provide a uniform light intensity over the esatairea of interest. The DIC analysis was
performed using proprietary VIC3D-software (verskR09).

Hydraulic Jack

f?
| g
/ camera’s

‘ Diffuse light sources

Fig. 5.4 — Test setup adopted for the DIC - measerds

The measuring accuracy for all tests conducted Dith, obtained from the scatter
observed when correlating two images of an unloagedimen, is given in Table 5.4.

Table 5.4 — Maximum DIC measurement error for adhitored test series

Test Maximum measurement error [mm]
2-2.5-[REF] 0.020
1-2.5-[20A] 0.047
1-2.5-[40A] 0.028
1-2.5-[20B] 0.066
2-2.5-[20B] 0.030
1-2.5-[40B] 0.084
2-3.0-[40B] 0.041

1-3.0-[REF/TR] 0.031
2-3.0-[REF/TR] 0.023
1-2.5-[TR] 0.024
1-2.5-[20+20] 0.031
2-3.0-[20+20] 0.019
1-2.5-[60] 0.018
2-3.0-[60] 0.023
3-2.5-[60] 0.020

Min. 0.018

Max. 0.084

Avg. 0.034
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As can be seen in Table 5.4, the accuracy of tietBéhnique is around 0.034 mm at

average. This is acceptable as it corresponds@@B7% of the shortest side of the DIC
measurement zone.

5.2.3 SFRC properties

5.2.3.1 Bending tests

The post-cracking behaviour of all SFRC-batcheetermined by means of three-point
bending tests according to NBN EN 14651. Fig. héws the obtained post-cracking
behaviour in terms of the average residual stréstep as a function of crack mouth
opening displacement (CMOD). The individual testutes can be found in Appendix B.
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Fig. 5.5 — Average flexural stress-CMOD curvesgiders 20A, 20B, 40A, 40B, 20+20 and 60.

Regarding the post-cracking behaviour of all cotecreixes, it can be concluded that
even for relatively low amount of fibres (e.g. gird20B) the residual flexural stress
increases significantly. However, for girder 20Ae tresidual stresses immediately after
cracking are only 50% of the cracking stress. FERS mixes with fibre dosages of 40 or
60 kg/m3, the flexural stresses increase diredtigr a&racking. The SFRC-mix with 60
kg/m3 of fibres revealed pure hardening behavioith @ maximum stress around 11
N/mmz2 at a crack opening of about 1 mm.

In order to characterise the post-cracking perfoireathe residual flexural stresses at
defined crack opening displacement (CMOD) valuescansidered (Eq. 5.1).
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= Eq. 5.1
R,i Zblfp q .

with i=1..4, respectively for CMOD values 0.5, 1255 and 3.5 mm and in which F
is the applied load at CMOD =i, | the span lengi 500 mm), b the width of the prism
and h, the height of the prism above the notch. The bentinsile strength or Limit of
Proportionality (LOP) is calculated as

=R Eq.5.2
ct,L befp g. o.

In which F_is the load corresponding to the LOP defined ashilghest load in the
CMOD-interval 0-0.05 mm.

The average values ofifand ks and their corresponding characteristic values are
summarized in Table 5.5. The relationship betwesth besidual stresses:fand ks and
nominal fibre content is shown in Fig. 5.6.

Table 5.5 - SFRC properties

Girder # tests Vi fim fix frim frik fram frak
(k) [ka/m3]  [N/mm?]  [N/mm?] [N/mm? [N/mm?] [N/mm? [N/mm?]
20A 3(1.91) 20 3.76 3.59 2.59 1.73 4.09 2.84
20B 6(1.71) 20 417 3.89 4.88 4.37 5.91 5.39
40A 3(1.91) 40 5.00 4.44 7.59 5.61 8.15 5.64
40B 6(1.71) 40 4.25 3.68 6.66 3.07 7.08 341
20+20* 5(1.78) 40* 5.50 4.36 8.24 4.54 9.89 6.58
60 5(1.78) 60 5.90 4.80 10.37 8.00 9.85 6.64

" 20 kg/ms of short fibres and 20 kg/m3 of longefdor

12 14

10 1 12 1
_ s ° _ 10 A °
S 61 £
- ° Em 6 1 °
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°
2 2
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0 20 40 60 8 0 20 40 60 80
Vi [kg/m?3] Vi [kg/m?]

Fig. 5.6 — Average and characteristic valuesrafihd ks for all of the SFRC mixes

From Fig. 5.6 (left), it can be concluded thatlfaw crack openings (cf. CMOD = 0.5
mm), the increase of post-cracking strength islarost linear function of fibre content.
For higher crack widths (cf. CMOD = 2.5 mm), thetoal interaction of fibres (see Section
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2.2.2) will cause lower increase of residual seesss a function of VThis mutual fibre
interaction is related to the fibre density andllgmpat the crack interface due to inclined
fibre pull-out [16-18] (see Section 2.2.2). Givére bbserved trend ogfas a function of
fibre content, it can be expected that for fibrsafges higher than 60 kg/m3 the residual
flexural stressgs will not increase significantly.

Besides the average values fardnd ks, attention should be given towards the scatter
of test results which will be of great importanadwespect to the economical use of fibres,
where characteristic values have to be implemeimedhear design equations. The
observed scatter for akk-alues, in terms of Coefficient of Variation (Cq\f3 shown in
Fig. 5.7.

60%

50% -

40% -

30% -

CoV (f) (%]

20% -

10% A «

0% T T T

CMOD [mm]
Fig. 5.7 — CoV for the residual stressea$ a function of CMOD for all of the SFRC mixes

For all different values of residual stresses,dbefficient of variation (CoV) ranges
from 5 to 37 %. The average values of CoV fardnd ks are equal to 21 % and 18 %
respectively. In literature, typical values for t8eV can be found around 15-20 % for
laboratory conditions and up to 30-35 % for in-gitoduction conditions [19, 20]. Based
on the observed values of CoV for each seriesgspanding characteristic values for the
residual stresses;f are calculated as follows:

foe =fam[1—k(CoV)] Eq.5.3
In which k [21] is a constant value as a functiéthe number of tests (see Table 5.5).

Due to a high scatter of test results for girdeB 40wer characteristic residual stresses
are obtained for this SFRC mix compared to the afiigirder 20B. The higher CoV okf
for girder 40B and 20+20, can be attributed to @ thapersion of fibres. After testing, a
study of the crack plane revealed that fibresafiitiglued together did not fully dissolve
during mixing (see Fig. 5.8). Therefore, proper ingxand quality control is needed for
production environments in order to guarantee ame@wic use of steel fibres.
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————————

Fig. 5.8 — Incomplete dispersion of fibres for girsl 40B

In Model Code 2010 [2], the residual flexural stremlues have to meet specific
demands in order to guarantee the mechanical peafuze of SFRC and in order to use
steel fibres as structural reinforcement for cotecedements. Fibres can either partially or
completely replace conventional reinforcement wtinenfollowing conditions are met:

fruc >0.4f Eq.5.4
frax >0.5f¢y Eq. 5.5

The first requirement (Eq. 5.4) has to be fulfillearder to provide the SFRC sufficient
capacity to arrest the occurrence of a first cr&ak. 5.5 requires that the post-cracking
tensile stresses for higher crack widths are higlugh and sufficient ductility is provided
to the SFRC. Additionally, MC2010 suggests thatrtieimum shear reinforcement can
be replaced by fibres when the residual post cracéiresses of the SFRC are high enough.
In general, sufficient post-cracking member dugtiis expected when the following
condition is fulfilled:

frc 20.08 T, Eq.5.6

Taking into account the values of Table 5.4 andld&h3, the conditions of Eq. 5.4,
Eqg. 5.5 and Eq. 5.6 are fulfilled for all of thedgrs (see Table 5.6).

Table 5.6 - Verification of SFRC performance acaugdo MC2010
Girder  kufik>0.4  falfr> 0.5 fuk/ Vi > 0.08

20A 0.48 1.64 0.15
20B 1.12 1.23 0.24
40A 1.26 1.01 0.23
40B 0.83 111 0.16
20+20 1.04 1.45 0.32

60 1.67 0.83 0.31
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5.2.3.2 Fibre content in fresh and hardened state

Fresh state

During the casting process of the girders (exceptttie girders 20A and 40A), the
amount of fibres in the fresh concrete are detezthid\t three different times: at the start
of the casting (T1), halfway the casting proces®) @nd at the end of the casting process
(T3), recipients with a fixed volume of eight ligrare filled with concrete and fibres are
washed out immediately. Then, the fibres are etéthby means of a magnet and weighed
and expressed as the mass of fibres per unit volAtheesults are summarized in Table
5.7.

Table 5.7 - Verification of SFRC performance acamydo MC2010
T1 T2 T3 AVQ. View  Viexp! Vinom St. Dev.

GIrder g  [kg/m  [kg/md  [kg/me] [ komg %
20A - - - - - - -
40A - - - - - - -
20B 20.6 21 18.1 20.0 1.00 1.6 8.0%
40B 32.7 38 35.5 35.5 0.89 2.9 8.0%
20+20 57.1 43 48.6 495 1.24 7.2 14.5%
60 63.3 63 65.9 64.2 1.07 1.5 2.3%

As can be seen from the values reported in Tafdlethe measured fibre contents are
different from the nominal fibre content: for mix26B, 40B and 60, the deviation of the
nominal fibre content is in an acceptable rangd®f0 [22, 23]. For mix 20+20, the
measured fibre content is 24% higher with respetté nominal fibre content on average.
At time T1, the measured fibre content is 43% highan expected.

Hardened state

The fibre content in hardened state is measuragsing cores, extracted from the web
of the girders. For each test shear zone, the fibrgent in the shear critical area is
determined on six individual cores of which theiposs are shown in Fig. 5.9. After
drilling, the cores are crushed in a hydraulic prafier determining the core volume and
weight. Then the obtained concrete pieces contgifibtes are further crushed manually
and fibres are extracted with a strong magnetnel@éand weighed. For all of the tested
girders, the obtained average, minimum and maxirfibre dosages are shown in Fig.
5.10. A complete overview of fibre dosages per é@gven in Appendix C.
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Fig. 5.9 — Location of cores for each shear critizane
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Fig. 5.10 — Average, minimum, maximum and CoV gddine) for the ratio between counted and
nominal fibre dosage per tested area.

As can be seen from Fig. 5.10, the measured fiboréeat based on core-drilling is
ranging between +/- 20% of the nominal fibre contevhich is higher than the values
obtained from the fresh concrete tests. When comgéne experimentally obtained fibre
content from both fresh and hardened concretelear correlation can be found. Only for
the mix containing 60 kg/m?3 of fibres, both methgildd an experimental fibre content
which is about 5 to 10 % higher than the nomirtaleficontent.

5.2.3.3 Fibre reinforcement ratio

Since the flexural response of the tested SFR@ngris inherent to number of fibres
crossing the crack-plane, an additional investigatiowards the amount of fibres in a
cross-section has been conducted. After conduthiedlexural tests, a 10 mm thin slice
has been cut out mechanically near the notched-s@ion. The obtained surfaces were
then grinded and coloured black in order to obtagood contrast between concrete and
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fibres. By means of a flat-bed scanner, the crestiems were scanned and fibres were
counted in a drawing software program. In this whg,fibre location and the total number
of fibres present in the cross-section are detexchidn example is shown in Fig. 5.11.
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Fig. 5.11 — Scanned image and corresponding digétibn (SFRC mix containing 60 kg/m3)
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In order to compare cross-sections of SFRC comgidifferent types of fibres, the
amount of fibres is expressed as a fibre reinfoszg@matiop: given by

N;
A,
2 A Eq.5.7

_iwo
Py =+
AC,(OK

In which N is the amount of fibres in the cross-sectionis&Ahe fibre cross sectional
area and At is the total (concrete and fibres) surface aresidered.

The relationship between the observed fibre reggoent ratios and corresponding
nominal fibre content is shown in Fig. 5.12.
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Fig. 5.12 — Fibre reinforcement ratio as a functiohnominal fibre dosage

As can be seen from Fig. 5.12, the number of filmethe analysed cross-sections is
higher than expected when assuming a full randatmillution (cf. Eq. 3.51). Based on a
linear regression analysis of the experimentalltgsa value of 0.6815 for the orientation
parameten. is obtained.

Considering only series 20A, 20B, 40A, 40B andtf6,average number of fibres and
inherent CoV (between brackets) crossing a vertilzade is equal to 336 (23%), 739 (24%)
and 953 (13%) for fibre dosages equal to 20, 4068rkh/m3. As can be seen, the observed
scatter of the number of fibres is in a cross-sedi$ of the same order of magnitude than
the scatter observed for the residual flexurakstparametersif The relationship between
the fibre reinforcement ratio and correspondingigalof & are shown in Fig. 5.13
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Fig. 5.13 —k-values as a function of fibre reinforcement ratio

From Fig. 5.13, the relationship between the amofifibres and the residual flexural
stress at a CMOD of 0.5 mm is quasi linear. Heatdow values of CMOD, the post-
cracking tensile stress can be expressed as thigirof the number of fibres and an
average bond stress. For increasing CMOD, the dimasir relationship changes to a non-
linear relationships and the increase of post-éngcgtress is less than proportional to the
amount of fibres. This implies that for higher Blatosages, the anchorage capacity of fibres
decreases due to mutual interaction and damadeafancrete matrix. This phenomenon
is described in Chapter 2.

5.2.4 Prestress losses due to creep and shrinkage

For prestressed girders, the time dependent eftertis as shrinkage and creep will
reduce the initial prestress. In order to estimhis effect, for each girder standard
shrinkage and creep tests are conducted accomlitng tBelgian standard NBN B 15-216
and NBN B15-228 respectively.

The shrinkage tests were started as early as p@g4i#gl days) after casting of the
girders. In order to compare the shrinkage of tifiker@nt concrete batches, the relative
shrinkage strain increase starting from the ages of4 days has been considered. The
obtained test results are summarized in Fig. 5.14.
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Fig. 5.14 — Drying shrinkage of prismatic test sp@n.

Regarding the curves in Fig. 5.14, the relativardryshrinkage between the age of 4
and 28 days, is about 350 to 450 x81Bor the girder 20A, a slightly higher shrinkage
strain at 28 days of 550 x @ observed. This can be attributed to the higtenta cement
ratio which also caused the decrease of compressizegth.

Creep tests are conducted on concrete prisms,ctebjeo a fixed initial compressive
stress equal to 11.5 N/mm2. Since the girders alg subjected to the prestress from the
moment when the concrete strength is sufficienigy l{> 40 N/mm2), the creep tests are
initiated between the ages of 7-12 days. All indiil test results are given in Appendix B.
The prestressing losses at 28 days due to the penhleffects of creep and shrinkage are
given in Table 5.8.

Table 5.8 — Prestressing loss for the tested ggder

Girder Acss Acsc AGs ot n

[N/mm?2] [N/mm?2] [N/mm?2] [
REF 69 127 195 0.87
REF-TR 68 132 200 0.86
TR 79 43 122 0.92
20A 100 180 279 0.81
20B 59 73 132 0.91
40A 65 64 130 0.91
40B 79 79 158 0.89
20+20 62 80 142 0.90
60 57 61 118 0.92
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From the values reported in Table 5.8, the SFRC28# has the most shrinkage and
creep (prestress losg around 0.80) compared to the other SFRC mixeswtuch a
prestress loss of about 0.90 has been observed.

Concerning these values, it has to be emphasisedhé effects of creep and elastic
deformation will be lower than measured on theresfee prisms. For the creep tests on
standard prisms, the stress is kept constant deestqng, while in reality, due to creep,
skrinkage and relaxation phenomena, the presteggasses and the effects will be auto-
balanced, causing a less severe creep deformatioreasured on the standard prisms.

5.3 Shear behaviour of girders

5.3.1 Failure mechanisms

For the tested girders, different failure mechasishnave been observeBuring
testing, two stages can be distinguished: 1) atie&astic phase and 2) a shear cracking
phase, starting with the occurrence of the firagdnal crack in the thin web and with
the formation of additional parallel cracks for Inég load stages. Initially,ué to the
prestressing force, some limited vertical bendiragks are present at the top of the girder.

When increasing the shear load, a first shear cstanks to develop in the right upper
corner of the thin web. These cracks further pragmgnd new cracks are formed parallel
to these cracks for increasing shear loads (se®Hifj).Due to the high level of prestress,
the diagonal cracks are formed before bending srack visible and as a result, web-
shear cracks instead of flexural shear cracksaredd up to failure of the girder.

4 . A4
T T 17 T T I ‘\ ’ S\ [ V) T T \\L\ll\[ T \jl\x ! Sk ‘ Vj T T
N ) N ‘
M 1 500kN \"\ | 600 kN
T T
A _ i A4
T 1\v!l |\\ is\(r)\ 7 A S A ) f“[']‘ T
\ \\\i\ } S \3\\ \ |
\ T~ —1 750 kN \\ ™~ —1 891 kN
— T — =

Fig. 5.15 — Typical shear crack formation obserfresn testing (cf. test 40B-2.5-1).

The first inclined cracks in the upper corner témapen until relatively small crack
widths of about 0.5 mm. A major diagonal shear kriacquite suddenly formed at the
imaginary line between the support and the poiatld’he energy release is high and the
crack opens directly for about several millimetiresase of lower fibre content. The load
at which this first major diagonal shear crackosried, is taken as the shear cracking load
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V. For SFRC girders with higher values gf, the shear crack is arrested much faster and
the energy release rate is significantly lower.

Further increase of the shear load will increasesthear critical crack opening until
crack openings between 3 to 10 mm (see AppendiXM®gn reaching the ultimate shear
capacity, excessive crack deformation and inheséffhess reduction of the thin web
occurs and all shear forces are transmitted dyreélstbugh the compressed upper flange
and (partially) decompressed lower flange. Evehushear failure is reached by either:

e Crushing of the web under the shear critical ci&uC)

Failure of flanges (FL)

Failure of interface between the lower flange artb (L)

Failure of interface between the upper flange aa ({U)
e A combination of above mechanisms

Examples of these main failure mechanisms are sliowig. 5.16 - Fig. 5.20.

Fig. 5.17 — Failure of lower flange and interfagetween upper flange and web as observed for
girder test REFTR-3.0-2
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Fig. 5.18 — Failure of flanges as observed fot 88A-2.5-1

> r !ll Ill ll (W

Fig. 5.19 — Failure of interface between lowenfle and web as observed for test 60-3.0-2

For the girders with traditional reinforcement, gtierups fail in tension and the energy
release causes a sudden collapse of both uppémaedflanges. A still of the shear failure
is shown in Fig. 5.20. For all of the tested giedeontaining steel fibres less explosive
failures are observed with respect to the beants tatlitional reinforcement.

Fig. 5.20 — Explosive failure of flanges as obedrfor girder test TR-2.5-1
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5.3.2 Load deflection curves

An overview of all load-deflection curves is shoimrFig. 5.21.
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Fig. 5.21 — Load deflection curves for all of tlested girders

For girders with a/d = 2.5, it can be observed thatstiffness of the girder is slightly
affected by the formation of shear cracks. Indéegural cracks are only formed for shear
loads close to the ultimate shear capacity. Dtlegdifference in span length the deflection
response of all girders is stiffer for subsequérases 1 to 3. In case of a higher shear span
(a/d = 3.0), the formation of flexural cracks occat lower shear loads, causing an increase
of deflection for load levels similar to tests wéltd =2.5.

5.3.3 Shear cracking and maximum loads

For all of the conducted shear tests, the expetiigrobtained shear cracking load

Vo, maximum shear strength,\nd the observed inclination of compression dirate
summarised in Table 5.9.
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Table 5.9 — Overview of cracking shear load, ultienshear load and shear cracking inclination
angle for all of the tested girders.

Test ) . Shear 0 # Failure
Nr. Designation Phase  ald o itorcement Yo [N VulkN] [l cracks mechanism
1 1-2.5-[REF] 1 2.5 444 702 22 1 IL
2 2-2.5-[REF] 2 2.5 REF 415 647 19 4 wcC
3 3-2.5-[REF] 3 2.5 461 578 20 2 WC & IL
4 1-3.0-[REF/TR] 1 3 REF 355 536 23 3 FL & IU
5 2-3.0-[REF/TR] 2 3 TR 387 782 23 3 FL
6 1-2.5[20A] 1 25 259 756 21 2 FL
7 2-2.5-[20A] 2 2.5 20A 424 781 23 1 IL
8 3-2.5-[20A] 3 25 449 609 20 2 U
9 1-2.5-[20B] 1 2.5 208 484 786 24 3 IU & FL
10 2-3.0-[20B] 2 3 445 570 21 1 WC & IL
11 1-2.5-[40A] 1 2.5 545 799 24 4 WC & IL
12 2-2.5-[40A] 2 2.5 40A 530 809 22 2 WC & IL
13 3-2.5-[40A] 3 2.5 511 737 24 1 wC
14 1-2.5-[40B] 1 2.5 208 434 744 27 2 IU & FL
15 2-3.0-[40B] 2 3 487 599 22 3 WC
16 1-2.5-[20+20] 1 2.5 20420 567 696 21 2 IU&IL
17 2-3.0-[20+20] 2 3 436 595 22 2 wC
18 1-2.5-[60] 1 2.5 390 672 25 2 wC
19 2-3.0-[60] 2 3 60 452 627 26 1 IL
20 3-2.5-[60] 3 2.5 449 721 24 3 -
21 1-2.5-[TR] 1 2.5 483 855 25 4 FL
22 2-2.5-[TR] 2 2.5 TR 565 875 25 5 FL
23 3-2.5-[TR] 3 2.5 529 819 25 4 FL

In order to investigate the effect of fibres on tiiEmate shear strength of FRC girders,
the relationship between the shear capacity andahees of average residual stregg.f
as shown in Table 5.5 is investigated. Howevegesthe results of shear tests are prone to
relatively high scattering, it should be noted firading a correlation between the ultimate
shear capacity and thesfvalues can be difficult. This was evidenced byliearesearch
[12] from which no clear correlation between theideal flexural strength of the SFRC
and the shear strength of the girders could bedolarFig. 5.22, the ultimate shear capacity
is plotted as a function ogfm
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Fig. 5.22 — Ultimate shear capacity as a functidrfirom

For the conducted shear tests, it can be observddgi 5.22 that the increase of
maximum shear capacity as a functiongfis relatively moderate. This can be attributed
to the relatively high contribution of the preste® the shear capacity whereby the
beneficial effect of fibres is less pronouncedcdise of a/d equal to 2.5, a clear influence
of the test phase is observed with respect toelagionship between the shear capacity and
fra.m For the shear tests with a/d equal to 2.5 tdetpase 1, no increase in shear strength
is observed fordn s values higher than about 7 N/mm2, while this isthe case for phase
2. This indicates that an increased shear capacfgund with increasinggf (increasing
fibre content), yet that for highersfvalues other shear failure mechanisms can start
governing, preventing the further linear increasshiear capacity as a function gf. fThis
is explained in more detail at the end of thisisect

In general, the shear critical area is always tieaend-blocks and phase 1 and 2 will
be more representative for realistic situationsweleer, it is found that when shear failure
occurs in the absence of a rigid end-block (i.eageh3), it is easier for the shear critical
area to deform and a lower shear capacity is obddor girders REF, 20A and 40A. Hence
for phase 3, the linear increase of shear capasityfunction ofd, s is less steep.

Regarding the observed failure mechanisms, foofalhe girders tested with a shear
span to depth ratio equal to 2.5 and with the presef the end block, the arching effect
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will become more important and loads are partidatgnsferred directly towards the
supports through the compressive zone and theleoK. f-or the same a/d equal to 2.5 but
for the tests of phase 3, the shear critical az@®i confined by the rigid end block and can
be deformed more easily. This results in a loweaslstrength. Yet, for all of the tests done
with an a/d ratio equal to 3.0, a more clear inflees of fibres is observed with respect to
the tests done for a/d = 2.5 in both phase 1 and 2.

A possible explanation for reaching a plateau gt Ipiost-cracking flexural stress levels
as observed in phase 1 (see Fig. 5.23) can be fathd micromechanical observations at
the shear crack

20 kg /m? =

¥,

Fig. 5.23 - Difference in shear crack behaviountetn low (left) and high (right) fibre dosages.

Since the compressive strut stress levels are tegbéa be higher for a/d = 2.5 with
respect to a/d = 3, the described mechanisms aenai for tests with a/d = 2.5. The high
anchorage stresses at the fibre ends and the piécpkam compressive stresses in the strut
cause a biaxial state of stress in the concretieeastrut edges. Moreover, for increasing
post-cracking tensile stresses, the shear capatithie girders is expected to increase
together with the compressive stresses in thesstHbwever, the biaxial state of stress
failure envelope will cause that the concrete matill fail to provide sufficient anchorage
capacity to the fibres and a fracture zone arohedshear crack will be enlarged. Hence,
with increasing fibre content, this fracture zoeedmes more pronounced. This effect will
cause a loss of fibre efficiency when the widthhaf damaged zone around the main crack
is equal to the fibre length, as illustrated in.FE@3.

The load at which the first shear crack will oceumainly dependent on the concrete
tensile strength, the effective prestress anddad tonfiguration. Therefore, the ultimate
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shear capacities should be approached carefuligeSibres become active after cracking,
it is interesting to evaluate the influence of éibiin terms of post-cracking shear capacity

(i.e. the gain of shear strength after first cragkbccurs, Fig. 5.24).
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Fig. 5.24 — (M-Ver)/Ver-ratio as a function ofrbm

When looking more into detail to the values of-¥.)/V ¢ obtained for the shear tests
with a/d = 2.5 for phase 1 and 2, no clear cori@iatvith respect togg can be found, due
to high scatter. Hereby, the increase in shearaigpia less clear than observed in Fig.
5.22. The high scatter of (W<)/V for a/d = 2.5 for phase 1 and 2, may possibly e d

to outliers in the observed values of; \(being taken as the first major shear crack
observed), influenced by direct load transfer éffend the presence of the stiff end-block
and whereby a significant scatter on cracking ldadgpical for concrete in general. For
the test conducted with a/d = 2.5 in phase 3, eemstwar correlation between the shear
strength increase after cracking ang.fis observed. The value of (¥ )/V. increases
linearly from 20 % to almost 50 % for the girdemtaining 60kg/m3 of fibres. For the
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girders tested in phase 2 with an a/d ratio equa.®, an increase of (W¢)/Ve with
respect tods mis observed with values ranging from 20 % to 40r%ese observations are
in line with Fig. 5.22.

5.3.4 Shear deformation and crack propagation

A DIC technique was used to monitor the shear cdigilacements. For each state of
deformation captured by the cameras, the appliedrdbad is known. Based on the post-
processing of the DIC measurements, virtual exteesers are placed over the observed
main cracks (Fig. 5.25) and as a result the relalipp between shear load and crack
deformation can be obtained. In Fig. 5.26, thelcwidth of the dominant shear cracks is
given as a function of applied load. Hereby, theckropening is considered by a virtual
extensometer, positioned central over the sheakcra

For all of the conducted shear tests, the sheak gnopagation has been captured by
means of a grid of extensometer. Since the infdomatbtained from the DIC is more
accurate and can be used to monitor the shear diaplacement of a single crack, the
obtained data from the extensometers is merely asea additional source of information
when applied in combination with the DIC measuretsieRor the girders tested without
DIC, the data gained from the extensometers is walteable.
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550 kN
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Left cam
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Fig. 5.25 — Principal tensile strain (range = 0 -98) development for the combined regions of
cam 0 and 1 (test 40A-1-2.5)
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In this way, the relationship between applied sl and measured crack opening of
the dominant shear cracks is obtained for allgeses (see Fig. 5.26).
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Fig. 5.26 —Shear load as a function of crack widthall considered dominant shear cracks

From Fig. 5.26, it can be observed that increafilimg content reduces significantly
the crack widths after initiation of cracking ocsuwWhile for the girder with 60 kg/m3 of
fibres the load increases after an initial cracittviof 0.5 mm, the shear crack widening is
dramatically higher for the plain concrete girdevieere the initial shear crack propagates
to at least 2 mm directly after cracking.

Hence, it can be concluded that for these pregdeSERC girders, the effect of fibres
is more important with respect to shear crack @bntr the thin web, compared to the
increase of the ultimate shear capacity. This craxirol effect diminishes near ultimate
with crack widths beyond 5 to 6 mm. At this poirfitcback deformation, the shear loads
are more similar. This is due to the fact that witenate limit state is governed by the

187



Chapter 5

presence of a compressed upper and partially deessgd lower flange. Hence, the shear
crack propagation behaviour shows that shear creakpropagate up to 10 mm, which is
far beyond the ultimate limit state of reinforcedustures. These results prove that the
ultimate shear capacity at such high deformatienass affected by the presence of fibres,
and is merely affected by the presence of the cessed flanges and therefore, the
beneficial effect of fibres is also evaluated ime of crack arresting ability. In view of

these observations, an ultimate limit state cao bésdefined in terms of a critical crack

opening rather than the ultimate load. This is dionEig. 5.27, considering a predefined

ultimate crack opening of 2.5 mm and expressingekalts as a function of flexural stress
fram For the tests in which the DIC technique was us#d to measure the shear crack
width propagation, values measured by means ofatligktensometers were used instead.
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Fig. 5.27 — Shear capacity at 2.5 mm crack widtla &snction of £z

Comparing Fig. 5.27 with Fig. 5.22, the same trearésobserved, yet the enhancement
effect of the fibres becomes more pronounced. li@tdsts conducted in phase 1 for a/d =
2.5, for ksvalues higher than 8 N/mm2, a decrease of sheamgih has been observed
(Fig. 5.27, top left). For the girders tested imstivork, the shear capacity,Ys was
increased up to about 32% and 78% (fequal to 9.9 N/mmg2), for an a/d equal to 3.0 and
2.5 respectively.
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When comparing Fig. 5.28 with Fig. 5.24, the beriefieffect of fibres to enhance the
shear strength of prestressed concrete girderartsecaore clear. For all of the girders
without shear reinforcement, the cracking shead ga and the shear load at a crack
opening of 2.5 mm are almost equal. When fibresaalded to the concrete (ang f
increases), the post-cracking response of the svebhanced significantly. For all of the
tested SFRC girders, the ratio betweens(V¢)/V increases linearly as a functiog f,

The highest increase has been observed for thergidts with an a/d equal to 2.5 (up to
80 %). For a shear span to depth ratio equal tal3elncrease is less pronounced up to 40

% for frsnrvalues equal to 9.9 N/mma2,

In addition to the relationship between shear laad shear crack opening (Fig. 5.26),
the slip displacement behaviour of major shearksraas been determined by means of the
post-processing of the DIC-images. In Fig. 5.28,dbtained crack opening-slip relations
are shown for all girders for which the DIC measueat technique is applied. Thereby,
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only the main critical shear cracks have been takEnaccount. For the majority of all
tests, one or two shear cracks were dominant vadpect to the crack propagation

behaviour.
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Fig. 5.30 — Shear crack propagation behaviour fodgr 20B
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Fig. 5.33 — Shear crack propagation behaviour fodgr 20+20
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Crack width [mm]
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Fig. 5.37 — Shear crack propagation behaviour fodgr REF/TR

Keeping in mind the analytical or empirical formidas describing the aggregate
interlock mechanisms (see Chapter 2) or shearsstrassfer in cracked (steel fibre)
concrete (see Chapter 3), the relative increaseaak opening with respect to crack slip,
is much higher for the shear cracks in the girdiees for the cracks investigated at the
meso-scale level on prisms by means of a direcirdiest.

It is clear that the Mode | opening behaviour isnittant compared to the sliding
behaviour of the crack and consequently, it cacdmeluded that the influence of aggregate

interlock mechanisms on the observed shear capetiyl tested girders will be rather
limited.
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5.4 Conclusions

Based on 23 shear tests on prestressed concret€ jfBers without shear
reinforcement, it can be concluded that steel §itwan increase the shear strength of 20 m
span full-scale girders. For the tested configoreti(up to 60 kg/m3 of steel fibres), an
increase in capacity i.e. at a crack opening etual5 mm up to about 80% is obtained
with respect to plain concrete prestressed girdeng. failure aspect of the girders is
characterised by the development of basically orteve critical shear crack(s) in the web.
By excessive deformation of the web and relatiielgh crack openings, the girder
eventually fails in shear by a collapse of the ugyel lower flanges.

It is found that the influence of fibres towarde thitimate shear strength of prestressed
SFRC girders is limited for high values @g.fFor this test programme, this was observed
for fre-values higher than 7-8 N/mmz2 in case of a/d equal This limiting effect is
attributed to the biaxial stress state in the stext to the shear cracks, causing fibres to
lose anchorage capacity and effectiveness. Foehggjtear span to depth ratios, the beam
action is more important than the arch action efgirder, which resulted in higher shear
capacity for a/d equal to 2.5 versus 3.0.

Investigating the shear crack propagation by meé&ibsgital Image Correlation, it has
been observed that for thin web prestressed girfibres are most effective in the post-
cracking stage for arresting sudden crack propagabue to the high prestressing level,
the crack propagation of the first shear crackugdgn with crack widths up to 4 mm for
girders without fibres. By adding fibres, the prgation of the first shear crack is more
controlled and arrested at lower crack widths.

From production quality control tests, it is cord®d that attention should be paid
towards the production process of SFRC in prac@oalronments in order to guarantee a
sufficient SFRC quality level and inherent reductiof scatter for the residual stresses
adopted in design.
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6 SHEAR BEHAVIOUR MODEL

6.1 Introduction

The basis of current shear design provisions ge@ek o the development of the
Compression Field Theory (CFT), later followed I tModified Compression Field
Theory (MCFT) to introduce the influence of tensistiffening. The MCFT has been
developed by Vecchio & Collins during the 1980’sZ1 For an overview of existing shear
behaviour models, reference is made to Chapter 3.

Starting from the MCFT, and as will be further mad in this chapter, the shear
capacity of reinforced concrete members has bepleimented in a sectional analysis tool
in order to predict the shear capacity of reinfdr¢RC) and prestressed concrete (PC)
elements with or without shear reinforcement, aratliding both traditional stirrups and/or
SFRC as shear reinforcement. The model is develbpseld on a number of assumptions
which are made based on the observations fromxperienental and analytical work as
described in Chapters 4 and 5. The most importifference with existing analysis tools
based on the MCFT is the implementation of the-peatking behaviour of SFRC.



Chapter 6

Based on observations from experimental tests isdale prestressed SFRC girders,
the model is developed with the following assummior considerations:

* Regarding the propagation behaviour of the critslaar crack, it has been
observed for the girders in this test programmetti@opening of the shear crack
was dominant compared to the shear slip. As a comsee, the aggregate
interlock mechanisms will be less important thamaRial stress transfer between
inclined cracks due to fibre pull-out.

* In the classical formulations of the MCFT, the iensstiffening effect is
considered to be the main contribution to the shsteength of reinforced
concrete. However, without the presence of trad#istirrups, the post-cracking
residual stresses can only be transmitted dueetpuh-out of fibres.

e The shear failure of SFRC girders is assumed tgdverned by exhausting the
pull-out capacity of all fibres crossing the crgd&ne for higher crack openings.

» The biaxial stress state in the web struts cautssahshear-tensile failure of the
concrete matrix and the anchorage capacity in dneagjed zone around the shear
crack is lost. For SFRC with high values gf the post-cracking tensile strength
cannot be fully developed and the shear capacithefjirders is not increasing
proportionally with respect to the residual fledusaength as determined from
standard testing of prisms.

The developed analysis tool is used to describstiear failure behaviour in terms of
applied shear load and inherent average crack pidtpagation and the modelled curves
are compared with respect to the experimentallyoiesl crack opening behaviour.

6.2 Model formulation

6.2.1 General

The developed sectional analysis tool is basedhenstrain compatibility and force
equilibrium as defined in the original MCFT. Theyekhe cross-section height is divided
into a finite amount of layers with a fixed heigkbr every layer, based on a given strain
distribution, the corresponding stresses are catied! In order to obtain the shear load
acting on a girder as a function of shear deformmatequilibrium has to be obtained, both
at the level of the individual layers, as well ashee level of the complete cross-section,
and this applied for each deformation step.

198



Shear behaviour model

6.2.2 Constitutive laws

6.2.2.1 SFRC in tension

In literature, different models are suggested ofeoto model the post-cracking stress
crack opening relationship. In this study, the mqieposed in Chapter 4 (section 4.2) has
been taken into account. Hereby, the principalitessress active in a crack is only carried
by the fibre pull-out forces. These stresses haveetin balance with the stresses in the
concrete in between the cracks (see Fig. 6.1).

A B!

C A B
Fig. 6.1-Force equilibrium for sections in betwemacks (plane A) and at the crack (plane B)

Regarding Fig. 6.1, considering two parallel plaAdm the strut) and B (in the crack),
equilibrium of horizontal forcesAand Fk is obtained when the conditions of Eq. 6.1 is
met.

szAf,B :fct(Ac_zAf,A)+8Eszf,A Eqg.6.1

With A:¢a and Ag the total cross-section of fibres crossing thelkcend in between the
cracks, respectively.:is the modulus of elasticity of the fibre materialjs the principal
tensile strain ana: is the post-cracking tensile stress of SFRC ataakcopening w.
Defining the geometrical percentage of fibre reioémnent as the ratio of {/A. and
assuming A is equal to As, Eq. 6.1 can be rewritten as:

o, =fq (1_pf)+81Efpf EQ. 6.2

Due to the presence of a principal compressiosstean the struts, the biaxial stress
state will cause the concrete to rupture in tenforvalues of the principal tensile stress,
which are lower than the uni-axial tensile stréssrder to deal with a biaxial tensile failure
of concrete, a simplified reduction of the allowalkial tensile strength of concrete as a
function of lateral compressive stress in the stisiadopted as given by Eq. 6.3.

o
fm,maxzfc{l+ 2 ] Eq. 6.3

fc,cyl

In which 6, is the compressive stress in the struts (i.egative value).
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The value ofci(w) is calculated taking into consideration the ifred trilinear
constitutive stress-crack opening law as proposéhiapter 4, Section 4.2 (see Fig. 6.2).

0

(W.012)

Tensile stress [N/mm?]

(0.015¢,,)
(L{4,0)

»
-

Crack opening [mm]

Fig. 6.2 - Schematic representation of the tri-inetress-crack opening law for SFRC

For all of the girders, the parameters defininggbst-cracking Mode | constitutive law
are summarised in Table 6.1. The values given hene obtained by applying Eq. 4.4 —
Eq. 4.11 from Chapter 4, Section 4.2.3.

Table 6.1 — Values of1, o12 and w for all of the girders.

Girder £ [N/mm?] or1 [N/mm?] o12 [N/mm?] W, [mm]
20A 2.63 0.67 1.34 1.56
20B 2.92 1.44 1.11 2.30
40A 3.50 2.45 0.84 3.24
40B 2.98 2.10 0.93 2.79

20+20 3.85 2.71 0.78 3.97
60 4.13 3.57 0.56 3.95

By assuming the simplified tri-linear post-crackiag/ for SFRC, a certain error has to
be dealt with. In order to estimate the inherentletiing error, the stress-CMOD curves as
determined by taking into account the values ofl@ &bl are compared with respect to the
average of experimentally obtained curves (Sediars).
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Fig. 6.3 — Comparison between modelled and expetahaverage three-point bending test results

As can be seen from Fig. 6.3, the proposed tralimodel can be successfully used to
model both the pseudo-hardening and pure hardgosgcracking behaviour of SFRC
subjected to a standard three-point bending tasthé&r evaluation of the accuracy has been
done by considering the error between the averagerienental curve and the modelled
flexural behaviour. In Fig. 6.4, this relative arie plotted as a function of CMOD.
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Fig. 6.4 — Relative error between model and expenial result as a function of CMOD

In general, the relative error (Fig. 6.4) is lovilean +/-10% for all of the considered
SFRC mixes. For a CMOD value lower than 2 mm, geaf the proposed tri-linear model
tends to yield mostly an underestimation of redifleaural strength between 0 and 10 %,
while for CMOD-values higher than 2 mm, a betterdiction is made, except for the SFRC
mix 40B. This can be attributed to the mixture oftbshort and long fibres, for which the
adopted model is not calibrated. For mix 20A, teseral trend is not observed and the
model error has been found to be more constaraifout 5-10 %.

For the post-cracking tensile stress-strain respofgirders without SFRC and with
tradional stirrups, a tensions stiffening law isopigtd according to Eq. 6.4 (see also
Chapter 2).

C
f = ——|/f . 6.
1,res(€l) [1*_\/@} cm Eqg. 6.4

In which G is taken equal to 0.375, andi€taken equal to 1500 in case of the presence
of a web reinforcement. For the combination ofgfis and steel fibres, the proposed model
can not be used and further research is needestiteedempirical values for £

For all of the plain concrete girders [REF] and fRER]-Phase 1, the adopted post-
cracking softening law is assumed to be bi-lineadescribed in Section 4.2.4, Fig. 4.12
and the tension stiffening effect is not considered

6.2.2.2 SFRC in compression

For the case of compression of the concrete, thetitotive law as described in fib
bulletin 42 “constitutive modelling of high strehgt high performance concrete” [3] is
considered. This constitutive relationship is action of the principal compressive strain
(Fig. 6.5).
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.........................

Ew =Eem

concrete stress o. <0

. :

E¢r € clim
concrete strain g, < 0

Fig. 6.5-Schematic representation of the uni-agtaedss-strain compressive curve for concrete
(adapted from fib bulletin 42 [3])

By assuming this compressive law, the effect ofefibon the post-peak toughness in
compression is neglected. However, it is assumdx tliess important with respect to the
evaluation of the shear behaviour, since no comspreshear failure has been observed.
The secant modulus¢£s defined as the slope between the points zegessand maximum
stress .

The compressive stress strain curve shown in Figismathematically described by
means of the following relationship:

2
Oczz—fcm(knn} for |e;| <

& Iim‘ Eq. 6.5
1+(k-2)n '
with
E
k=—m Eq. 6.6
Ec2 q
n _& Eq. 6.7
c g. 6.

In which En and E; are the tangential and secant modulus of elastici is the
compressive strain at maximum compressive stregg €énd ec.im is the ultimate
compressive strain.

By fitting the compressive stress strain curvesvadr from compression tests on
cylinders at the age of 28 days (all individual tesult can be found in Appendix B), the
values of k and; have been determined for the concrete in this gesgramme (see
Chapter 5, Section 5.2.3). An overview of all valugbtained from this curve fitting
analysis is given in Table 6.2.
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Table 6.2 — Compressive stress-strain curve shapenpeters

Girder fm [N/mm?] Eem [N/'Mmm?)] k £c2 [-107]
20A 41.0 31900 1.65 -2.10
20B 64.8 36750 1.50 -2.75
40A 70.4 40150 1.50 -2.60
40B 58.8 35350 1.60 -2.65

20+20 56.2 34950 1.55 -2.65
60 66.5 37700 1.40 -2.60
REF 68.5 37600 1.45 -2.65

REF/TR 57.8 36450 1.50 -2.45
TR 73.2 39850 1.50 -2.80

6.2.2.3 Reinforcement

The mechanical properties of the mild reinforcemseel used for the stirrups, are
determined by means of an axial tensile tests ortifferent bars extracted from the girder
[TR]. The stress-strain response of both reinfom@bars is shown in Fig. 6.6 (left). After
reaching the maximum tensile stress at a straid.@45, a descending branch has been
adopted in order to provide numerical stability Farge strain deformations (up to 0.15
mm/mm). In order to model the stress-strain refeiop of the prestressing strands, a
multi-linear stress strain relationship is assum&dhown in Fig. 6.6 (right).

(0.045,590) (0.070,1830)

(0.015,1720) (0.210,1860)
(0.010,1630)
(0.008,1425)

(0.00275,550)
(0.230,1395)

Tesnile stress [N/mmz2]

(0.08,150)

g
?
2 800
4
c
@
&

600

(0.15,0)
(0,0)
0.00 0.02 0.04 0.06 0.08 0.1( 0

Strain [-] 0.000 0.050 O.lOg"am 4 0.150 0.200 0.250

Fig. 6.6 — Adopted stress-strain curve for reinfarent steel (left) and prestressing strands (right)
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6.2.3 Layer equilibrium

For every layer, the equilibrium and compatibitiynditions according to the Modified
Compression Field Theory has to be fulfilled. Facle ‘sectional’ iteration in between
incremental shear deformation steps, the longialdirertical and shear strains are known
for every layer. The calculation procedure initsatgth the calculation of principal tensile
strain €1), compressive strair4) and the inherent inclination of the compresstouats ().
The convention of signs is according to Fig. 6.7:

204



Shear behaviour model

\Hq

Fig. 6.7 — Definition and conventions of signslfaral and principal strains and stresses.

In Fig. 6.7 (right), a cracked element subjectetthéoin-plane shear and normal stresses
is shown. The element contains two cracks widthaeguack widths (w), dependent on the
principal tensile straire() and average crack distancgy)s

For plain stress analysis, the strain compatibddgyations as derived by Mohr’s circle
can be obtained [1, 2, 4, 5].

(e, -&.) +¥:
gl - EX +Ey + y X yxy Eq 6.8
2 2
2 2
82 - EX +Ey _ (sy sx) yxy Eq 6.9
2 2

In whiche is the longitudinal strair, is the transverse strain apglis the shear strain.

To avoid further rotating of the principals stresaéter crack formation, the calculation
of the inclination angle will only be performed bed cracking occurs [6, 7]. Hence, the
inclination of the compressive struts is calculdtgd

€ —¢€
8 = arctal 8) g, <¢g,
yxy

0=0 €, <&

cr

Eqg. 6.10

In which the cracking strain is given by:
g, == Eq. 6.11
After reaching the tensile strength of concretes post-cracking residual tensile
strength of SFRC is evaluated as a function ofdtaek width w. This crack width is

calculated as the product of the principal tenstlaine; and the average shear crack
spacing s (see Eq. 6.12 and Eq. 6.13).
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W =S €, Eq. 6.12
_ 1
S =SNG cod
sinv | cow Eq. 6.13
S, 5

With s, the distance between horizontally aligned longitabreinforcement and, she
distance between stirrups. In case of absenceirofis, § can be taken equal to the
specimen dimensions. For the conducted analysiBeofested girders, the crack spacing
values for gand § are taken equal to the internal lever arm of ttosssection (i.e. 836
mm) and the height of the thin web (i.e. 615 mmspestively.

When the principal tensiles{) and compressive stresses)(are known, the local

stresses in the layers can be obtained. Therefoeeprincipal secant stiffness matrix is
assembled and then converted to a local secafrtestif matrix. The principal stiffness

matrix Dy is given as:

E, O 0
[DJ=|0 E, O Eq. 6.14
0 0 EclEcz
Ecl + EcZ

The values of R and E; in the stiffness matrix Pare the secant moduli in compression
and tension respectively, given by:

a

E,=—% Eg. 6.15
82
O.

E.=— Eq. 6.16
81

In which oy is obtained by means of the tri-linear stressicigmening law defined in
Section 6.2.2.1(Fig. 6.2 and Table 6.1) anis obtained by means of the constitutive law

defined in Section 6.2.2.2.

Then, the stiffness matrix in the principal axiobnate system is converted to the
local coordinate system using the transformatiotrima:

[Dee] =[T]'[D[T] Eq. 6.17

In which T is given by
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cos 8 sirf@ - co$ sif
T=| sin’0 coge co$ sif Eq. 6.18
2cod sirD - 2co8 s co8- <A

With the angle, the inclination of the compressive strut accaydim Eq. 6.10.

For each layer containing either longitudinal @ngverse reinforcement, the local
stiffness matrix is updated as follows

PE. 0 O
[Drot] = |:Dc,loc:| 1 0 pEs O Eqg. 6.19
0 0 o

For each layer, the stresses in the local coorlisygtem can be derived by

O-X 8)(
o, [=[Dy]| & Eq. 6.20
Txy yxy

The local stresses in both the reinforcement (todgnal and vertical) and the (fibre
reinforced) concrete are obtained by

O = SXES Eq 6.21
o, =¢E, Eq. 6.22
O =0y ~POg Eq. 6.23

One of the assumptions of the sectional analysjdié® that no vertical concrete
stresses act in the cross section. In order tarohtatress state in each layer for which the
vertical stress component is equal to zero, eawh hefore performing the next iteration
step, the vertical strains are updated as follows:

Oy

€ =€, ‘m Eq. 6.24

With [Diot,]22 the element of the total local stiffness matrigdted at the second row
and second column.

6.2.4 Section equilibrium

At the beginning of each incremental deformatiepsthe deformation of the cross
section is defined in terms of average longitudsteding , curvaturex and average shear

strainy (see Eq. 6.25).
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[U]= Eq. 6.25

<l > m

The value of average strain and curvature of theszsection defines the strain at each
layer by

Section discretisation

Ap

] Uncracked section
] Cracked section

& Yxy Ocx

Fig. 6.8 — Schematic of the layer discretisatiorthef cross-section and inherent strain and stress
profiles.

€y :E-X[g-yi} Eq. 6.26

The stresses in the section are obtained per édgBrent as explained in Section 6.2.3.
By summing the stress resultant for every layethef cross-section, the normal force is
obtained as follows:

N= chx,ihibl + Ascsx + Apopx Eq- 6.27
i=1

In which tensile and compressive stresses are fadigitive and negative respectively.
The internal bending moment and shear load arenghye Eq. 6.28 and Eq. 6.29
respectively.
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M= Zzio-cx.ihih + Z &O-SX + ;A:uo-px Eq. 6.28
i=1
V=>'1,hb Eq. 6.29

Equilibrium is obtained when the internal forcesuleants N, M and V in the cross-
section equals the external forces. Hence, foeatmssed cross-section subjected to both
a shear and bending load, N equals zero (tenséssss in the prestress strands are in
equilibrium with the compressive stresses in thecoete) and M has to be equal to the
external moment taken as the shear load V multiphiith the distance from the analysed
cross-section to the nearest support. Accordingeiotz [8], the cross-section that has to
be taken into consideration to evaluate the sheamgth is situated at a distance d from the
loading point (see Fig. 6.9).

In order to reach equilibrium of sectional forcélse assumed longitudinal strain
distribution (€,x ; Eq. 6.27) has to be updated in the iterative ggecThis is done by

means of the linear elastic axial and bendingr&# of the cross-section as follows:

— _— . NN,
€_+ =€ + ext int Eq. 6.
i+1 i ACEC g. 6.30
Va-M,,
Xin =Xi t——=7" Eq. 6.31

EC'C

For the update of the shear strain distributiorr éhe cross-section depth, the method
as described by Vecchio [2] is adopted. Basictily rate of change of longitudinal stresses
between two sections defines the shear stresgyamtithe considered layer (see Fig. 6.9).
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Fig. 6.9 — Shear and moment at the analysed se@igfth and the free body diagram (right) for the
dual section analysis.

Considering two sections, located on a fixed distas from each other, the normal
force Eg. 6.32 acting on a layer at the left sectad the right section are in equilibrium
when a given horizontal shear componeig &cting in between the layers (Eq. 6.33).

n= 0-cx,ihih + ASO-S + Aposp Eq. 6.32

fo=fi+n n Eq. 6.33

sect2 ' sect:

Based on the reciprocity principal of shear stresegtational equilibrium of the free
body diagram (Fig. 6.9, right) yields the expresdim calculate the shear force v
f, +

vis:%h Eq. 6.34

From which the updated shear stresses can be cethasit

V.
Tcxy,i :Th Eq. 6.35

The derived updated shear stress profile is thempaoed with the initially assumed
profile and when the error is too large, the detivgpdated shear stress profile is then
assumed for the next iteration step.

For each load step, the calculation converges wheiieratively updated strain profile
(ex) and shear strain profilgy() result in (1) internal forces (Eq. 6.27 till E§29) which
match those corresponding with the acting loadd,(a8hthe shear stress profile as derived
by Eqg. 6.20 which matches the shear stress pasilderived by Eq. 6.35.
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6.3 Model validation

6.3.1 General description of the model output

Fig. 6.10, shows a typical shear force-strain biEhavobtained by the model. In
general, five key points can be defined which ctigrése the entire analytically obtained
shear behaviour of the prestressed SFRC girdersnd@yotonically increasing the shear
strain, the first phase consist of a linear elastizease (A) of the shear load until first
cracking occurs (B). At this point, a first layefr the thin web will be cracked and the
sectional stiffness reduces further upon more tayeaching a principal tensile stress in
excess of the tensile strength of concrete (takitmaccount the biaxial stress state). The
softening phase of the girder section is maintaumgd cracks have been formed over the
entire height of the web (C).

After the formation of cracks for all of the welyéais the shear load increases further
thanks to the fibres acting. Hereby, the post-drarkensile stress reaches a peak for a
crack width value about equal te im the tri-linear constitutive law (see Table 6 A) this
point (D), the post-cracking shear curve tendsdibein because the secant stiffnegsSé
each layer will decrease as a function of increpsimear strain (and inherent principal
tensile strain). Finally, the ultimate shear sttbng reached (E) for a given deformation
state of the analysed section. After point (E),itfteease of shear deformation will cause
an average decrease of shear stresses in the eausiskection and a residual branch is
observed. The calculation procedure is then stoppestoid excessive deformations.

800
700
600
500
400

300

Shear load [kN]

200

100

0
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0

Average shear strain [-]
Fig. 6.10 — General output of the sectional modéth indication of key points A-E
In order to get more insight into the complete sheshaviour of a given section of a
SFRC girder, subjected to the combined effects wstpess, curvature and shear

deformation, reference is made to Fig. 6.11 ti.F6.13 (this calculation corresponds with
a prestressed girder with geometrical propertiedlai to the girders studied in Chapter 5
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and with arbitrarily chosen material parameterfese figures show the evolution of shear
strains and stresses, crack width, orientationearagid principal compressive and tensile

stresses; and are shown with respect to the 5 dieyspas defined in Fig. 6.10.
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Fig. 6.11 — Evolution of shear strain (left) andick width (right).
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Fig. 6.12 — Evolution of shear stresses (left) pridcipal tensile stresses (right).
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Fig. 6.13 — Evolution of principal compressive f)lend orientation angle of principal stresses
(right).

In general, the evolution of the shear strain ped8 very similar to the evolution of
the crack width. Hence, the crack width is a migtigf the principal tensile strain which is
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directly influenced by the acting shear strain.aAsonsequence, for I-shaped girders, the
sectional analysis tool can be used to understamdthe section fails and how cracks
propagate for increasing shear deformation. By me&the model, both the crack opening
as well as the crack orientation can be modelled.

In Fig. 6.12 (right), it can be seen that the gpattensile stresses increase between
points B and D, and that for higher crack openirlgs, post-cracking tensile strength is
decreasing. When the stiffness of the web is radls@mificantly at higher crack widths,
the shear stresses developed in the thin web areateng and the shear stresses in the
upper and lower flanges are further increasinghattop and bottom flanges, the same is
observed in terms of the principal tensile stresgtghese remain relatively low in contrast
with the principal compressive stresses. Due toptesence of the wider flanges with
relatively high shear and compression stressesrtiss-section can build up residual shear
capacity after excessive cracking of the web witiinate failure is reached.

As a concluding remark, it has to be emphasiset ttie cross-sectional analysis
method is most suitable to analyse a beam-typea $higare rather than an arch-type shear
failure. Therefore, it can be expected that theashstrength of girders will be
underestimated for lower values of shear spanpthd®&tio and more accurate predictions
will be obtained for higher values of a/d.

6.3.2 Influence of crack spacing

The link between the principal tensile strains #mal corresponding crack opening is
the crack spacing. Hence, an incorrect implementatf the crack spacing can lead to a
different post-cracking shear behaviour of the sresction. This can be considered as the
main drawback in the use of the MCFT cross-sectiomalel.

In order to verify the influence of the crack specsw (S, S, 0) on the shear behaviour,
four different combinations of the distanceaisd § (Eq. 6.13) have been chosen arbitrarily
to run different analyses. The following combinasare being investigated (compared to
the original analysis, with distancess836 mm and,s= 615 mm):

e 200 mm by 200 mm

e 200 mm by 2000 mm
e 2000 mm by 200 mm
e 2000 mm by 2000 mm

A comparison between all obtained shear resporseshown in Fig. 6.14 (this
calculation corresponds with girder 40A).
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Fig. 6.14 — Influence of crack spacing &nd s) on the modelled post cracking shear behaviour of
prestressed SFRC girder 40A (test 2.5-2).

The stiffest response is obtained for an assunmak @pacing of 200 mm by 200 mm
(more yet finer cracks). A large reduction of residshear strength is observed for a crack
spacing equal to 2000 mm by 2000 mm (larger cradk®m Fig. 6.14, it can be further
observed that the shear response is most influemteth both distances and s are
increased simultaneously. When only one of bothdseased while the other is maintained
constant, only a limited reduction in the post-kmag capacity is observed. On overall, the
sensitivity of the model with respect to the préeliccrack spacing remains acceptable. The
assumed approach to estimate the crack spacing gigee or less accurate predictions of
the crack width, as illustrated in the next section

6.3.3 Crack opening behaviour

For the conducted shear tests, the crack openhmyimir has been measured by means
of either the DIC technique (see Chapter 4) or leams of the grid of extensometers (see
Appendix C). Since the sectional shear behavioudehaan be used to calculate the
relationship between applied shear load and caoreipg average crack width (see Fig.
6.15 till Fig. 6.22), the experimentally observé@ar behaviour is compared with respect
to the modelled post-cracking shear behaviour. &perimental curves in Fig. 6.15 till
Fig. 6.22 are taken as follows: for the shear crgo&ning curves obtained by the DIC-
technique the black-grey lines represent the iddi&i crack propagation behaviour of the
critical shear cracks, denoted in the legend bgkcdy crack 2, etc. In case of tests on
girders for which the crack propagation is evalddig means of a grid of extensometers,
the applied shear load is plotted against the egi@eter elongation (in the legend of the
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figure, the extensometer number is given). Whentipial cracks pass through the
measurement range of the extensometer, the repeesenack openings are cumulated and
hence, these curves are less accurate than thtzeeaztbby means of the DIC-technique.
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Fig. 6.15 — Comparison between experimentally oletdiand modelled shear load —crack opening
behaviour for the girders without shear reinforcerne
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Fig. 6.16 — Comparison between experimentally olethiand modelled shear load —crack opening
behaviour for the girder [20A]
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Fig. 6.17 — Comparison between experimentally olgidiand modelled shear load —crack opening
behaviour for the girder [20B]
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Fig. 6.18 — Comparison between experimentally oletdiand modelled shear load —crack opening

behaviour for the girder [40A]
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Fig. 6.19 — Comparison between experimentally oletdiand modelled shear load —crack opening

behaviour for the girder [40B]
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Fig. 6.20 — Comparison between experimentally olethiand modelled shear load —crack opening
behaviour for the girder [20+20]
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Fig. 6.22 — Comparison between experimentally oletdiand modelled shear load —crack opening
behaviour for the girders with traditional stirrups

As can be seen from the comparison between modafiddexperimentally observed
shear crack opening behaviour, the developed msdelderestimating the shear strength
shear strength for the girders tested with an atld equal to 2.5. For the tests conducted
with an a/d ratio equal to 3.0, the sectional asialyool provides better predictions. This
observation can be explained by the increase dftikar strength due to arch action, which
will have more influence on the observed sheardtipa at a/d = 2.5 compared to a/d = 3.0
(see Section 6.1).

6.3.4 Shear strength prediction

Fig. 6.23, shows the parity between the experintignddtained and calculated shear
strength. In addition to the comparison between rieximum shear loads, another
comparison is made for the shear strengths obtaihadritical shear crack opening equal
to 2.5 mm.
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Fig. 6.23 — Parity diagram for experimental and rabed ultimate shear load (left) and shear load
at a crack opening equal to 2.5 mm (right).

As can be seen from Fig. 6.23, the sectional misdéélding a conservative prediction
of the maximum shear strength. When consideringliear capacity at a crack opening of
2.5 mm, the model is more accurate and less coatdegv This reveals again that the model
is unable to reflect the experimentally observetitawhal capacity due to a degree of direct
load transfer.

The influence of residual stresg bn the shear capacity at 2.5 mm crack opening is
shown in Fig. 6.24. It can be observed that for tielers with traditional shear
reinforcement, a good prediction has been made tvélsectional model and for girders
made of SFRC withefi-values higher than 2 N/mmz2. For girders with rigiy low values
of few (i.€. lower than 2 N/mm?2 and plain concrete), gteear capacity has been
systematically underestimated.
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6.4 Conclusions

Based on the equilibrium and compatibility equagiéom the modified compression
field theory, a sectional model to analyse the stesponse of a prestressed fibre reinforced
concrete cross-section has been developed. Tharisting sectional modelling tools are
taken as the basis for further development by @lioly the post-cracking tensile strength
of SFRC through a tri-linear constitutive law asgwsed in Chapter 4.

In order to understand possible modelling errorsabee of the assumption of a
simplified tri-linear constitutive relationship f@-RC, the modelled stress-CMOD curves
have been verified with respect to the averageraxpatally obtained three-point bending
test results (SFRC quality control tests on stash@asms). In general, it can be concluded
that the adopted tri-linear post-cracking tensile for SFRC is yielding a modelling error
of less than 10 % over the CMOD range up to 4 mme.modelling error due to the adopted
compressive stress-strain law implemented is keptinmal by curve fitting the
experimental cylinder compressive test results.

This analysis tool is used to obtain the relatigméietween general deformations in
terms of shear strain, curvature and crack widtipagation with respect to the applied
shear load. The model output is compared with #pe@mental results in terms of both
shear crack opening behaviour and shear capacity. aBcurate yet somewhat
underestimating prediction of the maximum shearactyp is obtained, with an average
ratio between ¥, and \z of 1.153 and a CoV equal to 16.5%. Looking to shear
strength at a critical shear crack opening equa.fonm (\osex), the model strength
prediction is slightly more accurate with an averaafio of \s s exdVca €qual to 1.096 and
a CoV of 16.4%.

It is emphasised that the modelling of the shehabeur of SFRC elements is sensitive
to the assumed average crack spacing. The assungbtio low crack spacing will lead to
an overestimation of the shear capacity, whileséy high crack spacing, the crack widths
are higher for comparable levels of strain. Consatly, the stiffness reduction will be
much higher and the obtained shear capacity willobesr. Further research evidence is
needed in order to predict the correct crack spgaciro avoid unsafe shear strength
prediction however, the adoption of maximum crga&céng as a function of member size
yields satisfactory shear strength predictions.
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4 SHEAR STRENGTH DESIGN
MODELS

7.1 Introduction

Recent developments and ongoing research in the diefibre reinforced concrete
(FRC) have led to the implementation of FRC inttoral and international design codes
and guidelines [1-3], as discussed in Chapterrg&eSiibres are promising as an alternative
for (minimum) shear reinforcement [4-9], specidkation is given towards new shear
design provisions for FRC elements. Although théesign models are available and
validated with respect to research results, thdiegijpn of fibres as shear reinforcement
for both reinforced (RC) and prestressed concie®) beams is rather limited in daily
practice. This may be due to a lack of:

e Experience in the engineering community with respec these design
guidelines, also given the fact that they have besified based on specific
experimental data sets which are not always reptathee for real scale

elements.
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* Knowledge on the model uncertainty, making thessigiheguidelines less
well defined in terms of proper safety factors.

Based on a thorough literature survey (Chapteth®),most important shear design
models available for SFRC elements are evaluatetthignchapter, with respect to the
obtained test results from the full scale shedst@hapter 5) and test results reported in
literature. The considered shear design equatiors p] are selected in such way that they
can deal with the presence of a prestressing famdethat the effect of fibres can be taken
into account by means of strength parameters aatdiom standardised tests on the FRC
composite.

In addition to the existing shear strength equaticen alternative shear strength
equation for prestressed SFRC elements is propd$es.new engineering model is a
derivation of the developed detailed analyticalgeaure given in Chapter 6, and takes into
account the effect of broadly accepted shear inflirgg parameters such as size effect,
reinforcement ratio, prestress, shear-span-to-degiit, concrete strength and effect of
fibres. The proposed engineering model is formdldte a way that it is feasible to
implement into daily practice of design engineers.

The considered shear design equations are presémtéfie following and their
theoretical or empirical background is shortly disged. Furthermore, the accuracy of the
models is verified against a shear test databasmioing test results of 99 FRC elements
(69 RC and 30 PC). The shear test database is besktaking into account specific
selection criteria and relevance towards the irgdrassessment of the design models (i.e.
detailed information should be available of thetgwacking strength of the FRC). To
allow the comparison with shear test data, thegtlesguations are converted into shear
strength equations by taking all partial safetytdes equal to unity, and by considering
mean values of the material properties

Based on the obtained insights on the accuraclyeo§hear resistance models, model
safety factors are evaluated by means of a Monte @sethod [10] taking into account
the scatter of concrete compressive strength astdgoacking capacity of FRC. In order to
evaluate the predictive capacity of the models iahérent safety levels, a distinction is
made between reinforced and prestressed membesedBan the obtained model
uncertainties and scatter of base variables ttstiegisafety margins as currently provided
in design codes and guidelines are discussed.

7.2 Shear strength models

The shear strength models that are evaluatedsrchapter must satisfy the following
requirements:
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e The influence of fibre reinforcement has to be tak&o account based on the
residual flexural parameters;f(Chapter 2, Eq. 2.8), determined by means of a
standardized test method [11]. Shear strength raduteded on a fibre volume
fraction and a fibre effectiveness are only congide¢o be valid in specific cases
and hence, not widely applicable for design purpose

* The beneficial effect of a prestress force shoelddnsistently taken into account.

In this study, four existing shear strength moadeéswithhold: (1) the RILEM TC 162
model, (2) the fib MC2010 adapted shear model émforced concrete without stirrups,
(3) the fib MC2010 iterative model based on the MC&nd (4) the iterative model based
on plasticity theory. These formulations are byiefiscussed in the following sections, in
terms of resistance models (all partial safetydiectre set equal to unity and average
values are used instead of characteristic oneajtlition, a new engineering resistance
model is proposed.

7.2.1 RILEM TC 162-TDF

The RILEM model considers a separate term for Heas capacity of the fibres (see
Chapter 3, Section 3.2.3.2), in addition to the tébation of plain concrete and
prestressing. A further extension of the design ehaslas done, based on available
information in literature [12, 13], in order to bBble to deal with a variation of shear span
to depth ratio. The shear strength modgl & is given as follows:

_ d %
Ve _[o.lsi/;al{(lo@l t.) ]+ 0.16,, + o.ga Kkf..| B Eq. 7.1

with definition of symbols as provided in Sectior2.3, and with the SFRC being
characterized by the post-cracking tensile strefigthat a CMOD of 3.5 mm.

7.2.2 Model Code 2010 - A

More recently, Model Code 2010 [1] proposed twodamentally different design
approaches. The first model (denoted as MC201G:Anainly an adaptation of the shear
design equation for plain concrete. It is assun¥ed 4] that fibres enhance the aggregate
interlock mechanism and hence, the beneficial &ffe€ fibres is taken into account by
increasing the longitudinal reinforcement ratiohnat factor that includes the post-cracking
tensile strength of fibre reinforced concrete.

%
Vyeaoton :[o.lsq/;z Dk[ﬁ 10013( ¥ 7. F‘“m}Dcfn:l + 0.18,, |0 bO Eq. 7.2
ctm
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with definition of symbols as provided in Sectiorl.5, and with the SFRC being
characterized by the post-cracking tensile strefiggh at a CMOD of 2.5 mm (whereby
frum = fr,3nf3).

7.2.3 Model Code 2010 -B

The second design approach is presented in the MC20mmentary section. The
model is based on shear design provisions for edeonembers considering the calculation
procedure for a Level Il of Approximation (LoAlllj1]. This procedure, based on the
formulations of the Modified Compression Field The@CFT) [1, 15, 16] is discussed
in more detail in Chapter 2.

The shear strength is calculated as follows:

Viuczo10-8 = (k v\/f; + pufot e)b 4 Eq. 7.3

The first term between the brackets is countingherconcrete contribution as a result
of aggregate interlocking in which the strain effiector k [16] is given by:

0.4 1300

k =
T 1+150G, 1000 § Eq.7.4
with
_ 353
S = 216 Eq.7.5

As suggested in [16]x3s taken equal to the distance between horizgntdigned
reinforcement. As the assembled shear databasendbe®ntain beams with horizontal
reinforcement at mid-depth, Eq. 7.5 can be rewrite

35
=0.9d Eq. 7.6
VS q

In Eqg. 7.6, the aggregate sizgisrepresentative for the roughness of crackstlaeid
capacity to transmit shear stresses. However, Wienoncrete compressive strength class
is higher than C50/60, cracks will rather go thiotige aggregates than around them [17].
Therefore, the value of, & taken equal to O whegyfis higher than 58 N/mm2.

The inclination of the compression strut is caltedadby means of Eq. 7.7.

0=(29+ 700, )| 0.88 —> Eq. 77
2500

Both Eq. 7.6 and Eq. 7.7 require the strain attbes-section mid-depthto be known.
This strain can be estimated by taking half ofdtrain at the cross-section bottom [1, 18].
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M
—+0.5cot0 D\ﬁczom B r]( Ap,b0t+ A p‘togf po
g =% Eq. 7.8

X 2(E5A5+ Ep(Ap,bot+A Pv“”))

with M the flexural moment in the middle of the ahepan, a the length of the shear
spany the ratio of prestress losseg,the initial prestress in the prestress strands tide
section of the lower reinforcement ang,Ahe upper reinforcement, E the modulus of
elasticity, whereby the indices s, p and c standsteel, prestress strand and concrete,
respectively. Since the value gfdepends on the maximum shear forGe 0.5 the set
of equations Eq. 7.5 to Eq. 7.8 is solved iterdyive

If a compressive force is acting on the fibre at4aépth of the section (when< 0),
the additional stiffness of the uncracked concsetetion A: will be taken into account.
The strairey is then calculated as follows:

M
—-+0.5col UMic2010-8~ ﬂ( Ap,inf + Ap,su;)f )
¢ =d Eq. 7.9

X Z(EsAs+ EP(Ap,inf+ A vaui)+ EA C)

With Acthe area of uncracked concrete, which can be takey2.

7.2.4  Plasticity model

The plasticity model is typically an upper boundireation of the resistance,
considering large deformations in a critical sheack. The approach is discussed in
Section 3.2.3.1. Based on [19, 20k.¥is given as follows:

1. h2+x? ZT]PUd 1. X\ x
V., ==fb +&=——=Zfbh|, 1+ =| - Eq. 7.1
P T STt a a PE (h) h q 0

with definition of symbols as provided in Sectio2.3.1, and with the SFRC being
characterized by the post-cracking tensile strefigth at a CMOD of 2.5 mm (whereby
frum = meE/S)

7.2.5 Proposed shear strength model

Although the strength models based on the MCFTt{@e&.2.3) or the plasticity
theory (Section 7.2.4) provide a more rational apph to the problem of shear, these
models are considered to be more difficult to bgl@mented in the daily practice of design
engineers. In order to overcome the iterative smiyprocedure, an easy to use alternative
model has been developed which provide a more Biatplet safe shear design of FRC
elements. By means of a thorough literature ingatitin, a detailed analysis of existing
design models, and the analytical approach destiib@hapter 6, the most important shear
influencing parameters are used to propose a near shpacity model which can deal with
both reinforced and prestressed concrete elements.
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The formulation of the new shear strength model b based on both physical
approaches and empirically evidenced assumptionstslgeneral form the proposed
engineering model can be written as:

Veroroseo™ (A\/rcm"'Bf Ftur)a % Eq.7.11

In which the first term will be the concrete cobtriion and the second term is
representing the contribution of fibre reinforcemndés a consequence, Eq. 7.11is basically
similar to the model as proposed by MC2010 basetth®MCFT. The function A will be
dependent on parameters deterministic for the edacontribution: the effective depth of
the beam d, the longitudinal reinforcement raiigcf. dowel action), the shear-span-to-
depth ratio a/d, the compressive stregsdue to prestressirand an overall correlation
factor C. The function B is representative for fibee contribution and is taken in relation
to the inclination of the compressive stbudnd a fibre effectiveness facgq

A :CDI(a,d,p| ,ocp) Eq. 7.12

B=f(60,) Eq. 7.13

Hereby the above mentioned parameters to deterhiaad B, are considered as
follows.

e Shear span to depth ratio

To take into account the increase of shear strefogttower values of a/d due to the
arch effect [21], the following factor will be takeénto account:

1
f (Ej = (39)3 Eq. 7.14
d a

* Sjze effect

A size effect factor will be taken into account imgans of the empirical factor as
included in the current Eurocode 2:

f(d)=1+ /%) Eq.7.15

 Dowel action

The contribution of dowel action is directly reldt® the longitudinal reinforcement
ratio. Based on earlier research by Zsutty [22]i6ordlina [23], the shear strength of beams
without web reinforcement is correlated to the itudjnal reinforcement ratio with a factor
given by Eq. 7.16:

228



Shear strength design models

t(p)=(p)? Eq. 7.16

. Prestress

Prestressing results in increased shear capaa@tiodoncreased shear cracking load and
longer horizontal projection length of the criticehear crack. To avoid excessive
conservatism when determining the shear strengbhestressed elements, these beneficial
effects of the prestressing should be dually casid. Considering a Mohr’s circle [24],
the influence of the prestressing on the crackivegas strength is taken into account by Eq.
7.17.

f(oy)= f1+(0°”J Eq.7.17
fclk

Secondly, the inclination of the shear crack iswiated by:

(o)
cotd = 1+ A[f”jj Eq. 7.18
ck

Given the above parameters (Eg. 7.14 till Eq. 7.1B§ functions A (concrete
contribution) en B (fibre contribution) can be dhtd as follows.

The concrete contribution to the shear capacitysichdly given by aggregate
interlocking, can be related to a strain effectdak, (Eq. 6.5). This factorJas determined
by the iterative MCFT based procedure describeSeiction 7.2.3, appears to correlate in
a linear way with the product of the above mentibparameters:

1
{200 d )3 g,

f(a,d,pl :UCP):[:H d][ ?Eplj :H'(f:} Eg.7.19
et

The obtained correlation betweenand f(a, dpi, ocp) is plotted in Fig. 7.1. By means
of a linear regression analysis the correlationofa¢C) between these two parameters is
found to be 0.388. Hence, instead of using the rooneplex iterative procedure, the factor
ky expressing the concrete contribution to the sbapacity can be more simply estimated
as A =0.388 f(a, th, ocp)-
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Fig. 7.1 — Relationship between facto(Eq. 7.4) and f(a, gu, ocp) (Eq. 7.19).

The fibre contribution can be expressed asbgdifnes £wm Hence, the factor B is
equal to cotf) given by Eq. 7.18. Furthermore, it should be ust®d that the value of
frm Should be limited, given the limitation of stresghat can be transmitted across the
shear crack (see Section 6.2.2.1).Indeed, giverbilndal stress state, the strength.f
might not be fully developed (especially for higirdes acting in the compression strut)
and hence, the value i shall be limited to:

thum

fry =Min - (1— 2focp] Eq. 7.20

cm

Based on the above assumptions, the proposed stheagth equation can be written
in its complete form as:

1
(0} 3 0}
Voroposed™ 0.388/1+f°"(1+ /2(100}( :pr £+ f;m( 1+ 4ﬂ] b, z Eq.7.21
ctk a fck

As can be noted from the above derivation procethegroposed engineering model
can be regarded as a closed form version of the(CR®ICFT approach (model MC2010-
B).

7.3 Analysis of shear test database

7.3.1 Selection of test results

Despite the large number of conducted shear testcarresponding results reported
in the past, few research reports are availablevhich the residual flexural strength
parameters of the adopted SFRC-mix is obtained bgn of the standard three point
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bending test [11]. In some cases, these materiahpsters are simply not reported. The
lack of sufficient information can be attributedtte historical use of the concept of the
fibre effectiveness factor [25, 26] which canngiresent the real composite post-cracking
behaviour for a wide range of combinations of fityge, dosage and concrete strength. As
a consequence, the most important selection aitdar the implementation of shear test
results into the database is the availability afasured residual tensile stresses).(f
Furthermore, the following conditions were conséikm order to add test results to the
database: the failure aspect of the FRC elemeigigacterized by a shear failure, and only
complete replacement of stirrups by fibres is ideldiin this study. Because the evaluated
resistance models include the plasticity model,ciwhdannot be solved when there is no
prestress force and no fibre reinforcement at #mestime, the combination reinforced
concrete without stirrups was also excluded froendhtabase.

Based on these criteria, a total of 99 fibre reicéd beams (30 prestressed and 69
reinforced) are withheld in order to evaluate tbesidered models (see Appendix A):

e Brite Euram project 97-4163: "Test and Design Mdthdor Steel Fibre
Reinforced Concrete", as reported in [13] and [27]

e Parmentier [28]
«  Minelli [14]

e Cuenca [29]

e Soetens [30]

e Conforti [31]

A summary of the most important material propertiEsam geometries and test results
can be found in Appendix A. The range of valuealbparameters influencing the shear
strength are summarized in Table 7.1.

Table 7.1 — Minimum, maximum and average (avggsifparameters for the considered database.

Parameter Min. Max. Avg.

h [mm] 300 1000 584

fom [N/Mm?)] 19.6 78.9 46.1
frs [N/mm2] @ 1.14 9.88 4.54
a/d [-] 0.5 4.04 2.64

6ep [N/Mmm2] 0 15.54 3.23
by [mm] 80 890 178

pi [%] 0.99 5.61 1.89

@ for the beams tested by Minelli [14] the residflakural parameters are derived by means of thiatia
standard test method. The equivalent tensile sthsnig, .63 is taken equal ta:f
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7.3.2 Database analysis

The database of shear test results is used tosgdhe shear strength models given in

Section 7.2. The experimentally obtained sheangthe(Vey,) is compared with respect to

the corresponding modelled shear strength)(¥y means of parity diagrams (Fig. 7.2)
These diagrams give a representation of the preeicapacity of the resistance models in
terms of overall correctness (global bias with eesgo the parity line) and magnitude of
variability in the predictions (magnitude of biggttoe individual data points).
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Fig. 7.2 — Comparison between experimentally ole@if\xp) and calculated shear capacitycfy
of FRC beams
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If the resistance model is exact, all of the po{Msy,, Vca,) would lie on the parity
line. However, since the values ofVca are not perfectly collinear, a model uncertainty
has to be dealt with and hence, the shear streagtive expressed in terms of a correction
factor (b) and a model error termi) (as follows (Eurocode O procedure for statistical
determination of resistance models [32]):

Vexp = bévcal Eq. 7.22

In which b is derived by applying the “least squdrest-fit to the slopes of Fig. 7.2, so
that the model correction factor b can be calcdlate

°" zvcal,i2 Eq. 723

The error ternd; for each points (Mp,, Veal,) IS given as:
0i = Viexp,i [(DVeali) Eq.7.24

It should be noted that the error tefms lognormal distributed. The coefficient of
variation ofé (CoV;) is given by:

= Eq. 7.25
CoV, =ve™ -1

with 62 ns the variance of the terin

For all of the considered shear strength modedsy#fues of b and Cag\are calculated
for the complete database and the subsets of reed@nd prestressed concrete elements,
respectively. All values are given in Table 7.2.

Table 7.2 — Average relative error b and coeffitiefvariation ofs (between parentheses) with
respect to the considered database subset

Subset  N°oftests  RILEM  MC2010-A MC2010-B Plﬁzgf)'fy Proposed

N o 1213 1234 1.002 0.864 1.079
(0.448) (0.406) (0.372) (0.284) (0.333)
1.027 0.984 0.864 0.891 1.023

R
C beams 69 (0.424) (0.313) (0.330) (0.312) (0.359)
1.639 1.810 1.320 0.803 1.207

p
C beams 30 (0.198) (0.213) (0.223) (0.202) (0.200)

Based on the parity diagrams shown in Fig. 7.2taed/alues reported in Table 7.2, it
can be concluded that the empirically based equafRILEM and MC2010-A) yield more
conservative predictions than the more rationat@gghes based on the MCFT (MC2010-
B) and the plasticity theory in case of prestresdethents. Hereby, it should also be noted
that the empirical equations (RILEM and MC2010-#¢9 developed based on test results
with flexural shear failure mechanism. Hence, theselels are not generally applicable,
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which is considered as a main drawback by the auo the contrary, the more rational
approaches deal consistently with the presencepodsiress force and, as a result, are less
conservative in case of prestress.

The relative frequency distribution of the ratig®V ca is compared (Fig. 7.3) with the
theoretical lognormal distribution function basedtbe values b and Cg\given in Table
7.2.
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Fig. 7.3 — Relative frequencies for the shear c#ganodels with corresponding lognormal
distribution function
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Considering the correction factor b in Table 7.2 #me complete set of test data, the
empirical based models RILEM and MC2010-A provide general conservative
predictions by underestimating the shear strerathliout 21% and 23%, respectively. For
the model based on the plasticity theory, the staaacity is overestimated for about 14%.
The MC2010-B model and the newly proposed engingermnodel give accurate
predictions (correction factor1). Regarding the values of coefficient of vadatiCoVs
in Table 7.2, for the empirical equations, a higihedel uncertainty (CoV around 40-45%)
is observed than for the rational approaches (28638\evertheless, the obtained values
of the coefficient of variation are not lower tha8%, as is common observation for the
problem of shear [33]. For the proposed enginearingel the CoV equals 33%, which is
amongst the lowest of all the considered modelge®the larger scatter for the prediction
of the shear strength of both models RILEM and MORA and its tendency to
underestimate the shear capacity, it is cleantkiag these models as design equations will
lead to (very) conservative designs. Thereforghdtuld be encouraged to use more rational
approaches based on the Modified Compression Hibbry (MC2010-B and newly
proposed engineering model) or the Plasticity Theor

Also looking into the subsets of reinforced or fressed concrete members, the
proposed engineering model gives the best perfamanterms of having a correction
factor b close to unity and a relatively low Co\éésTable 7.2).

When a distinction is made between reinforced amedtpessed concrete beams (Fig.
7.4), a remarkable difference between the consideredels has been found. Evaluation
of the models for the 69 RC beams (Fig. 7.4 andeTalR), in a similar way, all the models
yield fairly good predictions of the ultimate sheairength, with averagee\Vca values
towards unity. The CoV for the RILEM model is highd2%) than for the other models
which have a value of CoV around 30-35%.

In case of prestressed beams (30 test resultslg Tabshows that the plasticity theory
yields unsafe shear strength predictions whilenfiost of the other models an excessive
conservatism has been observed with averag®AN values up to 1.8 for the MC2010-A
model. The RILEM and MC2010-B model have an avekaggV ca ratio of about 1.6 and
1.3, respectively.
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7.4

beams (b)

Influence of main parameters

The observed scatter of shear test results andeinhenodel uncertainties can be
attributed to:
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The complex mechanisms involved in the shear failof reinforced and
prestressed concrete beams, as also reflectea: bydbel error term.

The scatter of the main material parameters it$&feby, the most important
parameters are the concrete compressive strengtihanpost-cracking tensile
strength of FRC. This is further discussed in tifing sections.
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In the following, the influence of the material pareters residual flexural stregsdnd
the concrete compressive strength on the modelriaitty has been discussed in more
detail. For the influence of the main geometricargmeters, reference is made to
Appendix D.

7.4.1 Influence of frs

In case of traditionally reinforced elements, ibften observed that the uncertainty of
shear strength models decreases as a functioarsfvigrse reinforcement ratio [33]. The
ratio of Vex/Vca @s a function of residual flexural stress of tfRCHs shown in Fig. 7.5.
Hereby the CoV of the error teréncan be calculated for the RC and PC subsets (Becti
7.3.2) for a predefined interval of the residuakfiral stresssf,zat CMOD 2.5 mm, or the
related post-cracking stressf = frmd3. This allows to compare the Coiér lower versus
higher values ofgum The chosendfm interval levels and corresponding coefficient of
variation are summarized in Table 7.3 and visudliag-ig. 7.6.

Table 7.3 — Influence of post-cracking stressohn the values of CoWor each model.

fF!u, min fF!u,max fFIum

Subset  # tests (N/mm2]  [N/mm2]  [N/mm2]

RILEM  MC2010-A MC2010-B PL Th. Proposed

RC 28 0.38 0.97 0.75 0.470 0.341 0.317 0.358 0.340
41 1.00 2.00 1.54 0.384 0.313 0.324 0.296 0.332
15 1.00 1.99 1.48 0.219 0.222 0.263 0.234 0.222
Pe 15 2.08 3.29 2.80 0.150 0.183 0.160 0.172 0.155
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From Fig. 7.6, it can be observed that for highedues of residual stresssf, all the
models yield more accurate shear strength pred&tiGor RC beams, the proposed
engineering model has one of the lowest CoV (aB0&t), while the RILEM model has
CoV values between 40-50%. For the subset of P@&gall the considered models reveal
a clear decrease of CoV ranging from 25% to 15%.

7.4.2 Influence of compressive strength

In a similar way as discussed in Section 7.4.lirtheence of the concrete compressive
strength on the prediction accuracy of the modeknialysed. The individual data points
are shown in Fig. 7.7. The calculation of the €& predefined concrete compressive
strength intervals is reported in Table 7.4 and Fi§. Hereby, for the PC subset, typically
higher concrete compressive strengths are applicabh for the RC subset.

Table 7.4 — Influence of concrete compressive sweshe values of Ce¥br each model.

fem fc,min fc,max

Subset  # tests RILEM  MC2010-A MC2010-B Pl Th.  Proposed

[N/mm?2] [N/mm?] [N/mm?2]
40 35.1 19.6 39.9 0.334 0.294 0.324 0.284 0.349
RC 29 42.5 40.1 48.3 0.528 0.328 0.283 0.345 0.310
11 49.4 34.3 59.5 0.237 0.216 0.253 0.216 0.223
i 19 67.9 62.0 78.9 0.132 0.213 0.163 0.128 0.178

239



Chapter 7

RILEM MC2010-A

VexdVeal
Vexd/Veal

0 T T r T
0 20 40 60 80 100
fem [N/Mm?] fem [N/Mm?]
4 4
MC2010-B PI. Th.
3 3
3 3
2 2 8 2 2 °
3 ° ° 3
> .0l ° o > oo
o o° ) S o j ® ©
1hk---2_o —o— 09%a_g — - - - - 1l rk-—-—-2_o - - mm————— -
° °0 % ° ) 0062 8
8% ?! 0% ' %Q% P
0 T T T T 0 T T T T
0 20 40 60 80 100 0 20 40 60 80 100
fem [N/MmM?] fem [N/MM?]
4
Proposed
3 4
o
3
2 2
> '9-:, o
o
o o 8 ) o
T | (AT S PSR
&
0
0 20 40 60 80 100
fem [N/Mm?]
@ Reinforced beams OPrestressed beams

Fig. 7.7 — Ratio of M¢Vca as a function of average concrete compressivagtne

240



Shear strength design models

0.7

—#—RILEM - RC
--#--RILEM - PC
0.6 —#— MC2010-A - RC
--#--MC2010-A - PC
—e— MC2010-B - RC

0.5 1 --e---MC2010-B - PC
—+—PIL. Th.-RC
— 0.4 - --+--Pl. Th.- PC
= Proposed-RC
> Proposed-PC
8 03
0.2 4
0.1+
0.0 T T T T T T
20 30 40 50 60 70 80 90

fem [N/Mm?]
Fig. 7.8 — CoVas a function of concrete compressive strengtiRforand PC beams

From Fig. 7.8 and Table 7.4, it can be observed tthe accuracy of shear strength
prediction increases for higher concrete compresstrength (though not always
consistently observed for the RC subset). This misetrend is similar to the observed
effect of values ofdn s

7.5 Safety levels for design

Given the obtained values for the model unceréntif the evaluated shear strength
models, it is of great importance to use an apjapsafety factor for design. Based on
the obtained values of b and Go¥design values can be obtained for all of the ickemed
shear resistance model. For the models RILEM, MO28@%&nd the proposed engineering
model, which are all available in a closed fornusioh, the procedure given in Eurocode 0
(ECO) for design by testing can be used in a ditda@ward way. However, for the iterative
models based on the MCFT and the plasticity thebeymethod described in ECO cannot
be implemented directly. To deal with this aspaat to implement variation of material
parameters more easily, evaluation of the safetgideof the considered models will be
done by means of the ECO procedure (see furthedombination with Monte Carlo
sampling [10].

By means of a shear resistance model, the sheamgttr of FRC beams can be
predicted. However, due to the observed model tmio¢ies and additional scatter of
material parameters, a proper margin of safetytbdse taken into account in order to
sufficiently reduce the risk of failure. Hence, aaget reliability indexp as defined in
Eurocode 0 can be guaranteed.

Given that R is the resistance and E is the effelctad actions, a performance function
g = R-E can be considered. Hereby, the failure damnfor design can be taken as g = 0.
Following the approach for calibration of desigitues given in Eurocode 0, starting from
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a known resistance model (R) and a pre-definectaediability index, the design value
of the resistance fan be defined such that the probability of hawmgore unfavourable
value P[RR is limited as follows (whereas for the specifase of the shear resistance
models, R can be replaced by &d R by Vgg):

P[ VR < VRd] < (D(—G RB) Eq. 7.26

In which @ is the cumulative distribution function of the rsardised normal
distribution, is the target reliability index ang is a FORM (first order reliability method)
sensitivity factor for resistance according to EEOr a design life span of 50 years and
reliability class RC2, a value of 3.8 is adoptedffoDue to the relatively high scatter of
the observed model uncertainty, the sensitivitydiafor resistancer is considered to be
a dominant variable and the valueogfis taken equal to 0.8 as specified in ECO. Taking
this into account, the failure probability has ®lbwer than 0.118%.

A schematic representation of the above procediigssessing the safety factor is
given in Fig. 7.9. By means of the procedure atgdéetoryn is evaluated which combines
uncertainty in material properties (safety factg) and model uncertainty in structural
resistance (safety factegq).

V(fckvatuk)
fomf
V\ / / V( cm Ftum)

P [Ve<Vgd

Distribution frequency [-]

~apf

A
—

Shear strength [KN]

Fig. 7.9 — Shear strength distribution obtainednfrdMonte Carlo sampling

VR is evaluated by taking into account the scattebaih model uncertainty and the
mean shear strength influencing parameters (ircrete compressive strength and post-
cracking tensile stress of SFRC), as given in Eg.7222.

Ve =bdV,(f of r) Eq.7.27
The design value of the shear resistangean be expressed as follows:

1
VRd :Tvcaﬂ ckf Ftua Eq. 7.28

M

242



Shear strength design models

In which fi and fw« are the characteristic values of concrete comppessrength and
post-cracking tensile strength of FRC respectivEhe variables:f and f, are lognormal
distributed.ym is the safety factor, which is then obtained byding Vca(fck, fru) bY Vra
Under the assumption that the model uncertaintyhés only parameter involved in
obtaining a sufficient safety margin, Eurocode @irges that \kq can be derived on the
basis of Eq. 7.27 as follows:

2
Vira = b[exl:’(_(x RBOLN(VR) - O-E(CLN(VR)) )il N (B Feum) Eq.7.29

Since two of the considered resistance modelswevanh iterative calculation procedure
and to allow for the treatment affand £wmas stochastic parameters, the evaluation of the
safety factors has been systematically done byopaifig Monte Carlo sampling [10].
Hereby, the following aspects are considered:

e A distinction is made between a reinforced conceeté a prestressed concrete
beam. The cross-sectional dimensions and materfaracteristics are
summarised in Table 7.5.

» The safety factoyw is evaluated per resistance model, for differaht@s of #um,
given the differences of the Ce¥df the resistance models for thef intervals
assumed in Sectioh4.1 (Fig. 7.6).

e The evaluation is done for a chosen RC and PC besith, predefined
geometrical dimensions (Table 7.5). It is henceiaesl (due to limited available
data this assumption could not be thoroughly ettifithat the geometrical
dimensions have no significant influence on the CoiMhe resistance models. It
is further assumed that the geometrical dimensghwuld not be treated as
stochastic parameters. Indeed, to limit the Mon&ldCsampling space it is
assumed that the concrete strength propertieharmain governing stochastic
parameters in the resistance models.

«  The concretes strength propertigsand £wmare treated as stochastic parameters,
with a coefficient of variation on the concrete goessive strength and on the
residual flexural strength equal to 15% and 30%peetively. These coefficients
of variation are typical values reported in litewrat (e.g. [34] for residual stress
and for concrete compressive strength [35]).

e The evaluation is done for a preset valbaeof 30 N/mm2, to be representative for
the RC beam, and 60 N/mm?2 for the PC beam. Heielsygssumed that the CeV
of the resistance models is more or less constarthé RC and PC subset (see
Section 7.4.2 and Fig. 7.8).
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Table 7.5 — Stochastic variables and accordingtgdfectors relative to the average shear strength

Veal (fcm, thum)

Property Reinforced Prestressed
[cf. Minelli] [cf. this study]
h [mm] 500 1000
d [mm] 435 886
by, [mm] 200 100
br [mm] 200 400
hy [mm] 0 130
p1 [%] 1.04 1.78
6cp [N/Mm?] 0 9.24
a/d [-] 251 3
fem 30 60
fram 2.25-4.62 4.44-8.40

By using the Monte Carlo tool, 500000 differenttme@onfigurations are calculated for
each considered shear resistance model. By meathe dflonte Carlo method, the log-
normal distribution function of the calculated shetaength \ (Eqg. 7.27) is obtained (see
Fig. 7.9). As a result, the standard deviators is known, and the safety factor can be

determined by means of Eq. 7.28 and Eq. 7.29.

The calculation of design shear strengty ®nd inherent safety margim is mainly
affected by the adopted values for b and £a¥ obtained from the accuracy analysis of
the resistance models versus a collected datalfatstoresults (Section 7.3). As this
accuracy analysis has been performed on the coengideédbase (Table 7.2) as well as the
RC and PC subsets (Table 7.3), the same approachecdone for the evaluation of the
safety margin. In Fig. 7.10 till Fig. 7.13, all tbhétained values of A4 (denoted in these
figures as ¥) and corresponding safety factors with respetiteshear strength \{ffrwi),
are given.
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Fig. 7.10 — Design shear strength (left) and cop@wding safety margins (right) for the reinforced
concrete beam case witkifs= 2.25 N/mm?2
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Fig. 7.13 — Design shear strength (left) and cop@wding safety margins (right) for the prestressed
concrete beam case witknfs= 8.40 N/mm?2

For the case of the reinforced concrete beam, #ségd capacity considering the
uncertainty parameters (b, C§\wf the complete database is slightly higher tivaen the
subset of RC beams is considered. However, thiisrdifce is relatively low (20%). Given
their higher accuracy and lower coefficient of afidn, the shear strength models
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MC2010-B and the proposed engineering model praidéhighest design shear capacity
for both cases ofrf mequal to 2.25 N/mmz2 and 4.62 N/mm?2 while for th&.RM and
MC2010-A, the lowest shear design strengths ar@iodd. Given that the calculated safety
factors in Fig. 7.11 and Fig. 7.12 are in the omfenagnitude of 2 to 3, the safety factors
as currently adopted in design codes (i.e. 1.Bisisfficient to obtain safe design.

For the case of prestressed concrete beams, diffeveclusions can be drawn. When
considering the model uncertainty obtained fromabmplete database, the design shear
strengths are in general much lower than in casmos$idering the subset of PC beams
only. For the models RILEM and MC2010-A, this diface is higher than a factor 2. This
difference is lower for the proposed engineeringlai@and MC2010-B, as they take the
effect of prestressing more thoroughly into acco@iten the calculated safety factors in
Fig. 7.12 and Fig. 7.13, it can be concluded tldmipéing a value of 1.5 for the case of
prestressed elements will lead to over conservaisigns.

The overall prediction consistency of the proposegdineering model and MC2010-B
model is in general better than for the other medeinsidered in this study. The safety
factor estimated for these two resistance modelffulfil a target reliability inde)g = 3.8,
is given in Table 7.6.

Table 7.6 — Safety factom to be applied for a target reliabilitg = 3.8

VRra of SFRC for MC2010-B iterative model Proposed engineering model
RC 1.94 2.58
PC 1.13 1.22

7.6 Conclusions

Based on the analysis of a shear test databaseimiogt 99 shear test results from
prestressed (30) and reinforced (69) concrete hdaoan be concluded that the empirical
based formulations (RILEM, MC2010-A) have a higherdel uncertainty than the more
rational models (MC2010-B and plasticity theory) emhthe complete database is
considered. However, when analyzing the subsetsinforced and prestressed concrete
beams only, all models yield similar predictions ftbe case of reinforced beams. The
RILEM and MC2010-A are derived for the particulaaise of shear flexural failure
mechanisms of reinforced beams. This is reflectgdhie high conservatism of these
models with respect to the more rational approachease of prestressing.

A new engineering model is proposed in order t@iobinore accurate shear strength
predictions and without increasing the level ofca#dtion effort (e.g. no iterations).
Thereby, attention is paid towards physical phen@riefluencing the shear strength such
as dowel action, shear span to depth ratio, sieetefand level of prestress. In fact, the
model is a derivation of the more complex MCFT dtare procedure described in the
Model Code 2010 (MC2010-B model). By comparing élperimental with the predicted

246



Shear strength design models

shear test results, the proposed engineering niedebeen found to be feasible for both
prestressed and reinforced concrete cases. Togetheéhe model MC2010-B, it gives the
most consistent and accurate predictive capacitthevcomplete range of variables.

Further to the evaluation of the resistance modeds; representation as design models
aiming for a target reliability indefx = 3.8 has been evaluated as well. It has beerdfoun
that for the RILEM, MC2010-A and plasticity theanodels, the currently specified safety
factor equal to 1.5 is insufficient to provide d&esdesign. This value should be between 2
and 3, depending on the considered model. For t82@M0-B model and the proposed
engineering model, the model safety factor is enrlnge of 1.50-2.25 (when considering
the complete database).
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8 DESIGN OF SFRC ROOF GIRDERS

8.1Introduction

The applicability for steel fibres as shear rein@nent will be of most economical for
slender beams subjected to a high bending momehitedatively low shear load. Hence,
two prestressed roof girders with a span of 20m28md, and taking into account realistic
design loads, were selected for a design case.rddfegirders, also designated as IV-
girders, have a variable height (roof-shaped). haier 7, existing design models and a
newly proposed design engineering model have beeluated by means of a shear test
database and conclusions have been drawn withatetspiae overall applicability in terms
of accuracy and inherent safety levels. Applyirgdieveloped design procedure of Chapter
7, the roof girders have been dimensioned. Asudtrekthe design process, a target value
of the post-cracking strengthk is specified, which needs to be converted to aCSFkx
and corresponding fibre dosage. This has been dortee bases of the SFRC material
characterisation given in Chapter 5. Following, gielers have been manufactured and
tested in shear at both sides and the obtained $bésaresults are compared with the
calculated design value of the shear capacity.
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8.2 Design calculation

8.2.1 Strength of materials

For the roof girders, the concrete strength cla€350/60, the mild steel reinforcement
is grade BE500-S and the characteristic yield stofghe prestressing strands is equal to
1860 N/mmz2. The concrete mix composition is eqadhe one used for the girders tested
in Chapter 5 (see Table 5.2), and for which thestiutive material behaviour is reported
in Section 6.2.2.

8.2.2 Element geometry & design loads

All geometrical properties of both roof girders Ada2 are summarized in Table 8.1.
The critical cross-section for the shear desigioismd at the location where the I-shaped
cross-section is the nearest to the end-blockshiatpoint, the shear design loads are the
highest and the resistance to shear will be thesb\given the lower height of the roof-
shaped girder near its ends). The considered atbmds for the girders 1 and 2 are
summarized in Table 8.1, in terms of characteristloes of the self-weight (g additional
dead load (P and a life load (g. Taking into account the self-weight of the gmsland
the uniformly distributed loads, the design sheadland bending moment for both girders
1 and 2 is given in Table 8.1.

Table 8.1 — Distributed loads and correspondinggtesalues for bending and shear.

Property Girder 1 Girder 2
px [kN/m] 2.20 4.28
Ok [KN/m] 3.69 3.75
Ok [KN/m] 4.32 5.90
Span length [m] 20.7 225
Max. height [mm] 1000 1100
M sd.mia [KNmM] 771 1227
VSd,crit [kN] 120 203
400 450
g o, R 2012 + 2016
w 80 1130 |
s gl Grgrtgitig 3125 mm
@ 135 kN
1v-1 V-2
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The amount of longitudinal reinforcement and inhéreonfiguration of the
prestressing strands is calculated by taking iotmant the value of i at midspan. The
adopted prestressing strand configuration is shiowfig. 8.1 for the considered shear
critical cross-section. All of the geometrical peojies are summarized in Table 8.2.

Table 8.2 — Geometrical properties of both girdém@nd 2

Girder Girder 1 Girder 2
#N, 8 10
Prestress strand configuration 4-2-1-1 5431
Web width [mm] 80 130
Flange width [mm] 400 450
Length of I-section [m] 17.0 21.0
Nerie [mm] 575 575
h - d[mm] 89 86
Ac [mm?] 145100 174400

8.2.3 Dimensioning of the girders in terms of required pst-cracking
strength

Based on the above mentioned geometrical and mbmoperties and applying the
different design models of Chapter 7, the designe/d/rq of the roof girders has been
calculated as a function of the post-cracking gfiterfikc 3. The results are given in Fig. 8.2
for girder IV-1 and in Fig. 8.5 for girder 1V-2, fa design safety factor as defined in
Section 7.5 for the case of model uncertainty apoading with prestressed girders only
(PC subset in Chapter 7).

8.2.4 Determination of nominal fibre content

Since the increase of shear strength of prestrageders due to the addition of fibres
is taken into account by means of the charactenstiue of the residual flexural strength
(frk.3) at CMOD equal to 2.5 mm, it is necessary to deftmee nominal fibre content as a
function of &k Hence, for a specific SFRC mix with a nominalrdéitcontent and as
validated by standard bending tests according tdlE®b1, a corresponding value af §
can be specified.

8.2.4.1 Girder IV-1

In Fig. 8.2, the relationship between the char&tiervalue of residual strengthxk
and the design shear strength for all of the cameimodels is shown and compared with
the design value of the shear force acting on tearscritical section of the beam. The
intersection between the design shear strengthtladhorizontal line representingsy/
yields the required value offs to obtain a safe design.
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Fig. 8.2 — Comparison betweendénd \ka as a function ofsk sfor the design of girder V-1

In order to obtain a practical value for the fill@sage, the three-point bending test
result database available from the testing of fediht SFRC-mixes as discussed in Chapter
5 are used to determine the amount of fibres ne&xdeldtain a characteristic value @ff
The relationship between the values ©f &nd the nominal fibre dosage is shown in Fig.
8.3. The characteristic line is shown as a receddtbe.

14

12 |

10 -

frg [N/mm2]

0 20 40 60 80
Nominal fibre content [kg/m?3]

Fig. 8.3 — Relationship betwees $and nominal fibre dosage based on Chapter 5

Given the correlation betweegg and f shown in Fig. 8.3, the practical fibre dosage
is obtained by the following relationship:
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frs =0.55V% Eq. 8.1

From which the fibre dosage can be obtained as

f 1.59
Vv, =| 23 Eq. 8.2
: (0.55 a

Finally, the calculated value of;\s then rounded to the nearest upper multiple of
5 kg/m3. For the considered shear design modedstetpuired nominal fibre dosages are
summarized in Table 8.3.

Table 8.3 — Required characteristic valuemafind corresponding nominal fibre content V

frak Vire
Model  \mmg  [kg/m]
RILEM 2.8 14
MC2010-A 2.3 10
MC2010-B 1.9 8
Proposed 3.7 21
Pl. Theory. 0 0

From both Fig. 8.3 and Table 8.3, it is clear thatuse of the plasticity model yields a
safe design for a concrete girder without fibrédgsBhould however be disregarded, as for
a plain concrete girder without prestress the @eriplasticity model is not valid. For the
other models, the required nominal fibre contenges between 8 and 21 kg/ms3. From a
practical point of view it is decided to use an EHRix containing 20 kg/m3 of fibres for
girder IV-1.

As a remark, it should be noted that Eq. 8.1 cdylo@ used for the considered type of
fibre and concrete. When girders are made withfferdint concrete mix composition or
fibre type, a shear design can only be done whewarelationship between; &nd ks is
established. Therefore it is recommended to perfarsufficient number of standard
bending tests which characterize the SFRC mix tyufalr daily practice. In this way, the
scatter inherent to both the mix procedure and miahfgerformance of the SFRC is taken
into account. Per SFRC mix, a database of quadityrol tests according to EN 14651 can
be used to update the relationship betweesind ks This will eventually lead to a stable
and reliable relationship betweenand &z From this point of view, the design of girder
IV-2 shall be done by taking also into account tjuglity control bending test results
obtained from the SFRC batch of girder 1V-1. Théagted post-cracking bending tensile
stress curves for SFRC mix V-1 are shown in Fig. 8he black solid line is the average
post-cracking response and the dotted red lineeicharacteristic line of residual flexural
stresses. In Table 8.4, the corresponding resténalle stresses are summarized.
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Fig. 8.4 — Stress-CMOD curves for SFRC mix V-1
Table 8.4 - SFRC properties
Girder Test fu [Nf/mm?  fri[N/mm?]  fro [N/mMm?]  frs[N/mm?] g4 [N/mm?]
1 - - - - -
2 5.18 2.42 3.34 297 2.49
3 - - - - -
V- 4 5.60 1.73 2.47 2.34 2.18
5 4.65 2.90 3.68 3.37 2.93
6 5.29 3.84 4.25 3.29 3.05
Average 5.18 2.72 3.44 2.99 2.66
Char. value 4.45 1.10 2.06 2.13 1.92

8.2.4.2 Girder IV-2

Similar to the determination of the requiregdsof girder IV-1, the intersection between
the shear design loadsyand shear design capacityas used to obtain the required value
of fri,3 (See Fig. 8.5). The value @ik is further translated to a practical fibre dos¥ge
making use of the quality control tests databas€ludipter 5, this time including the
obtained results of SFRC mix IV-1. Hereby, it isselved that the obtained values gff
for SFRC mix V-1 are lower than expected, compacedhe results obtained in Chapter
5. Taking into account the values @k f for mix IV-1 the database is updated and an
updated correlation betweeg fand M is obtained (see Fig. 8.6).
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Fig. 8.6 — Relationship betwees fand nominal fibre dosage based on Chapter 5 and Yhil

Given the correlation betweegt and ¥ shown in Fig. 8.3, the practical fibre dosage
is obtained by the following relationship:

frus =0.167V,"* Eg. 8.3

From which the fibre content can be obtained as

f 1.075
vV, =| _Rk3 Eqg. 8.4
f [0.167 a
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For the design of girder 1IV-2, the required nomifiakle dosages are summarized in
Table 8.5. Based on these values, it is decidedéam fibre dosage equal to 35 kg/m3.

Table 8.5 — Required characteristic valuerafknd corresponding nominal fibre content V

ka.3 Vf,req
Model  \\imm7  [kg/md
RILEM 4.25 33
MC2010-A 4.2 33
MC2010-B 2.15 16
Proposed 411 32
Pl. Theory 0 0

Again, the post-cracking bending stress CMOD respos evaluated by means of
standard three-point bending quality control teBig. 8.7 shows the individual results as
well as the average and characteristic line. Irtrashto the SFRC mix IV-1 containing 20
kg/m3 of fibres, this SFRC mix shows a quasi puredening behaviour and the
performance of the SFRC is better than expectebleT&.6 gives an overview of all
obtained values of fand &;.

Bending tensile stress [N/mm2]

—T3-2 —7T33
0 . Average‘ <<<<<<<<<<<<< ICharacterisctic |
0 1 2 3 4
CMOD Jmm]
Fig. 8.7 — Stress-CMOD curves for SFRC mix V-2
Table 8.6 - SFRC properties

Girder Test fu [INf'mm?3]  fr1 [N/mm?]  frp [N/mm?]  frs[N/mm?]  fr4 [N/mm?]

1 4.87 6.63 8.79 8.51 7.63

2 3.97 5.64 8.19 8.17 7.42

V-35 3 3.34 5.18 7.21 7.53 6.97

4 3.79 5.98 8.23 8.29 7.50

5 3.70 553 8.14 8.29 7.92

6 3.50 5.07 7.13 6.38 5.99

Average 3.81 5.67 7.95 7.86 7.24

Char. Value 2.99 4.66 6.80 6.44 6.02
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The difference between the post-cracking perforraaridoth mixes 1V-1 and V-2 is
relatively large. Fig. 8.8 shows the CoV over thére range of CMOD.

40%
35% -
30% -
25% -
20% -
15% -
10% -

5% -

0%

CoV [%]

CMOD [mm]

Fig. 8.8 — Variation of the scatter of residualests as a function of CMOD for SFRC mix IV-1 and
V-2

From Fig. 8.8, it can be concluded that the overadllity performance of SFRC mix
IV-1 is lower than expected and the CoV is highemt 15 %. In contrast, the CoV for
SFRC mix IV-2 is about 10% only. This indicatesktively better mix quality.

To exclude the possibility that this differencelise to an erroneous fibre content, the
fibre content is verified both in the fresh anddeared state of the SFRC. The adopted
methods to derive these contents are describedhapt€r 5. The obtained measurement
results are given in Table 8.7 and Table 8.8, atitig no significant anomalies in the fibre
content (except for IV-2 (phase 2) for which somatvtower fibre content has been
measured).

Table 8.7 — Fibre content in the fresh state

AverageV ey St. Dev.

i 3 3 3
Girder T1 [kg/m3] T2 [kg/m3] T3 [kg/m3] [kg/m?] [kg/m?] Cov
V-1 23.6 - 19.6 21.6 2.8 13 %
V-2 39.0 - 33.0 36.1 4.6 12 %
Table 8.8 — Fibre content in the hardened state
. Min. Max. Avg.
Girder Ci1 C2 cC3 C4 C5 kg/md [kgm? [kg/m] CoV []
IV-1 (Phase 1) 22 - 21 20 - 20 22 21 5%
IV-1 (Phase 2) 15 23 19 24 17 15 24 20 20%
IV-2 (Phase 1) 39 27 39 39 - 27 39 36 17%
IV-2 (Phase2) 29 31 26 31 - 26 31 29 8%

Finally, the bending quality control test databas&urther updated by implementing
the three-point bending test results obtained FRRS mix IV-2. Since, the performance of
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this mix is relatively better than all of the preusly tested mixes, a beneficial effect on the
correlation betweerkfs and \ is obtained. The newly updated relationship isnshin
Fig. 8.9.

14

12 4

10 -

frs [N/mm?]

y = 0.193889134
R2 = 0.8383

0 20 40 60 80
Nominal fibre content [kg/m3]

Fig. 8.9 — Correlation betweerkfzand \ taking into account bending test results of Chaptand
both girders IV-1 and 2.

8.3 Shear tests on the roof girders

8.3.1 Concrete strength properties

In the framework of full scale testing of the ragifders, additional quality control
testing has been performed to determine the canstetngth properties of the SFRC in
terms of concrete compression strength and poskiog tensile strength. For the latter,
3-point bending tests have been performed accotdig 14651 [1]. The obtained results
have been discussed in Section 8.2.4.

Compression tests have been performed to obtaindimpressive cube strength at 2,
7, 14 and 28 days, as well as the cylinder streagthand 28 days. The strength evolution
of girders IV-1 and IV-2 is shown in Fig. 8.10. Timeasured strength values are given in
Table 8.9 and Table 8.10.

Table 8.9 — Concrete cube strength at differensage

fc,cuh,l fc,cuh,l fc,cuh,l fc,cub,m

Girder  Ageldaysl \\ymmg  (Nmm3 [Nmmg  [Nimm?] Cov
3 521 56.0 575 552 51%
Ve 7 66.4 58.6 52.9 59.3 11.4%
14 73.0 70.8 70.8 715 1.8%
28 65.0 81.1 79.4 75.2 11.8%
2 495 487 479 487 16%
Voo 7 63.4 63.4 59.0 61.9 4.1%
14 58.9 68.4 64.6 64.0 7.5%
28 74.7 71.3 76.9 74.3 3.8%
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Table 8.10 — Concrete cylinder strength and modafusasticity at 7 and 28 days

Girder Age fc.cyl‘l f’c.cyi.z fc.cyLB Ec.cyll Ec.cyil Ecm
[days] [N/mm?] [N/mm?] [N/mm?] [N/mm?] [N/mm? [N/mm?]

V-1 7 59.4 60.5 60.0 38250 35750 36100
28 75.2 73.1 74.2 36450 37800 38000
V-2 8 56.9 56.9 56.9 32550 32300 32400
42 70.5 71.8 711 37900 35600 36750
100 100
920 1V-20 90 IV-35
T 80 8 T 80
1S ———— €
2 70 O 2 70 ° e -%
s ° _.-° ° g Qoo B--"""
D 60 =@ 2 60 ) o
] 8-~ 8 g
7 50 {9 % 50 {-g”
% 40 % 40
£ 30 £ 30
£ £
8§ 2 8 20
10 10
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Age [days] Age [days]
Fig. 8.10 — Cube compression strength developroerfifders 1V-1 and V-2
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Fig. 8.11 — Compressive stress strain curves fatags V-1 and IV-2.

As can be seen from Fig. 8.10 and Fig. 8.11, theired values of both cylinder and
cube compressive strength for this concrete typ@@&Lbis obtained for both girders V-1
and V-2,

8.3.2 Shear test setup and measurement equipment

The maximum shear strength capacity of the girtleétsand IV-2 has been determined
in laboratory conditions. For each girder, the slst@ngth is tested at both girder ends. In
a first phase, the complete girder span is usedtf@mdhear span to depth ratio is taken
equal to 2.5. In a second phase, the a/d-raticieased to 3.0 and the supports are moved
in order to avoid influence of the first shear tsste Fig. 8.12).
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The testing approach is quite similar as for tist $eries described in Chapter 5. The
deflections under the load, at midspan and an ékird point are recorded. The load is
applied deformation controlled with a hydraulickagith a capacity of 1000 kN. For both
the right and left supports, the girders can maeely in the longitudinal directions and
the point at which the load is applied is assunodgktfixed.

The crack displacement behaviour is measured bysnebhorizontally and inclined
(45°) extensometers with a base length of 200 mm anmaximum crack width
measurement range of about 3-4 mm. The positioafrifpe extensometers is shown in
Appendix F.

Further, the strain deformation is measured altveghieight at the section where the
point load is applied. The strain deformation ishbmeasured manually (top, bottom and
centre) and digitally (only top and bottom). Ingkvay the load-curvature of the beam can
be obtained.
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Fig. 8.12 — Schematic of the test setups adoptdétermine the shear strength of girders 1V-1 avi|
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8.4 Test results & discussion

Both of the girders IV-1 and V-2 have been testath a shear span-to depth ratio
respectively equal to 2.5 in phase 1 and 3.0 is@Ra The obtained load-deflection curves
for the conducted shear tests in both phase 1 anel 2hown in Fig. 8.13 till Fig. 8.16.The
black solid line is the load-deflection curve measiunder to point-load and the solid grey
line is the one measured under the midspan.

For shear test IV-2-2.5 (girder IV-2 tested in pha3, it is remarked that prior to the
application of a deflection-controlled loading, tieder has been accidentally subjected to
a pre-loading equal to 400 kN, with the occurreatshear cracks. However, the girder
clearly did not fail during this accidental pre-fiirdg and it was decided to restart the test
under controlled conditions. Hence, the first bran€ both the load deflection response
and the shear crack propagation behaviour fortibargest 1V-2-2.5 differ with the curves
obtained for the other tests and the value at whiishshear cracking occurs Y cannot
be reported. Nevertheless, the shear test resaligithhold for further investigation.

600
500
400

300

Load [kN]

200

100

—— At midspan
——Under the point load

0] 10 20 30 40
Detlection [mm]

Fig. 8.13 — Load deflection response of girder I9/d=2.5
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Fig. 8.14 — Load deflection response of girder 19/d=3.0
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Fig. 8.15 — Load deflection response of girder 19/@=2.5
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Fig. 8.16 — Load deflection response of girder 19/@=3.0

For girder IV-1, the first shear cracking load fath phase 1 and 2 is reached at a point-
load for about 200 kN. Around a load of 350 to 4DQ the first flexural cracks start to
develop and the deflection tends to increase mapédly for increasing shear loads.
Finally, a shear failure has been observed for Ipbhses. For the girder IV-2 tested in
phase 2, the first shear cracks developed aroufidkB5 At this load, the first flexural
cracks also started to propagate.

The complete load-crack opening behaviour for theas tests on the IV-girders is
given in Appendix E.

In Table 8.11, the design shear strengiy ¥ compared with the cracking shear
strength \, the shear strength¥at a crack opening of 2.5 mm and the maximum obtai
shear strength Vax

Table 8.11 — Summary of design shear strengthwérsus main shear load test results,(V-s,

Vma)&

Girder test W [KN] Ve [kN] V25 [kN] V max [KN] V malVra
IV-1-2.5 120 180 410 492 4.10
IV-1-3.0 120 189 344 398 3.31
IV-2-2.5 203 N/A 595 648 3.19
IV-2-3.0 203 320 512 523 2.58

A large safety factor between the design resistéfag@and shear load test results(V
V25 Vmay is Observed. This means that at the load lewethe girders are still uncracked.
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Furthermore, a ratio Mi/Vra Of 2.5 or more is obtained. With respect to theeobed
model uncertainty in Section 7.4, the obtainedisitbetween Wax and \kq yield a target
reliability index higher tha}=3.8 (cf. Eq. 7.29).

8.5Conclusions

The feasibility of the considered design modelspiagwhich the proposed engineering
model, for the design calculation of prestressetgst girders has been demonstrated for
the specific case of IV-shaped roof girders. Afieng designed, the two considered roof
girders were produced and tested, demonstratinggp#cability of SFRC for the shear
strength of prestressed precast girders, bothrimstef design and resulting safe resistance
performance.

As the design models allow the dimensioning ofgiinders in terms of the characteristic
post-cracking tensile strengthr(f) to be achieved by the SFRC, a SFRC mix design is
needed to guarantee the required post-crakcindldestsength. The SFRC mix design
correlates the post-cracking tensile strength wighactical fibre dosage (V On the other
hand, frequent testing of the flexural respons8ERC mixes has to be done in order to
evaluate the evolution of SFRC mix quality and lbdain proper correlations betweeg §
and M. It is clear that for economical applications tded fibres as shear reinforcement,
high quality SFRC mixes should be executed in tloelgpction environment so that scatter
on the post-cracking tensile response of the SFERKept within boundaries and hence
more beneficial values okfx are obtained for a given concrete type, fibre tgpd fibre
dosage. In the framework of the SFRC mix of the tesied girders IV-1 and IV-2, it was
observed that the SFRC post-cracking tensile respohlV-1 was somewhat lower than
expected, while the opposite was obtained for @y when the increase ofif; values
(increased quality of the SFRC mix in productiovimnment) can be guaranteed for a
sufficiently long manufacturing period, the relatisip between Vand fxs can be
optimized. From the moment quality control testldilower values, immediate
remediation actions may be needed in order toysghalantee axf 5 value as a function of
fibre dosage. Mix quality can be increased by iasireg the volume of SFRC being cast in
one batch, by adding fibres automatically, improgacrete mix proportions as a function
of fibre type and dosage, etc.

For the tested roof girders a large safety marfgictgr 2.58 and higher) was confirmed
between the design value of the shear resistangg &id the experimentally obtained
shear capacity (M. This corresponds with the intended design approand so to fulfil
the required target reliability indgx= 3.8.
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9 CONCLUSIONS AND FUTURE
PERSPECTIVES

9.1 General

In the framework of this doctoral study, analytjaaimerical and experimental work
has been conducted in order to investigate the amcéof SFRC on both the micro, meso-
and macroscale level, in relation to the shearwiebaof SFRC and in view of using SFRC
to replace traditional stirrups in prestressed gsegirders.

On the micro-scale level, existing models descglifre pull-out behaviour of hooked-
end fibres are evaluated and a new method to ingiéthe single fibre pull-out behaviour
into a finite element model has been proposed. fihite element model gives a good
exposure on the 3D numerical prediction of SFRClityuaontrol tests in 3 or 4-point
bending. The model includes the use of stochaatigpting of the fibre distribution in the
concrete matrix. This allows to numerically estientite scatter which can be obtained on
the post-cracking tensile behaviour of SFRC. Thel@hproved also to be feasible for the
prediction of bending behaviour involving multigeacking.
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On the meso-scale level, both the post-crackingiebr of SFRC subjected to Mode
I and a mixed mode crack opening behaviour has beelied. Based on the bending tests
conducted on notched prisms and inherent inveraysin, a simplified yet accurate tri-
linear Mode | constitutive law for SFRC has beeopmised. Further, the physical meaning
of the post-cracking resistance under Mode | hasenbconfirmed by comparing the
trilinear curve with respect to an analytical prdaes which calculates the Mode |
constitutive behaviour, starting from the singlerdi pull-out behaviour. For the latter, a
revised model as developed as part of the micrte $eeel study is applied.

The mixed mode or shear friction behaviour of SHRS been studied by means of
direct shear push-through tests. It was found thatobtained shear stress capacity of
cracked SFRC linearly increases with fibre dosagkcncrete compressive strength. The
observed crack dilatation is not affected by fidosage nor concrete strength and hence
being significantly dependent on the adopted tefsips

Similar to the model developed to obtain a modenstitutive law, a direct shear
behaviour model has been developed based on tlezimgntal observation, taking into
account aggregate interlock, crack dilatation éedtansverse pull-out of fibres. However,
in order to verify the more general applicabiliti tbe developed model for the shear
friction capacity of SFRC, further testing is negdby the international research
community. This testing should involve test methwdth accurate measurement of both
crack opening and dilatation. Indeed, this leveldefail in testing of the direct shear
behaviour was not found to be reported in mostditee accessible to the author, yet is a
basic requirement to use literature data for evmnaf the proposed model.

On the macro-scale level, extensive experimentakwas been conducted on full scale
prestressed precast girders. This testing invoR&tests on 9 I-shaped girders and 4 tests
on 2 IV-shaped roof girders. This experimental whds been further extended in the
analytical prediction of shear resistance modelwelsas shear design models, compliant
with a target reliability index.

In the framework of the analytical study of thel fetale girders, a shear behaviour
model has been developed. This model is conceigead sectional analysis tool based on
the Modified Compression Field Theory (MCFT), whishmodified in order to deal with
the constitutive laws for SFRC. The model givesi@dugh implementation of physical
behaviour aspects related to the shear mechanidmallmvs detailed and fairly accurate
prediction of the shear behaviour, e.g. in termshafar capacity and shear load-crack width
propagation. Based on the comparison between neablathd experimental curves, and
performing a sensitivity analysis, it is found thla¢ average crack distance is one of the
major parameters involved to accurately estimagestiear strength of SFRC by means of
the sectional model.

Whereas the developed MCFT sectional analysis poedlicts the complete shear
response, the MCFT approach can also be usedliagv@anly the ultimate shear strength.
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This makes the MCFT model less complex, yet it liemaan iterative calculation
procedure. Such a MCFT approach for shear strangtination of SFRC member has been
introduced relatively recently in the Model Codel@0(mentioned in the commentary
sections, and designated in this work as MC2010e8et).

Given that the iterative calculation procedurehef MCFT approach is less desirable
for straightforward design calculations in engimegpractice, a new resistance model is
proposed in this work. This proposed engineeringlehds based on the iterative MCFT
model, yet converting it in a closed-form solutitmough observed correlations with
physical phenomena influencing the shear strengthh &is dowel action, shear span to
depth ratio, size effect and level of prestress.

Finally, a shear test database has been assembiegrising 99 test results on
reinforced and prestressed concrete members. Beenhted database only contains shear
test data with sufficient level of detail in theachcterisation of the post-cracking behaviour
of the related SFRC mix. Based on this databaseatituracy has been evaluated of
different resistance models provided in design glines, as well as for the newly proposed
engineering model. It can be concluded that theireap based formulations (RILEM,
MC2010-A) have a higher model uncertainty thanrtteee rational models (MC2010-B,
proposed engineering model and plastic theory)eaafly for the case of prestressed
concrete members. The proposed engineering modddden found to be feasible for both
prestressed and reinforced concrete cases. Togathehe MC2010-B model, it gives the
most consistent and accurate predictive capacittheocomplete range of variables.

9.2Recommendations for design

Further to the evaluation of the resistance modke&ir use as design models aiming
for a target reliability indeg = 3.8 has been evaluated, given the observedamcof the
resistance models with respect to the databasssofdsults. It has been found that for the
RILEM, MC2010-A and plasticity theory models, therrently specified safety factor
equal to 1.5 is insufficient to provide a safe desiThis value should be between 2 and 3,
depending on the considered model. For the MC201&w@®lel and the proposed
engineering model, the model safety factor is earémnge of 1.5-2.25.

The feasibility of the considered design modelspagnwhich the proposed engineering
model, for the design calculation of the shear cépavhen replacing stirrups by SFRC
has been demonstrated in this work. This includegtoposal of adapted safety factors to
fulfill the required target reliability index anddussing on the design of prestressed precast
girders.

As the design models deal with the dimensioningthaf girders in terms of the
characteristic post-cracking tensile strengthdfto be achieved by the SFRC, a SFRC mix
design is needed to guarantee the required poskingatensile strength. The SFRC mix
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design correlates the post-cracking tensile sthength a practical fibre dosage {VFor

an economical application of steel fibres as shaiaforcement, high quality SFRC mixes
should be executed in the precast production enwiemt so that scatter on the post-
cracking tensile response of the SFRC is kept witlwundaries and hence more beneficial
values of ks are obtained for a given concrete type, fibre gpé fibre dosage.

Resulting from this doctoral study the followingsign engineering model is proposed:

1
VRd.Pruposed: i 0388 1+ O—CP[ 1+ 1/200]( &dpl )3 \/i + ﬁtu( 1+ 40@) Q/ Z
yM V fctk d a fck

In whichyw is the model safety factor for desigi, is the compressive stress at neutral
axis; fu is the characteristic tensile strength of the cetes d is the effective depth, a is
the shear spam, is the longitudinal reinforcement ratigy fs the characteristic concrete
cylinder strength,cf, is the average concrete cylinder strengthistihe web width, z is the
internal lever arm and#, is the post-cracking tensile capacity of SFRC gilg

thuk

' =min 20
Ftu fctk[l_ f cp}

9.3 Recommendations for future research

The research work performed in this doctoral stody contributed to obtain a better
understanding of the shear behaviour of SFRC, disawé¢he predictive modelling of this
behaviour, especially towards the replacement aflitional stirrups by SFRC for
prestressed precast concrete girders. In line thighobtained results in this work, further
research topics in this field can be suggestedlasifs.

For higher fibre dosages, mutual interaction ofdi#bhas been observed to become
more important. This means that local damage ottimerete at the fibre exit point with
respect to single fibre pull-out during crack biig may influence the fibre anchorage
capacity of nearby fibres as well. The proposed af®ah this work describing the post-
cracking material behaviour in tension or direatashare not taking this phenomenon of
mutual fibre interaction into account in a systématay, and gives room for further
improvement of the developed analytical models.

In modelling the SFRC constitutive behaviour in dlieq, a finite element model has
been proposed. This non-linear two-phase modek(ete and single fibres) makes use of
specific fibre elements, whereby the fibres are efled as cable elements with fixed ends
and whereby an equivalent stress-strain constiédéw has been developed to match the
behaviour of the cable elements with the pull-alidviour of single fibres. This approach
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allows to avoid the introduction of more completeifiace elements between concrete and
fibres. This FEM approach allows to predict the tincdacking behaviour of SFRC in
bending, as well as the stochastic treatment oédildistribution and orientation in a SFRC
volume. The latter aspect can be used to estimateerically the scatter of the post-
cracking tensile behaviour of SFRC. The feasibilityapply the FEM approach for more
large scale members subjected to bending has howeteyet been verified. Also, to
extend the finite element approach into shear iebava new crack model should be
developed by taking into account the crack opebigigaviour for different combinations
of crack opening and slip. As a result, a congtigulaw for SFRC has to be determined in
a three dimensional space.

Reviewing the available literature on direct sheats on SFRC, it was observed that
mostly only the ultimate shear strength is repoeed detailed information on the shear
crack propagation behaviour in direct shear is imggsThis shear crack propagation
behaviour was however found to be quite differeeahding on the applied direct shear
test method, making comparison of reported datdir@ct shear strength difficult. Further
research work in this direction is needed to ineeethe understanding of the direct shear
behaviour of SFRC and its correlation (or lack ¢wdy with the mode | material
characterization more standardly performed on SRRE@s.

Increasing the shear capacity of concrete membeiSRRC also means that higher
forces will act in the compression struts in betwtee shear cracks. As a result, in the fibre
anchorage zone of the concrete adjacent to the shezk, a biaxial stress state is acting
which becomes more important for increasing stiegals (for increasing fibre dosage and
related shear capacity). In this doctoral studis fhenomenon has been observed and
taken into consideration by means of reductionoiash the post-cracking tensile capacity
of the SFRC. Further research is however needeal ffiwwre proper coverage of the biaxial
stress state, and to derive improved proposalthioaforementioned reduction factor for
design.

As outcomes of this study a detailed analytical M@kodel has been derived, as well
as an engineering model for design purpose, inigtied the shear behaviour and capacity
of SFRC members. These models are based on physcaimeters and behavioural
aspects, opposite to more empirical based modeishvare only applicable for specific
SFRC mixes. This ability of the proposed model®eomore generic applicable, needs
however to be verified further by the internatioredearch community. Hence, additional
testing of girders should be performed for varypagameters such as a/d-ratio, concrete
compressive strength, amount of prestressing, etc.

Looking into design models, it is important thatdabsafety factors are calibrated in a
proper way, to guarantee the target reliabilityeidpecified in Eurocode 0. In current
design provisions the safety factors for SFRC sHeaign are often taken nominally equal
to those usually applied in concrete calculatiares (.5), because of lack of information
to establish the safety factor. In this study,@dligh study has been made to calculate the

273



Chapter 9

required design safety factors, making use of aptions and established accuracy of
models with respect to a database of test redifitsn coming more information available
and further improving on the methodology and asdiong applied in this work to
calculate the safety factors, this work can benferrextended in the future, so to establish
proper safety factors and to avoid over-conserealesigns.
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APPENDIX A SHEAR TEST DATABASE

A.1 BRITEEURAM[1] - 2002

d[mm] A [mm? pi [%0] o [Mpa]  h [mm] b [mm] b, [mm] a/d fm [Mpal] Fibre Type fam[Mpa]l  Viest[KN]
260 60000 1.81 0.00 0 200 200 154 42.4 RC 65-60 BN  4.87 300
260 60000 181 0.00 0 200 200 4.04 42.4 RC 65-60 BN  4.87 117
260 60000 2.83 0.00 0 200 200 3.50 38.3 RC 65-60 BN  4.85 113
460 100000 2.73 0.00 0 200 200 3.37 38.3 RC 65%0 B 4.85 136
560 120000 2.73 0.00 0 200 200 3.48 38.3 RC 650 B 4.85 192
460 124000 2.80 0.00 80 500 200 3.37 38.3 RC 6BM0 4.85 169
460 130000 2.80 0.00 100 500 200 3.37 38.3 RC 6BM0 4.85 133
460 145000 2.80 0.00 150 500 200 3.37 38.3 RC 6BM0 4.85 138
460 169000 2.80 0.00 230 500 200 3.37 38.3 RC 6BM:0 4.85 214
260 60000 2.83 0.00 0 200 200 3.50 37.2 RC 65-60 BN  4.74 95
410 90000 3.09 0.00 0 200 200 3.34 37.2 RC 65-60 BN  4.74 125
560 120000 2.73 0.00 0 200 200 3.48 37.2 RC 650 B 4.74 133
460 130000 2.80 0.00 100 500 200 3.37 37.2 RC 6BM0 4.74 143
460 145000 2.80 0.00 150 500 200 3.37 37.2 RC 6BM0 4.74 223
460 182500 2.80 0.00 150 750 200 3.37 37.2 RC 6BM:0 4.74 219
460 220000 2.80 0.00 150 1000 200 3.37 37.2 RCOGBMN 4.74 206
260 60000 3.55 0.00 0 200 200 3.46 47.6 RC 65-60 BN  4.22 155
260 60000 1.16 0.00 0 200 200 2.50 38.6 RC 65-60 BN  3.59 108
260 60000 3.55 0.00 0 200 200 3.46 43.2 RC 65-60 BN  2.65 120
260 60000 181 0.00 0 200 200 154 40.7 RC 65-60 BN  1.66 280
260 60000 1.81 0.00 0 200 200 4.04 40.7 RC 65-60 BN  1.66 83
260 60000 3.55 0.00 0 200 200 3.46 46.4 RC65-60 BN  1.30 110
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d[mm] A [mm?] pi [%] o [Mpa] by [mm] b [mm] by [mm] a/d £m [Mpa] Fibre Type g3m[Mpa]  Viest[KN]
260 60000 1.16 0.00 0 200 200 2.50 39.1 RC 65-60 BN 1.17 83
260 60000 1.81 0.00 0 200 200 2.50 39.1 RC 65-60 BN 1.17 108
260 60000 181 0.00 0 200 200 2.50 38.6 RC 65-60 BN  0.98 144
A.2 CONFORTI[2] - 2014

d[mm] A [mm?3 pi [%0] o [Mpa] by [mm] by [mm] b, [mm] a/d fm [Mpa] Fibre Type fam[Mpa]l  Viest[KN]
763 170000 1.32 1.30 0 150 150 2.49 34.3 PP 3.00 4 28
295 195700 1.22 0.00 0 890 890 2.50 26.0 PP 3.00 5 60
761 260000 0.99 0.00 0 300 300 2.50 34.3 PP 3.00 1 38
761 260000 0.99 0.00 0 300 300 2.50 34.3 PP 3.00 5 40
763 170000 1.10 0.00 0 150 150 2.49 34.3 PP 3.00 5 20
763 170000 1.10 0.00 0 150 150 2.49 34.3 PP 3.00 7 24
563 140000 112 0.00 0 150 150 2.50 34.3 PP 3.00 6 16
563 140000 112 0.00 0 150 150 2.50 34.3 PP 3.00 8 19
A.3 CUENCA[3]- 2013

d[mm] A [mm?3 pi [%0] o [Mpa] by [mm] b [mm] b, [mm] a/d fm [Mpa] Fibre Type fam[Mpa]l  Viest[KN]
675 151000 1.87 11.05 100 260 100 3.00 65.0 65/40BN 4.38 326
675 165000 1.87 10.11 100 400 100 3.00 63.5 65/40BN 4.77 390
675 165000 1.87 10.11 100 400 100 3.00 70.0 65/40BN 4.68 428
720 170000 1.75 9.81 100 400 100 2.80 59.5 65/40BN 5.96 420
675 185000 1.87 9.02 100 600 100 3.00 65.4 65/40BN 6.24 392
675 185000 1.87 9.02 100 600 100 3.00 65.9 65/40BN 5.55 347
440 125000 1.12 0.00 0 250 250 3.00 38.7 Hooke®®0/ 6.00 235
940 250000 1.07 0.00 0 250 250 3.00 321 Hooke®®0/ 6.00 351
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d[mm] A [mm?3 pi [%0] o [Mpa] by [mm] b [mm] b, [mm] a/d fm [Mpa] Fibre Type fam[Mpa]l  Viest[KN]
1440 375000 1.01 0.00 0 250 250 3.00 33.1 Hooké8®0 6.00 554
440 125000 1.12 0.00 0 250 250 3.00 38.7 Hooke®®0/ 5.00 240
940 250000 1.07 0.00 0 250 250 3.00 321 Hooke®@®0/ 5.00 272
1440 375000 1.01 0.00 0 250 250 3.00 33.1 Hooké8®0 5.00 484

A.4 MINELLI [4]- 2005

dimm] A [mm?  pi[%] og[Mpa] h[mm] b[mm] by [mm] a/d  tn[Mpa] Fibre Type #zm[Mpal  Viest[KN]
630 200000 5.61 15.54 125 600 120 3.49 78.9 8.61 09 7
630 200000 5.61 15.54 125 600 120 3.49 71.6 8.61 73 5
630 200000 5.61 15.54 125 600 120 3.49 71.6 8.61 07 6
630 200000 5.61 15.54 125 600 120 3.49 70.0 3.18 74 5
630 200000 5.61 15.54 125 600 120 3.49 71.1 3.18 79 5
630 200000 5.61 15.54 125 600 120 3.49 71.1 3.18 42 5
435 96000 1.04 0.00 0 200 200 251 46.1 - 5.99 223
435 96000 1.04 0.00 0 200 200 251 26.5 - 4.42 142
435 96000 1.04 0.00 0 200 200 251 48.3 - 3.12 191
435 96000 1.04 0.00 0 200 200 251 19.6 3.06 180
435 96000 1.04 0.00 0 200 200 2,51 30.5 - 3.03 141
435 96000 1.04 0.00 0 200 200 2,51 19.6 - 2.67 134
435 96000 1.04 0.00 0 200 200 251 26.5 - 2.55 120

A.5 PARMENTIER[5] - 2012

d[mm] A [mm?3 pi [%0] ocp [Mpa]  hy [mm] b [mm] b, [mm] a/d fm [Mpa] Fibre Type fam[Mpa]l  Viest[KN]
270 60000 1.16 0.00 0 200 200 0.5 42.7 UN 3.7 106.1
270 60000 1.16 0.00 0 200 200 0.5 42.7 UN 3.7 106.1
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d[mm] A [mm?3 pi [%0] o [Mpa] by [mm] b [mm] b, [mm] a/d fm [Mpa] Fibre Type fam[Mpa]l  Viest[KN]
270 60000 1.16 0.00 0 200 200 2.5 42.7 UN 3.7 122.4
270 60000 1.16 0.00 0 200 200 2.5 42.7 UN 3.7 111.3
270 60000 1.16 0.00 0 200 200 15 40.1 CF 29 140.1
270 60000 1.16 0.00 0 200 200 15 40.1 CF 29 148.4
270 60000 1.16 0.00 0 200 200 2.5 40.1 CF 29 104.9
270 60000 1.16 0.00 0 200 200 2.5 40.1 CF 29 123
270 60000 1.16 0.00 0 200 200 0.5 42.7 CF 2.8 98.7
270 60000 1.16 0.00 0 200 200 0.5 42.7 CF 2.8 101.5
270 60000 1.16 0.00 0 200 200 2.5 42.7 CF 2.8 99.5
270 60000 1.16 0.00 0 200 200 25 42.7 CF 2.8 90.6
270 60000 1.16 0.00 0 200 200 15 40.2 UNCF 2.7 A67
270 60000 1.16 0.00 0 200 200 15 40.2 UNCF 2.7 4133
270 60000 1.16 0.00 0 200 200 25 40.2 UNCF 2.7 123
270 60000 1.16 0.00 0 200 200 25 40.2 UNCF 2.7 4 99.
270 60000 1.16 0.00 0 200 200 15 43.1 Sy 2.1 128.1
270 60000 1.16 0.00 0 200 200 15 43.1 Sy 2.1 162.6
270 60000 1.16 0.00 0 200 200 25 43.1 Sy 21 105.5
270 60000 1.16 0.00 0 200 200 25 43.1 Sy 21 118
270 60000 1.16 0.00 0 200 200 0.5 39.9 UN 1.7 104.8
270 60000 1.16 0.00 0 200 200 0.5 39.9 UN 17 95.2
270 60000 1.16 0.00 0 200 200 25 39.9 UN 17 81.3
270 60000 1.16 0.00 0 200 200 2.5 39.9 UN 1.7 121.9
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A.6 DE Pauw [6] - 2008

d[mm] A [mm? pi [%0] o [Mpa]  h [mm] b [mm] by [mm] a/d fm [Mpal] Fibre Type fam[Mpa]  Viest[KN]
813 144878 1.57 8.19 110 300 80 2.75 52.0 RC 80 6.35 542
813 144878 1.57 8.19 110 300 80 2.75 44.6 RC 80 4.82 509

A.7 CURRENT STUDY

dimm] A [mm?  pi[%] og[Mpa] h[mm] b[mm] by [mm] a/d  tn[Mpa] Fibre Type #zm[Mpal  Viest[KN]
886 198600 1.78 9.23 125 400 100 25 56.2 RC8030CP +RC 9.88 696
80 60 BP
886 198600 1.78 9.23 125 400 100 3 56.2 RC8030CP +RC 9.88 594
80 60 BP
886 198600 1.78 9.23 125 400 100 25 62.0 RC 80R0 9.77 672
886 198600 1.78 9.23 125 400 100 3 62.0 RC8030CP 9.77 627
886 198600 1.78 9.23 125 400 100 25 62.0 RC 80R0 9.77 721
886 198600 1.78 9.23 125 400 100 25 70.4 RC 80R0 8.15 798
886 198600 1.78 9.23 125 400 100 25 70.4 RC 80R0 8.15 809
886 198600 1.78 9.23 125 400 100 25 70.4 RC 80R0 8.15 737
886 198600 1.78 9.23 125 400 100 25 58.8 RC 80R0 7.08 744
886 198600 1.78 9.23 125 400 100 3 58.8 RC8030CP 7.08 599
886 198600 1.78 9.23 125 400 100 25 64.8 RC 80R0 5.83 786
886 198600 1.78 9.23 125 400 100 3 64.8 RC8030CP 5.83 570
886 198600 1.78 9.23 125 400 100 25 41.0 RC 80R0 4.09 756
886 198600 1.78 9.23 125 400 100 25 41.0 RC 80R0 4.09 781
886 198600 1.78 9.23 125 400 100 25 41.0 RC 80R0 4.09 609
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APPENDIX B SFRC PROPERTIES OF GIRDERS

B.1 BENDING TENSILE STRENGTH
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Fig. B1 — Bending tensile stress — CMOD curvegfater 20A
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Fig. B2 — Bending tensile stress — CMOD curvegfater 20B
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Tesnsile stress [N/mm?] Tensile stress [MPa]

Tensile stress [N/mm?]
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Tensile stress [MPa] Tensile stress [N/mm?]
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Table B1 - & values for all tested girders

Girder Test fIN/mmM?  fra [N/mm?] o [N/Mm?]  frg [N/mm?]  frs [N/mm?]
1 3.76 3.03 4.26 455 431
20A 2 3.55 271 411 4.46 453
3 3.49 2.04 2.98 3.27 3.26
1 4.77 8.09 8.76 8.93 8.25
40A 2 4.77 6.31 6.60 6.49 5.76
3 5.29 8.37 9.37 9.02 7.96
1 4.16 4.88 5.92 5.67 5.56
2 4.14 5.29 4.67 481 4.86
3 3.88 4.43 4.74 4.69 4.67
208 4 4.03 4.88 4.67 4.70 4.70
5 3.82 4.47 4.57 4.55 4.55
6 4.31 4.94 4.88 491 491
1 3.89 4.21 5.62 5.50 3.91
2 3.80 3.59 4.34 3.49 3.14
0 3 4.72 7.79 8.17 7.62 6.63
408 4 4.93 9.66 10.24 9.67 8.55
5 4.62 8.55 9.19 9.27 8.35
6 4.13 6.16 7.96 6.94 5.99
1 6.00 11.67 12.37 11.80 11.14
2 6.07 8.88 11.67 11.85 10.68
20420 3 5.28 7.66 9.92 7.79 7.44
4 4.74 5.46 6.99 7.56 6.58
5 - - 9.31 9.84 9.41
6 5.86 6.68 8.72 9.29 7.41
1 - - - - -
2 3.97 9.32 8.00 7.17 6.44
3 4.80 8.78 9.67 9.06 8.17
60 4 5.01 10.16 10.51 9.39 8.12
5 4.98 12.57 13.24 12.49 11.33
6 491 11.04 11.82 11.13 10.23
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Compressive stress [N/mm?]

B.2 CYLINDER COMPRESSIVE STRENGTH ANIMODULUS OF ELASTICITY
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Table B2 -y and Modulus of elasticity test result for all ggig

Girder Age Cyl1l Cyl 2 Average  cGn Ecciz  Average
7 32.9 32.8 32.8 32000 31000 31500
20A 30 40.0 41.9 41.0 31900 31900 31900
6 45.7 56.5 51.1 32400 32900 32650
208 27 64.8 64.8 64.8 36750 36700 36750
7 58.2 59.6 58.9 39700 36800 38250
40A 26 70.2 70.5 70.4 40800 39500 40150
7 52.4 52.8 52.6 32350 30400 31350
408 28 60.4 57.3 58.8 35200 35500 35350
90420 7 52.5 50.9 51.7 31500 31550 31500
28 52.3 60.0 56.2 34450 35500 34950
15 58.0 59.9 58.9 37800 34550 36150
00 47 65.1 67.9 66.5 36350 39050 37700
7 60.0 59.0 59.5 35750 36000 35900
REF 28 69.1 67.8 68.5 37600 37550 37600
REF/TR 6 46.2 44.8 45.5 32100 32700 32400
28 61.0 54.5 57.8 37700 35250 36450
7 59.1 55.1 57.1 38900 36950 37900
R 28 70.6 75.8 73.2 40600 39150 39850
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Fig. B9 — Compressive stress strain curve at 7 28days for girders 20A and 20B
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Compressive stress [N/mm?] Compressive stress [N/mm2]

Compressive stress [N/mm2]
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B.3 CUBE COMPRESSION STRENGTH
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Table B3 - Cube compressive strength as a funcfidine age

Girder Age [days] Cube 1 Cube 2 Cube 3 Average oV
2 51.7 50.7 50.5 51.0 1.2%

REF 7 71.2 72.7 73.0 72.3 1.3%
14 75.3 78.3 76.7 76.8 1.9%

28 80.8 79.3 82.3 80.8 1.8%

2 30.2 30.5 29.3 30.0 2.2%

20A 7 41.2 41.6 41.1 41.3 0.6%
14 46.9 49.6 45.3 47.3 4.5%

28 55.1 50.4 55.1 53.6 5.1%

3 55.7 56.5 56.3 56.2 0.7%

208 7 56.2 62.7 58.3 59.1 5.6%
14 68.6 65.1 67.8 67.2 2.7%

28 74.9 72.8 67.8 71.8 5.0%

3 60.6 60.6 62.6 61.3 1.9%

40A 7 72.4 71.2 72.3 72.0 0.9%
14 81.9 82.3 82.0 82.0 0.2%

25 83.5 84.2 81.8 83.2 1.5%

2 43.6 43.3 42.7 43.2 1.0%

40B 7 56.2 554 55.6 55.7 0.7%
14 66.8 62.6 64.7 64.7 3.2%

28 70.0 69.6 70.5 70.0 0.7%

1 43.0 44.3 43.2 43.5 1.6%

20420 7 63.0 62.1 62.3 62.5 0.7%
14 66.0 66.4 70.5 67.6 3.7%

28 72.9 70.0 69.7 70.9 2.5%

1 33.8 34.8 35.9 34.8 3.0%

60 7 63.7 62.6 63.8 63.4 1.0%
14 66.3 63.3 69.0 66.2 4.3%

28 65.3 76.7 64.4 68.8 9.9%

4 61.4 57.2 57.2 58.6 4.1%

6 57.8 61.9 56.7 58.8 4.7%

REF/TR 14 65.7 70.6 65.1 67.1 4.5%
27 73.6 70.6 69.5 71.2 2.9%

3 54.5 51.5 50.8 52.3 3.8%

R 7 64.3 67.2 61.9 64.4 4.1%
14 68.5 73.4 75.9 72.6 5.1%

28 74.9 76.3 82.6 78.0 5.3%
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B.4 CREEP ANDSHRINKAGE
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APPENDIX C

C.1 CRACK PROPAGATION BEHAVIOUR

IIFL]l(]{IJI 1T }
T
T

TRTELT SR
T

IIFL]Ill{IJ[ 1L }
T
T

i i N N L A S Illga}/

I Y o~

Fig. C1 - Crack development [20A — 2.5 — 1]
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Fig. C2 — Load vs. shear crack displacement [20A5— 1]
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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Full-scale shear test results
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C.2 FIBRE DOSAGE IN THE HARDENED STATE

Table C1 - Fibre content measured in the hardenate s

. Core nr. Vi mi V
Girder test T 5 3 7] z 5 [kgf)nrxﬂ [ké'/";:g] Vi avg [kg/m3] CoV [
20A-2.5-1 23.7 15.8 17.6 15.4 16.3 16.7 15.4 23.7 761 17%
20A-2.5-2 22.8 18.3 17.0 16.6 18.8 18.1 16.6 22.8 861 12%
20A-2.5-3 18.8 18.5 16.3 18.5 16.3 18.5 16.3 18.8 781 7%
20B-2.5-1 20.7 20.2 18.1 19.6 18.0 18.4 18.0 20.7 9.21 6%
20B-3.0-2 16.4 19.4 17.7 23.0 225 19.9 16.4 23.0 981 13%
40A-2.5-1 42.5 44.4 43.2 48.3 41.9 40.3 40.3 48.3 344 6%
40A-2.5-2 38.1 41.4 51.2 48.1 50.4 42.0 38.1 51.2 524 12%
40A-2.5-3 46.2 39.3 40.5 38.6 42.1 43.7 38.6 46.2 1.74 7%
40B-2.5-1 39.0 41.7 35.7 37.7 50.0 45.2 35.7 50.0 1.54 13%
40B-3.0-2 43.8 38.5 37.1 49.6 40.0 37.1 37.1 49.6 1.04 12%
2020-2.5-1 34.4 - 39.2 45.6 - 37.3 34.4 45.6 39.1 12%
2020-3.0-2 37.0 41.7 43.5 45.6 39.4 43.3 37.0 45.6 41.8 7%
60-2.5-1 68.2 64.3 61.8 60.5 60.5 67.8 60.5 68.2 .8 63 5%
60-3.0-2 63.7 60.8 60.6 61.6 58.4 67.0 58.4 67.0 .0 62 5%
60-2.5-3 63.6 60.9 70.8 61.1 60.8 59.5 59.5 70.8 .8 62 7%




APPENDIX D EVALUATION OF SHEAR STRENGTH MODELS

D.1 INFLUENCE OF EFFECTIVE DEPTH
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Fig. D1 — Influence of effective depth to the stetegngth model error
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D.2 INFLUENCE OF LONGITUDINAL REINFORCEMENT RATIO
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Fig. D2 — Influence of longitudinal reinforcemeatip to the shear strength model error



Evaluation of shear strength models

D.3 INFLUENCE OF SHEAR SPAN TO DEPTH RATIO
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APPENDIX E CRACK PROPAGATION OF V- GIRDERS
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Fig. E2 - Load vs. shear crack displacement [IV-2D.5 -1]



Appendix E

-

324

Fig. E3 - Crack development for griderd 1V-20 — 3.2
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Fig. E4 - Load vs. shear crack displacement [IV-2B.0 - 2]



Crack propagation of IV-girders
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